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Abstract— This review explores the modulation of geraniol-rich
essential oil biosynthesis in palmarosa (Cymbopogon martinii)
using plant growth regulators (PGRs), specifically brassinosteroids
(BR) and salicylic acid (SA). Palmarosa oil, valued in perfumery,
cosmetics, and pharmaceuticals for its geraniol content, is in
increasing global demand. This article examines the mechanisms by
which BR and SA influence plant growth, primary metabolism
(photosynthesis and enzyme activity), and secondary metabolite
pathways, ultimately enhancing the yield and quality of essential
oils. Understanding these PGR effects is crucial for developing
strategies to boost production of this economically important oil to
meet rising market needs sustainably. The research highlights
significant potential for agricultural application.
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l. INTRODUCTION: BRASSINOSTEROID AND
SALYCYLIC ACID

Brassinosteroids are a new group of plant hormones with
significant growth promoting activity. The ability of certain
pollen extracts to promote growth led to the discovery of this
group of substances in plants. Collective efforts initiated by
scientist at various agricultural research station of USDA
resulted in isolation of an active factor from the pollen grains
of rape plant (Brassica napus) which was named as
brassinolide. Brassinosteroid are considered as plant
hormones with pleiotropic effects as they regulate wide array
of developmental processes such as growth, seed
germination, rhizogenesis, flowering, senescence, abscission
and maturation. Brassinosteroids also confer resistance to
plants against various abiotic stresses [1].

A large numbers of allelochemicals are present in several
members of the crucifereae family. Brassinolide is a natural
plant hormones found in pollens of rapeseed plant
(Brassica napus L.) that promotes growth, proliferate the
cereals and fruit yields while induces resistance in plants
against drought and cold weather. First time, Brassinolide
was isolated and detected from the rape seed (Brassica napus
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L.) plant pollen (Grove et al., 1979). Wide variety of plants
contains interrelated compounds, called brassinosteroids.
The most significant charisma of brassica water extract is
known as brassinolide, which is a natural hormone [2]. In the
presence of a potentially growth-limiting cell wall, they are
helpful in keeping and maintaining processes such as plant
growth, including photo morphogenesis and cell expansion.
Brassinosteriods are responsible for increasing resistance
against heavy metals, temperature, salinity or water stresses
and biotic stresses [3]. Additionally, increase in crop yield up
to 20-60 % is also attained by genetic manipulation of BRs
and it is indication that more exploration on brassinosteroids
can improve productivity [4]. Brassinolide is conventional
plant hormone which acts as growth promoters and vyield
enhancer in fruit and grain crops [5], [6], [7], despite the fact
it inculcate the resistant factors to cold weather and drought
resistence in the plants [8], [9]. Extensive varieties of plants
are accompanied with brassinosteroids compound. It is vital
for better growth of all plants; sometimes plants become
dwarfs if they cannot comprise the ability to synthesize their
own brassinolide [10], [11]. Actually, plant will grow better
in the presence of brassinolide and if its availability is more
to the plants then growth rate will be higher. Brassinolide
provides the opportunity to the plants to grow faster because
it increases the rate of photosynthesis [12] and its absence
influence the growth and development of plant. It was also
proved that when plant faces different kinds of biotic and
abiotic stresses, then BRs play important role [13].
Brassinolide enhances the growth and development of the
plants and ultimately the yield if it is applied at early stages
of plant growth [14].

With a high concentration of PGRs on plant could end
with drastic or toxic events. Such was a recent case in China
with a growth accelerator by the name of Forchlorfenuron. It
was applied to watermelons in heavy concentration late in the
flowering stage on top of a wet season, causing the fruit to
split or as the farmers put it, to “explode” [15]. It should be
noted that those farmers were new to growing watermelons
and the seasoned farmers did not have any issues, having
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known not to apply a heavy concentration, or that spraying
unevenly could result in larger flower sets on only half of the
plant. Phytotoxicity and slow growth could be a result of
applying more than the recommended applications. But,
much like anything, it seems when used in moderation they
will do exactly what they are intended to do. Just remember
more is not always better, and chances are you’re already
using it in the form of your propagation gels and liquids to
your nutrient’s additives, and one would not realize it.

Salicylic acid (SA) is an endogenous plant growth
regulator of phenolic nature which enhances plant resistance
to pathogens and other stresses [16]. In addition to provide
resistance to plant diseases; SA also has been found to induce
tolerance to than some abiotic stresses such as drought [17],
heat [18], salinity [19], chilling [20], heavy metal [21], [22]
and UV radiation [23]. Moreover, SA plays a role in the
regulation of some physiological processes such as seed
germination, fruit yield, glycolysis, flowering in thermogenic
plants, nutrient uptake and transport, photosynthetic rate,
stomatal conductance and transpiration [24], [25].

The word salicylic acid (salicylates) was coined by
Raffaele Piria in 1838, from the latin word salix , willow tree,
from the bark of which he obtained the active principle i.e.
Salicylic Acid. Salicylates are a class of compounds having
activity similar to Salicylic acid (2-hydroxybenzoic acid)
which is a plant phenolic acid compound.

Green leaves and reproductive regions are the main sites
of Salicylic acid biosynthesis. However, the highest level of
salicylic acid was reported in the inflorescence of
thermogenic plants infected by necrotizing pathogens.
Salicylic acid reduces eighteen biosynthesis and enhances a
number of physiological process, including defense
mechanism against abiotic and biotic stress, membrane
permeability, photosynthesis, seed germination, specific
changes in leaf anatomy and chloroplast structure, synthesis
of auxin and cytokinin and transpiration rate [26], [27], [28].

There are numerous reports in the literature concerning
the effects of growth regulators on growth and development
of various aromatic plants. Most of these growth substances
have exhibited influences by modifying the growth
characters. Brassinosteroids are steroidal plant hormones
actively involved in various physiological processes and are
essential for plant growth and development. BRs have
pleiotropic effects and can induce a broad spectrum of
cellular responses including stem elongation, pollen tube
growth, leaf bending and epinasty, root inhibition, induction
of ethylene biosynthesis, proton pump activation, xylem
differentiation and regulation of gene expression [6], [10],
[11].

Biosynthesis of terpenoids is dependent on primary
metabolism, e.g. photosynthesis and oxidative pathways for
carbon and energy supply. Therefore, in this study, effect of
plant growth regulators on primary metabolic parameters like
nitrate reductase (NR) activity, chlorophyll content and
protein content was also determined.

1. MECHANISM OF ACTION OF PLANT GROWTH
REGULATORS

There are two general classes of hormones found in
animal system-steroid and peptides both of which also occur
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in plant system. This steroid class forms a hormone receptor
complex in the cytoplasm, which is then transported into
nucleus where mRNA is synthesized, resulting in a given
response. The peptide class binds to a receptor at a plasma
membrane forming hormone receptor complex, which causes
the synthesis of secondary messenger for a given response.
Each receptor is specific to one hormone [29], [30], [31],
[32].

1. MECHANISM ESSENTIAL OIL BIOSYNTHESIS IN
CYMBOPOGON SPECIES

In response to the clinical shortcomings of small-
molecule inhibitors, nanomedicine has introduced a suite of
sophisticated  strategies designed to fundamentally
circumvent ABC transporter-mediated  efflux. By
encapsulating therapeutic agents within a nanoscale carrier,
the drug's interaction with efflux pumps at the cell membrane
can be minimized or altogether avoided. Nanoparticles
primarily enter cells via endocytic pathways, a mechanism
that bypasses the membrane-localized pumps. Once
internalized, the nanocarrier releases its high-concentration
payload directly into the cytoplasm, effectively
overwhelming any remaining efflux capacity and ensuring
the drug reaches its intracellular target. This section will
explore the key multifunctional nanocarrier designs that
leverage this principle, including the co-delivery of
inhibitors, gene-silencing approaches, and stimuli-responsive
systems.

The essential oil of Cymbopogons, the aromatic grasses
are mainly made up of terpenoids and have a varied
combination of monoterpenes in their essential oils [33], [34],
[35]. It is well established that terpenoids are synthesized
from 5-C units of isopentyl pyrophosphate (IPP) and its
isomer dimethyl allyl pyrophosphate (DMAPP) [36], [37].
These monomeric building blocks are biosynthetic equivalent
of Ruzicka’s classical isoprene unit [38].

Specific prenyl transferases (prenyl pyrophosphate
synthase) couple desired number of IPP units to DMAPP
onwards leading to homologous series (Cip mono-
terpenoids; Cis  sesquiterpenoids, etc.) of phenyl
pyrophosphatases. The monoterpenes are predominantly the
product of secondary metabolisms of plants [39]. Modern
methods of separation and structure determination and the
advent of radioisotope and *C labelled techniques have led
to very rapid advances in the knowledge of the routes of
biosynthesis of monoterpenes and their recombinant
production in other microbes [40]. The biosynthesis of
terpenoids/essential oils takes place through the mevalonate
isoprenoid pathway. The mevalonate pathway of terpene
biosynthesis in plant is outlined in (Fig. 1).

Besides the ubiquitous, mevalonate pathway, there are
now reports of non-mevalonate pathway referred to as
Rohmer pathway or 1- deoxy-D-xylulose-5-phosphate
(DOXP) pathway [41]. According to this scheme, DOXP
pathway starts with DOXP synthase catalyzed formation of
1- deoxy-D-xylulose-3-phosphate (DOXP) from
glyceraldehydes-3-P and pyruvate (condensation via TPP
dependent decarboxylation pyruvate derived acetyl
aldehyde-TPP). DOXP is subsequently transformed into 2-C-
methyl-D-erythrotol-4-phosphate by an intramolecular C-C
skeleton rearrangement involving DOXP reducto-keto-
isomerase in a mechanism similar to ketol acid reducto-
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isomerase (KAKI) operational in the biosynthesis of valine,
leucine and isoleucine. The two enzymes catalyze a C-C
skeleton rearrangement followed by a NADPH- dependent
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reduction step. 2-C-methyl-D-erythritol-4-phosphate
ultimately gets metabolically transposed to IPP (Fig.1).
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Fig.1.  General Scheme of Monoterpene biosynthesis

Mevalonate (MVA) is formed from glycolitically
generated acetyl CoA. Subsequently, hydroxymethyl
gluataryl CoA (HMG CoA) synthetase catalyses the
formation of HMG CoA. A soluble enzyme HMG CoA
reductase catalyses the reductive deacylation of HMG CoA
into  mevalonate (MVA).  Successive  enzymatic
phosphorylation and decarboxylation of MVA Yyield
isopentenyl pyrophosphate (IPP), the basic 5 carbon
containing isoprenoid unit. The IPP is isomerised to
dimethylallyl pyrophosphate (DMAPP). The IPP and
DMAPP then produce geranyl pyrophosphate (GPP), a Cio
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compound under the catalytic action of GPP synthetase. The
C10 compound which arises from mevalonate is the precursor
of monoterpenes.

In Cymbopogon species the principal interest is the
biosynthetic steps whereby the monoterpenes diverge from
other terpenoid compounds and specifically the conversion of
geranyl pyrophosphate to the acyclic monoterpenes, citral,
geranial, citronellol, citronellal, neral, etc. (Fig.2). Geraniol
undoubtedly arises in-vitro by hydrolysis of the
corresponding pyrophosphates [42]. Use of C and °H
labelled precursors reveal that leaf blades of Cymbopogon
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flexuosus converted Geraniol into citral trans, whereas nerol
lost the hydrogen while being converted into citral cis.
Secondly, the citral trans is converted into citral cis and vice-

versa. There is no separate route for the biosynthesis of two
aldehyde isomers [43].

Geranyl pyrophosphate (GPP)

y

Geranyl acetate  |¢ Geraniol

Citronellyl
Citronellol acetate

A\ 4
Geranial

A\ 4
Citronellal

Citral trans
A

v
Citral cis
A

Fig.2.  Metabolic Interconversion of Monoterpenes in Cymbopogon sp.

Enzymes catalyse oxidation of geraniol into citral. It also
oxidises nerol but at slower rates. The enzyme was found to
be in the cytosol which also contains alcohol dehydrogenase
activity [44]. Cymbopogon cultivars differing in amount of
citral and geraniol in their essential oils were screened for
geraniol dehydrogenase activity to discern the feasibility of
its serving as biochemical marker for oil yield and quality.
The enzyme activity had a positive and significant
association with citral to geraniol. The results are suggestive
of a strong relationship between the enzyme activity and
essential oil quality in Cymbopogon cultivars [45].

Many evidence including the diurnal and seasonal
fluctuation in monoterpene content and the time course of the
incorporation of labelled precursors into monoterpenes
indicate that monoterpenes are in a state of metabolic flux
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[46]. The oil content of leaves of Cymbopogon winterianus
decreased with maturity and exhibited seasonal and diurnal
changes [47]. Maximum accumulation of citral occurred
during the day when temperature was highest [48]. The
percentage of oil is maximum during October and November
months [49]. The oil obtained from the harvests in the month
of September showed marked rise in the aldehyde content
(maximum 45%) over other months of the year [50]. In
Cymbopogon khasianus, the increase in the feeding time of
the labelled precursor 2-14 C-acetate resulted in the decrease
in the radioactivity of citral with a corresponding increase in
hydrocarbons and/or unidentified products [51]. This
supports the suggestion that monoterpenes do undergo
turnover in plant.
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V. PHYSIOLOGY OF ESSENTIAL O1L PRODUCTION

One of the most important characteristics of oil
accumulation is its dependence on the developmental stage
of the plant as well as its concerned organ, tissue and cells.
The origin of the leaves from primordial, their expansion to
full maturity and finally loss through senescence is
particularly important in aromatic grasses in which the leaves
from the source of this commercially valuable oil. A close
coordination between leaf ontogeny and oil accumulation and
biogenesis has been demonstrated in many aromatic plants.
Net essential oil production is associated with early growth
period in C. flexuosus [34]. Maximum oil content (1.18%) in
the leaves of C. martini has the end of blooming white
flowers and inflorescence possesses much higher oil as
compared to leaves [52].

Ontogeny also effects the oil composition, but only rarely,
to a very substantial extent e.g. in C. martinii geraniol
increases from 65% to 81% till flowering stage and has been
demonstrated to be formed at the expense of geranyl acetate
[53]. However, C. flexuosus does not exhibit much
pronounced effects in its composition. Its main constituent
citral attains highest value at the leaf age of 20 days and
remains almost constant thereafter [54]. Even during the later
stages of leaf growth and development, a substantial increase
in the in-vitro activity of geraniol dehydrogenase involved in
citral generation has also been reported. The enzyme level
has been shown to be well correlated with citral geraniol ratio
not only with difference in species but also with the
developmental stages [55].

The flowering tops of C. martinii contained more oil than
other parts [56]. The oil content remain maximum for 1 week
to 10 days after initiation of flowering. The C. martinii
foliage oil has the highest percentage of geraniol. The
geraniol content in the oil increased from 64.8% at vegetative
state to 81.4% at the flowering stage [57]. The maximum oil
content in C. martinii is found at flowering initiation, but the
oil yield was highest at the flower open stage and early seed
formation stage when the plant biomass was highest. Qil
quality depends on the harvesting time. Maximum oil
(1.18%) in the leaves towards the end of blooming, and
highest oil content in the flower at the flowering time [57].
During leaf ontogeny the amount of citronellal, geraniol and
citronellol in the essential oil increased with leaf expansion
whereas the amount of geranyl acetate and citronellyl acetate
decreased. As the leaves matured, a significant decrease in
the essential oil, citronellal and geraniol, content was
observed [58]. Thus, in general leaf ontogeny strongly
influences the expression of essential oil metabolism and this
type of integration of the oil production with the preset
developmental program of the tissue is particularly
interesting.

V. SITE OF OIL PRODUCTION

Plant volatile oils are synthesized, stored and released to
the environment by a variety of epidermis or mesophyll
structures, whose morphology tends to be the characteristic
of the taxonomic group. These structures on leaves, roots,
stems, floral part and fruits include oil cells, secretory glands,
glandular hairs or trichomes which synthesize and
accumulate large quantities of these compounds [59]. These
epidermal appendages (glandular trichomes, glandular hairs,
resin ducts, etc.) occur in different plant parts from flowers to
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roots with special attributes individually. The studies
concerning the site of terpenoid biosynthesis in particular,
have been elaborately discussed in literature [60], [61], [62],
[63]. Micro hairs containing oil have been found on axial
epidermis of the leaf lamina of citronella (Cymbopogon
winterianus) but could not be located on the adaxial face [64].
In Mentha arvensist rich oil glands were present on both the
leaf surfaces. The location of oil holding hair is restricted to
the interveinal region. An intriguing correlation between one
of the anatomical characters and chemical composition of
essential oil of citronella has also been projected [47]. Using
specific water soluble stains, it has ben recently found that
specific oil cells, present in parenchymal tissues, are the sites
of citral accumulation in lemongrass (Cymbopogon citratus)
and lemongrass leaf surface does not contain glandular
trichomes, such as those present in many other aromatic
plants [65].

Primary metabolic processes like photosynthesis,
respiration, etc. influence growth and development of the
plant as well as biogenesis of secondary plant products. This
is because the initial precursors for essential oil or other
secondary products are provided by the primary metabolic
processes. Thus, essential oil metabolism is by and large
controlled by the balance between photosynthesis and
utilization of photosynthate for growth and differentiation
[66]. The ultimate partitioning of the photosynthetically fixed
carbon is an important component of physiological
mechanism of essential oil production. Therefore,
photosynthetic characteristics and performance of the tissue,
among other factors, are at the centre stage in making carbon
‘shareable or separable for the anabolism of the oil
components.

In peppermint leaf discs, photosynthetic electron
transport when inhibited by DCMU and Paraquat resulted
into depression in the oil mono-terpenoids suggesting that
photosynthetic NADPH production may be at atleast partially
cater to the transformation of monoterpene ketones to
alcohols [67]. In Mentha piperita, the production and
utilization of photosynthates controls oil production. Role of
mobilization of photosynthetically generated transient starch
has also been found to be very substantial in Cymbopogon
species [68].

VI. EFFeCT OF PGRS ON GROWTH, BIOCHEMICAL
AND QUALITY AND QUANTITY ATTRIBUTES

The oil of Cymbopogon martini (Palmarosa) is one of the
most important essential oil-bearing herbaceous species of
the Poaceae family because of its high geraniol content. The
oil of Cymbopogon martini is used as base for fine perfumery
and is valued because of its geraniol content.

Brassinolide enhance the aromatic oil yield and content,
introducing slight increase in the content of geraniol and
marginal decrease in citronellol, linalool isomethanone
content. The effect of brassinolide on essential oil yield
might have been associated through the impact on growth and
metabolism also might have trigged the intrinsic genetic
potentiality of plants to produce more essential oil, higher
levels of carbohydrates and their possible diversion to
secondary metabolism might be contributed to increased
level of essential oil yield in geranium plants [2].
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Twenty eight homobrassinolide application on plant
increases the carbon dioxide fixation in Brassica juncea the
total chorophyll content  [69], [70]. Application of
brassinosteroid induced changes in nucleic acid content in
Chlorella vulgaris [71] and similarly a higher contents of
RNA was found in Arachis hypogaea when treated with
brassinosteroids hormone [72].

Enhanced vegetative growth of Arabidopsis thaliana has
been observed under influence of brassinolide treatement as
compared to control plant [73]. Similarly enhancement of
root growth in Arabidopsis has been obtained due to
application of 24-brassinolide [74]. The treatment of rice
plantlets with a 5 ppm solution of brassinolide caused an
increase of fresh weight and in dry weight of seeds per plant
in the Taebaik cultivar [75]. It was also reported to increase
plant growth speed, root size, and root and stem dry weight,
to reduce the toxicity of 2,4-D and butachlor to the plantlets
and to increase the percentage of ripe grains when cultivated
at low temperature.

Brassinosteroids are capable of enhancing plant defense
systems against environmental stresses such as water, salt,
heat and cold, stress etc [76], [77], [78].

Exogenous application of BR may influence a range of
different processes of growth and development in
Arabidopsis. Exogenous application of 28 homobrassinolide
substantially improved the growth of savory plants as well as
essential oil yield and content [79].

SA plays role in the regulation of some physiological
processes such as seed germination, fruit yield, glycolysis,
flowering in thermogenic plants, nutrient uptake and
transport, photosynthetic rate, stomatal conductance and
transpiration. Salicylic acid (SA) is an endogenous plant
growth regulator of phenolic nature which enhances plant
resistance to pathogens and other stresses [27]. In addition to
provide resistance to plant diseases; SA also has been found
to induce tolerance to than some abiotic stresses such as
drought, heat, salinity, chilling, heavy metals and UV
radiation [20], [23]. SA has a role in controlling gene
expression that most of the genes regulated by SA are defense
related genes and many of them participate in plant responses
to biotic and abiotic stresses [80]. Therefore, SA may change
secondary metabolites and its pathway by effects on plastid,
chlorophyll level and tolerate condition stress. The SA like
stress manipulated quality and quantity of essential oil of
Salvia macrosiphon. The yield of essential oil increased. The
useful components such as linalool were increased. Salicylic
acid application resulted in a significant increase in total
soluble carbohydrate content in leaves of tomato and
sunflower, thus maintaining the carbohydrate pool in the
chloroplasts at a high level [81], [82].

The promotive effect of salicylic acid could be attributed
to its bioregulator effects on physiological and biochemical
processes in plants such as ion uptake, cell elongation, cell
division, cell differentiation, sink/source regulation,
enzymatic activities, protein synthesis and photosynthetic
activity as well as increase the antioxidant capacity of plants
[83]. Salicylic acid takes part in the regulation of many
physiological processes in corn and soyabean such as
stomatal closure, nutrient uptake, chlorophyll synthesis,
protein synthesis, inhibition of ethylene biosynthesis,
transpiration and photosynthesis [84], [85].
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Positive effect on growth, yield and chemical constituents
of onion by salicylic acid foliar application [86]. A positive
effect on growth and development of Artimisia annua along
with yield of artemisinin by the foliar application of salicylic
acid (0.25, 0.50 and1.0mM) the enzyme activities viz. NR
and CA were significantly increased by the gradual increase
in the applied levels of SA, with 1.00 mM proving the best
foliar application [87]. The increase in the uptake of various
nutrients, including NOs, and the resultant activation of NR,
is well established under normal growth conditions.
Nevertheless, the beneficial interaction of SA with the NR
inhibitors might result in the increased activity of NR in SA-
treated plants. Alternatively, the increased activity of NR can
be attributed to the fact that SA stabilizes the plasma
membrane, hence preventing damage, as evidenced by the
SA-increased membrane stability index in wheat [88]. This
membrane stabilization could have facilitated the increased
uptake of nutrients including the nitrate (NR activity
inducer), thereby, increasing the NR activity in the leaves.

Primary metabolic processes such as photosynthesis,
respiration and synthesis of amino acid influence the growth
and development of plants as well as the biogenesis of
secondary products like essential oils. This is because the
initial precursors for secondary plant products like essential
oils are provided by the primary metabolic processes. Efforts
have been made to study the influence of plant growth
regulators on primary metabolic processes in aromatic plants
and their bearing on the secondary products.

It has been confirmed that brassinolide controls and
regulates various physiological processes in plants including
cell differentiation, cell elongation, pollen tube development,
swelling of cells, differentiation of vascular bundles,
reassembling of nucleic acid to form proteins and
acceleration of enzymatic as well as photosynthetic activities.

Application of GA; on seeds of Phyllanthus emblica
increased the leaf and stems protein content, whereas it was
not found to be effective in enhancing the peroxidase specific
activity in leaves, stem and roots; and GAs was helpful in
increasing the total chlorophyll content of the leaves [89].
Effect of PGR on photosynthesis has been studied in Mentha
in relation to triacontanol. GAs and IAA application on
Hyoscyamus muticus increased the in-vitro NR activity in the
leaves. However, GA; was more effective than IAA [90],
[91].

The effect of triacontanol and chloromequat chloride on
plant hormones (GAs; like substances and ABA) and
artemisinin in Artemisia annua. Tria application enhanced
the GA like activity, but ABA levels decreased, while
chloromequat increased ABA but reduced GA-like
substances. Both tria and chloromequat chloride also
increased the artemisinin level [92], [93].

Attempts have been made to improve the oil Content and
yield of aromatic plants by application of plant growth
regulators. Earlier studies exhibited that auxins and GAs;
could not produce any influence on the oil content in C.
flexuosus and C. winterianus [94], [95]. However, a
significant increase in the oil content of C. khasiancis,
whereas in C. citratus, chloromequat increased the volatile
oil and citral content [96]. Both IAA and GA; enhanced the
oil content in C. jwarancusa while IBA decreased the oil
yield but increased piperitone content. IAA and GA
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application increased oil yield and citral content of C.
citrates.

Influence of various growth regulators has been studied
on the formation of essential oil in other aromatic plants.
Chloromequat and GAgs are reported to effectively increase
the oil yield and the quality of oil in Ocimum sanctum [97]
and in O. basilicum [98]. An enhancement in the contents of
eugenol, menthyl eugenol and caryphyllene contents of the
oil in O. sanctum by GAs and maleic hydrazide has been
reported [99]. Considerable augmentation in volatile oil yield
per plant, oil content and proportion of citronellal and
geraniol in the oil by IAA, alar and chloromequat application
in Pelargonium graveolens [100]. “Ethereal” treatment
caused a steady rise in the oil content in Jasminum
grandiflorum, but it was not effective on other species of
Jasrninum [101].

In flowers of Rosa damascene however, the oil content
was decreased due to “Ethereal” treatment [102]. Cytokinin
such as kinetin, 6-BAP and diphenylamide have also been
found beneficial in augmenting the essential oil content of M.
piperita without affecting the oil composition [103]. GA
increased the menthol, neomenthol and isomenthone content
in both Mentha piperita and M. crispa. Similary, significant
increase in the oil content of M. arvensis by chloromequat
chloride while ethephon (2 chloroethyl phosphonic acid) at

ACKNOWLEDGMENT

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this chapter. We
humbly acknowledge and thank all our previous teachers and
mentors whose guidance and wisdom have illuminated our
paths. We also acknowledge all the help and support received
from all the stakeholders, friends and well-wishers to compile
this review article successfully.

REFERENCES

[1] H. Manghwar, A. Hussain, Q. Ali, and F. Liu, “Brassinosteroids
(BRs) Role in Plant Development and Coping with Different
Stresses,” International Journal of Molecular Sciences, vol. 23, no.
3, Art. no. 3, Jan. 2022, doi: 10.3390/ijms23031012.

[2] Z.-Y.Wang and J. Chory, “Chapter Thirteen - Recent Advances in
Molecular Genetic Studies of the Functions of Brassinolide, A
Steroid Hormone in Plants,” in Recent Advances in Phytochemistry,
vol. 34, J. T. Romeo, R. lbrahim, L. Varin, and V. De Luca, Eds., in
Evolution of Metabolic Pathways, vol. 34. , Elsevier, 2000, pp. 409—
431. doi: 10.1016/S0079-9920(00)80014-3.

[3] G.J. Ahammed, X. Li, A. Liu, and S. Chen, “Brassinosteroids in
Plant Tolerance to Abiotic Stress,” J Plant Growth Regul, vol. 39,
no. 4, pp. 1451-1464, Dec. 2020, doi: 10.1007/s00344-020-10098-0.

[4] W.-H. Lin, “Designed Manipulation of the Brassinosteroid Signal to
Enhance Crop Yield,” Front. Plant Sci., vol. 11, Jun. 2020, doi:
10.3389/fpls.2020.00854.

[5] B. Ali, “Brassinosteroids: The Promising Plant Growth Regulators in
Horticulture,” in Brassinosteroids: Plant Growth and Development,
S. Hayat, M. Yusuf, R. Bhardwaj, and A. Bajguz, Eds., Singapore:
Springer, 2019, pp. 349-365. doi: 10.1007/978-981-13-6058-9_12.

[6] M. A Hussain et al., “Multifunctional role of brassinosteroid and its
analogues in plants,” Plant Growth Regul, vol. 92, no. 2, pp. 141—
156, Nov. 2020, doi: 10.1007/s10725-020-00647-8.

Volume 13, I ssue 06

Published by, www.ijert.org

International Journal of Engineering Research & Technology (IJERT)

0.06% concentration had no significant effect on the oil
Content. Among the two oil components studied, only
menthone content was significantly increased by 0.06%
ethephon. In Rosa damascena, ethereal decreased the oil
content significantly while kinetin increased the oil yield
significantly. Kinetin application also increased citronellol
and geranyl acetate level in the oil. Application of CEPA
increased the oil yield the significant increase being at 0.02%
in Rosa damascena [104].

VII. CONCLUSION

This review emphasizes the importance of PGRs on
regulation of essential oil biosynthesis and their applications
in various fields like perfumery, cosmetics, and
pharmaceutical industries. The global market size of essential
oil was 10.3 billion in 2021 and is expected to reach a value
of USD 18.25 billion by 2028. So, in order to fulfill the
requirement of essential oil for upcoming years. In the
present article, the authors reviewed the effect of BR and SA
on essential oils yield of Palmarosa plants. The present
review demonstrates clearly that the Brassinolide and
salicylic acid show significant effect on growth and
development of plant and essential oil yield and content.

[7] F. Garrido-Aufién, J. Puente-Moreno, M. E. Garcia-Pastor, M.
Serrano, and D. Valero, “Brassinosteroids: An Innovative
Compound Family That Could Affect the Growth, Ripening,
Quality, and Postharvest Storage of Fleshy Fruits,” Plants, vol. 13,
no. 21, Art. no. 21, Jan. 2024, doi: 10.3390/plants13213082.

[8] F.Nawaz et al., “Understanding brassinosteroid-regulated
mechanisms to improve stress tolerance in plants: a critical review,”
Environ Sci Pollut Res, vol. 24, no. 19, pp. 15959-15975, Jul. 2017,
doi: 10.1007/s11356-017-9163-6.

[9] I Saduraand A. Janeczko, “Physiological and molecular
mechanisms of brassinosteroid-induced tolerance to high and low
temperature in plants,” Biol Plant, vol. 62, no. 4, pp. 601-616, Dec.
2018, doi: 10.1007/s10535-018-0805-4.

[10] Y. Fridman and S. Savaldi-Goldstein, “Brassinosteroids in growth
control: How, when and where,” Plant Science, vol. 209, pp. 24-31,
Aug. 2013, doi: 10.1016/j.plantsci.2013.04.002.

[11] G. Castorina and G. Consonni, “The Role of Brassinosteroids in
Controlling Plant Height in Poaceae: A Genetic Perspective,”
International Journal of Molecular Sciences, vol. 21, no. 4, Art. no.
4, Jan. 2020, doi: 10.3390/ijms21041191.

[12] H. Siddiqui, S. Hayat, and A. Bajguz, “Regulation of photosynthesis
by brassinosteroids in plants,” Acta Physiol Plant, vol. 40, no. 3, p.
59, Feb. 2018, doi: 10.1007/s11738-018-2639-2.

[13] T. Yao, R. Xie, C. Zhou, X. Wu, and D. Li, “Roles of
Brossinosteroids Signaling in Biotic and Abiotic Stresses,” J. Agric.
Food Chem., vol. 71, no. 21, pp. 7947-7960, May 2023, doi:
10.1021/acs.jafc.2c07493.

[14] M. A. Ahanger, M. Ashraf, A. Bajguz, and P. Ahmad,
“Brassinosteroids Regulate Growth in Plants Under Stressful
Environments and Crosstalk with Other Potential Phytohormones,” J
Plant Growth Regul, vol. 37, no. 4, pp. 1007-1024, Dec. 2018, doi:
10.1007/s00344-018-9855-2.

[15] H.S. ElI-Mesery, H. Mao, and A. E.-F. Abomohra, “Applications of
Non-destructive Technologies for Agricultural and Food Products

I SSN: 2278-0181


www.ijert.org
www.ijert.org

TISECON - 25

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Volume 13, I ssue 06

Quality Inspection,” Sensors, vol. 19, no. 4, Art. no. 4, Jan. 2019,
doi: 10.3390/s19040846.

A. B. Wani, H. Chadar, A. H. Wani, S. Singh, and N. Upadhyay,
“Salicylic acid to decrease plant stress,” Environ Chem Lett, vol. 15,
no. 1, pp. 101-123, Mar. 2017, doi: 10.1007/s10311-016-0584-0.

W. Song, H. Shao, A. Zheng, L. Zhao, and Y. Xu, “Advances in
Roles of Salicylic Acid in Plant Tolerance Responses to Biotic and
Abiotic Stresses,” Plants, vol. 12, no. 19, Art. no. 19, Jan. 2023, doi:
10.3390/plants12193475.

S. Chen, C.-B. Zhao, R.-M. Ren, and J.-H. Jiang, “Salicylic acid had
the potential to enhance tolerance in horticultural crops against
abiotic stress,” Front. Plant Sci., vol. 14, Feb. 2023, doi:
10.3389/fpls.2023.1141918.

K. Shaukat et al., “Chapter 2 - Role of salicylic acid—induced abiotic
stress tolerance and underlying mechanisms in plants,” in Emerging
Plant Growth Regulators in Agriculture, T. Aftab and M. Naeem,
Eds., Academic Press, 2022, pp. 73-98. doi: 10.1016/B978-0-323-
91005-7.00008-4.

M. Saleem, Q. Fariduddin, and T. Janda, “Multifaceted Role of
Salicylic Acid in Combating Cold Stress in Plants: A Review,” J
Plant Growth Regul, vol. 40, no. 2, pp. 464-485, Apr. 2021, doi:
10.1007/s00344-020-10152-x.

A. Vega, N. Delgado, and M. Handford, “Increasing Heavy Metal
Tolerance by the Exogenous Application of Organic Acids,”

International Journal of Molecular Sciences, vol. 23, no. 10, Art. no.

10, Jan. 2022, doi: 10.3390/ijms23105438.

M. Awad, M. Moustafa-Farag, Z. Liu, and R. M. El-Shazoly,
“Combined Effect of Biochar and Salicylic Acid in Alleviating
Heavy Metal Stress, Antioxidant Enhancement, and Chinese
Mustard Growth in a Contaminated Soil,” J Soil Sci Plant Nutr, vol.
22, no. 4, pp. 4194-4206, Dec. 2022, doi: 10.1007/s42729-022-
01018-0.

K. K. Choudhary, S. Singh, M. Agrawal, and S. B. Agrawal, “Role
of Jasmonic and Salicylic Acid Signaling in Plants Under UV-B
Stress,” in Jasmonates and Salicylates Signaling in Plants, T. Aftab
and M. Yusuf, Eds., Cham: Springer International Publishing, 2021,
pp. 45-63. doi: 10.1007/978-3-030-75805-9_3.

M. Ashraf, N. A. Akram, R. N. Arteca, and M. R. Foolad, “The
Physiological, Biochemical and Molecular Roles of Brassinosteroids
and Salicylic Acid in Plant Processes and Salt Tolerance,” Critical
Reviews in Plant Sciences, vol. 29, no. 3, pp. 162-190, May 2010,
doi: 10.1080/07352689.2010.483580.

A. Bhattacharya, “Role of Plant Growth Hormones During Soil
Water Deficit: A Review,” in Soil Water Deficit and Physiological
Issues in Plants, A. Bhattacharya, Ed., Singapore: Springer, 2021,
pp. 489-583. doi: 10.1007/978-981-33-6276-5_6.

M. I. R. Khan, M. Fatma, T. S. Per, N. A. Anjum, and N. A. Khan,
“Salicylic acid-induced abiotic stress tolerance and underlying
mechanisms in plants,” Front. Plant Sci., vol. 6, Jun. 2015, doi:
10.3389/fpls.2015.00462.

H. I. Mohamed, H. H. El-Shazly, and A. Badr, “Role of Salicylic
Acid in Biotic and Abiotic Stress Tolerance in Plants,” in Plant
Phenolics in Sustainable Agriculture : Volume 1, R. Lone, R. Shuab,
and A. N. Kamili, Eds., Singapore: Springer, 2020, pp. 533-554.
doi: 10.1007/978-981-15-4890-1_23.

K. F. M. Salem, M. M. Saleh, F. F. B. Abu-Ellail, L. Aldahak, and
Y. A. Alkuddsi, “The Role of Salicylic Acid in Crops to Tolerate
Abiotic Stresses,” in Salicylic Acid - A Versatile Plant Growth

International Journal of Engineering Research & Technology (IJERT)

[29]

[30]

[31]

(32]

(33]

(34]

(35]

(36]

[37]

(38]

(39]

[40]

[41]

[42]

Published by, www.ijert.org

Regulator, S. Hayat, H. Siddiqui, and C. A. Damalas, Eds., Cham:
Springer International Publishing, 2021, pp. 93-152. doi:
10.1007/978-3-030-79229-9_7.

Z. Zhang et al., “Peptide hormones in plants,” Mol Horticulture, vol.
5,no. 1, p. 7, Jan. 2025, doi: 10.1186/s43897-024-00134-y.

H. Yan et al., “The Impacts of Plant Hormones on the Growth and
Quality of Sprouts,” Food Bioprocess Technol, vol. 17, no. 10, pp.
2913-2942, Oct. 2024, doi: 10.1007/s11947-023-03216-9.

M. Ashtalakshmi, S. Saraswathy, S. Muthulakshmi, K. Venkatesan,
and T. Anitha, “A review on exploring the efficiency of plant
hormones on fruitfulness of perishables,” Discov Appl Sci, vol. 6, no.
10, p. 494, Sep. 2024, doi: 10.1007/s42452-024-06201-9.

Y. Liu and W. Yang, “Plant hormones: Uneven mitotic division and
brassinosteroid activity,” Current Biology, vol. 35, no. 7, pp. R262—
R265, Apr. 2025, doi: 10.1016/j.cub.2025.02.038.

J.J. Tibenda, Q. Yi, X. Wang, and Q. Zhao, “Review of
phytomedicine, phytochemistry, ethnopharmacology, toxicology,
and pharmacological activities of Cymbopogon genus,” Front.
Pharmacol., vol. 13, Aug. 2022, doi: 10.3389/fphar.2022.997918.

G. Mwithiga, S. Maina, P. Muturi, and J. Gitari, “Lemongrass
(Cymbopogon flexuosus) agronomic traits, oil yield and oil quality
under different agro-ecological zones,” Journal of Agriculture and
Food Research, vol. 10, p. 100422, Dec. 2022, doi:
10.1016/j.jafr.2022.100422.

1. Y. Kusuma, M. I. Perdana, C. Vagvolgyi, D. Csupor, and M.
Tako, “Exploring the Clinical Applications of Lemongrass Essential
Oil: A Scoping Review,” Pharmaceuticals, vol. 17, no. 2, Art. no. 2,
Feb. 2024, doi: 10.3390/ph17020159.

A. Singh, D. Singh, S. Sharma, and N. Mittal, “A review on
biosynthesis, regulation, and applications of terpenes and
terpenoids,” Trends in Phytochemical Research, vol. 7, no. 4, Art.
no. 4, Nov. 2023, doi: 10.30495/tpr.2023.1989410.1358.

V. Ninkuu, L. Zhang, J. Yan, Z. Fu, T. Yang, and H. Zeng,
“Biochemistry of Terpenes and Recent Advances in Plant
Protection,” International Journal of Molecular Sciences, vol. 22,
no. 11, Art. no. 11, Jan. 2021, doi: 10.3390/ijms22115710.

P. Dhar, U. Neog, B. Roy, N. B. Nandi, S. C. Deka, and P. C. Nath,
“A Comprehensive Guide to Essential Oil Determination Methods,”
in Essential Qils, John Wiley & Sons, Ltd, 2023, pp. 583-601. doi:

10.1002/9781119829614.ch26.

M. E. Bergman, A. E. Franks, and M. A. Phillips, “Biosynthesis,
natural distribution, and biological activities of acyclic
monoterpenes and their derivatives,” Phytochem Rev, vol. 22, no. 2,
pp. 361-384, Apr. 2023, doi: 10.1007/s11101-022-09849-6.

D. Yang, H. Liang, X. Li, C. Zhang, Z. Lu, and X. Ma, “Unleashing
the potential of microbial biosynthesis of monoterpenes via enzyme
and metabolic engineering,” Biotechnology Advances, vol. 79, p.
108525, Mar. 2025, doi: 10.1016/j.biotechadv.2025.108525.

A. D. Sotto, F. D. Paolis, M. Gulli, A. Vitalone, and S. D. Giacomo,
“Sesquiterpenes: A Terpene Subclass with Multifaceted
Bioactivities,” in Terpenes, Bentham Science Publishers, 2023, pp.
1-55. Accessed: Jul. 20, 2025. [Online]. Available:
https://www.benthamdirect.com/content/books/9789815123647.chap
ter-1

P. Gupta, A. Sharma, N. R. Kiran, T. K. Pranav Raj, R. Krishna, and
D. A. Nagegowda, “Phylogenetically distant enzymes localized in
cytosol and plastids drive citral biosynthesis in lemongrass,” The

I SSN: 2278-0181


www.ijert.org
www.ijert.org

TISECON - 25

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Volume 13, I ssue 06

Plant Journal, vol. 120, no. 5, pp. 1901-1919, 2024, doi:
10.1111/tpj.17086.

A. N. Venancio et al., “Citronellal: a natural aldehyde with
important properties,” Natural Product Research, vol. 39, no. 5, pp.
1199-1212, Mar. 2025, doi: 10.1080/14786419.2024.2332949.

D. Ribeaucourt et al., “Tunable Production of (R)- or (S)-Citronellal
from Geraniol via a Bienzymatic Cascade Using a Copper Radical
Alcohol Oxidase and Old Yellow Enzyme,” ACS Catal., vol. 12, no.
2, pp. 1111-11186, Jan. 2022, doi: 10.1021/acscatal.1c05334.

B. Tagliabue et al., “Enantioselective synthesis of ( R )-citronellal

from geraniol with an immobilised copper alcohol oxidase and ene
reductase,” Reaction Chemistry & Engineering, vol. 10, no. 6, pp.

1320-1325, 2025, doi: 10.1039/D5RE00034C.

D. Ganjewala and R. Luthra, “Essential Oil Biosynthesis and
Regulation in the Genus Cymbopogon,” Natural Product
Communications, vol. 5, no. 1, p. 1934578X1000500137, Jan. 2010,
doi: 10.1177/1934578X1000500137.

P. S. Kakaraparthi, K. V. N. S. Srinivas, J. K. Kumar, A. N. Kumar,
D. K. Rajput, and V. U. M. Sarma, “Variation in the essential oil
content and composition of Citronella (Cymbopogon winterianus
Jowitt.) in relation to time of harvest and weather conditions,”
Industrial Crops and Products, vol. 61, pp. 240-248, Nov. 2014,
doi: 10.1016/j.indcrop.2014.06.044.

A. F. Blank et al., “Influence of season, harvest time and drying on
Java citronella (Cymbopogon winterianus Jowitt) volatile oil,” Rev.
bras. farmacogn., vol. 17, pp. 557-564, Dec. 2007, doi:
https://doi.org/10.1590/S0102-695X2007000400014.

A. S. V. da Costa, M. C. Hott, and A. H. Horn, “Management of
citronella (Cymbopogon winterianus Jowitt ex Bor) for the
production of essential oils,” SN Appl. Sci., vol. 2, no. 12, p. 2132,
Dec. 2020, doi: 10.1007/s42452-020-03949-8.

A. Kumar, “Seasonal and Developmental Dynamics of the Essential
Oil Content versus Catalytic Activity of Alcohol Acyltransferase in
Foliage of Citronella,” Russ J Plant Physiol, vol. 67, no. 2, pp. 369—
377, Mar. 2020, doi: 10.1134/S1021443720020090.

A. Kumar, A. C. Jnanesha, C. S. Chanotiya, and R. K. Lal, “Climate-
smart lemongrass (Cymbopogon khasianus (Hack.) Stapf ex Bor)
yields quality essential oils consistently across cuttings and years in
semi-arid, tropical southern India,” Biochemical Systematics and
Ecology, vol. 110, p. 104716, Oct. 2023, doi:
10.1016/j.bse.2023.104716.

A. Kumar et al., “Floral studies of palmarosa [Cymbopogon martinii
(Roxb.) W. Watson] and chemical insights during inflorescence
development,” Industrial Crops and Products, vol. 171, p. 113960,
Nov. 2021, doi: 10.1016/j.indcrop.2021.113960.

G. R. Smitha and V. S. Rana, “Variations in essential oil yield,
geraniol and gerany! acetate contents in palmarosa (Cymbopogon
martinii, Roxb. Wats. var. motia) influenced by inflorescence
development,” Industrial Crops and Products, vol. 66, pp. 150-160,
Apr. 2015, doi: 10.1016/j.indcrop.2014.12.062.

C. Chopra, S. Jeet, S. Bhagat, S. Tabassum, and R. Bhanwaria,
“Morphological and phytochemical characteristics of Cymbopogon
flexuosus (Nees ex Steud.) W.Watson cultivars at different harvest
intervals in the Western Himalayas, India,” Journal of the Science of
Food and Agriculture, vol. n/a, no. n/a, doi: 10.1002/jsfa.14354.

A. K. Gupta and D. Ganjewala, “A study on biosynthesis of ‘citral’
in lemongrass (C. flexuosus) cv. Suvarna,” Acta Physiol Plant, vol.
37, no. 11, p. 240, Oct. 2015, doi: 10.1007/s11738-015-1989-2.

International Journal of Engineering Research & Technology (IJERT)

[56]

[57]

(58]

(59]

(60]

(61]

(62]

(63]

[64]

(65]

[66]

[67]

[68]

[69]

Published by, www.ijert.org

Nilofer et al., “Productivity and quality of Cymbopogon martinii
(Roxbh.) Wats. as influenced by harvesting at different phenological
stages,” Industrial Crops and Products, vol. 174, p. 114215, Dec.
2021, doi: 10.1016/j.indcrop.2021.114215.

A. Kumar, N. Sharma, A. K. Gupta, C. S. Chanotiya, and R. K. Lal,
“The aromatic crop rosagrass (Cymbopogon martinii (Roxb.) Wats.
Var. motia Burk.) its high yielding genotypes, perfumery, and
pharmacological potential: A review,” Ecological Genetics and
Genomics, vol. 32, p. 100280, Sep. 2024, doi:
10.1016/j.egg.2024.100280.

P. S. Kakaraparthi, K. V. N. S. Srinivas, J. K. Kumar, A. N. Kumar,
D. K. Rajput, and S. Anubala, “Changes in the essential oil content
and composition of palmarosa (Cymbopogon martini) harvested at
different stages and short intervals in two different seasons,”
Industrial Crops and Products, vol. 69, pp. 348-354, Jul. 2015, doi:
10.1016/j.indcrop.2015.02.020.

K. Kromer, A. Kreitschitz, T. Kleinteich, S. N. Gorb, and A.
Szumny, “Oil Secretory System in Vegetative Organs of Three
Arnica Taxa: Essential Oil Synthesis, Distribution and
Accumulation,” Plant and Cell Physiology, vol. 57, no. 5, pp. 1020—
1037, May 2016, doi: 10.1093/pcp/pcw040.

J. Gershenzon and R. B. Croteau, “Terpenoid Biosynthesis: The
Basic Pathway and Formation of Monoterpenes, Sesquiterpenes, and
Diterpenes,” in Lipid Metabolism in Plants, CRC Press, 1993.

E. Fordjour et al., “Toward improved terpenoids biosynthesis:
strategies to enhance the capabilities of cell factories,” Bioresour.
Bioprocess., vol. 9, no. 1, p. 6, Jan. 2022, doi: 10.1186/s40643-022-
00493-8.

W. Huang et al., “Biosynthesis Investigations of Terpenoid,
Alkaloid, and Flavonoid Antimicrobial Agents Derived from
Medicinal Plants,” Antibiotics, vol. 11, no. 10, Art. no. 10, Oct.
2022, doi: 10.3390/antibiotics11101380.

K. Jin et al., “Compartmentalization and transporter engineering
strategies for terpenoid synthesis,” Microb Cell Fact, vol. 21, no. 1,
p. 92, May 2022, doi: 10.1186/s12934-022-01819-z.

A. Wany, A. Kumar, S. Nallapeta, S. Jha, V. K. Nigam, and D. M.
Pandey, “Extraction and characterization of essential oil components
based on geraniol and citronellol from Java citronella (Cymbopogon
winterianus Jowitt),” Plant Growth Regul, vol. 73, no. 2, pp. 133—
145, Jun. 2014, doi: 10.1007/s10725-013-9875-7.

E. Lewinsohn et al., “Histochemical Localization of Citral
Accumulation in Lemongrass Leaves (Cymbopogon citratus(DC.)
Stapf., Poaceae),” Annals of Botany, vol. 81, no. 1, pp. 35-39, Jan.
1998, doi: 10.1006/anb0.1997.0525.

R. Rehman, M. A. Hanif, Z. Mushtaqg, and A. M. Al-Sadi,
“Biosynthesis of essential oils in aromatic plants: A review,” Food
Reviews International, vol. 32, no. 2, pp. 117-160, Apr. 2016, doi:
10.1080/87559129.2015.1057841.

M. Maffei and A. Codignola, “Photosynthesis, Photorespiration and
Herbicide Effect on Terpene Production in Peppermint (Mentha
piperita L.).,” Journal of Essential Oil Research, vol. 2, no. 6, pp.
275-286, Nov. 1990, doi: 10.1080/10412905.1990.9697886.

A. Shelar et al., “Recent Advances in Nano-Enabled Seed Treatment
Strategies for Sustainable Agriculture: Challenges, Risk Assessment,
and Future Perspectives,” Nano-Micro Lett., vol. 15, no. 1, p. 54,
Feb. 2023, doi: 10.1007/s40820-023-01025-5.

M. N. Alyemeni, S. Hayat, L. Wijaya, and A. Anaji, “Foliar
application of 28-homobrassinolide mitigates salinity stress by

I SSN: 2278-0181


www.ijert.org
www.ijert.org

TISECON - 25

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Volume 13, I ssue 06

increasing the efficiency of photosynthesis in Brassica juncea,” Acta
Bot. Bras., vol. 27, pp. 502-505, Sep. 2013, doi:
https://doi.org/10.1590/S0102-33062013000300007.

K. Ruhil, Sheeba, A. Ahmad, M. Igbal, and B. C. Tripathy,
“Photosynthesis and growth responses of mustard (Brassica juncea
L. cv Pusa Bold) plants to free air carbon dioxide enrichment
(FACE),” Protoplasma, vol. 252, no. 4, pp. 935-946, Jul. 2015, doi:
10.1007/s00709-014-0723-z.

C. Wang et al., “The Active Phytohormone in Microalgae: The
Characteristics, Efficient Detection, and Their Adversity Resistance
Applications,” Molecules, vol. 27, no. 1, Art. no. 1, Jan. 2022, doi:
10.3390/molecules27010046.

L. Huang et al., “Brassinosteroid Priming Improves Peanut Drought
Tolerance via Eliminating Inhibition on Genes in Photosynthesis and
Hormone Signaling,” Genes, vol. 11, no. 8, Art. no. 8, Aug. 2020,
doi: 10.3390/genes11080919.

Y.-Q. An et al., “The combined formulation of brassinolide and
pyraclostrobin increases biomass and seed yield by improving
photosynthetic capacity in Arabidopsis thaliana,” Front. Plant Sci.,
vol. 14, Mar. 2023, doi: 10.3389/fpls.2023.1138563.

M. Tanveer, “Role of 24-Epibrassinolide in Inducing Thermo-
Tolerance in Plants,” J Plant Growth Regul, vol. 38, no. 3, pp. 945—
955, Sep. 2019, doi: 10.1007/s00344-018-9904-x.

D. Mu et al., “Physiological mechanism of exogenous brassinolide
alleviating salt stress injury in rice seedlings,” Sci Rep, vol. 12, no.
1, p. 20439, Nov. 2022, doi: 10.1038/s41598-022-24747-9.

A. Bartwal, R. Mall, P. Lohani, S. K. Guru, and S. Arora, “Role of
Secondary Metabolites and Brassinosteroids in Plant Defense
Against Environmental Stresses,” J Plant Growth Regul, vol. 32, no.
1, pp. 216-232, Mar. 2013, doi: 10.1007/s00344-012-9272-X.

B. V. Vardhini and N. A. Anjum, “Brassinosteroids make plant life
easier under abiotic stresses mainly by modulating major
components of antioxidant defense system,” Front. Environ. Sci.,
vol. 2, Jan. 2015, doi: 10.3389/fenvs.2014.00067.

L. Usmani, A. Shakil, I. Khan, T. Alvi, S. Singh, and D. Das,
“Brassinosteroids in Micronutrient Homeostasis: Mechanisms and
Implications for Plant Nutrition and Stress Resilience,” Plants, vol.
14, no. 4, Art. no. 4, Jan. 2025, doi: 10.3390/plants14040598.

S. Hussain et al., “Interplay Impact of Exogenous Application of
Abscisic Acid (ABA) and Brassinosteroids (BRs) in Rice Growth,
Physiology, and Resistance under Sodium Chloride Stress,” Life,
vol. 13, no. 2, Art. no. 2, Feb. 2023, doi: 10.3390/1ife13020498.

M. Alazem, K.-H. Kim, and N.-S. Lin, “Effects of Abscisic Acid and
Salicylic Acid on Gene Expression in the Antiviral RNA Silencing
Pathway in Arabidopsis,” International Journal of Molecular
Sciences, vol. 20, no. 10, Art. no. 10, Jan. 2019, doi:
10.3390/ijms20102538.

M. K. Souri and G. Tohidloo, “Effectiveness of different methods of
salicylic acid application on growth characteristics of tomato
seedlings under salinity,” Chem. Biol. Technol. Agric., vol. 6, no. 1,
p. 26, Nov. 2019, doi: 10.1186/s40538-019-0169-9.

C. A. Damalas and S. D. Koutroubas, “Exogenous application of
salicylic acid for regulation of sunflower growth under abiotic stress:
a systematic review,” Biologia, vol. 77, no. 7, pp. 1685-1697, Jul.
2022, doi: 10.1007/s11756-022-01020-y.

M. G. Dawood, M. Sh. Sadak, B. A. Bakry, and M. F. El Karamany,
“Comparative studies on the role of benzoic, t-cinnamic, and

International Journal of Engineering Research & Technology (IJERT)

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

Published by, www.ijert.org

salicylic acids on growth, some biochemical aspects, and yield of
three flax cultivars grown under sandy soil conditions,” Bull Natl
Res Cent, vol. 43, no. 1, p. 112, Jul. 2019, doi: 10.1186/s42269-019-
0152-4.

S. F. Beyer, P. S. Bel, V. Flors, H. Schultheiss, U. Conrath, and C. J.
G. Langenbach, “Disclosure of salicylic acid and jasmonic acid-
responsive genes provides a molecular tool for deciphering stress
responses in soybean,” Sci Rep, vol. 11, no. 1, p. 20600, Oct. 2021,
doi: 10.1038/541598-021-00209-6.

A.T.M.T. Islam, H. Ullah, S. K. Himanshu, R. Tisarum, S. Cha-
um, and A. Datta, “Effect of salicylic acid seed priming on morpho-
physiological responses and yield of baby corn under salt stress,”
Scientia Horticulturae, vol. 304, p. 111304, Oct. 2022, doi:
10.1016/j.scienta.2022.111304.

R. Naheed, N. Akhtar, M. S. Afzal, F. Farhat, and M. U. Farooq,
“Evaluation of mitigating effects of salicylic acid against various
levels of salinity in onion (Allium cepa),” Advancements in Life
Sciences, vol. 9, no. 1, Art. no. 1, May 2022, doi:
10.62940/als.v9i1.1305.

M. Naeem, T. Aftab, A. A. Ansari, and M. M. A. Khan,
“Carrageenan oligomers and salicylic acid act in tandem to escalate
artemisinin production by suppressing arsenic uptake and oxidative
stress in Artemisia annua (sweet wormwood) cultivated in high
arsenic soil,” Environ Sci Pollut Res, vol. 28, no. 31, pp. 42706—
42721, Aug. 2021, doi: 10.1007/s11356-021-13241-w.

N. B. Talaat and B. T. Shawky, “Synergistic Effects of Salicylic
Acid and Melatonin on Modulating lon Homeostasis in Salt-Stressed
Wheat (Triticum aestivum L.) Plants by Enhancing Root H+-Pump
Activity,” Plants, vol. 11, no. 3, Art. no. 3, Jan. 2022, doi:
10.3390/plants11030416.

S. Gantait, M. Mahanta, S. Bera, and S. K. Verma, “Advances in
biotechnology of Emblica officinalis Gaertn. syn. Phyllanthus
emblica L.: a nutraceuticals-rich fruit tree with multifaceted
ethnomedicinal uses,” 3 Biotech, vol. 11, no. 2, p. 62, Jan. 2021, doi:
10.1007/s13205-020-02615-5.

Y. Wen, Y. Liao, Y. Tang, H. Zhang, J. Zhang, and Z. Liao,
“Metabolic Effects of Elicitors on the Biosynthesis of Tropane
Alkaloids in Medicinal Plants,” Plants, vol. 12, no. 17, Art. no. 17,
Jan. 2023, doi: 10.3390/plants12173050.

S. Nandy et al., “Unravelling the multi-faceted regulatory role of
polyamines in plant biotechnology, transgenics and secondary
metabolomics,” Appl Microbiol Biotechnol, vol. 106, no. 3, pp. 905—
929, Feb. 2022, doi: 10.1007/s00253-021-11748-3.

A. Zaid, B. Ahmad, and S. H. Wani, “Medicinal and Aromatic
Plants Under Abiotic Stress: A Crosstalk on Phytohormones’
Perspective,” in Plant Growth Regulators: Signalling under Stress
Conditions, T. Aftab and K. R. Hakeem, Eds., Cham: Springer
International Publishing, 2021, pp. 115-132. doi: 10.1007/978-3-
030-61153-8_5.

M. Naeem, T. Aftab, and M. M. A. Khan, “Strategies for Enhancing
Artemisinin Production in Artemisia annua Under Changing
Environment,” in Medicinal Plants and Environmental Challenges,
M. Ghorbanpour and A. Varma, Eds., Cham: Springer International
Publishing, 2017, pp. 227-246. doi: 10.1007/978-3-319-68717-9_13.

R. Afreen, M. M. A. Khan, and N. Quasar, “Changes in Java grass
(Cymbopogon winterianus) physiology, essential oil production, and
active constituents as influenced by catechol and some plant growth
regulators applied through steaming technique.,” Industrial Crops
and Products, vol. 200, p. 116853, Sep. 2023, doi:
10.1016/j.indcrop.2023.116853.

I SSN: 2278-0181


www.ijert.org
www.ijert.org

TISECON - 25

[99]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

Volume 13, I ssue 06

A. K. Singh, A. A. Naqvi, G. Ram, and K. Singh, “Effect of Hay
Storage on Oil Yield and Quality in Three Cymbopogon Species (C.
winterianus, C. martinii and C. flexuosus) during Different
Harvesting Seasons,” Journal of Essential Oil Research, vol. 6, no.
3, pp. 289-294, May 1994, doi: 10.1080/10412905.1994.9698377.

M. Idrees, F. L. Hakkim, G. A. Naikoo, and I. Ul Hassan, “Recent
Advances in Extraction, Characterization, and Potential Use of
Citral,” in Natural Bio-active Compounds: Volume 3:
Biotechnology, Bioengineering, and Molecular Approaches, M. S.
Akhtar and M. K. Swamy, Eds., Singapore: Springer, 2019, pp. 225—
236. doi: 10.1007/978-981-13-7438-8_9.

K. Kumari, S. Kumar, Prashant, A. K. Jha, and N. Kumar,
“Biotechnological intervention in genetic improvement and
regulation of secondary metabolites production in Ocimum sanctum
L,” Industrial Crops and Products, vol. 187, p. 115329, Nov. 2022,
doi: 10.1016/j.indcrop.2022.115329.

A. A. Manan, R. M. Taha, E. E. Mubarak, and H. Elias, “In vitro
flowering, glandular trichomes ultrastructure, and essential oil
accumulation in micropropagated Ocimum basilicum L.,” In Vitro
Cell.Dev.Biol.-Plant, vol. 52, no. 3, pp. 303-314, Jun. 2016, doi:
10.1007/s11627-016-9755-8.

S. K. Kothari, A. K. Bhattacharya, and S. Ramesh, “Essential oil
yield and quality of methyl eugenol rich Ocimum tenuiflorum L.f.
(syn. O. sanctum L.) grown in south India as influenced by method
of harvest,” Journal of Chromatography A, vol. 1054, no. 1, pp. 67—
72, Oct. 2004, doi: 10.1016/j.chroma.2004.03.019.

P. Singh, S. Saema, and L. ur Rahman, “Genetic Improvement of
Pelargonium, an Important Aromatic Plant, through
Biotechnological Approaches,” in In Vitro Propagation and
Secondary Metabolite Production from Medicinal Plants: Current
Trends (Part 2), Bentham Science Publishers, 2024, pp. 302-320.
Accessed: Jul. 20, 2025. [Online]. Available:
https://iwww.benthamdirect.com/content/books/9789815196351.chap
ter-12

S. Shil, S. Das, J. Rime, S. Singh, and M. Kundu, “The signalling
pathways and regulatory mechanism of jasmonates in fruit ripening,’
Acta Physiol Plant, vol. 47, no. 1, p. 1, Dec. 2024, doi:
10.1007/s11738-024-03750-9.

)

D. Thakur, G. Kaur, A. Puri, and R. Nanda, “Therapeutic Potential
of Essential Oil-based Microemulsions: Reviewing State-of-the-art,”
Current Drug Delivery, vol. 18, no. 9, pp. 1218-1233, Nov. 2021,
doi: 10.2174/1567201818666210217161240.

Salem. M. Al-Amri, “Response of growth, essential oil composition,
endogenous hormones and microbial activity of Mentha piperita to
some organic and biofertilizers agents,” Saudi Journal of Biological
Sciences, vol. 28, no. 10, pp. 5435-5441, Oct. 2021, doi:
10.1016/j.5jbs.2021.06.094.

P. K. Pal, M. Mahajan, and V. K. Agnihotri, “Foliar application of
plant nutrients and kinetin modifies growth and essential oil profile
in Rosa damascena under acidic conditions,” Acta Physiol Plant,

vol. 38, no. 7, p. 176, Jun. 2016, doi: 10.1007/s11738-016-2187-6.

International Journal of Engineering Research & Technology (IJERT)

Published by, www.ijert.org I SSN: 2278-0181


www.ijert.org
www.ijert.org

