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ABSTRACT: Climate variability has been a catalytic factor in inducing both
biotic and abiotic stresses, exerting detrimental impacts on crop yields. This, in
turn, leads to the manifestation of biochemical and physiological impairments
within plant systems. This study aimed to evaluate the effects of different
concentrations of resorcinol and biochar on tomato (Lycopersicon esculentum
Mill.) growth, primary and secondary metabolites, and antioxidant enzyme
content levels. Biochar was synthesized from Cedrus deodara (Roxb. ex D. Don)
G. Don, sawmill shavings using pyrolysis and subjected to comprehensive
characterization employing contemporary techniques including scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD) analysis, Fourier transform infrared (FTIR) spectroscopy,
and UV−vis spectroscopy (UV). Both resorcinol at 0.1 μM/L and biochar at 30
mg/L significantly enhanced tomato seed germination and plant growth,
promoting increased shoot/root length and fresh/dry weights in tomato plants
compared to controls. This supplementation also amplifies tomato chlorophyll contents, growth metabolites, and antioxidant enzyme
activities, contributing to robust plant development. Resorcinol at 0.1 μM/L concentration significantly enhanced total protein (79.9
μg/g), total phenol (58.8 μg/g), total proline (0.03 μg/g), total lipid (3.8 μg/g), total soluble sugar (42.5 μg/g), and flavonoid (0.09
μg/g) as compared to control. Biochar at 30 mg/L concentration showed maximum values of total protein (92.1 μg/g), total phenol
(61.3 μg/g), total proline (0.03 μg/g), total lipid (5.5 μg/g), total soluble sugar (48.9 μg/g), and flavonoid (0.08 μg/g). This
research indicated that foliar application of these specific concentrations of resorcinol and biochar has the ability to improve tomato
plant growth, osmolytes, and antioxidant activity.

■ RESEARCH HIGHLIGHTS

(1) Resorcinol (0.1 μM/L) and biochar (30 mg/L)
significantly enhance tomato germination and growth,
leading to higher shoot/root length and fresh/dry
weights than controls

(2) Resorcinol (0.1 μM/L) and biochar (30 mg/L)
significantly enhance phytohormone levels, primary
and secondary metabolite concentrations, and antiox-
idant enzyme activities in tomato plants.

1. INTRODUCTION
It is essential to highlight that intensive agricultural practices
have resulted in the depletion of vital mineral nutrients,
thereby constraining the growth, development, and yield of
crops. Agricultural waste, wood, sewage sludge, and municipal
solid waste are frequently employed as feedstock materials for
the production of biochar (BC).1 Biochar technology has the
potential to mitigate climate change, eliminate pollutants, and
enhance plant growth and soil health, all through its carbon-

rich properties that effectively sequester greenhouse gases.2

Moreover, BC serves as a potential alternative to chemical
fertilizers, supplying plant nutrients and enriching soil organic
carbon. Additionally, it enhances beneficial microorganisms for
improved plant growth3 and lessens nutritional losses from
rainfall-induced erosion.3−5 Earlier studies extensively reported
the positive effect of BC on plant growth and yield6 through
improvements in soil properties such as soil fertility,7−9 soil
porosity,10,11 water-holding capacity,12,13 cation exchange
capacity,14 and bulk density.15,16 In recent times, the utilization
of BC has garnered significant attention from scientists
worldwide.17,18
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Key physiological pathways crucial for plant growth,
reproduction, and metabolism, including glycolysis, Krebs
cycle, and Calvin cycle, are regulated by primary plant
metabolites like carbohydrates, amino acids, organic acids,
and enzymes.17,19 Conversely, secondary metabolites, includ-
ing phenols, alkaloids, flavonoids, and terpenoids, assume a
substantial role in the plant’s stress response and defense
mechanisms8,20 and are not directly associated with plant
growth.21−23 Primary metabolites are essential for plant
metabolism and are vital for the production of secondary
metabolites.24,25 While the absence of primary metabolites may
not severely affect plant survival, their presence is crucial for
synthesizing secondary metabolites. Secondary metabolites
serve critical roles in plants, including adaptation to the
environment, defense mechanisms, metal transport, and
symbiotic relationships, acting as hormones, and promoting
cellular differentiation.26,27 Phenolic compounds, with hydrox-
yl groups on aromatic rings, are crucial secondary metabolites,
categorized into four main types as flavonoids, phenolic acids,
stilbenes, and lignans.28,29

Resorcinol, a phenolic chemical (1,3-isomer of benzenediol)
with the formula C6H4(OH)2, was utilized in this investigation.
Topal describes resorcinol as an aromatic hydrocarbon group
with a benzene ring structure and a two-hydroxyl functional
group (−OH) in the ortho position.30 This chemical and its
derivatives are used in a wide range of applications, including
anti-inflammatory, antitumor, anticonvulsant, and antioxidant
properties.31−34 From various plants and microorganisms,
different derivatives of resorcinol, like 2-hexyl,5-propyl
resorcinol (HPR), ethyl (6′R)-2,4-dihydroxy-6-(6′-hydroxy-
heptyl) benzoate, isobutyl (6′R)-2,4-dihydroxy-6-(6′-hydrox-
yheptyl) benzoate, 2-methyl-5-(Z-heptadec-8-enyl) resorcinol,
5-(Z-heptadec-8-enyl), and so many had been isolated various
authors.35−39 Numerous authors have studied the effects of
other phenolic benzenediol compounds like catechol (1,2-
benzenediol) and hydroquinone (1,4-benzenediol) on the
growth, osmolytes, and antioxidant activity of lemongrass,
soybean, alfalfa, and lupine plants.40−43 Limited research is
available regarding the effects of resorcinol on plant vegetative
and reproductive parameters in soybean, tobacco, and
sunflower. However, no information on its osmolytic and
antioxidant actions is available.44−46

Tomato (Lycopersicon esculentum Mill.) is a globally
produced annual vegetable crop in the Solanaceae family.47

It contributes significantly, accounting for around 14% of
global annual vegetable production.48 Tomatoes are versatile
and used in various dishes like sauces, soups, juices, and
ketchup, offering rich nutrients including vitamins and
minerals. They are also valued for their natural antioxidants,
thanks to their high levels of lycopene, carotene, and
anthocyanins.49 This study aimed to improve tomato growth
and metabolite production through various concentrations of
resorcinol and biochar. Additionally, this research aimed to
optimize the best concentrations for promoting plant growth.
It explored their impact on germination and growth regulation,
potentially leading to their use as growth stimulants and
nutrient sources for plants. These findings could enhance plant
growth and the nutrient supply.

2. METHODOLOGY
2.1. Site Description. Field experiments were conducted

within the natural habitat at the Department of Botany,
University of Peshawar, Pakistan (coordinates 34° 10′

33.301200″ N, 71° 33′ 36.486000″ E), specifically during
the rapeseed log phase in the year 2023.

2.2. Biochar Preparation and Its Characterization.
Biomass was derived from Cedrus deodara (Roxb. ex D. Don)
G. Don as sawmill shavings were employed to produce biochar.
The pyrolysis process was conducted at the temperature range
of 340−350 °C until the biomass turned black.50 Character-
ization procedures encompassed UV−vis spectrophotometry,
FT-IR spectroscopy, X-ray diffraction analysis (XRD), and
microscopy techniques such as scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) and
zeta potential (ZP) and dynamic light scattering (DLS)
spectroscopy.7

2.3. Seed Sterilization and Priming. Tomato seeds were
sourced from the National Agricultural Research Center
(NARC) Islamabad, Pakistan. Healthy seeds were surface
sterilized by washing with tap water for 25 min and then
soaking in a 2% sodium hypochlorite solution for 20 min.51

The sterilized tomato seeds were subsequently primed for 30
min with different concentrations of resorcinol (Sigma-Aldrich,
molecular weight: 110.11 and CAS number: 108-46-3) as
control, 0.1, 1, 10, and 100 μM/L and biochar as control, 10,
30, 50, and 100 mg/L. Primed seeds were placed on filter
paper in Petri dishes and incubated at 25 °C.

2.4. Preparation of Pot and Foliar Spray for Experi-
ment. Pots were filled with well-composted agricultural
manure and soil and sand in 3:1 ratio, respectively.52 The
study used a completely randomized design with nine
treatments, each replicated five times. Tomato seedlings were
transplanted into pots with soil composition: 71−74% sand,
11−13% silt, and 11−16% clay. The soil had a pH range of
7.3−7.8 and an electrical conductivity of 3−5%. It contained
1.5% organic matter, 1.32 mequiv/L carbonate, 2.8 mequiv/L
bicarbonate, and 15 mequiv/L Cl−1. With a minor
modification, Hussain et al. approach was used to produce
the solutions of precise concentrations for the foliar application
of each treatment.53 These solutions were made by stirring the
predicted solute amounts in 1 L of distilled water in individual
flasks for approximately 30 min before application. Resorcinol
concentrations (control, 0.10, 1.0, 10, and 100 μM/L) and
biochar concentrations (control, 10, 30, 50, and 100 mg/L)
were prepared for foliar sprays. Tomato plant leaves were
sprayed at weekly intervals until harvest with a fresh solution
prepared for each spray. Control plants received an equal
amount of distilled water during the same period.

2.5. Growth Parameters. After 3 weeks of growth, tomato
plants were harvested, and their yield was assessed by
measuring shoot and root lengths as well as fresh and dry
biomasses. The plant samples were divided in half, with one-
half air-dried at 65 ± 05 °C for 3 days and weighed. The other
half was stored at −20 °C for subsequent physiological
analysis.54

2.6. Analysis of Physiological and Biochemical
Attributes. Chlorophyll and carotenoid levels were deter-
mined by crushing fresh leaves (0.2 g) into acetone (80%) and
centrifuged after 24 h of dark incubation. Chlorophyll a
contents at 649 nm, chlorophyll b contents at 663 nm, and
carotenoid contents at 430 nm were measured using a UV-vis
spectrophotometer.19 To determine total flavonoid contents,
dry shoot samples (0.5 g) were soaked in 0.5 mL of methanol
(1:10 mL/L). A mixture of 1.0 M potassium acetate (0.1 mL),
methanol (1.5 mL), deionized water (2.8 mL), and 10%
aluminum chloride (0.1 mL) was added, and later absorption
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at 415 nm was measured using UV-vis spectrophotometry.22

To assess the phenolic contents, dried shoot samples (0.25 g)
were mixed with 10 mL of 90% methanol and stirred for an
hour. After centrifugation, 1 mL of the diluted Folin−
Ciocalteu reagent (4:1 v/v) was added. After the addition of
1 mL of 10% Na2CO3, the final optical density was measured
at 760 nm.54 For proline content analysis, 0.5 g of leaves was
ground in 10 mL of 3% sulfosalicylic acid. The filtered solution
of 10 mL was mixed with 2 mL of acid ninhydrin in glacial
acetic acid, and 4 mL of toluene was added. Absorption was
measured at 520 nm using a UV-vis spectrophotometer.55 To
determine the total soluble sugars, 0.5 g of fresh plant material
(leaves) was crushed in 10 mL of distilled water and then
centrifuged. The absorbance of each sample was measured at
420 nm after mixing 0.1 mL of filtrate and 1 mL of 80% phenol
(w/v).56 To extract total lipids, we mixed finely ground plant
material with 0.5 mL of chloroform−methanol solution. After
adding 0.2 mL of conc. sulfuric acid and 5 mL of vanillin
reagent, absorbance at 525 nm was measured using UV-vis
spectrophotometry.57

2.7. Estimation of Phytohormone Contents. For auxin
(IAA) measurement in plant samples, plant material (0.5 g) in
distilled water was crushed, centrifuged, and mixed with 2 mL
of Salkowski reagent. Optical density was measured at 540 nm
using a UV-vis spectrophotometer.58 To quantify gibberellic
acid (GA) and abscisic acid (ABA), 0.5 g of plant material was
crushed in a mixture of 60 mL of 2N ammonium hydroxide,
chloroform, and methanol (3:5:12 v/v/v). After extraction and
incubation, GA and ABA were quantified by recording the
optical densities using a UV-vis spectrophotometer at 254 and
263 nm, respectively.59 To determine the salicylic acid (SA)
content, plant tissue (0.5 g) was mixed and centrifuged in 0.1%

aqueous FeCl3 solution. The absorbance at 540 nm was
measured using a UV−vis spectrophotometer.18

2.8. Determination of Antioxidant Potential. For
hydrogen peroxide (H2O2) estimation, fresh foliar material
was crushed and centrifuged in trichloroacetic acid (5 mL).
Then, potassium iodide reagent and phosphate buffer were
mixed, with optical density measured at 390 nm.60 For catalase
(CAT) activity determination, shoot material (0.5 g) was
mixed with buffer solution. After centrifugation, H2O2 (1 mL)
and phosphate buffer (1.9 mL) were added. Optical density
was measured at 240 nm, with initial and final readings taken
60 s apart.61 To determine superoxide dismutase activity
(SOD), shoot materials were crushed in phosphate buffer and
centrifuged. The residue (0.1 mL) was mixed with riboflavin
(150 μL), nitro-blue-tetrazolium (24 μL), and methionine (5
mL). Optical density was measured at 560 nm, with initial and
final readings taken 3 min apart.62 To determine ascorbic acid
peroxidase (APX) activity, shoot samples (0.5 g) were crushed
in 5 mL of phosphate buffer and water and centrifuged. The
final filtrate contained 0.6 mM ascorbic acid, 0.1 mM H2O2,
and 0.1 mM EDTA. Optical density was measured at 290 nm,
with initial and final readings taken 60 s apart.63

2.9. Statistical Analysis. The experiment was conducted
in quintuplicate, ensuring robustness of the results. Sub-
sequently, the collected data were subjected to analysis of
variance (ANOVA) utilizing SPSS-20. For cases where means
exhibited significant differences, further investigation was
conducted by using the Duncan multiple range test at a
significance level of 0.05 (5%). This analysis was executed with
the assistance of SPSS, Inc., headquartered in Chicago, IL,
USA.

Figure 1. Characterization of biochar; SEM shows scanning electron micrographs of biochar at (A) 100×, (B) 250×, (C) 500×, and (D) 1000×;
(E) EDX spectrum of biochar.
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3. RESULTS
3.1. Characterization of Biochar. The distinctive

morphological characteristics of biochar were elucidated by
using scanning electron microscopy (SEM). In Figure 1, SEM
micrographs of biochar were presented (Figure 1A−D). The
figures depicted a surface with a smooth area characterized by a
porous structure and polygonal shape, as evidenced. Notably,
the SEM micrographs provided clear visual evidence of the
alterations in the surface morphology observed in biomass
samples following the pyrolysis process. The elemental
composition of biochar was analyzed by EDX (Figure 1E),
indicating the presence of elements as detailed in Table 1. The

surface functional groups present in all carbon-based samples
were examined via FT-IR spectroscopy, as illustrated in Figure
2A. The FTIR spectra were captured in transmission mode
within the range of 4000 to 460, 868−875, 710−714, 660−
669, and 616−623 cm−1. These peaks correspond to the out-
of-plane bending of ring C−H bonds in heteroatomic and
aromatic compounds. The most prominent peaks detected at
1415, 1016, and 872 cm−1 within the biochar spectrum
indicate a higher content of C=C and C−H aromatic bonds.
UV−visible spectroscopy is recognized for surface character-
istics of biochar that were notably discernible at a wavelength
of 420 nm (Figure 2B). The XRD distinct peaks at specific 2θ
values (0.12, 104, 110, 116, and 018°) revealed crystal planes
within the biochar’s face-centered cubic structure. Notably, the
XRD pattern (Figure 2D) showed a peak at 104°, indicating
both crystalline and amorphous features within the biochar
extract’s organic phase. The DLS spectrogram of biochar
shows a trimodel size distribution with an average size of 114.4
nm, and the size is ranging from 43 nm to 6.2 μm. The peak 1
occupies the maximal percent intensity of 68.1% with a mean
size of 77.01 nm (Figure 2D). The zeta potential chromato-
gram shows a unimodel potential distribution with a mean zeta
potential of −17.5 mV and 100% area of occupancy (Figure
2E).

3.2. Agronomic Attribute of Tomato. To evaluate the
seed germination performance, different concentrations of
resorcinol and biochar were used for seed priming. Among the
different concentrations, the concentration of resorcinol, 0.1
μM/L, and biochar concentration of 30 mg/L exhibited a
notable enhancement in tomato seed germination compared to
the control group (Figure 3B). This improvement was further
reflected in growth parameters, wherein seedlings treated with

0.1 μM/L resorcinol displayed increased seedling length (3.4
cm) and fresh weight (1.62 g) and those treated with 30 mg/L
of biochar exhibited elevated seedling length (4.0 cm) and
fresh weight (1.72 g), as opposed to control seedlings with a
seedling length of 2.25 cm and fresh weight of 0.72 g (Figure
3G,H). Additionally, in a field experiment, the results
demonstrated significant improvements in vegetative parame-
ters following the foliar application of resorcinol (0.1 μM/L)
and biochar (30 mg/L). Specifically, the application of
resorcinol led to an increased shoot length (14.5 cm) and
root length (3.6 cm), along with enhanced fresh weight (4.37
g) and dry weight (1.57 g). Similarly, the biochar-treated
plants exhibited heightened shoot length (16.3 cm) and root
length (3.97 cm) as well as elevated fresh weight (4.65 g) and
dry weight (1.84 g). These findings collectively underscore the
efficacy of the application of resorcinol and biochar,
particularly at concentrations of 0.1 μM/L and 30 mg/L,
respectively, in significantly improving tomato seed germina-
tion and subsequent growth parameters (Figure 3E,F).

3.3. Impact of Resorcinol and Biochar on Physio-
logical and Biochemical Attributes. Likewise, individual
applications of both resorcinol and biochar led to significant
enhancements in chlorophyll and carotenoid contents.
Remarkably, resorcinol at 0.1 μM/L exhibited significant
effects, notably enhancing the accumulation of total chlor-
ophyll contents (13.3 mg/g), carotenoids (1.2 mg/g), and
chlorophyll a/b ratio (7.4 mg/g) compared to the control.
Similarly, biochar at 30 mg/L showed significant effects on
total chlorophyll contents (14.8 mg/g), carotenoids (1.3 mg/
g), and chlorophyll a/b ratio (8.2 mg/g) in comparison with
the control. Respectively, the resorcinol concentration of 0.1
μM/L substantially increased tomato growth-related metabo-
lites, including total protein (79.9 μg/g), total phenol (58.8
μg/g), total proline (0.03 μg/g), total lipid (3.8 μg/g), total
soluble sugar (42.5 μg/g), and flavonoid (0.09 μg/g) content.
Similarly, the biochar concentration of 30 mg/L in foliar spray
also increased the total protein (92.1 μg/g), total phenol (61.3
μg/g), total proline (0.03 μg/g), total lipid (5.5 μg/g), total
soluble sugar (48.9 μg/g), and flavonoid (0.08 μg/g) contents
in tomato compared to the control condition (Figure 4A−I).

3.4. Impact of Resorcinol and Biochar on Phytohor-
monal Contents. The foliar application of resorcinol at a
concentration of 0.10 μM/L and biochar at 30 mg/L resulted
in a substantial increase in phytohormone contents compared
to the control. Specifically, this treatment led to enhanced
synthesis of key phytohormones such as IAA (0.81 μg/g), GA
(47.3 μg/g), SA (28.4 mg/g), and ABA (29.4 mg/g) levels
with a concentration of 0.10 μM/L on tomato plants. Similarly,
the biochar 30 mg/L spray increased the synthesis of IAA
(0.94 μg/g), GA (49.1 μg/g), SA (33.2 mg/g), and ABA (30.6
mg/g) levels at 30 mg/L on tomato plants. These results show
that resorcinol at 0.10 μM/L and biochar at 30 mg/L play an
important role in controlling hormone synthesis in tomato
plants (Figure 5).

3.5. Estimation of Antioxidant Contents. In response to
varying concentrations of resorcinol and biochar, the study
investigated oxidative damage in tomato plants by assessing the
production of reactive oxygen species (ROS). The highest
concentration of resorcinol (100 μM/L) and biochar (100
mg/L) led to increased H2O2 accumulation (171.4 and 163.5
μM/g) compared to the control. Conversely, a reduced level of
H2O2 accumulation was observed in tomato plants treated with
resorcinol (0.1 μM/L) and biochar (30 mg/L) compared with

Table 1. Elemental Composition of Cedrus deodara-Derived
Biochar by EDX Analysis

elements weight (%) atomic (%)

C 20.09 32.39
N 4.32 5.97
O 28.84 34.89
Na 1.37 1.15
Mg 4.54 3.62
Si 6.74 4.65
P 2.11 1.32
S 0.85 0.51
Cl 1.32 0.72
K 8.79 4.35
Ca 18.74 9.05
Ti 0.28 0.11
Fe 0.50 0.17
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the control. These results highlight the potential role of
resorcinol (0.1 μM/L) and biochar (30 mg/L) in mitigating
oxidative stress and ROS production in tomato plants. The
level of CAT was significantly increased (p ≤ 0.05) under the
influence of resorcinol (0.1 μM/L) and biochar (30 mg/L)
(3.7 and 4.0 units/g) compared to the control (1.9 units/g).
Specifically, the SOD content displayed a significant increase
with the application of resorcinol (0.1 μM/L) and biochar (30
mg/L) (9.6 and 10.8 units/g, respectively) compared to the
respective control samples (6.7 units/g). The activity of APX
exhibited a significant increase (p < 0.05) with resorcinol (0.1
μM/L) and biochar (30 mg/L) (42.3 and 43.2 units/g,
respectively) compared to the corresponding control (34.1
units/g) (Figure 6A−D). These results underscore the positive
impact of resorcinol and biochar on CAT, SOD, and APX

enzymatic activities, highlighting their potential to enhanced
antioxidant defense mechanisms in tomato plants.

4. DISCUSSION
The present study has elucidated that resorcinol and biochar
foliar application in tomatoes could potentially influence
various physiological processes, including the accumulation
of antioxidant capacity, shifts in phytohormone balance, and
fluctuations in protein contents, as indicated by previous
research.11,52 The efficacy of foliar biochar application in
enhancing plant growth and development has garnered
significant attention among researchers due to its advantages
like its fast and easy preparation, eco-friendly nature,
reusability, and cost-effectiveness.64,65 The properties of
biochar are greatly influenced by the composition and type
of biomass as well as the specific conditions under which the

Figure 2. Characterization of biochar. (A) Fourier transform infrared spectroscopy (FTIR) spectra, (B) UV−visible spectra, (C) XRD patterns,
(D) dynamic light scattering spectroscopy, and (E) zeta potential.
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biomass is carbonized. The chemical and physical character-
izations are essential for determining the fundamental structure
and properties of biochar as well as for assessing its potential in
diverse applications. Biochar is considered a highly promising
alternative owing to its elemental composition, charged
surface, and presence of functional groups, including carboxyl,
hydroxyl, phenolic hydroxyl, and carbonyl groups.66,67Our
observations of the SEM structure of biochar samples revealed
an internal porous structure with the presence of tubes, in
contrast to the less common porous framework observed in
biomass samples. This characteristic suggests the potential
utility of biochar samples as a source of carbon biomass for the
production of various carbon materials, including carbon

nanotubes and activated carbon.49 The present design work
through SEM revealed a porous and smooth structure of
biochar.50 The EDX results obtained in the previous
investigation are consistent with our study, as both studies
revealed elemental peaks in powdered biochar that closely
match our findings.17 The biochar’s UV-visible spectra were
notably discernible at a wavelength of 420 nm and FTIR
spectra, recorded using transmission mode between 4000 and
400 cm−1, exhibited significant peaks at 1410−1420, 1008−
1024, 868−875, 710−714, 660−669, and 616−623 wave-
numbers cm−1 .70 These peaks indicate the out-of-plane
bending of C−H bonds in both heteroatomic and aromatic
compounds, as demonstrated in the study.51 The XRD pattern

Figure 3. The evaluation of the impact of resorcinol and biochar on tomato seed germination and plant growth regulation was conducted by using
a bioassay approach. The different facets of this assessment are presented as follows: (A) a schematic representation illustrating the experimental
setup of the tomato plant bioassay, (B) the germination response of seeds subjected to varying concentrations of resorcinol and biochar, (C) the
phenotypic evaluation of tomato plants following treatment with different concentrations of resorcinol, (D) the phenotypic assessment of tomato
plants upon treatment with varying concentrations of biochar, (E) representation of shoot length (right panel) and root length (left panel)
measurements, (F) presentation of total fresh weight (right panel) and total dry weight (left panel) measurements, and (G) depiction of seedling
fresh weight and seedling length measurements. The quantitative data are depicted as means ± SE, derived from five distinct biological replicates.
(H) These data are visually represented with different letters, indicating statistical differences at a significance level of p ≤ 0.05, as determined using
Duncan’s multiple range test (DMRT).
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exhibits pronounced peaks at 2θ values of (31), (45), (33),
(39), and (27)°, corresponding to the crystal planes 012, 104,
110, 116, and 018 of the face-centered cubic structure of
biochar. Moreover, a peak is evident at 104° in Figure 2C,
indicating the coexistence of both crystalline and amorphous
characteristics within the organic phase of the nanoparticle
extract.50

Furthermore, the study aims to assess the impact of foliar
application of resorcinol and biochar on tomato growth and
optimize the best concentration.69,71 Notably, resorcinol at
concentration (0.1 μM/L) boosted shoot length (14.5 cm),
root length (3.6 cm), fresh weight (4.37 g), and dry weight
(1.57 g) compared to control plants, which had shorter shoot
(10.09 cm) and root (2.26 cm) lengths and lower fresh (2.85
g) and dry (0.98 g) weights. Conversely, the higher
concentration (100 μM/L) had negative impacts on seedling
length, seedling fresh weight, and both fresh and dry biomass,
in contrast to the lowest resorcinol concentration (0.1 μM/L).
Our results are consistent with those of Khan et al., who
conducted substantial research on the stimulation of growth
and yield in lemongrass by foliar application of phenolic
substances such as salicylic acid and catechol. When compared
to the control group, the treated group increased fresh and dry

weights by 26.1 and 43.4%, respectively.40 Khaleda et al. and
Bhardwaj et al. confirmed similar results with seedlings of
alfalfa and wheat. The root exhibited a similar pattern of
elongation.42,72 However, these findings contradict those of
Noel et al., who studied the influence of phenolic chemicals in
common sunflowers.46 Catechol and resorcinol treatments
reduced the taproot length by 7.7-fold and 3.3-fold,
respectively, although hydroquinone treatment had no impact
on root attributes. Plants treated with 30 mg/L of biochar
showed enhanced shoot length (16.3 cm) and root length
(3.97 cm) and increased fresh (4.65 g) and dry (1.84 g)
weights compared to the control group, which had shorter
shoot and root lengths (10.09 and 2.26 cm, respectively) and
lower fresh (2.86 g) and dry (0.98 g) weights. Arshad et al.
investigated the influence of three different biochars (wheat
straw, rice husk, and sugar cane) at 2, 3, and 5% (w/w) on soil
characteristics and tomato CV “Money Maker″. In comparison
to the control, rice husk at a concentration of 3% improved
plant height, number of leaves, fresh and dry shoot weight,
fresh and dry root weight, and root length significantly.73 Li et
al. found that the application of biochar (0, 0.5, 1, and 2% w/
w) improved the morphophysiology of sugar beet. This
improvement might be due to biochar’s ability to function as

Figure 4. The impact of various concentrations of resorcinol and biochar foliar spray on the enhancement of growth-promoting metabolites in
tomato was evaluated. The results are depicted in the figure, where the different letters signify statistically significant differences (p ≤ 0.05) based
on Duncan’s multiple range test (DMRT). The analysis encompassed several key metabolites, including (A) the chlorophyll a/b ratio, (B) total
chlorophyll contents, (C) carotenoid contents, (D) total soluble proteins, (E) total phenols, (F) proline levels, (G) total lipids, (H) total soluble
sugars, and (I) flavonoid contents. The quantitative data presented in the figure are derived from five independent biological replicates.
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Figure 5. Impact of resorcinol concentrations and biochar foliar spray on the tomato phytohormonal contents. (A) IAA, (B) GA, (C) SA, and (D)
ABA contents. The quantitative data presented in the study represent means ± standard error (SE) of five independent biological replicates.
Variations between the means are denoted by different letters, indicating significant differences at the level of significance p ≤ 0.05, as determined
using Duncan’s multiple range test (DMRT).

Figure 6. Impact of resorcinol concentrations (0, 0.1, 1.0, 10, and 100 μM/L) and biochar foliar spray (0, 10, 30, 50, and 100 mg/L) on tomato
antioxidant system. (A) H2O2 level, (B) CAT, (C) SOD, and (D) APX contents. The quantitative data presented in this study represent means ±
SE of five independent biological replicates, and the differences between means were determined using Duncan’s multiple range test (DMRT) at a
significance level of p ≤ 0.05.
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a nutrient supply (P, K, Ca, Na, Mg, Fe, Mn, and Zn) to
directly promote plant development. In our investigation, the
biochar contains substantial quantities of phosphorus (2.11%),
calcium (18.74%), potassium (8.79%), magnesium (4.54%),
carbon (20.09%), and other elements as shown in elemental
analysis (Table 1). Such readily accessible nutrients may play
an important role in seedling development promotion.74,75

Remarkably, significant effects were obtained when 0.1 μM/
L resorcinol was used. In comparison to the control group, this
led to an increase in the levels of total chlorophyll (13.3 mg/g),
carotenoids (1.2 mg/g), and the chlorophyll a/b ratio (7.4
mg/g). Our results are consistent with those of Khan et al.,
who found that using the phenolic component salicylic acid
increased chlorophyll and carotenoid levels by 52.6 and 62.8%,
respectively.40 Elblasy et al. and Munsif et al. discovered similar
patterns in chlorophyll content augmentation in soybean and
wheat plants, respectively.40,76 The chlorophyll contents
steadily reduced as the resorcinol concentration increased. At
a concentration of 100 μM/L, total chlorophyll contents,
carotenoids, and the chlorophyll a/b ratio reduced to 11.53
0.86, and 5.55 mg/g, respectively. Our results are consistent
with those of Jagetiya and Kaur, who examined the influence of
different resorcinol foliar spray concentrations on soybeans. At
varied doses, chlorophyll contents decreased throughout
different development stages.44 Foliar treatment with resorci-
nol at a lower concentration improves growth and yield. While
higher resorcinol concentrations were proven to be harmful.
The decrease in chlorophyll content at higher concentrations
of resorcinol (100 μM/L), observed in this study, might be
ascribed to the fact that higher concentrations of phenolic
chemicals promote peroxidase-mediated chlorophyll break-
down. Peroxidase oxidizes phenolic compounds with H2O2 to
generate phenoxy radicals, which oxidize chlorophyll.77 In
comparison to the control, biochar at 30 mg/L had a
significant influence on the total chlorophyll contents (14.8
mg/g), carotenoids (1.3 mg/g), and chlorophyll a/b ratio (8.2
mg/g). The administration of BC significantly increased
antioxidant activities, which prevents oxidative damage to
photosynthetic pigments and photosynthetic machinery in
plants.78 Mg2+ absorption is also stimulated by BC
supplementation, which is a building component in the
production of chlorophyll In contrast, the study conducted
by Rehman et al. did not establish a correlation between the
application of biochar and the chlorophyll levels in wheat and
rice crops. The impact of biochar on photosynthetic pigments
may vary based on factors such as the type of biochar,
application rate, soil conditions, and plant species.79,80

Fresh leaves of tomatoes had higher levels of total protein
(79.9 μg/g), total phenol (58.8 μg/g), total proline (0.03 μg/
g), total lipid (3.8 μg/g), total soluble sugar (42.5 μg/g), and
flavonoid (0.09 μg/g) when exposed to a 0.1 μM/L dose of
resorcinol. In soybean plants, Elblasy et al. found that
hydroquinone (HQ) considerably raised total protein, total
sugar, total oil contents, and total phenols in all treatments as
compared to the untreated control treatment.41 Munsif et al.
and Singh et al. used phenolic compounds (salicylic acid) on
wheat plants and discovered a significant increase in proline
and soluble sugar content in the leaves of the respective
plants.76,81 In this research, a biochar concentration of 30 mg/
L in foliar spray substantially improved tomato fresh leaf total
protein (92.1 g/g), total phenol (61.3 g/g), total proline (0.03
g/g), total lipid (5.5 g/g), total soluble sugar (48.9 g/g), and
flavonoid (0.08 g/g). As a consequence of these findings,

biochar treatment altered the osmo-regulators in tomato
leaves, allowing them to respond to changes in soil
environmental conditions. This is similar to the findings of
earlier investigations by Li et al.,74 who found that applying
biochar enhanced the soluble sugar content of cotton leaves.
Cong et al. also examined that spraying 31.50 t ha−1 of biochar
increased the soluble sugar and protein contents of maize
plants.82

It is well recognized that plants can activate their antioxidant
systems, in which the enzymes SOD, POD, APX, and CAT
play crucial roles in defending the plants against the oxidative
stress that comes from reactive oxygen species (ROS).75,83

These enzymatic biomarkers play critical roles in the plant’s
defense mechanism.84 Superoxide ions are converted by SOD
into hydrogen peroxide (H2O2) and oxygen (O2). Following
that, CAT and POD degrade H2O2 into H2O and O2.

85 During
our research, the levels of CAT (3.7 units/g), SOD (9.6 units/
g), and APX (42.3 units/g) increased significantly under the
influence of resorcinol (0.1 μmol/L) compared to the control
(1.9 6.7, and 34.1 units/g, respectively). The work of Li et al.
on fragrant rice cultivars (Yuxiangyouzhan and Xiangyaxian)
validates our findings. Catechol (phenolic compound) boosted
superoxide dismutase (SOD) and peroxidase (POD) activity
while lowering malondialdehyde (MDA) contents at a
concentration of 20 μmol/L.86 The ability of phenolic acids
to scavenge free radicals, donate H atoms or electrons, or bind
metal ions makes them more stable and less easily accessible to
promote autoxidation.87 The antioxidant free radical may also
disrupt the chain-propagation processes. However, the
influence of antioxidant concentration on autoxidation rates
is determined by a variety of parameters, including the
structure of the antioxidant, oxidation circumstances, and the
type of the sample being oxidized.88 Biochar (30 mg/L)
treatment increased the CAT (4.0 units/g), APX (43.2 units/
g), and SOD (10.8 units/g) activity, resulting in significant
improvements in tomato plant performance. Previous research
has indicated that using BC enhances plant nutrition,
antioxidant activity, and osmolyte accumulation89,90by trigger-
ing the synthesis of antioxidant enzymes, biochar may scavenge
ROS.91,92

Hydrogen peroxide (H2O2) is regarded as a reliable
indicator for assessing the generation of reactive oxygen
species (ROS) in response to environmental stressors.
Hydrogen peroxide has a multifaceted nature, functioning as
a signaling molecule under normal conditions, while triggering
oxidative stress in the presence of aberrant levels of biotic or
abiotic stress.93 The tomato plants exhibited elevated levels of
H2O2 accumulation (171.4 and 163.5 μM/g) when subjected
to foliar application of resorcinol and biochar at concentrations
of 100 μM/L and 100 mg/L. This increase in H2O2
concentration suggests that the plants experienced a state of
stress, as compared to the control group. Nevertheless, the
application of resorcinol at a concentration of 0.1 μM/L and
biochar at a concentration of 30 mg/L led to a decrease in the
level of hydrogen peroxide (H2O2) in tomato plants. The
results presented align with the findings of Khan et al. research,
which also demonstrated a reduction in H2O2 levels after the
application of biochar.94 The findings of our study are
consistent with the research conducted by Abdelaal et al.,
who investigated the effects of applying 0.5 mM salicylic acid
on barley (Hordeum vulgare L. Giza126). They observed a
decrease in lipid peroxidation and hydrogen peroxide levels.95
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In plants, phytohormones can control a wide range of
cellular functions. They operate as chemical messengers in
higher plants, communicating cellular activity.98 Phytohor-
mones perform critical functions in the abiotic stress response,
coordinating numerous signal transduction pathways. Accord-
ing to previous study, external as well as internal stimuli are
regulated by them.96 The tomato plants exhibited the most
elevated concentrations of essential phytohormones, including
indole-3-acetic acid (IAA) at 0.81 μg/g, gibberellic acid (GA)
at 47.3 μg/g, salicylic acid (SA) at 28.4 mg/g, and abscisic acid
(ABA) at 29.4 mg/g, when treated with a resorcinol quantity
of 0.10 μM/L. Fahad et al. and Voß et al. also observed similar
improvements in phytohormones in their respective studies.
Application of biochar spray led to an increase in the quantities
of IAA (0.94 μg/g), GA (49.1 μg/g), SA (33.2 mg/g), and
ABA (30.6 mg/g) in tomato plants when applied at a dosage of
30 mg/L.97,98 Racioppi et al. observed a significant increase in
the concentrations of indole-3-acetic acid (IAA) and
gibberellic acid (GA) as a result of the application of biochar.68

The concentrations of ABA were found to be substantially
lower compared to the concentrations of IAA and GA. In
contrast, Farhangi-Abriz and Torabian find no evidence that
biochar significantly alters the levels of phytohormones.99 The
substantial accumulation of these growth-related compounds
consistently supports the beneficial impact of resorcinol 0.1
μM/L and biochar 30 mg/L on enhancing the growth of
tomato plants.23 Additionally, this study showed a strong
connection between the balance of ABA and H2O2 and
different physiological and biochemical factors. These factors
include proline, photosynthetic pigments, enzymes like APX
and CAT, SOD levels, phenols, flavonoids, carotenoids, lipids,
carbohydrates, proteins, and phytohormones like GA, IAA, and
SA. Our study further demonstrates that applying resorcinol at
0.1 μM/L and biochar at 30 mg/L stimulates the production of
primary and secondary metabolites as well as hormones and
antioxidants. This supports the sustainable growth and overall
development of the tomato plants.

5. CONCLUSIONS
This study demonstrates the conversion of biomass into
porous biochar through pyrolysis, with graphite-like structures
for versatile carbon synthesis. Using 0.1 μM/L resorcinol and
30 mg/L biochar significantly improves tomato seed
germination and plant growth. Field trials show increased
shoot/root length and higher fresh/dry weights compared to
controls. Resorcinol and biochar boost the chlorophyll content,
growth metabolites, and antioxidant enzyme activity, enhanc-
ing overall plant development. These specific concentrations
also elevate protein, phenol, sugar, flavonoid, lipid, and proline
levels. Future research should explore combined treatments of
resorcinol and biochar under various stresses to understand
their synergistic potential for crop growth in changing climates.
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