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bio-stimulant under acidic conditions

of the Western Himalayas

Saizal Jamwal, Avnesh Kumari?, Veeraprakasam Veeragurunathan?® Kamalesh Prasad®, Arup Ghosh®" and
Rakesh Kumar'™

Abstract

Background The rising costs of synthetic fertilizers highlight the need for eco-friendly alternatives to enhance essen-
tial oil production in aromatic plants. This study evaluated the effects of red algae seaweed extract [Solieria chordalis
(C. Agardh) J. Agardh] on holy basil (Ocimum tenuiflorum L.) in the Western Himalayas, by using five concentrations
(0.0,25,5.0,7.5,and 10.0 mL/L) and two application methods (drenching and foliar spray) in a factorial randomized
block design analysing data at 5% significance level. Seaweed extract significantly improved growth and yield,

with the highest essential oil content and biomass. By examining various concentrations and application techniques,
the study seeks to determine the best practices for maximizing essential oil production.

Results Application of S. chordalis at 7.5 mL/L, increased essential oil content by 71.4% and biomass by 63.4%
compared to the control. The foliar application also resulted in 50% higher essential oil content than drenching.
Application of S. chordalis at 7.5 mL/L significantly enhanced essential oil components like eugenol, methyl eugenol,
and methyl cinnamate by 61.5%, 17.6% and, 48.4%, respectively, compared to control. Based on the results of the pre-
sent study, the foliar application of 7.5 mL/L seaweed extract is recommended for optimizing holy basil growth,
biomass yield, essential oil content and composition.

Conclusions Based on the results of the present study, the foliar application of 7.5 mL/L seaweed extract is recom-
mended for optimizing holy basil growth, biomass yield, essential oil content and composition. This study encourages
the utilization of bio-stimulants, enhancing sustainability, and resilience in agriculture.
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Introduction

Ocimum tenuiflorum L., widely known as holy basil or
tulsi, is an aromatic perennial plant (family Lamiaceae),
primarily cultivated for its economically valuable essen-
tial oil (EO). The species thrives in diverse soil types and
climatic conditions, that are cultivated in Brazil, China,
Eastern Nepal and Indian regions like Bengal, Bihar,
and the southern states [1]. In Ayurveda, holy basil is
esteemed as the "Queen of Herbs" and the "Elixir of Life"
for its extensive therapeutic and medicinal properties. Its
EO is widely utilized in traditional and modern wellness
practices for its anti-inflammatory, and antimicrobial
effects, enhancing aromatherapy, skincare, and holis-
tic health to support overall well-being [2]. The EO is
extracted from the leaves and inflorescence of holy basil
via steam distillation. The extraction process involves the
careful harvesting of the plant’s leaves and inflorescence,
which are then subjected to steam distillation to release
and collect the EO [3]. This EO is notable for its strong
aroma and comprises a diverse array of compounds that
are responsible for its medicinal and therapeutic benefits.
It is notably characterized by a significant presence of
eugenol, a major phenylpropanoid, with concentrations
ranging from 1.94% to 60.20%. Other notable constitu-
ents include methyl eugenol (0.87% to 82.98%), methyl
cinnamate (36.6% to 66.4%), 5-caryophyllene (4.13% to
44.60%), and S-elemene (0.76% to 32.41%) [4, 5].

As global demand for basil EO rises, the use of inor-
ganic fertilizers in its cultivation has emerged as a
major concern. The extensive use of inorganic fertiliz-
ers, although effective for increasing crop yields, causes
major issues in human health and environmental sus-
tainability [6]. This escalating environmental concern
underscores the urgent need for more sustainable agri-
cultural practices. Replacing chemical fertilizers with
bio-stimulants in agricultural practices, such as sea-
weed extract, shows potential as a viable and environ-
mentally sustainable approach [7, 8]. Bio-stimulants are
emerging as promising substitutes for specific chemi-
cal fertilizers due to their ability to modulate hormonal
regulation, including functions associated with cyto-
kinin, gibberellin, and auxin [9]. However, research on
the bio-stimulant properties of these seaweeds remains
limited, with studies often constrained to a few genera.
Solieria chordalis (C. Agardh) J. Agardh is a species of
red seaweed algae, recognized for its high concentra-
tion of sulfated galactose, which serves as the principal
precursor of carrageenan [10]. Additionally, the sac-
charides found in seaweed extract hold the potential as
elicitors, stimulating plant defence mechanisms [11].
Extensive research has consistently shown that foliar
and drench applications of extract of Ascophyllum
nodosum (L.) Le Jolis and Kappaphycus alvarezii (Doty)
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Doty ex P.C. Silva seaweeds lead to improved growth
in a variety of field crops, fruit crops, and vegetable
crops [12]. Horticultural crops exhibit diverse reac-
tions to various application techniques and concentra-
tions of seaweed extract, potentially leading to changes
in phenolic compounds, flavonoids, and antioxidant
levels. Research findings have further highlighted the
improvements in vegetative growth, chlorophyll lev-
els, fruit yield, sugar content, and resistance to both
foliar and soil-borne pathogens as a result of these
applications [13]. However, research is scarce concern-
ing the use of seaweed extracts in medicinal and aro-
matic crops. Specifically, meagre results are reported
for the extract of S. chordalis. Nevertheless, there has
been a notable increase in the utilization of seaweed
extracts in organic and sustainable agricultural meth-
ods, driven by their perceived efficacy [14]. Numerous
research investigations have determined that seaweed
extract contains a broad spectrum of minor and major
elements, qualifying it as a potential partial substitute
for traditional fertilizers [15]. Similarly, several studies
have shown that organic amendments and bio-inocu-
lants can enhance EO production in various medicinal
and aromatic plants (MAPs) such as Dracocephalum
moldavica L. [16], D. kotschyi Boiss. [17], and O. basili-
cum L. [18]. This study aimed to assess the impact of
different levels of S. chordalis extract on the morpho-
logical and physiological traits of holy basil plants. Spe-
cifically, we examined the alterations in EO content and
composition after the application of seaweed extract.

Materials and methods

Experimental site

The study was conducted at the CSIR-Institute of Him-
alayan Bio-resource Technology, Palampur (altitude
1404 m amsl, 32°11'35”N latitude, 76°56'49" E longi-
tude), Himachal Pradesh, India in 2022. Mean monthly
data during crop growing season was obtained from
agro-meteorological advisory and crop weather outlook
(Fig. 1). The mean maximum temperature was 24.9 °C,
ranging from 17.5 °C to 29.8 °C, while the mean mini-
mum temperature was 15.4 °C, ranging from 6.8 °C to
20.0 °C, respectively. The mean relative humidity during
the crop season was 64.3% with 7.15 h bright sunshine
hours. A total rainfall of 441.63 mm was received dur-
ing the crop-growing season. The experimental soil had a
clay loam texture, with an acidic pH of 5.4 and non-saline
with an electrical conductivity of 0.3 m mhos/cm. The
organic carbon content was low (0.8%), available nitrogen
was medium (293.6 kg/ha), available phosphorus was low
(9.3 kg/ha) and available potassium was high (870.9 kg/
ha).
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Fig. 1 Monthly mean maximum and minimum temperature (°C), bright sunshine (BSS) hours (h), rainfall (mm), and relative humidity (RH %)

during the cropping season of 2022 at Palampur, India

Experimental details

The experiment was designed using a factorial rand-
omized block design (FRBD) with ten treatment com-
binations and three replications. It was conducted on
plots, each measuring (5 m x 2.5 m) 12.5 m? in size. Five
different concentrations of S. chordalis (0.0, 2.5, 5.0, 7.5
and 10.0 mL/L) were applied through foliar spray and
drenching. Seaweed extract was applied two times to
the crop at 30 and 60 days after transplanting (DAT).
The extract of S. chordalis was prepared by squeezing
fresh seaweed harvested from the Tamil Nadu coast,
following which it was filtered using muslin cloth and
preserved for further use as a bio stimulant. The bio-
active compounds in Solieria chordalis, including IAA,
Zeatin, GA3, phenolics, flavonoids, and essential min-
erals, and its composition is given in (Table 1). Standard
agronomic practices were followed to grow the crop.
Five plants were chosen from each plot for record-
ing observations. Plant height, plant spread north—
south (NS) and east—west (EW), number of branches
and Chlorophyll Content (CCI) were recorded in the
standing crop. CCI was measured using a Chlorophyll
Content Meter (Model CCM200 Plus GPS, Forestry
Suppliers, Inc., Jackson, MS, USA. After 120 days of
transplanting, the plants were uprooted and roots
were carefully washed to remove soil. The biomass was
chopped and hydro-distilled in the Clevenger appara-
tus for four hours. Anhydrous sodium sulphate (Merck)
was used to remove moisture from EO and the oil was
thereafter stored in dark glass bottles at 4 °C. The EO
content and composition were evaluated in three repli-
cates. The EO content was calculated as a percentage of
fresh weight (v/w).

Table 1 Characteristics of S. chordalis lyophilized seaweed
extract (3.92 g 100 mL™") values represented are mean + standard
deviation of three replicates

Parameters Unit Values
Micronutrients
Boron mg kg™ 46.0+8.20
Iron mg kg™ 726.1+1680
Manganese mg kg™ 614+37
Zinc mg kg™ 322462
Copper mg kg™ 5.25+0.50
Molybdenum mg kg™ 0.805+0.25
Cobalt mg kg™ 139+0.10
Macronutrients
Nitrogen g100g™ 0.739+0.15
Phosphorus g100g™ 1.38+0.05
Potassium g100g™ 33.10+00
Sodium g100g7"" 236+3.52
Calcium g100g™ 0.05+0.00
Magnesium g100g™ 1.04+003
Hormones and bio-actives
Total Phenolics mg GAE (100 g)™ 136.7+26.2
Total flavonoids mg QE (100 g)™' 60.2+35
Indole acetic acid* mg L™ 459+00
Zeatin* mg L™ 19.50+0.0
Gibberellic acid (GA)* mg L™ 1250400

NB: GAE gallic acid equivalent, QF quercetin equivalent, *Values of IAA, GA and
Zeatin pertains to single technical replicate of unlyophilized liquid extract

Glandular trichome characteristics

To observe the morphological characteristics of the
leaf glandular trichomes, the surface topography of the
leaf sample was examined at the full boom stage of the
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crop by Scanning Electron Microscope (SEM S-3400 N,
Hitachi, Japan). Fresh leaf samples were mounted on alu-
minium stubs using double-sided carbon tape and then
coated with a thin layer of gold with the help of a sput-
ter-coater at a vacuum of 10 Pa for 10 s to provide elec-
trical conductivity. The sample stub was further loaded
into the specimen holder and connected to the specimen
exchange chamber in SEM. The images were captured at
the desired magnification at an accelerating filament volt-
age of 30 kV. At least three leaflets per treatment and one
leaflet per plant were used to observe the distribution
and density of distinctive structures, averaging the den-
sity on 1 mm? areas on the micrograph obtained for each
leaf.

Essential oil isolation and identification

The essential oil components were analyzed using GC
and GC-MS techniques. The GC analysis was performed
with a Shimadzu GC-2010 system equipped with a flame
ionization detector (FID) and a DB-5 fused silica capillary
column (30 mx0.25 mm i.d.; 0.25 um film thickness). For
the GC-MS analysis, a Shimadzu GC-MS QP 2010 sys-
tem equipped with an Auto-injector (AOC-5000) and a
DB-5 fused silica capillary column (30 mx0.25 mm i.d,;
0.25 um film thickness) from SGE International, Ring-
wood, Australia, was used. The essential oil (10.0 mL)
was dissolved in 2 mL of dichloromethane and injected
into the gas chromatograph in split mode, with 2 mL per
injection. Nitrogen gas was used as the carrier, flowing
at 1.5 mL/min. The temperature was initially set to 70 °C
for 3 min, followed by a ramp of 4 °C/min for 5 min. The
injector and detector temperatures were set at 280 °C and
300 °C, respectively. The mass spectrometer operated at
70 eV ionization energy, with a reading range of 50-500
m/z and was set at 1 per scan. The chromatographic
peaks were analysed to identify and quantify the vola-
tile components, which were then arranged according
to their elution order. Retention indices (RI) were deter-
mined using a homologous series of n-alkanes (Cg-C,,),
and the percentage of peak area in the chromatogram
was utilized for component identification [19, 20].
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Software Package for Education and Data Analysis Ver-
sion 3.0) to assess the impact of treatments on essential
oil components [21].

Results

Growth parameters

The application of S. chordalis extract significantly
increased the number of branches per plant, plant
spread (NS and EW), and CCI, as compared to the con-
trol. However, its effect on plant height was not sig-
nificant (Table 2). The highest number of branches per
plant, plant spread and CCI at 60, 90, and 120 DAT were
recorded with the application of 7.5 mL/L. We observed
a significant increase in the number of branches, plant
spread and CCI with an increase in the concentration
of seaweed up to 7.5 mL/L, however, a further increase
in the concentration of seaweed 10.0 mL/L caused a sig-
nificant decline in these growth parameters, although
not inferior to the control in any case. The CCI increased
from 60 to 120 DAT. Furthermore, the number of
branches per plant, plant spread (NS and EW), and CCI
were found to be significantly higher with the foliar
application compared to the drenching. The interaction
between application method and concentration was not
significant for all the parameters.

Yield attributes and biomass yield

The effect of seaweed extract application on the above-
ground biomass yield of holy basil was significant
(Table 3). The application of 7.5 mL/L recorded maxi-
mum herbage yield (leaf+inflorescence) and was sig-
nificantly superior to the rest of the treatments. A higher
concentration of seaweed extract i.e., 10.0 mL/L declined
the herbage yield by 55% as compared to the 7.5 mL/L.
Foliar application of seaweed extract enhanced the fresh
and dry yield of herbage significantly over the drenching
method. The interaction between seaweed extract dose
and method of application was found to be significant.
However, no significant effect of seaweed application was
observed on the root biomass (fresh and dry).

Amount of essential oil recovered (mL)

x 100

Essential oil concentration (%) =

Amount of crop biomass distilled (g)

Statistical analysis

Statistical analysis was performed using SYSTAT-12 soft-
ware (Chicago, IL, USA) and standard analysis of vari-
ance (ANOVA). To compare treatment means, the least
significant difference (LSD) was applied at the 5% prob-
ability level. Multivariate principal component analysis
was carried out using PAST 3.0 (Paleontological Statistics

Dry matter partitioning

Seaweed extract application showed significant effect
on dry matter partitioning in different plant parts of O.
tenuiflorum (Table 3). S. chordalis at 7.5 mL/L recorded
significantly higher fresh and dry biomass of stems,
leaves, and inflorescences than other treatments. Regard-
ing application methods, foliar application significantly
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Table 2 Effect of S. chordalis on growth parameters of O. tenuiflorum
Treatment Plant height (cm) Primary branches  Plant spread Plant spread NS CCI DAT
DAT DAT EW(cm) DAT (cm) DAT
60 90 120 60 90 120 60 90 120 60 90 120 60 90 120
Sole Effect
Application method Drench 104 172 514 58° 83° 122° 137° 212° 526° 132° 288 686° 106° 224° 263°
Foliar 109 173 523 66° 93 1377 142% 221° 541 142° 295° 695 115 247° 280°
SEM+ 0252 007 032 020 021 0226 0171 012 0144 0103 0134 021 0076 0.137 0242
LSD(P=005 NS NS NS 061 062 0677 051 038 0431 0307 04 0628 0227 0411 0723
Concentration Control 103 175 513 46° 665 1105 1119 1919 502¢ 113° 2619 6309 919 169° 203°
2.5 ml/L 103 171 526 58°  78° 118° 138 2179 520° 13.8%° 280° 708° 106° 21.0° 250°
50mlL/L 112 173 512 61°  90° 135° 152° 233 555° 1532 317° 727° 117° 240° 269°
7.5 mL/L 110 171 516 93 125° 167° 167° 254° 5887 169° 340° 758 147° 37.0° 425°
10.0 mL/L 105 172 526 50°  81°¢ 120° 133 1919 503¢ 1119 2619 6309 9119 1899 209°
SEm+ 0398 012 051 032 033 0357 0271 020 0228 0162 0211 0332 012 0217 0382
LSD(P=005 NS NS NS 0973 099 107 081 060 0682 0486 0633 099 036 0651 1143
Interaction Effect
LSD(P=005 NS NS NS NS NS NS NS 0852 0964 068 NS NS 0509 092 1617

SEm standard error of mean, LSD least significant difference, NS not significant, DAT Days after transplanting. Means within each column with similar letter are not

significantly different at the 5% probability level

Table 3 Effect of S. chordalis on fresh and dry biomass (gram/plant) of different plant parts of O. tenuiflorum

Treatment Stem Leaf Inflorescence Root
Fresh Dry Fresh Dry Fresh Dry Fresh Dry
Sole Effect
Application method Drench 82.0° 39.7° 264° 135 21.7° 108% 165 8.1
Foliar 87.9° 4352 2897 140 23.3? 1152 164 80
SEm + 0634 0.387 0441 0.178 0321 0.167 0308 0.127
LSD (P=0.05) 1.898 1158 132 NS 0.96 05 NS NS
Concentration Control 61.5¢ 29.6¢ 18.7¢ 8.5¢ 10.2¢ 49° 16.1 78
2.5 ml/L 79.8¢ 37.2¢ 27.0¢ 14.1¢ 1344 6.7¢ 165 8.2
50 mL/L 97.1° 486P 32.9° 16.3° 336° 16.8° 166 8.2
7.5mL/L 12342 614° 4107 206 38.1° 189° 163 80
10.0 mL/L 63.2¢ 3119 18.8¢ 9.35¢ 17.1¢ 84° 165 8.1
SEm + 1.002 061 0.697 0.281 0.50 0.26 0487 0.201
LSD (P=0.05) 3.001 183 2,087 0.84 151 0.79 NS NS
Interaction Effect
LSD (P=0.05) 424 2.58 2952 1.189 2147 1.119 NS NS

SEm standard error of mean, LSD least significant difference, NS not significant. Means within each column with similar letter are not significantly different at the 5%

probability level

increased the weights of stems, leaves, and inflorescences
compared to drenching. However, there was no effect of
seaweed concentration or application method on fresh
and dry root weights.

Glandular trichrome characteristics

Electron-microscopic observations of the adaxial surface
of leaves showed a significant change in the glandular tri-
chrome density of holy basil leaves due to the seaweed
extract application (Fig. 2). The glandular trichomes were

denser in the treatment receiving the foliar application
of seaweed extract at the concentration of 7.5 mL/L, as
compared to the control. There was a noticeable reduc-
tion in the glandular trichrome density when the dose
of seaweed extract was increased from 7.5 mL/L to 10.0
mL/L, regardless of the method of application.

Essential oil content
The effect of different concentrations of seaweed
extract and its application method on the EO content
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Fig. 2 Effect of S. chordalis on density of glandular trichomes of O. tenuiflorum. T1: Drenching with distilled water, T2: Drenching SC @ 2.5 mL/L, T3:
Drenching SC @ 5.0 mL/L, T4: Drenching SC @7.5 mL/L, T5: Drenching SC @ 10.0 mL/L, T6: Foliar application with distilled water, T7: Foliar application
SC@ 2.5 mL/L, T8: Foliar application SC @ 5 mL/L, T9: Foliar application SC @ 7.5 mL/L, T10: Foliar application SC @ 10.0 mL/L

was significant (Table 4). Significantly higher EO con-
tent was recorded with the application of 7.5 mL/L
compared to other treatments. This treatment recorded
five times higher EO content than the control. Seaweed
extract at 2.5, 5.0, and 10.0 mL/L remained statistically

at par with each other. In the case of the applica-
tion method, the essential oil content was 50% higher
with the foliar application as compared to drenching.
However, the interaction between seaweed extract
concentration and the method of application was not
significant.
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EO composition

The GC and GC-MS analysis of holy basil EO revealed
that eleven constituents accounted for 97.38% of the
total EO percentage (Table 4), a representative chroma-
togram is given in (Fig. 3). Phenyl propanoids, viz., euge-
nol and methyl eugenol predominated the essential oil
composition, followed by esters (methyl cinnamate) and
sesquiterpenes (B-elemene). The range of these identi-
fied chemical constituents was, eugenol (18.5-48.0%),
methyl eugenol (22.5-27.3%), methyl cinnamate (13.3—
25.7%), B-elemene (0.85—1.70%), -selinene (1.43-9.35%),
pB-cadinene (1.63-5.24%), a-humulene (0.82-2.98%),
limonene (0.43-0.83%), elemol (0.58-1.19%) and cam-
phene (0.63-1.25%).

These essential oil constituents were significantly influ-
enced by the application of seaweed extract. Camphene
was highest in the treatment 7.5 mL/L seaweed extract
dose (1.25%), followed by 5.0 mL/L (0.98%). On the other
hand, limonene was maximum in treatments 10.0 mL/L
and 2.5 mL/L seaweed extract (0.83%) and minimum in
control (0.43%). S-elemene and B-cadinene were found to
be maximum in control. However, eugenol, methyl cinna-
mate, methyl eugenol, -selinene and elemol were signifi-
cantly highest in 7.5 mL/L seaweed extraction treatment,
with a respective increase of 61.5, 48.2, 17.5, 84.7 and
83.4% over the control. Seaweed extract doses and appli-
cation method had no significant effect on a-humulene,
however, its numerically highest value was recorded
with the foliar application of 7.5 mL/L seaweed extract.
A marked increase in the S-elemene, methyl eugenol,
B-selinene, B-cadinene and elemol content of the holy
basil EO was recorded with the foliar application of sea-
weed extract while drenching enhanced the camphene,
limonene contents. However, no significant change in
the eugenol, methyl cinnamate and a-humulene content
was recorded due to different seaweed extract application
methods.
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Principal component analysis (PCA)

The identified components of O. tenuiflorum EO were
subjected to principal component analysis (PCA) to ana-
lyse variability in the various treatment combinations
(Fig. 4). The calculated variance of PC-1 and PC-2 were
88.6% and 11.5%, respectively, which accounted for 97.1%
of the total variance. The PC-1 and PC-2 separated euge-
nol and EO content from other constituents and were
positioned in the positive end of both PC-1 and PC-2.
In contrast, methyl cinnamate and methyl eugenol were
positioned in the negative end of PC-1, and camphene,
methyl cinnamate, methyl eugenol, and essential oil con-
tent were in the positive end of PC-2. The scree plot and
loading plot have been illustrated in (Fig. 4), with PC-1
and PC-2 being the most informative with Eigen values
above one. Principal Component Analysis (PCA) sepa-
rated the treatments into three distinguishable clus-
ters, where cluster I comprised of T7 and T5, exhibited
a higher content of camphene, eugenol, methyl eugenol,
and methyl cinnamate. Cluster II consists of T2, T3, T6,
and T9 exhibiting a lower content of methyl eugenol and
EO content. Cluster III consists of T1 and T10 with lower
content of camphene, eugenol, and methyl eugenol.

Discussion

Extensive research has demonstrated that varying con-
centrations and application methods of S. chordalis can
potentially enhance crop yield and quality. Seaweed
extract enhances plant growth and development by main-
taining hormonal balance, activating nutrient transporter
genes, promoting photosynthesis, and enhancing stress
tolerance through antioxidant induction and reduced
lipid peroxidation, including the modulation of reactive
oxygen species (ROS) levels [22]. The spraying of seaweed
extract at 30 and 60 days after transplanting recorded the
highest crop yield [23]. In the present study, we observed
a significant improvement in the glandular trichome
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density of the plant [24]. Seaweed extract is highly rich
in phyto-hormones such as auxins, cytokinins, gibber-
ellins, and abscisic acid which play an important role in
regulating plant growth, development, and responses to
environmental stresses [25]. The enhancement effect of
the application of an appropriate amount of S. chordalis
extract on essential oil content can be attributed to the
presence of essential nutrients, and growth regulators
such as auxins which are responsible for the increased
biosynthesis of secondary metabolites, vitamins and hor-
mones leading to higher production of essential oil [7,
26]. The foliar application of seaweed was more effective
than drenching to improve the biomass yield and essen-
tial oil content of holy basil. This could be attributed to
the direct and fast absorption of seaweed extract by plant
tissues and also, the losses were less with the foliar appli-
cation [23, 27].

Examination of the essential oil composition of O. ten-
uiflorum revealed that among all the constituents, euge-
nol, methyl eugenol, and methyl cinnamate emerged as
the primary chemical compounds within the essential
oil. Plants inoculated with bio-stimulants may exhibit
enhanced primary metabolite production through
boosted photosynthesis and other metabolic activities,
thereby potentially augmenting the accumulation of sec-
ondary metabolites [28, 29]. Various researchers have
reported that foliar application of A. nodosum seaweed

extract improved the growth and production in different
field crops [30], fruit crops and vegetable crops [15, 31].
The stimulatory effects of seaweed extract on the biomass
yield, EO content, and composition have been reported
in Coriandrum sativum L. [32], and Hyssopus officinalis
L. [33]. Seaweed extracts may primarily affect the path-
ways related to growth, development, and stress response
rather than those directly involved in the synthesis of
chemical constituents, which could be the reason for no
significant change in the percentage of eugenol, methyl
cinnamate, a-humulene in essential oil with different sea-
weed application methods [34]. These findings indicate
that secondary metabolism, which includes the produc-
tion of these metabolites, is influenced by the applica-
tion of seaweed extracts. Such secondary metabolites are
known to enhance the plant’s ability to adapt and survive
under various environmental conditions.

Conclusions

The integration of S. chordalis into agricultural practices
significantly enhances the growth and quality of aromatic
plants, improving productivity and essential oil content.
Our findings demonstrate that foliar application of S.
chordalis at 7.5 mL/L on O. tenuiflorum, applied twice
at 30 and 60 days after transplanting, led to increased
essential oil content, enhanced by better nutrient uptake,
plant tissue interaction, and rapid absorption rates. The
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composition of essential oil was particularly enriched
in compounds such as eugenol, methyl cinnamate, and
methyl eugenol. However, higher concentrations (10.0
mL/L) had negative effects on crop growth and essential
oil content. The mechanisms underlying these effects are
not yet fully understood, emphasizing the need for fur-
ther research into the action modes of bio-stimulants.

Moreover, S. chordalis is cost-effective when used in
small amounts, offering a sustainable alternative to syn-
thetic fertilizers. Its bioactive compounds enhance plant
growth, stress tolerance, and soil health without high
processing costs. For farmers with local access to S.
chordalis, its use reduces overall expenses, making it an
affordable and eco-friendly option. Long-term benefits to
soil and plant health may result in further cost savings,
improving its economic viability.

Future research should aim to optimize application
techniques, clarify the underlying mechanisms, and
explore the broader use of bio-stimulants across various
agricultural systems. Ultimately, S. chordalis and other
seaweed extracts represent a promising and emerging
area of research in agriculture, with significant potential
to enhance crop productivity, quality, and sustainability.
These bio-stimulants offer a cost-effective and environ-
mentally sustainable alternative to conventional synthetic
fertilizers and inputs.
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