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Abstract

The deleterious impact of osmotic stress, induced by water deficit in arid and semi-arid regions, poses a formidable
challenge to cotton production. To protect cotton farming in dry areas, it's crucial to create strong plans to increase
soil water and reduce stress on plants. The carboxymethy! cellulose (CMC), gibberellic acid (GA;) and biochar (BC)

are individually found effective in mitigating osmotic stress. However, combine effect of CMC and GA; with biochar
on drought mitigation is still not studied in depth. The present study was carried out using a combination of GA,

and CMC with BC as amendments on cotton plants subjected to osmotic stress levels of 70 (70 OS) and 40 (40

0S). There were five treatment groups, namely: control (0% CMC-BC and 0% GA;-BC), 0.4%CMC-BC, 0.4%GA;-BC,
0.8%CMC-BC, and 0.8%GA;-BC. Each treatment was replicated five times with a completely randomized design (CRD).
The results revealed that 0.8 GA;-BC led to increase in cotton shoot fresh weight (99.95%), shoot dry weight (95.70%),
root fresh weight (73.13%), and root dry weight (95.74%) compared to the control group under osmotic stress. There
was a significant enhancement in cotton chlorophyll a (23.77%), chlorophyll b (70.44%), and total chlorophyll (35.44%),
the photosynthetic rate (90.77%), transpiration rate (174.44%), and internal CO, concentration (57.99%) compared

to the control group under the 40 OS stress. Thus 0.8GA;-BC can be potential amendment for reducing osmotic stress
in cotton cultivation, enhancing agricultural resilience and productivity.
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Introduction

The deleterious impact of osmotic stress, induced by
water deficit in arid and semi-arid regions, poses a formi-
dable challenge to cotton production [1]. Drought con-
ditions lead to a lessened water potential in plant cells,
impeding the uptake of water through roots and causing
a disruption in the delicate balance of cellular osmotic
equilibrium [2]. This osmotic stress, exacerbated by the
scarcity of water in the soil, emerges as a critical bottle-
neck in cotton cultivation, severely compromising pro-
ductivity [3]. Recognizing the imperative to safeguard
cotton production in arid and semi-arid areas, there
arises a critical need to formulate and implement robust
strategies aimed at augmenting soil water content and
mitigating osmotic stress. Cellulose is the most abundant
organic material in nature, completely insoluble in water,
carboxymethyl enhances its solubility. CMC is a natural
polymeric coating material that exhibits a multitude of
beneficial properties and is suitable for water retention
and soil conditioning under a stress environment [4]. It
enhances soil water holding capacity and improves plant
water utilization, negative charges on the carboxymethyl
group interact with the cations of the soil solution and
inhibit the stress condition [5].

Gibberellic acid (GA;), produced from Gibberella fuji-
kuroi, is a multifunctioning signaling, essential plant hor-
mone and growth regulator that has been reported to
stimulate plants’ biochemical as well as physiological pro-
cesses especially under stressed environment [6-8]. GA,
contributes to seed sprouting, stem elongation, floral
instigation, signaling, cell expansion, fruit development,
stem elongation, net photosynthetic rate, carbohydrate
metabolism, antioxidant system, and water uptake regu-
lation [9-11]. Because of the multifunctional of GA,, it
can be efficiently used against osmotic stress.

Biochar a carbon-rich material, relative form of char-
coal produce form wide range of biomass includes woody
material, livestock material, crop straw and organic
waste. It is a promising ameliorant that can improve the
crop growth by modulating soil conditions due to its
unique characteristics such as large surface area (SA)
abundant oxygen (O)-containing functional groups, rich
pore structure, and high cation exchange capacity (CEC)
[12, 13].

The combined effect of CMC and GA;, enriched bio-
char on drought mitigation in cotton production is still
not well studied. The current study was to evaluate the
combined effect of CMC and GA; enriched biochar on
drought mitigation in cotton. The study aims to under-
stand the mechanisms by which biochar facilitates CMC
and GA; and scrutinize the effect of CMC and GA; along
with biochar on cotton production under osmotic stress.
It is hypothesized that the use of CMC and GA; along
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with biochar might regulate the nutrient balance, antioxi-
dant activity, photosynthesis, and stomata conductance
in cotton plants and mediate the toxic effect of Osmotic
stress.

Material and methods

Experimental site

In the experimental site of Research Solution, a pot trial
was conducted. Soil samples were accurately acquired
from the Chenab River’s bank, situated in Multan, Pun-
jab, Pakistan, (30°19"20.8"N 71°24”50.4"E).

Biochar preparation and characterization

The preparation of biochar involved the conversion of
cotton sticks (waste material), through pyrolysis at a
temperature of 440 °C. Following cooling, the biochar
was finely ground to a size of 2 mm and stored for future
applications. The composition of the biochar was deter-
mined using gravimetric analysis, following the method-
ology outlined by [14]. To assess the pH, as described by
Page et al. in 1983, and electrical conductivity (EC) fol-
lowing the method by [15], a 1:10 mixture of biochar and
distilled water was prepared, and portions of this mixture
were subjected to analysis. The determination of nitro-
gen (N) concentration in the biochar was performed by
digesting and distilling biochar samples, employing the
Kjeldahl distillation method as detailed by [16]. For the
assessment of phosphorus (P) and potassium (K*) con-
centration in the biochar, a mixture of HNO3-HCIO, was
utilized as outlined by [17]. Subsequently, the phospho-
rus (P) concentration was analyzed using a spectropho-
tometer, employing the ammonium vanadate-ammonium
molybdate yellow color technique, while the potassium
(K*) concentration was determined using a flame pho-
tometer according to [18].

CMC-BC and GA;-BC
The specific CMC product used was identified by its
Product Number 21904 and Batch Number BCCG3327.
This CMC product was branded as SIGMA and had a
CAS Number of 9004-32-4. The CMC’s viscosity was
measured at 3100 mPa.s, which falls within the accept-
able range of 1500 to 4500 mPa.s. To create the CMC-
enriched biochar, 30 mg of CMC was mixed with the
biochar by adding deionized water. After complete mix-
ing the material was incubated for 72 h at 25+2 °C.
Finally, oven drying was done to achieve a dried powder.
For making GA; enriched biochar, 10 g of 10% GA,
(CAS 77-06-5) was mixed in the 10 kg of biochar powder.
The mixing was done manually before biochar applica-
tion in soil to avoid any losses of GA,.
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Pot experiment

The cotton seeds (NIAB-878) were procured from certi-
fied seed dealer of government of Punjab, Multan, Pakistan.
Damaged or weak seeds were intentionally excluded manu-
ally. In preparation for planting, the chosen seeds underwent
a surface-sterilization procedure. This involved subjecting
the seeds to a solution of 5% sodium hypochlorite, followed
by three subsequent rinses with 95% ethanol. To eliminate
any residual traces of the sterilizing agents, the seeds were
further subjected to three thorough washes using deion-
ized water that had been sterilized [19]. The air temperature
ranged from 17 °C to 32 °C, with humidity varying between
40 and 62% in the greenhouse. Soil from the station field, a
type called clay loam, was collected through a 2-mm sieve
and placed into plastic pots in layers. Each pot contained 5 kg
of dried soil. The soil was packed at bulk density of 1.2 g/cm®,
Each pot had a height of 40 cm, width of 31 cm and volume of
9.6 L. The 10 seeds were planted in each pot. After 15 days of
germination, only 5 seeds were maintained in each pot. The
treatments (Control, 0.4% CMC-BC, 0.4% GA 3-BC, 0.8%
CMC-BC, 0.8% GA 3-BC) were mixed at the time of pot fill-
ing. To induce no osmotic stress (OS) 70% and osmotic stress
40% field capacity were maintained, throughout the trial
[20]. This was achieved using a moisture meter (YIERYT 4 in
1; Shenzhen, Guangdong Province, China) for precise man-
agement of irrigation. After a 50-day growth period from the
time of sowing, the plants were harvested to collect data.

Data collection

Subsequently, the fresh weights of both shoots and roots were
measured immediately post-harvest. To determine the dry
weights of the shoots and roots, samples were subjected to oven
drying at 65 °C for 72 h until a constant weight was attained.

Chlorophyll contents and carotenoids

To quantify the chlorophyll a, chlorophyll b, and total
chlorophyll contents in freshly harvested cotton leaves,
we followed a procedure inspired by Arnon method
[21]. The extraction process involved the use of an 80%
acetone solution. The absorbance readings were obtained
at distinct wavelengths: 663 nm for chlorophyll a, 645 nm
for chlorophyll b and 470 nm for carotenoids.

(127 x A663) — (2.69 x A645) x V
- 1000 x W

Chlorophyll a < m7g>
g

22.9 x A645) — (4.68 A663 \'
Chiorophyll b M8 ) = (329X A645) — (4.68 x ) x
p 1000 x W

_20.2(A645) + 8.02(A663) x V
o 1000 x W

Total Chlorophyll ( e >
g
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Carotenoids (%) = 0D480 + 0.114(0OD663) — 0.638(0OD645)

Gas exchange attributes

The net photosynthetic rate, transpiration rate, and sto-
matal conductance were assessed using an Infra-Red Gas
Analyzer (the CI-340 Photosynthesis system by CID, Inc.
USA). These measurements were taken on a sunlit day
from 10:30 to 11:30 AM when light intensity was at a
level conducive for photosynthesis [22].

Antioxidants

The activity of superoxide dismutase (SOD), we measured
the inhibition of nitro blue tetrazolium (NBT) reduction in
the presence of riboflavin. The reaction mixture, compris-
ing enzyme extract, NBT, riboflavin, and phosphate buffer,
was subjected to illumination, and changes in absorbance
at 560 nm were continuously recorded [23]. To evalu-
ate peroxidase (POD) activity, we tracked the oxidation
of a suitable substrate, such as guaiacol or o-dianisidine.
The increase in absorbance resulting from substrate oxi-
dation was quantified at a specific wavelength [24]. Cata-
lase (CAT) activity was determined by monitoring the
decomposition of hydrogen peroxide (H,O,) catalyzed
by the enzyme. We quantified the decrease in absorbance
at 240 nm resulting from H,O, decomposition [25]. For
ascorbate peroxidase (APX) activity, we monitored the
oxidation of ascorbate in the presence of H,O,. This was
conducted following the method detailed by [26].

Electrolyte leakage

To perform the analysis, the leaves were initially cleansed
with deionized water to eliminate any external impuri-
ties. Next, we obtained uniform leaf fragments weighing
about one gram each using a steel cylinder with a 1 cm
diameter. These leaf fragments were then introduced into
individual test tubes, each containing 20 ml of deion-
ized water. The test tubes were kept at a consistent tem-
perature of 25 °C for 24 h, allowing electrolytes to diffuse
from the leaf tissues into the water solution. Following
the incubation period, we measured the electrical con-
ductivity (EC1) of the water solution using a properly
calibrated EC meter. Subsequently, the test tubes were
subjected to a 20-min heating process in a water bath set
at 120 °C, and the second electrical conductivity (EC2)
was recorded [27].

Electrolyte Leakage (%) = (E—Cl) x 100
Y g = ke
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Leaf and seed K and Ca analysis

Leaf and seed samples were subjected to K (potassium)
and Ca (calcium) analysis using a nitric acid and perchlo-
ric acid (2:1) digestion method [28]. The digestion pro-
cess was carried out at 310 °C until the solution become
clear like water. Subsequently, the final values for K and
Ca were quantified by dilution of samples (100 times)
using a Jenway PFP-7 flamephotometer [29].

Statistical analysis

The data was subjected to standard statistical analysis.
To assess the significance of the treatments, a two-way
ANOVA was conducted. For treatment comparison,
paired comparisons were carried out using the Tukey
test at a significance level of p<0.05. In addition, we
employed OriginPro software [30] to generate cluster
plot convex hulls, hierarchical cluster plots, and calculate
Pearson correlations.

Results

Growth attributes of plant

In the 70% field capacity condition, applying 0.4 CMC-
BC resulted in a 9% increase in shoot fresh weight,
while 0.4 GA;-BC showed a 21% increase compared
to the control. The effects were more pronounced
with 0.8 CMC-BC and 0.8 GA;-BC, leading to fresh
weight increases of 35% and 46%, respectively, parallel
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to the control under 70% field capacity. Under 40%
field capacity, the control group had a fresh weight of
23.31 g. In contrast, 0.4 CMC-BC treatment showed a
significant 26.73% increase, and 0.4 GA;-BC treatment
exhibited a more substantial 54.93% increase. The 0.8
CMC-BC showed a 93.04% increase, and 0.8 GA;-BC
treatments demonstrated notable increases in shoot
fresh weight over the 0.4 CMC-BC, 0.4 GA;-BC, and
0.8 CMC-BC treatments and the control under 40%
field capacity (Fig. 1A).

In 70% field capacity, the control group exhibited a
mean shoot dry weight of 14.37 g. The use of 0.4CMC-
BC increased dry weight by 15.17%, while 0.4GA,;-BC
resulted in a substantial 27.63% increase over the con-
trol. In the 0.8CMC-BC treatment, dry weight rose by
42.54%, and 0.8GA;-BC showed a remarkable 62.68%
increase over the control, demonstrating a statistical
advantage over 0.4CMC-BC and 0.4GA;-BC treatments.
In the 40% field capacity group, the control had a shoot
dry weight of 6.28 g. The use of 0.4CMC-BC increased
dry weight by 25.89%, while 0.4GA;-BC led to a sub-
stantial 46.84% increase. The application of 0.8CMC-BC
showed a 72.36% increase over the control in shoot dry
weight (40% field capacity). The most significant increase
was observed with 0.8GA;-BC, resulting in a remarkable
95.70% increase in shoot dry weight compared to the
control and 0.8CMC-BC treatment (Fig. 1B).
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Fig. 1 Effect of treatments on shoot fresh weight (A), shoot dry weight (B), root fresh weight (C), and root dry weight (D) of cotton cultivated
under 70 OS and 40 OS stress. Bars are means of 5 replicates + SE. Difference letters on bars showed significant changes at p < 0.05: Tukey test
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In root fresh weight, the 0.8CMC-BC treatment
demonstrated a 49.61% increase over the control and
0.4CMC-BC, 0.4GA;-BC, and 0.8CMC-BC treatments
under 70% field capacity. The 0.4CMC-BC treatment
showed a 13.97% increase, 0.4GA;-BC resulted in a
26.78% increase, and 0.8CMC-BC treatment exhibited a
37.00% increase compared to the control under 70% field
capacity. In the 40% field capacity treatment, 0.4CMC-BC
led to a 13.51% increase, while 0.4GA;-BC resulted in a
more substantial 35.21% increase over the control group
with a mean root fresh weight of 4.19 g. The 0.8CMC-BC
treatment exhibited a 52.54% rise, and the 0.8GA;-BC
treatment showed a 73.13% improvement in root fresh
weight compared to the control under 40% field capacity-
stressed conditions (Fig. 1C).

In 70% field capacity conditions, the control group’s
root dry weight was 3.11 g. Contrasting with the control,
the 0.4CMC-BC treatment increased root dry weight
by 16.60%, while the 0.4GA;-BC treatment significantly
raised it by 28.37%. In 70% field capacity, the 0.8CMC-
BC treatment showed a 33.40% greater root dry weight,
and the 0.8GA;-BC treatment had the most notable rise
at 45.08%. Under 40% field capacity stress, the 0.4CMC-
BC treatment resulted in a 22.20% increase in root dry
weight, while the 0.4GA;-BC treatment showed a 47.31%
increase over the control. The 0.8CMC-BC treatment had
a 72.20% higher root dry weight in 40% field capacity, and
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Fig. 2 Effect of treatments on chlorophyll a (A), chlorophyll b
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the 0.8GA;-BC treatment exhibited a statistically signifi-
cant 95.74% increase compared to the control (Fig. 1D).

Chlorophyll and carotenoid content

In the 70% field capacity treatment group, the chloro-
phyll a content (mg/g) increased compared to the control
(mean 1.57 mg/g): 0.4CMC-BC showed a 6.81% increase,
0.4GA3-BC a 13.62% increase, 0.8CMC-BC a 20.21%
increase, and 0.8GA;-BC the highest increase at 25.32%.
In the 40% field capacity condition, the control group
had a mean chlorophyll a content of 1.15 mg/g. 0.4CMC-
BC exhibited a 4.64% increase, 0.4GA;-BC showed a
9.85% increase, 0.8CMC-BC had a 14.20% increase,
and 0.8GA;-BC had the highest increase in chlorophyll
a content at 23.77%, surpassing the control and other
treatments (0.4CMC-BC, 0.4GA;-BC, and 0.8CMC-BC)
under 40% field capacity condition (Fig. 2A).

In the 70% field capacity condition, the control group
exhibited an average chlorophyll b content of 0.66 mg/g.
At this condition, the 0.4CMC-BC treatment showed
a 12.69% increase, 0.4GA;-BC demonstrated a 22.33%
enhancement, and the 0.8 CMC-BC and 0.8GA;-BC treat-
ments displayed even more pronounced boosts of 35.03%
and 46.70%, respectively, compared to the control. Under
osmotic stress (40% field capacity), the 0.4CMC-BC
treatment resulted in a 13.04% rise in chlorophyll b con-
tent compared to the control. The 0.4GA;-BC treatment
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B), total chlorophyll (C), and carotenoids (D) of cotton cultivated under 70 OS and 40

OS stress. Bars are means of 5 replicates + SE. Difference letters on bars showed significant changes at p < 0.05; Tukey test
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at 40% field capacity exhibited a substantial 28.70%
increase, while 0.8CMC-BC treatment led to a remark-
able 50.44% increase, and the 0.8GA;-BC treatment
showed an impressive 70.44% improvement when com-
pared to the control (Fig. 2B).

In the 70% field capacity condition, the control group’s
average total chlorophyll content was 2.22 mg/g. Over
the control, 0.4CMC-BC led to an 8.55% increase, while
0.4GA;-BC resulted in a 16.19% increase in total chloro-
phyll content. Meanwhile, 0.8CMC-BC and 0.8GA;-BC
treatments exhibited even greater increases of 24.59%
and 31.63%, respectively, than the control under 70% field
capacity. In the 40% field capacity condition, 0.4CMC-
BC showed a 6.74% increase, and 0.4GA;-BC exhibited
a 14.57% increase in total chlorophyll content compared
to the control. The 0.8CMC-BC treatment demon-
strated a significant 23.26% increase, and the 0.8GA;-BC
treatment had the highest increase of 35.44% over the
0.4CMC-BC, 0.4GA;-BC, and 0.8CMC-BC or control
under 40% field capacity-stressed conditions (Fig. 2C).

In 70% field capacity, the control group’s average
carotenoid content was 0.78 mg/g. With 0.4CMC-BC
treatment, there was a 0.26% increase, and 0.4GA;-BC
resulted in an 8.28% increase in carotenoid content.
The 0.8CMC-BC treatment led to a substantial 13.91%
increase, while the 0.8GA;-BC treatment exhibited the
highest increase of 17.36%. In the 40% field capacity
stress condition, the control group showed carotenoid
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levels of 0.59 mg/g. With 0.4CMC-BC, there was a mod-
est 2.77% increase, 0.4GA;-BC led to a more significant
9.77% increase, and 0.8CMC-BC resulted in a 15.71%
increase in carotenoid content compared to the 40% field
capacity control. The 0.8GA;-BC treatment exhibited the
highest increase of 22.54% in carotenoids under 40% field
capacity compared to the control treatment (Fig. 2D).

Photosynthetic rate, stomatal conductance, intracellular
CO, conc. and transpiration rate
In 70% field capacity, the control group’s average carot-
enoid content was 0.78 mg/g. With 0.4CMC-BC treat-
ment, there was a 0.26% increase, and 0.4GA;-BC
resulted in an 8.28% increase in carotenoid content.
The 0.8CMC-BC treatment led to a substantial 13.91%
increase, while the 0.8GA;-BC treatment exhibited the
highest increase of 17.36%. In the 40% field capacity
stress condition, the control group showed carotenoid
levels of 0.59 mg/g. With 0.4CMC-BC, there was a mod-
est 2.77% increase, 0.4GA;-BC led to a more significant
9.77% increase, and 0.8CMC-BC resulted in a 15.71%
increase in carotenoid content compared to the 40% field
capacity control. The 0.8GA;-BC treatment exhibited the
highest increase of 22.54% in carotenoids under 40% field
capacity compared to the control treatment (Fig. 3A).

In the presence of 0.4CMC-BC, there was a 13.51%
increase in stomatal conductance at 70% field capac-
ity, which further improved to 25.67% when 0.4GA;-BC

B
© 70 0S 40 0S
()
c
S
[$]
=}
©
c
8
s 2]
: < oL
{3 B
[e]
- (@) Q Q Q
» s 2B 08 ;0800
fcocs Eodco
o o
0888 0888
o © o © o © o ©
D 70 OS 40 0S
o 15
T ~
© 312
c AN
© B ]
'E_E6 ff
2oLl &
— '
}_ 0 2| X K| ¥
O 0 O o0 O 0O O O
0233 553388
ESL£S< © sS4 <
o o
353888 63888
o © o © o © o ©

Fig. 3 Effect of treatments on photosynthetic rate (A), stomatal conductance (B), intracellular CO, conc. (C), and transpiration rate (D) of cotton
cultivated under 70 OS and 40 OS stress. Bars are means of 5 replicates + SE. Difference letters on bars showed significant changes at p < 0.05; Tukey

test
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was applied over the control. The 0.8CMC-BC treat-
ment resulted in a substantial 37.84% increase, and the
application of 0.8GA;-BC yielded the most significant
improvement, in comparison to the control group, with
a 50.00% increase in stomatal conductance at 70% field
capacity. Under 40% field capacity, stomatal conductance
increased by 49.99% with 0.4CMC-BC, 104.99% with
0.4GA;-BC, 159.98% with 0.8CMC-BC, and 214.98%
with 0.8GA;-BC contrasted to the control (Fig. 3B).

Under 70% field capacity conditions, the control
exhibited a mean intercellular CO2 concentration of
39847 pmol/mol. The addition of 0.4CMC-BC treat-
ment showed a 17.96% increase, while the 0.4GA;-BC
treatment demonstrated a more substantial 32.65% rise.
The 0.8CMC-BC treatment led to a remarkable 43.37%
increase in intercellular CO2 concentration, and the
0.8GA;-BC treatment resulted in the highest increase of
48.25% over the control under 70% field capacity. Similarly,
at 40% field capacity, the 0.4CMC-BC treatment showed
an 11.35% increase over the control, and the 0.4GA;-BC
treatment exhibited a 24.74% rise in intercellular CO2 con-
centration. The 0.8CMC-BC treatment demonstrated a
substantial 43.69% increase, and the 0.8GA;-BC treatment
led to the most significant change with a 57.99% increase
in intercellular CO2 concentration related to the control
group under 40% field capacity (Fig. 3C).

In the 70% field capacity condition, the control had
a mean transpiration rate of 6.92 mmol m2/s. Treat-
ment 0.4CMC-BC showed a 17.97% increase com-
pared to the control, while the 0.4GA;-BC treatment
exhibited a 32.08% increase at 70% field capacity. The
0.8CMC-BC treatment resulted in a substantial 45.42%
increase in transpiration rate, and the 0.8GA;-BC treat-
ment showed the highest percentage increase, with a
remarkable 66.18% rise compared to the control (70%
field capacity). For the 40% field capacity condition, the
0.4CMC-BC treatment resulted in a substantial 37.71%
increase in transpiration rate compared to the control.
The 0.4GA;-BC treatment showed an impressive 71.93%
increase, and the 0.8CMC-BC treatment exhibited a
remarkable 112.43% increase. The 0.8 GA;-BC treatment
displayed the highest percentage increase of 174.44%
when compared to the control under 40% field capacity
(Fig. 3D).

Total protein, electrolyte leakage, total phenolics

and flavonoids

For the 70% field capacity group, the control had a mean
total protein level of 27.63 mg/g of FW. The 0.4CMC-BC
treatment showed an 11.18% increase, while the 0.4GA;-
BC treatment exhibited a 21.50% increase compared
to the control under 70% field capacity. The 0.8CMC-
BC treatment resulted in a substantial 29.88% increase
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compared to the 70% field capacity control, and the
0.8GA;-BC treatment showed the highest increase of
36.01%. In the 40% field capacity group, the control had
a baseline total protein level of 15.65 mg/g of FW. The
0.4CMC-BC treatment led to a 12.84% increase in total
proteins, while the 0.4GA;-BC treatment resulted in a
significant 26.19% increase. The 0.8CMC-BC treatment
exhibited a substantial 40.12% rise over the 40% field
capacity control, and the 0.8GA;-BC treatment showed
the highest increase of 55.73% (Fig. 4A).

In contrast to the control group, electrolyte leakage was
47.03% at the 70% field capacity stress level. At 70% field
capacity, the 0.4CMC-BC treatment resulted in a 16.45%
decrease in electrolyte leakage, and the 0.4GA,-BC treat-
ment exhibited a more pronounced 41.12% reduction
compared to the control. Over the control, the 0.8CMC-
BC treatment showed even greater effectiveness, with a
substantial 67.14% decrease in electrolyte leakage, and
the 0.8GA;-BC treatment had the most significant effect,
reducing electrolyte leakage by a remarkable 90.60%. At
the 40% field capacity stress level, the control group had
an initial electrolyte leakage percentage of 69.63%. In
comparison to the control, the 0.4CMC-BC treatment
led to a 7.00% decrease in leakage, the 0.4GA;-BC treat-
ment resulted in a 17.00% reduction, the 0.8CMC-BC
treatment showed a considerable 25.35% decrease, while
the 0.8GA;-BC treatment was the most effective, with
a notable 39.03% reduction in electrolyte leakage under
40% field capacity stress (Fig. 4B).

Under the 70% field capacity condition, the control
group had a total phenolic content of 27.26 mg/g of
FW. With the 0.4CMC-BC treatment, the total phenolic
content decreased by 5.06% compared to the 70% field
capacity control. The 0.4GA;-BC treatment resulted in a
10.72% decrease, while the 0.8CMC-BC and 0.8GA;-BC
treatments led to more substantial decreases of 16.78%
and 23.31%, respectively, compared to the control (70%
field capacity). For the 40% field capacity stress condi-
tion, the control group displayed a total phenolic con-
tent of 34.53 mg/g of FW. Under the influence of the
0.4CMC-BC treatment, there was a 4.39% reduction
in total phenolic content compared to the control, and
the 0.4GA;-BC treatment yielded an 8.93% decrease.
The 0.8CMC-BC and 0.8GA;-BC treatments resulted in
larger declines of 14.15% and 20.30%, respectively, when
contrasted with the control group (Fig. 4C).

Flavonoid levels in the 70% field capacity control group
showed an average of 22.15 mg/g of FW. In contrast, the
04GA; BC treatment exhibited a substantial 19.64%
decrease in flavonoid content compared to the baseline
treatment. The 0.8CMC-BC treatment resulted in a sig-
nificant 38.55% reduction, while the 0.8GA;-BC treatment
showed an even greater decrease of 50.61% in flavonoid
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concentration compared to the 70% field capacity con-
trol. For the 40% field capacity group, the control exhib-
ited a mean flavonoid content of 33.61 mg/g of FW, and
the addition of 0.4CMC-BC treatment showed a 5.03%
drop in flavonoid content. The 0.4GA;-BC treatment saw
an 11.10% decrease, while the 0.8CMC-BC treatment dis-
played a more substantial 20.83% reduction than the 40%
field capacity control. The 0.8GA;-BC treatment recorded
the most significant decrease in flavonoid content with a
35.89% reduction compared to the control group (Fig. 4D).

Antioxidants

The control had a mean Superoxide Dismutase (SOD)
activity of 51.30 U/g FW. At the 70% Osmotic Stress
(OS) level, compared to the control, treatment with
0.4CMC-BC exhibited a 9.26% decrease in SOD activity,
while 0.4GA;-BC resulted in a more substantial 20.02%
decrease. The 0.8CMC-BC treatment showed a consider-
able 41.86% reduction above the 70% field capacity con-
trol, and the 0.8GA;-BC treatment resulted in the most
significant decrease at 59.42%. At the 40% field capacity
level, 0.4CMC-BC exhibited a 9.48% reduction in SOD
activity, and 0.4GA;-BC resulted in a 13.88% decrease.
The 0.8CMC-BC treatment showed a substantial 28.58%
decrease from the control in 40% field capacity-stressed
conditions, and the 0.8GA;-BC treatment had the most
prominent decrease of 55.32% (Fig. 5A).

Peroxidase (POD) results displayed significant vari-
ations in response to different treatments. At 70% field
capacity, the control group exhibited a POD activity of
28.36 U/g FW. In comparison to the control, the treat-
ment with 0.4CMC-BC resulted in a 15.28% decrease in
POD activity, while 0.4GA;-BC and 0.8CMC-BC treat-
ments caused more substantial reductions of 37.98% and
49.15%, respectively. The 0.8GA;-BC treatment exhibited
the highest decrease at 55.48% over the 70% field capac-
ity control. At 40% field capacity, the control group had a
POD activity of 39.65 U/g FW. Treatment with 0.4CMC-
BC resulted in a 3.79% decrease, 0.4GA;-BC caused
an 11.32% reduction compared to the control, and the
0.8CMC-BC treatment led to a 22.90% decrease in POD
activity. The most significant decrease in POD activity
was observed in the 0.8GA;-BC treatment, with a 32.60%
reduction compared to the control in 40% field capacity
stress (Fig. 5B).

In the 70% field capacity treatment group, catalase
(CAT) activity showed a significant decrease when
treated with 0.4CMC-BC by 5.02%, and a substantial
decrease of 26.40% with 0.4GA;-BC, while 0.8CMC-
BC and 0.8GA;-BC treatments resulted in even more
substantial reductions of 42.53% and 61.76%, respec-
tively, related to the control. Similarly, in the 40% FIELD
CAPACITY treatment group, CAT activity was notably
reduced by 24.43% with 0.4CMC-BC and 38.97% with
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0.4GA;-BC, while 0.8CMC-BC and 0.8GA;-BC treat-
ments led to substantial decreases of 51.56% and 63.33%,
respectively, contrasted to the control (Fig. 5C).

For 70% field capacity, the use of 0.4CMC-BC led to
a 13.10% decrease, while 0.4GA;-BC caused an 18.25%
decrease in APX activity compared to the control. The
0.8CMC-BC treatment exhibited the highest decrease
from the control in 70% field capacity, with a 20.44%
reduction, and the 0.8GA;-BC treatment resulted in the
most significant decrease at 25.68%. Similarly, at 40%
field capacity, the trends persisted, with 0.4CMC-BC
leading to a 2.12% decrease, 0.4GA;-BC causing a 6.85%
decrease, 0.8CMC-BC resulting in a 15.96% decrease,
and 0.8GA;-BC leading to the highest decrease of 20.67%
in APX activity compared to the control (Fig. 5D).

Leaf and seed (K and Ca)

Leaf K content in the 70% field capacity control group
was 15.37 g/kg, while treatment with 0.4CMC-BC
resulted in a 4.79% increase over the control, and
0.4GA4-BC treatment showed an 8.70% increase in leaf
K content. The 0.8CMC-BC treatment exhibited the
most significant increase, with a 14.86% rise in leaf K
content, and the 0.8GA;-BC treatment showed a sub-
stantial 24.26% increase compared to the 70% field
capacity control. In the 40% field capacity group, the

control had a leaf K content of 10.61 g/kg, with a 3.31%
increase when treated with 0.4CMC-BC and a 9.54%
increase with 0.4GA;-BC. The 0.8CMC-BC treatment
resulted in an 18.10% increase, and the 0.8GA;-BC
treatment showed a notable 34.97% increase in leaf K
content compared to the control (Fig. 6A).

In 70% field capacity over the control, the 0.4CMC-
BC treatment improved calcium content by 7.46%,
while the 0.4GA;-BC treatment significantly raised
calcium levels by 20.01%. The 0.8CMC-BC treat-
ment resulted in a remarkable 26.19% increase in leaf
calcium content, and the most substantial effect was
observed in the 0.8GA;-BC treatment, which showed
a remarkable 36.70% increase compared to the con-
trol in 70% field capacity. In the 40% field capacity,
the control group had a baseline calcium content of
8.40 g/kg. The 0.4CMC-BC treatment demonstrated an
11.33% increase, and the 0.4GA;-BC treatment exhib-
ited a notable 31.87% increase in leaf calcium levels
over the 40% field capacity control. In comparison, the
0.8CMC-BC treatment showed a substantial 59.77%
increase, raising calcium content to 13.42 g/kg. Finally,
the 0.8GA;-BC treatment yielded the most significant
impact, with an impressive 76.86% increase in leaf cal-
cium content compared to the baseline treatment in
40% field capacity (Fig. 6B).
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At 70% field capacity, the control group had an aver-
age seed K content of 7.23 g/kg. The use of 0.4CMC-BC
resulted in an 8.82% increase in seed K content, while
0.4GA;-BC caused a substantial 15.46% increase over the
control group in 70% field capacity. A higher stress level
of 0.8CMC-BC led to an 18.03% increase, and 0.8GA;-
BC showed the most significant improvement with a
22.70% increase compared to the control. When the
stress level was reduced to 40% field capacity, 0.4CMC-
BC showed a 7.32% increase, 0.4GA;-BC exhibited a
14.90% increase, and 0.8CMC-BC resulted in a 20.56%
increase in seed K content parallel to the control under
40% field capacity stress. The highest increase was seen
with 0.8GA;-BC at 26.92% compared to the 40% field
capacity control (Fig. 6C).

In comparison to the control, treatment with 0.4CMC-
BC raised the seed Ca content in the 70% field capacity by
12.15%, and with 0.4GA;-BC, it rose by 25.61%. The Ca
content exhibited a more substantial increase of 41.77%
with 0.8CMC-BC and 53.54% with 0.8GA;-BC compared
to the control. Under 40% field capacity stress treat-
ment, the Ca content increased by 25.53% with 0.4CMC-
BC and 42.50% with 0.4GA;-BC. The most significant
increase was observed with 0.8CMC-BC, where the Ca
content increased by 65.21%, and 0.8GA;-BC treatment
resulted in a 75.38% increase in Ca content compared to
the 40% field capacity control (Fig. 6D).

Convex hull and hierarchical cluster analysis

The study, employing convex hull analysis, unveils
insights into how different treatments impact data dis-
tribution in the principal component (PC) space. The
control group shows a tightly clustered distribution in
PC space, mainly influenced by PC 1 (98.36%), reflect-
ing a consistent response. Limited PC 2 influence (0.43%)
suggests treatment effects primarily along the PC 1 axis.
Treated groups (0.4CMC-BC, 0.4GA;-BC, 0.8CMC-BC,
0.8GA;-BC) display scattered distributions, signifying
diverse effects and induced variations in responses, lead-
ing to a broader dispersion of data points. The separation
of treated groups underscores specific treatment influ-
ences on measured parameters. Variations in PC 1 and
PC 2 scores within treated groups, notably in 0.4CMC-
BC, provide insights into treatment-specific effects on
system responses (Fig. 7A).

The convex hull analysis of the dataset unveils dis-
tinct patterns in data point distribution in the two prin-
cipal components (PC 1 and PC 2) space, particularly
under the stress conditions of 70% field capacity and
40% field capacity. In the 70% field capacity stress con-
dition, data points formed a compact cluster with PC 1
explaining approximately 98.36% of the variance, sug-
gesting a consistent and uniform response. This align-
ment with the stress condition implies minimal variance
in treatment response. Conversely, the 40% field capacity
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Fig. 7 Cluster plot convex hull for treatments (A), osmotic stress levels (B), and hierarchical cluster plot (C) for studied attributes

stress condition exhibited a scattered cluster of data
points, indicating a diverse range of responses. While
PC 1 accounted for a significant proportion of variance
(98.36%), the data points under 40% field capacity stress
showed a broader range of responses compared to the
70% field capacity condition, emphasizing the varied
impact of the stress conditions on the system (Fig. 7B).
The hierarchical cluster analysis of the dataset identi-
fies distinct patterns in variable relationships, revealing
potential interdependencies. The dendrogram groups
variables based on similar response patterns, indicat-
ing key associations. Shoot Fresh Weight and Stomatal
Conductance cluster together, as do root length, shoot
dry weight, and root fresh weight. Total proteins and
shoot length share a cluster, as do chlorophyll a and Total
Chlorophyll, total phenolic and flavonoids, and Seed Ca
with Seed K. Leaf Ca and Electrolyte Leakage are paired,
and Carotenoid and photosynthetic rates exhibit similar

responses. Intercellular CO2 Concentration and APX
show correlated patterns, as do Leaf K and SOD. CAT
stands out in its unique response cluster. These insights
offer valuable guidance for further exploration into the
mechanisms and biological significance of these variable
interactions (Fig. 7C).

Pearson correlation analysis

The Pearson correlation analysis reveals insightful rela-
tionships between variables. Strong positive correlations,
such as those between shoot fresh weight and shoot
length, root length, and other shoot and root-related
traits, indicate coordinated responses within these
groups. Conversely, strong negative correlations, like
electrolyte leakage with total proteins and total phenolic,
suggest inverse relationships and potential trade-offs in
the system. Weaker correlations, like the positive asso-
ciation between Leaf K and Seed Ca, provide a nuanced
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perspective. The emergence of variable clusters with
strong positive correlations underscores shared influenc-
ing factors or biological mechanisms, particularly seen
in groupings of shoot and root characteristics, as well
as chlorophyll content, indicating parallel responses to
treatments or conditions (Fig. 8).

Discussion
The current study was conducted to evaluate the com-
bine effect of Gibberellic acid + Biochar and CMC + Bio-
char on the cotton production under no drought (70%)
and drought stress (50%) conditions in greenhouse
experiment.

The root fresh weight reflects the plants ability to
develop roots, essential for nutrient uptake, water absorp-
tion, and overall plant health (Fig. 1). Osmotic stress signif-
icantly impacted root growth and water balance in plants,
making root fresh weight a valuable tool for evaluating
the effectiveness of treatments in mitigating its adverse
effects [31]. The study found that gibberellic acid (GA,)
significantly impacted root growth, with the 0.8GA;-BC
application showing the most substantial increase in both
root fresh and dry weights (Fig. 1). Increased root biomass
enhanced the plant’s ability to access water and nutrients,
even under osmotic stress conditions [32]. Furthermore,
the treatments applied in our study appeared to mitigate
the negative impact of osmotic stress on chlorophyll and
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carotenoid content in cotton plants (Fig. 2). These treat-
ments likely achieved this through mechanisms such as
protecting chlorophyll molecules, promoting pigment
synthesis, and enhancing antioxidant defenses [33]. Chlo-
rophyll, a, crucial for photosynthesis, observed an increase
due to treatments that mitigated osmotic stress. They
enhanced water uptake and protected chlorophyll mol-
ecules. The carotenoids, important for protecting plants
from oxidative stress and aiding in photosynthesis, saw
increased content in treated plants, indicating enhanced
defense mechanisms against osmotic stress [34]. The find-
ings revealed that the 0.8GA;-BC significantly increased
carotenoid content in conditions of 70 osmotic stress,
suggesting its role in activating antioxidant pathways [35].
The 0.4CMC-BC, 0.4GA;-BC, 0.8CMC-BC, and 0.8GA;-
BC, positively influenced plant growth parameters such
as photosynthetic rate, stomatal conductance, intracellu-
lar CO, concentration, and transpiration rate (Fig. 3). The
enhanced photosynthetic rate was attributed to increased
chlorophyll content, improved stomatal conductance, and
enhanced carbon dioxide utilization [36]. Furthermore,
these treatments appeared to improve stomatal regula-
tion, water use efficiency, and plant growth (Fig. 3). This
might be potentially due to changes in guard cell turgor
pressure influenced by the plant’s osmotic potential. The
study also observed an increase in total protein levels
under these treatments, indicating a positive impact on
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plant protein synthesis, likely due to improved nutrient
uptake (Fig. 4). This enhancement in protein synthesis
contributed to overall plant growth. In terms of cellular
health, reduced electrolyte leakage was noted, implying
improved membrane integrity, and reduced cellular dam-
age under osmotic stress [37]. Such improvements are
common responses in plants under stress conditions,
potentially a result of treatments reducing oxidative stress
and membrane damage through their antioxidant proper-
ties. Interestingly, while total phenolic and flavonoid con-
tent decreased in plants under these treatments (Fig. 4),
it might be a possible shift in secondary metabolism, with
these metabolites typically produced in response to stress.
This reduction might be attributed to reduced stress lev-
els or changes in resource allocation within the plant. The
decrease in antioxidant activity, it can be considered a pos-
itive sign, indicating reduced oxidative stress and improved
plant stress management. The treatments might reduce the
generation of reactive oxygen species (ROS) or enhance
the plant’s natural antioxidant defense mechanisms [38].
Moreover, the treatments led to an increase in leaf potas-
sium and calcium content (Fig. 6), suggesting improve-
ments in nutrient uptake and translocation. Potassium
is crucial for various physiological processes like water
uptake and enzyme activation, while calcium is involved
in maintaining cell wall stability and signaling. This indi-
cates that these treatments might be enhanced root func-
tion and nutrient transport within the plant which resulted
in more uptake of nutrients. The practical significance of
these findings is significant. Farmers facing stress-induc-
ing conditions may find value in utilizing 0.8GA;-BC as
a focused remedy to boost crop performance and reduce
yield losses. Adopting this treatment has the potential to
result in higher crop yields and enhanced overall farm pro-
ductivity, especially in areas where osmotic stress consist-
ently hinders cotton cultivation.

Conclusion

In conclusion, the application of 0.8GA3-BC emerges
as a promising strategy for mitigating osmotic stress in
cotton cultivation, showcasing its efficacy as a potent
soil amendment. The treatment not only yielded signifi-
cant enhancements in critical parameters such as shoot
and root weights, chlorophyll levels, photosynthetic and
transpiration rates, but also demonstrated its poten-
tial to elevate internal CO2 concentration in cotton
plants under stress conditions. These compelling find-
ings underscore the capacity of the 0.8GA3-BC treat-
ment to bolster agricultural resilience and productivity
in environments prone to stress. The practical implica-
tions of these results are noteworthy. Farmers grappling
with stress-prone conditions can potentially lever-
age 0.8GA3-BC as a targeted solution to enhance crop
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performance and mitigate yield losses. Implementing
this treatment could translate into increased crop out-
put and improved overall farm productivity, particularly
in regions where osmotic stress poses a persistent chal-
lenge to cotton cultivation.
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