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Exploring drought tolerance for germination
traits of diverse wheat genotypes at seedling
stage: a multivariate analysis approach
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Abstract

Wheat holds crucial global importance as a staple food in many regions. Drought stress significantly impedes seed
germination of wheat. The lack of drought-tolerant wheat varieties hampers wheat production, especially in arid
regions of the world. This study investigated seed germination and seedling growth in eighty wheat genotypes
under moisture stress stimulated by polyethylene glycol (PEG®®®). The study included two osmotic potentials
induced by PEG-20% (: -0.491 MPa) and PEG-25% (: -0.735 MPa), as well as a control set without PEG. The data
showed that dehydration caused by polyethylene glycol generally had an adverse effect on the morphological
characteristics of wheat seedlings by causing substantial losses during the early germination stage. The results
acquired from analysis of variance explained highly significant variances (p<0.01) across genotypes (G), PEG-
Treatments (T°59), and interactions between genotypes and PEG-Treatments (G x T"=°) for all observed variables.
Moisture deficit radically affected all studied seedling traits of bread wheat under rising osmotic stress, with
germination percentage (GP), shoot length (SL), root length (RL), coleoptile length (CL), seedling length (SDL), root
fresh weight (FRW), root dry weight (DRW), shoot fresh weight (FSW), shoot dry weight (DSW), seedling biomass
(SBM) and seedling vigor index (SVI) reduced by about 30-95% compared to control (PEG-0%) to the maximum
induced osmotic stress at -0.735 MPa. The coefficient of relative inhibition (CRI) rose in response to osmotic

stress, demonstrating growth inhibition. Boxplots demonstrated a considerable decline under stress, although
scatter plots and correlation matrices revealed significant positive associations for most seedling traits, except

CRI. The histograms for most variables showed a wider value range and more diversified distribution patterns.
Principal component analysis (PCA) and genotype by trait biplot emphasized that PC1 represented 94.29% of

the cumulative variation, with an eigenvalue of 11.31 out of 12 components. The heatmap displayed diverse
genotype and trait characteristics, indicating higher values for drought resistance and lower values for susceptibility
in genotype performance. As indicated by a range of multivariate analyses, the wheat lines NR-499, NARC-2009
and Pakistan-2013 stood out as the most drought-tolerant among the genotypes; whereas Borlaug-2016, NR-514
and NR-516 were found to be highly susceptible, whereas SBM, SDL, SVI and CRI have been found key indicators
for subsequent screening. These tolerant wheat lines offer promising potential for developing drought-tolerant
varieties that could thrive in arid regions, thereby strengthening wheat production in water-stressed environments.
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Integrating these findings into breeding programs is crucial for realizing the potential of drought-tolerant wheat

varieties in transforming global wheat production.

Keywords Phenotyping, Osmotic stress, Bread wheat, Stress tolerance index, Multivariate analysis

Introduction

Wheat, scientifically known as Triticum aestivum L.,
is a globally cultivated cereal crop, providing essen-
tial nutrients like carbohydrates, proteins, lipids,
vitamins, and minerals as a significant food and feed
to both humans and animals. Domesticated approxi-
mately 10,000 years ago in tetraploid and hexaploid
varieties [1, 2], hexaploid bread wheat plays a pivotal
role in meeting global nutritional needs. Despite rank-
ing as the third most produced cereal after maize and
rice [3, 4], the global demand for wheat is projected to
surge by 60% due to an estimated population growth
of 10 billion by 2050. Meeting this demand requires
an annual yield growth of at least 1.6%, surpassing the
current 1% growth rate [1, 5]. As environmental pres-
sures escalate, focus intensifies on the gap between
wheat production and consumption [6].

Climate change is anticipated to adversely affect
agricultural productivity due to rapid fluctuations in
temperature and precipitation, causing drought stress
[7, 8]. Among abiotic stresses, drought stands out as a
significant factor reducing overall productivity [9, 10].
Drought can lead to a 50-90% reduction in wheat yield
[9]. Rainfed wheat yields are notably lower than irri-
gated regions due to the scarcity of rainwater. Assess-
ing wheat genotype drought tolerance often relies on
important measures like seed germination and seed-
ling emergence [11], as seedling growth plays crucial
roles in production anticipation, as observed by vari-
ous studies [5, 12]. Drought stress significantly hinders
seed germination and leads to notable changes in seed-
ling physiology and biochemistry [13, 14].

Agricultural drought poses a substantial environ-
mental challenge, hindering crucial physiological pro-
cesses necessary for crop growth due to inadequate
water supply [1]. Despite these challenges, many plants
have evolved physiological adaptations to withstand
water stress [14, 15]. Inadequate moisture during ger-
mination and subsequent growth stages reduces wheat
crop productivity and delays maturity [16]. Germina-
tion percentage and seedling establishment notably
decrease when soil osmotic potential approaches - 1.5
MPa [17]. Optimal microclimatic conditions and seed
quality play critical roles in successful plant establish-
ment [1, 18]. Bread wheat genotypes displaying strong
early seedling establishment in challenging conditions
can be identified and selected by screening diverse
plant materials on a large scale [2, 9].

Polyethylene glycol (PEG) has long been used to test
young plants for drought tolerance by inducing dehy-
dration and restricting plant tissue conductivity dur-
ing the seedling stage [19, 20]. Drought tolerance in
diverse crop varieties is frequently evaluated by exam-
ining seed germination under PEG-induced stress,
as PEG molecules with more than 3000 molecular
weights cannot penetrate the cell wall [9]. PEG®'%, a
commonly used variant, possesses a molecular weight
of approximately around 6,000 g/mol [4]. Its ability
to simulate drought stress in plants is attributed to
its property as a non-permeating osmotic agent [21].
When applied, it restricts water availability in the
growth medium, mimicking drought conditions with-
out causing direct physical damage to the plants. High
molecular weight osmotic chemical, like PEG®%, is
often used to assess agricultural-plant drought-resis-
tance during early growth stages due to their capacity
to induce severe water stress [4, 22]. The lower water
potential of PEG affects both seed germination and
growth, with more noticeable effects on shoots than
primary roots [23]. PEG also enhances the transfer of
ions and nonionic compounds such as mannitol, raf-
finose, and inulin [12, 24]. Several studies have demon-
strated the reliability of in vitro screening with PEG to
identify drought-tolerant genotypes, particularly based
on germination indices [12, 25].

Historically, plant breeding primarily focused on
above-ground plant traits, neglecting the study of root
characteristics [4, 26, 27]. Recent studies, however,
showed that PEG-induced drought has a significant
impact on wheat seedling traits [6, 27]. Progress in
screening for drought resistance and evaluating root
traits has been made [18, 19], with selection of wheat
genotypes featuring larger roots and extended seminal
and adventitious roots showing promise for improved
grain yield, especially in arid and semi-arid regions
[9, 23, 24]. Root growth influences a plant’s ability to
endure stress under bad situations [21, 28]. Seedlings
from drought-resistant genotypes have stronger root
systems and more biomass during the germination
process compared to other genotypes [8]. The cole-
optile length, which protects the budding shoot, is an
important predictor of seed germination and plant
height. Researchers have also linked seed germination
to the length of the radical, plumule, and seedling bio-
mass. Under PEG-induced drought, decreased osmotic
potential reduces shoot and root length, as well as bio-
mass [29, 30].
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Wheat germplasm that demonstrates a higher stress
tolerance index (STI) is widely recognized as drought
tolerant [31]. The use of STI-based screening offers
significant advantages for crop cultivars in both stress
and non-stress conditions [32]. Extensive research has
consistently shown that drought-tolerant wheat geno-
types generally exhibit higher STI values compared to
susceptible ones. Therefore, STI serves as a valuable
criterion for selecting superior crop cultivars that are
effective under various climate conditions [32].

The vulnerability of wheat seedlings to drought
stress during its early growth stages poses a criti-
cal challenge in agricultural productivity, impacting
germination, growth, and overall crop development.
Understanding the specific effects of drought stress on
wheat seedlings is imperative for devising strategies to
enhance crop resilience and mitigate potential yield
losses. The precise mechanisms, genetic factors, and
key traits associated with drought tolerance in wheat
seedlings remain relatively understudied. This study
aims to bridge this gap by focusing on the often-over-
looked seedling stage and identifying pivotal markers
for drought tolerance in wheat at this critical growth
phase. Enhancing the drought tolerance at the seedling
stage through selective breeding for these traits can
facilitate the development of future drought-tolerant
wheat genotypes under changing climatic conditions.

Materials and methods

Plant material

A collection of eighty (80) distinct genotypes of bread
wheat consisting of cultivars and advance lines, were
acquired from various reputable institutes, including
the Plant Genetics Resource Institute, National Agri-
cultural Research Centre Islamabad (PGRI-NARC),
Wheat Program, National Agricultural Research
Centre Islamabad (WP-NARC), Barani Agricultural
Research Institute (BARI), Chakwal, and Directorate
of Agriculture Research (Cereal Crops) Agriculture
Research Institute (ARI), Quetta, for present study as
tabulated in the Supplementary Table S1.

Experimental description

The experiment was arranged in a two-factor complete
randomized design (CRD) with three replicates. These
factors encompassed eighty (80) wheat genotypes and
three levels of osmotic potential. Uniform-sized wheat
genotype seeds were selected and surface-sterilized for
10 min using a 1% sodium hypochlorite solution, then
rinsed several times with sterile distilled water. Sub-
sequently, the seeds were soaked in distilled water for
10 min and then sown in three sets of 11 cm diameter
petri plates filled with sterile sand, which was moist-
ened with distilled water. The germination process
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took place over five days in a controlled environment
chamber (Model: GC-560 H, Firstek Scientific, Tai-
wan), maintaining a constant temperature of 25+ 1 °C
for day and night. The relative humidity (RH) was
maintained between 75% and 80%, with a photoperiod
of 16 h of light and 8 h of darkness. Cool-white fluo-
rescent lights emitting a photosynthetic photon flux
density (PPFD) of 400 mol m? s were used in this
setup. After the initial five days, seedlings were shifted
to moistened germination paper, i.e., Whatman’s Filter
Paper [16].

Stress treatment application

Moisture stress was induced by altering osmotic
potentials using polyethylene glycol (PEG®"%; Sigma-
Aldrich, St. Louis, MO, USA), a high molecular weight
polymer commonly employed to evaluate seedling
performance during the germination stage in vari-
ous crops. Water potential (y, MPa) was triggered
for drought-induced stress by ¢ = -0.491 MPa and ¢
= -0.735 MPa, induced by PEG-20% and PEG-25%
respectively, whereas a control set without polyethyl-
ene glycol (PEG-0%; y = -0.033 MPa) was established
using pure distilled water [19]. In this study, 5 ml of
distilled water was added to each control petri dish
every two days to counteract moisture evaporation,
while 5 ml of PEG solution (weight/volume) was
administered to each plate under both osmotic stress
conditions. The experiment was concluded after 10 + 2
days, at which point, fully germinated wheat seedlings
were harvested, and data for randomly selected seed-
ling were recorded [33].

Measurement of seedling traits

Ten seedlings from all PEG-induced drought stress
(control, -0.491 and -0.735 MPa) were assessed for
various parameters, viz. seed germination percentage
(SGP), coleoptile length (CL), shoot length (SL), root
length (RL), seedling length (SDL), root fresh weight
(FRW), root dry weight (DRW), shoot fresh weight
(FSW), shoot dry weight (DSW), seedling biomass
(SBM), seedling vigor index (SVI) and coefficient of
relative inhibition (CRI). Germination was measured
by counting the germinated seedlings when seedlings
exhibited radical growth exceeding 3 mm. Coleoptile
length was determined by assessing the length of the
protective sheath encasing the emerging shoot. Fur-
thermore, shoot length was measured from the tip of
the longest leaf, while root length was measured from
the tip of the longest root. Dry weights of root and
shoot were measured after drying at 80 °C for 24 h,
then these values were summed to estimate the seed-
ling biomass. The seedling vigor index was estimated
following the methodology [34]:
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SVI = Seed Germination Percentage — Seedling Length

Additionally, the coefficient of relative inhibition
(CRI), a measure of growth inhibition determined by
the reduction in overall plant biomass accumulation
due to stress treatments, was calculated following the
method:

CRI =

(Biomass of unstressed plants — Biomass of stressed plants )
Biomass of unstressed plants

Determination of stress tolerance index (STI)

The mean data for all seedling traits (SDT) were
used to determine the Stress Tolerance Index (STI)
under PEG-induced drought stress at -0.491 MPa and
-0.735 MPa compared to the control treatment. This
calculation was performed using the following formula
[35].

STI =
(Seedling Trait under Control x Seedling Trait under Stress)
(Overall Mean value of Seedling Trait under Stress)?

Statistical analysis

The replicated data underwent Two-Factorial CRD
Analysis of Variance (ANOVA) using the General
Linear Model (GLM) in ‘IBM Statistical Program for
Social Science (SPSS Version 22) software [36]. This
analysis included eighty wheat genotypes (G) and three
PEG-Treatments (TTEC), i.e., PEG-0% (control), PEG-
20% (-0.491 MPa), and PEG-25% (-0.735 MPa) as fixed
factors, assessing seedling traits as dependent vari-
ables. Additionally, the GLM model employed UNI-
ANOVA to evaluate the Genotypes x PEG-Treatments
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(TPES) interaction, followed by a post-hoc Tukey’s
Honestly Significant Difference (HSD) test at a 5%
probability level. Furthermore, mean seedling trait val-
ues underwent various multivariate statistical analy-
ses, including Boxplot, Scatter-Pairplot, Phenotypic
Correlation Matrix, and Principal Component Analy-
sis (PCA). These analyses aimed to identify distinctive
drought-tolerant and drought-susceptible bread wheat
genotypes during the germination stage under vary-
ing osmotic potentials using R-Studio (Version: 3.3.0+)
software. Additionally, cluster-based heatmapping was
utilized for phenotyping based on the stress tolerance
index (STI) using R-Studio Desktop Pro-2023.

Results and discussion

Phenotyping plays a crucial role in screening breeding
germplasm, concentrating on drought-adaptive and
constitutive morphological traits under osmotic stress
conditions [2, 6, 8]. Osmotic stress significantly con-
strains plant growth, particularly during its juvenile
stage, posing a serious threat to agricultural produc-
tion [8, 14].

Genetic variability in wheat seedling attributes

Osmotic stress is an indicator of cellular drought stress
[24]. The analysis of variance revealed highly signifi-
cant variations (p<0.01) across genotypes (G), PEG-
Treatments (TES), and their interactions between
G x TPES for all recorded traits, including SGP, CL,
RL, SL, SDL, FRW, FSW, DRW, DSW, SVI, SBM,
and CRI (Table 1). These findings indicate substan-
tial genetic heterogeneity in osmotic stress tolerance
among the studied wheat genotypes. Moreover, both

Table 1 Analysis of variance (ANOVA) mean squares of Eighty bread wheat genotypes at the seedling stage under normal and

drought conditions

PEG

Variables Genotypes Treatments Interaction Error Tukey’s HSD (0.05) C.V. (%)

@) (TPES) (G x TPES)

(df:79) (df:2) (d-f: 158) (d.f. 480) G TPEG GxTPES
SGP 103.3** 46,027%* 53.10%* 176 8.384 0.9 16.14 531
CL 0.319** 270.9%* 0.240** 0.064 0.506 0.054 0.974 10.26
RL 5.170** 4059** 2.850** 0.38 1.226 0.131 2.362 7.87
SL 3.590%* 4833** 1.980** 0.11 0674 0072 1.297 543
SDL 13.90%* 17,689%* 5.300** 0.50 1.423 0.152 2.741 5.08
FRW 2819* 18,503** 2403** 1.00 2.129 0.228 4.1 1.82
FSW 2415%* 31,224** 1776** 1.00 1.992 0214 3.835 1.67
DRW 14.30%* 12,546 10.30** 0.30 1.153 0.123 222 6.27
DSW 66.687** 52,017* 20.763** 0343 5.991 0.125 2252 1.15
SvI 126,618** 18,810** 56,450** 8513 184.2 19.8 3548 7.78
SBM 103.0** 69,328 29.0%* 1.00 1.66 0.178 3.196 1.38
CRI (d.f:79) (d.f:1) (d.f:79) (d.f:320)

0.0007** 23.91* 0.0004** 0.0001 0.017 0.001 0.026 1.01

Note: Here, SGP=Seed Germination Percentage, CL=Coleoptile Length, RL=Root Length, SL=Shoot Length, SDL=Seedling Length, FRW=Fresh Root Weight,
DRW=Dry Root Weight, FSW=Fresh Shoot Weight, DSW=Dry Shoot Weight, SVI=Seedling Vigor Index, Seedling Biomass=SBM, CRI=Coefficient of Relative

Inhibition.
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PEG treatments displayed statistically distinct effects
on seedling traits compared to the control. The sig-
nificant interaction between G x TPFS highlighted the
differential performance of various genotypes under
different osmotic potentials. Previous research has
demonstrated the impact of drought stress on early
growth-related morphological attributes in various
crops [4, 12, 37, 38]. Consequently, these traits have
been valuable in selecting extensive germplasm for
drought tolerance during early growth stages, thereby
saving time and labor in the field [28].

Relative effects of osmotic stress with polyethylene glycol

As expected, diverse bread wheat genotypes dem-
onstrated significant variations in their resistance to
PEG-induced drought stress. Previously, the remark-
able reduction was reported in seed germination
and growth traits under -0.491 MPa (induced by
PEG-20%) and -0.735 MPa (induced by PEG-25%),
reflecting a consistent declining trend across various

Effect of Treatments on Key
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seedling-related growth traits with increasing osmotic
potential the [3, 18, 39]. Drought stress notably
affected the efficiency and performance of all studied
seedling attributes during early germination, showing
substantial decreases in SGP, CL, RL, SL, SDL, FRW,
ESW, DRW, DSW, SVI and 3by 29.85%, 60.78%, 67.64%,
78.71%, 72.94%, 78.79%, 85.99%, 84.90%, 95.14%,
80.96% and 93.63%, respectively (Fig. 1), compared
to the control set (PEG-0%) to the maximum induced
osmotic stress at -0.735 MPa induced by PEG-25%.
Polyethylene glycol (PEG®’?) significantly hindered
emergence and development, leading to considerable
reductions in seedling attributes and the demise of
wheat seedlings during early germination stages. Simi-
lar patterns of reductions in wheat seedling attributes
due to osmotic stress were also observed in previous
studies [15].

50

Mean Value

Treatments

B recox
B eec2o%
B Pecas%

Seedling Traits

Fig. 1 Multivariate bar-graph represents mean performance and relative effects of wheat seedling traits under various PEG-induced osmotic potentials
(Here, SGP=Seed Germination Percentage, CL=Coleoptile Length, RL=Root Length, SL=Shoot Length, SDL=Seedling Length, FRW=Fresh Root
Weight, DRW=Dry Root Weight, FSW=Fresh Shoot Weight, DSW=Dry Shoot Weight, SVI=Seedling Vigor Index, Seedling Biomass=SBM, CRI=Coef-

ficient of Relative Inhibition
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Effect of osmotic stress on seed germination and coleoptile
growth
Seed germination percentage (SGP) stands as a pivotal
stage in the early growth and productivity of a plant’s
life cycle, significantly affected by drought stress.
Among the studied genotypes, the control treatment
exhibited the highest mean SGP at 92.6%, followed by
79.8% and 64.7% under the stress treatments of PEG-
20% and PEG-25%, respectively (Fig. 1). Notably, the
NR-499 genotype displayed the highest seed germina-
tion percentage overall, recording an impressive 86.7%
as presented in Supplementary Table S2. Conversely,
Borlaug-2016 exhibited the lowest seed germination at
67.2%. Examining individual genotypes revealed that
wheat genotype NR-499 demonstrated maximum SGP
at 98.5%, 88.3%, and 73.3% under PEG-0% (control),
PEG-20% (-0.491 MPa), and PEG-25% (-0.735 MPa)
osmotic stress levels, respectively (Table S2). In con-
trast, Borlaug-2016 displayed the minimum SGP at
81.7%, 71.7%, and 48.3% under the same stress levels.
Osmotic water stress can lead to the degradation and
inactivation of essential hydrolytic enzymes required
for germination, inhibiting not only germination char-
acteristics but also the extension growth of seedlings.
This reduction in germination percentage highlights
the sensitivity of wheat plants to drought stress [6, 40].
Coleoptile length (CL) serves as a crucial protective
sheath, safeguarding the tissue surrounding the stem
of seedlings [41]. In this study, the maximum mean
CL was observed to be 3.5 cm in the control treat-
ment (PEG-0%). Under moisture-deficient conditions
of PEG-20% and PEG-25%, the CL decreased to 2.6 cm
and 1.4 cm, respectively compared to control (Fig. 1).
Among all moisture treatments, genotypes Paki-
stan-2013 and NR-516 exhibited the longest (3.2 cm)
and shortest (0.45 cm) coleoptile lengths, respectively
(Table S2). Furthermore, Pakistan-2013 displayed the
longest coleoptile lengths (4.4 cm, 3.4 ¢cm, and 1.9 c¢cm)
under PEG-0% (control), PEG-20% (-0.491 MPa), and
PEG-25% (-0.735 MPa), respectively, while NR-516
exhibited the shortest lengths (2.8 ¢m, 1.9 cm, and
0.9 c¢cm) under the same moisture conditions (Table
S2). It’s important to note that heightened stress dur-
ing germination and early seedling phases negatively
impacts various parameters, including germination
rate, seedling vigor, and coleoptile length [42].

Effect of osmotic stress on root growth and biomass
characteristics

Roots play a vital role in meeting transpiration needs
and significantly contribute to providing moisture to
plants [13, 43]. Root length (RL) serves as a key indi-
cator of plant resilience in drought-prone environ-
ments. In the control treatment (PEG-0%), the mean
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RL reached the highest value of 12.1 c¢m, followed by
stress treatments with PEG-20% (7.4 cm) and PEG-
25% (3.9 cm), as depicted in Fig. 1. Across all treat-
ments, NR-499 exhibited the longest root length of
10.3 c¢m, while Borlaug-2016 displayed the shortest
at 5.8 cm (Table S2). NR-499 demonstrated superior
root lengths (15.7 cm, 9.3 cm, and 5.8 cm) at osmotic
stress levels of -0.491 MPa and -0.735 MPa, whereas
NR-528 (9.4 cm) at PEG-0% and Borlaug-2016 (5.7 cm
and 2.2 cm) depicted the shortest RL at PEG-20% and
PEG-25% concentrations, respectively. The reduction
in root length of the bread wheat germplasm stud-
ied here under osmotic pressure aligns with previous
findings [6]. Additionally, wheat genotypes displayed
extended root length under drought stress could indi-
cate an adaptable response, potentially enhancing the
root’s capacity to access deeper soil water [14, 44].

The fresh weight of roots (FRW) significantly influ-
ences seedling biomass. The highest average FRW
was 222.2 mg under PEG-0%, followed by 122.4 mg
and 47.1 mg under PEG-20% and PEG-25% stress
conditions, respectively (Fig. 1). Across all PEG®0®
levels studied, NR-499 displayed the highest FRW
at 172.0 mg, while Borlaug-2016 showed the low-
est at 92.3 mg (Table S2). Specifically, NR-499 and
Borlaug-2016 exhibited maximum FRW (311.2 mg,
148.8 mg, and 55.9 mg) and minimum FRW (151.2 mg,
90.7 mg, and 35.1 mg) at osmotic potentials of PEG-
0% (control), PEG-20% (-0.491 MPa), and PEG-25%
(-0.735 MPa), respectively. These preceding studies
also demonstrated a significant decrease in shoot and
root length, as well as shoot and root fresh weight in
wheat [30].

The dry weight of an individual root (DRW) is
assessed after complete moisture removal. In Fig. 1,
the control treatment (PEG-0%) demonstrated the
highest average DRW (16.9 mg), followed by stress
treatments with PEG-20% (8.2 mg) and PEG-25%
(2.6 mg). NR-499 and Borlaug-2016 exhibited the
heaviest (12.2 mg) and lightest (6.5 mg) DRW, respec-
tively, across all osmotic potentials (Table S2). Spe-
cifically, under water stress at PEG-0% (control),
PEG-20% (-0.491 MPa), and PEG-25% (-0.735 MPa),
wheat advance line NR-499 produced the highest dry
weights (22.8 mg, 10.5 mg, and 3.3 mg), however, Bor-
laug-2016 yielded the lowest (11.6 mg, 6.1 mg, and
2.0 mg). This study’s outcomes highlight that dry mass
was notably affected by moisture stress [3, 40]. More-
over, the dry weight of water-stressed wheat seedlings
increased in comparison to conditions without water
stress, potentially due to a surplus of stored nutrients
in the stressed seedlings. The limited water availability
might have resulted in the accumulation of underuti-
lized nutrients, potentially due to reduced hydrolysis
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and/or decreased nutrient uptake by the less devel-
oped radicle and plumule [5].

Effect of osmotic stress on shoot growth and biomass
characteristics

Shoot length (SL) is a critical trait in young wheat
seedlings, significantly impacting their overall devel-
opment [4]. Among the genotypes studied, the control
treatment showed the highest mean SL of 11.1 cm, fol-
lowed by 5.1 cm and 2.4 ¢cm under the PEG-20% and
PEG-25% stress treatments, respectively (Fig. 1). Nota-
bly, NR-499 displayed the longest shoot length (8.1 cm)
across all treatments, while Borlaug-2016 showed
the shortest (4.4 cm). Wheat line NR-499 exhibited
maximum SL, measuring 13.3 cm and 7.6 cm under
control and - 0.491 MPa of osmotic potentials, respec-
tively (Table S2). Conversely, NARC-2009 displayed
the longest shoot length (3.5 cm) under -0.735 MPa
of osmotic potential, whereas Borlaug-2016 had the
smallest shoot length (8.5 ¢cm, 3.6 ¢cm, and 1.2 cm)
under PEG-0% (control), PEG-20% (-0.491 MPa), and
PEG-25% (-0.735 MPa), respectively (Table S2). The
reductions in shoot length may relate to cell divi-
sion hindrances and tuberization processes induced
by moisture stress, causing developmental pauses in
growth [45].

Fresh shoot weight (FSW) is crucial in evaluating
wheat seedlings. Our study assessed FSW under con-
trol (PEG-0%) and stress treatments (PEG-20% and
PEG-25%). Results showed the highest mean FSW in
the control treatment at 265.1 mg, followed by PEG-
20% (143.2 mg) and PEG-25% (37.1 mg). NARC-2009
displayed the heaviest FSW (180.8 mg), whereas wheat
line ARI10 exhibited the lightest (110.3 mg) across
all treatments (Table S2). Specificallyy, NARC-2009
consistently showed the heaviest FSW (330.6 mg,
165.4 mg, and 46.4 mg) at osmotic stress levels of PEG-
0% (control), PEG-20% (-0.491 MPa), and PEG-25%
(-0.735 MPa), however, ARI10 consistently had the
lightest FSW (188.6 mg, 115.6 mg, and 26.7 mg) under
the same levels (Table S2). As previously also reported
the adverse effects of drought stress on wheat lines and
cellular dehydration in shoot tissue [5].

Dry shoot weight (DSW) is an effective method for
estimating plant biomass. In our study, the highest
mean DSW was 97.9 mg under the control treatment
(PEG-0%), followed by 50.4 mg and 4.8 mg under PEG-
20% and PEG-25% drought conditions, respectively
(Fig. 1). NARC-2009 and SAWYT-36 exhibited the
heaviest (57.0 mg) and lightest (44.4 mg) DSW, respec-
tively (Table S2). Particularly, NARC-2009 showed the
highest DSW (105.7 mg and 58.2 mg) under control
and -0.491 MPa conditions, while Pakistan-2013 dis-
played the highest DSW (7.4 mg) under - 0.735 MPa.
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Conversely, wheat line SAWYT-36 had the lowest
DSW (88.7 mg, 41.7 mg, and 2.9 mg) under PEG-
0% (control), PEG-20% (-0.491 MPa), and PEG-25%
(-0.735 MPa), respectively (Table S2). The decrease
in shoot dry biomass at higher drought stress levels
is due to reduced moisture availability and hindered
transport of photosynthate from source to sink. This
phenomenon has been documented by several studies,
indicating distinct genetic influences on plant biomass
among different genotypes [6, 30].

Effect of osmotic stress on seedling growth and vigor index
Seedling length (SDL) serves as a valuable stage for
assessing drought resistance during development in
laboratory conditions [41]. The highest average SDL
among all wheat genotypes was recorded at 23.3 cm in
the control treatment (PEG-0%), followed by 12.5 cm
and 6.3 cm under moisture-deficient conditions of
PEG-20% and PEG-25%, respectively (Fig. 1). Wheat
lines NR-499 and Borlaug-2016 displayed the lon-
gest (18.4 cm) and shortest (10.2 cm) seedling lengths
across all treatments (Table S2). Under osmotic stress
of PEG-0% (control), PEG-20% (-0.491 MPa), and PEG-
25% (-0.735 MPa), wheat genotype NR-499 exhibited
higher SDL (29.0 cm, 16.9 cm, and 9.2 c¢cm), whereas
Borlaug-2016 displayed lower SDL (18.0 cm, 9.3 cm,
and 3.4 c¢cm) at 0%, 20%, and 25% PEG®'® concentra-
tions, respectively. Similar outcomes were observed
that reduction in seedling elongation due to drought
stress could be attributed to the impact on the seed-
ling’s meristem cells, disrupting the cell division and
elongation process [46]. Insufficient water conditions
affect cell water uptake, leading to decreased turgor
pressure essential for cell expansion, consequently hin-
dering growth.

The seedling vigor index (SVI) is notably sensitive
to drought stress, displaying varying dominance lev-
els across different moisture conditions. The highest
average SVI value among all wheat genotypes reached
2160.1 in the control treatment (PEG-0%), followed by
998.2 and 411.4 under PEG-20% and PEG-25% stress
levels, respectively (Fig. 1). Among the examined
PEG®% Jevels, NR-499 and Borlaug-2016 showcased
the highest (1672.3) and lowest (767.6) seedling vigor
indexes (Table S2). Similarly, under various osmotic
stress levels, wheat line NR-499 displayed higher val-
ues (2851.7, 1492.5, and 672.6), whereas Borlaug-2016
showed lower values (1470.0, 669.0, and 163.8) for SVI.
Similarly, superior traits in wheat genotypes, includ-
ing increased seed germination percentage, enhanced
root and shoot length, and higher seedling vigor index
[25]. Elevated PEG intensity during seedling develop-
ment suppressed growth and resilience. Drought stress
consistently diminishes germination rate, shoot and
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root length, and dry biomass. There was a clear reduc-
tion in SVI with increased stress intensity in preceding
studies as well [40].

Seedling biomass (SBM) represents the total dry
weight of an individual seedling encompassing both
root and shoot components, serving as a fundamen-
tal seedling characteristic. The control treatment
(PEG-0%) exhibited the highest mean SBM (114.8 mg),
trailed by stress treatments of PEG-20% (58.6 mg) and
PEG-25% (7.3 mg) among the studied wheat genotypes
(Fig. 1). The wheat lines NR-499 and Borlaug-2016 dis-
played the heaviest (69.2 mg) and lightest (50.9 mg)
seedling biomass across all osmotic potentials (Table
S2). Likewise, wheat line NR-499 displayed the great-
est SBM values (128.5 mg, 68.7 mg, and 10.4 mg),
while Borlaug-2016 displayed the lowest (100.3 mg,
47.7 mg, and 4.8 mg) under osmotic stress of PEG-
0% (control), PEG-20% (-0.491 MPa), and PEG-25%
(-0.735 MPa), respectively (Table S2). The influence of
PEG®" stimulated water stress restrained seed reserve
utilization and sugar solubilization during germina-
tion, consequently resulting in reduced seedling dry
weight. Several researchers have observed a decline in
seedling dry weight, illustrating the significant impact
of drought conditions on plant dry mass [7, 10].

Seedling Germination Percentage Coleptile Length (cm)
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Seedling growth inhibition index by coefficient of relative
inhibition

The coefficient of relative inhibition (CRI) serves as a
key indicator of plant growth limitation [14], reflecting
a higher degree of inhibition as the osmotic stress from
PEG®% intensifies, indicating greater tolerance in gen-
otypes with lower levels. The stress treatments using
PEG-20% and PEG-25% displayed the lowest (0.490)
and highest (0.490) mean CRI values, as depicted in
Fig. 1. Among the wheat genotypes, Pakistan-2013
exhibited the most tolerance with the lowest CRI value
(0.690), while Borlaug-2016 showed the highest vul-
nerability with the highest CRI value (0.738). Further-
more, in terms of individual performance, NARC-2009
and Pakistan-2013 emerged as tolerant genotypes,
displaying lower CRI values (0.459 and 0.918) under
PEG-20% and PEG-25%, respectively (Table S2). Con-
versely, NR-514 and Borlaug-2016 demonstrated sen-
sitivity, exhibiting higher CRI values (0.530 and 0.952)
under osmotic stress levels of -0.491 and - 0.735 MPa,
respectively. The incremental rise in the relative inhi-
bition coefficient reflects a gradual hindrance in plant
development, aligning with the previous findings that
showed the decrease in plant growth correlated with
the overall stress level [6]. Similarly, previous find-
ings also initiated a positive correlation between the
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Fig. 2 Boxplot showing the descriptive statistics of the seedling traits of bread wheat genotypes under control and PEG-induced drought stress
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coefficient of relative inhibition and growth reduction
under PEG-induced osmotic stress [4].

Multivariate analysis of wheat seedling traits

Multivariate analysis, including boxplots, scatter-pair
plots, phenotypic correlation matrices, principal com-
ponent analysis (PCA), and clustered heatmapping,
were conducted to assess various seedling attributes
in bread wheat. Mean values of seedling traits were
employed to construct boxplots, scatter-pair plots,
correlation matrices, and PCA, whereas clustered
heatmapping specifically visualized the stress toler-
ance index (STI) across all seedling traits under PEG-
20% (¢ = -0.491 MPa) and PEG-25% (y = -0.735 MPa).

Boxplot analysis

Boxplots are valuable graphical representation, used to
visually represent data distribution and compare dif-
ferent groups effectively. They provide a concise over-
view of multiple seedling characteristics across various
environments, treatments, or genotypes in the con-
text of wheat seedling attribute research. These plots
present key statistical information such as the median,
quartiles, and potential outliers [29], offering insights
into data distribution. Figure 2 illustrates the descrip-
tive statistics of seedling traits, revealing notably lower
trait values in PEG-treated seedlings. Interestingly,
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PEG®" treatments led to a more significant decrease
in shoot attributes compared to root features (Fig. 2).
Within the boxplot, the horizontal line represents the
median, while the red dot signifies the mean of the
analyzed seedling attributes. The boxplot’s lower and
upper limits, along with the whiskers, denote Q1 (first
quartile or 25th percentile), Q3 (third quartile or 75th
percentile), (Q1-1.5IQR), and (Q3+ 1.5IQR), respec-
tively. The black dots scattered in the boxplot depict
the distribution of 80 wheat genotypes, showing a
medium to large spread for most seedling attributes.
However, SBM and CRI exhibit a narrower distribu-
tion range. Notably, shoot and root length, along with
fresh weight, displayed significant impacts under PEG-
induced drought stress (Fig. 2). These findings are
consistent with prior research indicating decreased
root and shoot length, as well as fresh and dry weight
in wheat under similar conditions of moisture stress
[3,9, 29].

Scatter-pairplot and phenotypic correlation matrix

Scatter-pair plots serve as a rapid method to explore
distributions and associations within a dataset [47].
The correlation coefficients among the features deter-
mine the extent of their relationships [30]. In Fig. 3,
Pearson correlation analysis revealed significant asso-
ciations among observed seedling features. Except

Scatter-Pairplot and Correlation Matrix of Seedling Traits
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ESW and CRI, which exhibited notably negative cor-
relations with most traits and non-significant nega-
tive associations with a few studied traits under both
control and PEG-induced drought stress, the major-
ity of shoot and root traits displayed significant posi-
tive correlations among themselves. The correlation
study highlighted that SGP, CL, RL, SL, and SDL
demonstrated positive correlations with all other
seedling attributes under control and PEG-induced
drought treatments, except for CRI, which displayed
a negative association. Greater RL has been linked
to drought resistance as it enables plants to access
deeper soil water [1, 9]. Similarly, CL exhibited posi-
tive relationships of varying significance with most
seedling variables under control and PEG-induced
drought treatments, except for FRW and CRI, where
it displayed a negative pattern. Correspondingly, FRW
demonstrated positive associations with most seed-
ling variables under control and PEG-induced drought
treatments, except for DSW and CRI, where it indi-
cated a negative pattern. Moreover, under both control
and PEG-induced drought treatments, FSW exhibited
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positive correlations of varying significance with most
seedling traits, except for SGP and CRI, where it dis-
played a negative pattern (Fig. 3). Furthermore, except
for CRI, DRW, DSW, SVI, and SBM revealed positive
associations with all examined variables at different
significance levels [46].

Phenotypic correlations revealed that CRI displayed
an adverse association with all seedling traits due to
its inherent growth-inhibiting nature under both PEG-
20% (¢ = -0.491 MPa) and PEG-25% (y = -0.735 MPa)
drought conditions. These findings align with previ-
ous observations, indicating similar association pat-
terns across different osmotic levels [15, 41]. With few
exceptions in the correlation analysis, all examined
traits in this study exhibited strong interrelationships
(Fig. 3), indicating that alterations in any of these traits
could impact others. This underscores the crucial role
of these wheat seedling characteristics in determin-
ing the response to PEG-induced drought stress, sug-
gesting that selecting one reliable feature under such
conditions would influence other seedling traits [30].
These findings emphasize the significance of seedling
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Y
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-
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6

Fig. 4 Scree plot of principal component for seedling traits of bread wheat genotypes
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and physiological attributes in aiding plants’ sur-
vival and adaptation to water-stressed environments,
thereby sustaining growth and productivity [2, 9].
Consequently, they advocate for the inclusion of these
attributes in breeding programs to identify and select
tolerant genotypes.

Principal component analysis
Principal Component Analysis (PCA) serves as a
robust multivariate statistical method used to explore
the genetic diversity within wheat germplasm and
identify potential genotypes and significant genetic
characteristics [48]. This analytical technique was
employed to examine the variability patterns among
wheat genotypes and assess their diversity and asso-
ciations with observed traits based on trait correla-
tions and derived clusters. Out of the total 12 principal
components (PCs) identified, the first PC exhibited
eigenvalues > 1, contributing to over 94% of the total
variability. Hence, the first component was considered
highly significant, as depicted in the scree plot (Fig. 4).
The non-significant PCs (eigenvalue<1) were con-
sidered not worth further exploration. Typically, the
sum of eigenvalues corresponds to the number of
traits under consideration. In the scenarios of water
stress and control treatment, the first factor encapsu-
lates information representing 11.31% and 0.16% of the
original traits, respectively. The PC values elucidated
the comprehensive control of all features, encom-
passing approximately 94% of the genotypic vari-
ability related to PEG stress tolerance within the first
component. Moreover, the first two PCs collectively
explained 95% of the variability (Table 2). Further-
more, SBM, SDL, CRI, DSW, SVI, SL, and RL exhibited
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the highest variability within PC1, whereas SGP, CL,
and SL showcased substantial variance within PC2 (as
indicated in Table 2; Fig. 5). These attributes displayed
notable fluctuations across the first two principal com-
ponents, encompassing over 95% of the cumulative
variance.

PCA biplot analysis has been widely and effectively
used by other researchers to screen drought-tolerant
wheat cultivars [29]. PCA Biplot I & II (Fig. 6) illus-
trates the relationships between various characteris-
tics and wheat genotypes under moisture-deficient
conditions induced by PEG®*®. In the PCA biplot,
positive and negative loadings indicate positive and
negative connections between the components and
measured variables. Traits with high positive or nega-
tive loading significantly contributed to the observed
diversity among the 80 confirmed wheat genotypes.
For instance, CRI exhibited a positive association
with PC1 and negative associations with the remain-
ing traits, particularly SBM, SDL, and SVI, showing
notably strong negative loadings (Table 2; Fig. 6). The
second PC contributed approximately 1% of the total
variation, with SL, SDL, and SVI mainly positioned
on the positive side, while SGP and CL made signifi-
cant contributions on the negative side. The loading
of seedling characteristics represented the associa-
tion pattern. Genotypes positioned around the vertex
of the geom-polygon are considered to exhibit greater
diversity compared to others [38].

The length and orientation of primary vectors (vari-
ables) represent variance and co-variance, respectively.
An acute angle (90°) signifies a negative relationship
between two characteristics [9, 48]. It’s important to
note that the angles between vectors of features in

Table 2 Rotated component matrix of seedling traits of 80 wheat genotypes assessed under various osmotic potentials

Variables PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12

SGP -0278  -0.595 0.300 0606  -0.225 -0.136 0.103 0.103  -0.122 0.078 -0.012 0.000
CL -0282  -0485 0.086  -0.361 0.681 0.067  -0.229 0.159 0.025 -0.016 0.000 0.001
RL -0.289 0.228 0353 -0.116 0.212 0.057 0642 0238 -0.204 0.101 -0.015  -0.398
SL -0.290 0318 0.160 0.103  -0.116 0.246  -0.608 0.186  -0.253 0.235 -0.008  -0425
SDL -0.294 0.279 0.258  -0.002 0.043 0.155  -0.003  -0020  -0.221 0.181 -0.019 0.813
FRW -0.280 0.104 0679 0479 0.328 0.298 0.143  -0.047 0.008 0.029 -0.013 0.000
FSwW -0288 0026  -0220 -0327  -0.354 0.110 0.325 0.719 0.011 -0.033 -0.009 0.001
DRW -0.287 0266  -0.150 0.042 0.146  -0877  -0.082 0.1 -0.052  -0.003 -0.103  -0.001
DSW -0293 0147 -0129 0219  -0.268 0.029  -0.061 -0.368 0.350 0.331 -0619  -0.009
SvI -0.293 0.234 0.306 0.177 0.024 0.098  -0.055 0.053 0668  -0.521 0.024  -0.003
SBM -0.295  -0084  -0.129 -0.164 -019  -0084  -0.045 -0.280 0.231 0.281 0.777 0.001
CRI 0.294 0.123 0.165 0.184 0246  -0.034 0.119 0.352 0452 0.658 0.011 -0.009
Standard Deviation 3.364 0.399 0.368 0.365 0.294 0.250 0.230 0.216 0.065 0.061 0.030 0.005
Eigenvalue 11.31 0.16 0.14 0.13 0.09 0.06 0.05 0.05 0.00 0.00 0.00 0.00
Proportion of Variance 94.29 1.33 1.13 1.11 0.72 0.52 044 0.39 0.04 0.03 0.01 0.00
Cumulative Proportion 94.29 9561 96.75 97.85 98.58 99.10 99.54 99.93 99.96 99.99 100.00 100.00

(Here, SGP =Seed Germination Percentage, CL=Coleoptile Length, RL=Root Length, SL=Shoot Length, SDL=Seedling Length, FRW =Fresh Root Weight, DRW =Dry
Root Weight, FSW=Fresh Shoot Weight, DSW=Dry Shoot Weight, SVI=Seedling Vigor Index, Seedling Biomass =SBM, CRI = Coefficient of Relative Inhibition.)
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biplot analysis don’t perfectly correspond to corre-
lation coefficients [5]. Examined features displayed
higher magnitudes due to their longer vector lengths,
significantly contributing to the overall variation
(Fig. 6 - PCA Biplot I & II). Seedling traits with smaller
or closer vector angles indicated a favorable correla-
tion. For example, within Cluster-I, SL, SDL, SVI, RL,
DRW, and SDL exhibited notably positive associations
with each other. Similarly, FSW, SBM, and DSW dis-
played positive connections and were grouped into
Cluster II. Additionally, CL and SGP showed a signifi-
cant positive relationship within Cluster-III (Fig. 6).
Members of Cluster-I demonstrated a negative asso-
ciation with members of Cluster-III due to the obtuse
angle between them. Except for CRI, nearly all tested
seedling traits were significantly linked with the initial
PEG-0% cluster. The results indicated that correlations
between pairs of traits aligned well with the estima-
tion of vector angles and the contribution of the same
trait pair in the PCA biplot. Typically, one variable is
selected from these identified groups of primary com-
ponents. Hence, CRI emerges as the optimal choice
from stress treatment for the primary grouping, show-
ing the most loadings from component one. Similar
tendencies of highly contributing loadings of wheat
seedling traits [12].

Basically, PCA biplot analysis helps identify the
most diverse genotypes and classifies them into

primary groups, exemplified by three distinct clusters
(PEG-0%, PEG-20%, and PEG-25%) in our datasets.
These clusters were determined based on the induced
osmotic potentials of PEG®’, considering both PC1
and PC2 simultaneously, as depicted in Fig. 6 (PCA
Biplot-I & II). Genotypes within the first cluster (PEG-
0%) showed a more extensive distribution compared
to those in the other clusters. Additionally, the PCA
biplot illustrates cluster centroids (the multidimen-
sional average of the cluster) and their inter-distances,
as seen in Fig. 6 PCA Biplot-I. The distance between
a wheat genotype and the biplot origin signifies the
genotype’s distinctiveness concerning an average gen-
otype [15]. Notably, wheat lines 30 (NARC-2009), 31
(Pakistan-2013), 36 (NR-499), 54 (33010), 77 (ARI13),
78 (Zardana-89), 79 (Zarghoon-79), 163 (18673), 172
(32821), 192 (Borlaug-2016), 199 (NR-514), and 200
(NR-516) exhibited extreme values for one or more
attributes, as evident in Fig. 6 (PCA Biplot-1I). While
these genotypes may not necessarily be superior, they
could serve as potential parental lines for certain
drought-resistant seedling traits [41, 48].

Heatmapping of bread wheat seedling traits

The heatmap provides a comparative overview of
genotype performance using the collected data. Pre-
sented in Fig. 7, the heatmap analysis considered the
stress tolerance index (STI) under both PEG-20% (¢
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Fig. 6 Genotype by Trait Biplot of Principal Component Analysis of 80 wheat genotypes
(Here SGP = Seed Germination Percentage, CL=Coleoptile Length, RL=Root Length, SL=Shoot Length, SDL=Seedling Length, FRW=Fresh Root Weight,
DRW =Dry Root Weight, FSW =Fresh Shoot Weight, DSW =Dry Shoot Weight, SVI=Seedling Vigor Index, SBM =Seedling Biomass and CRI=Coefficient

of Relative Inhibition.)

= -0.491 MPa) and PEG-25% (y = -0.735 MPa) condi-
tions. According to the color scale, the positive darker
scale represents drought-resistant wheat genotypes
for all seedling traits except CRI, as the lowest CRI
genotypes are identified as drought-tolerant and vice
versa [4]. Conversely, the darker negative stripes in the
heatmap signify sensitive genotypes, excluding CRI
(Fig. 7). Additionally, as the color intensity decreases,

genotypes exhibit moderate performance within both
positive and negative ranges under drought conditions
induced by PEG®% [9].

The analysis revealed that STI values for SGP were
generally lower across most wheat genotypes under
both osmotic levels, while a few showed an average
drought potential. However, only a limited number
of genotypes demonstrated an average capability to
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Clustered Heatmap for Wheat Seedling Traits based on Stress Tolerance Index (STI)
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Fig. 7 Heatmap of various seedling traits of 80 bread wheat genotypes under PEG®%-20% and PEG®°®°-25% based on stress tolerance index (STI)
(Here SGP = Seed Germination Percentage, CL=Coleoptile Length, RL=Root Length, SL=Shoot Length, SDL=Seedling Length, FRW=Fresh Root Weight,
DRW =Dry Root Weight, FSW =Fresh Shoot Weight, DSW =Dry Shoot Weight, SVI=Seedling Vigor Index, SBM =Seedling Biomass and CRI=Coefficient
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withstand drought conditions. Notably, as stress lev-
els increased, the performance of genotypes for this
characteristic declined (Fig. 7). While CL genotypes
showed significant differences between lower and
higher stress levels, no notable distinctions were iden-
tified within the same genotype across both condi-
tions. RL, SL, and SDL exhibited varying effects across
different genotypes. Initially, all genotypes performed
above the average line under minimal moisture stress.
However, with increased stress, a reduction in these
traits was observed across all genotypes. For most
genotypes, fresh and dry root and shoot weights (FRW,
FSW, DRW, and DSW) demonstrated medium to
higher STI values. These four traits continuously var-
ied by modifying the genotype, and their values were
significantly impacted as drought conditions intensi-
fied from PEG-20% (¢ = -0.491 MPa) to PEG-25% (y =
-0.735 MPa).

Fresh and dry weights of roots were more affected
than shoots in the responses to moisture stress, as
roots are largely important for absorbing water and
nutrients from the soil. When moisture stress devel-
ops, the plant’s root system becomes less effective in
absorbing water. Roots may undergo a more dramatic
decline in growth and biomass accumulation as a
result of low water availability [41]. Furthermore, dur-
ing a drought, plants may prioritize water conservation
by reducing root growth, resulting in a greater loss in
the fresh and dry weight of the roots than the shoots
[2]. SVI displayed a declining trend under both stress
conditions, with only a few genotypes showing positive
STI values, indicating drought resistance. This trait
is highly sensitive to drought stress due to its varying
degree of dominance. SBM and CRI exhibited variable
values among genotypes, remaining within a continu-
ous range (Fig. 6). Most genotypes closely aligned with
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the mean value for these traits due to their mediocre
performance. Overall, moisture stress significantly
affected SBM and CRI across varying levels of osmotic
stress. Furthermore, CRI demonstrated a diverse geno-
typic response under both levels of drought stress.

Wheat genotypes were segregated into three pri-
mary clusters, characterizing their distinct levels of
tolerance, susceptibility, and intermediate perfor-
mance [49]. Notably, the tolerant genotypes, such
as NARC-09, Pakistan-2010, and NR-499, displayed
favorable behavior across both stress conditions,
exhibiting higher positive values for all seedling
parameters except CRI, along with higher negative
values for CRI (Fig. 7). These genotypes exhibited
reduced susceptibility to stress phases compared to
others, indicating their resilience to drought stress.
Their overall performance trend, evident from the
colored gradient strips, demonstrates their resilience.
Conversely, the second cluster comprised three of
the most sensitive wheat genotypes, Borlaug-2016,
NR-514, and NR-516. The remaining wheat genotypes
were placed in the third cluster, indicating an average
response. Although some genotypes displayed sig-
nificantly different responses under varying osmotic
conditions, considering the collective outcomes, it
can be concluded that NARC-09, Pakistan-2013, and
NR-499 showcase drought resistance owing to their
stable physiological metabolism. On the other hand,
NR-514, NR-516, and Borlaug-2016 exhibit higher sus-
ceptibility to drought stress, as highlighted in Fig. 7.
Consistent with recent findings, those emphasized that
developing wheat ideotypes based on crucial seedling
traits could significantly contribute to wheat improve-
ment, bridging yield gaps, and unlocking crop produc-
tion potential [9, 41, 49].
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Selection based on multivariate analysis and stress
tolerance index (STI)

The multivariate analysis was used to investigate the
links and patterns between several wheat genotypes
and seedling traits under drought stress. This approach
was used to identify discrete genotype clusters, evalu-
ate the diversity in stress response, and obtain a better
knowledge of the underlying traits that contribute to
drought tolerance. The STI values were employed as
criteria for selecting the most drought-tolerant wheat
genotypes, with higher STI values indicating drought
tolerance, while lower STI values suggested suscep-
tibility to drought. Among these findings, NR-499
emerged as a drought-tolerant wheat genotype by
exhibiting highest STI values, followed by NARC-2009
and Pakistan-2013 (Table 3), demonstrating commend-
able performance across numerous seedling traits. In
contrast, Borlaug-2016, NR-514, and NR-516 exhibited
sensitivity to drought due to relatively lower STT val-
ues because of compromised physiological attributes
during early germination under both moisture stress
conditions. Regarding most diverse traits such as SBM,
SDL, SVI, and CRI have been identified as promising
indicators and are strongly associated with drought
tolerance. These seedling traits can also be used as
baseline markers for subsequent screening of drought-
tolerant wheat varieties. It is also recommended to uti-
lize these identified complementary wheat genotypes
and seedling traits to assess their genetic, physiologi-
cal, biochemical and molecular characterization that
contribute to their resilience more broadly, possibly
revealing novel pathways to improve drought tolerance
under unpredictable climatic shifts.
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