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Abstract

Global climate change accelerates the challenges of agricultural drought spells, which are alarming for food
security and can trigger food scarcity. Therefore, improving soil-water retention capability and crop drought
resilience is becoming more important for sustainable agriculture. This study investigates the individual and
combined effects of biochar and potassium on soil water retention, crop drought resilience, and related physio-
biochemical mechanisms over a 50-day growth period in potted plants. Pine needle biochar (350 g/10 Kg of
soil) was used during the soil preparation stage while potassium sulfate (100 mg/L) was applied as a foliar spray
at the development (10 days) and vegetative stages (45 days) under three drought stress conditions: control
(100% FC), mild (75% FC) and severe (40% FC). The results revealed that the combined application of biochar
and potassium significantly increased morphological, physiological, and biochemical attributes of maize plants
under drought stress, improving shoot fresh weight by 11%, 6%, and 5%, root fresh weight by 19%, 19%, and
23%, shoot length by 17%, 16%, and 19%, and root length by 21%, 30%, and 29% under control, mild, and severe
drought stress conditions, respectively. Similarly, relative water contents (RWC) increased by 12%, 16%, and 20%,
water potential (V) increased by 26%, 22%, and 24%, osmotic potential (Ws) increased by 100%, 59%, and 30%,
and turgor potential (Wp) increased by 28%, 35%, and 51% under combined treatment compared to control,
mild, and severe drought stress. Additionally, biochar application with potassium foliar spray also improved
membrane stability and integrity, cell wall loosening, membrane lipid peroxidation, and protein denaturing by
decreasing electrolytic leakage by 35%, 28%, and 43%, proline by 30%, 27%, and 22%, hydrogen peroxidase by
47%, 45%, and 41%, and malondialdehyde contents by 24%, 20%, and 28% through activation of enzymatic (CAT,
POD, SOD) and non-enzymatic (TSS, AsA, GSH) antioxidants. Furthermore, nutrient uptake was enhanced, with N
increasing by 47%, 19%, and 45%, P by 64%, 82%, and 52%, and K by 24%, 42%, and 35% in shoots compared to
normal, mild, and severe drought stress. These improvements mitigated cell dehydration, reduced transpiration
inefficiency and delayed senescence, and ultimately supporting plant growth under drought stress. In conclusion,
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integrating biochar with potassium application effectively improves soil-water retention, alleviates oxidative stress
and enhances drought tolerance in maize plants. This strategy can play a crucial role in sustainable agriculture by
mitigating the adverse effects of drought stress and improving food security in drought-prone regions.
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Introduction

Crops are facing serious threats due to sudden climate
changes, including unexpected increased temperatures,
irregular rainfall, and uneven precipitation, which inten-
sify drought conditions in semi-arid and arid regions
worldwide [1-3]. Several findings demonstrated the
increasing spell of droughts, with an estimation present-
ing that approximately 30% of the worldwide agricultural
land will face intensive drought by the 2090s, which is
an alarming situation for the global agriculture sector.
These challenges are expected to increase agricultural
water demand by 10% [1, 3]. Drought stress is an extreme
abiotic stress that damages crop growth, survival, and,
ultimately, overall crop yield [4-7], which causes a sig-
nificant risk to global food production, especially con-
sidering predictions demonstrating a massive rise in
world pollution of 1 billion by 2030 and 2.4 billion by
2050 [8]. Additionally, global food demand is projected to
rise by 50-70% by 2050 [1]. Therefore, enhancing plant
resistance to drought is a critical challenge in efforts to
increase plant yield and meet the growing food needs of a
growing world population [9, 10].

Maize (Zea mays L.) is the most crucial staple food
crop worldwide, with an average yield of more than rice
and wheat. It is mostly cultivated in semi-arid regions,
and nowadays, it is also cultivated in arid regions, which
may be important to solve the imminent food scarcity
challenges in areas where drought and increased tem-
perature are prominent issues [11, 12]. Maize has been
reported as vulnerable to drought stress, which trig-
gered a substantial decline in growth and production
[13-15]. Drought stress mainly damages maize metabolic
activities, reduces biomass accumulation, and decreases
photosynthetic rate by limiting chlorophyll contents in
leaves, leading to stunt growth and yield [3]. Additionally,
water stress at the vegetative stage can inhibit the over-
all growth rate, hindered root elongation, alter carbohy-
drate translocation and circulation, extend the vegetative
growth of maize, extremely restrict the leaf surface area,
and inhibit yield [16]. Consequently, a better understand-
ing of drought stress and the role of organic and inor-
ganic nutrients in maize production is essential to the
soil-crop management system.

Several soil-crop management practices play a cru-
cial role in increasing soil upholding capacity against
drought stress and maintaining nutrient levels for ideal
plant growth. In numerous studies, soil amendment with
organic additives like biochar has been reported to be

beneficial in sequestrating carbon from the environment,
increasing water holding capacity, and amending soil
health and quality by enhancing cation exchange capac-
ity, organic matter level, and soil fertility by stimulating
microbial activities and nutrient retention in soil [4, 11,
16, 17]. Biochar, mainly produced from the decomposi-
tion of organic biowaste at relatively high temperatures
(400-700 C), has appeared as an effective soil supple-
ment for improving crop resistance against drought
stress [1]. Because of its high porosity, surface area, and
capability to enhance soil-water retention and nutrient
accessibility, biochar has been revealed to improve plant
growth and development, water-holding and -use capac-
ity, and stress resilience in several crops [18].

Additionally, potassium (K), being a significant min-
eral nutrient for plant development and growth, plays an
important role in numerous physio-chemical and meta-
bolic processes like stomatal regulation, cell elongation,
enzymatic and non-enzymatic activities, and osmoregu-
lation [19]. K* application in crops grown under drought
settings boosts crop resilience to water deficit conditions
and improves crop overall growth, dry biomass accumu-
lation, and average yield [1, 19, 20]. K" is also crucial to
maintaining plant-water interactions through managing
ionic equilibrium within cells and accelerating enzymes
that participate in several metabolic and biochemical
reactions and nutrient uptake, particularly in the absorp-
tion and distribution of nitrates from roots to vegeta-
tive plant parts [20]. Additionally, potassium is crucial
in maintaining crop-water interactions by maintaining
ionic balances within cells and trig enzymatic and non-
enzymatic to catalyze several metabolic mechanisms
and nutrient uptake, particularly the nitrates transloca-
tion from roots to the upper parts of plants [21]. Plants
facing water deficit conditions need K* to regulate CO2
fixation for photosynthesis, protect chlorophyll from
reactive oxygen species, maintain stomatal functioning
and water relations, and diminish translated damages in
carbohydrate metabolisms [22]. Consequently, regulating
optimum K* levels is essential for creating drought stress
tolerance and enhancing crop normal growth under sev-
eral drought levels.

Recent findings highlight the beneficial effects of potas-
sium and biochar on accelerating drought tolerance in
several food crops. For instance, Ali [23] demonstrated
that K™ application alleviated water deficit effects on
wheat plants, maintaining crop yield, quality, and other
physio-biochemical features. A recent study by Ahmad
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[24] reported that K* application in Triticum aestivum
alleviates water deficit conditions by improving leaf sur-
face area, photosynthesis, dry biomass, and overall plant
growth by improving antioxidant enzyme activities and
metabolic processes, which resulted in improvement in
stomatal conductance by 38% and photosynthetic rate
by 13%, respectively. However, most literature mainly
emphasizes the individual application of K* or biochar
to mitigate water-deficit stress, leaving a lack of stud-
ies revealing their co-application effects on improving
physiological, biochemical, and morphological defense
mechanisms for improving crop yield under water-deficit
conditions. Similar results were reported by Chowdhury
[1]. Besides, most studies focus on wheat crops to exam-
ine the individual and combined effects of K* and bio-
char, while maize crops have not been studied yet. Thus,
it would be imperative to reveal the combined effects of
biochar and K* on physiological, biochemical, and mor-
phological processes on maize grown under different
levels of drought stress. However, limited research has
been done to investigate the synergistic impacts of the
combined application of K* and biochar on maize under
different levels of drought, despite its potential benefits
in enhancing maize yield, productivity and drought resil-
ience. Given the importance of maize as a fodder crop,
this study aimed to investigate the synergistic effects of
the combined application of biochar as a soil biological
amendment together with the foliar application of K*. We
hypothesized that this combined application would sub-
stantially alleviate drought stress, thus improving maize
productivity. This study is crucial for advancing sustain-
able agriculture through strengthening crop resistance
to different levels of drought stress, addressing a critical
research gap in crop stress agronomy and physiology.

Methodology

Study area and experimental layout

A pot study was conducted in a warehouse at the Depart-
ment of soil and Environmental Science, University of
Agriculture, Faisalabad, Pakistan, and biochar charac-
teristics and biochemical analysis were performed at the
College of Chemical and Environmental Engineering,
Shenzhen University, Shenzhen, China, from August -
October 2023. The experiment was designed to study the
biochar and K- induced tolerance against different levels
of drought stress in maize cultivars (EV-1089). Figure 1
demonstrates the overall experimental layout. The maize
(Zea mays L.) cultivar EV-1089 seeds were obtained
from the Maize and Millet Research Institute (MMRI),
Yusafwala, Sahiwal, Pakistan. Before being used in the
study, these seeds were certified for purity and viability.
We used EV-1089 for our experiment due to its high pro-
ductivity, yield, and resistance to harsh environmental
conditions. Seeds were sowed in 36 polyethylene-lined
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plastic pots filled with 10 kg of air-dried, sieved,
grounded, and well-mixed soil collected from the College
of Soil and Environmental Sciences, University of Agri-
culture, Pakistan. The plant materials, including leaves,
stems, and roots, were collected after 25 and 50 days of
experiment from maize plants grown under controlled
experimental conditions at the Research Farm of Soil and
Environmental Sciences, Agriculture University Faisala-
bad. The plants were cultivated following standard agro-
nomic practices, ensuring uniform growth conditions
to minimize variability in the experimental results. All
plant samples were carefully harvested at the designated
growth stage, properly labeled, and stored under appro-
priate conditions before further analysis.

Soil chemical and physical properties were performed
before starting the experiment, as demonstrated in
Table 1. Seeds sowing was performed in mid-August
using 10 seeds per pot, maintaining an appropriate dis-
tance. Before seed sowing, a recommended number
of fertilizers were applied. In each pot, basal uniform
rates of N, P, and K fertilizers were added respectively
@ 120, 90, and 60 mg kg soil as urea [(NH,),CO], DAP
[(NS,),HPO,] and potassium sulfate (K,SO,).

Preparation of pine needle biochar

Dried pine needles were collected, cleaned to remove
debris, and air-dried for 5-7 days to reduce mois-
ture content. The dried needles were then placed in a
stainless-steel crucible and subjected to pyrolysis in a
muffle furnace at 500 °C for 2 h under limited oxygen
conditions, with a heating rate of 10 °C per minute. After
pyrolysis, the biochar was allowed to cool in an inert
atmosphere before being ground into a fine powder and
sieved to a uniform particle size. The resulting biochar
was characterized for pH and cation exchange capacity
(CEC), elemental composition, and surface morphol-
ogy and porosity to assess its suitability for environ-
mental applications, as demonstrated in Table 2. The
biochar preparation and characterization process was
performed in the College of Chemical and Environmen-
tal Engineering, Shenzhen University, Shenzhen, China.
We measured biochar surface area and porosity through
the BET (Brunauer-Emmett-Teller) strategy, revealing a
high porosity that improves biochar’s water retention and
nutrient absorption. Additionally, the elemental compo-
sition of biochar (C, N, P) was measured using ICP-OES
(Inductively Coupled Plasma Optical Emission Spectros-
copy), emphasizing its role in soil nutrient enrichment.
Moreover, biochar stability and decomposition were ana-
lyzed using thermogravimetric analysis (TGA) to exam-
ine the biochar’s thermal stability and carbon persistence.
Finally, CEC was measured through a CEC portable
meter to assess its role in nutrient retention and slow-
release capability under water deficit conditions. pH was
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Table 1 Physio-chemical characteristics of experimental soil Table 2 Physio-chemical properties of pine needle Biochar
Soil properties Value Biochar parameters Units Value
Textural Class Sandy loam pH - 7.1
Soil pH 78+039 EC @dSm™ 233
Soil EC (dS m™") 13424121 Volatile matter % 66.39
Bulk density (g cm™?) 147+0.21 Ash contents % 6.19
Particle density (g cm™3) 265+067 Fixed carbon % 5372
Organic matter (%) 091+0.11 CEC mmol l<g’1 15.9
Total nitrogen (%) 0.07+0.003 Total nitrogen % 034
Available phosphorous (1 g/g soil) 27.66+3.54 Total phosphorous % 0.52

Available potassium (meg/100 g soil) 0.21£0.02 Total potassium % 141
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measured through a pH meter, and biochar had an alka-
line pH, which might neutralize soil acidity and enhance
nutrient availability. The prepared biochar was stored in
an airtight container for further experimental use.

Experimental layout and treatment

A total of 12 treatments were used under a complete
randomized design (CRD) with three replications in a
two-factor experimental design. We used three levels
of drought (Dy: 100% FC, D;: 75% FC, and D,: 40% FC)
with two levels of K™ (0 and 100 mg/L) and two levels of
biochar (0 and 350 g/10 Kg of soil). In our experiments,
the plants belonging to D, were irrigated regularly to a
maximum amount of soil field capacity and experienced
no water stress, and these plants served as control condi-
tions in drought stress. The plants grown under D, expe-
rienced moderate water stress, and they were irrigated at
75% of soil field capacity, and soil moisture was available
at 75%. The plants grown under D, experienced severe
drought stress, where only 40% of the optimal soil mois-
ture is available. Soil amendments (biochar) and foliar
application (potassium; K) were applied as follows: con-
trol (T,: no biochar and K*), biochar (T;: 350 g/ 10Kg of
soil), potassium (T,: 100 mg/L), biochar and potassium
in combination (T5: 350 g/10 Kg of soil + 100 mg/L). In
this experiment, to improve the accuracy of the physio-
logical and biochemical examination, we applied an opti-
mized amount of biochar as suggested by Zulfiqar [25]
and applied foliar application of K* by the recommenda-
tions of Abdallah [26] for the whole experimental treat-
ment. Additionally, we applied the biochar in soil and
mixed it thoroughly during the precipitation stage, while
K" in the form of K,SO, was sprayed as per the designed
treatment on plants during each level of drought at each
of the growing stages. To enhance the adhesion of K* to
the leaves of maize, 0.1% Silwet® Gold was used as per the
suggestions of Chowdhury [1] as a wetting or surfactant
agent. The K* was sprayed in the evening at low temper-
atures to avoid fast evaporation of the sprayed solution
as per the recommendations of Henningsen [27]. Before
spraying K, the pots were completely enclosed in plastic
files and tissue papers to avoid the contamination of soil
as an absorbent. Physiological characteristics of biochar
were measured and represented in Table 2.

Morphological attributes

Out of ten plants, six maize plants were uprooted and
incorporated into the soil of the same pot, and only four
plants were maintained for further study. After 25 days of
growth, two plants were harvested out of four, while the
remaining two plants were maintained till the end of the
experiment. Plant samples were carefully washed with
double distilled water and blotted dry with tissue paper
to measure physiological and growth-related parameters.
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Plant fresh weight was measured with digital weight bal-
ance; plant height was measured with measuring tape;
leaves numbers and number of tillers were counted
manually. The harvest plants were separated into root
and shoot samples to measure root and shoot fresh and
dry weight and root and shoot length. Finally, the plant
samples were taken in the lab, placed in a drier, and air-
dried at 65 °C to constant weight and measured the dried
weight with digital weight balance. The air-dried samples
were grounded and preserved in polythene bags for fur-
ther investigation. The second harvesting was done after
50 days of germination, and two plants per treatment
were harvested and preserved in plastic bags for physi-
ological, biochemical, and morphological investigations.

Physiological parameters

Leaf relative water contents (%)

Relative leaf water contents (%) of maize plants were
measured by the suggested method of Barrs [28]. For
this purpose, three leaf laminas were collected from four
plants of each treatment after 50 days of germination, and
fresh weight (FW) was measured immediately by digital
weight balance. The detached leaf samples were soaked
in double distilled water overnight and removed from the
water after 24 h; excessive water was removed by blotting
tissue paper and measured turgid weight (TW). After
that, leaves were incubated in an electronic oven at 80 °C
for 48 h until constant weight and dry weight (DW) were
recorded. RWC was examined by using the equation rec-
ommended by Barrs [28] and expressed in percentage as
follows:

FW — DW

BWC (%) = Tw—bw *

100 (1)

Assessment of water potential, osmotic potential, and turgid
pressure

Water potentials in drought-stressed maize plants were
assessed using Boyer’s isopiestic strategy [29]. This
assessment was instantly followed by assessing osmotic
potential in the same leaf tissues using the same strategy
after freezing the tissue on solid CO, and thawing. Leaf
turgid pressure as assessed by subtraction of osmotic
potential from water potential. Finally, no association
was made for dilution of the protoplast mixture by water
swallowed in the cell wall as the cell wall fixed volume
was 2.8—7.6% of the total cell volume in the fresh leaf tis-
sue. The cell wall matrix potential was neglected during
the measurement of water potential, osmotic potential,
and turgid pressure.

Assessment of electrolytic leakage (%)
Electrolytic leakage (EL) was accessed using Lutts’
method [30]. Shortly, 1 g of fresh leaves of each treatment
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replica was washed in double distilled water and then
sliced into very slight parts through a cylindrical bowl
with a steel bottom of 1 cm diameter and transferred in
test tubes already composed of 20 ml of double deion-
ized water. After that, the plants-occupied test tube was
incubated for one day at 25 °C, and first EC1 was mea-
sured using an electrical conductivity meter (HI-993,310,
Hanna, USA). The test tubes were again incubated to
measure the second EC2 at 120 °C for half an hour in the
water bath. Lastly, the EL was measured by using the sub-
sequent equation:

EC1
Electrical conductivity (%) = B3 X 100 (2)

Assessment of hydrogen peroxide

Hydrogen peroxide (H,0,) contents were measured from
fresh leaf samples using the Velikova method [31]. For
this purpose, 0.5 g of fresh leaf samples from each treat-
ment replicate were homogenized with 5 ml of 0.1% tri-
chloroacetic acid (TCA) in an ice bath for half an hour.
The mixture was centrifuged at 12,000 rpm for 20 min at
4 °C to collect the clear supernatant. Then, 1 ml of super-
natant was thoroughly miscellaneous with 1 ml potas-
sium iodide (KI) and 0.1 M potassium phosphate buffer
with pH 7.8. The solution was vortexed and then incu-
bated in an incubator for one hour. The absorption of the
solution was accessed at 390 nm through a spectropho-
tometer (UV-500). The H,O, contents were measured
by using a standard curve, and results were expressed in
umol g! fresh weight.

Assessment of malondialdehyde (MDA) contents

MDA contents were assessed using the Heath strategy
[32]. Initially, 0.5 g of fresh leaf samples from each treat-
ment replicate were homogenized with 3 ml of 5% (w/v)
trichloroacetic acid (TCA). The supernatant was col-
lected from a homogenized solution after 11,500 rpm
centrifugation for 15 min. Then 2 ml of supernatant was
thoroughly mixed with 4 ml thiobarbituric acid (TBA)
and placed in the water bath for 30 min at 100 °C and
cooled down at room temperature, then again centri-
fuged at 11,500 rpm for 10 min at 4 °C. Finally, the optical
density was recorded at 532 nm wavelength and adjusted
for non-specific optical density at 600 nm. MDA contents
were measured using the extinct factor of 155 mM* cm™!
and articulated the readings in nmolg ™ FW.

Assessment of proline

Proline is considered a stress-responsive protein and
is mainly determined as a catalog of stress in plants. In
our study, proline contents were measured after 50 days
of germination of maize seedlings from fully expanded
uppermost leaves, as suggested by Bates [33]. For this
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purpose, fresh leaves were homogenized in 5 ml of sul-
fosalicylic acid using a mortar pestle and ice to lower
the temperature. The supernatant was separated after
12,000 rpm centrifugation for 15 min; after that, 2 ml
of supernatant was mixed with 2 ml glacial acetate and
2 ml of acid ninhydrin solution. The resulting solution
was incubated in a water bath for 1 h at 100 °C, and 4 ml
of toluene was added at room temperature. The mixture
was vortexed carefully to extract the chromophore. The
supernatant of the mixture was transferred into the test
tube, and optical density was accessed at 520 nm wave-
length through an ultraviolet spectrophotometer. Finally,
proline concentration was measured by drawing the
value against the standard-curve from identified proline
levels (10, 20, 30, 40, 50, 60, and 70 ppm).

Assessment of enzymatic and nonenzymatic antioxidants
Fresh leaf samples (0.2 g) of maize plants were homoge-
nized in phosphate buffer (5 ml) of 50 mM concentration
along with neural pH comprising polyvinylpolypyrrol-
idone (1%) and EDTA (1 mM) to abstract protein. The
homogenized samples were passed through the pro-
cess of centrifugation at 10,000 rpm for 20 min at 4 °C.
The transparent supernatant was separated into newly
arranged test tubes to examine the subsequent antioxi-
dant enzymes. Bradford [34] method was used to extract
and measure protein contents through bovine serum
albumin standard with some modifications.

Superoxidase (SOD) activity in the shoot of maize
plants was assessed by the method of Beauchamp [35],
where 1 SOD unit=50% reduced amount of SOD in
NBT. The assessment of guaiacol oxidation (e=26.6
mM-1 cm-1) at the wavelength of 470 nm by H,O, indi-
cated the activity of POD in fresh leaves of maize plants.
Although CAT contents are based on the consumption of
H,0, at the wavelength of 240 nm (e=39.4 mM™" cm™) as
reported in earlier studies [51].

Ascorbic acid (AsA) concentration was measured by
the reduction method of Mukherjee [36], where AsA
was reduced in ferric into ferrous ions. In this procedure,
initially, fully expended leaves were mashed up in liquid
nitrogen (N,), and the mixture was homogenized with
6% (w/v) trichloroacetic acid, 2% (w/v) dinitrophenyl-
hydrazine mixed with H,SO, (50%), and 10% thiourea in
ethanol (70% concentration). The homogenized mixture
was attained and put in a water container for 20 min.
The mixture was cooled at room temperature and passed
through centrifugation (1000xg) for 10 min at 4 °C. The
transparent supernatant was transferred to another
test tube and was mixed thoroughly with H,SO, (80%).
Finally, the light optical density was measured at 530 nm
wavelength by spectrophotometer (TU-1810). The stan-
dard curve was obtained by pure AsA solution, and read-
ings were articulated in yumol g ' FW.
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Additionally, glutathione (GSH) absorbance was mea-
sured by the Griffith [37] method, where the fresh leaves
were homogenized with 5,5-dithiobis-2-nitrobenzoic
acid (DTNB) with neutral pH of sulfhydryl groups. This
homogenized mixture was then mixed with 3 ml of 4%
sulfosalicylic acid and centrifuged at 1000xg for 15 min.
Lately, 500 pL transparent supernatant was mixed with
Ellman’s reagent. Lastly, the optical density of the mixture
was measured at 412 nm wavelength by using a spec-
trophotometer (TU-1810), and GSH concentration was
articulated in pmol g ! FW.

Total soluble sugar (TSS) concentration was assessed
by the method of Irigoyen [38], where 0.2 g air-dried
leaf samples were homogenized with 5 ml ethyl alcohol
(96%: v/v) and then cleaned with 5 ml of ethyl alcohol
(70%: v/v). The extract was passed through centrifuga-
tion (3500xg) for 10 min by centrifuge (TGL-18 M). The
transparent supernatant was cooled at 4 C and mixed
with 3 ml of anthrone reagent ([150 mg of anthrone
added with 100 ml of H,SO,; 72% v/v]) and was heated
in a water bath (HWS-28) at 100 °C for 15 min. The
mixture was cooled down at room temperature, and the
optical density of the mixture was measured at 625 nm
wavelength.

Photosynthetic parameters

Assessment of chlorophyll A, B, and carotenoid contents
Chlorophyll pigments (Chla, Chlb, and total chlorophyll)
in maize plants were measured by the method of Arnon
[39] and modified according to the laboratory setting by
the protocol of Rahman [40]. Briefly, 0.2 g of fresh leaves
were collected from each treatment replica and placed in
colorimetric glass test tubes with 5 ml 80% acetone solu-
tion and incubated overnight in dark conditions to deter-
mine chlorophyll contents. The colorimetric tubes were
centrifuged at 11,500 rpm at 4 °C, and the supernatant
was separated. The optical density of the supernatant was
assessed at 663 nm, 470 nm, and 645 nm wavelengths
using a spectrophotometer (UV-5000) to measure Chl a,
carotenoids, and Chl b, correspondingly. The subsequent
equations were applied to determine the Chl a and Chl b
concentrations:

Chlorophyll a (mg/g)=12.7(0D663)- -2.69(0OD645)
V/1000(W).
Chlorophyll b(mg/g)=22.9(0D645)- -4.68(0D663)
V/1000(W).

Here, V stands for final volume, OD stands for wave-
length, and W stands for fresh leaf weight.

Finally, total chlorophyll was assessed by totaling the
concentrations of Chla and Chlb, which was assessed by
the subsequent equation:
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Total Chlorophyll (mg/g)=Chl a + Chl b.

Assessment of gaseous parameters (photosynthetic rate,
stomatal conductance, and transpiration rate)

Gaseous parameters were measured by using the strat-
egy to assess the rate of CO, uptake and release of water
vapor (transpiration) through maize leaves. For this pur-
pose, we used the portable gas exchange instrument COR
LI-6400. The fresh leaves were enclosed in the chamber
where CO, concentration and transpiration rate were
calculated. This instrument works on the principle of
photosynthesis and lowers CO, in the leaf chamber as
plants fix it into carbohydrates. Using this gas exchange
instrument, we measured the Net photosynthetic rate
(A), transpiration rate (SD), stomatal conductance (gs),
and intracellular CO, concentration.

Statistical analysis

The data was analyzed statistically using several R pack-
ages (version 4.2.1). All recorded data was observed in
two-way ANOVA followed by mean comparison sub-
sequent to Tukey’s HSD (honestly significant differ-
ence) test using the “Agricolae” statistical bundle. Mean
values of the data were articulated as mean+SD with
significant alphabet values and are visualized in a bar
graph using the “ggplot2” statistical package. The Tukey
pairwise comparison tests were done with a 95% confi-
dence interval and 5% statistically significant level. This
post-hoc analysis allowed a detailed examination of spe-
cific differences between various treatments and drought
levels while maintaining high confidence. Pearson cor-
relation in subjected variables was assessed by using the
“corrplot” bundle in R. To recognize the most influenc-
ing and contributing variables and the interaction among
them, we used principal component analysis (PCA)
using “FactoMineR” and “factoextra” statistical pack-
ages. For further assessment of association among the
subject parameters at different drought levels, biochar,
and potassium treatment, a heatmap was made using the
“heatmaply” statistical bundle.

Results

Synergistic effects on morphological parameters

In the present study, we evaluated the individual as
well as synergistic effects of two levels of potassium (0
and 100 mg/L) and biochar (0 and 350 g/10 Kg of soil)
on morphological parameters like root and shoot fresh
and dry weights, root and shoot length of maize plants
grown under different levels of drought stress, as veri-
fied in Table 3. Results demonstrated that morphologi-
cal parameters were negatively affected by increasing
drought stress. For instance, shoot weight was decreased
by 11% and 38.3% in mild (75 FC) and severe (40 FC)
water stress as compared to control (no water stress with
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Table 3 The effects of treatment on morphological parameters of maize crop under three levels of drought stress. The different letters
along means represents significant variations among treatments at p < 0.05 as determined by Tukey test and 95% confidence interval

Drought Treatment SFW (g) SDW(g) RFW (g) RDW (g) SL (cm) RL (cm)

DO To 81.54+6.34° 39.51+2.87¢4 30.18+2.44¢ 11624101 99.15+5.079 14.35+1.20¢
T, 85.89+541P 4593+2.29° 3306+3.01° 13.08+0.87° 104.73+6.54¢ 1637+1.19°
T, 83.11+6.23%¢ 42.68+243¢ 31.80+2.60P 12214067 109.96+801° 15.05+1.09¢
T, 90.31+7.822 482243012 359742312 14.55+1432 115.90+5.832 17414158

D1 To 7317 +435¢ 29.55+2.889 2236+ 189 7.71+1.07f 79.12+456" 11.33+1.37°F
T, 75.82+3.879 35.58+2.67° 24414202° 9.05+0.77¢ 82.11+3.829 1329+ 1424
T, 74.58+401° 33.34+198f 23424135 851+091¢ 88.04+6.01° 1203+1.77¢
T, 77.98+5334 3831+1544 26.76+1784 11.09+0459 92.09+2.89° 1477 +0.99

D2 To 58.95+3.09' 19474119 17914089 463+022! 66.70+3.50 842+1019
T, 66.51+2.879 23.06+2.01" 19.70+1.329 570+042" 743644011 9.11+0.53%
T, 63.25+3.76" 216641570 18.16+145" 492+0.19 74.85+4.27 873+1.289
T, 69.85+481f 2807 +1.829 2203+2.21f 6.99+0.629 79.35+387% 1088+1.71f

V% 594 6.68 479 7.07 6.19 583

no K and biochar). Similarly, root fresh weight decreased
by 35% and 68% in mild and severe water stress compared
to control. Contrasting to this, soil amendments were
applied individually and in combination (K" + biochar),
and the deleterious effects of mild and severe water stress
were significantly encountered. For instance, K-foliar
sprays increased shoot fresh weight by 2%, 2%, and 7%,
root fresh weight by 5%, 4%, and 1%, shoot length by 10%,
11%, and 10%, and root length by 8%, 6%, 4% as com-
pared to plants under no, mild, and severe water stress.
Similarly, biochar application increased shoot fresh
weight by 5%, 4%, and 13%, root fresh weight by 9%, 9%,
and 10%, shoot length by 6%, 4%, and 11%, root length
by 14%, 17%, and 8%, as compared to plants under no,
mild, and severe water stress. In individuals, biochar soil
application, compared to K-foliar spray, performed well
against no mild or severe water stress. Additionally, our
findings emphasized that the combined application of
soil amendments (K-foliar spray and biochar soil applica-
tion) showed more promising results against both mild
and severe water stress. For instance, K+ biochar appli-
cation increased shoot fresh weight by 10.8%, 6%, and
5%, root fresh weight by 19%, 19%, and 23%, shoot length
by 17%, 16%, and 19%, and root length by 21%, 30%, and
29%, as compared to plants under no, mild, and severe
water stress, respectively (Table 3). A similar trend was
recorded in root and shoot dry weight.

Synergistic effects on gaseous parameters

We evaluated the individual as well as synergistic effects
of potassium (100 mg/L) and biochar (350 g/10Kg of
soil) on gaseous parameters like chlorophyll a, b, total
chlorophyll, carotenoids, stomatal conductance, pho-
tosynthetic rate, and transpiration level of maize plants
grown under different levels of water stress, as demon-
strated in Figs. 2 and 3. Our findings demonstrated that
mild (75FC) and severe (40FC) water stress significantly

decreased all measured gaseous parameters as compared
to optimal moisture contents (100FC). For instance, a
substantial decline of 25% and 71% in Chla contents, 59%
and 117% in Chlb contents, 34% and 82% in total Chl
contents, 35% and 118% in carotenoids contents, 38% and
149% in photosynthetic rate, 50% and 107% in transpira-
tion rate and 32% and 76% in stomatal conductance was
reported in plants grown under mild and severe water
stress, respectively as compared to plants grown under
optimal moisture level. Contrasting to this, the applica-
tion of amendments like biochar soil application and K
foliar application individually and in combination were
reported beneficial in demolishing the deleterious effects
of both levels of drought stress. K foliar application in
individuals increased all gaseous parameters under all
levels of water stress. K individual application increased
Chla contents by 2%, 7%, and 9%, Chlb contents by 8%,
13%, and 5%, total Chl contents by 3%, 8%, and 8%, carot-
enoids contents by 10%, 19%, and 39%, photosynthetic
rate by 13%, 10%, and 25%, stomatal conductance by 14%,
8%, and 11%, and transpiration rate by 24%, 23%, and
25%, as compared to plants grown under no, mild and
severe water stress conditions. Similarly, biochar individ-
ual application increased Chla contents by 6%, 14%, and
17%, Chlb contents by 20%, 26%, and 23%, total Chl con-
tents by 10%, 17%, and 19%, carotenoids contents by 8%,
14%, and 20%, photosynthetic rate by 20%, 15%, and 45%,
stomatal conductance by 19%, 16%, and 21%, and transpi-
ration rate by 10%, 12%, and 12%, as compared to plants
grown under no, mild, and severe water stresses. Our
findings emphasized that biochar individual application
was more effective in alleviating mild and severe water
stress than K foliar application (Figs. 1 and 2). Addition-
ally, biochar + K combined application gave more promis-
ing results in further accelerating gaseous paraments of
maize plants under mild and severe water deficit condi-
tions. For instance, biochar+K combined application
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Fig. 2 Individual as well as the combined effect of biochar and potassium (T0: control, T1: 350 g biochar/10 Kg of soil, T2: 100 mg/L K,5S0,, and T3: 350 g
biochar /10 Kg of soil+100 mg/L K,SO,) on chlorophyll a, b, total chlorophyll, and carotenoids of maize crops under different levels of drought stresses
(DO: control, D1: mild, and D2: severe). The different letters above bars represents significant variations among treatments at p <0.05 as determined by

Tukey test and 95% confidence interval

increased Chla contents by 13%, 20%, and 25%, Chlb
contents by 29%, 40, and 54%, total Chl contents by 18%,
25%, ad 32%, carotenoids contents by 22%, 28%, and 83%,
photosynthetic rate by 27%, 27%, and 68%, stomatal con-
ductance by 42%, 47%, and 35%, and transpiration rate by
37%, 42%, and 60%, as compared to plants grown under
mild and severe water stresses.

Synergistic effects on physiological parameters

Synergistic and individual effects of potassium
(100 mg/L) and biochar (350 g/10 Kg of soil) on physi-
ological parameters like relative water contents (RWC),
water potential (¥), osmotic potential (¥s), and turgor
potential (Wp) in maize plants grown under different
levels of water stress, as demonstrated in Figs. 1 and 2;
Table 4. Additionally, synergistic and individual effects
of K and biochar were also recorded on reactive oxygen
species (ROS) like electrolytic leakage (EL), hydrogen
peroxide (H,0,) contents, proline contents, and malond-
ialdehyde (MDA) contents. The results showed that water
stress significantly affects physiological parameters and
ROS. For instance, under mild and severe water stress,
RWC was decreased by 27% and 49%, ¥ was increased by
53% and 58%, ¥s was increased by 71% and 82%, and ¥p
was decreased by 49% and 141%, as compared to plants

grown in optimum moisture contents (1L00FC). Similarly,
under mild and severe water stress, oxidizing agents were
increased significantly, which endorsed stressful condi-
tions in plant physiological functions. For instance, under
mild and severe water stress, electrolytic leakage contents
were increased by 31% and 26%, proline contents were
increased by 42% and 26%, MDA contents were increased
by 64% and 47%, and H,O, contents were increased by
37% and 27%, respectively, as compared to plants grown
under optimum moisture contents. Contrasting to this,
the application of amendments individually as well as in
combination significantly improved plant physiological
parameters by decreasing reactive oxygen species con-
tents. For instance, K foliar spray against water-stressed
plants increased RWC by 12%, 7%, and 7%, ¥ by 25%,
9%, and 11%, Ws by 100%, 12%, and 14%, and ¥p by 28%,
20%, and 32%, and decreased ROS like EL by 36%, 21%,
and 12%, H,O, by 47%, 28%, and 27%, MDA by 34%, 16%,
and 23%, and proline by 30%, 13%, and 10%, respectively
as compared to plants grown under optimum, mild, and
severe water stress. Similarly, biochar individual applica-
tion on water-stress plants significantly improves plant
physiological parameters by alleviating ROS contents,
and their results were more significant than those of K
individual application. For instance, biochar application
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Fig. 3 Individual as well as the combined effect of biochar and potassium (T0: control, T1: 350 g biochar /10 Kg of soil, T2: 100 mg/L K,SO,, and T3: 350 g
biochar/10 Kg of soil+ 100 mg/L K,SO,) on photosynthetic rate, stomatal conductance, and transpiration rate of maize crops under different levels of
drought stresses (DO: control, D1: mild, and D2: severe). The different letters above bars represents significant variations among treatments at p <0.05 as

determined by Tukey test and 95% confidence interval

Table 4 The effects of treatments on biochemical parameters of maize crop under three levels of drought stress. The different letters
along means represents significant variations among treatments at p < 0.05 as determined by Tukey test and 95% confidence interval

Drought Treatment TSS Proline SOD POD CAT AsA Protein GSH
(mgg™'DW) (umolg’ (unitmg™' (unitmg™"  (unitmg™" (umolg™' (mgg 'FW) (umolg’
FW) protein) protein) protein) DW) DW)
DO T, 30624051 064+004"  97.74+356 358+009"  7.38+005"  154+007° 2387+0.19%  0.73+0.02¢
T, 352440330 058+008  11321+675"  416+0.13% 861+0120 171+005" 2490+023% 076+001°
T, 340040720 0614006 10584+9.11 3914011  813+015% 163+006" 2668+0.11* 084+003°
T, 3804+046"  045+003  12671+4329 45240079 970+009% 1.82+0099 28.14+031°  0.90+0.042
D1 T, 409040809  1.11+009°  14320+582F  657+022F  951+007%F 190+0039 1426+026' 054+0029
T, 4618+091F  090+002¢ 1611947439 74640319 1143+017¢ 255+006%F 1541+035F  059+0.02f
T, 44224049 0974006  15637+289% 697+0.18%F 1093+013% 244+004" 1806+051° 067+003°
T, 51.08+022°  081+003%  17622+198  799+0.15¢ 1417+010° 286+0079 2089+022¢ 0.74+0.06°
D2 T, 5470+074%  087+008%  15825+356% 75540089 11.77+0119 264+003° 821+009 0314001
T, 6225+039°  073+011F  183.86+3.09° 891+017° 1644+009° 325+006° 901+0167  044+002
T, 577440565  079+003%  18061+288" 849+020° 1562+0.12° 3.12+0.10° 1073x021M 051+002f
T, 65.89+087%  068+0069  19407+385% 973+0.13% 1874+0.18" 351+008% 1267+0079" 058+003"
CV% 344 409 287 501 382 291 6.09 452

in water stress plants increased RWC by 7%, 13%, and
11%, ¥ by 0.7%, 1%, and 2%, ¥s by 42%, 24%, and 17%,
and ¥p by 13%, 10%, and 17%, and decreased ROS like
EL by 10%, 14%, and 20%, H,O, by 6%, 24%, and 20%,
MDA by 14%, 8%, and 9%, and proline by 9%, 19%, and
16%, respectively as compared to plants grown under

optimum, mild, and severe water stress. Our results
showed that the co-application of K and biochar against
different levels of water stress showed a more promis-
ing effect on improving plant physiological effects and
alleviating ROS than individual application of K and bio-
char (Figs. 3 and 4; Table 4). For instance, K* + biochar
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Fig. 4 Individual as well as the combined effect of biochar and potassium (T0: control, T1: 350 g biochar/10 Kg of soil, T2: 100 mg/L K,SO,, and T3: 350 g
biochar /10 Kg of soil + 100 mg/L K,SO,) on relative water content, water potential, osmotic potential, and turgor potential of maize crops under different
levels of drought stresses. The different letters above bars represents significant variations among treatments at p < 0.05 as determined by Tukey test and

95% confidence interval

application in water-stressed plants increased RWC
by 12%, 16%, and 20%, ¥ by 26%, 22%, and 24%, ¥s by
200%, 59%, and 29%, and ¥p by 28%, 35%, and 51%, and
decreased ROS like EL by 48%, 69%, and 64%, H,O, by
47%, 45%, and 41%, MDA by 33%, 21%, and 28%, and pro-
line by 30%, 27%, and 22%, correspondingly as parallel
to plants grown under optimum, mild, and severe water
stress.

Synergistic effects on enzymatic and non-enzymatic
antioxidants

Potassium (100 mg/L) and biochar (350 g/10Kg of soil)
as individual or in combination imposed significant
effects on enzymatic (Catalase; CAT, Superoxide Dis-
mutase: SOD, and Peroxidase: POD) and non-enzymatic
(total soluble sugar: TSS, Ascorbic Acid: ASA, Gluta-
thione: GSH, and protein) in maize plants grown under
moderate, mild, and severe water stress, as verified in
Table 4. Our results demonstrated that mild and severe
water stress compared to optimum water contents sig-
nificantly enhances enzymatic and non-enzymatic anti-
oxidants, which were further boosted by individual
application of K and biochar and attained the peak val-
ues under the combined application of K and biochar. For
instance, mild and severe water stress up-regulated both

enzymatic and non-enzymatic antioxidants like CAT
contents by 22% and 37%, SOD contents by 32% and 38%,
POD contents by 45% and 52%, TSS contents by 25% and
44%, ASA contents by 19% and 41%, GSH contents by
35% and 135%, and protein contents by 67% and 190%,
respectively, as compared to plants grown under mod-
erate water contents. K foliar application in individual
to moderate, mild, and severe water-stressed plants fur-
ther increased CAT contents by 31%, 15%, and 33%, SOD
contents by 27%, 9%, 14%, POD contents by 26%, 6%, and
12%, TSS contents by 24%, 8%, and 6%, ASA contents by
18%, 29%, and 18%, GSH contents by 22%, 23%, and 62%,
and protein contents by 18%, 27%, and 31%, correspond-
ingly as compared to plants under alone moderate, mild
and severe water stress. Similarly, biochar alone applica-
tion also increased CAT contents by 17%, 20%, and 39%,
SOD contents by 16%, 12%, and 16%, POD contents by
16%, 13%, and 18%, TSS contents by 15%, 13%, and 14%,
ASA contents by 10%, 34%, and 23%, GSH contents by
5%, 10%, and 42%, and protein contents by 4%, 8%, and
10%, as compared to plants under alone moderate, mild,
and severe water stress. Biochar individual application
was more effective than K* individual foliar spray in alle-
viating water stress. Additionally, K* + biochar combined
application further up-regulated CAT by 31%, 49%, and
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59%, SOD by 30%, 23%, and 22%, POD by 26%, 21%, and
29%, TSS by 24%, 25%, and 20%, ASA by 18%, 50%, and
33%, GSH by 22%, 36%, and 87%, and protein by 18%,
46%, and 54%, as parallel to plants under alone moderate,
mild, and severe water stress. Maximum upregulation in
enzymatic and non-enzymatic antioxidants was recorded
in combined applications, compared to individual appli-
cations of K and biochar (Table 4).

Synergistic effects on shoot macronutrients

Potassium (100 mg/L) and biochar (350 g/10 Kg of soil)
as individual or in combination imposed significant
effects on the uptake of macronutrients (Nitrogen: N,
Phosphorus: P, and Potassium) in the shoots of maize
plants grown under moderate, mild, and severe water
stress, as demonstrated in Table 5. Our results demon-
strated that mild and severe water stress significantly
affects the uptake of N, P, and K in maize plants. For
instance, under mild and severe water stress, N con-
centration in the shoot was decreased by 26% and 35%,
P concentration decreased by 66% and 33%, and K con-
centration decreased by 104% and 87%, respectively,
as compared to plants grown under moderate moisture
contents. Contrasting to this, individual as well as com-
bined application of amendments significantly enhanced
N: P: K concentration in the shoot of water-stressed
maize plants. For instance, K alone application improved
N concentration by 47%, 3%, and 22%, P concentration
by 63%, 10%, and 16%, and K concentration by 24%, 28%,
and 25%, as compared to plants under alone moder-
ate, mild, and severe water stress. Similarly, biochar soil
application improved N concentration in shoot by 25%,
10%, and 34%, P concentration by 45%, 34%, and 23%, and
K concentration by 6%, 17%, and 13%, correspondingly,

Table 5 Effects of treatments on the accumulation of shoot-
nitrogen (N), -phosphorus (P), and -potassium (K) of the maize
crop three drought levels. The different letters along means
represents significant variations among treatments at p <0.05 as
determined by Tukey test and 95% confidence interval

Drought Treatment ShootN (%) ShootP (%) ShootK (%)
DO T, 1794004°  039+002¢F 2184004
T, 224+006°  057+004° 2324002
T, 2094005 0494003  244+006°
T, 2634007  064+005*  272+003
D1 T, 142+003" 02340010 1074002
T, 156+0049 03140039  126+0019
T, 1374001" 02640020 1374003
T, 169+002f  043+004%  152+005%
D3 T, 1334003  030+£0029" 1.16+003"
T, 178+004¢  037+003F  131+0020
T, 163+00209  034+0039  145+004¢
T, 192+006¢  045+004 15740039
CV% 1.98 332 229
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as compared to plants grown under alone moderate,
mild, and severe water stress. Overall, the K* applica-
tion performed better in improving NPK concentration
than biochar. The combined application of K and biochar
provided more promising results. For instance, K+ bio-
char application improved shoot-N by 47%, 19%, and
45%, shoot-P by 64%, 82%, and 52%, and shoot-K by 25%,
42%, and 35%, correspondingly, as compared to shoots
of plants under alone moderate, mild, and severe water
stress (Table 5).

Principal component analysis (PCA) and pearson
correlation

To evaluate the general relationships among the identi-
cal variables, principal component analysis (PCA) and
person correlation analysis were performed (Figs. 5 and
6). PCA of recorded physiological, morphological, and
biochemical attributes indicated by arrows across differ-
ent treatment groups demonstrated by the green aster-
isk-marked points (*DOTO, *D0T1, *DOT?2, etc.). The
two principal components (PC1 and PC2) accounted
for 75.09% and 18.34% of the variance, correspondingly
summing to 93.43% of the total variance, which showed
that these two components contain most of the varia-
tion in the data (Fig. 6). All of the 12 treatments were
disseminated effectively by the first two principal com-
ponents. The dissemination trend of treatments provided
a clear sign that K and biochar supplementation under
water-stressed plants had a dominant positive effect on
various physiological attributes of maize compared to
DOTO (control). D1TO (mild water stress alone), D2T0
(severe water stress alone), D1T1(mild water stress with
biochar), and D1T2 (mild water stress with K) were dis-
placed from all other treatments, indicating that mild and
severe stress caused deleterious effects on the physiologi-
cal and morphological parameters of maize plants. The
variables parallel with PC1 were significantly positively
associated with each other, like SEW, RL, TChl, SL, REW,
carotenoids, Shoot K: P: N, and SC, contrasting to this, a
significantly negative correlation of variables on PC1 was
recorded with variables located on PC2: CAT, TSS, SOD,
POD, WP, OSMP, proline, EL, and H,0, (Fig. 6).

The correlation matrix showed that growth and bio-
mass attributes like SEW, SDW, RFW, and RDW and
photosynthetic pigments like Chla, Chlb, TChl, and
carotenoids showed a strong correlation with each
other (r close to +1) and strongly negative correlation
with stress-responsive indicators associated with cel-
lular damage and cellular damage like MDA, H,O,, and
proline (r close to -1), indicating an inverse correlation
among stress and plant growth. Total chlorophyll con-
tents showed the highest negative correlation (-0.81)
with osmotic pressure and the highest positive correla-
tion (0.99) with turgor pressure. H,O, showed a highly
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Fig.5 Individual as well as the combined effect of biochar and potassium (T0: control, T1: 350 g biochar/10 Kg of soil, T2: 100 mg/L K,S0,, and T3: 350 g
biochar /10 Kg of soil + 100 mg/L K,SO,) on electrolytic leakage (EL), hydrogen peroxide (H,0,), and malondialdehyde (MDA) of maize crops under differ-
ent levels of drought stresses (DO: control, D1: mild, and D2: severe). The different letters above bars represents significant variations among treatments at

p <0.05 as determined by Tukey test and 95% confidence interval
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Fig. 6 A biplot graphical presentation of principal component analysis
(PCA) score and loadings of several observed parameters of roots and
leaves of water-stressed maize plants supplemented individually or in
combination with K and biochar. The score plot demonstrates the disper-
sion of all 12 treatments around two principal components. The abbre-
viations of variables are as followings: PR: photosynthetic rate, SFW: shoot
fresh weight, RL: root length, SC: stomatal conductance, SL: shoot length,
TChl: total chlorophyll, CAT: catalase, TSS: total soluble sugar, SOD: super-
oxidase, OSMP: osmotic potential, POD: peroxidase, WP: water pressure, EL:
electrolytic leakage, H,0,: hydrogen peroxide, Shoot P: shoot phosphorus,
Shoot K: shoot potassium, Shoot N: shoot nitrogen

negative correlation (-0.87) with shoot P and a strongly
positive correlation (0.94) with EL. Similarly, MDA
showed a strongly positive correlation (0.81) with EL and
strongly negative correlation (-0.88) with shoot K. Pro-
line showed a strongly positive correlation (0.94) with
MDA and strongly negative (-0.92) with shoot P. Enzy-
matic (CAT, SOD, POD) and non-enzymatic (TSS, pro-
tein) showed moderate positive correlations with each
other and negative correlation with growth parameters
tend to enhance under water stress conditions (Fig. 7).

Two-way hierarchical clustering analysis (HCA)

Two-way hierarchical clustering and heatmap demon-
strated the potential impact of drought, treatment, and
their collaboration on the correlation among the sub-
jected variables. HCA interrelated dendrogram between
the drought and treatment demonstrated that all treat-
ments and drought were grouped distinctly in four dif-
ferent clusters. Grouping of D1TO0, D1T1, and D1T2
represented that these treatments under mild drought
conditions may produce similar physiological responses.
DOT1, DOT1, DOT2, and DOT3 clustered separately, pre-
senting that drought treatments (D1 and D2) mainly lead
to distinctive changes compared to control. The enzy-
matic antioxidants (SOD, POD, CAT) clustered together,
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Fig. 7 Correlation analysis between the physiological, morphological, and biochemical attributes of maize plants. Where the abbreviations are stands
for SFW: shoot fresh weight, SDW: shoot dry weight, RFW: root fresh weight, RDW: root dry weight, SL: shoot length, RL: root length, Chla: chlorophyll
a, Chlb: chlorophyll b, TChl: total chlorophyll, PR: photosynthetic rate, SC: stomatal conductance, TR: transpiration rate, RWC: relative water content, WP:
water potential, EL: electrolytic rate, H,O,: hydrogen peroxide, MDA: malondialdehyde, TSS: total soluble sugar, SOD: superoxidase, POD: peroxidase, CAT:

catalase, AsA: ascorbic acid, and GHS: Glutathione

indicating their similar response under different drought
and treatment conditions, and showed increased (darker
blue hues) under severe drought (D2), especially in treat-
ments like D2 with potassium (T2) and D2 with potas-
sium + biochar (T3). Non-enzymatic antioxidants (TSS,
ASA, GSH, and protein) clustered separately with enzy-
matic antioxidants, highlighting a different response
pattern. These antioxidants showed higher values (blue
hues) under mild and severe drought with biochar (T1)
and combined potassium and biochar (T3), which indi-
cates combined treatments accelerated the accumula-
tion of non-enzymatic antioxidants, helping the maize
plants cope with oxidative stress under water stress.
Growth parameters (SEW, SDW, RFW, RDW, SL, RL)
are primarily in red, presenting lower values under water
stress. In contrast, treatments, especially potassium (T2)
with severe water stress (D2) and combined biochar and
potassium (T3) with D2, show slight alleviation but are
still affected by water stress. Finally, photosynthetic pig-
ments (Chla, Chlb, TChl) show reduced values (red hues)
in water stress, particularly under severe drought (D2).

Biochar (T2) and combined potassium and biochar (T3)
under severe water stress (D2) provide a protective effect
on chlorophyll stability.

Pearson and mental correlation analysis

In Pearson correlation, growth parameters (SEW, SDW,
RFW, RDW, SL, RL) and photosynthetic parameters
(Chla, Chlb, TChl) showed positive correlations, which
reflected the plants’ overall health and productivity.
Similarly, a strong positive association was detected
between enzymatic and non-enzymatic antioxidants,
indicating that plants triggered several defense mecha-
nisms in response to water stress. Contrasting to this, a
negative correlation (blue cells) was reported between
growth parameters and reactive oxygen species (MDA
and H,0,), indicating water stress intensifies oxidative
damage and inhibits growth and productivity. Stress
indicators (MDA and H,0,) showed a positive correla-
tion with each and with electrolytic leakage (EL), indicat-
ing oxidative damage to membranes is intensified under
water stress. The mental correlation showed that D1 and
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D2 with combined treatment (T3) significantly affected
antioxidant levels and growth parameters, forming cor-
relations with each other treatment under water stress.
The clustering of D2 with treatments (T1, T2, T3) pres-
ents that applying potassium, biochar, or combined treat-
ments modifies the biochemical and physiological profile
but does not fully demolish the deleterious effects of
severe water conditions.

Discussion

Previous studies have reported that abiotic stresses
like high or low temperature, salinity, drought or flood-
ing, metal toxicity, or nutrient deficiency impose sig-
nificantly deleterious effects on plants like growth
impairment, nutrient imbalance, cellular organelle dys-
function, homeostatic balance disruption, stress adap-
tation incompatibility, photosynthesis, and respiration
disruption, and ultimately reduced crop productivity [3,
15, 41]. Contrasting to this, the use of several soil organic
amendments like biochar application, farmyard manure,
vermicompost, and green manure has been documented
to alleviate these depressing effects of abiotic stressors
by firstly, modifying soil physical and chemical prop-
erties like soil bulk density, total porosity, particle size
distribution, soil texture, ECE, N, P, K, and soil pH and
secondly, by activating several enzymatic and non-enzy-
matic defensive mechanisms in plants to up-regulate the
resilience of plants against stress-mediated oxidative and
-osmotic stress [42—44]. The present study was planned
to observe the protective role of soil organic amendments
like biochar and growth supplements like potassium (K*)
on the physiological, morphological, and biochemical
attributes of maize plants grown under different levels
of drought stress (Figs. 1, 2, 3 and 4; Tables 1, 2, 3 and
4). For this purpose, biochar was applied directly in the
soil during soil preparation, while K* was sprayed on the
establishment and vegetative stages, and drought stress
was applied to the 100%, 75%, and 40% field capacity of
the soil. The results of our study demonstrated that mild
(75% FC) and severe (40%) levels of water stress signifi-
cantly affect the morphological parameters like reduced
overall biomass and length of maize plants (Fig. 2), which
might be due to water stress triggering metabolic altera-
tions including glycolysis, transamination, and tricarbox-
ylic acid which directly involved to regulate growth in
maize plants. Similar results were stated in several find-
ings, where drought stress substantially inhibited maize
growth and development by triggering alteration in mul-
tiple metabolic reactions and by root proliferation, early
senescence, and reduced stem elongation [15, 45, 46].
Biochar soil application and K* foliar spray separately
to water-stressed maize plants significantly mitigated
the deleterious effects on morphological parameters,
and these beneficial effects were more obvious in the
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combined application of K* and biochar (Fig. 2). Similar
results were reported by Sarwar [47] where potassium-
enriched biochar with or without growth supplement
(gibberellic acid) enhanced germination (9%), shoot fresh
weight (14%), root fresh weight (33%), shoot dry weight
(68%), root dry weight (29%), root length (22%), and
shoot length (29%) in drought-stressed wheat plants. Bio-
char has been stated to improve soil water-holding capac-
ity and nutrient uptake, maintain nutrient homeostasis,
improve water use efficiency, and ultimately enhance
plant growth parameters under water-stressed condi-
tions [1, 17]. Similarly, K* application in several findings
was observed to demolish water-stressed conditions
on plant morphological parameters by improving root
anatomy, maintaining cell turgor pressure, and improv-
ing plant water use efficiency [13, 17, 47]. Biochar and
K* application in combination has been observed to give
more promising results against mitigating water stress in
several crops like wheat [48], maize [3], corn [49], bar-
ley [50], and rice [51], which is aligned with our findings
(Fig. 2).

Additionally, water stress with the preference of 40% FC
(severe) significantly impacts the gaseous parameters like
chlorophyll a, b, total chlorophyll, carotenoids, stomatal
conductance, photosynthetic rate, and transpiration level
in maize plants (Figs. 2 and 3). There was a significant
decline in all recorded gaseous parameters under both
levels of drought stress (mild and severe), which might be
due to increased anthocyanins, osmoprotectant metabo-
lites, lipid peroxidation, stomatal closure, leaf rolling,
and reduced leaf size. Similar results were stated in ear-
lier findings where drought stress substantially reduced
photosynthesis rate, stomatal conductance, transpiration
rate, rubisco activity, irregular turgor pressure, poor root-
absorption function, and impaired metabolisms [4, 7, 52].
Borng [53] and Sarwar [47] reported that drought stress
causes stomatal closing to reduce water losses, which lim-
its carbon oxide supply to leaves, resulting in a reduction
in photosynthesis, and under severe water stress, wilting
is caused by loss of leaf turgor pressure, which is aligned
to our results (Fig. 3). Biochar soil application combined
with K* foliar spray significantly improved maize gaseous
parameters to uphold plant resilience against drought
stress (Figs. 2 and 3). Aboelsoud [54] and Yang [55]
reported the same conclusion, where biochar increased
plant gaseous parameters in water-stressed plants by
up-regulating stress-mitigating mechanisms like escap-
ing, avoidance, tolerance, osmotic adjustment, hormonal
regulation, histone acetylation, stomatal responses,
mobile signaling like hydraulic pressure, phytohormones,
and peptides to communicate water stress resilience
throughout the plant. Similarly, K* with or without bio-
char-maintained stress-mediated damage by regulating
nutrient imbalance and increasing K* supply to leaves to
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demolish stomatal dysfunction; these regulatory effects
multiplied under biochar soil application (Figs. 2 and 3;
Table 5). Aslam [56] reported potassium’s potential role
in mitigating drought stress in Zea mays by improv-
ing osmotic potential in the leaf and regulating stomatal
conductance. The same conclusion was drawn by Zahoor
[19] in drought-stressed cotton plants, Aksu [57] in sugar
beet, and Bahrami-Rad [58] in tobacco plants. Moreover,
two-way hierarchical clustering analysis (HCA) and Pear-
son and mental correlation analysis in the present study
supported this conclusion where growth parameters
(SEFW, SDW, REW, RDW, SL, RL) and photosynthetic
parameters (Chla, Chlb, TChl) were positively correlated
with each other, which reflected the plants’ overall health
and productivity (Fig. 8). Additionally, HCA empha-
sized that photosynthetic pigments (Chla, Chlb, TChl)
show reduced values (red hues) in water stress, particu-
larly under severe drought (D2), while biochar individu-
ally (T2) and combined with K* (T3) under severe water
stress (D2) provide a protective effect on chlorophyll sta-
bility (Figs. 7 and 8). Our results were aligned with previ-
ous findings [1, 11, 14].

Our results showed that drought stress with the pref-
erence of 40% FC (severe) substantially disturbed the
relative water contents (RWC), water potential (¥),
osmotic potential (¥s), and turgor potential (¥p) in
maize plants, which might be due to reduced biosynthe-
sis of osmoprotectants like glycinbetain, sugars, and pro-
line contents which are responsible for maintaining high
water status to regulate osmotic potential under water
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deficit conditions (Fig. 4; Table 4). A similar conclusion
has been drawn by Zhang [59], where biochar application
improved water contents and leaf water contents by 24%
and 10% in drought and salinity-stressed tomato seed-
lings. Additionally, several findings revealed that drought
stress decreased ¥, Ws, ¥p, and RWC to trigger cell Plas-
molysis, reduced cellular functions, senescence, reduced
transpiration efficiency, and ultimately stunted growth
[15, 60, 61]. Biochar soil application and K* foliar spray
substantially regulate the water-related parameters [62]
by regulating osmotic balance, improving water holding
capacity and water use efficiency, increasing leaf water
potential, and improving antioxidant activities [25]. Pre-
vious researchers have drawn the same conclusion where
biochar [25] and K* [23] individually or in combination
[1] improved RWC, ¥, ¥s, and Wp by alleviating drought-
mediated water imbalance. Moussaoui [63] reported that
biochar improved soil-water holding capacity by increas-
ing soil porosity, which allows more water to be retained
in the soil around the rhizospheric zone and is easily
available to Alfalfa (Medicago sativa) to sustain RWC,
¥, Ws, and Wp under water deficit conditions. Similar
beneficial results of biochar against drought stress were
reported in Triticum eastivum [1, 25], Zea mays [64],
and in Brassica napus [65]. In addition to biochar, K* is
actively involved in osmotic adjustment by lowering the
cell's osmotic potential and allowing water absorption
even under drought conditions [19]. In combination, K*
and biochar collectively alleviate water stress more effi-
ciently by K*-regulating osmotic potential in plants and
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Fig. 8 Graphical presentation of two-way hierarchical cluster analysis (HCA) and heatmap of all recoded parameters in maize plants grown under three
levels of drought stress with two levels of biochar and two levels of potassium. Rows represent several combinations of treatments and drought stress,
while columns represent the response variables. Red and blue colors represented the high and low numeric values. Here, DO, D1, and D2 showed control,
mild and severe stress, while TO, T1, T2, and T3 represented control, biochar (350 g/ 10Kg of soil), potassium (K,SO,: 100 mg/L), and biochar + potassium
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Fig. 9 Mental and Pearson correlation analysis between pigments (Chlorophyll a, b, total chlorophyll, and carotenoids), physiological parameters (SFW:
shoot fresh weight, SDW: shoot dry weight, RFW: root fresh weight, RDW: root dry weight, SL: shoot length, RL: root length; SC: stomatal conductance,
PR: photosynthetic rate, TR: transpiration rate, RWC: relative water content, WP: water potential, OSMP: osmotic pressure, TP: turgor pressure), stress-
indicating parameters (EL: electrolytic leakage, H,O,: hydrogen peroxide, MDA: malondialdehyde, proline), enzymatic enzymes (CAT: catalase, POD: per-
oxidase, SOD: dismutase), non-enzymatic antioxidants (TSS: total soluble sugar, ASA: ascorbic acid, GHS: Glutathione) and treatments where DO, D1, D2
indicates control, mild, and severe drought and TO, T1, T2, and T3 indicate control, 350 g/10 kg of soil biochar, 100 mg/L K,SO,, and 350 g/ 10 Kg of soil

biochar+ 100 mg/L K,SO,

by biochar-retaining water in the soil simultaneously [1].
Our results supported the same conclusion, where K*
and biochar combined application was more effective in
regulating drought-mediated water and osmotic potential
(Fig. 4).

In our present study, drought stress significantly influ-
enced the biosynthesis of reactive oxygen species (ROS)
like electrolytic leakage (EL), hydrogen peroxide (H,O,)
contents, proline contents, and malondialdehyde (MDA)
contents (Fig. 5; Table 4). Our results demonstrated that
ROS were up-regulated under mild water stress (75%
FC) and attained the threshold level at severe (40% FC)
water stress, resulting in membrane damage and protein
denaturing, oxidative burst, cell damage, and uncon-
trolled oxidative cascades, which was reflected in plant-
reduced morphological, physiological, and biochemical
attributes (Figs. 2, 3, 4 and 5; Tables 1, 2, 3 and 4). Pear-
son and mental correlation emphasized that a negative
correlation (blue cells) was reported between growth
parameters and reactive oxygen species (MDA, EL, and

H,0,), indicating water stress intensifies oxidative dam-
age and inhibits the growth and productivity of maize
(Fig. 9). The intensive amount of H,O, can trigger cell
wall loosening by oxidizing cell wall polysaccharides,
leading to cell injury [40, 66]. Overproduction of ROS
in terms of H,O, is one of the main damaging effects of
drought stress in maize. Additionally, numerous studies
have used EL as an indicator of stress-mediated damage
of plant tissues and ‘an indicator’ of plant stress resilience
[40, 67]. The increased concentration of EL up-regulates
linolenic acid and down-regulates linoleic acid, which
are membrane-related fatty acids that trigger membrane
injury, leading to membrane damage [68]. Several studies
have reported the upregulation of EL in drought-stressed
plants, which triggered several irregularities in meta-
bolic activities and ultimately caused membrane damage
[20, 56, 69]. Recently, Chowdhury [1] observed drought
stress in Triticum aestivum, and results demonstrated
that EL production was increased with increasing water
stress and demolished metabolic activities by triggering



Rahman et al. BMC Plant Biology (2025) 25:402

uncontrolled cascades and damaging cellular mem-
branes. Similar results have been reported by Wang [70],
Aksu [57], and Qi [71], where the intensity of EL pro-
duction was positively correlated with levels of drought
stress, which was aligned with our findings (Fig. 5;
Table 4). Alternatively, overproduction of MDA triggers
membrane peroxidation and protein denaturing under
drought stress [56, 72], resulting in functional and struc-
tural damage to the plasma membrane [1]. In our find-
ings, drought stress up-regulated MDA contents, which
triggered lipid peroxidation, causing the logging of maize
(Figs. 2, 3 and 4). Based on current findings, lipid peroxi-
dation of cellular membranes can be predicted as one of
the key damaging effects of drought stress in maize. Thus,
biochar application with or without K* foliar spray, in our
study, demolished the overproduction of ROS to regulate
membrane integrity and permeability and cellular dam-
age (Fig. 5; Table 4), but results were more promising in
the combined application of biochar with K*. Khan [73]
reported the same results where biochar application (30 t
ha!) demolished the deleterious effects of drought stress
by reducing MDA, EL, and H,0O, contents in drought-
stressed rapeseed. Nasiri [5] applied biochar (0.25%) and
50 pmol per liter of methyl jasmonate against drought-
stressed Hordeum vulgare, and results demonstrated that
biochar foliar application with or without jasmonate sig-
nificantly reduced MDA, H,0,, and EL contents to alle-
viate drought-mediated osmotic stress. Hafez [74] stated
that biochar (10 t ha™') with the combination of glycine
betaine (50 mM) reduced MDA, EL, and H,O, con-
tents to mitigate the harmful effects of drought on rice
plants. Seham [21] applied biochar with potassium sili-
cate against drought-stressed borage plants in two-year
field settings, and the results showed a significant decline
in ROS. Based on our findings and previously reported
results, we can emphasize that biochar with the combi-
nation of different supplements significantly demolished
ROS contents to minimize the deleterious effects of
drought stress.

In ROS-alleviating strategies, enzymatic (CAT, SOD,
POD) and non-enzymatic (TSS, protein, AsA, GSH)
antioxidants are presumed as the first line of defense,
where SOD neutralized O* while POD and CAT neu-
tralized H,O, [1, 40]. GSH has been observed to detoxify
drought-mediated reactive intermediate byproducts of
xenobiotics metabolism and protect lipid peroxidation in
the membrane [75]. Ascorbic acid (AsA) contributes to
GSH in the ascorbate-glutathione cycle to demolish ROS
[76]. Additionally, upregulation of AsA prevents organ-
elles and cells from the harmful effect of ROS, which
over-produce due to stress-mediated oxidative damage
[77, 78]. Total soluble sugar (TSS) contents feed NADPH
biosynthesis metabolism to activate antioxidant pro-
cesses. Additionally, TSS activated ROS-scavengers and

Page 18 of 23

repair enzymes through signaling under abiotic stressors
[79]. In the current study, water-deficit stress in maize
plants triggered both the antioxidative (enzymatic and
non-enzymatic) defense mechanism to scavenge ROS,
which was further up-regulated by biochar amendments
with and without potassium (Table 4). Biochar signifi-
cantly enhances antioxidant activities with the prefer-
ence of PODs by accelerating plant metabolic relations
and cell development, alleviating ROS overproduction,
and improving soil-plant and water interactions [1, 25].
PODs (peroxidases) have been reported to build up
physiological barriers against abiotic stressors by utiliz-
ing H,O, through several physiological and biochemi-
cal processes and contributing to the lignin biosynthesis
process [40, 80]. Similar findings were reported by Suli-
man [81], where biochar amendments accelerated the
existence of oxygen molecules as a functional group and
porous structure, resulting in the upregulation of CAT,
SOD, POD, AsA, GSH, and TSS to encounter ROS. How-
ever, Kapoor [82] revealed that biochar supplementation
enables plants to cope with arsenic-mediated ROS by
up-regulating antioxidants and glyoxalase defense sys-
tems. Contrasting to biochar, K* foliar application also
improved the activities of both enzymatic and non-enzy-
matic antioxidants by sustaining turgor pressure and nor-
malizing ROS [1, 83].

Biochar’s relatively higher absorption capacity increases
the accessibility and retention rate of N, P, and K, result-
ing in nitrogen immobilization and cation-anion interac-
tions in biochar-supplemented pots [73]. Similar to our
findings (Table 4), biochar application with the combi-
nation of K* foliar spray significantly enhances the plant
nutrient availability, particularly at the vegetative stage,
where drought-mediated deleterious effects are more
prominent. Potassium, considered a stress regulator plant
essential nutrient, enhances nutrient uptake [2], mini-
mizes water losses from the plant [84], delays senescence
and leaf chlorosis [85], and alleviates the harmful effects
of drought stress by normalizing physio-chemical mecha-
nisms [86], like optimum nutrient availability, activating
enzymes, membrane transport, and osmoregulation in
Oryza sativa [85)], Gossypium herbaceum [19], Zea Mays
[12], and Brassica napus [87]. Generally, under drought
stress, osmolytes like proline mediate nitrogen meta-
bolic activities by removing water to sustain the energy
level of the stressed plants, therefore ensuring stability
to the main plant skeleton [88]. In the present findings
herein, the maximum amount of proline was recorded
in drought-stressed maize plants with the presence of
potassium and biochar (Table 4). A similar conclusion
was drawn by previous researchers where abiotic stress-
ors were demolished by the application of biochar [1, 89].
However, in this context, Bilias [90], Islam [91], and Nie
[92] reported that biochar amendments to volcanic soil
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enable a higher amount of exchangeable K and trans-
location of a higher amount of K* to plants. Therefore,
the beneficial effects of K™ application were reflected
through proline at the root development and elongation
stage of drought-stressed maize crops (Table 4). In sev-
eral findings, biochar application in water stressed-plants
alleviated soil N,O emissions [93], restrained NH; vola-
tilization rate in soil [18], and accelerated soil N retention
by minimizing the fertilizer requirement [94-96]; these
findings are parallel to our results (Table 5). Additionally,
several recent findings have emphasized the beneficial
role of biochar in improving N, P, and K uptake by plants
under abiotic stress [97, 98]. However, some findings are
opposing to our results where they observed the negative
correlation of biochar with increased N leaching because
of deterioration of soil structure [99, 100], enhanced soil
N,O emissions by increased nitrification [101], and aug-
mented soil NH; volatilization due to increased soil pH.
These opposing results emphasized that the effects of
biochar are still ambiguous, which might be due to bio-
char characteristics, soil type, and other environmental
conditions.

Limitations

However, our present study provided comprehensive and
deep knowledge about the synergistic effects of biochar
and K" application against different levels of drought
stress in maize plants, but some limitations should be
acknowledged:

1. The present study was conducted in a pot-based
controlled environment, which may not fully
address the complex interactions in field conditions.
Several factors, such as microbial interactions,
soil heterogeneity, and fluctuating environmental
conditions, were not addressed.

2. The present experiment was conducted for 50 days,
covering only maize’s growth and vegetative stages.
There is an intensive need to address the long-term
effects of biochar and K" on flowering, grain filling,
and final yield.

3. Drought stress was simulated using fixed field
capacity (FC) levels (100%, 75%, and 40%), which
may not fully address drought stress’s unpredictable
and gradual nature in natural environmental
conditions. Field trials will help to validate these
findings under real drought conditions.

4. The present finding provides a fundamental
understanding, but more in-depth research is needed
to optimize K* and biochar application rates for
long-scale farming. Economic feasibility, practical
field implementation strategies, and economic cost-
benefit analysis must be conducted to emphasize
these strategies’ effectiveness.
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Conclusion

The present study addressed an essential research gap by
evaluating the combined effects of biochar soil applica-
tion with potassium foliar sprayto improve maize growth
and development under different levels of drought stress
(100% FC, 70% EC, and 40% FC). Biochar @ 350 g/10 Kg
of soil was applied during soil preparation, while potas-
sium @ 100 mg/L was sprayed during the development
and vegetative stages of maize cultivar EV-1089. Our
results highlight the beneficial effects of potassium and
biochar, both individually and in combination, in alle-
viating drought-mediated osmotic and oxidative stress,
particularly during development and vegetative stages of
maize.

The combination of biochar and potassium foliar spray
proved most prominent in mitigating drought stress by
improving morphological, physiological, and biochemi-
cal attributes in drought-stressed maize plants. Two-way
hierarchical clustering analysis (HCA) and Pearson and
mental correlation analysis confirmed our hypothesis
that growth parameters (SEW, SDW, REW, RDW, SL,
RL) and photosynthetic parameters (Chla, Chlb, TChl)
were positively correlated with each other, reflecting the
plants’ overall health and productivity. Additionally, HCA
showed those photosynthetic pigments (Chla, Chlb,
TChl) reduced under drought stress (75% FC and 40%
FC), especially under severe drought (40% FC). However,
biochar individually and combined with K* under 40%
FC provided a protective effect on chlorophyll stability.

Biochar soil amendment with potassium exogenous
application was actively involved in increasing plant
gaseous parameters in water-stressed plants by up-
regulating stress-mitigating mechanisms like osmotic
adjustment via osmolytes (proline), hormonal regulation
via antioxidants (enzymatic and non-enzymatic), stoma-
tal responses via stomatal conductance, mobile signaling
like hydraulic pressure via relative water content (RWC),
water potential (¥), osmotic potential (¥s), and tur-
gor potential (¥p), phytohormones via photo-pigments
(Chla, Chlb, and total Chl), and peptides via MDA regu-
lation to communicate water stress resilience throughout
the plants. Biochar with potassium foliar spray regu-
lated the overproduction of ROS (MDA, H,0,, EL) by
activating enzymatic (SOD, POD, CAT) and non-enzy-
matic (TSS, AsA, GSH, protein) antioxidants to mitigate
drought-mediated oxidative stress. These mechanisms
contributed to improved water stress resistance across
plants. Finally, the combined application of biochar and
potassium increased nutrient uptake (N, P, K) in drought-
stressed maize plants. Overall, soil application of biochar
with potassium foliar spray emerged as an effective strat-
egy to enhance maize resistance, supporting growth and
development in drought-prone areas and contributing to
addressing global food security challenges.
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Based on present findings, future research should focus
on exploring the long-term effects of potassium and
biochar on soil health and crop productivity in varying
environmental conditions. Further studies should also
investigate the optimal concentrations and application
timing of biochar and potassium, as these factors could
influence their efficacy under different stress conditions.
Additionally, research into the molecular mechanisms
underlying the biochar and potassium-mediated drought
tolerance could provide deeper insights into their roles in
plant stress response. Moreover, field trials are necessary
to assess the effectiveness of biochar and potassium foliar
applications under real-world agricultural conditions and
evaluate their economic viability for farmers in drought-
prone regions. These future directions could contribute
significantly to enhancing sustainable agricultural prac-
tices and improving food security in the face of increas-
ing climate variability.
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