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Abstract: Increasing soybean productivity can be achieved by treating seeds with biostimulants. To
this end, an investigation was conducted into the potential of a formulation prepared with clove
es-sential oil (CEO) diluted in soybean oil for seed treatment. Soybean seeds were treated with CEO
concentrations between 0.5 to 3.0 mL/L, and subjected to germination, vigor, and sanity analyses.
The CEO at 1.6 mL/L exhibited favorable outcomes regarding germination, root length, and re-duced
fungal infection. In this way, a two-crop field experiment evaluated soybean seeds treated with
CEO at 1.6 mL/L. Soybean seeds treated with CEO in the field in 2021,/2022 were not different from
the controls. However, in 2019/2020, there was a higher percentage of emergence, nodulation, and
production of 749 kg/ha more than in the industrial treatment. These results highlight the potential
use of CEO as a biostimulant.
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1. Introduction

Soybean (Glycine max L. Merril) is an important oilseed crop as its grains have high
nutritional and industrial potential. This species is also easily adaptable to different soil
types and climatic conditions [1]. Soybean productivity is linked to the implementation of
appropriate management practices, the use of advanced technologies, and the adoption of
high-quality seeds. These provide a high emergence of vigorous plantules in the cultivation
field [2-6].

The physiological performance of seeds can be optimized through seed treatment,
which involves the application of products containing insecticides, fungicides, and biostim-
ulants that may be of synthetic or natural origin. Furthermore, using biological products,
inoculants, and nutrients helps preserve or improve seed performance. This approach fa-
vors emergence and creates more favorable conditions for seedling development, enabling
the full expression of the crop’s genetic potential [7,8]

However, despite their significant contribution to crop production, seed treatment
with synthetic chemical agents can cause environmental disturbances, such as selecting
resistant pathogens, releasing secondary pests, and contaminating soil and groundwa-
ter [9-11]. Furthermore, growing concern about consuming healthier foods produced in an
environmentally conscious manner makes chemical synthetic products questionable [12,13].
Sustainable methods like essential oils have gained prominence in this scenario. Some
of these oils are already used in agriculture as fungicides, bactericides, insecticides, and
biostimulants [14-16]. Essential oils are renewable resources that exhibit lower natural
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selection pressure, rapid environmental degradation, low toxicity, and a broad spectrum of
action [17-20].

Seed-treatment biostimulants are a recent innovation. The results obtained from their
use have shown that they contribute to the absorption of nutrients and improve plant
tolerance to stress [15]. This approach contributes to seeds expressing their full genetic
potential, substantially increasing crop productivity [21-23].

Bulgari et al. (2019) and Teklic et al. (2021) emphasized that biostimulants enhance
plants” ability to withstand adverse climatic conditions, impacting both primary and
secondary metabolism [24,25]. However, it is essential to note that, despite the benefits
obtained from biostimulant products, there are still gaps in the understanding of the effects
of these products on grain productivity and plant physiology. However, it is essential to
note that, despite the benefits obtained from biostimulant products, there are still gaps in
the understanding of their effects on grain productivity and plant physiology [26-28].

Clove essential o0il (CEO) (Syzygium aromaticum, L.) is a promising alternative for
developing new biostimulants for seed treatment. Indians, the Chinese, and Egyptians
have used this oil for centuries because of its antioxidant, insecticidal, antimicrobial, and
antiseptic properties [29-35]. CEO can be extracted from leaves, twigs, and stalks, constitut-
ing a mixture of metabolites, mainly eugenol (70-90%), eugenol acetate, 3-caryophyllene
(5-15%), and a-humulene (up to 2.1%) [36].

Eugenol, the predominant component of clove essential oils, is a metabolite involved
in several plant interactions with the environment. However, the effect of this compound
on plants depends on the quantities applied, and it may be harmful in high doses [35,37-39].
Nascimento et al. (2020) used clove essential oil to treat pepper seeds and observed that it
reduced the incidence of fungi without affecting the seeds’ physiological quality [40].

Several studies have emphasized the importance of evaluating the physiological
quality of treated seeds from biostimulants to ensure optimal results. Hence, it is crucial
to determine the appropriate doses of biostimulants by evaluating the germination and
emergence of treated seeds [41]. Therefore, this study aimed to evaluate the effectiveness
of different CEO concentrations on the germination and emergence of soybean seeds under
laboratory and field conditions, contributing to the generation of an ecological and low-cost
product intended to treat soybean seeds.

2. Materials and Methods

The study was divided into two stages: laboratory analysis and field testing. In
the first stage, tests were conducted to analyze the CEO’s chemical composition and
evaluate its phytotoxicity in soybean seeds. The experiments were performed at the
Crop Physiology and Metabolism Lab (LAFIMEPRO) and the Laboratory of Development
Natural Agrochemicals (LDAN) at the Federal University of Vicosa (UFV), Campus Rio
Paranaiba, MG.

In the second stage, planting was carried out under field conditions during 2019 /2020
and 2021/2022. The experiment was conducted in the city of Sao Gotardo, MG, Brazil,
located at cartographic co-ordinates 19°15'33" S and 46°05'28” W. According to the Képpen
classification, the climate classification is Aw, which is tropical and dry in winter. This
tropical savannah has soil-type dystrophic red-yellow oxysol. The fertility was adjusted
based on the cropping pattern in the Cerrado Mineiro environment.

2.1. Analysis of the Chemical Composition of Clove Essential Oil

The CEO used for this study was purchased from Ferquima Industria e Comércio
LTDA (Vargem Grande Paulista, Sao Paulo, Brazil). It consisted of eugenol (76.18%), (E)-
caryophyllene (19.9%), x-humulene (2.26%), aromadendrene (0.19%), and eugenol acetate
(1.02%), similar to that used by Silva (2022) [35].
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2.2. Evaluation of the Biostimulant Effect of Clove Essential Oil

A germination test using soybean seeds (M5917-IPRO) was conducted according to the
Standards for Seed Analysis (RAS) [42]. The CEO was evaluated in concentrations of 0.5,
0.7,1.0, 1.6, 2.0, and 3.0 mL/L dissolved in soybean oil. Distilled water and pure soybean
oil were tested as controls. Previously, the seeds were sanitized with sodium hypochlorite,
dried, and treated sequentially with CEO solution (0.5 to 3.0 mL/L), which was applied to
the dose at 40 mL/kg. The treatment used plastic bags with agitation to obtain a film on
the seeds [35].

The germination tests were performed using three sheets of Germitest® paper, steril-
ized and moistened with distilled water at a proportion of 2.5x its dry weight. Fifty seeds
were placed in this, with the leaves rolled in sequence and added to a germination chamber
at a temperature of 25 °C and a photoperiod of 12 h. Every 24 h, the germination rate
was checked for seven days, and the number of seedlings that showed radicle protrusion
was recorded. On the seventh day, the total number of germinated seeds was counted
to determine the germination percentage (G), the quantity of dead seeds (DS), and the
quantity of abnormal seedlings (AS).

With data on seeds germinated per day, the Germination Speed Index (GSI) was
calculated using the formula proposed by Maguire (1962) [43]. At the end of the test, ten
seedlings were randomly selected from each replicate per treatment to evaluate root length
(RL), number of secondary roots (NSR), Root Wet Mass (RWM), and Dry mass of the roots
(DMR). Root length was measured, using a millimeter ruler, from the top to the bottom of
the roots. The number of secondary roots was counted, and the fresh mass was obtained by
weighing the root system of the plants on a precision scale. The roots were then dried in an
oven (Nova Instruments, Piracicaba, Sao Paulo, Brazil) at 65 °C for 72 h, and the dry mass
was determined by weighing the roots again. This meticulous process ensured accurate
and reliable data for analysis.

2.3. Sanity Test

The sanity test, called the “Blotter test”, was conducted following the Rules for Seed
Analysis (RAS) [44]. The experiment was designed in a 2 x 3 factorial arrangement, con-
sidering two types of seeds (sanitized and unsanitized) and three treatment modes (CEO
1.6 mL/L at a dose of 40 mL/kg soybean seed, and the controls: distilled water and pure
soybean oil), each replicated 16 times. Each replicate was represented by a Gerbox contain-
ing 25 seeds, totaling 400 seeds per treatment. The test was structured in Gerbox using
two sheets of Germitest® paper. A total of 2.5 mL of sodium 2,4-dichlorophenoxyacetate
(2,4-D) was added at a concentration of 5 mg/L to inhibit germination. In the distilled
water control groups, a water-agar solution was applied to Germitest® paper to fix the
seeds, thus preventing any movement during the incubation period. Afterward, they were
placed in an incubator at 25°, with a 12-h photoperiod over 10 days. After incubation, the
number of contaminated seeds was counted and identified based on fungal growth.

2.4. Evaluation of the Biostimulant Effect of CEO Applied to Soybean Seeds in Field Experiments,
2019/2020 and 2021/2022

The seeds of soybean cultivar Monsoy M5917-IPRO (Agro Bayer, Piracicaba, Sao Paulo,
Brazil) were treated with CEO formulated with soybean oil in a concentration of 1.6 mL/L
applied to 40 mL/kg of seeds. They were then inoculated with Bradyrhizobium elkanii and
B. japonicum. The control groups included seeds treated with soybean oil plus Bradyrhi-
zobium elkanii and B. japonicum, as well as seeds with an industrial treatment (fungicide:
pyraclostrobin; insecticide: thiamethoxam; long-life inoculant: Nitragin Power 200; protec-
tion polymer: Incotec®; drying: drying powder). In 2021/2022, in addition to industrial
treatment and soybean oil, another control treatment was added: non-treated seeds.

The parameter emergence, plant height at 20 days after emergency (DAE), and the
end of cultivation, stem diameter, insertion of the first pod, number of pods and seeds per
plant, seed weight per plant, and production in bags per hectare were measured.
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The experimental design used in 2019/2020 was Completely Randomized Blocks
(CRB), with two blocks and three replicates each. Each replication consisted of a 5-m-long
planting line with a seeding density of 18 seeds per linear meter. The percentage of plant
emergence was measured 20 days after planting (DAP), and the number of nodules was
quantified by collecting from 5 plants randomly collected per replication 50 DAP. After the
cycle (146 DAP), we evaluated the productivity by harvesting all plants. According to the
productivity parameters, such as the number of pods and grains per plant, 20 plants were
randomly selected for each replication. The 2021 /2022 experiment was conducted in five
blocks with one replication. Each repetition consisted of three lines of a 5-m-long planting
line with 18 seeds per linear meter seeding density. The adopted cultural management
followed the farmer’s practices. In 2019/2020, the parameters of emergence, nodulation,
number of pods and seeds per plant, and production in bags per hectare were evaluated.

2.5. Biometric Analysis, Leaf-Gas Exchange

Gas exchange analyses were performed 38 d after DAP planting at the V2 phenologi-
cal stage with the aid of a gas-exchange analyzer, model LI-6400 XT (Li-Cor Biosciences,
Lincoln, NE, USA), coupled to a fluorometer (6400-40), with a photon-flux density of
1200 pmol m~2 s~ 1. TGF analyses were composed of the following parameters: stomatal
conductance (Gs), transpiration (E), evapotranspiration (ETR), quantum Efficiency of photo-
system 2 (PSII), net photosynthesis rate (A), intrinsic water use efficiency (WUE i), instanta-
neous water use efficiency (WUE), and internal carbon concentration (Ci). These parameters
were verified under photosynthetically active radiation (PAR) of 1200 pmol m~2 s~ ! at
the leaf level and under environmental conditions of temperature, carbon dioxide (CO,)
concentration, and vapor pressure deficit (VPD).

2.6. Extraction of Metabolites and GC-MS Analysis

The experiment was carried out in just one block; each replicate consisted of three
leaves collected from different plants. The leaves were stored in a thermal box and trans-
ported to the laboratory, where they were immediately macerated in liquid nitrogen. To
extract metabolites, 10 mg of macerated leaves were weighed in Eppendorf tubes. Then,
1 mL of methanol containing 25 ng/mL of ribitol was added as an internal standard, and
the mixture was vortexed for 5 s and sonicated for 15 min. Subsequently, the samples were
centrifuged at 13.000 rpm for 15 min, and the supernatant was transferred to a tube. The
residue extraction procedure was repeated using 1 mL of water, and the supernatants were
combined in a single vial. The internal standard physically normalized the mass of soybean
leaves extracted from each replicate.

Then, 400 pL of the sample was transferred to a glass bottle, and the solvent was dried
in a forced air recirculation oven at 40 °C for 12 h. The dried aliquots were subjected to
methoxylation in pyridine, and 50 pL of 15 mg/mL methoxyamine hydrochloride was
added, followed by trimethylation with 50 pL of N-methyl-N-(trimethylsilyl) trifluoroac-
etamide (MSTFA) + 1% TMCS reagent (trichloromethyl silane). For quality control (QC),
aliquots of all soybean leaf samples were collected and processed using the same procedure
as the experimental samples. QC samples were analyzed by GC-MS before, during, and
after sample injection to ensure that instrumental drift was maintained at a minimum level.

2.7. GC-MS-Based Untargeted Metabolomics Analysis

Derivatized soybean leaf extract samples were analyzed by GC-MS using a chromatog-
raphy system coupled to a Shimadzu GCMS-QP2010 mass spectrometer (Shimadzu, Kyoto,
Japan). An RTX-5MS capillary column (30 m x 250 um internal diameter, 0.25 pm film
thickness; Restek Co., Bellefonte, PA, USA) was used. Chromatographic separation was
performed using a column heating temperature ramp at 80 °C for 2 min, with an increase of
5 °C/min until 315 °C was reached, and it was maintained at this temperature for 12 min.
Helium was the carrier gas, with a constant 1.0 mL/min flow. One microliter of the deriva-
tized sample was injected at a split ratio 15:1. Mass spectra were obtained using a scan
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between masses from 50 to 650 m1/z, in full scan mode, operated with sampling rates of up
to 5 scans/s. The interface temperature was 280 °C, and the ion source temperatures were
280 and 240 °C. The detector voltage was 1.2 kV, and the electron impact (EI) model had an
ionization energy of 70 eV. Retention indices (Al) were obtained by injecting a standard
mixture of linear alkanes from C9 to C30, which were used to identify leaf metabolites.

2.8. GC-MS Data Processing

The raw data obtained from the GC-MS analysis were converted to the “abf” format
using the ABF converter software (AbfConverter, Yokohama City, Kanagawa, Japan). The
converted data were processed using the MS-DIAL software (Yokohama City, Kanagawa,
Japan), where alignment deconvolution and peak identification were performed [45]. The
parameters of the average peak width equal to 20 scans were used to process the data, with
an amplitude (minimum peak height) equal to 1000. The deconvolution parameters were
a sigma window of 0.5. To identify the peaks, the RI retention index was inserted into
the software via the MSP File and compared with the FiehnLib database, [46] adopting RI
tolerances of 30, a retention time (RT) of 0.5, a mass/charge (1/z) of 0.5, and minimum
similarity of 70%.

2.9. Statistical Analysis

The data obtained via the Ms-DIAL Software were exported to a txt spreadsheet, nor-
malized, and subjected to statistical and metabolic pathway analyses using the opensource
software Metaboanalyst 4.9 (http://www.metaboanalyst.ca, accessed on 28 November
2022), a program based on R and designed for metabolomic analysis [47]. Values absent in
50% of the data were excluded from the study. Missing values were replaced with a small
value (half of the minimum positive value in the original data), and data were relative to the
filtered standard deviation, sum normalized, log, transformed, and autoscaled. Statistical
analyses were conducted to compare metabolites in the three seed treatments (soybean
oil, industrial, and CEO) using the Student’s t-test with a p-value of less than 0.05. A
multivariate statistical approach was used, including Principal component analysis (PCA)
and PERMANOVA tests, to identify differences in metabolic profiles among treatments
using MetaboAnalyst 4.9. Additionally, a graphical heat map was generated based on
hierarchical clustering to visualize the similarity of the compounds, which was evaluated
using the Euclidean distance measure.

The significance level was set at p < 0.05. Fifty-eight potential biomarkers identified in
Arabidopsis thaliana were used to determine the metabolic pathways altered by industrial
seed treatment. Therefore, the Student’s ¢-test was performed using MetaboAnalyst 5.0,
based on the KEGG metabolic pathway library. All results were subjected to statistical
analysis using the false discovery rate (FDR).

3. Results
3.1. Preparation of the Formulated CEO and Application to the Seeds

Seeds treated with CEO, ranging from 0.5 mL/L to 3.0 mL/L, showed germination
rates between 97.5% and 100%, as evidenced in Table 1. These rates were significantly
different from the two controls. The treated soybean seeds with CEO presented higher
results than those observed in controls, with the highest GVI obtained with T6 (1.6 mL/L).
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Table 1. Assessment of the phytotoxicity of CEO applied in different concentrations to soybean seeds’
germination and vigor.

Evaluated Parameters

Treat.

CEOmL/L G AS DS GSI RL NSR RWM DMR
0 83.0b 22a 82b 235d 47d 0.0d 0.53b 041b

0* 81.0b Oa 95b 26.25 cd 49d 0.0d 0.52b 045b

0.5 100.0 a Oa 0.0a 30.50 be 8.6 be 50a 0.68 a 0.55a

0.7 974 a Oa 1.2a 35.75 ab 7.6¢ 23c¢c 0.71a 0.55 a

1.0 984 a Oa 0.7 a 32.12 ab 8.3 bc 3.2 bc 0.72 a 0.54 a

1.6 100.0 a 0a 0.0a 3733 a 98a 4.6 ab 0.77 a 0.57 a

2.0 99.0 a 0a 05a 32.83 ab 8.3 be 19c¢ 0.72 a 0.59 a

3.0 974 a 02a 10a 32.27 ab 8.8 ab 4.6 ab 0.67 a 0.53 a

0: control (non-treated seeds); 0 *: control with soybean oil; G: mean germination (%); AS: abnormal seedling (%);
DS: dead seeds (%); GSI: germination index and speed (%); RL: root length (cm); NSR number of secondary roots
(cm) RWM: roots wet mass (g); DMR: dry mass of the roots (g). Means followed by the same letter in the column
do not differ in the Tukey cluster test (5%).

Seeds subjected to CEO treatment revealed a significant increase in root length com-
pared to the control groups, with the best performance being observed at a concentration
of 1.6 mL/L. In the NSR analysis, the CEO at 0.5 mL/L performed better than the control
group, although it did not differ significantly from the CEO at 1.6 mL/L. In the RWM and
DMR trials, treatments with CEO stood out compared to the control groups. However,
there was variation according to the concentration of CEO used.

3.2. Sanity Test

Soybean seeds treated with CEO 1.6 mL/L (as shown in Table 2) and sanity-test
investigations significantly reduced the contamination percentage compared to the two
controls—distilled water and soybean oil. However, soybean oil also showed a significant
reduction in contamination rate compared to the water control.

Table 2. Filamentous fungal incidence on seeds.

Fungal Incidence on Seeds (%)

Treatment
Non-Sanitized Seeds Sanitized Seeds
Non-treated seeds 593 Aa* 50.5 Ab *
Soybean oil 23.7 Ba 22.5Ba
CEO 1,6 mL/L 11.1Ca 10.6 Ca

* Means followed by the same lowercase letters in a row and the same uppercase letters in the column are not
significantly different, following Tukey’s test (p > 0.05).

3.3. The Influence of Seed Treatment with CEO on Soybean Crops in Field Experiments

The CEO at 1.6 mL/L demonstrated the most promising results as the appropriate dose
for biostimulant activity in germination and sanity tests, and was selected for field-level
tests. To this end, two field experiments were conducted in 2019/2020 and 2021 /2022.

3.3.1. Field Experiment 2019/2020

Seeds treated with CEO (1.6 mL/L, at a dose of 40 mL /kg of seeds) showed a higher
percentage of emergence, nodulation, and production than those treated with industrial
treatment and soybean oil controls. However, the number of pods and seeds per plant
was lower than in the industrial treatment, highlighting the importance of establishing an
adequate plant stand in the field to ensure high productivity at the end of the crop (Table 3).
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Table 3. Evaluation of the biostimulant effect of CEO applied to soybean seeds in a field experiment
in 2019/2020.

Treatment Emergence Numberof Pods/ Seeds/ Grain Yield
(%) Nodules Plant * Plant * Kg/ha
Industrial 40.1c¢ 50.1b 25.18 a 644 a 4512.0b
Soybean oil 70.4Db 50.3b 17.48 b 42.7Db 4584,0 b
CEO 1.6 mL/L 89.7 a 56.0a 16.98 b 414D 5370.0 a

Means followed by the same letters in the column are not significantly different following Tukey’s test (p > 0.05).
* Data on the number of pods and seeds per plant were analyzed after rank transformation, as the residues did
not show normality.

3.3.2. Field Experiment 2021 /2022

The percentage of emergence and height at 20 DAE and the end of the crop in
2021/2022 (Table 4) were higher in the industrial treatment. The CEO did not promote a
significant increase in emergence. Still, the height parameters at seven days and at the end
of cultivation during the harvest did not differ from the industrial treatment or controls.
The parameters of stem diameter, insertion of the first pod, number of pods and seeds
per plant, seed weight per plant, and production in bags per hectare showed no signifi-
cant differences, although the seeds treated industrially and with CEO produced 300 and
252 kg /ha more than the control.

Table 4. Evaluation of the biostimulant effect of CEO applied to soybean seeds in a field experiment
in 2021/22.

20 Days after Sowing At the End of the Harvest

Treatment

E NPM PH PH SD FPIH NP GP WSP GY

Non-treated
Industrial
Soybean oil
CEO 1.6 mL/L

63.1b 114Db 8.0b 70.8ab 0.85a 144 a 372 a 99.0 a 12.0a 4866.0
774 a 139 a 9.0a 76.7 a 0.84a 14.6 a 349a 89.9a 113 a 5166.0
643 b 11.6a 8.0b 69.4b 0.85a 143 a 398a 1042a 13.1a 5004.0
65.0b 11.7 a 83ab 715ab 0.82a 133 a 439a 1179a 134a 5118.0

E: % emergence, NPM: number of plants per meter, PH: plant height (cm), FPIH: first pod insertion height, (cm)
SD: stem diameter (cm), NP: number of pods per plant, GP: number of grains per pod, WSP: average weight of
seeds per plant, and GY: grain yield of soybean (Kg/ha). Means followed by the same letter do not differ using
the Tukey test at 5% probability.

3.3.3. Comparison between Field Experiments in 2019/2020 and 2021 /2022

Statistical analysis was performed to compare the productivity of the experiments
for both harvests, excluding the control treatment from 2021 /2022 and a repetition of the
2019/2020 experiment. In 2019/2020, the highest productivity was observed with a CEO of
1.6 mL/L, demonstrating superiority compared to the controls (Table 5).

Table 5. Comparison of the productivity (Kg/ha) of soybean plants treated with CEO in the field in
the two harvests.

Grain Yield of Soybean
Treatments
2019 2021
Industrial 4364.9 Bb * 5166.0 Aa *
Soybean oil 4279.2 Bb 5004.0 Aa
CEO 1.6 mL/L 5114.4 Aa 5118.0 Aa

* The average followed by the same lowercase letter in the same column or a capital letter in the same line, does
not differ using the Tukey test at 5% probability.

3.3.4. Evaluation of the Effects of CEO Treatment on Gas Exchange and Metabolomics in
Soybean Plants in the 2019/2020 Experiment

Table 6 shows that the gas exchange parameters in the V2 phenological stage did not
show significant differences.



Agriculture 2024, 14, 1202

8 of 13

Table 6. Assimilation rate of CO, (A) (umol CO, m? s~ 1), transpiration (E) (mmol H,O m2s71),in-
ternal CO; concentration (Ci) (umol CO, mol 1), stomatal conductance (Gs) (mmol m? s~ 1), efficiency
instantaneous carboxylation (EiC) (umol CO,m?2s~1/pmolmol 1), photosynthesis/concentration
internal (A /Ci) (umol CO, m~2 s~1/umol CO, mol~1).

Treatments A EiC E Ci Gs A/Ci
Industrial 28.28 a 3.39a 9.06 a 188.68 a 0.30 a 0.13 a
Soybean oil 29.60 a 3.50 a 8.65a 196.62 a 0.33a 0.16a
CEO 1.6 mL/L 28.89 a 3.40a 8.60 a 202.51 a 0.32 a 0.15a

Means followed by the same lowercase letter in the same column or a capital letter in the same line do not differ
using the Tukey test at 5% probability.

In the metabolomic analysis of plants in the V2 phenological stage in soybean leaf
samples, 38 metabolites showed a significant difference (p < 0.05) in relative concentrations
between the treatments. After this verification, a heat map was generated based on the
groups of the main components of the 58 identified metabolites, classified by their p-values
using the Student’s t-test (Figure 1). These data revealed a clear and distinct grouping, one
formed by industrial seed treatment and the other by treatments with soybean oil and CEO
(Figures 1 and 2).
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Figure 1. Heatmap generated using Euclidean distance for metabolite clustering with significant
differences between groups (p < 0.05). The columns represent the samples from each treatment
(green = industrial treatment; blue = soybean oil; red = CEO). Each line represents a metabolite. The
colored squares (heat map) represent the abundance of metabolites, where dark red is the highest
abundance and dark blue is the lowest.
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Figure 2. Multivariate principal component analysis (PCA) and PERMANOVA test of metabolic
profiles found in soybean leaf extracts whose seeds were subjected to CEO, soybean oil, and indus-
trial treatment.

Graph 1 of the PCA analysis reveals a clear separation between the industrial treatment
and treatments with soybean oil and CEO. Main component 1, responsible for explaining
93.4% of the total variance, stands out in this differentiation. Industrial treatment plants
exhibit lower relative concentrations of amino acids, such as L-proline, L-valine, L-tyrosine,
and glycine-glycine dipeptide, as well as malonic, myristic, linolenic, and propanoic organic
acids. Furthermore, they had lower relative sucrose, D-mannose, and D-galactose levels.

4. Discussion

The formulated CEO and application to the seeds showed germination rates between
97.5% and 100%. It is crucial to note that, as Gonzalez et al. (2002) emphasize, the concen-
tration of allelochemicals influences the response and can manifest itself as a biostimulant
or allelopathic potential [48]. High doses of CEO can be toxic and damage seed ger-
mination [35,49-51]. Therefore, the formulation and concentration-optimization stages
were essential to promote germination, GVI, and root development gains in seeds treated
with CEO.

The GVI results for CEO (1.6 mL/L) were higher than those observed in controls.
Santos (2014) observed no difference in the GVI of soybean seeds treated with CEO emulsion
by immersion for 5 min at a concentration of 2.5 mL/L or (0.25%). Differences can be
justified by the use of different vehicles when applying the CEO. A higher rate of GVl is
correlated with faster emergence in the field, reducing the exposure of seeds to adverse
environmental conditions, which can harm germination and facilitate the action of micro-
organisms, causing deterioration of seeds or seedlings [48,52,53].

Seeds that received 1.6 mL/L of CEO treatment increased in root length and number
of secondary roots compared to the control groups. A study by Gomes et al. (2016)
evaluated the size of shoots and roots of lima bean plants subjected to different CEO
dosages. Comparing these dosages, the researchers found that both parameters presented
superior results compared to the control group [13]. The increase in these parameters due to
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the CEO highlights the compound’s biostimulant potential, favoring the initial development
of the root system. This makes the CEO highly promising, as plants with well-developed
root systems can better explore deeper soil layers. This capacity facilitates adaptation to
soils with low fertility, and increases the absorption of nutrients and water [54,55].

Soybean seeds treated with 1.6 mL/L of CEO reduced their contamination percentage
compared to the two controls—distilled water and soybean oil. CEO applied to pea seeds
also reduced the rate of seed contamination by fungi that cause bitter roots [56]. The CEO’s
fungicidal action has yet to be fully established. Still, according to Wang et al. (2010),
eugenol present in CEO can bind to the fungal membrane and alter its permeability, leading
to rupture [57]. This statement is based on the hydrophobic properties of CEO, which can
adhere to the walls of the sclerotium, causing morphological changes [58,59].

The CEO and soybean oil treatments showed a higher relative concentration of amino
acids, such as L-proline and L-valine, organic acids like malonic, myristic, linolenic, and
propanoic, and sugars such as sucrose, D-mannose, and D-galactose. These sugars and
amino acids are the first-response metabolites produced when plants face stressful condi-
tions [60-62]. Considering that the CEO presented more nodules than the other treatments,
we suggest that such trends may be related to changes caused by plant-microorganism
interactions, which require further elucidation studies.

Soybean seeds reated with CEO at 1.6 mL/L in the field experiments in 2021 /2022
were not different from the controls. However, in 2019/2020, there was a higher percentage
of emergence, nodulation, and production than in the industrial treatment and soybean-oil
controls. However, the number of pods and seeds per plant was lower than in the industrial
treatment, showing that establishing an adequate plant stand in the field is essential for
high productivity at the end of the crop. Silva et al. (2019) evaluated the emergence of rice
seeds protected with CEO, and observed increases from 60% to 87% in protected seeds
compared to the control [63]. Treatment with CEO in the field in 2019/2020 promoted a
significant increase in the number of nodules in soybeans; according to Hungria et al. (2001),
biological nitrogen fixation by soybean crops is directly related to the number of nodules
present in the plant [64]. In other words, abundant nodulation tends to fix more nitrogen
and, consequently, greater nutrient availability for the plant, reflecting productivity. These
results highlight the potential use of the CEO as a biostimulant.

5. Conclusions

These results highlight the impact of clove essential 0il on soybean-seed germination.
The data revealed that incorporating this formulation, made with clove essential oil sol-
ubilization in soybean oil in agricultural practices can significantly increase germination
and early seedling development. Given these discoveries, clove essential oil is a promising
biostimulant in sustainable agriculture. Considering the growing challenges related to food
production and the need for more efficient agricultural practices, the strategic use of this oil
is a viable and ecologically sensible alternative. Therefore, investing in additional research
and integrating clove essential oil into agricultural practices could significantly advance
the search for sustainable and effective methods to promote healthy plant growth, thus
contributing to innovative solutions in contemporary agriculture.
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