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Abstract

Water scarcity is a global challenge with profound implications, particularly for agricul-
ture, where it undermines crop production by diminishing yields and heightening vul-
nerability to environmental stresses. This study investigates the impact of Bacillin 20, a
derivative of Bacillus thuringiensis, on soybean plant physiology under drought stress,
focusing on growth dynamics, photosynthetic activity, and nutrient assimilation. The
experimentation was carried out using a factorial structure within a completely random-
ized design and four replications. Factors included drought levels (control, —=0.75MPa
and —1.5MPa) and Bacillin 20 concentrations (0, 10" M and 10~° M). Results indi-
cated that drought stress significantly reduced plant height, leaf area, shoot dry weight,
photosynthetic rate, stomatal conductance, transpiration, substomatal CO, concentra-
tion, nodulation, and root length and volume. Bacillin 20 application had mixed effects,
with no significant impact on plant height but increasing leaf area, enhancing shoot
dry weight under moderate drought, and improving photosynthetic rate. The interac-
tion between drought and Bacillin 20 was significant, particularly in terms of shoot dry
weight and photosynthetic rate. Additionally, Bacillin 20 at 10~"" M increased root tips
by 12.6% and shoot dry weight by 28%; it increased nodule number by 51% only under
normal moisture conditions, and decreased it under drought stress. Drought increased
leaf N, Mg, Zn, Fe, Mn, and B contents, while Bacillin raised leaf N at —-0.75MPa and
decreased Zn and Mn under severe drought (—-1.5MPa). The increased plant N and
decreased nodulation under drought suggest enhanced nodule efficiency. Bacillin 20
did not affect P, K, Ca, and S contents, which were influenced solely by drought.

Introduction

Oil and protein are essential components of human and livestock nutrition, with
almost 70% of cooking oil and 50% of feed protein coming from plants. Among
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oilseeds, soybean (Glycine max L.) is particularly significant, contributing nearly 60%
of global oilseed production and accounts for more than 25% of the protein consump-
tion for food and animal feed worldwide, making it a leading commercial crop for
vegetable oil and protein production [1].

With the increasing frequency of environmental challenges, particularly drought,
ensuring stable crop productivity has become a major concern. Drought stress
hampers plant growth, reduces photosynthetic activity [2], and disrupts nutrient
uptake, leading to substantial yield losses [3]. As climate change intensifies, drought
stress is expected to worsen, making it a more significant concern [4]. Consequently,
identifying effective strategies to mitigate drought-induced crop losses is crucial. In
this context, plant growth-promoting microbial derivatives have gained attention as a
promising approach.

Agriculture, particularly fertilizer production, contributes significantly to green-
house gas emissions. The application of plant growth-promoting microorganisms
(PGPM) as biofertilizers can help crops resist environmental stresses like drought
and salinity, while also reducing the reliance on chemical fertilizers and minimizing
greenhouse gas emissions [5]. These microorganisms and their derived compounds
as technologies enhance plant growth under both stressed and non-stressed condi-
tions, promoting agricultural sustainability, especially in the face of climate change
[6]. Recent studies have highlighted the potential of derived compounds from plant
growth-promoting bacteria as effective biostimulants in sustainable agriculture. These
compounds can enhance plant growth and stress tolerance, while avoiding the chal-
lenges associated with the survival of live inoculants in the field [7].

The beneficial effects of plant growth-promoting bacteria (PGPB) use can be cat-
egorized into direct and indirect mechanisms [8]. Direct mechanisms involve the pro-
duction of substances that stimulate plant growth or biological fertility via the mobility
of soil minerals [5]. Production of phytohormones, solubilization of phosphorus com-
pounds, nitrogen fixation, production of siderophores, oxidation of sulfur compounds,
production of ACC-Deaminase, are mechanisms of direct effects, and production of
antibiotics, enzymes that destroy pathogen cell walls, improvement of plant systemic
resistance, competition with pathogens, and production of volatile compounds, are
the indirect mechanisms of PGPB effects on plants [9].

Bacillus thuringiensis NEB17 produces Bacillin 20 (formerly referred to as thuricin
17) [10]. Bacillin 20 is a microbe-to-plant signal compound isolated and character-
ized at McGill University [5]. Bacillus 20 has shown beneficial effects on plant growth
under both optimal and stressful conditions, including soybean [6,11,12]. Bacillin 20
has been particularly effective under stressed conditions, a common scenario in field
environments. Previous studies have demonstrated the positive impacts of PGPMs
on plant growth, seed quality, and nutrient uptake, even under challenging environ-
mental conditions like drought. [13,14].

The use of PGPB stimulating bacteria in bean improved the quality of seeds and
seedlings, even in cases where the seeds were deteriorated, and ultimately increase
grain yield. The best result was observed from simultaneous inoculation with Rhi-
zobium oligominusarum and Pseudomonas putida [15]. Naamala, Msimbira [16]
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reported that a concentration of cell free supernatant (CFS) of 0.2% by volume from Lactobacillus helveticus EL2006H
increased the germination of soybean by 44.37% in 100mM NaCl salinity. However, despite the negative effect of salin-
ity on root growth, the application of the inoculation liquid obtained from the above bacteria did not improve root growth.
Subramanian, Ricci (6) reported that using the bacterial signal compounds lipo-chitooligosaccharide (LCO) and thuricin-17
(Th17), soybean seeds (variety Absolute RR) germinated more rapidly at salt stress levels of up to 150mM NaCl. Plant
growth promoting bacteria (B. thuringiensis NEB17) can help overcome deleterious effects of low root zone temperatures
on nodulation and nitrogen fixation of Glycine max (L.) Merr. [11].

Application of Pseudomonas putida h-2—3 to soybean under drought and salt stresses stimulated the production of gib-
berellin and jasmonic acid, decreased abscisic acid and salicylic acid, and increased the activity of SOD and the amount
of flavonoids produced due to stresses [17]. Soybean was less impacted by water stress when treated with Bradyrhizo-
bium japonicum and thuricin-17 from Bacillus thuringiensis, so that thuricin-17 application under water stress increased
plant biomass by 17%, accompanied with a 30% increase in root abscisic acid, and an increase of root length and of leaf
water potential. In general, it improved nodule formation by 40%, caused a partial restoration of nodule-specific activity,
nodule growth and consequently, an increase by 17% for total nitrogen in the plant. Overall, our findings reveal a new
method to decrease the negative impact of water stress on crop plants. Results also demonstrate that the plant restored
an adequate water and N balance by changing its root structure [18].

It has been found that biological fixation of nitrogen is not sufficient to achieve the highest possible protein content in
soybean grain. Therefore, although soybean is a nitrogen-fixing plant, it requires supplemental N fertilizer to achieve maxi-
mum PSII efficiency, minimum chlorophyll fluorescence, and optimal yield [19].

This study explores the hypothesis that Bacillin 20 can enhance soybean growth and nutrient uptake under drought
stress, aiming to provide a more sustainable and environmentally friendly approach to improving crop production.

Materials and methods
Experimental model and plant material

A factorial pot experiment was carried out structured to follow a randomized complete block design with four replications
in a greenhouse of Plant Science Department of McGill University, from February 20 to March 28, 2024. Factors were
drought stress levels (control, —0.75MPa [megapascal] and —1.5MPa) and Bacillin 20 concentrations (0, 10™"" and 107°
M). The drought stress levels were set at —0.75MPa for moderate stress and —1.5MPa for severe stress, as established
in previous studies [20,21]. Similarly, the selected Bacillin 20 concentrations were based on prior research demonstrating
their efficacy in enhancing plant growth under stress conditions [22].

Untreated soybean (Glycine max L. Merr.) seed, variety BO88Y1 was acquired from BREVANT Co. It is a Round Up
Ready 2 Yield soybean variety with a 100-seed weight of 22.8g.

Initially, seeds were surface-sterilized with 2% sodium hypochlorite for 5min and washed with distillated water three
times. Then, they were inoculated with Bradyrhizobium japonicum strain USDA 110 (CFU=7.8 x 108). After inoculation,
three seeds were sown in each plastic pot (14 cm diameter and 15cm height) containing Promix and watered with tap
water. Seedlings were thinned to one a week after emergence.

Bacillin 20 was prepared in the Smith laboratory of McGill University. It was isolated from Bacillus thuringensis accord-
ing Gray, Lee (10) and Subramanian, Souleimanov and Smith [23]. Bacillin treatments were applied as 10mL root drench-
ing one day after thinning (Growth stage =V1). Drought stress (osmotic water deficit stress) was applied two days after
Bacillin treatment using polyethylene glycol (PEG) 8000 [24] as 270 mL of PEG solutions for the desired stress level
for each treatment, with tap water at the control. During the experiment tap water was added equally to each pot. Half-
strength Hogland solution (100 mL) was applied only one time at V3 stage to all pots. The greenhouse temperature was
maintained at 23 £ 2°C, with a light intensity of 300 PPFD under a 16-hour photoperiod, and a relative humidity of 32%.
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Traits measurement

Photosynthetic rate, substomatal CO,, stomatal conductance and transpiration were measured with a LI-COR portable
photosynthesis meter (LI-6400, USA) two weeks after treatment applications at V3. These measurements were conducted
at 10:00-11:00 h on the middle trifoliate segment of a top-most fully developed trifoliate.

Plant height was measured before the end of experiment (R1=beginning of flowering), then shoot parts were separated
by cutting and measured for leaf area, shoot dry weight and leaf nutrient content. Leaf area was measured with a leaf
area meter (LI-3100, LI-COR, Inc. USA). Subsequently shoot parts were oven dried at 70°C for two days and weighed.
Leaves sample were sent to A&L Canada Laboratories Inc. for analysis of nutrient (N, P, K, Ca, S, Zn, Fe, Mg, Mn, and B)
contents.

Roots were removed from the pots and washed carefully. Then they were scanned (Modified Epson Expression
10000XL, Regent Instruments Inc., Quebec, QC, Canada) at 400 dots per inch (dpi) resolution and the images analyzed
by using WinRHIZO software (Reagent Instruments Inc.) to measure root length, root volume, root diameter, and root
branching. Then nodule number was counted manually. Finally, the roots were oven dried (70°C for 2 days) for root dry
weight measurement.

Data analysis

All statistical analyses were performed using Minitab 16 software. The data were first examined for potential outliers using
the Boxplot option (Simple). Normality was assessed using the Anderson-Darling test, and homogeneity of variances was
tested using Levene’s test. When necessary, data transformation (e.g., square root transformation for shoot dry weight
and log transformation for the number of nodules and transpiration rate) was applied to meet normality assumptions. The
experiment was conducted in a factorial arrangement using a completely randomized design (CRD) with four replications.
A two-way analysis of variance (ANOVA) was performed using the General Linear Model (GLM) procedure to assess

the effects of drought stress levels, Bacillin 20 concentrations, and their interaction on the measured traits. Mean com-
parisons were conducted using Tukey’s test at a 5% probability level. All analyses were performed under the fixed-effects
model assumptions. Additionally, all graphs were generated in Minitab. Additionally, all graphs were generated in Minitab.

Results
Plant growth, morphology and dry weight

Drought stress significantly reduced plant height (p<0.01, Table 1), with both levels (-0.75 and -1.5MPa) leading to

a decline (Table 2). However, Bacillin 20 had no effect on plant height (Table 1). Similarly, leaf area decreased under
drought stress (p<0.01, Table 1), with the highest leaf area observed in the control and the lowest at —1.5MPa (Table 2).
The application of Bacillin 20 (10™"" M) increased leaf area by 15.8% (p<0.05, Table 1, Table 3).

A significant interaction between drought stress and Bacillin 20 was observed for shoot dry weight (p<0.01, Table 1;
Fig 1). Under well-watered conditions, Bacillin 20 at 10" M increased shoot dry weight compared to 10™° M, but nei-
ther exceeded the control. Under moderate drought (-0.75MPa), Bacillin 20 improved shoot dry weight, while at severe
drought (-1.5MPa), only the lower concentration (10~ M) had a positive effect (Fig 1). Drought stress also significantly
reduced total root length (p<0.05, Table 1), with the shortest roots observed at —1.5MPa, although differences between
-0.75MPa and -1.5 MPa were not significant (Table 2). Bacillin 20 had no effect on root length.

Root traits

Root traits were variably affected by treatments. The number of root tips increased with Bacillin 20 (p<0.05, Table 1),
with the highest count recorded at 10~ M. A significant difference existed between the control and 10~'" M, while 107®
M showed no difference from the control (Table 2). Drought stress significantly decreased root diameter (Table 1), with
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Table 1. Analysis of variance (mean square) of effects of drought stress and Bacillin 20 on some traits of soybean plants.

S.0.v Df Plant Leaf area Shoot dry Total root Root tips | Root Root Root dry Nodule

height weight length diameter volume weight number
Replication 3 251.00™ | 3679 0.065" 77732 323844 0.010" 0.600" 0.006" 0.171ns
Drought (D) 2 1069. 38™ | 104046~ 3.755™ 920530 56804 0.069™ 32.89” 0.359™ 36.468™
Bacillin 20 (B) 2 16.29 4518" 0.672" 4710 233229 0.007" 0.476" 0.002" 2.7127
DxB 4 41.20" 928 0.199” 38840 74780 0.002" 0.529" 0.0006" 1.478™
Error 24 93.85 1048 0.045 49864 46523 0.004 1.102 0.0074 0.098
Total 35
S.0.v df Photosynthetic Stomatal conductance Transpiration Substomatal

rate Co,
Replication 3 6.19 0.0012ns 0.0013" 4430
Drought (D) 2 36.19" 0.0158™ 0.0174" 10432"
Bacillin 20 (B) 2 12.76™ 0.00004" 0.00005™ 2456
DxB 4 0.66" 0.0008" 0.0007" 3604"
Error 24 1.750 0.0004 0.0003 1232
Total 35
* *# and ns, indicate significant at 0.05, 0.01 probability levels, and non-significant, respectively.
https://doi.org/10.1371/journal.pone.0332803.t001
Table 2. Effects of drought stress on some morphological traits of soybean.
Drought treatments | Plant height | Leaf area Total root length (cm) | Root diameter (mm) | Root volume (cm®) | Root dry Leaf Mg
(cm) (cm? plant™) weight content
(g plant”) | (%)

Control 51.92+3.2%" | 338.10+11.4® | 1593.33+39.2° 0.69+0.022 5.67+0.332 0.71+0.032 | 0.31+£0.01°
-0.75 (MPa) 39.71+£3.3° |226.00+10.6° | 1202.57 +62.4° 0.58+0.01° 3.43+0.18° 0.368+0.02° | 0.46+0.012
-1.5 (MPa) 33.34+1.8° |153.00+11.3° | 1057.94+81.4° 0.54+0.02° 2.51+0.25° 0.250+£0.03° | 0.45+0.012

*Grouping has been done using Tukey method at 5% probability level. Each value represents mean +standard error. Means that do not share a letter are

significantly different.

https://doi.org/10.1371/journal.pone.0332803.t002

Table 3. Effects of Bacillin 20 on some morphologic traits of soybean.

Bacillin 20 treatments Leaf area Shoot dry weight (g plant™) Total root length (cm plant™) Root tips
(cm? plant™)

Control 225.70+22% 1.692+0.17° 1263.12+712 2219+94°

10" M 261.30+£272 2.160+15° 1302.15+89° 2498+732

10°M 230.20 £ 24¢° 1.867+13° 1288.60+1132 2368+ 67

*Grouping has been done using Tukey method at 5% probability level. Each value represents mean +standard error. Means that do not share a letter are

significantly different.

https://doi.org/10.1371/journal.pone.0332803.t003

thinner roots observed under —1.5MPa, though the difference between —0.75MPa and —1.5MPa was not significant
(Table 2). Root volume followed a similar trend, decreasing significantly with increasing drought severity (p<0.01, Table 1,
Table 2). Likewise, root dry weight was highest in the control and lowest at —1.5MPa (Table 2).
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Fig 1. Effect of drought and Bacillin 20 on soybean shoot dry weight. Bars indicate standard error. Means that do not share a letter are significantly
different, according to a Tukey test, at the 5% probability level.

https://doi.org/10.1371/journal.pone.0332803.9001

Nodule formation

Nodule number was significantly influenced by the interaction between drought and Bacillin 20 (p<0.01, Table 1). Under
well-watered conditions, Bacillin 20 (10~" M) increased nodule number. However, at —0.75MPa, Bacillin 20 application
reduced nodule number, with both concentrations (107" and 107°® M) showing similar effects. At —1.5MPa, Bacillin 20 (10°
M) reduced nodule number compared to the control and 10" M (Fig 2). Representative images of nodule frequency and
root architecture are shown in Fig 3.

160 A

140 4

120 4

100

80

604

Noldule number per plant

40

20

0 v v
Drought (MPa) Control -0.75 =1.5

Fig 2. Interaction between drought stress and Bacillin 20 on soybean nodule number per plant. Means that do not share a letter are significantly
different according to Tukey test with p<0.05. Bars represent standard errors.

https://doi.org/10.1371/journal.pone.0332803.9002

PLOS One | https://doi.org/10.1371/journal.pone.0332803  October 21, 2025 6/14



https://doi.org/10.1371/journal.pone.0332803.g001
https://doi.org/10.1371/journal.pone.0332803.g002

PLOS Y one

Fig 3. Root images taken from Bacillin 20 at 10~"" M that improves many features of root under a range of drought stress. A: Control +no Bacil-
lin; B: Control +Bacillin 10-" M; C: —=0.75 MPa+no Bacillin; D: —=0.75 MPa +bacillin 10-"" M; E: —1.5 MPa+no Bacillin; F: —1.5 MPa+Bacillin 10~ M.

https://doi.org/10.1371/journal.pone.0332803.9003

Photosynthetic rate and gas exchange parameters

Drought stress and Bacillin 20 application significantly affected photosynthetic rate (Table 1). Severe drought (-1.5MPa)
reduced photosynthetic rate, while Bacillin 20 at 10~ M increased photosynthetic rate under both control and drought
conditions (Fig 4b). Stomatal conductance and transpiration were significantly reduced by drought (p<0.01, Table 1), with
greater decreases under severe drought (Fig 5). The interaction between drought and Bacillin 20 was significant for sub-
stomatal CO, concentration (p<0.05, Table 1). Drought stress decreased substomatal CO,, while Bacillin 20 application
showed varying trends. Under severe drought (-1.5MPa), Bacillin 20 (10~° M) reduced substomatal CO,, whereas under
control conditions, no significant effect was observed (Fig 6).

Leaf nutrient content

Leaf nutrient content was influenced by drought and Bacillin 20. An interaction between these factors was observed for
leaf N content, with lower N levels under control conditions compared to drought stress (Fig 7). Bacillin 20 application
(both concentrations) increased leaf N at —0.75MPa but had no effect under control or severe drought (—1.5MPa) con-
ditions. Leaf P, K, and Ca were affected only by drought, with higher concentrations under drought compared to control
conditions, while Bacillin 20 had no effect (Fig 7). Leaf S content increased under drought, and Bacillin 20 (10~"" M) further
enhanced S levels at —-0.75MPa, but not at -1.5MPa (Fig 8).

Leaf Mg, Zn, Fe, Mn, and B contents were also affected by drought and Bacillin 20. Drought increased leaf Mg content
(Table 2), but Bacillin 20 had no effect. Similarly, Zn, Fe, Mn, and B increased under drought (Fig 9). Bacillin 20 effects
varied across elements; at —1.5MPa, 10~° M Bacillin 20 reduced Zn and Mn levels, whereas no significant effect was
observed at other drought levels (Fig 9).

Discussion

The results demonstrate the profound effects of drought stress on soybean physiology, including reductions in
plant height, leaf area, shoot biomass, photosynthetic parameters, and root architecture. These declines align with
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Fig 4. Effect of drought stress and Bacillin 20 on soybean photosynthetic rate. Means that do not share a letter are significantly different according
to a Tukey test with p<0.05. Bars represent standard errors.
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well-documented drought responses where plants prioritize water conservation over growth [25,26]. Under moderate
drought, partial stomatal closure and osmotic adjustments enable sustained photosynthesis through improved mesophyll
conductance and antioxidant activity [27,28]. However, severe drought overwhelms these compensatory mechanisms,
leading to irreversible metabolic dysfunction.

Bacillin 20 mitigated drought effects by enhancing leaf area, shoot biomass, and root tip proliferation. As a bacterial
signal compound, it likely activates stress-responsive pathways that overlap with microbial-associated molecular patterns
(MAMPs) [5,29]. A growing body of evidence highlights the relevance of biostimulants in enhancing crop resilience to
abiotic stresses such as drought. Di Sario et al. emphasized that plant biostimulants, including microbial derivatives, can
regulate physiological and molecular responses in crops, improving stress tolerance, water-use efficiency, and overall per-
formance under adverse conditions [30]. Biostimulants enhance plant resilience under drought and heat stress by modu-
lating stress-responsive pathways, boosting antioxidant defenses, and promoting the accumulation of osmolytes, thereby
supporting photosynthetic activity and water use efficiency under limited water availability [31].

It has been characterized for its bio-stimulatory effects on plant growth under optimal and stressful conditions in Ara-
bidopsis [29], soybean [6,11,12], and corn [12]. The drought mitigation effects of Bacillin 20 may be due to increases in
proline content and changes in levels of drought-specific ribosomal proteins, glutathione S-transferase, late embryogen-
esis proteins, vegetative storage proteins 1 and 2, thaumatin-like proteins, and proteins related to chloroplast and carbon
metabolism [32]. Root Plasticity also may be affected by Bacillin 20. This compound promotes root elongation and branch-
ing via auxin-like signaling [11], expanding the rhizosphere volume for water/nutrient foraging in dry soils.
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Fig 5. Effect of drought stress on soybean stomatal conductance and transpiration. Means that do not share a letter are significantly different
according to a Tukey test with p<0.05. Bars represent standard errors.
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https://doi.org/10.1371/journal.pone.0332803.9006
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Fig 7. Effects of drought and Bacillin 20 on soybean leaf N, P, K, and Ca contents. Bars represent standard errors. Means that do not share a letter
are significantly different according to a Tukey test with p<0.05. Bars represent standard errors.
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Fig 8. Effects of drought and Bacillin 20 on soybean leaf S content. Bars represent standard errors. Means that do not share a letter are signifi-
cantly different according to a Tukey test with p<0.05. Bars represent standard errors.

https://doi.org/10.1371/journal.pone.0332803.9008
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letter are significantly different according to a Tukey test with p<0.05. Bars represent standard errors.
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Contrary to studies reporting nutrient depletion under drought [3,33], this study observed increased leaf nutrient con-
centrations, likely due to passive solute concentration and active drought-induced uptake mechanisms. However, Bacillin
20 further modulated these dynamics in a nutrient-specific manner, suggesting targeted physiological interventions rather
than generalized effects.

The drought-driven rise in leaf N aligns with heightened demand for stress-related proteins [34]. Thuricin 17 enhanced
N assimilation under moderate drought (—0.75MPa), potentially via upregulation of nitrate reductase or ammonium trans-
porters [35]. Under severe stress (-1.5MPa), however, root hydraulic failure likely limited Bacillin 20 efficacies, reflecting
threshold-dependent biostimulant activity.

Elevated P, K, and Ca under drought reflect their roles in energy metabolism, osmotic regulation, and stress signaling
[36,37]. The absence of Bacillin 20 effects on these macronutrients implies that drought-driven physiological adjustments
(e.g., membrane remodeling, solute accumulation) dominate their homeostasis, overshadowing biostimulant-mediated
pathways.

Drought-induced S accumulation supports glutathione synthesis for ROS detoxification [38]. Bacillin 20 amplified S
uptake at 10-"* M under moderate drought, possibly by stimulating sulfate transporter expression or enhancing ATP sulfu-
rylase activity, synergizing with drought-triggered antioxidant demands [39].

Drought stress and Bacillin 20 application significantly altered leaf micronutrient profiles, with magnesium (Mg), zinc
(Zn), iron (Fe), manganese (Mn), and boron (B) exhibiting distinct responses. Notably, drought increased Mg content in
leaves, likely reflecting its indispensable role in sustaining photosynthetic machinery and ribosomal stability under water
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deficit [40]. However, Bacillin 20 had no discernible effect on Mg levels, suggesting that Mg homeostasis is stringently reg-
ulated and resistant to biostimulant-induced perturbations under drought. In contrast, Zn and Mn accumulation displayed
dose-dependent interactions with Bacillin 20. While severe drought typically elevates micronutrient concentrations due
to reduced transpiration-driven dilution [41], the application of Bacillin 20 at 10-° M under severe drought paradoxically
reduced Zn and Mn levels. This could arise from Bacillin 20-induced shifts in root exudate composition, such as altered
organic acid secretion or rhizosphere pH gradients, which limit Zn/Mn bioavailability [42], or enhanced vacuolar seques-
tration in roots to mitigate metal toxicity under extreme stress. Conversely, at optimal doses, Bacillin 20 likely enhances
Zn/Mn uptake by upregulating ZIP (Zn-regulated transporter) and NRAMP (Natural Resistance-Associated Macrophage
Protein) transporters through nitric oxide (NO)-mediated signaling [43], and solubilizing soil-bound Zn/Mn oxides via
H+-ATPase-driven rhizosphere acidification [44]. These findings highlight the context-specific interplay between Bacillin 20
dosage and drought severity in modulating micronutrient dynamics.

Overall, the observed changes in leaf nutrient concentrations suggest that drought stress significantly alters nutrient
dynamics, while Bacillin 20 interacts with these processes in a nutrient-specific manner. Further studies are needed to
explore the mechanisms by which Bacillin 20 influences micronutrient homeostasis under water-deficit conditions.

Conclusions
In conclusion, the findings of this study contribute to our understanding of the intricate responses of soybean plants to
drought stress and Bacillin 20 application. The results highlight the potential of Bacillus-based bio-stimulants as a sustain-
able approach to enhance plant resilience and productivity under water-limited environments. The study demonstrates
that drought stress significantly affects leaf nutrient content, and Bacillin 20 application can modulate these effects,
particularly under moderate drought conditions. The differential responses observed underscore the need for a nuanced
understanding of how biostimulants interact with plant physiological processes under varying environmental stresses.
Given the increasing frequency and intensity of drought events due to climate change, the use of biostimulants such as
Bacillin 20 offers a practical tool for building more climate-resilient cropping systems. Further studies should explore the
underlying mechanisms to optimize the use of biostimulants such as Bacillin 20 for improving plant resilience to drought,
particularly given that the incidence of drought conditions is likely to increase as climate change conditions further
develop.
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