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Agriculture problems like drought stress and improper fertilization like overuse of

nitrogen fertilizers for maximum productivity are the problem responsible for low

yield of crop and environmental pollution. Biochar and slow releasing nitrogen

fertilizers (SRNF) application in agriculture are the sustainable practices being

used for better crop nutrient management strategies, since the well-recognized

environmental problem caused by overusing fertilizers. Biochar also used as tools

for sustainable way alleviating drought stress. For this, two-year field study was

planned with randomized complete block designed (RCBD) and was replicated

three time. Treatments included the two irrigation conditions like normal

irrigation (CK) and drought stress (DS), two biochar treatments like biochar

(BC) and without biochar (WBC); and three application of SRNF like zinc-

coated urea (ZCU), sulfur-coated urea (SCU) and non-coated simple urea (SU).

Results revealed that drought stress significantly reduced plant height (20.7%),

stem diameter (25.6%), and achene yield (25.9%), while increasing antioxidant

activity. Biochar mitigated these effects, increasing plant height by 23.2% and

achene yield by 12.0% under drought stress. Among SRNFs, ZCU was most

effective, improving photosynthetic rate (18.5%), chlorophyll content (12.3%), and

achene yield (19.6%) under drought conditions. The combination of biochar and

ZCU improved soil health, water retention, and nutrient efficiency, leading to

enhanced plant growth and yield. Statistical analysis confirmed significant

differences among treatments.
KEYWORDS

sustainable agriculture, biochar, drought stress, slow-release nitrogen fertilizers,
antioxidants, reactive oxygen species, sunflower productivity
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Introduction

Worldwide, sunflowers (Helianthus annuus L.) are cultivated on

around 24.77 million hectares, making it one of the most important

oilseed crops. Seeds from this crop contain 25–48% oil and 20–27%

protein, making it an important crop for human nutrition and

industrial use in the production of edible oil. Sunflower output in

Pakistan is still below its potential, with average yields falling well

short of international standards. Therefore, the country’s need for

vegetable oil is met primarily through imports. Drought stress is a

major issue that reduces agricultural output, but there are other

causes, including biotic and abiotic pressures, that contribute to these

yield gaps (Ebrahimian et al., 2019). Sustainable crop production

strategies are becoming more important as climate change makes

droughts more common.

As a significant abiotic factor, drought stress hinders crop

development and productivity by interfering with a number of

biochemical and physiological processes. Photosynthetic efficiency

and harvest yield are both diminished as a result of its effect on

chlorophyll synthesis (Sunaina et al., 2019; Ma et al., 2022).

Hydrogen peroxide and superoxide anions are reactive oxygen

species (ROS) that plants produce in excess during drought, and

they damage plant cells through oxidative stress. Protein synthesis,

enzyme activity, and membrane stability are all negatively impacted

by this oxidative stress, which in turn hinders plant growth and

harvest potential (Cui et al., 2017; Vijayaraghavareddy et al., 2022).

How much harm a drought does depends on how long it lasts, what

kinds of plants it affects, and how severe the drought is. In order to

guarantee food security and satisfy the increasing demands of the

world’s population, it is essential to address the issues caused by

drought (Agarwal et al., 2016).

Agricultural production is greatly enhanced by nitrogen

fertilizers; yet, the overuse and lack of regulation of this fertilizer

leads to inefficient nutrient usage and environmental damage. Soil

loss and groundwater pollution are two consequences of nitrogen

application; studies show that as much as 50% of applied nitrogen is

lost through processes such as volatilization, leaching, and runoff

(Rahman et al., 2018; Hochman and Horan, 2018). Not only do these

losses drive up production costs, but they also decrease the efficiency

of fertilizer. By releasing nutrients gradually, slow-release nitrogen

fertilizers (SRNFs) improve crop output, reduce environmental

impact, and increase nitrogen usage efficiency (Naz and Sulaiman,

2016; Zhang et al., 2015). One kind of SRNF that has proven to be

quite useful in maintaining nutrient availability and bolstering plant

development and productivity is urea coated with sulfur or zinc.

More and more, biochar a carbon-dense substance made from

the pyrolysis of organic matter is being acknowledged as a long-

term solution for enhancing the condition of soil. This resource is

highly beneficial for reducing the impact of abiotic conditions, such

as drought, because it improves soil structure, water retention, and

nutrient availability (Shah et al., 2023; Tang et al., 2022). Biochar

makes plants more drought-resistant by increasing their

chlorophyll production, stomatal conductance, and antioxidant

enzyme activity (Paneque et al., 2016; Ramzani et al., 2017).

Further aiding crop performance in challenging environments,

biochar decreases soil compaction, increases water penetration,
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and promotes microbial activity (Haider et al., 2020). A

synergistic approach to nitrogen management and drought stress

reduction can be achieved through the combination of biochar with

SRNFs, leading to improved crop yield and sustainability.

The combined effects of biochar and slow-release nitrogen

fertilizers (SRNFs) on sunflower hybrids under drought stress

remain understudied. While biochar enhances soil health and

water retention and SRNFs ensure gradual nutrient release, their

integration could be a promising strategy for improving sunflower

growth in low-water conditions. This study investigates the impact

of this combination on the growth, physiology, and biochemistry of

sunflower hybrids, aiming to develop sustainable farming practices

for drought-prone regions. In order to find long-term solutions for

growing sunflowers in areas with limited water, this study aims to

evaluate the effects of these additives on crop development, yield,

and drought resistance. The results of this study should pave the

way for more sustainable integrated agronomic approaches that

guarantee great yields with little impact on the environment.
Materials and methods

Experimental site, treatments and
study design

The research was conducted at the Institute of Agronomy,

Bahauddin Zakariya University, Multan, Pakistan, over a two-year

period from 2021 to 2022 and 2022 to 2023. The experiment

employed two biochar (with and without) applications (BC and

WBC) in conjunction with three types of slow-release nitrogen

fertilizer: zinc-coated urea (ZCU), sulfur-coated urea (SCU), and

non-coated simple urea (SU). Furthermore, two irrigation regimens

were implemented: normal irrigation (CK) and drought stress (DS).

This study implemented a split-split plot layout and implemented a

randomized complete block design (RCBD) with three replications.

The tertiary plots were subjected to SRNF treatments, the secondary

plots received biochar treatments, and the primary plots were

allocated irrigation regimes.
Nitrogen fertilizers composition

There were three different types of coated urea: plain urea (SU)

that did not contain any coating, zinc-coated urea (ZCU), which

had 32% nitrogen and 1% zinc, and sulfur-coated urea (SCU),

which contained 32% nitrogen and 5% sulfur. Following the

treatment plan, a total of 60 kg of nitrogen per acre was applied

as fertilizer. The total amount of nitrogen was applied in three

stages: half at sowing, 25% during the second irrigation, and the last

quarter during flowering.
Biochar preparation and application

Cotton sticks were sun-dried, crumbled, and pyrolyzed at 450°C

for two hours to create biochar. Biochar was made by first sun-drying
frontiersin.org
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cotton sticks, then chopping them into little pieces, and last pyrolyzing

them at 450°C for two hours., according to the procedure described by

Qayyum et al. (2021). Soil stabilization was achieved by applying and

mixing it at a rate of 10 tons per hectare one month before planting. Its

porous structure and high water-holding capacity improve soil

moisture retention and nutrient efficiency. Applied at 10 tons per

hectare, it reduces drought stress by enhancing water availability. The

physiochemical analysis of biochar was done, it contains 23% organic

carbon, while 61.5% dry matter, 1.11% nitrogen, 0.45mg kg-1

phosphorus, and 0.61 mg kg-1 potassium.
Experimental soil and environment

The fertility level of the experimental soil was evaluated using a

physico-chemical examination prior to seeding. At a depth of 15

cm, soil samples weighing 100 g each were taken at random. There

was a 24-hour oven drying period at 105°C after the samples were
Frontiers in Plant Science 03
air-dried and sieved to eliminate debris. To find the soil’s dry

weight, a computerized weighing balance was employed. The sandy

loam soil had the following characteristics: a pH of 7.5, an EC of 2.6

dS m-¹, and an organic matter content of 1.02 percent. Its texture

was also recognized. Potassium, 9.50 parts per million (ppm), total

available nitrogen (0.05 percent), and phosphorus (120 ppm) were

the measured concentrations. The environmental condition of the

experiment is given in (Figure 1).
Field capacity management

In order to keep the soil’s field capacity constant, its moisture

levels were measured on a frequent basis throughout the

experiment. For precise irrigation management, an XLUX® T10

Soil Moisture Meter was utilized. Consistent maintenance of the

required moisture levels was ensured by applying irrigation as

needed using a cut-throat flume.
FIGURE 1

Climate conditions.
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Crop husbandry

To achieve the best possible tilth, increased aeration, and a fine

seedbed that would be ideal for planting crops, the soil was rotavated

once and plowed three times. A north-south orientation was used to

prepare the beds, and seeds were scattered at a 9 cm spacing at the

very top of each bed by hand. At a rate of 2 g kg-1, the seeds were

treated with Thiophanate Methyl to prevent the occurrence of illness.

The application rate of Pendimethalin (33 percent EC) was 1,000 mL

per acre for pre-emergence weed suppression.

After the crop reached the V4 growth stage, the experimental

strategy called for the use of drought stress treatments. In

accordance with the guidelines of the Punjab Agriculture

Department, 40 kg of phosphorus and 25 kg of potassium

fertilizer were sprayed per hectare, respectively. At the time of

planting, the soil was amended with basal doses of triple

superphosphate (20 percent P) and muriate of potash (60 percent

KCl). Also implemented were agronomic practices including

thinning to reduce intra-plant competition and gap filling to keep

plant populations at an ideal level. The other methods of crop

protection were consistently used in every treatment.
Data collection

Five plants randomly from each experimental unit were tagged

for data collection.
Morphological parameters

Morphologica l parameters were measured as par

standard procedure.
Gas exchange parameters

Analytical Development Company of Hoddesdon, England,

manufactured an infrared gas analyzer (IRGA) that was used for

measuring photosynthesis, transpiration, and stomatal

conductance. A SPAD meter was used to measure the chlorophyll

concentration (SPAD-502 Chlorophyll Index, SCI).
Fatty acid profile

In line with the method developed by Chen et al. (2008), the

fatty acid composition of stearic acid, palmitic acid, linolenic acid

and oleic acid was analyzed with the aid of near-infrared

spectroscopy (NIRS).
Anitioxidant enzyme activities

For purposes of antioxidant enzyme activity profiling, 0.3 g of

fresh leaf samples was homogenized in 3 mL of cold 50 mM sodium
Frontiers in Plant Science 04
phosphate buffer (pH 7.8). The homogenate was then centrifuged in

a centrifuge for 20 minutes for 4°C at 15,000 rpm. Enzyme activity

experiments were conducted using the recovered supernatant, as

explained below.

Superoxide dismutase activity was measured using the method

by Giannopolitis and Ries (1977). This method is based on the

enzyme’s ability to prevent the photoreduction of nitroblue

tetrazolium (NBT). The enzyme activity was expressed in

micromoles per minute per milligram of protein. To perform the

reaction, a mixture was prepared using sodium phosphate buffer (50

mM, pH 7.8), riboflavin (1.3 mM), methionine (13.5 mM), EDTA

(75 mM), and NBT (50 mM). Specifically, the mixture included 1

milliliter each of NBT and riboflavin, 500 microliters each of

methionine and EDTA, 950 microliters of sodium phosphate

buffer, and 50 microliters of the enzyme solution. The reaction

was initiated by exposing the samples to light from fifteen

fluorescent lamps (intensity of 78 mmol m-² s-¹) for 15 minutes.

Peroxidase (POD) and catalase (CAT) activity was assessed

using the methodology developed by Chance and Maehly (1955)

with some amendments. Reaction mixture containing of 900 μL of

5.9 mM H2O2, 2 mL of 50 mM sodium phosphate buffer with 7.8

pH and 100 μL of supernatant used for CAT activity assessment. At

intervals of 30 seconds over a period of 5 minutes, changes in

absorbance of the reaction mixture were observed at 240 nm

wavelength using a UV-1900 spectrophotometer. During the

absorption process, the UV lamp was turned on. The reaction

mixture consisted of 2 mL of 500 μL of 40 mM H2O2, 50 mM

sodium phosphate buffer having 7.8 pH, 400 μL of 20 mM guaiacol

and 100 μL of supernatant used for assessing POD activity. Change

in the absorbance of the reaction mixture was observed at a

wavelength of 470 nm every 20 seconds during a period of 5

minutes. The activities of these enzymes were individually

quantified based on the amount of protein present.
Hydrogen peroxide

The concentrations of H2O2, as micromoles per gram of fresh

leaves were determined by grinding the leaves under liquid

nitrogen. Twenty powdered eucalyptus leaves weighed 300 mg

which when treated with 3 mL of 0.1 percent w/v trichloroacetic

acid (TCA) were centrifuged at 12000 rpm for 15 minutes.

Following the procedure described by Velikova et al. (2000), the

levels of H2O2 in the analyzed leaf samples were estimated. In the

given reaction mixture the supernatant was 500 μL, potassium

iodide was 1 mL of 1M while the potassium phosphate buffer, 10

mM at pH 7.0. For the determination of H2O2 concentrations, the

absorbance of the resulting mixture was measured using a UV-1900

spectrophotometer from BMS, Canada at 390 nm.
Ascorbate peroxidase

Measurement of activity of ascorbate peroxidase (APX) was

done using the method described by Poiroux-Gonord et al. (2013).

The enzyme’s activity was expressed in micromoles of substrate
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converted per milligram of protein per minute. The reaction

mixture contained 13.42 μL of 2 mM H2O2, 100 μL of 50 mM

potassium phosphate buffer (pH 7.0), 1 mL of 0.33 mM L-ascorbate

and 100 μL of the enzyme supernatant. The absorbance at 290 nm

was then obtained using a UV-1900 UV spectrophotometer of BMS,

Canada after transferring the reaction mixture to a 1 mL quartz

cuvette with a UV lamp. APX activity was determined at 30 seconds

interval for a total of 180 seconds.
Malondialdehyde (µmol g-1 FW)

Determination of MDA in the leaves was done using the

method developed by Heath and Packer (1968) and expressed as

μmol g-¹ FW. In preparation of the reaction mixture, one mL of the

leaf extract was dipped in 0.5 percent TCA containing 1 mL of a 0.5

percent (w/v) TBA. The mixture was then incubated at 56°C at

room temperature for half an hour before undergoing heat

inactivation through a water bath run at 100°C for 5 minutes

followed by an immediate transfer to an ice bucket. The samples

were allowed to equilibrate to the indicated temperature before

being centrifuged at 3,000 rpm for 10 minutes to allow

sedimentation of the supernetant. A spectrophotometer was used

to take absorbance readings at two different wavelengths: 532 nm

and 600 nm. Absorbance values obtained were then used to

calculate the MDA content through the equation given in the

protocol.

MDA level(mmol g−1 FW) =
(A 532nm − A 600nm)

1:56
� 105
Total soluble protein (mg g-1 FW)

The total soluble protein (TSP) was estimated using the Lowry

method (1951). Fresh leaves (0.5 g) were dissected in 1 mL of PBS at

pH 7.2. The PBS contained 2.7 mM K+, 1 mM K+ dihydrogen

phosphate, 10 mMNa+, and 1.3 mM Cl-. After homogenization, the

sample was centrifuged at 10,000 rpm for 5 minutes to obtain the

supernatant. To measure protein, the reaction mixture included 20

μL of cosmic blue dye, 780 μL of deionized water, and 20 μL of the

plant extract. The absorbance of the oxidized protein was measured

at 595 nm using a spectrophotometer (UV-1900, BMS, Canada),

and the TSP concentration was calculated based on the absorbance

values.

Total soluble protein content(mg g−1FW)

= Absorption + 0:25� (
1

g sample
)

Statistical analysis

For a comparison of the treatment effects, a two-way analysis of

variance (ANOVA) with general linear models was used. The
Frontiers in Plant Science 05
differences between the treatments in equal means comparison by

Tukey’s test at 5% significance level were also highly significant. In

the study statutory analysis, the software “Statistix 8.1” was

employed to conduct all the tests. In each treatment, three

replicates per genotype and a total of five plants per genotype

were grown. All the data presented in the data visualizations was

created with the assistance of the Microsoft Office 2016.
Results

Morphological parameters

The analysis of variance (ANOVA) is given in Table 1 for the

application of biochar and SRNFs significantly influenced most

observed traits of sunflower under drought stress, indicating their

effectiveness in improving plant growth and yield. Individual effects

of irrigation and biochar treatments were highly significant,

highlighting their critical role in mitigating drought impacts.

Interactions between irrigation and biochar showed varying levels

of significance, suggesting that their combined application enhances

certain traits. However, some interactions, particularly those

involving all factors, were not significant for all traits, indicating

that the combined effects may depend on specific conditions or

parameters. Overall, these findings demonstrate the potential of

integrating biochar and slow-release nitrogen fertilizers to enhance

sunflower performance under drought stress.

Phenotypic characters namely plant height, stem diameter,

number of tillers, and head diameter were found influential

positively under the influence of biochar, irrigation treatments

and slow-release nitrogen fertilizers analyzed through growth

parameters during the two years study (Figure 2).

From growth promotion under normal irrigation and drought

stress conditions, ZCU was the most effective of the three evaluated

SRNF types followed by SCU and SU. Generally, application of

ZCU raised plant height by 20.6 and 20.0%, head diameter by 18.4

and 19.9%, and leaf per plant by 17.0 and 21.2% under normal

irrigation and drought stress conditions in comparison with the

lowest yield shown by SU. Finally, it was established that there was a

significant relationship between the enhancement in the yield of the

product and the other yield influencing factors. As indicated by the

following data obtained under normal irrigation and drought stress;

ZCU raised achenes per head by 17.5 percent and 19.0 percent; 1000

achene weight by 17.0 percent and 20.1 percent; achene yield by

18.9 percent and 19.6 percent; and biological yield 18.4 percent and

20.9 percent. Results emerging from this study indicate that ZCU is

a superior method of irrigation treatments for accelerating plant

growth and yield enhancement compared to other methods under

all the studied conditions.

The stunted growth, yield and other yield attributes characters due

to decrease in irrigation water was recorded when the plants were

irrigated under drought stress conditions than normal irrigation

conditions. The overall plant height, stem diameter, head diameter

and total number of leaves decreased significantly when plants

experienced drought stress by 20.7%, 25.6%, 26.7% and 29.2%
frontiersin.org
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respectively. Consequently, reducing head size led to a 25.6% reduction

in the number of achenes per head, 26.1% reduction in weight of 1000

achenes, 25.9% reduction in achene yield and a decrease of 27.1% in

biological yield. Overall, the following results show the effects of

drought stress on sunflower yields.

Incorporation of biochar led to mitigation of the deleterious

impacts of drought stress as well as enhanced growth and yield

parameters. In normal irrigation conditions and drought scenarios,

plant height, stem diameter, head diameter and number of leaves

were enhanced by 12.2%, 11.3%, 15.7% and 23.2%, 23.4% and

increased the number of leaves by 19.4% and 12.3% respectively,

when treated with biochar. It also enhanced yield related

characteristics to a higher degree of efficiency in achenes per

head, 1000-achene weight, achene yield, and biological yield by

7.5% and 6.9%, 29.9% and 31.5%, 12.0% and 11.0%, 0.90 and 4.13%

respectively under normal irrigation and drought stress. It becomes

clear from the study findings that the use of biochar can enhance

yields and growth of crops for short irrigation (Figure 3).
Gas exchange parameters and
chlorophyll contents

Transpiration rate, stomatal conductance, photosynthetic rate,

and chlorophyll content were among the gas exchange parameters

that were considerably impacted by the use of slow-release nitrogen

fertilizers (SRNF), various irrigation regimes, and biochar (BC)

treatments (Figure 4). Similar patterns to those seen for

morphological characteristics of crops were also seen for these

physiological variables. The gas exchange parameters and

chlorophyll content were highest for zinc-coated urea (ZCU),

sulfur-coated urea (SCU), and non-coated simple urea (SU)

among the SRNF treatments. The results showed that zinc-coated

urea performed better than SU treatment in several respects,

including transpiration rate (16.2% increase), stomatal

conductance (19.9% increase), photosynthetic rate (18.5%

increase), and chlorophyll content (12.3%) under normal

irrigation and drought stress, respectively. These findings show

that ZCU is effective in improving physiological traits under

different irrigation conditions.

Results from an examination of irrigation schedules showed

that, in comparison to regular irrigation, drought stress drastically

decreased gas exchange parameters and chlorophyll content.

When plants are in a drought, their transpiration rate drops by

26.1%, their stomatal conductance drops by 25.8%, their

photosynthetic rate drops by 26.2%, and their chlorophyll

content drops by 17.2%.

Nonetheless, gas exchange parameters and chlorophyll content

were enhanced by applying biochar under both irrigation regimes.

In normal irrigation and drought stress conditions, respectively, the

application of biochar resulted in a 7.02% and 5.28% increase in

transpiration rate, a 9.49% and 9.82% boost in stomatal

conductance, a 16.0 and 13.1 percent increase in photosynthetic

rate, and an 11.14% and 6.06% increase in chlorophyll content.

These results demonstrate that biochar can improve plant

physiological performance in drought.
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Fatty acid profile

Biochar, irrigation schedules, and slow-release nitrogen

fertilizers (SRNF) had a substantial impact on the fatty acid

composition of sunflower seeds (Figure 5). The treatments that

produced the highest levels of fatty acids were zinc-coated urea

(ZCU) and the treatments that produced the lowest levels were non-

coated simple urea (SU). In comparison to SU, ZCU increased the

levels of palmitic acid by 18.8% and 19.9% under normal irrigation

conditions and stearic acid by 18.4% and 25% under drought stress

conditions, oleic acid by 16.1% and 19.9%, and linoleic acid by

20.1% and 21.0% under these same conditions.
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When comparing levels of fatty acids during normal irrigation

to those during drought stress, a clear trend emerged. The following

acids showed reductions under drought stress: palmitic acid (25.6%

reduction), stearic acid (27.9% reduction), oleic acid (27.0%

reduction), and linoleic acid (24.6% reduction).

Fatty acid levels were found to be improved under both irrigation

conditions when biochar was applied. Biochar increased the levels of

palmitic acid by 37.2%, stearic acid by 34.6%, and oleic acid by 11.3%,

and linoleic acid by 9.40% when grown under conventional irrigation

conditions. Biochar increased levels of palmitic acid by 28.9%, stearic

acid by 29.5%, and oleic acid by 10.7%, and linoleic acid by 7.71%

when subjected to drought stress. These findings demonstrate that
FIGURE 2

Plant growth parameters like plant height (cm), stem diameter (cm), number of leaves per plant and head diameter (cm) effected by slow release
nitrogen fertilizers and biochar under drought stress.
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ZCU and biochar can improve the fatty acid profile of sunflower

seeds, regardless of the presence or absence of water.
Biochemical analysis

Antioxidant activity
Application of biochar, changes in irrigation patterns, and slow-

release nitrogen fertilizers (SRNF) had a substantial impact on

antioxidant activities, including those of superoxide dismutase

(SOD), peroxidase (POD), catalase (CAT), and ascorbate

peroxidase (APX). Drought stress was associated with the greatest

SOD, POD, CAT, and APX activities. Under both irrigation

conditions, the antioxidant activity was further affected by the
Frontiers in Plant Science 08
addition of biochar. When compared to normal irrigation, the

activities of SOD, POD, CAT, and APX increased by 39.2%,

51.3%, 32.3%, and 73.1 percent, respectively, when drought stress

was present. On the other hand, biochar lowered antioxidant

activities in both irrigation regimes; specifically, SOD, POD, CAT,

and APX all saw reductions of 16.0 percent, 23.1 percent, 18.6

percent, and 15.9 percent, respectively. Among the SRNF

treatments, the one with the most antioxidant activity was zinc-

coated urea (ZCU), while the one without coating was non-coated

simple urea (SU) (Figure 6). In response to changes in water

availability, these results show that biochar and ZCU play a role

in controlling sunflower oxidative stress responses.

Biochar treatments, SRNF applications, and drought stress all

led to noticeable changes in total soluble protein (TSP), hydrogen
FIGURE 3

Yield related parameters like number of achene per head, 1000-achene weight (g), and achene by slow release nitrogen fertilizers and biochar under
drought stress.
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peroxide (H2O2), and malonaldehyde (MDA) levels. Depending on

the severity of the drought, levels of TSP, H2O2, and MDA could

rise as much as 36.1%, 79.7%, and 79.7%, respectively. Under

normal irrigation stress, biochar application reduced these stress

markers by 19.9%, while under drought stress, it was reduced by

73.1 percent. The levels of HkOk, APX, and MDA were consistently

highest in SU among the SRNF treatments, and consistently lowest

in ZCU (Figure 7). Both irrigation regimes were able to reduce

oxidative stress markers and keep physiological stability intact,

thanks to the mitigating effect of biochar and ZCU.

The use of SRNF, treatment with biochar, and irrigation

schedules all had notable impacts on quality indicators like oil

and protein content. The oil and protein contents were highest in

ZCU, then in SCU, and finally in SU. The quality parameters

were negatively affected by drought stress; however, when biochar
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was applied, the oil and protein contents were improved in

comparison to treatments that did not include biochar

(Figure 8). Even when sunflower seeds are subjected to drought

stress, these results demonstrate that ZCU and biochar improve

their quality.
Correlation

The correlation graph given in Figure 8 highlights strong positive

relationships between growth and yield parameters, indicating the

effectiveness of biochar and ZCU in enhancing plant productivity.

Negative correlations with stress markers like SOD, POD, and MDA

suggest reduced oxidative stress, demonstrating the treatments’ role in

mitigating drought effects.
FIGURE 4

Crop physiological parameters like transpiration rate, stomatal conductance, photosynthetic rate and chlorophyll contents (SPAD value) effected by
slow release nitrogen fertilizers and biochar under drought stress.
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Discussion

Drought stress

Our results show that morpho-physiological traits are drastically

reduced by drought stress, which also triggers the highest antioxidant

activity. Drought stress has emerged as a major threat to agricultural

productivity in the face of ongoing global climate change (Sein and

Zhi, 2016). Forecasts show that by the century’s end, both the

frequency and severity of droughts will have increased (Gutierrez

et al., 2014; Sun et al., 2024). Drought has long been known to stunt

plant development and interfere with many biochemical and

physiological processes. Numerous physiological pathways

associated with drought resistance in plants have been the subject

of substantial investigation (Zwicke et al., 2015). In order for plants to
Frontiers in Plant Science 10
grow and develop, drought stress interrupts vital internal processes

(Lei and Shao, 2023). By contrasting normal irrigation conditions

(100 percent field capacity) with drought stress conditions (60

percent field capacity), this study sought to investigate the effects of

drought stress on morpho-physiological, biochemical, and

growth parameters.

Environmental factors have a significant impact on crop

development, yield parameters, and the reactions of plant traits.

There was a marked decrease in plant height, stem diameter, head

diameter, leaf number, achenes per head, achene yield, and

biological yield as a consequence of drought stress, according to

the results. Battaglia et al. (2018) found that water scarcity affected

maize yield and quality adversely; our findings are in line with

theirs. Net photosynthesis (Pn), transpiration rate (E), stomatal

conductance (gs), and chlorophyll content (SPAD value) were all
FIGURE 5

Fatty acid profile like palmitic acid, stearic acid, oleic acid and linoleic acid effected by slow release nitrogen fertilizers and biochar under drought stress.
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found to significantly decrease under drought stress in the present

study. In a similar vein, Sekhar et al. (2017) found that drought

significantly reduced photosynthesis in mulberry genotypes. Lower

leaf water potential, which increases resistance to CO2 diffusion, is

probably the cause of reduced photosynthetic activity under

drought stress (Pflug et al., 2018). Reduced CO2 uptake during

stomatal closure due to water stress inhibits photosynthesis (Saeidi

and Abdoli, 2015). Researchers have found that stomatal

conductance drops significantly in drought-stricken wheat

genotypes and maize seedlings (Ouyang et al., 2017). All things

considered, these results show that drought stress is bad for plants

and their ability to produce food.

Hydrogen peroxide (H2O2) and superoxide anions are reactive

oxygen species (ROS) that plants produce in excess when water is not

present. These anions impede plant growth and development (Lei

and Shao, 2023). Oxidative stress causes proteins, membranes, and

enzymes to be damaged when drought stress increases the production
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of reactive oxygen species (ROS) (Zlatev and Lidon, 2012). Enzymes

called catalase (CAT) play a crucial role in reducing oxidative stress

and improving plant tolerance to drought by breaking down

hydroxide ions into water and oxygen (Hafez et al., 2020). Catalase,

superoxide dismutase (SOD), peroxidase (POD), and ascorbate

peroxidase are some of the antioxidant defenses that plants activate

in response to ROS-induced damage (APX). In stress tolerance, APX

is especially important because it converts H2O2 into water, which

protects cells from ROS toxicity and keeps them intact (Kausar et al.,

2013; Gharibi et al., 2016). To maintain plant resilience in the face of

drought stress, these antioxidant mechanisms are crucial.
Biochar application

It was noted that one of the possibilities to minimize the harm

of drought stress is biochar, or BC (Siebielec et al., 2020; Hafez et al.,
FIGURE 6

Antioxidant activity like Superoxide dismutase (SOD), peroxidase (POX), catalase (CAT) and ascorbate peroxidase (APX) effected by slow release
nitrogen fertilizers and biochar under drought stress.
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2020). Therefore, a substance that can lower DS, BC has received

the title of the ‘black gold of agriculture’ Zhang et al., 2019; Khan

et al., 2022). This study revealed that the application of BC to crops

during the period of drought significantly increased their

physiology and antioxidant activity. Licht and Smith (2018)

identified that in water-stressed plants, treatment through BC

improved photosynthesis rate, transpiration rate, stomatal

conductance, and chlorophyll content in plants (Ahmed et al.,

2016; Khan et al., 2021). In DS environments BC enhances

functionality of the plant through the production of chemicals

required for growth (Manolikaki and Diamadopoulos, 2019;

Wang et al., 2021).

Some earlier studies Lyu et al. (2016) and Abideen et al. (2020)

revealed that BC enhanced the water balance of the plants and

enhanced the antioxidant potential. Proline – stress-induced

osmolyte being requisite to well regulate osmotic pressure and

reduce ROS. According to the present study carried out on

Medicago ciliaris Yildirim et al. (2021) found that it has low

levels of proline because with BC BC-treated plants had lesser ROS

and they were under lesser oxidative and osmotic stress even

though DS has potential to increase the proline accumulation

substantially. BC shields the photosynthetic apparatus from being
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damaged by DS due to controlling of electron transport rules and

antioxidant intensity (Chaves et al., 2009). In the present study

and as stated earlier by Foyer et al. (2009) and Zulfiqar et al. (2022)

reported that application of BC enhanced plant metabolic

processes, growth, and ROS quenching under DS through

enhancing the antioxidant enzymes such as SOD POD CAT

and APX.

Arbuscular mycorrhizal fungi (AMF) and BC together have

validated potential in improving drought tolerance via osmotic

adjustments, hormone regulation, and increased antioxidant

activity, among other pathways (Mickan et al., 2016; Hafez et al.,

2020). Lower levels of malondialdehyde (MDA), an indicator of

reduced lipid peroxidation, were observed after BC application in

Medicago ciliaris under DS conditions. Treatment of Brassica

oleracea with BC also increased the activity of antioxidant

enzymes, which decreased the accumulation of malondialdehyde

(Yildirim et al., 2021). According to Khan et al. (2021), BC reduces

DS by reducing oxidative and osmotic stress, as evidenced by the

fact that it lowers proline and total soluble protein (TSP) levels. The

importance of BC in improving physiological processes and

bolstering antioxidant defenses in plants makes its impact on

drought stress resilience clear in these results.
FIGURE 7

Total soluble protein (TSP), hydrogen peroxide (H2O2), and malonaldehyde (MDA) effected by slow release nitrogen fertilizers and biochar under
drought stress.
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Slow releasing nitrogen fertilizers

Results showed that SRNF significantly affected sunflower yield

in addition to other physiological and biochemical variables. It was

found that zinc-coated urea (ZCU) was the most effective treatment,

surpassing sulfur-coated urea (SCU), which had previously beaten

non-coated simple urea (SU). The increased yields seen when using

ZCU are because of its ability to release nitrogen slowly, increase

zinc uptake, and improve agronomic efficiency. Evidence from

earlier research shows that bioactive zinc-coated urea improves

rice morphology, yield, and quality (Nazir et al., 2021; Shah et al.,

2023). The use of slow-release fertilizers greatly enhances crop

growth and development, especially in wheat, according to studies

conducted by Versino et al. (2020) and Ma et al. (2022). These

studies were conducted under field conditions.
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Coated fertilizers, such as ZCU, aremore effective than their uncoated

counterparts because they contain nutrient-solubilizing microorganisms,

which allow for a controlled and sustained release of nitrogen (Shah et al.,

2023). By dissolving insoluble fractions in the soil rhizosphere, the

bioactive compounds in ZCU increase nutrient bioavailability and

guarantee a consistent supply of vital nutrients. Enzyme activation,

protein synthesis, nucleic acid and starch metabolism, and zinc’s

specific function in these areas are all essential for vital processes like

pollination (Cakmak and Kutman, 2018). Coated fertilizers increase the

soil’s inorganic nitrogen availability while conventional urea quickly

hydrolyzes, resulting in substantial nitrogen losses.

In addition, when compared to regular urea, ZCU was superior

in improving chlorophyll pigments. Nitrogen is crucial for the

absorption of light energy in photosynthesis because it is a

component of chlorophyll (Earl and Tollenaar, 1997). Consistent
FIGURE 8

Correlation between the morpho-physiological, antioxidant and biochemical analysis.
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with earlier research, our results demonstrate that coated urea

enhances photosynthetic pigment synthesis. As an illustration,

Scharf et al. (2006) found that seedlings treated with coated urea

had a significantly higher chlorophyll content. Consistent with prior

research, this study found that increased yields were associated with

growth-related traits and more efficient nitrogen use (Otteson et al.,

2007; Zheng et al., 2016; Haroon et al., 2023; Anjum et al., 2022).

Coated urea improves crop performance, according to these studies.

The findings of this study align with previous research indicating

that the application of slow-release nitrogen fertilizers (SRNF),

particularly zinc-coated urea (ZCU), and biochar significantly

enhance the fatty acid composition of sunflower seeds under both

normal and drought stress conditions. Nazir et al. (2021) reported

that the use of bio-activated zinc oxide (ZnO) coated urea, a form of

SRNF, resulted in a 15–20% improvement in yield and biochemical

parameters of rice crops, which is comparable to the observed

increases in palmitic (18.8–19.9%), stearic (18.4–25.0%), oleic

(16.1–19.9%), and linoleic (20.1–21.0%) acid levels in our study.

Similarly, Khan et al. (2022) found that ZCU application led to a 94%

increase in dry matter yield and a 75% enhancement in nitrogen

uptake in ryegrass, supporting our findings on improved nutrient

uptake efficiency contributing to better oil quality. The effectiveness of

SRNF in improving oil composition is attributed to its gradual

nitrogen release, ensuring sustained nutrient availability during

critical growth stages, thus improving biochemical pathways

responsible for lipid synthesis. The role of biochar in enhancing

soil water retention and nutrient availability, as reported by Mandal

et al. (2020), further corroborates our results, where biochar

application increased fatty acid levels by 37.2%, 34.6%, 11.3%, and

9.40% for palmitic, stearic, oleic, and linoleic acids, respectively,

under normal irrigation conditions. Under drought stress, the

effectiveness of biochar was also evident, with increases of 28.9%,

29.5%, 10.7%, and 7.71%, respectively. These findings suggest that

integrating biochar with SRNF, especially ZCU, not only enhances

the fatty acid profile but also mitigates the adverse effects of drought

stress, making sunflower cultivation more resilient and sustainable.
Conclusion

Finally, when it came to improving morpho-physiological

performance, zinc-coated urea, sulfur-coated urea, and non-coated

simple urea were the most effective. The use of biochar improved

morpho-physiological traits in both normal and drought-stressed

environments and considerably increased antioxidant activity during

drought stress. So, to maximize yield and improve overall crop

performance, a promising strategy for sustainable sunflower

productivity is to combine biochar with slow-release nitrogen

fertilizers. The findings further emphasize the potential of biochar

and ZCU in creating a synergistic effect that enhances crop tolerance

to abiotic stressors like drought. This combination not only ensures

improved water use efficiency but also sustains the nutrient

availability required for optimal plant growth and yield. Moreover,

the study provides a valuable framework for adopting sustainable

agricultural practices that promote environmental conservation and

resilience in crop production systems. Such integrated strategies are
Frontiers in Plant Science 14
crucial for addressing the dual challenges of increasing food demand

and mitigating the adverse impacts of climate change.
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