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Enhancing physio biochemical
traits and yield of common
buckwheat Fagopyrum esculentum
with rice husk biochar and nano
iron oxide under water stress
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Climate change is making droughts more frequent, which is a major problem for crop yield, especially
for crops that are vulnerable to drought, such as common buckwheat (Fagopyrum esculentum).
Drought stress affects negatively on physiological and biochemical processes of plants, leading to
reduced yields. This study addresses the knowledge gap regarding effective strategies to mitigate
drought-induced damage and enhance productivity in buckwheat. We hypothesized that iron oxide
nanoparticles (Fe;O, NPs) and rice husk biochar could improve drought tolerance in buckwheat

by modulating its physiological and biochemical responses. To test this, buckwheat plants were
grown under well-watered (80% of field capacity, FC) and drought (40% of FC) conditions following a
completely randomized design (CRD) with three replications. Results showed that the application of
50 g/kg rice husk biochar and 400 ppm Fe,O, NPs, either separately or in combination, significantly
enhanced the yield and improved key physiological and biochemical traits, including relative water
content, photosynthetic rate, stomatal conductance, chlorophyll content, and antioxidant activity.
The combination of Fe,0, NPs and rice husk biochar led to improvements the plants’ relative water
content, photosynthetic rate, chlorophyll levels, membrane stability index, proline, antioxidant
activity (DPPH), and seed yield by 22.37, 17.11, 43.05, 16.07, 43.75, 8.59, and 50.87%, respectively
compared to untreated drought plants. Moreover, this treatment reduced oxidative stress indicators
such as hydrogen peroxide and malondialdehyde by 31.09 and 38.19%, respectively. These results
show that Fe;0, NPs, when combined with rice husk biochar, significantly improve drought
tolerance in common buckwheat, providing a viable strategy to increase crop yields in water-limited
environments. In view of climate change, this study emphasises the potential of combining biochar
with nanomaterials for sustainable agricultural practices.
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Buckwheat is a pseudocereal originating from China, and it became a pan-Eurasian crop by 3000 BCE'. This
crop has gained considerable interest worldwide due to its nutritional, economic, and pharmaceutical values®1°.
Two buckwheat species are cultivated, common buckwheat (Fagopyrum esculentum Moench) and Tartary
buckwheat (Fagopyrum tataricum (L.) Gaertn), although the first accounts for 90% of the production'!. Although
Tartary buckwheat was reported to be widely adaptable to hostile environments'2, common buckwheat is more
susceptible to drought stress concerning physiological and biochemical characteristics. Compared to Tartary

buckwheat common buckwheat generally exhibits lower water deficit tolerance®?.

1Department of Agronomy, Gazipur Agricultural University, Gazipur 1706, Bangladesh. 2Department of Plant
Sciences, University of Wyoming, Laramie WY 82071, USA. 3Department of Agronomy, Faculty of Agriculture
and Environment, The Islamia University of Bahawalpur, Bahawalpur 63100, Pakistan. “Department of Plant
Production, College of Food and Agriculture Sciences, King Saud University, Riyadh, Saudi Arabia. *Department
of Agronomy, Kansas State University, Manhatan KS 66506, USA. éInstitute of Field and Vegetable Crops, National
Institute of the Republic of Serbia, Maxim Gorki 30, Novi Sad 21000, Serbia. *‘email: mannanagr@bsmrau.edu.bd;
maizescience@yahoo.com

Scientific Reports | (2025) 15:7859 | https://doi.org/10.1038/s41598-025-90736-3 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-90736-3&domain=pdf&date_stamp=2025-2-20

www.nature.com/scientificreports/

A carbon-rich substance called biochar (BC) can be applied as a soil conditioner to enhance soil quality and
soil carbon sequestration. Biochar is produced by pyrolyzing organic materials at a temperature between 250 and
700 °C™. Tt has several special qualities that make it an effective, affordable, and environmentally friendly source
of soil conditioner!®, and it’s also regarded as a potential solution for drought-related issues'®. Additionally, BC
has been shown to improve soil and increase water holding capacity!”!® and the amount of water accessible
to plants'®. Biochar improves the growth and yield of sunflower?!, rapeseed??, and wheat?* under drought
conditions. Biochar enrichment significantly improved the stomatal conductance, water use efficiency, and
photosynthesis in tomato crops®, osmotic potential, photosynthetic rate, transpiration rate, relative water
contents, leaf water potential, and leaf turgor potential in maize?*, wheat?® and quinoa®” as well as improved the
electron transfer and protective enzymes activity in crops®® under water-scarce conditions. Biochar is the most
feasible alternative to cope with drought conditions for sustainable agriculture production due to its long-term
carbon sink in the soil, high porosity, cation exchange capacity, and ability to serve as a home for beneficial
microbes?*21:%_ Soil application of biochar improves the water and nutrient holding capacity of the soil, seed
germination, seedling emergence, productivity, microbial activity, and other chemical processes in soil**-32.
Therefore, applying biochar could be a step forward in alleviating the adverse effects of drought on the growth,
physiology, biochemical traits, and yield of buckwheat.

Nanotechnology (NT) has emerged as a promising field commonly used in the agricultural, food, and
medical industries™. Various nanoparticles (NPs), including titanium dioxide (TiO,), iron oxide (Fe,0,), zinc
oxide (ZnO), silicon oxide (SiO,), copper (Cu-NPS), and selenium (Se-NPS), have received significant attention
recently owing to their non-threatening use in the agriculture sector***>. NPs protects plants from oxidative
damage by increasing the activities of antioxidants®®, can reduce drought-induced toxic effects by decreasing
hydrogen peroxide (HZO%) and malondialdehyde (MDA) accumulation, and maintaining the efficiency of the
photosynthetic apparatus®®3” which improves plant tolerance against abiotic stresses. NPs can also penetrate the
plant chloroplast reach the photo system-II (PS-II) reaction center, and increase the transmission of electrons and
light absorption in chloroplasts under stress, thereby improving photosynthetic efficiency and plant growth.
NPs enter the plant body through the roots and leaves, and after entering the plant body, induce biochemical,
morphological, molecular, and physiological changes in the crops®. The primary response of drought stress
is stomata closing, which affects CO,diffusion, reduces photosynthesis and diminishes plant growth?. The
application of NPs improves plant growth by triggering hormonal signaling, root activity, water uptake, and
antioxidant activities*!, improves photosynthetic efficiency, synthesis of secondary metabolites and chlorophyll,
and antioxidant activity, thereby improving plant growth under drought*>~*%. Biochar and NPs alone can
effectively manage abiotic stress like drought by raising levels of photosynthetic pigments, antioxidant enzyme
activity, and total soluble sugars while lowering stress markers like MDA content and electrolytic leakage in
plant leaves. The mitigating effects of Fe,O, NPs in the combination of rice husk biochar on drought-stressed
buckwheat, however, has not been studied yet. Thus, the goal of the current study was to assess the effects of
Fe,O, NPs as a foliar spray, either alone or in combination with rice husk biochar, on the physio-biochemical
characteristics and yield of common buckwheat in water-scarce environments.

Materials and methods

Experimental location, soil, treatments and design

The experiment was conducted in a semi-controlled vinyl house from February to April. The experimental site
is 8.4 m above mean sea level at latitude 24° 5" 23"" N and longitude 90° 15" 36’" E. During the trial, the mean
highest temperature was 37.29 °C, while the mean lowest temperature was 16.7 °C. The average maximum and
minimum relative humidity throughout the growing season were 62.67 and 54.47%, respectively at 2.00 pm. The
experimental soil had a pH of 6.31 and a sandy loam texture, consisting of 52.99% sand, 33.00% silt, and 13.21%
clay. Soil organic carbon, available P, total N, exchangeable K, CEC, and EC values were, in that order, 0.55%,
0.06 mg /100 g, 0.07%, 0.73 cmol /kg dry soil, 12.75 cmol /kg dry soil, and 0.02 dS /m. The soil retains around
30% of its moisture content at field capacity (FC). Each plastic pot (30 cm in length and 24 cm in diameter)
contained a 4:1 blend of soil and cow excrement. It held six kilograms of blended soil that had been air-dried. The
experiment was made up of two factors. Factor A: water regimes- (i) well water (80% of field capacity, FC) and
(ii) drought (40% of FC). Factor B: the four treatments of (i) control (no treatment), (ii) rice husk biochar (BC)
at 50 g/kg soil, (iii) foliar application of Fe,O, NPs at 400 ppm concentration (Fe,O, NPs), and (iv) combination
of biochar application and the foliar application of Fe,O, NPs (BC + Fe,O, NPs). The experiment was laid out a
completely randomized design (CRD) with 3 replications.

Rice husk biochar

The rice husk biochar has been produced in a biochar stove following the method described by Islam et al.*>. The
chemical composition of rice husk biochar is pH 7.10, N 2.51%, P 0.23%, K 0.235%, Ca 1.012%, Mg 0.446%, S
0.326% and EC 1.23 mS/cm.

Fe,0, nanoparticle solution preparation
Iron (II, IIT) oxide- Nanopowder (50-100 nm particle size (SEM), 97% trace metal basis was used to create
nanoparticle solutions. Table 1 shown the chemical makeup of the Fe,O,nanoparticles*.

To prepare 400 ppm nano-Fe,O solutions, 400 mg of this powder was added to 1 L of distilled water. For
sixteen hours, the solution was heated to 60 °C using a hot plate and a magnetic stirrer. After that, a sonication
bath was given to the solution with continuous vibration to mix all the particles into the water homogenously, so
that the solution could penetrate through the plant leaves effortlessly during the application?’. These solutions
were then kept at room temperature in a plastic bottle. When applying the solution to the plant, the necessary
volume was filled in a hand sprayer.
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Elements Concentration | Percent

Aluminium (Al) 227.2 ppm 0.02272%
Boron (B) 0.8 ppm 0.00008%
Barium (Ba) 1.6 ppm 0.00016%
Calcium (Ca) 241.4 ppm 0.02414%
Cadmium (Cd) 10.3 ppm 0.00103%
Chromium (Cr) 43.5 ppm 0.00435%
Copper (Cu) 18.3 ppm 0.00183%
Potassium (K) 11.7 ppm 0.00117%
Magnesium (Mg) | 76.1 ppm 0.00761%
Manganese (Mn) 732.3 ppm 0.07323%
Molybdenum (Mo) | 1.8 ppm 0.00018%
Sodium (Na) 58.9 ppm 0.00589%
Nickel (Ni) 34.9 ppm 0.00349%

Table 1. Elements of trace metal of iron nanoparticle.

Treatments and cultural practices

The rice husk biochar was evenly mixed with soil at a rate of 50 g/kg soil in pots treated with biochar. The
buckwheat seeds were repeatedly cleaned with distilled water after being sterilized with 1% sodium hypochloride.
After sterilization, the seeds were left to dry overnight on a sanitized bench. Each pot contained ten seeds,
spaced equally apart. To ensure steady germination, a tiny bit of water was added to the pots. Seeds started
germinating in 5 days after sowing. Twelve pots were well-watered (Control) in the fourth leaf stage and received
frequent watering to maintain moisture at 80% of FC throughout the growing season. The remaining 12 pots
were maintained in a water-stressed environment with a 40% of FC (drought) for the duration of the growing
season. A portable digital moisture meter (POGO Soil Sensor II, Stevens, USA) was regularly used to check the
moisture content of the soil in each pot. After seven days of the fourth leaf stage, a 400 ppm concentration of
nano-Fe,O, solution was sprayed on the leaves of the control and drought-treated plants. Every plant received
two sprayings spaced seven days apart.

Data collection
Data on physio-biochemical parameters were made on both control and drought-treated leaves during the
flowering stage. Yield-related data were recorded at maturity.

Relative water content (RWC), Water saturation deficit (WSD), and water use efficiency (WUE) measurement

To measure the RWC, five fully grown topmost fresh leaves from each treatment were collected randomly, placed
in polyethylene bags, and brought to the lab. To prevent any dehydration, first get the samples’ fresh weight as
soon as possible. To find the sample’s turgid weight, it was submerged in distilled water. The sample was taken
out of the distilled water and its turgid weight was measured a day later. After that, the sample was oven-dried
for three days at 65 °C to dry it out. Lastly, each treatment’s relative water content (RWC) and water saturation
deficit (WSD) were calculated using the formula below*®:

i) RWC % = [(FW-DW)/(TW-DW)] x100
ii) WSD % = [(TW - FW) / (TW - DW)] x 100

where, RWC, FW, DW, and TW are relative water contents, fresh weight, dry weight, and turgid weight of the
leaf samples.

According to Yuping et al.*, instantaneous water use efficiency (WUE) was calculated as the ratio of the rates
of transpiration and photosynthesis. WUE =PN / E; PN-photosynthesis, E-transpiration rate.

Gas exchange characteristics measurement

Each measurement of the gas exchange parameters, such as transpiration rate (Tr), photosynthetic rate (Pn),
stomata conductance (Gs), and intercellular CO, concentration, was performed using a portable photosynthetic
system (Li-COR, 6400, Lincon, NE, USA). On a sunny day between 11:00 am and 1 pm, all gas exchange
characteristics were measured on the uppermost leaves of each pot that had fully developed.

Leaf chlorophyll content measurement

One completely developed leaf at the apex of the plant was sampled in accordance with Mannan et al.>° to
determine the amount of chlorophyll in each replication. After 20 mg fresh leaf samples were collected, vials
holding twenty ml of 80% acetone were put in the dark for 72 h, covered with aluminum foil, and left. Double-
beam Thermo Fisher Scientific spectrometer (model 20020) was used to measure the wavelengths at 663 nm
and 645 nm. The concentrations of chlorophyll a, b, and total chlorophyll were determined using the following
formula:

Chlorophyll a (mg/g fresh weight) = [12.7(D663) — 2.69(D645)] x [V/100x W]
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Chlorophyll b (mg/g fresh weight) = [22.9(D645) — 4.68(D663)] x [V/100 x W]
Total chlorophyll (mg/g fresh weight) = [20.2(D645) — 8.02(D663)] x [V/100 x W]

where, D (663, 645) = Optical density of the chlorophyll extract at a wavelength of 663 and 645 nm, respectively.
V =Final volume (ml) of 80% acetone with chlorophyll extract.
W =Weight of fresh leaf sample in g.

Cell membrane stability measurement

We computed the cell membrane stability using the procedure outlined by Rady®!. Ten (10) discs were produced
in each of the two sets of samples. One set was incubated in a water bath at 40 °C for 30 min before its electrical
conductivity (EC1) was measured. After incubation at 100 °C for 10 min, the other groups electrical conductivity
(EC2) was assessed. To calculate MSI, the following formula was used:

MSI(Cell membrane stability %) = [1 — (EC1/EC2)] x 100

Lipid peroxidation (Malondialdehyde) measurement

The methodology outlined by Rao and Sresty® was followed while measuring malondialdehyde (MDA) content
in buckwheat leaves. The MDA level was measured under stress and control conditions using a reaction mixture
containing 0.5 g of fresh leaf, 0.1% tri-chloroacetic acid (TCA), and 20% thiobarbituric acid (TBA). Ultimately, a
spectrophotometer (Shimadzu, UV-1201; 1, Nishinokyo Kuwabara-cho, Nak-agyo-ku, Kyoto 604-8511, Japan)
was used to assess the absorbance of colored supernatants at 530 and 600 nm.

Proline estimation

The proline content was measured by following the procedure described by Bates et al.*. The proline content
was measured using 2.0 ml of proline extract, 2.0 ml of acid ninhydrin, and 2.0 ml of glacial acetic acid. The
absorbance was measured at 520 nm. Real proline at a specific concentration was used to create a standard curve.

Total sugar measurement

Using the technique outlined by Somogyi*, the total sugar content of the buckwheat leaves was measured.
For 10 to 15 min, a test tube holding 0.1 g of fresh leaf and 80% ethanol was submerged in the water bath. An
additional 5 ml of 80% ethanol was used for at least 2 extractions. The leaf extract solution was made with 20 ml
of distilled water. Then, a test tube was filled with 0.5 ml of phenol solution (5%), and 0.5 ml of leaf extract. Three
ml of concentrated H,SO, were added, and the mixture started to heat up and become colored. The optical
density at 490 nm waves was measured using a spectrophotometer (Systronics UV-VIS 118) after the sample was
cooled to room temperature. The result was expressed in mg/g of fresh leaf weight.

Hydrogen peroxide (H,0,) measurement

The hydrogen peroxide (H,O,) content was measured using a modified Velikova et al.*> method. Two ml of ice-
cold 0.1% trichloroacetic acid (TCA) (w/v) was mixed well with 300 mg of frozen leaf powder, and the mixture
was centrifuged (12,000 x g) for 15 min at 4 °C. In every replication, this method was used three times. One
ml of 1 M potassium iodide and 5 ml of 10 mM potassium phosphate buffer (pH 7.0) were added to the 0.5 ml
supernatant. The blank was treated with 0.1% TCA. With a Cary 100 Bio, Varian, Australia, an absorbance
measurement at 390 nm was made. The same set of conditions applied to the H,O, standard.

Estimation of total antioxidant (2, 2-diphenyl-1-picrylhydrazyl radical scavenging activity)

Using the protocol outlined by Okonogi et al.>®, spectrophotometric analysis was utilized to evaluate the
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical’s scavenging activity. The DPPH solution’s color changing from
purple to yellow when the radical was neutralized by antioxidants served as the fundamental concept for the
assay. The extracts were mixed with methanol to create a stock solution for each leaf extract (10 mg/ml). One
thousand aliquots of different leaf extract dilutions were mixed with 5000 aliquots of DPPH (150 uM) that had
been dissolved in methanol. Following a vigorous shake, the mixture was left to stand at room temperature in
the dark for half an hour. The absorbance at 517 nm was recorded in order to calculate the quantity of residual
DPPH. Three measurements were made for each. The radical-scavenging activity as a percentage was calculated
using the following equation:

DPPH radical — scavenging (%) = A0 — A1/A0 x 100

where Al is the sample’s absorbance and A0 is the control’s absorbance. A sample’s IC50 value indicates the
concentration needed to scavenge 50% of the DPPH free radicals. The reaction mixture’s lower absorbance
suggests a higher degree of free radical scavenging activity.

Estimation of yield and yield contributing parameters
At maturity, 3 plants per pot were harvested and the number of grains/plants, 1000-grain weight, and grain yield/
plant was calculated.

Statistical analysis
The obtained data were statistically analyzed for each parameter using analysis of variance (ANOVA). Using the
Duncan technique, the treatments were compared using the least significant difference (LSD) at a confidence
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Relative water content (%) Water saturation deficit (%) | Water use efficiency
Treatments Well water Drought Well water Drought Well water | Drought
Control 83.36+0.52*b | 67.79+1.08d | 16.64+0.52%c | 32.21+1.08a | 1.44+0.061b | 1.75+0.079a
BC 86.08+1.01a | 75.56+3.69c |13.92+1.01c |24.44+3.69b | 1.42+0.088b | 1.46+0.149b
Fe,O, NPs 88.16+1.15a | 80.12+2.34c |11.84+1.15c | 19.88+2.34b | 1.42+0.086b | 1.42+0.060b
BC+Fe,O, NPs | 89.27+1.64a |82.96+2.11c | 10.73+1.64c |17.04%2.11c | 1.43£0.093b | 1.35+0.027b
CV (%) 4.1 18.3 10.3

Table 2. Effects of rice husk biochar and Fe,O, nanoparticle on relative water content, water saturation deficit,
and water use efficiency of buckwheat leaf under limited water conditions. * SE, Different letters in each
column indicated that the means of the treatments were statistically varied at p =0.05.

Photosynthesis rate Stomatal conductance Transpiration rate

(umol CO, /m? /s) (mol H,O /m? /s) (mol H,0/ m? /s)
Treatments Well water | Drought Well water Drought Well water | Drought
Control 4.93+0.24%a | 3.74+0.09c | 0.26+£0.033NS | 0.18+0.024NS | 3.45+0.31a | 2.15+0.05¢
BC 5.08+0.24a |3.98+0.08b | 0.27+0.025NS | 0.21+0.011NS | 3.59+0.14a | 2.79+0.27b
136304 NPs 5.17+0.23a | 4.24+0.11b | 0.29+0.027NS | 0.24+0.008NS | 3.65+0.14a | 3.00+£0.16b
BCJrFe3O4 NPs | 5.26+0.22a | 4.38+0.07b | 0.32+£0.032NS | 0.25+0.009NS | 3.71+0.15a | 3.26+0.12a
CV (%) 6.7 16.0 2.5

Table 3. Effects of rice husk biochar and Fe,O, nanoparticle on photosynthetic rate, stomatal conductance,
and transpiration rate of buckwheat leaf under limited water conditions. * SE, Different letters in each column
indicated that the means of the treatments were statistically varied at p=0.05, NS-Non significant.

level of p=0.05". For this investigation, CropStat 7.2 was utilized as the program, and Microsoft Office Excel
2016 was used to create the graphs. Principal component analysis (PCA) was performed by R software (R Core
Team, 2019) for data analysis to check the association among different studied morpho-physiological attributes
and treatments.

Results

Relative water content, water saturation deficit, and water use efficiency

The effects of biochar and NPs treatments on relative water content, water saturation deficit, and water use
efficiency in both drought and well water conditions are presented in Table 2. The application of BC, Fe,O, NPs,
and BC +Fe,O, NPs significantly improved water relation features under well water (80% of FC) and drought
(40% of FC) conditions as compared to control treatments. Drought stress dramatically reduced the relative
water content by 19.39% as compared to well water conditions. Additionally, water saturation deficit and water
use efficiency rose by 93.56% and 21.52%, respectively. In both well water and drought conditions, the application
of BC and Fe,O, NPs, either separately or in combination, improved the water relation features. Comparing to
untreated drought conditions, BC, Fe,O, NPs, and BC + Fe,O, NPs increased the relative water content by 11.46,
18.18, and 22.37%, respectively. Comparing these treatments to untreated drought circumstances, however, the
water saturation deficit efficiency was decreased by 24.12, 38.28, and 47.09%, respectively. Additionally, it was
found that, in comparison to untreated drought conditions, BC, Fe,O, NPs, and BC+Fe,O, NPs decreased
the water use efficiency by 16.57%, 18.55%, and 22.85%, respectively. Compared to other treatments, it was
shown that BC +Fe,O, NPs was the most successful choice for treatment in both well water and water-stressed
situations.

Photosynthesis rate, stomatal conductance, and transpiration rate

The effects of biochar and Fe,O, NPs as a foliar spray on the photosynthetic rate, stomatal conductance, and
transpiration rate of buckwheat under well water and drought conditions are shown in Table 3. Comparing the
photosynthetic rate to the control, the drought stress reduced it to 24.13%. The positive was observed when
buckwheat under drought stress was treated with biochar and Fe,O, NPs single or combined. By comparison, the
photosynthetic rate rose to 17.11% when combined biochar and Fe,O, NPs were applied as compared to plants
exposed to drought without treatment. However, it was enhanced by 6.42% when only the biochar was applied
in the soil. The photosynthetic rate increased by 13.37% when 400 ppm Fe,O, NPs was applied as foliar spray
alone. When compared to untreated buckwheat leaves, the combination of biochar and Fe,O, NPs increased
stomatal conductance and transpiration rate (Table 3). In comparison to untreated drought-exposed plants, the
plants that received only biochar and 400 ppm Fe,O, NPs showed a 16.67% and 29.77% increase in stomatal
conductance and transpiration rate, respectively. When plants were treated with only 400 ppm Fe,O, NPs, these
were 33.33% for stomatal conductance and 39.53% for transpiration rate throughout treatment. Buckwheat
leaves’ stomatal conductance and transpiration rate increased by 38.89% and 51.63%, respectively, when 400
ppm Fe,O, NPs and rice husk biochar were applied together, compared to untreated drought-stressed plants.
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Fig. 1. Effects of rice husk biochar and Fe,O, nanoparticle on intercellular CO, of buckwheat leaf under
limited water conditions. Bars indicate £ SE, Different letters in each column indicated that the means of the
treatments were statistically varied at p=0.05.

Chlorophyll a Chlorophyll b Total chlorophyll

(mg/g fresh wt. of leaf) (mg/g fresh wt. of leaf) (mg/g fresh wt. of leaf)
Treatments Well water | Drought Well water Drought Well water | Drought
Control 1.68+0.06*b | 1.07+0.06e | 0.58+0.02NS | 0.44+0.02NS | 2.26+0.05¢ | 1.51+0.08f
BC 1.74+0.07b | 1.10+0.03e | 0.63+0.0INS | 0.48+0.03NS | 2.37+0.07¢c | 1.58+0.06f
Fe,0, NPs 1.99+0.03a | 1.31+0.06d | 0.71+£0.03NS | 0.53+£0.02NS | 2.70+0.03b | 1.84+0.08e
BC+Fe,O, NPs | 2.13+£0.05a | 1.55+0.06c | 0.80+0.02NS | 0.61+0.04NS | 2.93+0.07a | 2.16+0.03d
CV (%) 6.1 7.1 4.9

Table 4. Effects of rice husk biochar and Fe,O, nanoparticle on chlorophyll a, chlorophyll b, and total
chlorophyll in buckwheat leaf under limited water conditions. * SE, Different letters in each column indicated
that the means of the treatments were statistically varied at p =0.05, NS-Non significant.

Intercellular CO, concentration

The application of rice husk biochar and Fe,O, NPs had a substantial impact on the intercellular CO, content
in buckwheat leaves (Fig. 1). When compared to plants that were not grown under well water, it was found that
drought stress elevated the internal CO, content of buckwheat leaves. Under drought stress when buckwheat
was treated with biochar and Fe,O, NPs singly or combined, intercellular CO, concentrations decreased, and
the decreasing rate was higher in combined treatment. In comparison to untreated drought-exposed plants, the
plants that received biochar and 400 ppm Fe,O, NPs showed a 9.35% decrease in intercellular CO, concentrations.

Chlorophyll a, chlorophyll b, and total chlorophyli

The application of biochar, along with Fe,O, NPs resulted in a significant (p <0.05) increase in total chlorophylls
and chlorophyll a. On the other hand, chlorophyll b in buckwheat leaves was increased but the difference was
non-significant (Table 4). In comparison to the well-water non-treated plants, the single application of biochar
raised the levels of chlorophyll a, chlorophyll b, and total chlorophyll content by 3.57% (1.74 mg/g FW), 8.62%
(0.63 mg/g FW), and 4.86% (2.37 mg/g FW), respectively. Chlorophyll a, b, and total chlorophyll content
increased by 18.45% (1.99 mg/g FW), 22.41% (0.71 mg/g FW), and 19.47% (2.70 mg/g FW), respectively, upon
the application of 400 ppm Fe,O, NPs alone. When 400 ppm Fe,O, NPs were combined with biochar, there was
an enhancement of 26.79% (2.13 mg/g FW), 37.93% (0.80 mg/g FW), and 29.65% (2.93 mg/g FW) in chlorophyll
a, b, and total chlorophyll content, respectively, compared to untreated well water samples. Under drought stress,
there was a reduction of 36.31%, 24.14%, and 33.18% in chlorophyll a, b, and total chlorophyll in buckwheat
leaves, respectively, when compared to untreated well-water conditions. The exogenous application of Fe,O,
NPs and soil application of biochar either individually or in combination exhibited a positive synergy with the
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plant system, resulting in an augmentation of chlorophyll a, b, and total chlorophyll synthesis under conditions
of water stress (Table 4). Notably, it was observed that the application of 400 ppm Fe,O, NPs in conjunction with
biochar yielded maximum outcomes in comparison to other experimental groups. This particular treatment
led to a substantial increase in chlorophyll a, b, and total chlorophyll levels by 44.86% (1.55 mg/g FW), 38.64%
(0.61 mg/g FW), and 43.05% (2.16 mg/g FW), respectively, as opposed to their corresponding to drought-
stressed plants.

Membrane stability index, malondialdehyde, and proline

The enhancement of membrane stability is crucial for the proper functioning of plants. The findings, as presented
in Table 5, indicated that the application of 400 ppm Fe,O, NPs + biochar yielded the most favorable outcomes in
non-stress plants, resulting in a remarkable increase of 9.65% in membrane stability compared to the non-treated
group. However, under drought stress, the membrane stability decreased significantly by 14.31% compared to
the well-water plants. Interestingly, the use of biochar as soil amendment singly led to a notable improvement in
membrane stability, with an increase of 11.84%. Additionally, the application of 400 ppm Fe,O, NPs resulted in
respective increases of 13.53% in membrane stability. Notably, the most significant improvement was observed
when 400 ppm Fe,O, NPs were combined with biochar resulting in a remarkable increase of 16.07% in the
membrane stability index compared to untreated drought-stressed plants. These findings highlight the potential
of Fe,O, NPs and biochar in enhancing membrane stability, particularly in water deficit conditions.

The malondialdehyde content in buckwheat leaves significantly increased by 68.25% under drought-stress
conditions compared to well-watered plants (Table 5). Interestingly, the application of Fe,O, and rice husk
biochar alone and combined resulted in a decrease in malondialdehyde content. Application of biochar in soil
led to a reduction in MDA levels to 10.24%, while the use of 400 ppm Fe,O, NPs decreased it by 27.54%.
Furthermore, the combined application of 400 ppm Fe,O, NPs+biochar resulted in a decrease in MDA to
38.19% compared to untreated drought-stressed plants.

Drought stress led to a rise in proline production under drought conditions (Table 5). The soil application
of rice husk biochar resulted in a 33.33% increase in proline production (0.18 mg/g FW) in plants experiencing
drought. The application of 400 ppm Fe,O, NPs led to proline increases of 31.25% (0.21 mg/g FW) compared to
the plants exposed to drought. Furthermore, the combined use of 400 ppm Fe,O, NPs +biochar led to a 43.75%
increase (0.23 mg/g FW) compared to untreated plants experiencing drought stress.

Total sugar content

The sugar content decreased due to drought by 56.52% in buckwheat leaves compared to well-water plants.
Applying biochar and Fe,O, NPs alone or combined increased the total sugar under well-water and drought
stress, but the increasing rate was higher in drought-stressed plants compared to well-water plants (Fig. 2).
Under drought conditions biochar and Fe,O, NPs it was increased the sugar by 25% and 56.25%, respectively
compared to non-treated plants. Notably, when Fe,O, NPs were combined with biochar, even better results were
observed. The application of 400 ppm Fe,O, NPs +biochar led to sugar content increases of 68% (0.27 ug/g FW),
in comparison to the control group exposed to drought conditions.

Hydrogen peroxide (H,O,) content

The utilization of Fe,O, nanoparticles and rice husk biochar resulted in a reduction in H,O, content, with a more
significant decrease observed when Fe,O, and biochar were used in combination. Specifically, the application
of biochar and 400 ppm Fe304 NPs led to reductions in H,O, levels by 11.26% (4.74 umol/g FW) and 26.44%
(3.93 umol/g FW), respectively, compared to untreated drought conditions. Conversely, the joint application of
biochar +400 ppm Fe,O, NPs further decreased the H,O, content to 31.09% (3.68 umol/g FW) in comparison
to the non-treated drought-exposed plants (Fig. 3).

Total antioxidant contents

The soil amendment with rice husk biochar and combined with foliar spray of Fe,O, NPs at 400 ppm
concentration significantly influenced the activity of total antioxidants of buckwheat plants grown under well
water and drought conditions (Fig. 4). The biochar application alone increased the total antioxidant by 3.99% and
it was 7.99% when Fe,O, NPs at 400 ppm concentration was applied singly in drought-treated plants compared

Malondialdehyde (MDA)

Membrane stability index (nano mole/g fresh wt. Proline

(%) of leaf) (mg/g fresh wt. of leaf)
Treatments Well water Drought Well water | Drought Well water Drought
Control 72.96+2.39*b | 62.52+1.57¢c | 33.67+0.88d | 56.65+2.88a | 0.12+0.004NS | 0.16+0.012NS
BC 77.64+1.06a | 69.92+0.80b | 32.51+0.36d | 50.82+2.89b | 0.11+0.004NS | 0.18+0.006NS
Fe304 NPs 78.38+0.83a | 70.98+0.94b | 33.81+0.39d | 41.05+2.98c | 0.11+0.008NS | 0.21+0.006NS
BC+Fe304 NPs | 80.00+0.09a | 72.57+0.59b | 31.69+0.88d | 35.05+1.65d | 0.12+0.005NS | 0.23+£0.006NS
CV (%) 2.1 33 0.11

Table 5. Effects of rice husk biochar and Fe,O, nanoparticle on membrane stability index, malondialdehyde,
and proline in buckwheat leaf under limited water conditions. * SE, Different letters in each column indicated
that the means of the treatments were statistically varied at p=0.05, NS-Non significant.
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Fig. 2. Effects of rice husk biochar and Fe,O, nanoparticle on total sugar content in buckwheat leaf under
limited water conditions. Bars indicate + SE.
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Fig. 3. Effects of rice husk biochar and Fe,O, nanoparticle on H,0, content in buckwheat leaf under
limited water conditions. Bars indicates + SE, Different letters in each column indicated that the means of the
treatments were statistically varied at p=0.05.
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Fig. 4. Effects of rice husk biochar and Fe,O, nanoparticle on total anti-oxidant (IC50) content in buckwheat
leaf under limited water conditions. Bars indicates + SE, Different letters in each column indicated that the
means of the treatments were statistically varied at p=0.05.

Number of grains/plants 1000-grains weight (g) Grain yield (g/plant)
Treatments Well water Drought Well water | Drought Well water | Drought
Control 153.67+2.03%a | 116.67+1.77¢ | 15.47+0.69b | 9.53+0.18¢ | 2.32+0.15b | 1.14+0.01e
BC 154.33+2.97a | 123.00+2.65b | 15.53+0.52b | 10.80+0.35d | 2.32+£0.09b | 1.30+£0.01d
Fe,O, NPs 155.00+3.79a | 126.33+2.97b | 16.40+0.61a | 11.37+0.32d | 2.62+0.05a | 1.45+0.02d
BC+Fe,O, NPs | 156.33+1.86a | 130.67+2.73b | 17.37+0.49a | 13.67£0.67c |2.73+0.11a | 1.72+0.01c
CV (%) 3.3 6.4 6.6

Table 6. Effects of rice husk biochar and Fe,O, nanoparticle on the number of grains/plants, 1000-grain
weight, and grain yield of buckwheat under limited water conditions. * SE, Different letters in each column
indicated that the means of the treatments were statistically varied at p=0.05.

to non-treated drought-stressed plants. On the other hand, combined biochar + NPs application increased total
antioxidants by 8.59% in the same conditions.

Yield and its components of buckwheat

Under well water and drought conditions, the combination of foliar spraying Fe,O, NPs and soil application
biochar had a beneficial effect on buckwheat yield (Table 6). Compared to untreated plants, biochar and Fe,O,
NPs at 400 ppm concentrations, both alone and in combination, significantly increased buckwheat yield and its
constituent parts. Furthermore, the most effective treatment was the combination of 400 ppm Fe,O, and rice
husk biochar this treatment increased the number of grains per plant by 11.99%, the weight of 1000- grains
by 43.44, and the grain yield per plant by 50.87% when compared to the drought-treated plants that were not
treated.

Pearson correlation coefficients

The heat map of Pearson correlation coefficients depicts the association among the 19 measured physiological,
biochemical, and yield traits. The blue and red squares are negative and positive correlations, respectively (Fig. 5).
Strong correlations were observed between grain yield and total chlorophyll (0.84), antioxidant (1.00), MSI
(0.79), photosynthetic rate (0.99), proline (0.90), transpiration rate (0.91), relative water content (0.94), stomatal
conductance (0.76), total sugar (0.88), and hydrogen peroxide (0.59). However, yield is negatively correlated
with water saturation deficit (~0.94), water use efficiency (-0.86), MDA (~1.00), and intercellular CO, (-0.92).
However, these four traits are positively correlated with each other.
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Fig. 5. Pearson’s correlation coefficients among various traits were assessed under both drought and control
conditions in buckwheat. Correlated marked with ns=non- significant at P>0.05; s = significant at P<0.05;

# % = highly significant at P<0.01; * * % = very highly significant at P<0.001. The evaluated traits include
relative water content (RWC), photosynthetic rate (PsR), stomatal conductance (StC), transpiration rate (TRR),
chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (Tchl), membrane stability index (MSI), proline
(Prol), antioxidant (AntiO), hydrogen peroxide (H202), malondialdehyde (MDA), water saturation deficit
(WSD), water use efficiency (WUE), and intercellular Co,, (InC), total sugar (TS), grain per plant (GPP),
thousand-grain weight (TGW) and grain yield (GY).

Principal component analysis

The interrelationship among the evaluated treatments across three different varieties and traits was assessed using
principal component analysis (PCA) (Fig. 6). Here, PCA1/Dim1 accounts for 83.7% of the total variance, while
PCA2/Dim2 accounts for 9.7%. Treatments combined with various varieties are represented in red, whereas the
blue vectors signify the original variables and their influence on the principal components. The vectors” length
and direction indicate the magnitude and direction of the variables’ impact on the principal components.
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Fig. 6. PCA biplot for projection of the two principal components showing the performance of treatments for
the different physiological, biochemical, and yield traits of common buckwheat.

The treatments include - control, rice husk biochar, 400 ppm Fe,O, nanoparticle solution, and rice husk
biochar +400 ppm Fe,O, nanoparticle solution.

A strong positive relationship was observed among traits such as relative water content (RWC), photosynthetic
rate (PsR), stomatal conductance (StC), transpiration rate (TRR), chlorophyll a (Chla), chlorophyll b (Chlb),
total chlorophyll (Tchl), membrane stability index (MSI), proline (Prol), antioxidant (AntiO), hydrogen
peroxide (H,0O,), total sugar (TS), grain per plant (GPP), thousand-grain weight (TGW) and grain yield (GY).
Conversely, there was a negative association found between yield-contributing features and intercellular CO,
(InC), malondialdehyde (MDA), water saturation deficit (WSD), and water use efficiency (WUE). There is a
positive correlation between these four characteristics.

Notably, the treatment “BC +Fe,O, NPs” is positioned on the positive side of both Dim1 (83.7%) and Dim2
(9.7%), which are the two principal components explaining the most variance in the data. That means the
treatment BC + Fe,O, NPs likely has a significant positive effect on traits like chlorophyll content and hydrogen
peroxide concentration, suggesting enhanced photosynthetic activity or stress mitigation resulting in increased
yield compared to other treatments, such as “Control” and “BC” alone, which are positioned more negatively in
Dim1 and “Fe,O, NPs” positioned more negatively in Dim2.

Discussion

One of the main abiotic stressors on plant growth, yield, and biomass production is drought, which also limits
the physiological, biochemical, and molecular traits of the plants®®-%%. Drought stress significantly reduced
the RWC and increased the WSD and WUE in our current study (Table 2). Mesophyll cell turgidity and low
leaf water potential, thicker leaf tissue, or decreased soil moisture could all be contributing factors to this
obstruction of water transfer from the roots to the shoots®*%%. Biochar alters the soil’s hydrological properties
and increases the soil’s capacity to hold water. Consequently, the physiological and biochemical properties of
plants can be enhanced®>®. This suggests that making water available in soil aids in the completion of a number
of physiological processes that take place inside plant cells. These could be the reasons why, in our experiment,
buckwheat plants grown in BC-treated pots showed comparatively better physiological features than plants that
were not treated. Sattar et al.” observed BC significantly increased the RWC of maize cultivated in drought-
affected areas. Furthermore, the application of BC alone increases the cultivated soil’s capacity to hold water,
which has a favorable impact on boosting water availability and the effectiveness of water usage features®®®. One
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possible explanation for the favorable benefits of BC application in this study is the preservation of appropriate
soil moisture surrounding the root zone, which can protect plant systems from drought stress’®. Probably,
BC can successfully contribute to lowering wilting points while raising soil moisture constants because of its
advantages in the buckwheat root zone’!. Therefore, the effectiveness of water consumption is probably going
to be significantly impacted by adding BC as a soil amendment to the cultivated soil. Dola et al.”? reported that
Fe,O, NPs improved the relative water content and reduced the water saturation deficit in soybean leaves under
drought stress. Taran et al.”® reported that Cu and Zn NPs induced an increase in RWC by 8-10% in the leaves
of seedlings of two different wheat varieties exposed to drought stress. According to Deepa et al.”%, compared
to the regular relative water content (RWC) of plants (64%), the application of Fe and Cu NPs can maintain a
higher relative water content (RWC) level of 71% in plants. For the transportation of nutrients and water content
into the required region of the plant body, nano-fertilizers can perform reliably’*. Compared to applying biochar
and NPs alone, our work has shown that applying biochar and Fe,O, NPs together was the most efficient way to
increase the relative water content, decrease the water saturation deficit, and improve the water usage efficiency
in buckwheat leaves under drought stress.

The impact of drought stress on buckwheat resulted in a decrease in photosynthesis rate, transpiration
rate, and stomatal conductance, and increased intercellular Co, (Table 3; Fig. 1). However, the application of
Fe,O, NPs and rice husk biochar either alone or in combination, led to an expansion in photosynthesis rate,
transpiration rate, stomatal conductance, and intercellular COzunder both well-watered and drought-stress
conditions. This increase in gas exchange parameters was attributed to the ability of nanoparticles to conserve
water during drought, as suggested by Zhu and Haijun. Previously, it has been reported that BC amendment
buffers the effects of drought stress on carbon assimilation and photosynthesis, which is linked with boosted
chlorophyll synthesis and a less pronounced reduction in stomata conductance’®’”. Additionally, biochar was
found to maintain higher rates of photosynthesis, intracellular CO, concentration, transpiration rate, and
stomatal conductance in maize plants in comparison with those grown in untreated soil, as reported by Haider
etal?.

The rate of photosynthesis in plants is closely linked to the chlorophyll content, which can be negatively
affected by drought stress-induced oxidative damage, leading to a disruption in the photosynthetic apparatus
and a decrease in chlorophyll content’®. In our experiment, the buckwheat plants’ chlorophyll levels dramatically
increased as a result of the application of nano-iron. Our result was supported by Mohammadi et al.”’, who
suggested that the application of 750 ppm Fe,O, nanoparticles as foliar spray increased the total chlorophyll
content (0.55 mg g~!) of the peppermint plants. In sunflower leaves, the total chlorophyll content increased
positively after the application of biocompatible magnetic nanofluid (MNF)?. After the exogenous application
of nano-TiO,, the content of chlorophyll, carotenoids, and anthocyanin in barley also increased significantly®!.
More specifically, chlorophyll structure, reception of sunlight, production of pigment, and RUBISCO activity all
improved noticeably after the application of nano-TiO,, which further enhanced the amount of photosynthesis
in the plant. Also, according to Tarafdar et al.%2, the chlorophyll content of pearl millet crops and savory plants
can be increased with the foliar application of Zn nano-fertilizer. BC application mitigated the adverse effect of
drought stress by improving WUE, stomata conductance, and chlorophyll synthesis in cowpea, okra, and tomato
plants®?. In another study, Lyu et al.?® noted that BC application improves electron transport and enzymatic
activities, by reducing the damaging effects of drought stress on the photosynthetic apparatus. In essence, BC
promotes the synthesis of photosynthetic pigments and shields the photosynthetic machinery from oxidative
damage brought on by dryness. But in both well-watered and drought-stressed settings, the application of Fe,O,
NPs and biochar was found to improve chlorophylls; in our investigation, this impact was more noticeable when
the nanoparticles and biochar were applied together (Table 4).

Drought stress decreased the membrane stability and increased the reactive oxygen species (ROS) like MDA
content in buckwheat plants. Reduction in chlorophyll concentration in buckwheat leaves may be attributed
to the detrimental effects of osmotic stress on the chloroplast layers, which leads to an increase in membrane
permeability®+%°. In this study, the decreased chlorophyll could be due to damage to the thylakoid membranes,
as a result of the destructive effect of reactive oxygen species (ROS) on chloroplasts®. The generation of reactive
oxygen species (ROS) was significantly increased due to water deficiencies®” which was observed in our study.
Drought induces osmotic stress, thereby eliciting cellular stress responses and fostering the generation of
reactive oxygen species (ROS) disrupting regular cellular activities. However, the application of biochar and
NPs alone and in combination increased the membrane stability and decreased the MDA content in our study
(Table 5). Our results was supported by Hafez et al.38, who observed that the BC addition enhanced drought
stress tolerance in barley plants by decreasing lipid peroxidation by improving membrane stability, RWC, and
water pressure. In another study, Medicago ciliaris plants grown under drought stress treated with BC showed
a significant reduction in MDA concentration. Lashari et al.® noted that the application of manure and BC
application appreciably improved the membrane stability by decreasing MDA concentration. The application of
NPs (ZnO) significantly decreased the MDA accumulation and maintained membrane stability which reduced
the loss of essential osmolytes®**!. Water deficiency substantially reduced membrane stability, efficiency of PS-11,
and chlorophyll contents*!. However, the exogenous application of NPs (ZnO) maintained membrane stability
and cell water status under drought stress, thereby improving efficiency of PS-II and metabolic processes®>.

Proline accumulation improves plant-water status, stabilizes proteins, DNA, enzymes, and cellular
membranes, and scavenges the ROS, protecting plants from drought-induced oxidative damage®®. In our
investigation, we found that applying Fe,O, NPs and biochar enhances the accumulation of proline in buckwheat
leaves. Mohammadi et al’* corroborated our findings, suggesting that TiO,NPs application stimulates the
P5CS1 gene, which codes for d1-pyrroline-5-carboxylate synthetase, a proline synthesis-related enzyme. NPs
up-regulate the synthesis of proline and sugars that maintain cellular membranes, proteins, and enzymes under
drought stress, thereby improving plant performance under water-scarce conditions’>®. Similarly, NPs (TiO,)
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also appreciably improved the accumulation of proline, total sugars, total proteins, glycine betaine, and phenolic
compounds, and improve plant growth under drought stress”®. Khan et al.” noted that BC application
increased the total soluble proteins (TSP), free amino acids (FAA) and proline synthesis which countered the
toxic effects of drought stress that result was supported of our findings. In another study BC countered the
toxic effects of drought stress by increasing osmolytes synthesis, maintaining hormonal balance and antioxidant
activity'%®. Therefore, BC maintains the osmolytes and hormones accumulation which protect plants from the
damaging impacts of drought and improve plant performance under drought stress.

We also discovered that drought stress caused significant plant damage as seen by elevated MDA, H,0,, and
reduced total antioxidant (IC50) activities (Table 5; Fig. 3, and Fig. 4). Drought stress modifies the composition
of cell membranes, leading to changes in membrane permeability, integrity, and stability!*!%2. Biochar
amendments improve antioxidants by improving plant metabolic functions, and cell growth, reducing ROS
production, and better soil-plant and water relations!*'%%. BC also improves antioxidant activities and increase
in ascorbate peroxidase (APX) and SOD activity has been observed with BC application'®. Additionally, BC
treatment mitigates the harmful effects of drought stress on plants by boosting antioxidant activities'*®. Zhang et
al.!1% found that biochar increased plant stress tolerance by decreasing oxidative stress and increasing antioxidant
enzyme activity. Dusenge et al.'% opined that biochar enhances plant development during drought stress by
lowering MDA levels and enhancing total antioxidant activities. We discovered that using BC minimized
the deleterious effects of drought on buckwheat, as evidenced by lower H,0,, and MDA levels. Since these
amendments enhanced plant metabolic processes, cell development, decreased ROS formation, and improved
soil, plant, and water relations, they enhanced antioxidant activities'®!'°. Moreover, researcher observed that
the collective treatments of BC with NPs give rise to maximal antioxidant production'!!, confirming the efficacy
of our treatments against drought stress. Our results were in harmony with the results of Cui et al.* and Ye et
al.!'2, suggesting that exogenous melatonin application boosted stress tolerance by improving the plant’s total
antioxidant activities.

Drought stress caused a reduction in yield metrics of buckwheat in our study. Fe,O, NPs and rice husk
biochar positively impact buckwheat yield and yield components (Table 6). The results of Haider et al.?
corroborate our findings, which showed that the application of BC enhanced wheat yield in both drought-prone
and controlled environments. Igbal et al.!!® reported that water-stressed conditions decreased plant metabolic
activity, which reduced the number of grains/plant and 1000-grain weight. Zaheer et al.!'* stated that using
BC enhanced grain output by improving source-sink relationships and nutritional availability in wheat under
drought conditions. Fe,O,NPs, on the other hand, improved the yield and yield contributing factors during
drought conditions, according to our findings. The direct absorption by leaves of nano-Fe,O,through foliar
spray resulted in a considerable increase in grain yield, as reported by Sabet and Mortazaeinezhad''>. According
to Sheykhbaglou et al.!'é, the Fe,O,nanoparticle dramatically increased harvest index (3.86%), biological yield
(22.91%), and grain production (37.43%) under drought stress. It was observed that under drought, ZnO NPs
increased soybean yield!!”. Dola et al.”? also reported that Fe304 NPs increased the soybean yield under drought
environments. Many studies revealed that the combined treatment of nanoparticles and BC enhances the yield
of plants under water deficit conditions!!8-120,

To investigate the interacting relationships between the indices and their principal components for
acclimating the plants under drought stress, Pearson’s correlation analysis and PCA biplot were performed. Traits
including relative water content (RWC), photosynthetic rate (PsR), stomatal conductance (StC), transpiration
rate (TRR), total chlorophyll (Tchl), proline (Prol), antioxidant (AntiO), hydrogen peroxide (H,0,), total sugar
(TS), grain per plant (GPP), thousand-grain weight (TGW), and grain yield (GY) were found to have a strong
positive relationship in our study. Conversely, there was a negative association found between yield-contributing
features and intercellular CO, (InC), malondialdehyde (MDA), water saturation deficit (WSD), and water usage
efficiency (WUE). There is a positive correlation between these four characteristics. (Fig. 5). A heatmap is a
visual aid that helps clarify intricate relationships between several indices gathered from different treatments. On
the other hand, the relative contributions of the treatments on the measured parameters might be investigated
using PCA biplot analysis (Fig. 6). The objective of this study was to assess the effects of Fe,O, NPs and rice
husk biochar (BC) on plants to improve their tolerance to drought stress. The results of PCA and PCA multiple
scoring analysis made it evident that 400 ppm Fe,O, NPs and BC could effectively mitigate oxidative damaging
effects by enhancing gas exchange characters, antioxidants, and chlorophylls, as well as by reducing ROS and
regulating RWC and osmotic adjustment.

Our research indicates that when BC and Fe,O, NPs were applied together, as opposed to when they
were applied separately, there was a notable improvement in the physiological, biochemical attributes, yield
component, and grain quantity. This may be because buckwheat plants grown in irrigation deficit conditions
benefit from the addition of BC as a soil amendment and Fe,O, NPs as an exogenous application, which can
improve various nutrient acquisition and water enabling in the roots zone. Based on this, under irrigation
deficiency treatments, the combined action of BC as a soil amendment and Fe,O, NPs as exogenous applications
can positively improve water relations and promote crop yield output.

Conclusions

The physio-biochemical process, grain yield, and drought stress tolerance of common buckwheat were all
increased by the application of rice husk biochar and Fe,O, NPs. Although drought stress modifies buckwheat
plants’ physiology, treated buckwheat plants exhibited improved physiological and biochemical traits when
exposed to 400 ppm of Fe,O, NPs and rice husk biochar. In addition, buckwheat plants treated with Fe,O, NPs
and rice husk biochar showed a synergistic impact that improved plant physiology and, eventually, increased
buckwheat yield. The most effective method for reducing the effects of drought stress on buckwheat was a soil
amendment using rice husk biochar combined with 400 ppm of Fe,O, NPs. Thus, utilizing nanoparticles in
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combination with biochar may be a suitable substitute to lessen the adverse effects of drought on buckwheat.
Future studies should investigate the molecular mechanisms that underlie the advantageous and complementary
effects of biochar and Fe,O, NPs in the cultivation of buckwheat under water-limited conditions.
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