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Drought during grain filling limits wheat productivity in arid and semi-arid
regions. Zinc oxide nanoparticles (ZnO NPs) may enhance stress tolerance by
improving plant physiology and water relations. The present study, therefore,
characterized ZnO nanoparticles and evaluated their effects on the morphological,
physiological, and phenological responses of wheat genotypes under terminal
drought stress. Physicochemical characterization confirmed the successful
synthesis of ZnO nanoparticles. Dynamic light scattering analysis revealed a mean
hydrodynamic particle diameter of approximately 70 nm. UV-Vis spectroscopy
exhibited a characteristic absorption peak around 300 nm, and the optical band
gap estimated through a Tauc plot was approximately 2.33 eV. Scanning electron
microscopy showed agglomerated clusters of irregular plate- or flake-like
nanoparticles with rough surfaces, typical of plant-mediated nanoparticle
synthesis. Morphological evaluation indicated that structural traits such as root
length, culm length, spike length, and plant height remained relatively stable
across treatments, whereas biomass-related traits responded strongly to ZnO
application. ZnO nanopriming improved fresh and dry biomass and partially
alleviated drought-induced reductions in plant growth. Physiological analyses
showed that moderate ZnO treatments enhanced photosynthetic activity,
improved relative water content, and increased membrane stability, thereby
mitigating the adverse effects of drought stress. Phenological observations further
demonstrated that ZnO treatments increased the proportion of the crop cycle
devoted to grain filling, particularly under drought conditions. Overall, ZnO
nanoparticles improved physiological resilience and grain-filling dynamics under
terminal drought. The genotypes MS-14-14C-172 and MS-16-14C-143 exhibited
superior performance, highlighting their potential for ZnO-mediated drought
management strategies in wheat production systems.
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Introduction

More than half of the world’s food supply and a
substantial proportion of industrial raw materials are
derived from cereals and other crop plants (Benjamin et
al,, 2025). Major grain crops such as wheat and rice are
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highly sensitive to water scarcity and exhibit pronounced
alterations in morphological and physiological traits
under drought conditions (Paul et al,, 2019). Water deficit
disrupts biochemical

essential and physiological

processes during both vegetative and reproductive stages,
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making drought one of the most critical constraints
limiting crop growth and productivity (Fahad et al., 2017).
With the global population projected to exceed 9-10
billion by the middle of this century, the increasing
frequency and intensity of drought and other abiotic
stresses are expected to further exacerbate global food
insecurity (Liaqgat et al., 2024).

Wheat (Triticum aestivum L.) accounts for approximately
one-fourth of the global food supply (Vilcek and Torma,
2016; Krishnappa et al, 2022). It is nutritionally
significant, providing a major portion of global
carbohydrate intake as well as a considerable share of
dietary protein and energy (Shewry, 2009). In addition,
wheat is considered an important cash crop because of
its nutritional value, nitrogen content, and broad
agronomic importance (Mahajan et al, 2008; Chondie,
2015; Arzani and Ashraf, 2017; Singh et al, 2023a).
However, wheat productivity is highly vulnerable to
environmental stresses such as heat, drought, and
climatic variability, which significantly reduce yield
potential (Shiferaw et al., 2013).

Enhancing drought tolerance is therefore essential for
stabilizing wheat productivity. Drought is a major factor
responsible for reduced crop yields in arid and semi-arid
regions (Sharma et al, 2015), and Pakistan’s
predominantly arid to semi-arid climate makes water
scarcity a persistent challenge for wheat production. Yield
losses become particularly severe when drought stress
coincides with sensitive developmental stages such as
tillering and anthesis (Khan et al, 2019). Zinc is an
essential micronutrient that plays a vital role in plant
growth, development, and stress responses (Gupta et al.,
2021; Singh et al, 2023b). Zinc deficiency is associated
with  impaired regulation,
photosynthetic efficiency, and increased susceptibility to
oxidative damage, particularly under drought conditions
(Szerement et al., 2022).

In recent years, nanotechnology has emerged as a

stomatal reduced

promising
improving crop productivity and stress resilience
(Balusamy et al., 2023; Czarnek et al., 2023; Valle-Garcia
et al., 2023). Nanomaterials, typically ranging from 1 to
100 nm in size, often exhibit dose-dependent effects,

and precision-oriented approach for

stimulating plant growth at low concentrations while
causing inhibitory effects at higher levels. Among these,
zinc oxide nanoparticles (ZnO NPs) have gained
considerable attention due to their potential to enhance
plant growth and stress tolerance under various abiotic
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stresses, including drought (El-Saadony et al., 2022;
Fatima et al, 2023). ZnO nanoparticles are
semiconducting materials with notable UV-Vis optical
properties (Jasrotia et al,, 2018) and have been reported
to improve the morpho-physiological performance of
wheat under drought conditions (Kansotia et al., 2024).
Previous studies have documented improvements in
root and shoot growth, photosynthetic pigments, soluble
protein content, relative water content, osmolyte
accumulation, and antioxidant activities
following ZnO nanoparticle application (Melash et al,
2023; Raza et al.,, 2023; Ullah et al,, 2023). In addition,
increases in chlorophyll a and total soluble protein
content (Sadati et al., 2022) and enhanced activities of
antioxidant enzymes such as superoxide dismutase
(SOD) and peroxidase (POD), which mitigate oxidative
stress, have been reported (El-Sharkawy et al., 2022).
However, excessive application of ZnO nanoparticles
may lead to reduced chlorophyll content and increased
oxidative stress, highlighting the importance of
optimizing application rates (Fatima et al, 2023).
Further research is therefore required to determine the
most effective and environmentally safe use of ZnO
nanoparticles for drought mitigation (Raza et al.,, 2023).

Accordingly, the present study investigated whether
seed priming with ZnO nanoparticles (nanopriming)
could mitigate terminal drought stress in bread wheat
under pot conditions and assist in identifying drought-
tolerant lines with improved growth, physiological
performance, and yield. Five lines selected from an
initial screening of twenty genotypes were subjected to

enzyme

six ZnO nanopriming-drought treatment combinations.
Terminal drought stress was imposed at the grain-
filling stage, and morpho-physiological, biochemical,
and phenological traits were recorded to elucidate the
effects of ZnO nanopriming on plant water relations,
membrane stability, photosynthetic performance, and
grain development.

The objectives of the study were: (1) to determine the
most effective ZnO nanoparticle treatment for alleviating
terminal drought stress during the grain-filling stage in
wheat; (2) to quantify the changes in morpho-
physiological and biochemical traits of wheat lines in
response to ZnO nanoparticles under well-watered and
drought conditions; and (3) to classify the tested wheat
lines according to their drought tolerance based on
integrated morphological, physiological, and
phenological responses.
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Material and Methods

Experiment 1: Germination screening assay

Twenty wheat lines were obtained from BARI (Chakwal)
and assigned internal identifiers (MS-1 to MS-20) for
tracking throughout the study. A germination percentage
test was conducted to select ten healthy wheat lines for
subsequent experiments. The germination test for the
twenty wheat lines was performed following a standard
procedure. Seeds were surface sterilized with 70%
ethanol for 2 min, followed by immersion ina 1.5% (w/v)
sodium hypochlorite solution for 15 min.

All glassware used during the germination test was
thoroughly washed with distilled water, autoclaved, and
dried in a hot-air oven before use as shown in Figure 1. After
sterilization, the seeds were rinsed three times with sterile
distilled water and placed on Petri plates for germination.
Germination was monitored for one week, and the
germination percentage was calculated accordingly.

Based on a 100% germination rate, ten wheat lines were
selected for further experiments. The selected lines were:
MS-1 (14C 67), MS-7 (15C 165), MS-8 (13C 084), MS-9 (CH
50), MS-12 (15C 090), MS-13 (17C 210), MS-14 (14C 172),
MS-15 (17C 139), MS-16 (14C 143), and MS-20 (15C 110).

(0 o SCH . Lo _
Figure 1. Germination percentage test. The figure illustrates
the germination test conducted for the subsequent
experiment: (A) arrangement of seeds in a Petri plate for
germination; (B) Petri plate covered with aluminum foil;
and (C) seed germination observed after 72 h.

Pot experiment

Ten shortlisted wheat lines were evaluated
preliminary pot screening to identify genotypes with
enhanced survival under terminal drought as illustrated
in Figure 2. The experiment was conducted with three

in a
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replicates and continued until the yield stage. Ten seeds
were sown per pot (totaling 40 seeds per variety). Two
treatments were applied: TO (well-watered control) and
T1 (drought stress, with water withheld at the grain-
filling stage). Based on survival rates, five wheat lines
were selected for further experiments: MS-1 (14C 67),
MS-13 (17C 210), MS-14 (14C 172), MS-15 (17C 139), and
MS-16 (14C 143).

‘;/ 5 E v ol
Figure 2. Pot experiment on wheat under control and
drought stress conditions. (A) arrangement of pots in the
experiment; (B) wheat plants at the vegetative stage; (C)
reproductive stage of wheat; (D) crop after harvest; and
(E) grain yield obtained from the experiment.

Repeat of pot experiment

A pot experiment was conducted in the Botanical
Garden, Department of Botany, University of Gujrat,
Pakistan, to evaluate the effects of ZnO nanoparticles on
five wheat lines under drought stress as shown in Figure
3. The experiment included six treatments with three
replicates each. ZnO nanoparticle treatments were
applied via seed priming (nanopriming) prior to sowing:
seeds were soaked for 20 h in ZnO NP suspensions at
concentrations of 10 ppm or 20 ppm, air-dried to surface
dryness, and then sown. Terminal drought stress was
imposed at the grain-filling stage by withholding
irrigation. The treatments were as follows: TO = well-
watered control; T1 = terminal drought (water withheld
at grain filling); T2 = 10 ppm ZnO nanopriming (well-
watered); T3 = 20 ppm ZnO nanopriming (well-
watered); T4 = 10 ppm ZnO nanopriming + terminal
drought; T5 = 20 ppm ZnO nanopriming + terminal
drought. Morpho-physiological and yield parameters
were recorded following the same procedures as in the
previous experiment as shown in Figure 4.
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Figure 3. Pot experiment of five wheat lines subjected to
six treatments at different growth stages: (A) vegetative
stage, (B) reproductive stage, (C) grain-filling stage, (D)
post-harvest stage, and (E) yield assessment.

Synthesis of ZnO nanoparticles (green route)

Zinc oxide nanoparticles (ZnO NPs) were synthesized via
a green route using Azadirachta indica leaf extract as a
reducing and capping agent. The leaf extract was
prepared by heating the plant material in distilled water,
followed by filtration. For nanoparticle synthesis, aqueous
solutions of zinc acetate dihydrate and NaOH were
prepared separately, mixed under constant stirring, and
the leaf extract was added dropwise until a white
precipitate formed. The precipitate was collected by
filtration, dried at 80°C for 4 h, ground into a fine powder,
and calcined at 250°C for 4 h to obtain ZnO nanoparticles.
Morpho-physiological parameters

Maximum root length

The longest root of each plant was measured using a
ruler, and root length was recorded in millimeters.

Spike length (cm)

Spike length was measured from the base to the tip,
excluding awns, on the mother shoot using a ruler. The
average spike length was calculated from three
randomly selected spikes per genotype.

Fresh weight of root (g)

Plants were carefully uprooted, and roots were washed
thoroughly to remove soil particles. The fresh weight of
roots was measured in grams.

Dry weight of root (g)

Freshly harvested roots were oven-dried at 70°C for three
days. The dry weight of roots was measured in grams.
Fresh weight of shoot (g)

After 60 days of growth, aboveground plant parts were
harvested, and the fresh weight of shoots was measured
in grams.
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Dry weight of shoot (g)
Detached shoots were oven-dried at 70°C until all moisture
was removed, and the dry weight was recorded in grams.
Root-to-shoot ratio (R:S)
The root-to-shoot ratio was calculated as the ratio of
root biomass to shoot biomass, indicating the allocation
of resources between belowground and aboveground
plant parts.
Thousand grain weight (g)
Grains from each genotype were counted to a total of
1,000 and weighed using an electronic balance.
Number of grains per spike
The number of grains per spike was determined by
manually counting grains from the mother shoots. The
total number of grains per plant was divided by the
number of spikes to obtain an average value per spike.
Grain yield (kg ha™")
Grain yield was measured by manually threshing spikes
from three randomly selected plants per replicate and
weighing the grains using an electronic balance.
Biological yield (kg ha™*)
Biological yield was determined as the total oven-dry
aboveground biomass (straw + spikes) per replicate.
Harvest index (HI)
Biological yield was determined by randomly selecting
plants from each replication of every genotype. The
entire plant, including leaves and straw, was harvested
and dried, and the total dry biomass was recorded in
grams. After threshing the spikes, grain yield per plant
was measured by weighing the grains (g). The harvest
index (HI) was calculated using the following formula:
Grain yield
=————x100
Biological yield
Data on drought-related and physiological traits
associated with crop productivity were collected, and
the germplasm was evaluated to determine its level of
drought tolerance.
Relative leaf water content (RLWC)
Harvested leaves were immediately placed in test tubes
kept on ice to minimize further water loss before
determining their fresh weight (FW). For rehydration, 1
ml of distilled water was added to each tube, and the
samples were stored at 4°C for 24 h to obtain full
turgidity. After rehydration, the leaves were weighed
again to record their turgid weight (TW). Subsequently,
the leaves were oven-dried at 65°C for 24 h to determine
their dry weight (DW).
Relative leaf water content was calculated using the
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following formula:

F
RIWC% = ———
% TW — DW

Rate of water loss (RWL)

Water loss from excised leaves was determined for each
genotype. Fully expanded leaves from the upper canopy
were collected and weighed immediately to obtain the
initial fresh mass. The leaves were then incubated at

X 100

25°C in darkness. After 24 h, the samples were
reweighed to determine their mass after water loss. The
leaves were subsequently oven-dried at 70°C until a
constant mass was obtained, and the dry mass was
recorded. The rate of water loss was calculated as:

Initial fresh mass — Mass after 24 h

= X
RWL Initial fresh mass 100

Efficiency of water use
Plants were grown in a controlled environment within
a growth chamber under a 16/8 h photoperiod, with
regulated temperature and humidity conditions. Seeds
were germinated at room temperature in uniform
small pots. Each pot was covered with a plastic sheet
with a small central aperture. The total weight of each
pot was recorded, and three additional control pots
without plants were used to estimate water loss due
to evaporation through the aperture. Plants were
grown under conditions where no additional water
was available for extraction. Shoots were harvested
and weighed to determine their fresh weight. Water
use efficiency (WUE) was

calculated using the
following formula:

Water use by plants = Total weight of each pot once all
plant-extractable water has been drained - weight of
each pot + fresh shoot and harvested shoot weight -
(loss of water in control pots with no plant x 0.7%*).
Stability of cell membranes (CMS)

Fresh wheat leaf material was collected from drought-
stressed and well-watered control seedlings to assess
cell membrane stability (CMS). Leaf surfaces were rinsed
with distilled water to remove impurities. Fresh leaf
samples were placed in 20 ml flasks and incubated at
25°C for 24 h. Plant material in the flasks was then
autoclaved at 121°C for 15 min to release ions. After
cooling, the electrical conductivity of the solution was
measured using a conductivity meter.

CMS was calculated according to the formula described
by Rehman et al. (2016). Two measurements were
performed per sample. Leaf samples from control plants
were designated as C1 (before electrical injury) and T1
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(after electrical injury), while samples from drought-
stressed plants were designated as C2 (before electrical
injury) and T2 (after electrical injury). Subscripts (1)
and (2) were used to distinguish measurements taken
before and after autoclaving, respectively.

Chlorophyll analysis

For chlorophyll determination, 10 ml of 80% ethanol
was added to test tubes. Fresh leaf samples were cut,
weighed, and immediately placed in ethanol (80%) and
wrapped to prevent light exposure. The test tubes
containing the plant material were incubated in a hot
water bath at 80°C for 10 min and then allowed to cool
in the dark. Absorbance was measured using a
spectrophotometer at 666 nm (Wakeham, 2013).

Root and shoot traits

An efficiently developed root system is critical for
optimal water absorption. Crops possess two types of
fibrous roots: nodal and seminal roots. Extensive root
development can confer advantages under drought
conditions. Root morphology significantly influences
water and nutrient uptake, and plants with smaller root
diameters and greater root lengths typically perform
better under arid conditions.

Total protein content

Total protein content was determined following the
standard method described by Waterborg (2009).
Briefly, 0.1 ml of protein extract was mixed with 5 ml of
alkaline copper solution, followed by 0.5 ml of Folin-
Ciocalteu reagent. After incubation for 30 min at room
temperature in the dark, absorbance was measured at
660 nm using a UV spectrophotometer, with a protein-
free solution as the blank. Protein concentration was
calculated using a standard curve derived from known
protein standards. DNA content and the DNA/protein
ratio were also measured as exploratory indicators of
integrity terminal drought and
interpreted with caution.

Determination of proline content

Proline content was measured according to Rao et al.
(2013). Fresh plant tissue was homogenized in 3%
aqueous sulfosalicylic acid at 10,000 rpm. The
supernatant was collected for analysis. The assay

cellular under

mixture comprised 2 ml of supernatant, 2 ml of
ninhydrin reagent, and 2 ml of glacial acetic acid, which
was boiled at 100°C for 1 h. The reaction was terminated
immediately by immersing the tubes in ice water.
Subsequently, 4 ml of toluene was added to each tube,
and absorbance was recorded at 520 nm.
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Statistical analysis

The experiment followed a factorial arrangement of
genotype x treatment in a completely randomized
design with three replicate pots per genotype x
treatment combination. Data were analyzed using two-
way ANOVA with genotype, treatment, and their
interaction as fixed effects (x = 0.05). Model
assumptions were assessed using residual diagnostics
(normal Q-Q plots and residuals vs. fitted values). When

Screening
Germinated on Petri plates
(100% germination)

10 wheat lines from BARI Chakwal
Lines: MS-1, MS-7, MS-8, MS-9, MS-
12, MS-13, MS-14, MS-15, MS-16,
MS-20

\ ; Morphological characters, |
@
‘ A 2
sensitive ﬁ ﬁ

culm length, root biomass, flag leaf
area) in resistant (MS-14/15/16)

Physiological Meghanisms [ \ )
' Root scans/traces showing
enhanced density/diameter in
ZnO NP-treated lines (MS-

Photosynthesis recovery with ZnO 15/16).
NPs (T4/T5).
Water-use efficiency (WUE)
improvements in treated plants.

(MS-1)
lines.

Root Architecture

-

Drought stress
reduced
photosynthesis

Figure 4. Flow diagram of the experimental methodology.

Results

Physicochemical characterization of ZnO nanoparticles
The particle size distribution of ZnO nanoparticles (ZnO
NPs) in aqueous suspension was determined using
dynamic light scattering (DLS) with a particle size
analyzer. For the analysis, ZnO NPs were dispersed in
deionized water to obtain a homogeneous suspension
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Drought Screening
| \ Pot experiment under drought
(water withheld at grain-
filling)

T0: Control py. Drought
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ANOVA revealed significant effects, mean separation was
performed using Tukey’s HSD test (a = 0.05). To report
biological relevance, partial eta-squared (np?) effect
sizes were calculated for genotype, treatment, and their
interaction. To account for multiple testing across traits,
P-values were adjusted within trait families using the
Benjamini-Hochberg false discovery rate (FDR) method.
All analyses were performed using R and Microsoft
Excel. Results are reported as mean * SD.

B LE

Selected Lines for Main Study

§+w-

Azadirachta indica Salt Zn0
leaf extract Nanoparticles
Experimental Treatments A
Tt
0 0 0 0 0 ‘1__-:'\

§
L ] e e—

T3:20 T4: 10 ppm T5: 20 ppm
ppmZnO ZnONPs+ ZnO NPs +
NPs drought  drought

T2: 10 Scanning Electron

Microscopy (SEM) for

NPs particle size and shape

ZnO NPs (20 ppm) boosted drought tolerance in wheat lines

MS-14/15/16 via improved root morphology and
photosynthesis, while MS-1 showed minimal response

and transferred into a cuvette for measurement. The
mean hydrodynamic diameter of the nanoparticles was
approximately 70 nm (Figure 5A).

Ultraviolet-visible (UV-Vis) absorbance spectra were
recorded in the range of 250-800 nm to confirm the
optical characteristics of ZnO NPs. A distinct absorption
peak at approximately 300 nm was observed (Figure



Plant Protection, 10 (02) 2026. 181-198

5B), which is consistent with previous reports on
biosynthesized ZnO nanoparticles. The optical band gap
was estimated using a Tauc plot and was determined to
be approximately 2.33 eV (Figure 5C).

Distribution (%)
[P —

T W m e LI -
A Farticale diameter (am) B Warelengrh (sem) c

Figure 5. Physicochemical characterization of green-
synthesized ZnO nanoparticles. (A) Dynamic light
scattering (DLS) particle size distribution showing a mean
hydrodynamic diameter of approximately 70 nm. (B) UV-
Vis absorption spectrum (250-800 nm) exhibiting a
characteristic absorption peak near 300 nm. (C) Tauc plot
used to estimate the optical band gap (~2.33 eV) of the
Zn0 nanoparticles.

The morphology of the nanoparticles was examined
using scanning electron microscopy (SEM). SEM
micrographs obtained at different magnifications
revealed agglomerated nanoparticle clusters composed
of irregular plate- or flake-like crystallites with rough
surfaces (Figure 6). Such morphology is commonly
reported for plant-mediated ZnO nanoparticle synthesis
due to biomolecule-driven capping and aggregation.
Morphological analysis

The structural length traits remained relatively stable
across the five treatments (T1-T5) used for morphological
evaluation. Root length, culm length, spike length, and
plant height exhibited only minor variations among
and genotypes, with no evidence of
pronounced dwarfing or excessive elongation under any

treatments

ZnO nanoparticle application or drought regime (Figure
7A-D). These observations indicate that the imposed
treatments primarily influenced biomass accumulation
rather than overall plant architecture.

In contrast, biomass-related traits were clearly responsive
to the treatments. Fresh and dry weights of the culm,
spikes, roots, and whole plants exhibited wide variation
among genotype x treatment combinations and effectively
distinguished vigorous entries from weaker ones (Figure
8). ZnO nanopriming under non-drought conditions, as
well as its combination with drought stress, generally
supported higher shoot and spike biomass compared with
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drought stress alone. In several genotypes, ZnO
application partially mitigated the reductions in biomass
caused by water withholding. However, the combined
treatment of ZnO and drought did not fully restore growth

to the levels observed under the best non-stress

conditions, and the highest biomass values were typically
recorded when ZnO was applied under well-watered or
only moderately stressed conditions.

Figure 6. SEM morphology of green-synthesized ZnO
nanoparticles. Scanning electron microscopy (SEM)
micrographs at increasing magnifications
agglomerated clusters of ZnO nanoparticles. (A-B) Low-
magnification images highlight clustered

aggregates, whereas (C-D) higher-magnification images

show
porous,

reveal irregular plate- or flake-like crystallites with
rough surfaces forming larger agglomerates (scale bars
as indicated).

When traits were averaged across treatments, clear
genotypic differences became evident. MS-14-14C-172
and MS-16-14C-143 consistently produced higher fresh
and dry plant biomass as well as greater spike-related
weights than the other lines, identifying them as the most
vigorous genotypes in terms of structural growth and
reproductive biomass. MS-13-17C-210 and MS-15-17C-
139 generally exhibited intermediate performance,
whereas MS-1-14C-67 frequently showed lower whole-
plant biomass, indicating greater sensitivity to stress or
lower inherent vigor. Differences among genotypes in
root, culm, and plant length were relatively small,
supporting the view that total biomass production, rather
than plant stature, primarily distinguishes the genotypes.
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Figure 7. Structural morphological traits of wheat genotypes under different treatments. Bar graphs showing plant
height (A), culm length (B), root length (C), and spike length (D) (cm) of five wheat genotypes under five treatments
(T1-T5). Each genotype is represented by a different color: MS-1-14C-67 (orange), MS-13-17C-210 (red), MS-14-14C-
172 (pink), MS-15-17C-139 (blue), and MS-16-14C-143 (purple). Error bars represent standard deviation (SD). The
results illustrate the variation in structural morphological traits among genotypes across different treatments.
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Figure 8. Biomass response of wheat genotypes to different treatments. Bar graphs showing the fresh and dry biomass
(g) of different plant parts, including fresh weight of plant (A), fresh weight of culm (B), fresh weight of spikes per
plant (C), fresh weight of root (D), dry weight of plant (E), dry weight of culm (F), dry weight of spikes per plant (G),
and dry weight of root (H), in five wheat genotypes under five treatments (T1-T5). Error bars represent the standard
deviation of the mean. The data illustrate the patterns of biomass accumulation in response to the applied treatments.
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Trait association analysis

Relationships among traits were examined using
Pearson correlation matrices calculated from genotype x
treatment means to visualize co-variation among
biomass, physiological, and morphological traits.
Because these correlations are descriptive and based on
treatment means, they were used to support the
interpretation of ANOVA results rather than as
independent hypothesis tests. In the present dataset,
biomass-related traits clustered together and showed
strong positive associations, whereas length-related
traits exhibited comparatively weaker correlations with
biomass (Figures 9 and 10).

Dry vs Fresh Plant Weight (GXT means)
[S]

115 A

[ ]
110 A ®

105 A

100 4 ®

95 A ®

90 A

Dry Weight of Plant (gm)
°

85 L ] ®
®

110 120 130 140 150 160 170 180 190
Fresh Weight of Plant (gm)

80 -

Figure 9. Correlation between fresh and dry plant
weights. Scatter plot illustrating the relationship
between fresh and dry plant weights (g) of wheat
genotypes based on genotype x treatment (G x T)
means. The figure highlights the association between

fresh and dry biomass across different treatments.

Physiological and biochemical responses

The physiological traits of wheat genotypes exhibited
clear, treatment-dependent responses to drought stress
and ZnO nanoparticle application. Across all genotypes,
drought stress alone (T1) resulted in a slight reduction
in the net photosynthetic rate compared with the well-
watered control (T0). In contrast, ZnO nanopriming
treatments (T2 and particularly T3) enhanced
photosynthetic activity beyond the control level, with T3
producing the highest mean assimilation rate.

Under the combined ZnO and drought treatments (T4 and
T5), photosynthetic activity partially recovered relative to

T1, indicating that ZnO nanoparticles mitigated some of
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the adverse effects of terminal drought stress.
Transpiration followed a similar trend, reaching its
maximum at intermediate ZnO levels and declining under
higher stress intensity. Water-use efficiency tended to
decrease in treatments with the highest assimilation rates
but improved slightly in treatments where photosynthesis
and transpiration were more balanced in Figure 11.

Trait-trait correlation (morphology, GXT means)
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Figure 10. Trait-trait correlation matrix of wheat
genotypes across treatments. Heatmap illustrating
Pearson correlation coefficients among morphological
traits (cm and g) of wheat genotypes based on genotype x
treatment (GxT) mean values.

Water status and membrane integrity were more
drought than gas exchange
parameters. RWC declined from the control level to its
lowest values under drought treatment alone (T1),
confirming that terminal drought significantly reduced

sensitive to stress

leaf hydration. ZnO nanoparticle treatments at T2 and
T4 restored RWC to levels comparable to, or slightly
higher than, the control, whereas T3 and T5 showed
partial recovery.

A similar trend was observed for membrane stability.
Membrane stability was markedly reduced under T1 but
reached the highest mean values at T3, while T2 and T4
also exhibited improved stability compared with the
control. These findings suggest that ZnO nanoparticles,
particularly at moderate concentrations, contributed to
the protection of cellular membranes and helped
maintain tissue water status under drought stress.

Leaf osmotic potential became slightly more negative with
increasing treatment levels, indicating a modest osmotic
adjustment in response to increasing stress intensity.
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Figure 11. Physiological and biochemical responses of five wheat genotypes to six treatments (T0-T5). Bar graphs
depicting: (A) net photosynthetic rate, (B) sub-stomatal CO, concentration, (C) transpiration rate, (D) water loss rate, (E)
water use efficiency, and (F) relative water content (RWC) across five wheat genotypes under six treatment conditions.

Chlorophyll fractions (Chl a, Chl b, and Chl c) exhibited a
gradual decline from TO to T5, indicating progressive
pigment loss with increasing treatment intensity as
shown in Figure 12. In contrast, the composite
chlorophyll index decreased under drought alone but
subsequently increased, reaching a maximum at T3,
which coincided with the highest photosynthetic rate
and membrane stability. This close association among
chlorophyll status, gas
integrity suggests that ZnO nanoparticles (ZnO NPs),

exchange, and membrane
when applied at optimal levels, helped preserve the
functionality of the photosynthetic apparatus under
terminal drought conditions.

Osmolytes and soluble reserves exhibited a stage-
dependent response under terminal drought stress. The
concentrations of proline, total soluble sugars, and total
soluble proteins did not increase in the overall
treatment means; instead, they showed a slight decline
from the control toward the most severe stress
combinations as shown in Figure 12. Under drought
imposed during the grain-filling stage, osmolyte pools
may increase transiently during the early phase of stress
but subsequently decline due to remobilization to
developing sinks and accelerated senescence under
prolonged water deficit as shown in Figure 13. In this
context, the relatively lower proline levels observed
under ZnO nanopriming treatments may also indicate
partial stress alleviation (i.e., reduced stress signaling),
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particularly when accompanied by improved plant water
status and enhanced membrane stability. Consequently,
DNA content and the DNA/protein ratio should be
interpreted cautiously as exploratory indicators that
may reflect changes in cellular integrity and tissue
turnover under terminal stress rather than serving as
primary mechanisms of drought tolerance.

Clear genotypic
physiological traits were averaged across treatments as
illustrated in heatmap Figure 14. MS-16-14C-143
exhibited the highest net photosynthetic rate and
transpiration, favorable water-use efficiency, the most

differences were evident when

negative osmotic potential, a high chlorophyll index, and
superior membrane stability. Collectively, these traits
characterize a physiologically tolerant profile under ZnO-
mediated drought management. In contrast, MS-1-14C-67
maintained the DNA
content, structural proteins, soluble sugars and proteins,

highest chlorophyll fractions,
and proline levels; however, it displayed comparatively
lower RWC and a less negative osmotic potential,
suggesting a strategy based on pigment and reserve
maintenance rather than strong water-relation regulation.
MS-13-17C-210 generally showed weaker gas-exchange
capacity and lower membrane stability despite relatively
high RWC, indicating comparatively lower physiological
efficiency under the tested conditions. The genotypes MS-
14-14C-172 and MS-15-17C-139 exhibited intermediate
responses between these extremes.
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Phenological responses

Phenological traits, expressed as percentages of the crop
life cycle, indicated that the overall developmental
framework was largely conserved; however, the
allocation of time among the pre-anthesis, grain-filling,
and post-anthesis phases was sensitive to drought stress
and ZnO nanoparticle treatments as shown in Figure 15.
Crown root initiation remained nearly constant at
approximately 14% across all genotype x treatment

DOI:10.33804/pp.010.02.5980

combinations, suggesting that the earliest stage of root
establishment was not influenced by the applied
management  strategies.  Similarly,  phenological
parameters such as heading duration, booting-to-
maturity, and heading-to-maturity intervals varied only
slightly (1-3 percentage points) among treatments and
genotypes. This minimal variation indicates that the
fundamental structure of the growth cycle remained
stable even under terminal drought conditions.
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Figure 15. Phenological stage percentages of five wheat genotypes under six treatments (T0-T5). Bar graphs showing
the percentage of plants at different phenological stages: pre-anthesis (A), tillering to leaf initiation (B), anthesis (C),
booting to maturity (D), heading to maturity (E), number of heading (F), post-anthesis (G), grain filling (H), and
combined heading and grain filling (I) across five wheat genotypes subjected to six treatments.

The clearest treatment effects were observed in the
tillering-to-leaf initiation phase, the combined heading
and grain-filling period, the grain-filling proportion, and
the relative balance between pre-anthesis and post-
anthesis phases. Drought stress alone (T1) increased the
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proportion of the crop cycle allocated to the early
vegetative stage compared with the control, while
reducing the relative duration of the grain-filling phase
as shown in Figure 16.

Application of ZnO nanoparticles, either under well-
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watered conditions or in combination with drought
stress, altered these temporal proportions. Treatments
T3, T4, and T5 extended the tillering-to-leaf initiation
phase and, more importantly, increased the proportion
of the growth cycle occupied by the heading and grain-
filling stages, with T4 and T5 exhibiting the highest

DOI:10.33804/pp.010.02.5980

values for this composite period.

The grain-filling proportion declined under drought alone
relative to the control; however, it increased under selected
ZnO plus drought treatments. Among these, T5 produced
the greatest improvement and even exceeded the grain-
filling proportion observed in the control treatment.
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Figure 16. Yield and correlation of drought-related phenological stages. (A) Bar graph depicting grain yield (kg/ha) of
five wheat genotypes across six treatments (T0-T5), with each genotype color-coded: MS-1-14C-67 (orange), MS-13-
17C-210 (red), MS-14-14C-172 (pink), MS-15-17C-139 (blue), and MS-16-14C-143 (purple). Error bars indicate
standard deviation. (B) Pearson correlation matrix showing the relationships between percentages of different

drought-related phenological stages.

Phenological dynamics and grain filling

The distribution between the pre-anthesis and post-
anthesis periods further supports this pattern. Certain
treatments, such as T3, extended both the pre-anthesis
and post-anthesis phases, whereas T5 shortened the
post-anthesis phase but still resulted in a high grain-
This suggests that
combinations of ZnO nanoparticles and drought stress
promoted more efficient grain filling within a relatively
shorter late-season period, rather than merely
prolonging the entire post-anthesis phase.

Genotype-level averages across treatments showed that
MS-14-14C-172 and MS-16-14C-143 maintained the largest
grain-filling window on a percentage basis, followed closely

filling percentage. specific
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by MS-13-17C-210 and MS-15-17C-139, whereas MS-1-
14C-67 exhibited the smallest grain-filling percentage.
These phenological responses were consistent with the
drought-tolerance ranking inferred from morphological
and physiological traits, with MS-14-14C-172 and MS-16-
14C-143 combining favourable phenological characteristics
with stronger physiological performance.

Correlation analysis indicated that grain-filling percentage
was moderately negatively associated with the clearly
defined post-anthesis duration as shown in Figure 17.
Thus, treatments that allocated a greater proportion of
the crop cycle to the grain-filling phase tended to achieve
improved grain filling, even when the nominal post-
anthesis period was comparatively shorter.
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Discussion

Terminal drought during the grain-filling stage markedly
reduced wheat growth and yield in this pot experiment,
corroborating previous findings that flowering and grain
filling represent some of the most drought-sensitive
developmental stages in cereals (Hameed et al.,, 2011;
Farooq et al.,, 2014). Across the five tested wheat lines,
water withholding at the grain-filling stage (T1)
significantly reduced shoot and spike biomass,
thousand-grain weight, and grain yield compared with
the well-watered control. In contrast, structural traits
such as plant height, culm length, and spike length were
comparatively less affected. This pattern suggests that
drought primarily constrained biomass accumulation
and assimilate partitioning to the grains rather than
altering overall plant stature.

Seed priming with ZnO nanoparticles (nanopriming)
modified these responses in a dose-dependent manner.
Under non-stress conditions, both 10 and 20 ppm ZnO
treatments (T2 and T3) increased shoot and spike
biomass relative to the control, while the 10 ppm
treatment produced the highest mean grain yield. These
results support earlier reports indicating that moderate
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zinc supplementation can enhance growth and yield in
wheat (Melash et al, 2023; Raza et al, 2023). Under
drought conditions, the combined ZnO and drought
treatments (T4 and T5) improved biomass production
and grain yield compared with drought alone; however,
they did not fully restore yield to the level achieved
under well-watered conditions with ZnO treatment. This
finding suggests that ZnO nanoparticles can alleviate, but
not completely offset, the detrimental effects of terminal
drought, and that genotype x treatment interactions
remain critical determinants of performance.

The physiological responses further elucidate the
mechanisms underlying this mitigation. Drought stress
alone reduced RWC from 80.0% in the control to 72.3%
and decreased the membrane stability index (MSI) from
61.1% to 51.9%, indicating impaired tissue hydration
and increased membrane damage. ZnO nanopriming,
particularly at 20 ppm, increased MSI to approximately
69.6% and maintained higher chlorophyll index and gas
exchange rates compared with untreated plants. Under
combined stress conditions, ZnO treatments restored
RWC toward control levels (approximately 78% for T2
and T4) and partially improved membrane stability.
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These observations are consistent with the notion that
Zn0 nanoparticles enhance water relations, maintain
membrane integrity, and support photosynthetic activity
under stress conditions (Sadati et al., 2022; Fatima et al,,
2023; Kansotia et al,, 2024).

Phenological traits expressed as percentages of the crop
life cycle indicated that the overall developmental
structure remained largely conserved; however, the
distribution of time between pre-anthesis and post-
anthesis phases was sensitive to both water availability
and ZnO treatments. Terminal drought reduced the
effective grain-filling duration from 43.7% of the life
cycle in the control to 40.3% in T1. In contrast, ZnO
combined with drought (particularly T5) increased the
grain-filling proportion to 52.1%, exceeding the control.
Treatments T3, T4, and T5 also increased the proportion
of the crop cycle occupied by the heading and grain-
filling stages compared with TO. These findings suggest
that ZnO nanopriming helped maintain functional leaves
and reproductive structures for a longer period under
drought, thereby facilitating = more efficient
remobilization of assimilates to developing grains during
a critical reproductive stage (Pandya et al., 2023).
Genotype-specific responses observed across the
morphological, physiological, and phenological datasets
revealed contrasting drought adaptation strategies. The
lines MS-14-14C-172 and MS-16-14C-143 consistently
accumulated greater fresh and dry biomass, maintained
higher spike weights, and produced higher grain yield
compared with the other lines. These genotypes also
maintained favorable RWC, MS],
percentages, indicating both morphological vigor and

and grain-filling

physiological resilience under ZnO-mediated drought
conditions. = MS-13-17C-210 and  MS-15-17C-139
exhibited intermediate performance, whereas MS-1-
14C-67 frequently produced the lowest biomass and
grain yield. Nevertheless, this genotype maintained
relatively higher levels of pigments, DNA, structural
proteins, soluble sugars, total proteins, and proline,
despite lower RWC and a less negative osmotic potential.
Such responses suggest a drought adaptation strategy
based primarily on biochemical adjustment and
metabolic than the
maintenance of strong water relations and growth (Ullah
etal, 2022; Lietal, 2021).

Overall, the combined evidence from morphological,
physiological, and phenological traits supports a model in
which moderate doses of ZnO nanopriming alleviate

reserve accumulation rather
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terminal drought stress primarily by stabilizing plant
water status and membrane integrity, sustaining
photosynthetic capacity, and reallocating a greater
proportion of the crop life cycle toward grain filling. These
beneficial effects were most pronounced in inherently
vigorous genotypes such as MS-14-14C-172 and MS-16-
14C-143, highlighting the importance of aligning
nanoparticle-based with the genetic
background of the crop. However, grain yield under

interventions

drought conditions with ZnO treatment remained lower
than that observed under optimal water supply with ZnO,
indicating that nanoparticle applications cannot substitute
for adequate water Therefore, field
validation across multiple seasons and environments,
involving a broader range of ZnO concentrations and
additional genotypes, is necessary before translating these
findings into practical recommendations for drought-
prone wheat production systems.

management.

Conclusion

The results of this study demonstrate that terminal drought
during the grain-filling stage severely restricts wheat
productivity by reducing biomass accumulation, plant
water status,
ultimately grain yield. Seed priming with ZnO nanoparticles
at moderate concentrations (10-20 ppm) significantly
improved morpho-physiological performance under both
well-watered and drought conditions. The 10 ppm
treatment produced the highest mean grain yield under
non-stress conditions, while both ZnO doses enhanced
photosynthetic activity, shoot and spike biomass, and
membrane integrity.

Under drought conditions, ZnO treatments partially
restored relative water content and membrane stability

membrane stability, grain filling, and

and helped sustain the grain-filling period, thereby
reducing, although not completely eliminating, the yield
losses associated with terminal drought stress. Integrated
analysis of morphological, physiological, and phenological
traits identified MS-14-14C-172 and MS-16-14C-143 as
the most promising genotypes for ZnO-mediated drought
tolerance, as they consistently maintained higher biomass
production, stable RWC and MSI, heavier spikes, and
superior grain yield across treatments.

Overall, moderate ZnO nanopriming represents a
promising strategy that
integrated with breeding programs and improved

complementary can be

agronomic practices to enhance yield stability in wheat
grown under drought-prone environments.
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