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Abstract

Background Drought stress is a major constraint to wheat (Triticum aestivum L.) productivity, creating a need for
integrated and sustainable strategies to improve crop resilience. Although plant growth-promoting rhizobacteria
(PGPR) and mineral nutrients are known to influence drought responses, limited evidence is available on whether
Bacillus subtilis performs more effectively with phosphorus (P) or potassium (K) across contrasting growth stages
and drought systems. This study compared the effects of B. subtilis, P, and K, alone and in combination, on drought
tolerance in three wheat cultivars under seedling-stage hydroponic osmotic stress and grain-filling pot drought.

Results The combined B. subtilis+ P treatment under drought produced the most consistent improvement
compared with drought-only treatment and was generally more effective than B. subtilis + K. In hydroponics, B.
subtilis+ P improved relative water content, pigment stability, root-shoot growth, and biomass under PEG-induced
drought. Faisalabad 2008 showed the strongest seedling-stage water-status response, while Dharab showed greater
osmolyte accumulation through soluble sugars and proline. In the pot experiment, B. subtilis + P improved yield-
contributing traits, particularly in Dharab and Faisalabad 2008, although cultivar-specific differences were evident.

Conclusion B subtilis combined with phosphorus was the most effective drought-mitigation treatment across

the measured physiological, biochemical, growth, and yield-related traits. These findings suggest that PGPR-
phosphorus integration may be a useful strategy for improving wheat performance under drought, especially where
water limitation occurs during early growth or grain filling. Field validation and direct measurements of bacterial
colonization, nutrient uptake, and oxidative stress markers are needed to confirm the mechanisms underlying these
responses.
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Introduction

Wheat (Triticum aestivum L.) is among the most impor-
tant cereal crops for global food security, but its produc-
tivity is increasingly threatened by drought stress under
changing climatic conditions [1, 2]. Drought reduces
water availability, stomatal conductance, CO, assimila-
tion, photosynthetic efficiency, biomass production, and
ultimately grain yield [3, 4]. At the physiological and bio-
chemical levels, drought commonly causes reductions
in chlorophyll content and relative water content, dis-
rupts membrane stability, promotes osmotic adjustment
through compatible solute accumulation, and increases
reactive oxygen species formation and lipid peroxida-
tion [5]. Therefore, drought tolerance in wheat should be
evaluated through an integrated set of measurable traits,
including photosynthetic pigments, water status, osmotic
regulation, oxidative stress indicators, antioxidant capac-
ity, root traits, growth, and yield components.

Plant growth-promoting rhizobacteria (PGPR) have
gained attention as sustainable tools for improving crop
performance under abiotic stress. Among them, Bacillus
subtilis is particularly promising because it can enhance

plant growth and stress tolerance through multiple path-
ways, including phytohormone modulation, root system
stimulation, induced systemic tolerance, improved rhi-
zosphere functioning, and enhanced physiological sta-
bility under osmotic stress [6—11]. These mechanisms
may help plants maintain better water status, pigment
stability, membrane integrity, and osmotic balance dur-
ing drought. However, many PGPR-based drought stud-
ies focus mainly on microbial inoculation alone, while
less attention has been given to how PGPR effects inter-
act with specific mineral nutrients across different wheat
growth stages.

Balanced phosphorus (P) and potassium (K) nutrition
is also central to drought resilience. Phosphorus sup-
ports ATP production, nucleic acid synthesis, early estab-
lishment, and metabolic recovery under stress, whereas
potassium regulates enzyme activation, stomatal move-
ment, osmotic adjustment, and photosynthetic efficiency
[12-14]. Because P and K contribute to drought toler-
ance through different physiological roles, their inter-
action with B. subtilis may produce distinct synergistic
responses. This comparison is important because the
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relative benefit of B. subtilis+P and B. subtilis+K may
vary between early seedling development and later repro-
ductive stages, yet such stage-wise comparisons remain
insufficiently explored.

Previous studies have separately examined wheat
drought physiology, PGPR-mediated stress mitigation,
and mineral nutrient management. However, fewer stud-
ies have integrated B. subtilis inoculation with targeted
P and K supplementation under defined drought con-
ditions while comparing responses across contrasting
experimental systems and growth stages. In particular,
limited information is available on whether B. subtilis is
more effective in combination with P or K, and whether
this synergistic effect is consistent across seedling-stage
hydroponic drought stress and pot-grown plants at grain
filling. This gap limits a clear understanding of how to
combine microbial inoculation and nutrient management
to improve drought resilience in wheat.

Therefore, the present study was designed to address
the following research question: Does Bacillus subti-
lis improve drought tolerance in wheat more effectively
when combined with phosphorus or potassium, and
do these synergistic effects differ between early seed-
ling and grain-filling stages? We hypothesized that: (i)
drought stress would reduce water status, pigment sta-
bility, osmotic balance, growth, and yield-related traits;
(ii) B. subtilis inoculation would mitigate drought injury
by improving physiological and biochemical stress
responses; (iii) combined B. subtilis+P or B. subtilis+K
treatments would perform better than individual appli-
cations; and (iv) the relative superiority of P- or K-based
synergy would differ across growth stages because P and
K contribute to drought tolerance through different phys-
iological functions. Thus, the objectives were to quantify
drought-induced physiological and biochemical changes
in wheat, evaluate the mitigating role of B. subtilis, com-
pare the synergistic effects of B. subtilis with P and K, and
assess whether these effects remain consistent between
hydroponic seedling screening and soil pot evaluation at
grain filling.

Materials and methods

Plant material, PGPR source, and experimental framework
Ten wheat (Triticum aestivum L.) varieties were obtained
from the Plant Genetic Resource Institute (PGRI), Islam-
abad, Pakistan. All varieties were initially screened for
germination percentage and seedling uniformity to
identify suitable cultivars for detailed drought-response
evaluation. Based on this preliminary screening, three
cultivars—Dharab, Ujala, and Faisalabad 2008—were
selected for subsequent experiments because they
showed comparatively high germination percent-
age (>90%), uniform seedling emergence, and stable
early growth performance. Their selection also enabled
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comparison of drought responses among cultivars with
reliable establishment under both controlled hydroponic
and soil pot conditions.

A plant growth-promoting rhizobacteria strain
identified as Bacillus subtilis was obtained from the
Department of Microbiology and Molecular Genetics,
University of the Punjab, Lahore. The strain was provided
as B. subtilis by the supplying laboratory; however, no
specific strain accession number or molecular identifica-
tion code was assigned. Therefore, the strain is reported
here as Bacillus subtilis without a designated strain num-
ber. Functional traits such as phosphate solubilization,
potassium solubilization, indole acetic acid production,
siderophore production, ACC deaminase activity, or exo-
polysaccharide production were not independently quan-
tified in the present study. Accordingly, interpretation of
bacterial effects is based on plant-response traits rather
than direct confirmation of specific microbial functional
mechanisms.

The study consisted of two independent experiments:
(i) a hydroponic seedling-stage experiment using PEG-
6000 to impose controlled osmotic drought stress, and
(ii) a pot experiment under a rainout shelter in which
drought was imposed at grain filling by maintaining soil
moisture near 40% field capacity compared with well-
watered controls maintained near 100% field capacity.
These two systems were used to compare early-stage
physiological responses under controlled osmotic stress
with later-stage drought responses under soil-based
conditions.

Seed sterilization and germination screening

Seeds were surface-sterilized using 70% ethanol for 2 min
followed by 1.5% sodium hypochlorite for 15 min and
then rinsed three times with sterile distilled water. Ster-
ilized seeds were placed on sterile Petri plates, with five
seeds per variety per plate, and incubated for 7 days. Ger-
mination percentage was recorded daily and calculated
after one week.

The germination screening was conducted to select
cultivars with reliable early establishment for factorial
evaluation under drought and nutrient treatments. Ger-
mination percentage ranged from 78 to 96% among the
ten cultivars. Dharab, Ujala, and Faisalabad 2008 were
selected because they showed comparatively high germi-
nation, uniform seedling emergence, and sufficient vigor
for subsequent hydroponic and pot experiments.

PGPR culture, inoculum preparation, and seed inoculation
The Bacillus subtilis culture was grown on a medium
containing agar (4.12 g L), NaCl (2.5 g L), tryptone
(2.5 g L), and yeast extract (1.25 g L") prepared in 1 L
distilled water. The pH was adjusted to 7.0-7.5 before
autoclaving. The medium was poured into Petri plates
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under laminar airflow, plates were streaked with the
bacterial culture, sealed with parafilm, and incubated at
37 °C overnight.

A fresh bacterial suspension was prepared from over-
night growth and standardized to approximately 1x 10°
CFU mL™ using serial dilution plating and colony count-
ing. This inoculum concentration was used consistently
in both experiments to improve reproducibility. For seed
inoculation, surface-sterilized seeds were immersed in
the standardized bacterial suspension for 30 min with
gentle agitation. Seeds were then drained and air-dried
under sterile conditions overnight. Non-inoculated con-
trol seeds were treated in the same manner using sterile
suspension without bacteria.

Experiment 1: hydroponic seedling-stage PEG-induced
drought experiment

Experimental design, treatments, and controls

The hydroponic experiment was conducted at the
Department of Botany, University of Gujrat, using three
cultivars: Dharab, Ujala, and Faisalabad 2008. The experi-
ment followed a completely randomized design with 12
treatments and three biological replicates per treatment
per cultivar.

The control treatment consisted of Hoagland nutrient
solution without PEG, PGPR, phosphorus, or potassium
supplementation. The drought-only treatment consisted
of 20% PEG-6000 in Hoagland solution without PGPR
or added P/K inputs. To improve readability and reduce
excessive treatment-code complexity, treatments are
presented with simplified labels while retaining the full
factorial structure of PEG-induced drought, PGPR inoc-
ulation, and P/K supplementation (Table 1).

Hydroponic system setup and growing conditions
Seeds were germinated on Petri plates and transferred to
static aerated hydroponic reservoirs. Each reservoir was
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covered with a foam or thermocol sheet lid to minimize
evaporation and contamination. Holes were made in the
lid to support seedlings in an upright position using net
cups and inert support material, allowing roots to remain
submerged in nutrient solution while shoots remained
above the lid. Aeration was maintained continuously
using aquarium air pumps and air stones.

Hoagland nutrient solution was used as the basal
solution throughout the hydroponic experiment [15].
Solution pH was maintained at 5.8+0.2, and electrical
conductivity was maintained at 1.8-2.0 dS m™ using
calibrated pH and EC meters. pH and EC were recorded
every 48 h. Nutrient solution volume was replenished
daily with distilled water to compensate for evapotrans-
piration losses, and the complete solution was replaced
at 7-day intervals to minimize nutrient depletion and
osmotic drift.

Plants were grown under controlled conditions at
25+2 °C, 60-70% relative humidity, a 16 h light/8 h dark
photoperiod, and approximately 250 pmol m~2 s~} photo-
synthetic photon flux density.

PEG-induced drought stress imposition and duration
Drought stress in the hydroponic system was imposed
by adding 20% PEG-6000 to Hoagland nutrient solution.
This concentration was selected because PEG-6000 is
widely used to create controlled osmotic stress in hydro-
ponic and seedling-stage drought studies, and 20% PEG
provides a sufficiently strong but non-lethal stress level
that allows measurable physiological and biochemical
responses to develop.

Seedlings were maintained under the assigned treat-
ment regimes for 25 days. PEG-containing solutions
were freshly prepared at each weekly nutrient solu-
tion replacement to maintain consistent stress intensity.
Although PEG-induced osmotic stress is useful for con-
trolled drought screening, it does not fully reproduce

Table 1 Treatment structure for the hydroponic seedling-stage experiment under PEG-induced osmotic drought stress

Code Simplified treatment label Hoagland solution PEG-6000 20% B. subtilis P K
T0 Control + - - - -
T1 Drought + + - - -
T2 PGPR + - + - -
T3 P + - - + -
T4 K + - - - +
5 PGPR+P + - + + -
T6 PGPR+K + - + - +
T7 PGPR+ Drought + + + - -
T8 P+ Drought + + - + -
T9 K+ Drought + + - - +
T10 PGPR+P + Drought + + + + -
T11 PGPR+K + Drought + + + - +

PGPR, plant growth-promoting rhizobacteria; PEG-6000, polyethylene glycol 6000; P, phosphorus; K, potassium. In the hydroponic experiment, 20% PEG-6000 was
used to impose controlled osmotic stress. PEG-induced stress was interpreted as a controlled drought-like osmotic treatment and not as a complete substitute for

soil drought
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soil drought because it primarily lowers solution water
potential and does not capture soil-related processes
such as hydraulic resistance, soil-root interactions,
nutrient diffusion constraints, or microbial activity in the
rhizosphere. Therefore, PEG results were interpreted as
controlled osmotic-stress responses rather than direct
equivalents of field soil drought.

Measurements in the hydroponic experiment

After 25 days of treatment exposure, plants were sampled
to quantify growth, biomass allocation, water status, and
biochemical drought-response indicators. Sampling was
performed at the same time of day to reduce diurnal vari-
ation in leaf water status and metabolite levels.

Seedlings were carefully removed from the support
ports, roots were rinsed briefly with distilled water to
remove residual nutrient solution and PEG, and tissues
were gently blotted before weighing. Root length was
measured from the crown to the tip of the longest root,
and shoot length was measured from the crown to the tip
of the longest fully expanded leaf. Root and shoot fresh
weights were recorded immediately, while dry weights
were obtained after oven-drying tissues to constant
weight.

Leaf relative water content was determined using fresh
weight, turgid weight, and dry weight according to the
formula [16, 17]:

RWC (%) = [(FW — DW) / (TW — DW)] x 100

Soluble sugar content was quantified using the phenol—
sulfuric acid method [18]. Photosynthetic pigments,
including chlorophyll a, chlorophyll b, and carotenoids,
were determined spectrophotometrically using ethanol
extraction [19]. Proline content was measured using the
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ninhydrin method [20] and expressed on a fresh weight
basis.

Experiment 2: Pot experiment at grain filling under soil-
moisture drought

Experimental design, treatments, and drought definition

The pot experiment was conducted at the Botanical Gar-
den, University of Gujrat, under a rainout shelter to pre-
vent rainfall interference. The same three cultivars and
12-treatment structure used in the hydroponic experi-
ment were evaluated, with three biological replicates
per treatment per cultivar in a completely randomized
design.

The control treatment consisted of fully irrigated pots
maintained near 100% field capacity throughout the
experiment. Drought treatments were imposed during
grain filling by withholding irrigation until soil mois-
ture reached approximately 40% field capacity, which
was then maintained during the drought period. The
same treatment logic was used in the pot experiment to
enable comparison between seedling-stage hydroponic
responses and grain-filling soil-drought responses, with
treatment labels simplified for clarity (Table 2).

Soil preparation, fertilization, and crop establishment
Soil was collected from the Botanical Garden, air-dried,
sieved through a 2 mm mesh, and filled into pots at 6.5 kg
soil per pot. Baseline soil analysis indicated sandy loam
texture, near-neutral pH, low electrical conductivity,
moderate organic matter, and low-to-moderate avail-
able phosphorus and potassium, confirming suitability
for evaluating nutrient supplementation effects under
drought.

Phosphorus and potassium were applied as diammo-
nium phosphate and sulphate of potash, respectively.
Full phosphorus was applied at 3.33 g DAP pot™!, and full

Table 2 Treatment structure for the pot experiment under grain-filling soil-moisture drought

Code Simplified treatment label Irrigated control=100% FC Drought=40% FC B. subtilis P as DAP K as SOP
T0 Control + - - - -
T Drought - + - - -
T2 PGPR + - + - -
T3 P + - - + -
T4 K + - - - +
T5 PGPR+P + - + + -
T6 PGPR+K + - + - +
T7 PGPR+ Drought - + + - -
T8 P+ Drought - + - + -
19 K+ Drought + - +
T10 PGPR+P + Drought - + + + -
T11 PGPR+K + Drought - + + - +

FC, field capacity; PGPR, plant growth-promoting rhizobacteria; DAP, diammonium phosphate; SOP, sulphate of potash. Phosphorus was applied as 3.33 g DAP
pot™ and potassium as 0.075 g SOP pot™". Because DAP supplies both phosphorus and nitrogen, nitrogen was not fully balanced across all treatments. Therefore,
responses in DAP-based phosphorus treatments should be interpreted mainly in relation to phosphorus supplementation, but with possible contribution from

additional nitrogen supplied through DAP
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potassium was applied at 0.075 g SOP pot~'. Fertilizers
were incorporated uniformly into the soil before sowing.

Because DAP supplies both phosphorus and nitrogen,
its use may introduce nitrogen as a potential confound-
ing factor in phosphorus treatments. Nitrogen levels
were not fully balanced across all treatments with an
equivalent non-phosphorus nitrogen source. Therefore,
responses observed under DAP-based phosphorus treat-
ments should be interpreted as primarily associated with
phosphorus supplementation but with possible contribu-
tion from the additional nitrogen supplied through DAP.
This limitation was considered when interpreting nutri-
ent effects.

Seeds were surface-sterilized and inoculated with stan-
dardized B. subtilis suspension before sowing, following
the same procedure described above. Seeds were sown at
2 cm depth on December 4, 2018. Pots were maintained
under the rainout shelter and received uniform agro-
nomic care across treatments, including weed removal
and pest monitoring.

Grain-filling drought imposition and moisture monitoring
Drought stress was imposed during grain filling by with-
holding irrigation in drought-designated treatments.
Field capacity was determined gravimetrically before
drought initiation. Irrigated control pots were maintained
near 100% field capacity, whereas drought-stressed pots
were reduced to and maintained near 40% field capacity.

Soil moisture was monitored daily by pot weighing.
Irrigation volumes were calculated to restore control pots
to the target field capacity while maintaining drought
pots near the reduced field-capacity threshold. Drought
stress was applied for 14 days beginning at early grain fill-
ing [21, 22]. If cultivars differed phenologically, drought
was applied cultivar-wise at the same developmental
stage to ensure stage-equivalent comparison.

Measurements in the pot experiment

Measurements in the pot experiment were conducted
to quantify vegetative performance, physiological
drought status, biochemical adjustment, and yield for-
mation under grain-filling drought. Plants were carefully
removed from pots at designated sampling points, roots
were washed gently to remove soil particles, and tissues
were blotted before weighing.

Vegetative traits were measured using the same pro-
cedures as in the hydroponic experiment, including
root length, shoot length, root fresh weight, shoot fresh
weight, root dry weight, and shoot dry weight. Leaf rela-
tive water content, soluble sugars, proline, and photo-
synthetic pigments were also quantified using the same
methods described for Experiment 1 to maintain cross-
system consistency.
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Yield and yield-contributing traits were recorded at
maturity. Plant height was measured from the soil sur-
face to the tip of the tallest spike. The number of spikes
per plant was counted manually. Spike length was mea-
sured excluding awns. The number of grains per plant
was determined after harvesting, manual threshing, and
counting total grains per plant.

Statistical analysis

Data from the hydroponic and pot experiments were ana-
lyzed separately because the two experiments differed in
growth system, drought-imposition method, and devel-
opmental stage. Each experiment followed a completely
randomized design with three biological replicates per
treatment per cultivar.

For each experiment, factorial analysis of variance was
performed to test the main and interaction effects of cul-
tivar, drought condition, PGPR inoculation, and nutrient
supplementation. The general ANOVA model included
cultivar, drought, PGPR, nutrient treatment, and their
two-way, three-way, and higher-order interaction terms
as fixed effects. In the hydroponic experiment, drought
was represented by PEG-6000 treatment, whereas in the
pot experiment drought was represented by soil mois-
ture level. Nutrient treatment represented phosphorus or
potassium supplementation depending on the treatment
combination.

Interaction effects were examined to determine
whether the response to B. subtilis depended on drought
condition, nutrient supplementation, cultivar, or their
combinations. Particular attention was given to PGPR x
nutrient, drought x PGPR, drought x nutrient, cultivar
x drought, and drought x PGPR x nutrient interactions
because these directly addressed the study objective of
comparing the synergistic effects of PGPR-P and PGPR-
K under drought.

Before ANOVA, data were checked for normality and
homogeneity of variance using residual diagnostics. Nor-
mality was assessed through normal probability plots
and/or Shapiro—Wilk tests, while homogeneity of vari-
ance was evaluated using residual plots and Levene’s test
where appropriate. When ANOVA indicated significant
treatment effects at a=0.05, treatment means were sep-
arated using Tukey’s honest significant difference test.
Results were expressed as mean *standard error from
three biological replicates. Statistical analyses were per-
formed using Minitab, and graphs were prepared using
Microsoft Excel 2010.

Results

Water relations and osmotic adjustment under PEG-
induced drought in hydroponic seedlings

PEG-induced drought reduced relative water con-
tent (RWC) in all cultivars compared with the control
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(Fig. la). Under drought-only treatment (T1), RWC
decreased to 32.22% in Faisalabad 2008, 14.44% in Ujala,
and 28.00% in Dharab. The combined Bacillus subti-
lis + phosphorus + drought treatment (T10) increased
RWC to 76.00% in Faisalabad 2008, 41.00% in Ujala, and
50.07% in Dharab. Compared with B. subtilis+ potas-
sium + drought (T11), T10 produced higher RWC in Fais-
alabad 2008 and Dharab, whereas Ujala showed higher
RWC under T11. Tukey’s lettering indicated significant
treatment differences within cultivars.

Soluble sugar content differed among treatments
and cultivars (Fig. 1b). In Faisalabad 2008, T10 and T11
recorded similar sugar contents of 0.0957 and 0.0970 mg
g™' FW, respectively. In Ujala, T10 produced the high-
est sugar content among the drought-combination
treatments, reaching 0.1433 mg g™ FW compared with
0.0860 mg g~' FW under T11. In Dharab, soluble sugar
content was slightly higher under T11 (0.1580 mg g
FW) than T10 (0.1520 mg g™ FW).

(2026) 13:78

Page 7 of 16

Photosynthetic pigments and proline under PEG-induced
drought

Chlorophyll a content varied among treatments and
cultivars (Fig. 2a). In Faisalabad 2008, chlorophyll a
decreased from 0.0301 mg g~! FW under control condi-
tions to 0.0268 mg g~ FW under drought-only treatment.
Under drought-combination treatments, T11 recorded
0.0291 mg g™' FW, while T10 recorded 0.0266 mg g™
FW. In Ujala, chlorophyll a increased from 0.0199 mg
g ! FW under T1 to 0.0254 mg g”! FW under T10 and
0.0234 mg g ' FW under T11. In Dharab, T10 and T11
recorded 0.0209 and 0.0195 mg g~! FW, respectively.

Chlorophyll b showed treatment-dependent variation
(Fig. 2b). In Faisalabad 2008, T10 recorded 0.0537 mg
g FW compared with 0.0482 mg g™ FW under T11.
In Ujala, T10 recorded 0.0464 mg g~' FW, while T11
recorded 0.0389 mg g™' FW. In Dharab, T10 and T11
recorded similar values of 0.0275 and 0.0276 mg g~ FW,
respectively.

Carotenoid content differed among cultivars and
treatments (Fig. 2c). In Faisalabad 2008, carotenoids
were higher under T10 (0.4954 mg g™! FW) than T11
(0.4387 mg g~' FW). In Ujala, T10 recorded 0.4632 mg
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Fig. 2 Effects of PGPR and nutrient treatments on (a) chlorophyll a, (b) chlorophyll b, (c) carotenoids, and (d) proline content of wheat seedlings exposed
to 20% PEG-6000-induced osmotic drought stress. Values are expressed as mg g~ FW. Bars represent mean = SE (n=3). Different letters above bars indi-
cate significant differences among treatments within each cultivar at p <0.05 according to Tukey's HSD test

g ' FW compared with 0.4122 mg g™ FW under T11. In
Dharab, carotenoid content was 0.1683 mg g~' FW under
T10 and 0.1471 mg g~* FW under T11.

Proline content showed cultivar-specific differences
(Fig. 2d). In Faisalabad 2008, T11 recorded the highest
proline value among the PGPR—nutrient drought combi-
nations (0.4328 mg g~! FW), followed by T10 (0.4115 mg
g FW). In Ujala, T11 recorded 0.3981 mg g™! FW,
while T10 recorded 0.2732 mg g™! FW. In Dharab, T10
recorded 0.6885 mg g~' FW compared with 0.6423 mg
g FW under T11.

Root-shoot growth and biomass under PEG-induced
drought

Root length differed among treatments and cultivars
(Fig. 3a). Under drought-only treatment, root length
was 10.30 cm in Faisalabad 2008, 9.63 cm in Ujala, and
9.10 cm in Dharab. In Faisalabad 2008, T10 produced the
highest root length (25.60 cm), compared with 20.20 cm
under T11. In Ujala, T10 and T11 recorded 21.60 and
20.20 cm, respectively. In Dharab, T11 produced greater
root length (18.10 cm) than T10 (4.40 cm). ANOVA

indicated a significant treatment x cultivar interaction
for root length (p <0.05).

Shoot length also varied among treatments and culti-
vars (Fig. 3b). In Faisalabad 2008, shoot length increased
from 25.40 cm under T1 to 35.00 cm under T10 and
30.00 cm under T11. In Ujala, shoot length under T10
and T11 was 29.47 and 27.00 cm, respectively. In Dharab,
T11 recorded 26.43 cm compared with 25.00 cm under
T10. Treatment and cultivar effects were significant for
shoot length (p<0.01).

Root fresh weight showed cultivar-dependent
responses (Fig. 3c). In Dharab, T10 recorded the highest
root fresh weight (0.20 g), compared with 0.16 g under
T11. In Faisalabad 2008, T10 and T11 recorded 0.06 and
0.04 g, respectively. In Ujala, T10 and T11 recorded 0.04
and 0.02 g, respectively.

Shoot fresh weight differed among cultivars and
treatments (Fig. 3d). In Faisalabad 2008, T10 and T11
recorded 0.16 and 0.17 g, respectively. In Ujala, both T10
and T11 recorded 0.06 g. In Dharab, T11 recorded the
highest shoot fresh weight (0.17 g), while T10 recorded
0.04 g.
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Fig. 2 (continued)

Shoot dry weight was affected by treatment in some
cultivars (Fig. 3e). In Faisalabad 2008, T10 recorded
0.06 g and T11 recorded 0.04 g. In Ujala, both T10 and
T11 recorded 0.02 g. In Dharab, T10 recorded 0.10 g and
T11 recorded 0.09 g.

Root dry weight showed limited treatment varia-
tion (Fig. 3f). In Faisalabad 2008, T10 and T11 recorded
0.0367 and 0.0333 g, respectively. In Ujala and Dharab,
T10 and T11 each recorded 0.02 g.

Yield-contributing traits under grain-filling drought in the
pot experiment

Plant height varied among treatments and cultivars
under grain-filling drought (Fig. 4a). In Faisalabad 2008,
plant height was 23.00 cm under drought-only treatment
and increased to 60.33 cm under T10, compared with
53.00 cm under T11. In Ujala, plant height was 72.00 cm
under T1, 65.67 cm under T10, and 53.00 cm under
T11. In Dharab, T10 produced the highest plant height
(101.00 cm), followed by T11 (98.00 cm).

The number of spikes per plant differed among treat-
ments (Fig. 4b). In Faisalabad 2008, T10 produced 3.33
spikes plant™!, compared with 1.33 spikes plant™! under
T11. In Ujala, T10 produced 4.00 spikes plant™!, com-
pared with 3.00 spikes plant™' under T11. In Dharab, T10
produced 6.00 spikes plant™!, compared with 4.00 spikes
plant™ under T11.

Spike length varied among treatments and cultivars
(Fig. 4c). In Faisalabad 2008, spike length was 7.60 cm
under T10 and 5.60 cm under T11. In Ujala, T10 recorded
5.50 cm, while T11 recorded 5.83 c¢cm. In Dharab, T10
recorded the highest spike length (12.83 cm), compared
with 11.50 cm under T11.

Grain number per plant showed treatment-dependent
variation (Fig. 4d). In Faisalabad 2008, T10 recorded the
highest grain number among treatments (125.67 grains
plant™), compared with 70.00 grains plant™! under
T11. In Ujala, T5 recorded the highest grain number
(168.00 grains plant™), while T10 and T11 recorded
60.00 and 84.00 grains plant™!, respectively. In Dharab,
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cultivar at p <0.05 according to Tukey’s HSD test

T10 produced the highest grain number (206.67 grains
plant™), compared with 160.00 grains plant™ under T11.

Across the pot experiment, T10 recorded higher plant
height, spike number, spike length, and grain number
than T11 in Faisalabad 2008 and Dharab. In Ujala, T10
recorded higher plant height and spike number than T11,
while T11 recorded higher spike length and grain num-
ber than T10.

Discussion

This study evaluated whether Bacillus subtilis improves
wheat drought tolerance more effectively when combined
with phosphorus (P) or potassium (K), and whether
these effects differ between seedling-stage PEG-induced
osmotic stress and grain-filling soil-moisture drought.
Overall, drought reduced water status, photosynthetic
pigments, growth, biomass, and yield-related traits, while

integrated PGPR-nutrient treatments partly reduced
these losses. Among the drought-applied combined treat-
ments, B. subtilis+P under drought (T10) produced the
most consistent improvement across both experimental
systems, although responses varied by cultivar and trait.
The clearest evidence of drought mitigation was
observed in relative water content, pigment reten-
tion, osmolyte accumulation, growth, and yield com-
ponents. Under PEG-induced drought, T10 improved
RWC compared with drought-only treatment in all cul-
tivars. Faisalabad 2008 showed the strongest seedling-
stage water-status response, with RWC increasing from
32.22% under drought-only treatment to 76.00% under
T10. Ujala increased from 14.44 to 41.00%, and Dharab
increased from 28.00 to 50.07%. Compared with B. sub-
tilis + K under drought (T11), T10 produced higher RWC
in Faisalabad 2008 and Dharab, whereas Ujala showed
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Fig. 3 (continued)

higher RWC under T11. These results show that PGPR-
nutrient effects on water relations were cultivar depen-
dent. Similar PGPR-mediated improvements in plant
water relations under drought have been reported previ-
ously and are often associated with improved root func-
tion, rhizosphere water availability, and stress signalling
(23, 24].

Photosynthetic pigment responses also indicated
treatment-dependent drought mitigation. T10 main-
tained higher chlorophyll b and carotenoid contents than
drought-only treatment in several cultivar comparisons,
particularly in Faisalabad 2008 and Ujala. Maintenance
of chlorophyll and carotenoid contents under drought
is important because pigment degradation is commonly
linked with stress-induced disruption of photosynthetic
capacity [25, 26, 21]. However, antioxidant enzymes and
oxidative damage indicators such as SOD, CAT, POD,
and MDA were not measured in the present study. There-
fore, pigment retention should be interpreted as evidence
of improved photosynthetic pigment stability, not as
direct proof of enhanced antioxidant activity or reduced
lipid peroxidation. Antioxidant protection remains a
possible explanation, but it requires direct biochemical
confirmation.

Osmotic adjustment differed strongly among culti-
vars. Dharab generally showed higher proline accumula-
tion under drought-combination treatments, including
T10 and T11, while Faisalabad 2008 showed stronger
improvement in water status and selected pigment traits.
Ujala showed intermediate or treatment-specific
responses. These patterns suggest that cultivars may dif-
fer in their dominant drought-response strategies: Fais-
alabad 2008 appeared more responsive in hydration and
pigment stability at the seedling stage, whereas Dharab
showed stronger osmolyte accumulation and reproduc-
tive-stage performance. Such variation agrees with previ-
ous evidence that drought tolerance is not controlled by a
single trait, but by coordinated physiological, biochemi-
cal, and morphological responses [5, 27].

Growth and biomass responses further supported the
positive effect of integrated PGPR—nutrient treatments
under drought, but these responses were not uniform
across cultivars. In Faisalabad 2008, T10 increased root
length from 10.30 cm under drought-only treatment to
25.60 cm and exceeded T11, which recorded 20.20 cm.
In Ujala, T10 and T11 produced similar root-length
responses, while in Dharab, T11 exceeded T10 for root
length. Root traits are important for drought adaptation
because improved root development can support water
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Fig. 3 (continued)

and nutrient acquisition under limited moisture [27].
However, only basic root and shoot traits were measured
here, so explanations involving improved root system
architecture should remain inferential. More detailed
traits such as root volume, root surface area, lateral root
density, and root hair development would be needed to
confirm root-architecture mechanisms.

At grain filling, T10 improved several yield-contrib-
uting traits compared with drought-only treatment and
often exceeded T11. In Faisalabad 2008, grain number
increased from 46.67 grains plant™ under drought-only
treatment to 125.67 grains plant™! under T10, compared
with 70.00 grains plant™! under T11. In Dharab, T10 pro-
duced the highest grain number, 206.67 grains plant™?,
compared with 160.00 grains plant™ under T11. Dharab
also showed higher plant height, spike number, and spike
length under T10 than T11. However, Ujala showed a
different pattern for grain number, where T11 exceeded
T10. These findings indicate that the advantage of B. sub-
tilis+P was generally stronger in Faisalabad 2008 and
Dharab, but not universal across all cultivars. Since grain
filling is highly sensitive to water deficit, improved yield

components under integrated treatments may reflect bet-
ter maintenance of physiological function during repro-
ductive development [21].

The comparatively stronger performance of B. subti-
lis + P may be related to the physiological role of phospho-
rus in drought-stress recovery. Phosphorus is essential for
ATP production, energy transfer, nucleic acid synthesis,
membrane function, root activity, and post-stress growth
recovery [12]. Under drought, these processes are impor-
tant for maintaining metabolism, supporting repair, and
sustaining growth. Therefore, P supplementation may
have supported drought recovery more effectively than
K in several measured traits. In addition, Bacillus spp.
are often associated with improved P availability through
phosphate solubilization and other rhizosphere processes
[28, 29]. However, phosphate-solubilizing activity was
not directly measured in this study. Thus, improved P
availability is a plausible explanation for the stronger T10
response, but it should not be presented as a confirmed
mechanism.

Potassium remains physiologically important for
drought tolerance because it contributes to stomatal
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p <0.05 according to Tukey’s HSD test

regulation, enzyme activation, osmotic balance, and pho-
tosynthetic performance [30-32]. The less consistent
performance of T11 does not mean that K was unimport-
ant. Instead, the response may have depended on cultivar,
baseline soil K availability, fertilizer rate, drought timing,
or growth stage. Because tissue P and K concentrations
were not measured, the study cannot confirm whether
T10 superiority resulted from greater nutrient uptake,
improved nutrient-use efficiency, or another physiologi-
cal response. Nutrient uptake effects should therefore be
discussed only as possible explanations.

Similarly, the contribution of B. subtilis should be inter-
preted cautiously. The study measured plant responses
but did not directly quantify rhizosphere colonization,
bacterial survival, bacterial activity, or functional traits
such as phosphate solubilization, ACC deaminase activ-
ity, siderophore production, or exopolysaccharide pro-
duction. Although Bacillus spp. have been associated

with drought mitigation through phytohormonal modu-
lation, induced systemic tolerance, EPS production, and
improved rhizosphere function [33-35], these processes
were not directly tested here. Therefore, bacterial colo-
nization efficiency and rhizosphere activity cannot be
claimed directly. The observed improvements under
PGPR treatments indicate plant-level responses associ-
ated with inoculation, while the underlying microbial
mechanisms remain inferential.

Overall, the data directly show that B. subtilis com-
bined with phosphorus improved several drought-
response traits, including water status, pigment stability,
osmotic adjustment, growth, and yield components. The
results also show clear cultivar-specific response pat-
terns, with Faisalabad 2008 showing stronger seedling-
stage water-status and pigment responses, and Dharab
showing stronger osmolyte accumulation and grain-
filling performance. Mechanistic explanations involving
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antioxidant activity, bacterial colonization, nutrient
uptake, and rhizosphere functioning remain plausible but
unconfirmed because these parameters were not directly
measured [36—-38].

The main limitations of the study include the use of
PEG-induced osmotic stress, which does not fully repre-
sent soil drought; the pot-based nature of the reproduc-
tive-stage experiment; the absence of direct rhizosphere
colonization or bacterial activity measurements; lack of
tissue P and K uptake data; and absence of antioxidant
and oxidative damage markers such as SOD, CAT, POD,
and MDA. Previous work has also shown that PEG-
induced osmotic stress and soil drought may produce
different physiological and molecular responses in wheat
[39]. Future studies should include microbial coloniza-
tion assays, tissue nutrient profiling, antioxidant enzyme
activity, lipid peroxidation measurements, and multi-
location field validation to confirm the mechanisms sug-
gested by the present physiological and yield responses.

Conclusion

This study showed that drought stress substantially
reduced wheat physiological performance, growth,
and yield-related traits, while integrated application

of Bacillus subtilis with mineral nutrition helped miti-
gate these effects. Among the tested combinations, B.
subtilis + phosphorus was generally the most effective
treatment under drought, producing more consistent
improvements in relative water content, photosynthetic
pigment stability, root—shoot growth, biomass accumula-
tion, and grain-filling traits than drought-only treatment
and most other nutrient combinations. The response was
cultivar dependent, with Faisalabad 2008 showing stron-
ger seedling-stage water-status and pigment responses,
while Dharab showed stronger reproductive-stage yield
recovery. Overall, the findings suggest that combining
B. subtilis inoculation with phosphorus supplementa-
tion may be a promising strategy for improving wheat
drought resilience, although field validation and direct
measurements of bacterial colonization, nutrient uptake,
and oxidative stress markers are needed to confirm the
mechanisms involved.
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