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Abstract

Food consumption will rise rapidly as the global population grows over the next
several decades. The current agricultural production system cannot solve this
challenge, forcing crop growth to experience more adverse conditions. To promote
the long-term sustainability of crop production and reduce reliance on excessive
agrochemical use, the implementation of integrated nutrient management systems
that involve the combination of chemical and biological fertilizers represents an
enormous challenge. The experiment aimed to improve tomato plants (Lycopersicon
esculentum Mill.) germination, agronomic, and physiological characteristics through
seed priming and foliar spraying with resorcinol (0.1 uM/L), biochar (30 mg/L), and
nanobiochar (30 mg/L) and inoculation with or without a mixture of arbuscular
mycorrhizal fungi (AMF). Physico-chemical characterization of nano-biochar revealed
the presence of elements like carbon, oxygen, calcium, and silicon. Spectroscopic
analyses confirmed the presence of functional groups and a mix of crystalline and
amorphous structures. The surface showed a moderate negative zeta potential with
particles averaging hydrodynamic size of around 77 nm.Notably, either alone or

in combination with nanobiochar, resorcinol-primed seeds significantly improved
tomato seed germination parameters, such as the germination rate index (GRI),
emergence energy (EE), coefficient velocity of germination (CVG), final germination
percentage (FGP), and seed vigor index (SVI), resulting in a decrease in the mean
germination time (MGT) in both the Saaho and Lerica varieties. AMF inoculation
and foliar application of biochar and nanobiochar considerably improved shoot
(109.57+0.88, 103.00+0.93 cm), and root length (21.89+0.21, 21.40+0.20cm) and
leaf area. Furthermore, increases in the biomass of shoots and fruits under fresh and
dry conditions were also investigated. Treatment T13 notably boosted the levels of
flavonoids (3.54+0.01, 3.36+0.01 mg/g), total phenol (21.23+0.08, 20.31+0.06 mg/g),
total protein contents (44.97+0.45, 42.55+0.41 ug/q), total soluble sugar

contents (47.97+0.49, 44.88+0.31 ug/g), and anthocyanin contents (0.70+0.00,
0.68+0.00 mg/qg) in both Saaho and Lerica tomato varieties compared to the control.

The activity of catalase (CAT) and ascorbate peroxidase (APX) exhibited significant
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increases in response to treatment T13, showing enhancements of (6.93+0.02,

6.84+0.01 units/g) for CAT, and (6.14+0.02, 5.87 +0.04 units/g) for APX, respectively.
In contrast, proline levels (3.55+0.02, 3.02+0.00 mg/g) declined in both tomato
varieties. The present research showed that resorcinol-functionalized nanobiochar
has a beneficial influence on germination parameters and that nanobiofertilizer has a
synergistic influence on the morphophysiological properties of tomato plants.

Keywords Sustainable, Chemical fertilizers, Antioxidant, Arbuscular mycorrhizal fungi,
Osmolytes
=

1 Introduction
Tomato is a major vegetable that belongs to the Solanaceae family and is the third most
significant commercial crop family in terms of economic importance [1]. As living stan-
dards continue to improve, the demand for high-quality fruits is steadily increasing.
Enhancing tomato fruit quality requires a comprehensive understanding and thorough
evaluation of the fundamental processes governing fruit growth [2]. However, a funda-
mental problem of today's plant production system is the sustainable production of food
for a rising global population. Germination is crucial to crop quality and plant estab-
lishment in agriculture [3, 4]. The rapid growth of seedlings allows leaves and roots to
expand and elongate, which aids in nutrient intake, transpiration, and biomass produc-
tion [5]. Seedlings faced slow germination under environmental stressors and pathogen
attacks, resulting in weakened growth, lower agricultural productivity, and significant
financial losses for farmers [6]. Researchers are discovering new methods to improve
crop yield by addressing seed germination, and abiotic stressors [7]. Seed priming
improves germination and crop production leads to a physiological shift that speeds up
germination [8]. Growth regulators are chemical compounds that influence plant growth
and development. In field crops, they enhance physiological efficiency, photosynthetic
ability, and partitioning from source to sink [9]. Resorcinol, a phenolic chemical (1, 3-iso-
mer of benzenediol) with the formula C;H, (OH),, features an orthogonal two-hydroxyl
functional group (-OH) [10]. This chemical and its derivatives have anti-inflammatory,
antitumor, anticonvulsant, and antioxidant effects [11, 12]. It is present in various deriv-
ative forms in plants (e.g., fruits, vegetables, and tobacco) and, at lesser concentrations,
in microorganisms [13]. The effects of other phenolic benzenediol compounds, such as
catechol (1, 2-benzenediol) and hydroquinone (1, 4-benzenediol), on the growth, osmo-
lytes, and antioxidant activity of lemongrass, soybean, and alfalfa plants have been stud-
ied by various authors [14—16]. Research on the effects of resorcinol on vegetative and
reproductive parameters in soybean, tobacco, and sunflower plants is scarce [17-19].
Biochar is a carbon-rich solid produced through the pyrolysis of biomass feed-
stocks like agricultural and animal wastes [20]. It is a highly porous, amorphous mate-
rial with a good surface area and various functional groups [21], rich in nutrients [22]
that enhance soil fertility, leading to improved plant growth and crop yields. The nutri-
ent content of biochar is influenced by factors such as pyrolysis temperature, duration,
and feedstock type. Depending on the pyrolysis process, biochar particles can range in
size from micrometers to centimeters [23]. Further reduction to the nanoscale, up to
100 nm or smaller, significantly enhances its physical, chemical, and structural prop-
erties. The elemental composition, crystalline form, aromatic/polar nature, specific
surface area, pore size, cation exchange capacity, zeta potential, graphitic nature, pH,
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temperature-dependent dispersibility, and stability of nano-biochar differ from those
of bulk biochar [24, 25]. Incorporating nanobiochar into plant nutrition offers an alter-
native to chemical fertilizers for nutrient provision. Additionally, nano-biochar-con-
taining fertilizers can increase crop output by 10-20% while reducing fertilizer use
by 30-50% [26]. In light of the increased nutrient accumulation by plants, the use of
nanoparticles (NPs) for foliar and/or seed priming has garnered considerable interest in
recent years [27, 28]. Additionally, research has been conducted on the production of
nanobiochar for agricultural and environmental purposes [29, 30]. Arbuscular mycor-
rhizal fungi (AMF) play a vital role as soil microorganisms, forming symbiotic associa-
tions with approximately 90% of plant species [31]. Arbuscules facilitate the exchange
of nutrients and water in plant roots in return for carbon derived from photosynthesis
[32]. AMF strengthens plant resistance to biotic and abiotic stressors [33, 34] and soil
stability and fertility [35]. The conventional objective of studying AMFs as biofertiliz-
ers is to increase crop yield without increasing the amount of fertilizer used to cultivate
organic foods [36, 37]. Sustainable crop production that does not compromise environ-
mental integrity requires the consideration of AMF [38]. Tomato being a vital crop in
global agriculture, yet challenges such as slow seed germination and poor plant growth
under stressors, including soil degradation and nutrient scarcity, continue to hinder its
productivity. While individual interventions, such as seed priming with biochar and the
use of arbuscular mycorrhizal fungi (AMF), have shown promise in enhancing plant
growth and stress resistance, the combined application of these methods, especially with
additional biochemicals like resorcinol, remains underexplored. Resorcinol has dem-
onstrated potential in seed priming, improving germination and antioxidant activity in
other crops [39], but its specific effect on tomato plants is yet to be fully understood.
Furthermore, nanobiochar, a more advanced form of biochar, has gained attention for
its ability to enhance soil properties and increase plant growth while reducing the reli-
ance on synthetic fertilizers [40]. Recent studies suggest that combining biochar with
AMEF can synergistically promote plant health and productivity [17], yet limited research
exists on how nanobiochar and AMF work together, especially in conjunction with res-
orcinol, to improve tomato growth under both normal and stress conditions.

The lack of comprehensive studies addressing the combined effects of resorcinol,
nanobiochar, and AMF in tomato cultivation presents a significant research gap. Filling
this gap could not only provide insights into optimizing sustainable agricultural prac-
tices but also contribute to the development of more eco-friendly plant growth pro-
moters for tomato production. This research aims to explore the synergistic effects of
resorcinol foliar application, nanobiochar amendment, and AMF inoculation on tomato
seed germination, plant growth, and yield under controlled and field conditions.

2 Methodology

2.1 Experimental site

The experiment was conducted in a greenhouse at the Department of Botany at the Uni-
versity of Peshawar. The department lies 345 m above sea level, at 34.04° N latitude and
71.5° E longitude. Tomato (Lycopersicon esculentum Mill.) seeds were procured from the
National Agriculture and Research Center (NARC), Islamabad, Pakistan, following stan-
dard protocols and obtaining the necessary permissions.
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2.2 Preparation of AMF inoculum
Before being processed in a lab, three soil samples (weighing 200-300 g each) were gath-
ered from the grass rhizospheric soil and kept at 4—8 °C to maintain the survival of AMF

spores.

2.2.1 Isolation of AMF spores

Wet sieving and decanting techniques were used to separate AMF spores from the col-
lected rhizospheric soil [41]. Spores were isolated at a rate of 230 spores/ 100 g of soil
and analyzed using a compound microscope. The morphological categorization was
carried out using spore recognition keys [42, 43] from INVAM (International Culture
Collection of Arbuscular and Vesiculo Arbuscular Endomycorrhizal Fungi) and BEG
(International Bank for the Glomales, formerly known as La Banque Europeene de Glo-
males). The most common genera were Glomus (80%), Sclerocystis (13%), Acaulospora
(5%) and Gigaspora (2%).

2.2.2 Mass production of AMF spores

To mass-produce AMF spores, the National Agricultural Research Centre (NARC) pro-
vided the Zea mays L. cultivar Islamabad Gold, which was cultivated in a greenhouse.
Maize seedlings were sterilized and pre-germinated [44]. The soil and manure were ster-
ilized separately. Viable AMF spores were then placed into pots containing sterilized soil
and manure mixtures. To encourage AMF inoculum production, isolated spores were
further inoculated with maize in pots for around two months in a controlled greenhouse
situation. The inoculum used in pot experiments was a combination of AMF-colonized
roots and spores (40 AMF spores), applied at a rate of 30 g/ 5 kg of soil for mycorrhizal
treatments [45]. AMF intensity levels were calculated using the methods used by Rich-
ard et al. [46].

2.3 Synthesis and characterization of biochar and nanobiochar

Biochar was generated from the biomass obtained from sawmill shavings of Cedrus deo-
dara (Roxb. ex D. Don) G. Don. Temperature of 340 °C for 2 h were used for the pyrolysis
process [47]. According to Liu et al. [48], nanobiochar was produced by first ultrasoni-
cally treating bulk biochar (B-BC) for 15 min at 25 °C, with the pH carefully maintained
at 6.9 +0.2. After sonication, the biochar suspension was centrifuge first for 24 min at
4000 rpm to remove larger biochar particles, and then for an additional 10 min at 10,000
rpm to isolate the nanobiochar fraction. The resulting nanobiochar was characterized
using a range of analytical techniques, including UV-visible spectrophotometry, Fou-
rier-transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), and microscopic
methods such as scanning electron microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDX). Additionally, zeta potential (ZP) analysis and dynamic light
scattering (DLS) were employed to assess particle stability and size distribution [49]. The
nanobiochar particles with an average size of 77.01 nm was separated.

2.4 Sterilization and priming of seeds
Seeds of both varieties were carefully prepared by first soaking in a 2% sodium hypo-
chlorite solution for 20 min after being cleaned with tap water for 25 min [50]. Follow-

ing a sterilizing procedure, the tomato seeds were primed for a full day with resorcinol
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(0.1 uM/L), biochar (30 mg/L), nanobiochar (30 mg/L), and AMF inoculum (40 spores)
[49]. The primed seeds (10 seeds/pot) were placed on filter paper in Petri dishes and
incubated at 25 °C. Resorcinol, CAS number 108-46-3, and a molecular weight of
110.11 g/mol were used in the investigation by Sigma-Aldrich.

2.5 Plant preparation

A pot experiment was conducted in a botanical garden under realistic environmental
conditions, with an initial temperature of 22 °C/17 °C (day/night) and a wind velocity of
8 km/h. The average daytime temperature and humidity ranged from 28 °C and 58% at
the beginning to 39 °C and 68% at the end of the study. Earthen pots (18 cm diameter,
20 cm height, 2 cm thickness) were filled with 5 kg of a sterilized mixture of manure,
soil, and sand (3:1) [51]. Each pot was supplemented with 30 g of AMF inoculum con-
taining approximately 40 spores. Ten seeds were sown per pot, and germination param-
eters were recorded during the first week. The physicochemical properties of the soil
used in this study were determined following [52] AOAC (2005) standard procedures.
The soil had an electrical conductivity of 3.5, a pH of 7.23, and a moisture content rang-
ing from 11 to 14% [53] (Table 1).

2.6 Germination parameters
After 1 week data related to germination were examined. Germination parameters,
including the germination rate index [54], final germination percentage [55], mean ger-
mination time [56], emergence energy [57], Timson germination index [58], and seed
vigor index [59], were determined by using the following formulas:
Gl G2 GX
GRI = — + —+--- 4+ — x 100
1 2 z
G1 represents the percentage of seeds germinated on the first day, G2 on the second day,
and Gx on the final day.

Final number of seedlings emerged

FGP = x 100

Total number of seeds sown

Table 1 Experimental design (complete randomised complete block design)

Treatments Descriptions

T1 Control

12 AMF

T3 Biochar

T4 Resorcinol

T5 Nanobiochar

T6 AMF + biochar

T7 AMF + resorcinol

T8 AMF + nanobiochar

19 Biochar+resorcinol

T10 Biochar +nanobiochar

T11 Resorcinol +nanobiochar
T12 AMF + biochar +resorcinol
T13 AMF + biochar + nanobiochar
T14 Biochar + resorcinol + nanobiochar

T15 AMF + biochar + resorcinol + nanobiochar
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MGT =) fz/) f

where "f" is the number of seeds that grew on day x.

X1 X2-X1
— ——+

EE = —
Y1+ Y2

o4+ (Xn—Xn-1)/Yn
Xn represents the final germinant counted, while Yn denotes the number of days from
seed planting to the final day of counting.

TGI =TGI =Y G/T

The proportion of seeds that sprouted each day was G, and the germination period was
T.

SV —1 = seed germination percentage x seedling length (cm)

2.7 Foliar application

Hussain et al. [60] techniques were modified slightly to obtain solutions of exact concen-
trations for the foliar application of each treatment. These solutions were prepared by
rotating corresponding solute concentrations in 1 L of distilled water in separate flasks
for about 30 min before application. The foliar spray was generated at three concentra-
tions: biochar (30 mg/L), nano-biochar (30 mg/L), and resorcinol (0.1 uM/L). After one
week, germinated seedlings were trimmed down to five plants per pot. According to the
experiment's method, the first foliar spray was applied 7 days after germination using a
hand-held sprayer bottle (small hand spray), with the soil mainly covered to avoid entry
into the soil. The remaining foliar sprays were administered weekly till harvest (total
spray 07). Each spray resulted in a new solution. Sprays on the leaves were done using
1 L of solution for each of the three treatments. An equivalent amount of distilled water
was also sprayed on the controls.

2.8 Plant harvesting

After 56 days of growth in the pot, the plants were harvested (after 8 weeks). To ana-
lyze agronomic parameters, half of the plant samples were dried in an air-blown oven at
65+ 05 °C for three days and weighed. To investigate several physiological processes, the
extra uprooted half were kept in a refrigerator at - 20 °C.

2.8.1 Vegetative parameters

The standard protocol of Basra et al. [57] has been used to examine vegetative charac-
teristics, such as shoot (length, fresh weight, and dry weight), root (length, root-to-shoot
ratio), leaf (length, width, fresh and wilted leaves per plant), and percentage moisture
contents (shoot). The root-to-shoot ratio (RSR) and percent moisture content (PMC)
were calculated using the following formulas:

RSR — root dry matter
shoot dry matter

freshmassof sample — drymassof sample

PMC = x 100

freshmassof sample
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2.8.2 Determination of yield parameters
The crop yield was ascertained by gathering the fruit for fresh weight analysis after 56th
days of the germination period. Among the yield parameters were.

(1) Fresh weight of fruit
(2) Dry weight of fruit
(3) Fruit PMC (percentage moisture contents)

2.9 Osmolyte attributes

Dry shoot samples (0.5 g) were soaked in 0.5 mL of methanol (1:10 g/mL) to determine
the total flavonoid content. After adding a mixture of 1 M potassium acetate (0.1 mL),
methanol (1.5 mL), clean water (2.8 mL), and 10% aluminum chloride (0.1 mL), spectro-
photometry was used to determine the absorbance at 415 nm [61]. Dried shoot samples
(0.25 g) were combined with 10 mL of 90% methanol and agitated for an hour to deter-
mine the phenolic contents. Following the centrifugation process, 1 mL of Folin—Ciocal-
teu reagent (4:1) was added. The final density was measured at 760 nm after the addition
of 1 mL of 10% Na,CO, [62]. A total of 250 uL of Bradford reagent and 5 pL of plant
extract were mixed to quantify total soluble proteins using bovine serum albumin (BSA)
as the protein standard. Following a 30-min incubation period at room temperature, the
optical density was measured at a wavelength of 595 nm [63].

After crushing 0.5 g of fresh plant shoot in 10 mL of distilled water, the mixture was
centrifuged to determine the total amount of soluble sugars. Using 0.1 mL of filtrate
and 1 mL of 80% phenol (w/v), the absorbance of each sample was measured at 420 nm
[64]. Fresh shoot material (0.25 g) was ground in 5 mL of methanol-HCL solution (1%
HCL, v/v) and centrifuged at 1500 rpm for 15 min to assess the anthocyanin content.
The wavelength at which the optical density was measured for the first time was 530 nm,
and the last measurement was 657 nm [65]. A sample of 0.5 g of leaf material was pulver-
ized in 10 mL of 3% sulfosalicylic acid to analyze the proline content. A filtered solution
of 10 mL was combined with 2 mL of glacial acetic acid and acid ninhydrin, and 4 mL of
toluene was added. The absorption was measured at 520 nm using a spectrophotometer
[66].

2.9.1 Antioxidant enzyme analysis

A buffer solution was mixed with 0.5 g of shoot material to measure the catalase (CAT)
activity. Following centrifugation, 1 mL of phosphate buffer and 1.9 mL of H,O, were
added. At a wavelength of 240 nm, the optical density was measured, with the first and
last measurements taken 60 s apart [67]. Shoot samples (0.5 g) were crushed in 5 mL
of phosphate water and centrifuged to determine the activity of ascorbic acid (APX).
Ascorbic acid (0.6 mM), H,O, (0.1 mM), and EDTA (0.1 mM) made up the final filtrate.
The optical density was measured at 290 nm, with a 60-s interval between the first and
last observations [68].

2.9.2 Statistical analysis

The data were analyzed through 2-way ANOVA using SPSS Statistics v. 22 (IBM). The
relationship between various parameters was determined using Pearson's coefficient
and principal component analysis (PCA). The quantitative data presented in this study
represent the Mean + SE of three independent biological replicates, and the differences
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between means were determined using Duncan's multiple range test (DMRT) at a sig-
nificance level of p <0.05.

3 Results

3.1 Characterization of nano-biochar

The purity and composition of the nano-biochar was assessed using Energy-Dispersive
X-ray Spectroscopy (EDX). The EDX spectrum (Fig. 1B) revealed strong peaks for Car-
bon (weight%: 18.79), Oxygen (weight%: 30.57), Silicon (weight%: 5.33), and Calcium
(weight%: 15.26). The results also showed other elements like Potassium (7.23%), Iron
(0.73%), Magnesium (3.47%), Chlorine (1.48%), Sodium (1.07%), and Sulphur content
(0.22%) as shown in Table 2. The particle size distribution of the investigated nano-bio-
char is shown in Fig. 2A. The average hydro-dynamic size of nano-biochar particles was
77.01 nm. The surface functional groups present in all carbon-based samples were ana-
lyzed using FT-IR spectroscopy (Fig. 3A). FTIR spectra was obtained in transmission
mode within the wavenumber range of 500—4000 cm™'. Prominent peaks were observed,
particularly at the wavenumber ranges of 3350 cm™! (OH group), 2937 cm™ (CH/CH,),
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Fig. 1 Characterization and physio-chemical properties of nano-biochar. XRD patterns of nano-biochar (A) and
EDX spectrum of nano-biochar (B)
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Table 2 Elemental composition by EDX analysis of nano-biochar

Elements Weight% Atomic%
C 18.79 31.40
@) 30.57 38.36
Na 1.01 1.21
Mg 347 3.69
Si 533 5.95
p 1.25 1.07
S 0.22 0.77
@ 148 0.84
K 7.23 423
Ca 15.26 9.60
Ti 1.05 0.44
Fe 0.73 0.26
A = -~ vt B Mean (mV) Area (%) St Dev (mV)
Zota Potential (mV): -15.5 Peak1: -155 100.0 6.93
Ehverge{doa: 701 Pokt; 710 . Z6taDeviation (nV): 693 Peak2. 000 00 000
Pdt: 0412 PakZ 0000 00 000 Conductivity (mSlem): 1.71 Peak3: 000 00 0.00
Intercept 09% Pakd 0000 00 0000 Result quality: Good
Szt Drtbution Zela Polential Distribution
2 . 140000
H 120000
# f\ 100000

80000

I \ 60000
) ; : 40000

20000

Total Counts

Intensity (Parcant)

—

v
01 1 1 L} 10 1000 200 100 0 100 200
Size (dom) Apparent Zeta Polential (mV)

Fig. 2 Nano biochar particle size and zeta potential analysis

2127 cm™ (C=C), 1622 cm™ (C=0), 1377 cm™* (CH), 1160 cm™ (C-0O-C), 1047 cm™!
(C-0), and 875 cm™ (~C=0). These peaks correspond to the out-of-plane bending of
ring C-H bonds in heteroatomic and aromatic compounds. Surface characteristics of
nano biochar, notably discernible at a wavelength of 420 nm, was further investigated
using UV-visible spectroscopy (Fig. 3B). The XRD analysis revealed distinct peaks
at specific 20 values (10, 24.42, 28.52, 32.4, 33.2, 35.74, 39.26, 41.66, 45.0, 48.38, 57.08
degrees), which corresponded to crystal planes within the face-centered cubic structure
of the nano-biochar. Notably, (Fig. 1A) in the XRD pattern, a peak at 28.52 and 48.38
degrees was observed, indicating the presence of both crystalline and amorphous fea-
tures within the organic phase of the nano-biochar extracted. The zeta potential mea-
surement of the nano-biochar (40 nm) by the citrate method was-15.5 mV (Fig. 2B),
confirming the negative charges. Negative charges result from citrate, which plays the
role of both a reducing and a stabilizing agent, creating repulsion between nano-bio-
char that forestalls the aggregation of nano-biochar. The particles have low zeta potential

(< - 25 values), reflects that there was no hindrance technique for particles flocculating.

Page 9 of 24
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Fig. 3 Characterization and physico-chemical properties of nano-biochar. A Fourier-Transforms Infrared Spectros-
copy (FTIR), B UV-vis spectra of nano-biochar

3.2 Germination parameters

In the present study, the Saaho and Lerica tomato varieties exhibited the most sig-
nificant increases in GRI values under treatments T13 (59.93+0.41, 57.95+0.36),
T15 (55.24+0.50, 49.36+0.49), T14 (53.31+0.60, 49.68+0.34), T11 (50.33+0.65,
46.26 £0.57), and T4 (31.92+0.73, 29.04 £ 0.94), compared to the control (Fig. 4A). The
Saaho variety achieved a peak final germination percentage (FGP) of 100% in treatments
T4, T5, T11, T13, and T15, whereas the Lerica variety reached its maximum FGP in
treatments T4 and T11 (Fig. 4B). A notable decrease in mean germination time (MGT)
was observed with resorcinol and nanobiochar treatments, specifically in T4, T5, T7,
T11, T14, and T15 (Fig. 4C). A reduction in MGT was also evident in T1 for both variet-
ies. The highest emergence energy (EE) for both varieties was recorded in treatment T11,
followed by T4 (Fig. 4D). Furthermore, the seedling vigor index (SVI) showed the high-
est values in treatments T4 and T11 for both varieties (Fig. 4E). Treatment T13 yielded
the highest total germination index (TGI) values for Saaho and Lerica (64.93+0.41,
62.61+0.30), followed by T15 (60.24 +0.50, 54.36 + 0.49), T14 (58.31 £ 0.60, 54.68 + 0.34),
and T11 (55.33 £0.65, 52.26 + 0.55), relative to the control T1 (33.50+0.62, 31.73 +0.33)
(Fig. 4F). Overall, the results indicate that the treatments incorporating resorcinol and
nanobiochar, either individually or in combination, led to the highest germination
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parameters for both tomato varieties. Two-way ANOVA revealed that treatment and

variety had significant influences (p <0.05) on the MGT, TGI, FGP, and GRI.

3.3 Vegetative parameters

The T13 treatment significantly enhanced shoot length in both Saaho and Lerica variet-
ies compared to the control (T1) (Fig. 5A, 8A). Root length significantly increased under
T13, with increments of (21.89+0.21 cm) in Saaho and (21.40+0.20 cm) in Lerica com-
pared to T1 (10.93+0.29 cm) (Fig. 5B). Furthermore, T13 demonstrated the greatest
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cumulative impact, achieving the highest shoot fresh weight and dry weight (Fig. 6A-B).
Conversely, shoot percentage moisture content (PMC) showed varied responses, with
the lowest concentrations observed in T11 (75.33+0.33, 75.66+0.23%) relative to the
control (82.33+0.33, 80.66+0.76%) (Fig. 6C). Treatments incorporating resorcinol (T4,
T7, T9, T11) exhibited a negative impact on root length. The lowest root/shoot ratios
were recorded in T2 and T4 (Fig. 6D). The greatest leaf length and width were observed
in T15, followed by T14 (Fig. 7A-B). T13 also demonstrated the greatest improvement
in fresh leaf count per plant while reducing the number of wilted leaves (Fig. 7C-D). A

Page 12 of 24



Bibi et al. Discover Nano (2025) 20:122 Page 13 of 24

two-way ANOVA revealed that both treatment and plant variety had significant effects
(p<0.05) on all measured shoot and root parameters, except for shoot percentage mois-
ture content.

3.4 Reproductive parameters

Additionally, compared to the control T1, the fresh weight of the tomato fruit (Fig. 8B)
was significantly enhanced by (42.97 +1.42g), (40.19 + 1.05g) and (35.05+0.40 g) in T13,
T15, and T10 for the Saaho variety. Similarly, the Lerica variety showed increases of
(40.55+1.41 g), (38.15+0.64 g) and (38.26+0.85 g) in T13, T15, and T10. Furthermore,
the fruit dry weight was significantly enhanced in T13, T15, and T14 (Fig. 8C). Among
the 15 treatments, the fruit percentage moisture content (PMC) was significantly higher
in both Saaho and Lerica varieties in T10 (97.66 +0.66, 97.33 + 0.64%), T15 (96.66 + 0.66,
96.33+0.33%) and T14 (96.21+0.86, 95.33+0.10%) (Fig. 8D). A two-way ANOVA
revealed that treatment and variety had significant effects (p <0.05) on fruit dry weight.

3.5 Osmolyte contents

Treatment T13 (Fig. 9A-F) significantly enhanced the accumulation of flavonoids
(3.54+0.01, 3.36 £ 0.01 mg/g), total phenol (21.23+0.08, 20.31+0.06 mg/g), total pro-
tein contents (44.97 + 0.45, 42.55+0.41 pg/g), total soluble sugar contents (47.97 +0.49,
44.88 +£0.31 pg/g), and anthocyanin contents (0.70 £ 0.00, 0.68 + 0.00 mg/g) in the Saaho
and Lerica tomato varieties compared to the control. For proline content, the highest val-
ues were observed in T4, followed by T7, T9, and T11, indicating that resorcinol appli-
cation induced stress conditions in the tomato varieties. A two-way ANOVA revealed
that treatment, plant variety, and their interaction had significant (p <0.05) effects on the
osmolytic activity of the tomato plants.
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Fig. 8 The impact of AMF, biochar, nanobiochar, and resorcinol on tomato Saaho and Lerica plants.
Bars show means of three replicates. Different letters indicate significant difference at p<0.05. T1=con-
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T8=AMF +nanobiochar, T9=biochar+resorcinol, T10=Biochar+nanobiochar, T11=resorcinol+ nanobiochar,
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Fig. 9 The impacts of AMF, biochar, nanobiochar, and resorcinol individually and in combination on the enhance-
ment of osmolyte activity in tomato plants were evaluated. Bars show means of three replicates. Different letters
indicate significant difference at p<0.05. T1=Control, T2=AMF, T3=biochar, T4 =resorcinol, T5=nanobiochar,
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T14=biochar + resorcinol + nanobiochar, T15 = AMF + biochar + resorcinol + nanobiochar

3.6 Antioxidant enzyme analysis

The levels of catalase (CAT) and ascorbate peroxidase (APX) exhibited significant
increases in response to treatments with AMEF, biochar, or nanobiochar, either alone
or in combination, compared to the control tomato plants. Notably, the highest CAT
contents (Fig. 10A) were recorded in T13, followed by T8, T15, and T14. APX activity
(Fig. 10B) also showed a significant increase in T13 (6.14+0.02, 5.87 £+ 0.04 units/mg),
followed by T5 (5.59+0.05, 5.65+0.00 units/mg) and T8 (5.46 +0.10, 4.87 +0.06 units/
mg) relative to the control T1 (2.45+0.00, 2.41 + 0.03 units/mg). The application of AMF,
biochar, resorcinol, and nanobiochar notably enhanced CAT and APX contents, indicat-
ing an improved antioxidant defense mechanism in the Saako and Lerica varieties. A
two-way ANOVA revealed that treatment, plant variety, and their interaction had sig-
nificant effects (p <0.05) on antioxidant activity.

3.7 Pearson correlation and principal component analysis (PCA)

The Pearson correlation graph (Fig. 11A) indicates a positive correlation between the
seed vigor index (SVI) and shoot length for all the parameters except for shoot PMC
(r=-0.20, r= —0.80) and wilted leaves (r= —0.48, r= —0.01). The fresh and dry weights
of the fruits were positively associated with the fresh weight of the leaves, with cor-
relation coefficients of 0.83 and 0.31, respectively. The shoot dry weight (Fig. 11B)
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Fig. 11 Pearson correlation between A germination and agronomic parameters and B agronomic and physi-
ological parameters of tomato (Lycopersicon esculentum Mill.) varieties Saaho (V1) and Lerica (V2) under different
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was strongly positively correlated with osmolytes such as flavonoids (r=0.87), sugars
(r=0.81), proteins (r=0.81), phenols (r=0.85), and anthocyanins (r=0.89). However,
proline was significantly negatively correlated with CAT (r=-0.49) and APX (r= -0.50)
at the p<0.05 level of significance. PCA was used to analyze the experimental dataset,
which included a control, treatment, six germinations, twelve morphological, and eight
physical-biochemical variables (Fig. 12). The results demonstrated that, over the whole
dataset, the effective treatments were all properly dispersed. The first two principal com-
ponents explained 70.7% of the total variation in the dataset. PC2 explained 14.1% of the
total variance and was significantly correlated with FGP, EE, TGI, GRI, SVI-I, and leaf
length and width, which are specifically related to germination, whereas PC1 explained
56.6% of the total variance and was specifically correlated with shoot length; biomass,
phenols, protein, sugar, flavonoids, CAT, and APX, which are related to plant growth,
osmolytes, and antioxidant enzymes.
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4 Discussion

This study showed that among the tested treatments, T11, which involved the applica-
tion of resorcinol in combination with nano-biochar, significantly enhanced germina-
tion metrics relative to the control. Resorcinol and nanobiochar treatments, particularly
T11, T13, T14, and T15, significantly enhanced germination performance in Saaho and
Lerica tomato varieties. Treatment T13 produced the highest germination rate index
(GRI) with values of 59.93 for Saaho and 57.95 for Lerica. It also yielded the highest
total germination index (TGI) values 64.93 (Saaho) and 62.61 (Lerica). Saaho achieved
a 100% final germination percentage (FGP) in treatments T4, T5, T11, T13, and T15,
while Lerica reached 100% in T4 and T11. Two-way ANOVA revealed that treatment
and variety had significant effects (p<0.05) on GRI, TGI, FGP, and MGT, confirming
the effectiveness of these treatments in enhancing tomato seed germination and vigor.
Notably, resorcinol-primed seeds consistently displayed exceptional performance across
all treatments for both varieties. The findings of the present study are consistent with
those of Li et al. [69], who demonstrated that various phenolic acids used as priming
agents enhanced root length and biomass in rice cultivars and wheat plants. Previ-
ous research [70-72] has indicated that the process of seed imbibition generates reac-
tive oxygen species (ROS), leading to oxidative stress. Polyphenols are instrumental in
mitigating ROS through multiple mechanisms, including direct scavenging, inhibition
of ROS production, and activation of antioxidant enzymes such as catalase, superoxide
dismutase (SOD), and glutathione peroxidase (GPX). These enzymes decompose super-
oxide anions, hydrogen peroxide, and hydroperoxides, thereby preventing the activa-
tion of xanthine oxidase [73]. Antioxidant enzyme activities, CAT and APX, increased
significantly in tomato plants treated with AMF, biochar, or nanobiochar. The highest

Page 16 of 24



Bibi et al. Discover Nano (2025) 20:122 Page 17 of 24

CAT activity was recorded in T13, with APX peaking in the same treatment at 6.14
(Saaho) and 5.87 units/mg (Lerica), compared to the control T1 (2.45, 2.41 units/mg).
Treatments T5 and T8 also showed elevated APX levels. These results indicate enhanced
antioxidant defense, with significant effects (p<0.05) confirmed by two-way ANOVA
for treatment, variety, and their interaction. The antioxidant efficacy of polyphenols is
influenced by several factors, including the number of hydroxyl groups, the degree of
methoxylation, and the specific molecular structure [74, 75]. The germination param-
eters of the tomato varieties Saaho and Lerica were significantly enhanced by nano-bio-
char treatments. Zhang et al. [76] demonstrated that nano-biochar positively influenced
the growth of rice and reed plants, although no effects were observed on tomato seed
germination or seedling growth. Nano-priming enhances seed germination by generat-
ing nanopores and increasing the expression of aquaporin genes, facilitating better water
uptake. Multiple studies have confirmed the penetration of nanoparticles into seeds [77,
78], leading to ROS buildup and enhanced antioxidant enzyme activity, which in turn
improves plant growth. The impacts of nanoparticles on seed germination are influenced
by their concentration and the duration of priming, with variations observed across dif-
ferent plant species [8, 27, 79].

The current investigation elucidated the positive effects of treatment T13, which
involved the combined application of AMF inoculation and foliar spraying of nanobio-
char and biochar, on various vegetative and reproductive parameters. This enhancement
can be attributed to the synergistic action of these biostimulants. Notably, nanobiochar
at a concentration of 30 mg/L significantly augmented the expression of tomato plants.
These findings resonate with those of Li et al. [80], underscoring the capacity of nanopar-
ticles (NPs) to enhance rice growth at appropriate concentrations, although higher levels
may exhibit adverse effects. Moreover, Li et al. [81] proposed that lower NP concentra-
tions can positively influence vegetative parameters in Zea mays. The efficacy of foliar-
applied nano-biochar stems from its more negative zeta potential, smaller size, low-dose
[82] and increased functional group density, which collectively bolster its adsorption
capability relative to macro-biochar counterparts [83]. Upon foliar application, nanopar-
ticles translocate to diverse plant regions through apoplastic and symplastic routes [84].
It is pertinent to consider that factors such as plant species and environmental condi-
tions can influence the entry of nanoparticles into stomatal pores [85]. The findings of
the present study demonstrate that inoculation with AMF results in diverse enhance-
ments in plant growth parameters. These results are consistent with those of Sané et al.
[86], who observed that tomato cultivars treated with AMF exhibited the greatest shoot
and root dry weights, measuring 2.58 g and 0.79 g, respectively. Ziane et al. [87] dem-
onstrated that the addition of mycorrhizal fungi to tomato plants (Solanum lycopersi-
cum L. var. Fahla F1) increased plant height, shoot dry biomass, root dry biomass, total
yield, and fruit number by 8.18%, 21.5%, 34.45%, 8.07%, and 19.05%, respectively. AMF
may alter the structure of plant roots, resulting in enhancements in root biomass, length,
root-to-shoot ratio, and the number of root tips [88]. Mycorrhizal plants possess a highly
efficient root system, enabling extraradical hyphae to penetrate the depletion zone of the
plant rhizosphere. This process facilitates the absorption of water and immobile mineral
nutrients by plants [89].

Highly dispersed hyphal networks in plant roots treated with biochar and nano-bio-
char (T8 and T13) indicate a positive influence on AMEF. Luo et al. [90] reported that
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biochar boosts fungal diversity more than bacterial diversity. Combining biochar with
AMFs enhances plant development, reduces disease severity, and increases production
[91]. Nano-biochar significantly increased AMF colonization. Aleksandrowicz-Trzcin-
ska et al. [92] demonstrated that foliar nanoparticle treatments at 25 ppm significantly
improve pine seedling development and mycorrhizal colonization, increasing root dry
mass. The results of the study demonstrated the positive impact of biochar application
on various growth parameters. These findings are consistent with prior research by
Arshad et al. [93], who observed significant enhancements in multiple growth param-
eters of the tomato cultivar "Money Maker" compared to control groups. Parameters
including plant height, leaf count, fresh and dry shoot weight, fresh and dry root weight,
and root length were notably improved with biochar application. The utilization of bio-
char presents a promising avenue for enhancing plant growth, attributed to its ability to
augment the availability of essential nutrients such as phosphorus, potassium, calcium,
sodium, magnesium, iron, manganese, and zinc [94, 95]. Chemical analysis of the bio-
char utilized in our study revealed substantial concentrations of phosphorus (2.11%),
calcium (18.74%), potassium (8.79%), magnesium (4.54%), carbon (20.09%), and other
essential elements [49]. These nutrient profiles hold significant potential for stimulating
seedling growth [96, 97].

In this study, secondary metabolites including total soluble sugars and proteins, phe-
nolics, anthocyanins, and flavonoids were quantified in tomato plants. Treatment T13
notably improved the biochemical composition of both Saaho and Lerica tomato vari-
eties. It led to the highest accumulation of flavonoids (3.54, 3.36 mg/g), total phenols
(21.23, 20.31 mg/g), proteins (44.97, 42.55 roteins (44.97, 42.553mprove, 44.88 ug/g),
and anthocyanins (0.70, 0.68 mg/g), indicating enhanced metabolic activity and stress
tolerance. Conversely, the highest proline content was observed in T4, followed by T7,
T9, and T11, suggesting resorcinol-induced stress. Tomato plants inoculated with AMF
exhibited higher contents of flavonoids, phenolics, sugars, and proteins, corroborating
findings from previous studies that reported increased soluble protein levels in AME-
inoculated wheat compared to untreated controls [98, 99]. Several studies have demon-
strated that AMF treatment enhances sugar content and photosynthetic activity [100,
101]. Soussani et al. [102] documented that AMF-treated tomato plants showed signif-
icant increases in carotenoid, lycopene, polyphenol, and flavonoid levels by 73%, 53%,
310%, and 158%, respectively. Similarly, Khaliq et al. [103] reported that nano-biochar
positively influences carrot growth, pigment content, and nutritional levels. Both soil
integration and foliar application of nano-biochar resulted in the highest growth, pig-
mentation, and metabolite accumulation, including sugars, free amino acids, phenols,
flavonoids, and nutrients. In a related study, Mazhar et al. [104] found that seed prim-
ing with 75 ppm nanoparticles increased the levels of osmolytes, specifically total solu-
ble sugars and proteins, by 14% and 81%, respectively. The highest proline content was
observed in treatments with resorcinol application. These findings are consistent with
other studies that reported significant increases in proline levels following the applica-
tion of phenolic substances [105, 106]. This increase is attributed to the activation of
enzymes in response to oxidative stress conditions [107].

Plants can activate antioxidant systems, wherein enzymes such as ascorbate peroxi-
dase (APX) and catalase (CAT) play crucial roles in mitigating oxidative stress induced
by reactive oxygen species (ROS) [107]. These enzymatic biomarkers are essential
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components of the plant's defense mechanism [108]. In the present study, a mixed AMF
inoculum was utilized, resulting in increased antioxidant activity. This observation aligns
with findings by Duc et al. [109], who reported that a mixed inoculum of AMF species
was more effective than a single AMF species in enhancing the activities of catalase, per-
oxidase, proline, and total phenolic compounds. Additionally, Soussani et al. [110] dem-
onstrated that inoculating tomato plants with AMF significantly elevated their levels of
antioxidant compounds. In the present study, the application of nano-biochar signifi-
cantly enhanced the activities of ascorbate peroxidase and catalase. Waqas Mazhar et al.
[111] examined rice plants primed with 25 ppm nanoparticles (NPs) before seed germi-
nation and reported notable increases in the activities of superoxide dismutase (SOD),
CAT, and peroxidase (POD), by 11%, 13%, and 38%, respectively. Additionally, the appli-
cation of resorcinol also enhanced antioxidant activity. These findings are consistent
with those of Sapakhova et al. [104], who observed increased APX, CAT, glutathione
peroxidase (GPX), and SOD activities in salicylic acid-treated wheat leaves. Azmat et al.
[112] similarly reported substantial increases in APX and CAT activities in wheat plants
treated with a combination of salicylic acid and biofertilizer, with activities increasing
by 156% and 169% in leaves and by 116% and 200% in roots, respectively. The antioxi-
dant activity of phenolic acids is primarily due to their ability to neutralize free radicals
through the donation of hydrogen atoms or electrons, or by chelating metal ions. This
mechanism enhances the stability of these ions and reduces their availability, thereby
inhibiting autoxidation processes [113, 114].

5 Conclusions

This study highlights the substantial potential of utilizing resorcinol, biochar, nanobio-
char, and AMF to enhance growth, secondary metabolite production, and antioxidant
activities in tomato plants. The Saaho variety responded more positively to the treat-
ments than the Lerica variety. Specifically, resorcinol at a concentration of 0.1 uM/L sig-
nificantly improved seed germination parameters, particularly when applied alone or in
conjunction with nanobiochar. In both tomato varieties examined, the synergistic appli-
cation of nanobiochar, AMF, and biochar resulted in marked improvements in shoot
length, root weight, and leaf characteristics. Furthermore, the incorporation of AMEF,
biochar, and nanobiochar positively influenced the osmolytic activity and the activities
of antioxidant enzymes in tomato plants. These results indicate that the integration of
these components can enhance plant growth and increase resilience to stressful condi-
tions, laying a strong foundation for future research and practical applications in sus-
tainable tomato cultivation.
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