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ARTICLE INFO ABSTRACT

Keywords: This research delves into phenylpropanoid metabolism, focusing on phenylpropene biosynthesis in the meth-
Basil yleugenol chemotype of basil (Ocimum basilicum L.). We isolated peltate glandular trichomes (PGTs) from basil
Biostimulant leaves to eliminate primary metabolic influences, offering a unique perspective into these complex processes.
Chavicol O-methyltransferase Vermicompost, chosen for its eco-friendly composition and superiority in invigorating phenylpropanoid meta-
Eugenol O-methyltransferase . P L . . y P . P Y . & &P . y.p p
Gene expression bolism. In this study, we investigated the impacts of solid and tea-form vermicompost applications at 0%, 10%,
Phenylpropanoid metabolism and 25% doses on the methyleugenol chemotype of basil, focusing on the expression levels of PAL, 4CL, EGS,
Vermicompost application EOMT, and CVOMT genes and phenylpropene accumulation in the peltate glandular trichomes. Results showed
that 10% solid vermicompost (SV) application increased 4CL expression level at 236%, while 25% SV application
further enhanced EOMT and CVOMT expressions to towering values by 7,494-fold and 19,643-fold, respectively.
SV applications did not significantly impact eugenol accumulation but suppressed chavicol biosynthesis.
Methyleugenol and methylchavicol accumulation rose in a dose-dependent manner, with significant increases
observed in the 25% SV application. A positive correlation was found between CVOMT expression and accu-
mulation rates of methyleugenol and methylchavicol phenylpropenes following SV applications. Conversely,
vermicompost tea (VT) applications led to mixed gene expression patterns and reduced eugenol and methyl-
eugenol ratios in peltate glandular trichomes compared to control. In summary, the notably high gene expres-
sions observed in the results of our preliminary study offer a new perspective in the field of phenylpropanoid
metabolism. This underscores the value of utilizing single-cell type PGTs for examining secondary metabolic
pathways in plants and demonstrates the impact of vermicompost on phenylpropene production.

1. Introduction Tissue Ontology (BTO) has facilitated the description of plant organs,

tissues, and cell types, aiding in the analysis of single-cell RNA

Single-cell transcriptomics is a notable technique, providing insights
into cellular biological processes. It’s used to study cell interactions,
pathogen responses, gene expression, regulatory systems, and drug ef-
fects. Recently, it’s been influential in plant and animal research, and
with improved tools, its application has become easier [1]. Plant cells
have intricate and dense cell walls, making their isolation challenging
and necessitating extra preparation and thorough analysis. Despite these
challenges, single-cell RNA sequencing has been effectively applied to
some model plant species [2]. The use of terms defined in the Plant
Ontology (PO) and the BRENDA (Braunschweig Enzyme Database)

sequencing data [3]. Moreover, the limited number of proteome atlas
publications in plants highlights the need for comprehensive analysis
covering multiple cell types and anatomical structures, which is essen-
tial for understanding the complex gene expression profiles in plant cells
[4].

Basil serves as an umbrella term for all members of the Ocimum genus
within the Lamiaceae family and is renowned as one of the most widely
used herbs worldwide. Of the 65-plus species in this genus [5], sweet
basil (Ocimum basilicum L.) holds the most economic significance in
Europe and the United States and stands out as an incredibly valuable

Abbreviations: PAL, Phenylalanine ammonia-lyase; 4CL, 4-Coumarate-CoA ligase; EGS, Eugenol synthase; EOMT, Eugenol O-methyltransferase; CVOMT, Chavicol
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herb with numerous applications in the food, fragrance, and pharma-
ceutical sectors [6,7]. Each year, substantial amounts of basil are sent to
European countries in the form of dried leaves and essential oil con-
taining valuable chemical compounds like eugenol, methyleugenol,
methylchavicol, linalool, germacrene A and D, elemicin, 8-elemene, and
(Z)-ocimene [8]. Ocimum basilicum has a rich history of medicinal use,
but also uses in aromatherapy, perfumery, cosmetics, and the
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manufacture of dietary supplements [9]. In the realm of medicine, basil
serves as a remedy for conditions such as coughing, headaches, parasitic
infections, diarrhea, and kidney issues. Additionally, it has been a staple
in culinary practices for centuries. Its significance is particularly evident
in Mediterranean cuisine, where it is used extensively to add flavor and
depth to a range of dishes [10].

The leaves of basil plants contain specialized glandular trichomes
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Fig. 1. The synthesis process of methyleugenol and methylchavicol via the phenylpropanoid pathway in Ocimum basilicum. Phenylalanine ammonia-lyase (PAL);
Cinnamate 4-hydroxylase (C4H); 4-coumarate 3-hydroxylase (C3H); Caffeic acid O-methyltransferase (COMT); 4-Coumarate-CoA ligase (4CL); Cinnamoyl-CoA
reductase (CCR); Cinnamoyl alcohol dehydrogenase (CAD); Coniferyl alcohol acethyltransferase (CAAT); Eugenol synthase (EGS); Chavicol O-metyltransferase
(CVOMT); Shikimate O-metyltransferase (HCT); p-Coumaroyl 5-O-shikimate 3-hydroxylase (CS3'H); Caffeoyl-CoA O-methyltransferase (CCOMT); and Eugenol O-
methyltransferaz (EOMT). The double arrows point to the proposed intermediate reactions that are not explicitly shown in the diagram.
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that produce a range of compounds to further defend the plant against
herbivores and microorganisms. Two kinds of glandular trichomes are
present in basil: capitate and peltate, with the previous rich in terpenoid
compounds and the latter rich in phenylpropenes [11-14]. An exami-
nation of expressed sequence tags (ESTs) found in the peltate glandular
trichomes of basil indicated that these structures display an exceptional
upregulation of genes related to phenylpropanoid biosynthesis, which
accounts for 13% of the total ESTs. Furthermore, 14% of all cDNAs
encode the enzymes accountable for the formation of methylchavicol
and methyleugenol [12]. This finding shed light on the significant role of
these genes on phenylpropenes biosynthesis in basil peltate glands.

Phenylpropenes, which are generated as a result of a phenyl-
propanoid biosynthetic pathway branch, serve vital functions in draw-
ing pollinators and safeguarding plants against both animals and
microbes [15-17]. The economic significance of these compounds stems
from their widespread use in industries such as pharmaceuticals, per-
fumery, and flavoring [18]. The biosynthesis of phenylpropanoids,
encompassing phenylpropenes, comprises enzymes such as phenylala-
nine ammonia-lyase (PAL), 4-Coumarate-CoA ligase (4CL), eugenol
synthase (EGS), eugenol O-methyltransferase (EOMT), and chavicol
O-methyltransferase (CVOMT) (Fig. 1). PAL, in particular, is essential
for phenylpropanoid synthesis, as it enables the creation of
trans-Cinnamate through the deamination of phenylalanine. A signifi-
cant juncture in this process involves the generation of 4-Coumaroyl--
CoA from 4-Coumarate, which is mediated by the 4CL enzyme [19].
Later in phenylpropanoid metabolism, EGS catalyzes the formation of
the initial phenylpropenes, chavicol from coumaryl acetate and eugenol
from coniferyl acetate. In the concluding stages of phenylpropene
biosynthesis, the enzymes EOMT and CVOMT modify the para-OH group
of eugenol and chavicol to produce their methyl ether derivatives,
methyleugenol and methylchavicol [11,13].

A significant number of plant-based phenolic compounds exhibit
notable antioxidant properties, which can contribute to lowering the
prevalence and death rates associated with cancer [20]. Research in-
dicates that basil cultivated under organic farming conditions demon-
strates a rise in phenolic compounds possessing such characteristics
[21]. The content of essential oils in basil is influenced by several fac-
tors, including the growth and development stages of the plant tissues,
geographical origin, and environmental conditions [22,23].

Plant biostimulants are a new type of agricultural product that have
been proposed as a way to modify genetic pathways involved in the
production of secondary metabolites, making them especially beneficial
for medicinal plants [24,25]. With the goal of reducing inputs and
transitioning to ecologically and economically sustainable
agri-environmental systems, there is a growing interest in identifying
organic molecules and microorganisms that can influence primary and
secondary plant metabolism [26,27]. Biostimulants for plants encom-
pass both substances and microorganisms that, when applied to plants,
boost their ability to cope with abiotic stress, enhance nutrient absorp-
tion, and elevate the quality of end products, independent of their
nutrient composition [28]. One type of biostimulant, known as vermi-
compost, falls under the humic substances category and is created by
feeding decomposed organic waste to worms during the vermi-
composting process [29]. Over time, numerous studies have explored
the impact of vermicompost on plant growth and development, with
specific attention given to its hormone-stimulated activity mechanisms.
It is deemed that the hormone-like impact of humic substances in ver-
micompost can be ascribed to either the biomass employed during
production, or the hormones generated throughout the composting of
biomass [30-32]. The chemical complexity of humic acids (HAs) has
made it difficult to identify auxin-like molecules that cause biostimulant
effects, leading researchers to determine that organic fractions con-
taining HAs have auxin-like properties [33]. Vermicompost also con-
tains soluble nutrients, free enzymes, a wide range of microorganisms,
and water-soluble phenols that can easily diffuse into the water during
the vermicompost tea production [31,34].
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Basil is an important crop in essential oil production and is frequently
used as a research material in the field of bioengineering [35]. However,
previous studies on the effects of biostimulants, organic fertilizers,
elicitors, or stress applications on basil have focused on one or more
parameters, such as phenological parameters, total phenolic content,
essential oil, and gene expression profile of the complete —intact, non--
abraded- leaf. Therefore, it is essential to determine the response
capability of PGTs as a result of an application —preferably vermicom-
post, which was chosen for this study- for the generation of phyto-
chemicals. Another distinct feature of this study is its aim to
simultaneously investigate the effects of solid and aqueous vermicom-
post applications on phenylpropene biosynthesis in the isolated PGTs of
methyleugenol chemotype of basil, whereas all the previous studies that
have used the complete leaf as research material.

In this study, we aimed to measure the expression range of important
genes in phenylpropene biosynthesis in basil and hypothesized that
applying mild (10%) and elevated (25%) doses of both solid and ver-
micompost tea will have a significant impact on the phenylpropene
biosynthesis in the PGTs of the methyleugenol chemotype of basil.

2. Materials and methods
2.1. Plant materials and cultivation conditions

The basil seeds used in this study were sourced from the Department
of Field Crops at Isparta University of Applied Sciences’ Faculty of
Agriculture. These seeds were germinated in a temperature-controlled
incubator set at 35°C, as mentioned by Zhou et al. [36]. Following
germination, the seedlings were placed in one-liter pots filled with a
combination of peat, soil, and vermiculite in a 2:1:1 ratio. The specifi-
cations of peat and soil were shown in Table 1 and Table 2, respectively.

SV was incorporated into the mixture at 10% and 25% concentra-
tions relative to the total volume of peat and soil. Starting from the
second week, when true leaves appeared on all basil plants, VT was
administered weekly at either 10% or 25% dilutions. A 25% concen-
trated VT solution was produced by combining solid vermicompost and
distilled water in a 1:4 (w/v) proportion the day before its scheduled
use. The blend was aerated for a full day utilizing an aeration pump
designed for aquariums and a shaker, as described by Edwards et al.
[31]. Following aeration, the mixture was passed through a 40 um pore
filter five times. To create a 10% concentration, the 25% solution was
diluted at a 1:2.5 ratio. Both 10% and 25% concentrations were
administered to the plants’ leaves weekly via spraying, with a small
amount of Tween® 80 added. Care was taken to ensure complete
coverage of the leaf surfaces during the application of the VT solutions.
Precautions were taken to avoid the VT on the leaves from dripping onto
the soil and reaching the plant roots.

In the control group, basil leaves were treated with distilled water
containing Tween® 80, using volumes equal to those employed in the
10% and 25% VT groups. The vermicompost for this study was sourced
from the Agricultural Research and Application Center at Kirsehir Ahi

Table 1
The analysis results of the soil used in this research.
Analysis Value Method
pH 7.15 1:1 (w/v) soil:d-water pH-meter
EC (uS em™ ) 103.13 1:1 (w/v) soil:d-water EC-meter
Sand (%) 60.58 Bouyoucos hydrometer
Silt (%) 26.99 Bouyoucos hydrometer
Clay (%) 12.43 Bouyoucos hydrometer
Texture Class Sandy loam Soil texture triangle
CaCO3 (%) 8.32 Shiebler calsimeter
Organic matter (%) 0,78 Walkey-Black Method
Total N (%) 0.11 Kjeldahl Method
Available P (%) 7.56 Olsen Method
K, me 100 g ! 0.34 Ammonium acetate extraction
Ca+Mg, me 100 g~* 14.5 Ammonium acetate extraction
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Table 2
The declared specifications of the peat (Klasmann® TS1) used in this research
by its manufacturer.

Composition Sphagnum peat moss

pH 6.0
EC (ms/m) 35
Clay -

Water holding capacity (%) 80
Dry matter (%) 30
Organic matter (%) 90
Fertilizer (NPK 14 10 18 kg/m3) 0.8

Evran University. Table 3 displays the characteristics of the vermicom-
post, which was derived from barnyard manure.

In the Department of Soil Science and Plant Nutrition at Kirsehir Ahi
Evran University’s Faculty of Agriculture, an automated climate-
controlled growth chamber was used to cultivate the plants. The
chamber provided 16 hours of light, 50%-60% humidity, and main-
tained temperatures between 25 and 18°C (Fig. 2).

2.2. Isolation of peltate glandular trichomes (PGTs) from leaves

Ten weeks post-seed germination, the Glass Bead Abrasion technique
(Fig. 3) was implemented for PGT isolation from basil foliage, as
described by Gang et al. [12]. Following this approach, young leaves
shorter than 2 cm were carefully removed using forceps, and 15 g of leaf
samples were collected.

The gathered samples were placed in a 300 mL beaker on ice, and
ice-cold distilled water was added to submerge the leaves for
30-60 minutes. Once the water was drained, the swollen leaves were
moved to a 300 mL Bead Beater device chamber. Subsequently, 40-50 g
of 0.5 mm glass beads and 250 mL of ice-cold glandular trichome
isolation buffer (containing 50 mM Tris-HCl, 200 mM d-Sorbitol, 20 mM
Sucrose, 14 mM f-mercaptoethanol, 10 mM KCl, 5 mM MgCl,, 0.5 mM
KoPOy4, 5 mM Succinic acid, 1 mM EGTA, 0.6% (w/v) Methylcellulose,
and 1% (w/v) Polyvinylpyrrolidone) were introduced to the chamber of
the bead beater.

In the bead beater device, the mixing process was executed three
times, each lasting one minute, with one-minute breaks in between, and
the spinning speed was reduced to 4200 rpm using an external voltage
regulator. Post-mixing, the entire blend in the chamber was filtered
through a 350 pm pore filter to eliminate the leaves. To remove any
remaining leaf residues, the filtered mixture was passed through a
105 pm pore filter. About 300 mL of ice-cold isolation buffer, which did
not include methylcellulose and polyvinylpyrrolidone, was utilized to
facilitate flow through the filters. Peltate trichomes with an average
diameter of 80 um were collected by settling on the surface of a 40 ym
pore filter (Fig. 4).

2.3. Determination of volatile organic compound content of PGTs

A 50 pL sample of PGTs was extracted using 100 uL of ethyl acetate
twice. This extract was then concentrated in a 50°C water bath for

Table 3
Various chemical and biological characteristics of vermicom-
post employed in the research.

Analysis Value
pH 7.00

EC (dS/m) 0.05
Organic matter (%) 33-35
Total nitrogen (%) 1.5-1.75
C/N 9-11
Moisture 25-30
Heavy metal contamination None

Pathogen microorganism None
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around an hour until the final volume reached 20 pL. The concentrated
extract was dissolved in 80 pL of ethyl acetate in preparation for GC-MS
analysis, following the method by Gang et al. [12]. The volatile com-
pounds in the extract were examined using a Thermo Scientific TRACE
1300 Gas Chromatograph connected to an ISQ Qd Mass Spectrometer,
which was fitted with a TG-5 MS capillary column (30 m x 0.25 mm,
film thickness 0.25 pm; Thermo Scientific). Helium served as the carrier
gas with a flow rate of 1 mL/min. The oven temperature was initially set
at 60°C for 2 minutes, then raised to 160°C at 5 °C/min and held for
2 minutes, followed by an increase to 260°C at 20 °C/min, maintained
for 20 minutes. The injector and MS transfer line temperatures were set
at 280°C, while the ion source temperature was 320°C. Mass spectra
were recorded using electron ionization at 70 eV, with a scanning range
of 35-550 m/z. The identification of volatile compounds in the extract,
which was performed in triplicate, relied on comparing their retention
indexes to the Wiley 9 mass spectral library search results. Mass spec-
trum match evaluations took into account the best match factor (SI,
similarity index) or reverse match factor (RSI, reverse similarity index)
scores exceeding 900 [37,38].

2.4. Total RNA extraction and cDNA synthesis

The supernatant (GeneAll® RibosaverTM RNA stabilization solu-
tion) was removed from the tubes via pipetting. Each tube containing
PGTs was then treated with 5 mL of phosphate-buffered saline (PBS)
solution prepared with RNase-free water. The tubes were centrifuged at
12,000 rpm for 1 minute, and the supernatant was discarded. This
process was repeated. Total RNA isolation from PGTs was conducted
following the EURX® GeneMATRIX Universal RNA Purification Kit
protocol for plant tissues. The Biotium AccuLite™ Mini Fluorometer was
used to quantify the isolated RNAs from PGTs. The reagents used in the
device exhibit high specificity for RNA strands, minimizing the likeli-
hood of interference from salts, solvents, free nucleotides, detergents,
DNA, and protein contamination. This method allows RNA concentra-
tion measurements with a margin of error as low as 2%. The isolated
RNA samples were capped and stored at —80°C until the cDNA synthesis
stage. The EURX® NG dART RT kit (catalog number E0801-01) was
employed for cDNA synthesis. For synthesis reactions, 4 uL. of 5X NG
cDNA Buffer, 1 uL of 50 pM Oligo(dT)20, 1 pL of NG dART RT mix, and
14 pL of the RNA sample were combined in 0.2 mL RNase-free PCR
tubes. The reverse transcription reaction was initiated by heating the
mixture to 55°C for 60 minutes, followed by 85°C for 5 minutes. The
cDNA samples were preserved at —20°C until the Real-Time qPCR step.

2.5. Real time qPCR analysis

Gene expression analysis was carried out using real-time qPCR to
quantitatively assess the expression ratios of PAL, 4CL, EGS, EOMT, and
CVOMT genes. The primer sequence for each gene is presented in
Table 4. GeneAll RealAmpTM SYBR qPCR Master Mix (catalog number
801-051) was employed during the Real-Time qPCR stage, with the
following components: 10 pL 2X MasterMix with SYBR-Green, 1 pL ROX
Dye, 1 pL Forward Primer (10 pM), 1 pL Reverse Primer (10 pM), 4 pL
cDNA Template, and 3 pL. RNase-Free Distilled Water. The Real-Time
gPCR reaction was conducted using the Applied Biosystems™ 7500
Fast Real-Time PCR instrument. The reaction process started with a
temperature profile of 5 minutes at 95°C, followed by 40 cycles of
15 seconds at 95°C for denaturation, and 60 seconds at 55-68°C for the
specific annealing temperature of each primer. Melting curves were
generated at 65-95°C with 2-5 seconds per step.

mRNA expression quantification was normalized to the control
group by employing GAPDH transcript as the reference. The "2"4ACt
Method" was utilized for determining relative quantification [39].
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Fig. 2. The stages of basil plant development within the automated climate-controlled growth chamber’s shelves. A: Basil plants during the first week. B: Basil plants
during the fourth week. C: Basil plants during the eighth week. D: Basil plants during the tenth week.
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Fig. 3. The main stages of PGT isolation process from basil leaves.

2.6. Data analysis biological replicates. An analysis of variance (ANOVA) was conducted to
assess the overall differences between groups. Post-hoc mean compari-
The experimental outcomes are based on the average of three sons were performed using Duncan’s test, and pairwise comparisons
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Fig. 4. Views of the PGTs, isolated by glass bead abrasion technique, under
light microscope.

Table 4
Primer sequences employed in this research.
Primers Sequences
GAPDH Forward AACATTATCCCCAGCAGCAC
Reverse TAGGAACTCGGAATGCCATC
PAL Forward GGCTACTCCGGCATAAGATTC
Reverse GTACGAGCTTCCGTCGAGGATG
4CL Forward AAGGCTGCTTGGATTTCTCG
Reverse TTTTCACCGTCGACTTGCTG
EGS Forward ATGGAGGAAAAAGGGTCGAAAAGC
Reverse TTATGCTGCTGAAGCAGGCGC
EOMT Forward TGAGGCAGCAAACGGATG
Reverse CCATCGTTCCATTACCACCAC
CVOMT Forward ACGCCACCCAGTTTGAGG
Reverse CCATTACCACCCCCAACATC

between specific groups were conducted using the T-test. Correlation
analyses were also performed using the T-test. All statistical analyses
were carried out using SPSS (version 15.0) [40].

3. Results

3.1. The effects of SV applications on the genes expression profile and the
accumulation of phenylpropenes

The effects of vermicompost added at 0%, 10%, and 25% ratios to the
root regions of methyl eugenol chemotype basil individuals on the
expression levels of PAL, 4CL, EGS, EOMT, and CVOMT genes in the
peltate glandular trichomes of basil are shown in Fig. 5 and Fig. 6. It was
found that applying 10% SV to methyleugenol chemotype basil resulted
in approximately 2.5 times higher 4CL expression, around 50% increase
in EOMT expression, and approximately 77% increase in CVOMT
expression compared to the SV control group. In the peltate glandular
trichomes isolated from the leaves of basil in the 25% SV application
group, it was observed that the EGS expression increased by 62%, while
the expressions of EOMT and CVOMT genes encoding enzymes showing
O-methyltransferase activity increased by 7,494 times and 19,643 times,
respectively.

It has been determined that the application of different doses of SV
(10% and 25%) to methyleugenol chemotypes does not have a signifi-
cant effect on eugenol accumulation (p < 0.05) (Fig. 7). In contrast, it
was observed that 10% and 25% SV applications suppress chavicol

o~~~ 20 pm
- I
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biosynthesis in peltate glandular trichomes isolated from basil leaves. It
was found that the 10% SV application increased methylchavicol
accumulation by up to 12%. SV applications have increased the accu-
mulation of methyl eugenol and methyl chavicol in a dose-dependent
manner. This increase is statistically significant in the 25% SV applica-
tion (p < 0.05). According to the correlation analysis results, a positive
correlation has been detected between the CVOMT expression and the
accumulation rates of methyl eugenol and methyl chavicol phenyl-
propenes in peltate glandular trichomes as a result of increasing SV
applications at higher doses (Table S1 in Supplementary material).

3.2. The effects of VT applications on the genes expression profile and the
accumulation of phenylpropenes

As a result of the 25% VT application to methyl eugenol chemotype
basil individuals, the expression of PAL, 4CL, and EOMT genes increased,
while the expression of EGS and CVOMT genes decreased (Fig. 8 and
Fig. 9). In the 10% VT application group, the expression of the PAL gene
increased, while the expression levels of the other genes decreased.

It was observed that VT applications to methyleugenol chemotype
basil plants relatively reduced the amounts of eugenol and methyl-
eugenol in peltate glandular trichomes (Fig. 10). Specifically, it was
determined that the amount of methyleugenol in the 10% VT applica-
tion group decreased by 53% compared to the VT control group. It was
observed that VT applications to methylchavicol chemotype basil do not
have a significant effect on the methylchavicol content.

According to the correlation analysis results, a negative correlation
was identified between PAL expression and eugenol accumulation
related to VT applications (p < 0.01). On the other hand, a positive
correlation was determined between EGS expression and chavicol con-
tent, as well as between CVOMT expression and methylchavicol content
(p < 0.05) (Table S2 in Supplementary material).

Fig. 11 demonstrates the percentage ratios of terpenes and phenyl-
propenes present in the essential oil derived from the PGTs of methyl-
eugenol chemotype basil post-vermicompost.

4. Discussion

Applying 10% SV to basil plants heightened methylated phenyl-
propenes accumulation and the expression of 4CL, EOMT, and CVOMT
genes. Notably, EOMT and CVOMT expressions saw the highest increase
in the 25% SV group (7,494-fold and 19,643-fold, respectively, P <
0.05). For methyleugenol chemotype basil, 10% and 25% SV didn’t
significantly alter eugenol ratio but reduced chavicol while increasing
methylchavicol and methyleugenol significantly (p < 0.05). A positive
correlation was observed between CVOMT expression and methyl-
chavicol and methyleugenol content with SV applications (Table S1).

VT applications didn’t significantly impact basil’s methylchavicol
content but led to decreased eugenol and methyleugenol (p < 0.05). The
most significant change was a 50% reduction in methyleugenol in the
10% VT group, and an 80% increase in the 25% VT group compared to
10% VT group. Methyleugenol content changes mirrored EOMT
expression fluctuations with VT applications: an 81% decrease in the
10% VT group and a 27-fold increase in the 25% VT group. Correlation
analysis showed negative and positive correlations between various
gene expressions and phenylpropene content, influenced by VT appli-
cations (Table S2).

Our study reaffirmed the significance of basil’s peltate glandular
trichomes (PGTs) for phenylpropanoid metabolism research, evidenced
by high EOMT and CVOMT gene expression levels. This aligns with Gang
et al. [41] and subsequent studies [13,16]which reported high EOMT
and CVOMT enzyme activity in PGTs.

Applying solid vermicompost to the basil root zone may introduce
vermicompost’s microorganisms into plant tissues. Increased synthesis
of antimicrobial methylated phenylpropenes in PGTs of basil leaves
observed in this study, possibly in response to biotic stress from
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Fig. 5. The effects of SV applications on the expression of PAL, 4CL, EGS, EOMT, and CVOMT genes in methyleugenol chemotype basil. The results of 22T cal-
culations were transformed to logarithmic values to better visualize them in one plot. The terms '10% SV’ and *25% SV’ denote the proportions of vermicompost
incorporated into the pots. No vermicompost was added to the pots in the control group.
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Fig. 6. The heatmap displays the relative expression values of the genes to preserve the original data integrity. However, for visual clarity and to effectively
differentiate between varying levels of expression, the color intensity is determined by their log10-transformed values. Refer to the scale at the right of the heatmap
for the color-coded log10 values, facilitating an intuitive interpretation of gene expression magnitude.

vermicompost microorganisms, validates Pauli and Kubeczka’s [42]
findings on their higher antimicrobial activity.

The phenylpropanoid pathway is a fundamental metabolic route
responsible for the biosynthesis of a variety of plant secondary metab-
olites. This pathway is intricately regulated and highly responsive to
environmental stimuli. One key enzyme in this pathway, 4CL, plays a

pivotal role at a key branching point, directing substrates towards the
synthesis of lignin, flavonoids, and other phenolic compounds [43-45].
The variability in 4CL expression under different SV application rates
suggests a differential regulatory response aimed at optimizing the
plant’s metabolic output for growth and defense under varying nutrient
and microbial load conditions. The increase in 4CL expression at the
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Fig. 7. The effects of SV applications on the phenylpropenes content of methyleugenol chemotype basil. Different letters indicate significant differences at P < 0.05.
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Fig. 8. The effects of SV applications on the expression of PAL, 4CL, EGS, EOMT, and CVOMT genes in methyleugenol chemotype basil. The results of 27247 cal-
culations were transformed to log10 values to better visualize them in one plot. The notations "10% VT’ and '25% VT’ correspond to the application of 10% and 25%
vermicompost tea concentrations, respectively, by spraying onto the foliage of basil plants. In the control group, an equivalent volume of distilled water was applied

to the basil leaves.

10% SV application group indicates an enhanced metabolic flux towards
phenylpropanoid biosynthesis, potentially as a response to the nutrient
availability or stress conditions mediated by the vermicompost
application.

The observed decrease in chavicol content, despite a lesser increase
in CVOMT expression at 25% SV, underscores the complexity of meta-
bolic regulation within the phenylpropanoid pathway. This phenome-
non can be attributed to the metabolic channeling effect, where
increased 4CL activity may enhance the pool of CoA esters, diverting the

pathway’s flux towards other branches, such as lignin or flavonoid
biosynthesis, rather than towards chavicol production. This redirection
of metabolic flux is influenced by the availability of substrates, enzyme
kinetics, and the spatial organization of enzymes within the cell, leading
to differential accumulation of specific metabolites [46,47].

Similarly, the incomplete matching between the accumulation of
chemicals and genetic changes observed in VT treatment highlights the
dynamic nature of phenylpropanoid metabolism, where post-
transcriptional and post-translational modifications, along with
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Fig. 10. The effects of VT applications on the phenylpropenes content ratios of methyleugenol chemotype basil. Different letters indicate significant differences at P

< 0.05.

enzyme localization and substrate availability, play significant roles in
determining the final metabolic profile. Environmental factors intro-
duced through VT could modulate enzyme activities or affect the
transport and compartmentalization of intermediates and end-products,
leading to outcomes that are not directly predictable from gene
expression levels alone.

The regulation of phenylpropanoid metabolism, particularly at
branching points mediated by 4CL, involves a complex interplay of ge-
netic, enzymatic, and environmental factors [48-50]. The discrepancies
observed in metabolite accumulation versus gene expression rates under
different vermicompost treatments underscore the need for a holistic
approach in studying plant secondary metabolism, taking into account
the entire metabolic network, regulatory mechanisms, and

environmental influences to fully understand the biosynthesis and
accumulation of specific phenolic compounds.

In the results of this study, notable differences were also observed in
the composition of volatile oils, particularly methyleugenol, extracted
from the peltate glandular trichomes (PGTs) of basil plants subjected to
different treatment conditions. Specifically, the methyleugenol content
exhibited significant variance between the SV control and VT control
groups, with the latter showing a markedly higher ratio. The SV treat-
ment involved the addition of solid vermicompost to the soil at varying
concentrations, without any corresponding foliar application. In
contrast, the VT control group received foliar applications of distilled
water containing Tween® 80, intended to simulate the physical action of
vermicompost tea spraying without introducing its biochemical
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Fig. 11. Percentage composition of terpenes and phenylpropenes in basil essential oil extracted from PGTs. (RT, Retention time; SD, Standard deviation; trace <

0.1%; n.d., not detected).

constituents. This methodological distinction between the SV and VT
treatments is critical for understanding the differential responses
observed in the secondary metabolite profiles of the treated plants.

Furthermore, the presence of Tween® 80 in the distilled water used
for the VT control foliar applications may also play a role in modulating
plant responses. Surfactants like Tween® 80 can affect membrane
permeability and might influence the uptake or transport of molecules
within the plant, potentially affecting metabolic processes [51-53]. This
observation underscores the complexity of plant metabolic responses to
environmental stimuli and highlights the importance of considering all
aspects of experimental treatments in phytochemical research.

Biostimulants may affect secondary metabolites production by
modulating their synthesis, accumulation, and degradation [24,29]. For
instance, specific biostimulants may enhance phytoalexins production,
plants’ stress-induced antimicrobial molecules [54]. Biostimulants’
different concentrations and mechanisms may impact secondary me-
tabolites content in medicinal and aromatic plants through pathways
involving kinases activation, reactive oxygen species production, ion
movement, and cytoplasm acidification [25].

G-proteins, involved in various cellular processes, may also respond
to biostimulants [55]. Evidence suggests PLC/IP3-DAG/PKC pathway
involvement in plant responses to elicitors [56,57]. Elicitor treatments
may increase cAMP levels, potentially aiding phytoalexins production
[58,59]. Additionally, in eukaryotes, MAPK/ERK cascades crucial for
converting external signals into intracellular reactions are activated in
plants by stimuli such as wounding, pathogen attack, salt stress, and UV
radiation [25]. However, identifying the specific processes activated by
biostimulants is challenging due to the complex nature of the extracts
used and the multitude of molecules present in the solution, as high-
lighted by Bulgari et al. [33] and Posmyk and Szafranska [24].

The EGS enzyme contributes to eugenol biosynthesis, with EGS
transcripts found in basil roots [60]. Similarly, certain basil chemotypes
have been found to contain eugenol, methyleugenol, and methyl-
chavicol phenylpropenes in their roots [61]. These findings coincide
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with our observation of increased methylated phenylpropenes ratios in
PGTs after vermicompost application, suggesting potential inter-organ
signaling. Plants have evolved networks for inter-organ communica-
tion involving diverse signals triggered by environmental changes,
transmitted through vascular tissues like the xylem and phloem [62].
Numerous chemical signals, including hormones, peptides, metabolites,
and RNAs, facilitate this signaling [62-65]. Indications of alternative
communication via ion movements, reactive oxygen species (ROS), and
electric signals are also emerging [66]. Thus, increased methylated
phenylpropenes biosynthesis in basil PGTs may be a defense response to
vermicompost’s microbial load.

SV and VT applications had contrasting effects on the methylated
phenylpropenes ratios of different basil chemotypes’ PGTs. SV applica-
tions increased methylated phenylpropenes in methyleugenol chemo-
type PGTs, while VT applications led to a decrease. Conversely, SV
applications caused a decrease and VT applications resulted to an in-
crease in methylchavicol chemotype PGTs according to the results of a
previous research [34]. These varied responses underscore chemotype
differences’ role in shaping basil plants’ treatment reactions. Further
research is needed to understand these chemotype-specific responses.
The differential response of Ocimum basilicum L. to various biotic and
abiotic stressors, elicitors, and fertilizer applications observed across the
cultivar, line, and chemotype spectrum is a testament to the intricate
dynamics of plant-environment interactions and the potential for opti-
mization within plant cultivation practices [8,22,67,68]. Such diversity
in response can be attributed to the genetic variability embedded in the
different cultivars, lines, and chemotypes, which results in differential
gene expression under various stress conditions [69]. This, in turn, in-
fluences the plant’s capacity to produce secondary metabolites, alter its
physiological functions, and modify its growth and developmental pat-
terns. Interestingly, the responses are not only stress-dependent but also
highly cultivar, line, or chemotype-specific. For instance, a particular
basil cultivar may exhibit enhanced response to a specific biofertilizer
yet may demonstrate greater susceptibility to a particular abiotic
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stressor such as drought or nutrient deficiency [10,70-72]. Further-
more, elicitors and fertilizers differentially affect the performance of
various basil lines [73], thereby adding another layer of complexity.
These findings highlight the importance of carefully selecting the
cultivar, line, or chemotype of basil for cultivation, with considerations
not only to the desired agronomic traits but also the environmental
conditions and farming practices to maximize productivity and
resilience.

On the other hand, research has indicated that plant growth-
stimulating elements such as humic, fulvic, and other organic acids,
auxin-like substances, and cytokinin-like substances are present in ver-
micompost [30,31,74,75], as well as its microbial population [76]. The
complex nature of vermicompost limits this study’s ability to conclu-
sively identify the specific fragment of vermicompost responsible for the
change in phenylpropene biosynthesis. Additional studies are needed to
pinpoint the specific component (or potentially interacting components)
within vermicompost that positively influence phenylpropanoid or
secondary metabolic processes.

Plants possess the capability to generate a broad spectrum of
chemical compounds, referred to as secondary metabolites. These
compounds don’t directly contribute to plant growth or development,
but they may offer beneficial impacts on the plant or its surroundings.
The metabolic regulations towards the biosynthesis of a wide variety of
phenolic molecules ranging from lignin synthesis to flavonoids, stilbe-
noids, diarylheptanoids, and gingerols can occur by using intermediate
products at many points in the phenylpropanoid biosynthesis pathway
[77]. The vast branching and final product diversity in the phenyl-
propanoid biosynthesis pathway are attractive to many researchers but
also pose many difficulties in discovering the dynamics of the pathway.
To overcome this difficulty, studies on phenylpropanoid metabolism
should be planned in a multidisciplinary manner. It is thought that
future studies aimed at investigating the biosynthesis of phenyl-
propenes, which are the end products at one end of the pathway, should
also include the biosynthesis of lignin, an important biomaterial gain
indicator, and/or flavonoids synthesized in response to various stress
factors.

5. Conclusion

This study demonstrated that solid vermicompost (SV) applications
significantly enhance the accumulation of methylated phenylpropenes
and the expression of key genes (4CL, EOMT, CVOMT) involved in the
phenylpropanoid pathway in methyleugenol chemotype of basil. In
contrast, vermicompost tea (VT) showed no significant effect on meth-
ylchavicol levels but led to a reduction in eugenol and methyleugenol
content. These results highlight the chemotype-specific responses of
basil to SV and VT, suggesting that SV may trigger a defense mechanism
against microbial invasion by promoting the synthesis of compounds
with higher antimicrobial activity.

The observed differential gene expression and volatile oil composi-
tion underline the importance of genetic factors in plant responses to
environmental treatments, indicating the necessity for selective culti-
vation practices based on chemotype characteristics. Moreover, our
findings underscore the potential of vermicompost as a biotic stress
modulator, warranting further investigation into its components and
their impact on plant secondary metabolism. Future research should
adopt a multidisciplinary approach to elucidate the complex in-
teractions within the phenylpropanoid biosynthesis pathway, facili-
tating optimized basil cultivation and expanding our understanding of
plant secondary metabolism’s role in stress response and adaptation. By
clarifying the influence of vermicompost on basil’s gene expression and
volatile oil profiles, this study paves the way for improved agricultural
practices and targeted phenylpropanoid research, contributing to the
broader field of plant biochemistry and phenylpropanoid metabolism.
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