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ABSTRACT: Morpho-physiological evaluation of a crop’s genetic resources is necessary to find possible genotypes
to include in breeding initiatives. The objective of this study was to identify heat-tolerant wheat genotypes among
36 mutant lines using morpho-physiological indices. Seedlings of mutant lines and check varieties were grown under
both normal (control) and heat-stress conditions in growth chambers. Data were recorded on root-shoot parameters
(length, fresh weight, dry weight, and ratio), relative water content (RWC), stability of cell membrane, pigment content,
and chlorophyll fluorescence. Two-way analysis of variance showed significant (p < 0.01, p < 0.001) variation among
15 morpho-physiological features in both growing conditions. Correlation studies showed that pigment-specific indices
(total chl, chl a, chl b, carotenoid, Fv/Fm—chlorophyll fluorescence) had significant positive correlations with root-
shoot fresh weight (RFW, SFW) and root-shoot dry weight (RDW, SDW), and negative association with relative water
content, stability of cell membrane at both conditions. Hierarchical cluster analysis revealed three primary clusters
where cluster III (18 genotypes) showed minimal changes in studied characters than cluster I (11 genotypes) and cluster II
(13 genotypes). Results obtained from this study revealed that the identified heat-sensitive (30-2 SSH) and heat-tolerant
genotypes (27-2(4), 29-2(2), and 30-2 SSH) of wheat might provide useful breeding materials for enhancing wheat yield
even more in this period of uncertain climate change.
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1 Introduction
Wheat (Triticum aestivum L.) is a staple food crop that makes a significant contribution to food and

nutrition security for the global population [1]. Wheat production is increasingly threatened by rising global
temperatures brought on by climate change, especially at critical growth stages like anthesis and grain filling
when heat stress is present. High temperatures during these periods can disrupt photosynthesis, reduce grain
number and size, and impair overall yield quality. Studies have indicated that wheat yield could decline by
up to 8% for every 1○C increase in temperatures above optimal level [2]. Heat stress can alter the morpho-
physiological mechanisms of plants. Crucial indicators of heat tolerance in wheat are relative turgidity, cell
membrane stability, canopy temperature depression, and chlorophyll retention [3].

Under stressful conditions, for instance, genotypes with lower canopy temperatures frequently exhibit
better heat avoidance mechanisms and higher yields [4]. Similarly, the stay-green trait has emerged as an
essential component in breeding programs due to its association with prolonged photosynthetic activity
under stress [5]. Wheat cultivars with similar morphological characteristics have demonstrated varying
tolerance for post-anthesis high-temperature stress. When constructing selection criteria for heat tolerance,
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the interaction between morpho-physiological features relevant to heat tolerance is crucial to consider [6].
However, to identify more distinct parents for a crossing program and better recombinants that possess
greater terminal heat tolerance, it will be helpful to analyze diversity based on morpho-physiological
features [7].

Finding genetically superior parents is a crucial prerequisite for the improvement of promising wheat
genotypes through the transfer of targeted genes controlling desired traits in the offspring. For this reason, a
breeder estimates genetic parameters such as heritability and genetic advancement to comprehend the extent
of transmission ability of the traits and their interactions with the environmental variation [8]. Heat tolerance
should be a crucial trait in wheat since the average global temperature is predicted to rise by 1.5○C over the
next 20 years [9]. According to recent scientific analyses by the Goddard Institute for Space Studies (GISS),
the average global temperature rose by 1.04○C between 1880 to 2019 [10,11]. This increased temperature causes
heat stress that generates major changes in the growth and developmental stages of wheat, leading to the
decline of grain quality and yield of wheat [12]. The chlorophyll content of the plant reduces, relative water
content decreases [13] and organelles membrane is destroyed under heat stress. All these physiological traits
significantly affect wheat productivity under stress conditions.

Therefore, heat stress has been given topmost research importance in major wheat-growing areas,
especially in subtropical countries. To mitigate heat stress impacts, it is important to screen out tolerant
genotypes based on morpho-physiological indices [14,15]. The present investigation was focused on the
identification of heat-tolerant genotypes of wheat genotypes based on the morpho-physiological characters.
Plant breeders may be able to exploit genetic variation for stress tolerance to develop tolerant cultivars by
selecting desirable genotypes in stress environments [3,16]. Finding appropriate selection criteria to identify
genotypes that are tolerant to heat is therefore a significant issue for plant breeders. In a heat-stressed
environment, a genotype that can sustain turgid leaves would have physiological benefits including improved
degree of stomatal opening and complexes protect photosystem. High temperature is the main source of
stress for the photosynthetic process. Several studies have reported a reduction in photosynthesis due to
disruptions in the structure and function of chloroplasts and a decrease in chlorophyll content [17–20].
Wheat genotypes with certain morpho-physiological traits may be more tolerant to heat stress than other
genotypes. This research uses diverse mutant wheat genotypes developed from four popular wheat varieties
(BARI Gom27, BARI Gom28, BARI Gom29, BARI Gom30) of Bangladesh to evaluate their heat tolerance
potentiality. Additionally, high-yielding parallel with heat-tolerant wheat genotypes will be developed for
the farmers to increase productivity under a stress environment. The present study intends to identify
heat-tolerant mutant lines of wheat based on morpho-physiological traits at the seedling stage and give an
overview of these traits that underlie heat tolerance.

2 Materials and Methods

2.1 Location and Period of Experiment
The present study was carried out in the Plant Physiology Laboratory and Seed Science and Technology

Laboratory of Bangabandhu Sheikh Mujibur Rahman Agricultural University to identify heat-tolerant wheat
genotypes from 36 mutant lines. The research experiment was conducted from July 2022 to November 2022.

2.1.1 Experimental Materials and their Sources
Thirty-six mutants developed by mutation breeding along with two varieties, two tolerant checks (BARI

Gom 26 and BARI Gom 33), and two susceptible checks (BARI Gom 19 and Pavon) were used for screening



Phyton-Int J Exp Bot. 2025;94(5) 1547

(Tables 1, 2). Uniform-size seeds of 42 wheat genotypes were used for screening both under heat stress and
controlled conditions.

Table 1: Check varieties with their sources

Sl. No. Variety Types Sources
1 Pavon Susceptible Check CBT, BSMRAU
2 BARI Gom 19 Susceptible Check CBT, BSMRAU
3 BARI Gom 26 Tolerant Check CBT, BSMRAU
4 BARI Gom 33 Tolerant Check GPB, BSMRAU
5 BARI Gom 27 Variety GPB, BSMRAU
6 BARI Gom 28 Variety GPB, BSMRAU

Note: CBT = Department of Crop Botany; GPB = Department of Genetics and Plant Breeding.

Table 2: List of mutant lines of wheat developed by mutation breeding

Sl. No. Lines Sl. No. Lines
1 27-1(1) 19 28-2(2)
2 27-1(2) 20 28-3(2)
3 27-1(3) 21 28-3(4
4 27-1(4) 22 29-1 SSH
5 27-1(5) 23 29-1(2)
6 27-2 24 29-1(3)
7 27-2 SSH 25 29-2(1)
8 27-2(1) 26 29-2(2)
9 27-2(2) 27 29-2(3)
10 27-2(3) 28 29-3 SSH
11 27-2(4) 29 29-3(1)
12 27-2(1) 30 29-3(2)
13 27-3 31 29-3(3)
14 27-3(1) 32 30-1 SSH
15 27-3(3) 33 30-1(1)
16 28-1(1) 34 30-2 SSH
17 28-1(4) 35 30-3
18 28-2 SSH 36 30-3(4)

2.1.2 Heat Treatment in Growth Chamber
Seed surfaces were first sterilized with 70% ethanol and repeatedly washed with sterile distilled water.

The seeds were then soaked in distilled water for 10 min and placed into sterile sand moistened with distilled
water in the petri dishes (Dia: 15 cm) to enhance seed germination. The seeds were then stored in the lab for
three days at a variable temperature between 26○C and 32○C (Plate 1). The seedlings were transferred to the
growth chamber having day night temperature of 25 ± 1○C with a relative humidity of 75%–80% with 16-h
photoperiod and 200 μmol photon m−2s−1 light intensity, or around 1/10th full light intensity.
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Plate 1: Germination of wheat seeds (A) Preparation of wheat seeds for sowing (B) Petri plates after sowing wheat seeds
(C) Wheat seedlings at growth chamber

The seedlings were kept in two separate growth chambers, one having a controlled environment with
a constant temperature of 25 ± 1○C and another having a heat stress environment [21] with a constant
temperature of 35 ± 1○C (for two days before data recording). In both chambers, the relative humidity (RH)
is 75%–80% with a 16-hour photoperiod, and a light intensity of 200 μmol photon m−2s−1 for 48 h after
four days (Plate 2). The temperature and relative humidity were determined by using a digital humidity and
temperature meter (Model: HD-306, HTC Instruments, Taipei, Taiwan). Half-strength Hogland’s nutrient
solution was used to irrigate the seedling’s petri plates.

Plate 2: Wheat seedlings at control and heat stressed conditions; (A) Uprooted wheat seedlings (B) Wheat seedlings
after termination of heat stress

2.2 Data Recording
2.2.1 Estimation of Morphological Traits

Data were recorded on root length, shoot length, root fresh weight, and shoot fresh weight from
seedlings of both sets (controlled and heat stress). Measurements of root length and shoot length were taken
from the tip of the longest leaf and root, respectively, to the shoot-root junction. To determine the fresh
biomass of plants, the seedlings were taken and weighed in an analytical balance. The dry biomass of root
and shoot was measured by analytical balance after the shoot and root dried at 60○C for two days or until
they reached consistent weight.
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2.2.2 Determination of Physiological Attributes
i. Cell membrane stability (CMS)

Cell membrane stability (CMS) was measured in terms of membrane injury index by observing the
electrical conductivity of leaf leachates in deionized water [22]. In short, two sets of leaf samples, 0.1 g each,
were cut into square pieces of the same size and put into a test tube containing 10 mL of deionized water. The
conductivity Meter (Model: EC-400L, Human Lab Instrument Co., Suwon, Korea) was used to measure the
electrical conductivities of two sets, C1 and C2, respectively which was maintained at 40○C for 30 min and
100○C in a boiling water bath for 15 min. The membrane injury index was measured through the following
formula:

Membrane injury index =C1

C2
× 100

ii. Relative water content (RWC)

The fresh weight (FW), turgid weight (TW), and dry weight (DW) were determined by taking duplicate
leaf discs from fully grown uniform leaves of 15-day-old seedlings of three plants. The leaf discs were
immersed in 10 mL of deionized water for 4 h to allow the cells to achieve their maximum turgidity, and
the turgid weight was measured as soon as the fresh weight of the leaf discs was recorded following the
preparation of the leaf discs. The dry weight of leaf samples was determined after 24 h of full drying in an
incubator set at 80○C [23,24]. The relative water content (RWC) of leaves was measured following the formula
given below:

RWC (%) = Fresh leaf weight − Turgid leaf weight
Turgid leaf weight −Dry leaf weight

× 100

iii. Chlorophyll fluorescence

Leaf chlorophyll fluorescence was estimated by the protocol [25–27]. The leaf samples were kept in
the dark condition for 30 min before measurement of chlorophyll fluorescence properties. The fluorescence
characteristics of chlorophyll were measured by using an OS5p Modulated Fluorometer (ADC BioScientific
Ltd., Great Amwell Herts, UK) as the ratio of variable fluorescence to maximum fluorescence (Fv/Fm).

iv. Estimation of total chlorophyll, chl a, chl b and carotenoid content

Fresh fully opened leaf samples (0.1 g) were collected from randomly chosen seedlings and chlorophyll
content was extracted using 80% acetone. HPLC grade acetone (5 mL) was added with 0.1 g of homogenized
leaf samples in a glass vial and kept them 24 h at 4○C in the dark. The absorbance was measured using a UV-
visible Spectrophotometer (Genesys 10S UV-VIS, Thermo Fisher Scientific, Waltham, MA, USA) at 663 and
645 nm wavelength, and chl a and chl b were computed using the equations [28]. Total chlorophyll and the
carotenoid content (mg g−1 FW of lutein equivalent) were measured by using the molar extraction coefficient
of lutein [29].

2.3 Statistical Analysis of Data
R Version 4.1.0 and META (multi-environment trial analysis)-R software version 6.0 for Windows

were used to analysis of data on various attributes of wheat genotypes [30,31]. The acquired data were
put in a two-factor analysis (genotypes x stress treatments) of variance (ANOVA) in the general linear
model by using the lme4 program [32] and AGRICOLE Library was used to determine the difference
between means using Tukey’s HSD test [33]. The mean differences were considered significant when
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p < 0.05. The boxplot and whisker plot were used to graphically illustrate the descriptive statistics of the
variables. Correlation coefficient matrices were displayed by using the R-package Corrplot. The hierarchical
co-clustering algorithm was applied to classify the genotype in clusters. Within each cluster, the genotypes
were generally similar, but the extracted clusters were different from one another. Cluster heatmaps were
created by normalizing and adapting the studied traits to the rhcoclust library [34]. The principal component
analysis (PCA) was employed to decrease the data set’s complexity while preserving crucial information. The
eigenvalue, latent vectors, and PCA-biplot were obtained from the PCA. R packages FactoMineR, FactoExtra,
and GGPlot2 were used to perform principal component analysis [35,36].

3 Results and Discussion
These findings, which were obtained through various statistical analyses using META (multi-

environment trial analysis)-R software version 6.0, can be used to design an indirect selection strategy for
heat tolerance and yield stability based on the relationship between morphological, physiological, and yield
attributes. Results from these analyses have been discussed and presented in this chapter (both lab and field
experiment) [30] and R-4.1.0 for the win [31] on different characters of wheat genotypes that are presented
in tables and figures and discussed in the following headings.

3.1 Functional Relationships among Different Traits in Wheat Seedlings
Fig. 1 shows the mean square values (two way analysis of variance) for studied attributes. Forty-two

wheat genotypes were evaluated under two environments (control and heat stress), and data recorded on
15 morpho-physiological characteristics were subjected to two way analysis of variance (Table 3). All variables
under study had highly significant (p ≤ 0.001) differences between genotypes, suggesting that each variable
under study had a large amount of genetic diversity among the genotypes. These variations may be the
consequence of the extensive genetic makeup.

3.2 Effects of Growing Environments on Morpho-Physiological Traits of Wheat
In descriptive data as slate color dots on the boxes represented the distribution of 42 wheat genotypes.

Additionally, the controlled condition was represented by blue boxes and the heat treated condition was
represented by red boxes (Fig. 1).

The descriptive statistics of the seedling traits were displayed in the box plots (Fig. 1). The best linear
unbiased estimators (BLUE) of morpho-physiological traits showed significant differences in the heat
treatment, and the trait values were significantly lower in the heat-treated seedlings than in the controlled
environment, except significant increase in the root-shoot ratio (RSR) in heat stress condition. Of all the
traits, SL, RFW, SDW, T Chl, Chl a, Chl b, and Caro revealed the highest value under a controlled environment
and decreased significantly (p < 0.001) under a heat-stress environment. Additionally, RDW, SFW, RWC,
CMS, and Fv/Fm were significantly decreased (p ≤ 0.01) due to heat stress (Fig. 2). Fv/Fm is a ratio of variable
fluorescence (Fv) to maximum fluorescence (Fm) which measures the efficiency of photosystem II (PSII). It
is a reliable indicator of photosynthetic activity and is commonly used to assess heat-induced impairment to
PSII [15,37]. Fv/Fm is heat sensitive which can accelerate senescence and reduce viable leaf area. Heat stress is
significantly affected by different morpho-physiological traits and these results are aligned with the previous
findings on wheat genotypes exposed to increased temperature [38].
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Figure 1: Descriptive summary of 15 morpho-physiological traits of 42 genotypes of wheat at controlled and heat stress
environments. ns, non-significant; **, p < 0.01; ****, p < 0.0001. Root length (RL); shoot length (SL); shoot fresh weight
(SFW); root fresh weight (RFW); shoot dry weight (SDW); root dry weight (RDW); relative water content (RWC);
cell membrane stability (CMS); root shoot ration (RSR); chlorophyll fluorescence (Fv/Fm); total chlorophyll (T Chl);
chlorophyll a (Chl a); chlorophyll b (Chl b); chlorophyll ratio of a/b (Chl a/b), and carotenoid (Caro)

Table 3: Two factor factorial analysis of variance for morpho-physiological traits of wheat genotypes

Source of variation Growing environment (GE) Genotype (G) GE×G Error
df 1 41 41 168
RL 165.99*** 19.64*** 2.32*** 0.47
SL 294.17*** 5.29*** 3.38*** 0.36

RFW 0.4831*** 0.0555*** 0.0068*** 0.0001
RDW 0.003462*** 0.000845*** 0.000036*** 0.000006
SFW 0.5837*** 0.1398*** 0.0083*** 0.0002
SDW 0.010725*** 0.001400*** 0.000083*** 0.000006
RSR 0.25076*** 0.03621*** 0.00282ns 0.00332

RWC 1209.4*** 104.6*** 10.7*** 2.6

(Continued)
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Table 3 (continued)

Source of variation Growing environment (GE) Genotype (G) GE×G Error
CMS 1032.9*** 559.4*** 8.4*** 3.8
Chla 7.855*** 0.177*** 0.079*** 0.001
Chlb 0.9518*** 0.1592*** 0.0129*** 0.0004

Chl a/b 0.215** 4.429*** 0.785*** 0.027
Caro 1.2567*** 0.0370*** 0.0114*** 0.0002
TChl 18.629*** 0.577*** 0.142*** 0.002

Note: ns, ** and **** denote statistically non-significant, significant at p ≤ 0.01, and p ≤ 0.0001, respectively.
(SL—shoot length; RL—root length; SFW—shoot fresh weight; RFW—root fresh weight; SDW—shoot dry weight;
RDW—root dry weight; RWC—Relative water content; CMS—Cell membrane stability; RSR—root-shoot ratio; Chl
a—Chlorophyll a; Chl b—Chlorophyll b; Chl a/b—Chlorophyll a/b; Caro—Carotinoid; T Chl—Total chlorophyll;
Fv/Fm—Chlorophyll fluorescence).

Figure 2: Correlation between the 42 wheat genotypes’ best linear unbiased estimators of morpho-physiological
characteristics under control and heat stress

The results revealed that heat stress has a pronounced effect on RSR. Under normal conditions (control),
the seedlings might prioritize shoot growth over root development as resources are sufficient for above-
ground growth. This could result in a relatively lower RSR, indicating a balanced investment between roots
and shoots. However, under heat stress, resources might get redirected towards root development to enhance
water and nutrient uptake, leading to an increase in RSR. This change could imply that RSR is responsive to
heat stress and may serve as an indicator or response variable in these conditions.
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3.3 Correlation Analysis among Morpho-Physiological Traits
Pearson’s correlation was employed to assess interrelationships among 15 studied traits of 42 wheat

genotypes. The correlation matrix revealed both strong positive and negative correlations among the
variables (Fig. 2). By conducting correlation analyses among these morpho-physiological traits under both
conditions, we can recognize how different traits might be interconnected or how changes in one trait might
influence others. There was a significant association between all root and shoot traits, having the exception of
the correlation between SL and RL. In addition to root traits, root shoot ration exhibited a negligible positive
correlation with all other seedling traits under study, but the exception in SFW under heat stress. The indices
related to the roots and shoots (RFW, RDW, SFW, and SDW) showed a significant positive association with
each other, on the other hand, showed a significant negative association with the stability of cell membrane
(CMS) and relative water content (RWC). RWC and CMS had a significant negative correlation only in the
control condition. In both cases, pigment-specific indices (total Chl, Chl a, Chl b, Caro, and Fv/Fm) exhibited
a strong positive association with growth indices (SFW, RFW, SDW, and RDW) and negative correlations
with the stability of cell membrane (CMS), relative water content (RWC), and chlorophyll a/b ratio (Fig. 2).
Significant associations among morpho-physiological traits of wheat seedlings demonstrated their combing
effect on wheat plant responses under heat stress [39].

The bottom diagonal panel shows associations under control conditions, whereas the top diagonal panel
shows associations under heat conditions. The correlation coefficient increases with the intensity of color
and the size of the circles. Data were averaged over two growth scenarios. Significance level was indicated by
the asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).

The positive correlation among root and shoot-related indices (RFW, RDW, SFW, and SDW) suggests
that these aspects are interrelated. When one of these indices increases, the others tend to increase as
well. This might indicate a cohesive growth pattern or an integrated response in wheat plants under
certain conditions. But under both normal and heat stress circumstances, these indices have a negative
connection with cell membrane stability (CMS) and the relative water content (RWC), suggesting a different
relationship. Growth indices and CMS under heat stress have a negative connection, which implies that the
integrity of cell membranes declines as the plant devotes more resources to growth (as shown by higher
root and shoot-related indices). Since chlorophyll a and b can affect light absorption and energy transfer
during photosynthesis, a lower chlorophyll a/b ratio may indicate a larger amount of chlorophyll b than
chlorophyll a. Higher pigment levels in wheat seedlings appear to have a detrimental effect on water
content and cell membrane integrity, even if they are indicative of improved photosynthetic capability and
growth [40]. This association suggests that the expenditure on photosynthetic pigments may jeopardize water
retention and cellular integrity, which would impair the plant’s resistance to stress, particularly heat stress.

3.4 Hierarchical Clustering of the Genotypes
Forty-two genotypes were grouped using multivariate analysis to determine which genotypes and

desired plant features were present. This was accomplished by classifying wheat genotypes into distinct
clusters of similar genotypes based on hierarchical cluster analysis (HCA) with the help of relative BLUEs
of morpho-physiological parameters (Method =Ward.D2 and Distance = Euclidean) (Fig. 3). The two-way
cluster heatmap showed two groups and was slit at the variable level (Fig. 3), while three clusters were
generated at the genotypic level based on dereferences based on the characteristics under study. While
strongly linked attributes were grouped in a column cluster, the genotypes that were most similar were
grouped in a row cluster. RWC, CMS, RDW, SDW, SL, Chl a/b, and Fv/Fm were restricted to group 2, whereas
the majority of the characteristics, including T Chl, CHl a, Chla b, Caro and RL, RFW, SFW and RSR were
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assigned to variable group 1. In the row clusters, 18 of the highest number of wheat genotypes were under
cluster III, 13 in cluster II, and 11 in cluster I (Table 4, Fig. 3).

Figure 3: Heatmap showing relative best linear unbiased estimators (BLUEs) and hierarchical clustering of wheat
genotypes vs. morpho-physiological parameters (method = ward.D2 and distance = Euclidean)
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Table 4: The comparison profile of the three groups of forty-two wheat genotypes categorized using robust hierarchical
clustering (the cluster figures represent the average of all trait values for each cluster’s genotypes)

Seedling traits Average of morpho-physiological traits

Cluster I Cluster II Cluster III
RL 0.864 0.912 0.948
SL 0.899 0.872 0.906

RFW 0.642 0.713 0.829
RDW 0.628 0.886 0.867
SFW 0.689 0.814 0.835
SDW 0.582 0.834 0.766
RSR 1.082 1.065 1.138

RWC 0.942 0.966 0.947
CMS 0.894 0.951 0.945
Chl a 0.637 0.595 0.878
Chl b 0.713 0.723 0.796
Caro 0.588 0.610 0.864
T Chl 0.654 0.624 0.852

Chl a/b 0.961 0.830 1.136
Fv/Fm 0.929 0.929 0.975

Note: Root length (RL); shoot length (SL); shoot fresh weight (SFW); root fresh weight (RFW); shoot dry weight
(SDW); root dry weight (RDW); relative water content (RWC); cell membrane stability (CMS); root shoot ration (RSR);
chlorophyll fluorescence (Fv/Fm); total chlorophyll (T Chl); chlorophyll a (Chl a); chlorophyll b (Chl b); chlorophyll
ratio of a/b (Chl a/b), and carotenoid (Caro).

Overall, group I’s factors were the main factors contributing to cluster III. On the other hand, group
2’s parameters mostly defined cluster I. On the other hand, cluster II’s genotypes showed a wide range of
differences between the two groups under the study’s parameters (Fig. 4). Following cluster II, the genotypes
in row cluster III retained superior T Chl, Chl a, Chl b, Caro, RL, RFW, and SFW. The greatest RWC, CMS,
RDW, SDW, and well-maintained RL, SL, and Fv/Fm were the primary characteristics of cluster II’s row,
which was followed by cluster III (Table 4). Chl b and SL were better conserved in row cluster I, which was
followed by row cluster III, which had a respectable RSR contribution (Table 4). The degree of change in
the traits of seedlings and the results of different multivariate analyses indicated that wheat genotypes of
cluster III were heat-tolerant, followed by the genotypes of cluster II, as they exhibited good performance for
the majority of the seedling traits under study. In contrast, the wheat genotypes in cluster I were confirmed
to be heat sensitive because of their poor performance for growth and physiological parameters under heat
stress. Hierarchical clustering is an effective tool to categorize plant genotypes based on similarity across
numerous stress tolerance indices [41].
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Figure 4: PCA biplot of morpho-physiological characteristics and wheat genotypes based on relative best linear
unbiased estimators. Genotypes were dispersed in different ordinates according to how divergent they were

3.5 Principal Component Analysis (PCA)
Genetic divergence among the various wheat genotypes is explained by principal component analysis

(PCA). Morpho-physiological traits related to stress tolerance were subjected to PCA analysis (Table 4).
Among 15 principal components (PCs), only five PCs were deemed significant (eigenvalue > 1.0), while
the remaining were nonsignificant (eigenvalue < 1.0) and were unworthy of further interpretation. The PCs
explained that all the traits under study influenced 78% of the genotypic variability in heat stress tolerance
which was explained by the first five components, while the first two explained 48% of the variability
(Table 5, Fig. 4).

Table 5: Eigen values and latent vectors estimated through PCA analysis using relative values of BLUEs for morpho-
physiological traits associated with first five PCs

Variable Principal components

PC 1 PC 1 PC 3 PC 4 PC 5
Eigenvalues 4.80 2.42 1.87 1.46 1.13

Explained variance (%) 32.04 16.13 12.49 9.77 7.57
Cumulative variance (%) 32.04 48.17 60.67 70.45 78.02

Seedling traits Latent vectors
RL 0.438 0.162 −0.325 0.166 −0.341
SL 0.027 −0.203 0.645 0.090 0.477

RFW 0.682 −0.043 −0.228 0.030 −0.340
RDW 0.752 0.513 −0.051 −0.048 0.189
SFW 0.696 0.334 −0.313 0.054 −0.231
SDW 0.654 0.587 −0.059 −0.313 0.241

(Continued)
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Table 5 (continued)

Variable Principal components

PC 1 PC 1 PC 3 PC 4 PC 5
RSR 0.115 −0.305 −0.002 0.797 −0.138

RWC 0.185 0.418 −0.036 0.599 0.289
CMS 0.553 0.466 0.126 0.105 0.317
Chl a 0.811 −0.469 0.230 −0.141 −0.044
Chl b 0.381 −0.640 −0.526 0.050 0.360
Caro 0.813 −0.395 0.062 −0.085 0.045
T Chl 0.781 −0.581 0.054 −0.104 0.084

Chl a/b 0.346 0.126 0.773 −0.206 −0.404
Fv/Fm 0.339 0.050 0.490 0.485 −0.143

To determine which factors have the greatest influence on genotypic variation, biplot analysis is
frequently employed. A visual comparison tool for genotypes based on several traits is also included [42].
PCA uses a biplot to display variables as vectors on top of a plot. The relative length of the vectors indicates
the relative degree of variability in each variable. Two variables are positively associated if their angle
is <90○; negatively correlated if the angle is >90○ (around 180 degrees); and uncorrelated if the angle is
90 degrees [43]. Two variables are said to have a positive correlation when they are near together, generating
a small angle. It may be applied to comparisons of selection techniques and independent culling based on
several characteristics [44,45].

Only five of the 15 principal components (PCs) had eigen value greater than 1.0, which was considered
as significant. First two PCs accounts for 48% variability, whereas the first five PCs explained 78% variability
(Table 5). The PC1 in the PCA-biplot accounted for 32% of the overall variability. Every physiological and
anatomical characteristic (apart from SL) either favorably or adversely influenced heat tolerance.

RWC, SDW, and RDW were the main contributors to the second PC, which explained almost 16% of
the overall variance. The evaluation of the genotypes under study is thought to be better explained by the
pigment-specific features (T Chl, Chl a, Chl b, and Caro) that were differentiated through the first PC. Out
of all the characteristics, group 1 consisted of SL, RSR, and Chl b, whereas groups 2 and 3 included Caro,
Chl b, T Chl, CMS, RWC, RL, and Chl a/b. The PCA biplot showed that the characteristics of group 2, which
were the main donors in PC 1 were strongly linked with the genotypes of row cluster III. On the other hand,
the variable group 1, which was also a donor in PC 1, was linked to the genotype cluster III. Although several
variables of group 3 contributed to PC 2 were also strongly associated with row cluster II. The variables or
traits of group 3 that contributed to PC 2 were shown to be closely associated with the genotypes of row
cluster III.

The length of the biplot signifies the quality of representation, while a vector’s color intensity shows
how much each trait contributes towards the main components. The angle generated from the biplot’s at
the center point between vectors indicated that whether the evaluated traits interact positively or negatively.
Larger circles denote the centroid of the corresponding cluster, while Fig. 3 provides further information.
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3.6 Genotype Variability in the Extracted Clusters
A radar chart is a visual aid that provides information by comparing three or more variables on a two-

dimensional plane. The results showed that cluster I was heavily impacted by heat stress, but the genotypes
of cluster III had better withstood capacity under heat stress than the genotypes of cluster II (Fig. 5, Table 6).

Figure 5: Radar diagram illustrating how heat stress alters the genotypes of several clusters’ seedling characteristics. The
values are expressed as percentage of the control environment. Root length (RL); shoot length (SL); shoot fresh weight
(SFW); root fresh weight (RFW); shoot dry weight (SDW); root dry weight (RDW); relative water content (RWC);
cell membrane stability (CMS); root shoot ration (RSR); chlorophyll fluorescence (Fv/Fm); total chlorophyll (T Chl);
chlorophyll a (Chl a); chlorophyll b (Chl b); chlorophyll ratio of a/b (Chl a/b), and carotenoid (Caro)

Heat stress treatment resulted in a 13%, 7%, and 6% reduction in root length (RL) in clusters I, II and
III, respectively (Fig. 5, Table 6). The percentage decrease in SL during heat stress in clusters I, II and III were
10%, 12%, and 9%, respectively, in comparison to control. When compared to control, SFW fell by 32%, 21%,
and 18% in clusters I, II, and III, respectively, while RFW reduced by the least amount 19% in cluster 3 and
by an average of 35% in the other two clusters under heat treatment. As compare to control environment,
cluster I exhibited 35% drop in RDW during heat stress, whereas clusters II and III experienced 12% and
13% decreases, respectively (Fig. 5 and Table 6). In heat stress environment, SDW showed a similar pattern
of decline and clusters I, II, and III experiencing 40%, 16%, and 20% decreases, respectively. RWC fell as well
in similar pattern. In contrast to the control, RSR raised in all clusters under heat stress conditions, where
the cluster III showed the highest rise (9%) followed by cluster I (8%) and cluster II (6%).
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The cluster II showed the lowest CMS decline of 5% as a result of heat stress, followed by cluster III
at 7%, while the cluster I showed an 11% decrease. Heat stress caused Chl b to drop by 25%, 30%, and 31%
in clusters I, II, and III, respectively, compared to control. Conversely, Chl a decreased by an average of 38%
in other clusters and by the least amount (13% in cluster III and 36% in cluster I). There is a comparable
downward trend for carotenoid, total chlorophyll, and Fv/Fm. Cluster I showed a drop in the ratio of Chl a
and Chl b at the least 6% under heat stress, whereas Cluster II experienced a decrease of 13%. In contrast,
cluster III showed a 15% rise in Chl a/b (Table 6).

The relative growth pattern of crop plant’s is exhibits by the root-shoot ratio. In this study, heat stress led
to a substantial rise in mean RSR. A greater root-shoot ratio means that under heat stress, the root growth
of the seedlings’ is less impacted than their shoot growth. Other researchers thought that the less impacted
root development under heat stress was a way for wheat seedlings to escape heat [25]. A greater decrease in
shoot dry weight and root dry weight of the genotypes under heat stress environment was likely the cause
of higher root-shoot ratio of the genotypes of row cluster I and II in the present investigation. Furthermore,
the effects of a higher Chl a and Chl b ratio (Chl a/b) under heat treated condition as opposed to control
may suggest an effort to maximize photosynthetic processes, serve as a stress-reduction strategy, or indicate
possible difficulties in sustaining ideal photosynthetic efficiency in demanding conditions [3,17].

Significant alterations in all measured attributes were noted across the wheat genotypes at heat treated
condition. The lower mean values for all the studied variables was observed in heat treated seedlings
than the control environment with the exception in RSR. Genotypes of those clusters were shown to
be more tolerant of heat stress, as evidenced by the lower declines in root-shoot length, fresh weight,
carotenoid, T Chl, chlorophyll fluorescence, Chl a and Chl b in cluster III, as well as in SD, RD, RWC and
CMS in cluster II.

According to correlation studies, pigment-specific indices (T Chl, Chl a, Chl b, Fv/Fm, Caro) exhibited
significant negative correlations with RWC and CMS both under control and heat-treated conditions, as well
as significant positive correlations with vegetation (RFW, RDW, SFW, and SDW). However, it is important to
note that the PCA-biplot showed a substantial correlation between genotypes of row cluster III and pigment
attributes, which were the main contributors in PC 1. Although several of those qualities were also highly
associated to row cluster II, the traits of RFW, RDW, SFW, SDW, CMS, RWC, and Fv/Fm that contributed to
PC 2 were shown to be closely related with the genotypes of row cluster III.

4 Conclusion
As plant breeders rarely consider heat tolerance as an independent characteristic, they can efficiently

select genotypes of trait groups they are interested in by utilizing co-cluster combinations. Certain genotypes
were found to be heat-sensitive, while others were determined to be heat-stress resistant based on seedling
characteristics under both environmental circumstances.

Cluster III genotypes were found to be heat-tolerant, followed by cluster II genotypes. This is because
the genotypes of cluster III performed better for the majority of the characters under study including
carotenoid (Caro), total chlorophyll (T Chl), shoot fresh weight (SFW), root fresh weight (RFW), shoot dry
weight (SDW), root dry weight (RDW), cell membrane stability (CMS), chlorophyll a (Chl a), chlorophyll b
(Chl b), carotenoid (Caro), and chlorophyll fluorescence (Fv/Fm). In contrast, the genotypes of cluster I were
confirmed to be heat sensitive because of their poor growth and physiological capacity under heat stress.
Given their morphological variations and physiological responses to stress, these wheat genotypes can be
selected as prime candidates for further breeding programs.
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