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Abstract

Terpenes represent one of the largest and most structurally diverse classes of plant secondary me-
tabolites, playing essential roles in plant growth, development, and interactions with the biotic and
abiotic environment. While extensive literature exists on terpene classification and biosynthesis,
much of the current knowledge remains fragmented across biochemical, ecological, and applied
research domains. Recent advances have highlighted terpenes not merely as end products of sec-
ondary metabolism but as multifunctional chemical mediators involved in plant defense, signaling,
stress adaptation, and interactions with other organisms. This review critically synthesizes current
understanding of plant-derived terpenes by integrating their biosynthetic origins with functional
roles in ecological processes and emerging applications in agriculture, pharmaceuticals, food, and
cosmetic industries. Rather than providing a purely descriptive account, in present study regulatory
aspects of terpene biosynthesis, context-dependent biological functions, and key challenges that
limit their translational exploitation were explored. Finally, we identify major knowledge gaps and
future research directions, emphasizing the need for integrative and interdisciplinary approaches
to fully harness the ecological and applied potential of plant terpenes.
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1: Introduction

Plants synthesize a vast array of secondary me-
tabolites that enable them to survive, adapt,
and interact with their environment (Haz-
zoumi, 2019). Among these metabolites, ter-
penes constitute the largest and most chemi-
cally diverse group, encompassing more than
80,000 known compounds (Vranova et al.,
2013; Gershenzon & Dudareva, 2007). These
molecules are widely distributed across plant
taxa and exhibit remarkable structural varia-
tion derived from the assembly and modifica-
tion of isoprene units (Tholl, 2015). Histori-
cally, terpenes were regarded as metabolic by-
products with limited biological relevance;
however, this view has fundamentally shifted
over the past few decades (Pichersky & Ra-
guso, 2018).

Accumulating evidence now demonstrates that
terpenes are integral components of plant
physiological processes, ecological interac-
tions, and adaptive responses to environmental
stresses (Gershenzon & Dudareva, 2007).Ter-
penes participate in a wide range of biological
functions, including direct and indirect defense
against herbivores and pathogens, attraction of
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pollinators and seed dispersers, allelopathic in-
teractions with neighboring plants, and modu-
lation of plant responses to abiotic stresses
such as drought, salinity, and temperature ex-
tremes (Unsicker et al., 2009; Holopainen &
Gershenzon, 2010). These functions are often
context-dependent, varying with developmen-
tal stage, tissue type, and environmental con-
ditions (Dudareva et al., 2013). Such multi-
functionality positions terpenes at the intersec-
tion of metabolism, ecology, and evolution,
underscoring their importance beyond tradi-
tional chemical classification schemes (Pich-
ersky & Raguso, 2018).

Although numerous reviews have addressed
terpene biosynthesis, structural diversity, and
specific applications, much of the existing lit-
erature remains compartmentalized (Vranova
et al., 2013; Tholl, 2015). Biochemical studies
frequently focus on pathway elucidation, eco-
logical research emphasizes signaling and de-
fense, and applied studies target pharmaceuti-
cal or industrial uses, often without integrating
these perspectives (Dudareva et al., 2013).
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As a result, a comprehensive understanding of
how terpene biosynthesis, regulation, and eco-
logical function collectively influence their ap-
plied potential is still lacking (Pichersky & Ra-
guso, 2008). This fragmentation limits both
theoretical progress and the effective transla-
tion of terpene research into sustainable agri-
cultural and industrial practices (Gershenzon
& Dudareva, 2007).

Recent advances in molecular biology, ge-
nomics, and chemical ecology have renewed
interest in terpene research. Improved analyti-
cal tools and functional studies have revealed
complex regulatory networks controlling ter-
pene biosynthesis, including pathway cross-
talk, spatial compartmentalization, and regula-
tion by developmental and environmental cues
(Vranova et al., 2013). At the same time,
growing demand for natural products and en-
vironmentally friendly alternatives has intensi-
fied efforts to exploit plant terpenes for phar-
maceutical, food, cosmetic, and agricultural
applications (Langevald et al., 2014). These
developments highlight the need for an up-
dated and integrative review that critically
evaluates terpene research across disciplinary
boundaries.

In this review, emphasis was on current
knowledge on plant-derived terpenes by link-
ing their classification and biosynthetic path-
ways with functional roles in plant defense,
ecological interactions, and applied uses. The
main object was to understanding terpenes as
multifunctional metabolites rather than iso-
lated chemical entities. Authors also discuss
current limitations, unresolved questions, and
future research priorities, with particular atten-
tion to strategies that may enhance the sustain-
able utilization of terpenes in agriculture and
industry.

1.1: Classification of Terpenes:

Terpenes are traditionally classified according
to the number of isoprene (CsHs) units that
constitute their carbon skeleton, a framework
commonly referred to as the isoprene rule
(Vranové et al., 2013). Although this classifi-
cation is chemically simple, it also provides
important biological insight, as terpene size
strongly influences volatility, subcellular lo-
calization, and functional roles in plants (Fig-
ure 1) (Gershenzon & Dudareva, 2007).

1.1.1: Hemiterpenes (Cs) represent the sim-
plest terpene class and are primarily associ-
ated with volatile emissions involved in stress
responses and atmospheric interactions. Mon-
oterpenes (Cio) and sesquiterpenes (Cis) CON-
stitute the dominant fraction of plant volatile
organic compounds and play central roles in
plant—insect interactions, indirect defense sig-
naling, and pollinator attraction (Dudareva et
al., 2013; Tholl, 2015). Their relatively low
molecular weight and high volatility enable
rapid diffusion, making them effective media-
tors of short- and long-range ecological communi-
cation.

1.1.2: Diterpenes (Cz) are generally less
volatile and are frequently associated with
structural, defensive, and regulatory func-
tions, including phytohormone biosynthesis
(e.g., gibberellins) and antimicrobial defense
compounds. Higher terpenes, including
triterpenes (Cso) and tetraterpenes (Cao), are
predominantly non-volatile and often func-
tion as membrane components, pigments, or
signaling precursors, as exemplified by ster-
ols and carotenoids (Tholl, 2015).
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Figure 1: Integrated classification of plant terpenes highlighting carbon skeleton size,

biosynthetic origin, volatility, representative compounds, and major biological functions.

Terpene size is closely associated with subcellular biosynthetic compartmentalization and func-

tional specialization, emphasizing the importance of interpreting terpene diversity in a biologi-
cal and ecological context rather than purely chemical terms.

Beyond chemical classification, terpene clas-
ses are closely linked to biosynthetic compart-
mentalization, with monoterpenes and diter-
penes largely synthesized via the plastidial
MEP pathway, whereas sesquiterpenes and
triterpenes are mainly produced through the
cytosolic mevalonate pathway (Table 1). This
spatial separation contributes to functional spe-
cialization and regulatory complexity, rein-
forcing the need to interpret terpene classifica-
tion in a biological rather than purely chemical
context (Vranova et al., 2013). Taken together,
terpene classification provides a useful frame-
work for understanding not only structural di-
versity but also functional differentiation, eco-
logical relevance, and applied potential. How-
ever, future studies must move beyond static

classification schemes to integrate regulatory
control, environmental responsiveness, and
metabolic plasticity, particularly in the context
of sustainable exploitation and metabolic engi-
neering (Table 1).

1.2: Biosynthetic pathway of terpenes

Terpene biosynthesis in plants is based on the
universal five-carbon building blocks isopen-
tenyl diphosphate (IPP) and dimethylallyl di-
phosphate (DMAPP). These precursors are
synthesized through two spatially and bio-
chemically distinct pathways: the cytosolic
mevalonate (MVVA) pathway and the plastidial
methylerythritol phosphate (MEP) pathway.
The compartmentalization
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of these pathways provides regulatory flexibil-
ity and contributes to the vast diversity of ter-
pene structures observed in plants (Patil et al.,
2025).
Table 1: Classification of terpenes
Terpene Carbon Main - Key
Class Units Pathway Volatility Eunctions Examples Reference
Stress Dudareva et
Hemiterpenes  C5 MEP High sianalin Isoprene al., 2013;
gnafing Tholl, 2015.
. Defense, . ChMabou
Monoterpenes C10 MEP High pollination Limonene etal. 2021.
. Defense, Awouafack
Sesquiterpenes C15 MVA Moderate allelopathy Farnesene etal. 2013
Hormones Keeling &
Diterpenes C20 MEP Low ’ Gibberellins  Bohlmann,
defense
2006.
. Non- Membranes, Awouafack
Triterpenes €30 MVA volatile signaling Sterols etal., 2013
Non- . . . Awouafack
Tetraterpenes  C40 MEP volatile Pigmentation  Carotenoids etal. 2013

1.2.1: Mevalonate (MVVA) Pathway

The MVA pathway operates primarily in the
cytosol and endoplasmic reticulum and is re-
sponsible for the biosynthesis of sesquiter-
penes, triterpenes, and polyterpenes (Figure 2).
This pathway begins with the condensation of
acetyl-CoA units, leading to the formation of
mevalonic acid, which is subsequently phos-
phorylated and decarboxylated to generate IPP.
In cytosol IPP is then isomerized to DMAPP,
allowing chain elongation reactions catalyzed
by prenyltransferases (Bergmam et al., 2019)

Interconversion
via monophosphates

Mevalonate
pathway

NUDIX hydolase &

IP kinase

Figure 2: Mevalonate pathway showing se-
quential enzymatic steps leading to IPP and
DMAPP formation, with key regulatory
points highlighted
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1.2.2: Methylerythritol Phosphate (MEP)
Pathway

The MEP pathway is localized within plastids
and supplies precursors for the biosynthesis of
monoterpenes, diterpenes, tetraterpenes, and
certain hemiterpenes. This pathway begins
with the condensation of pyruvate and glycer-
aldehyde-3-phosphate, forming 1-deoxy-D-
xylulose-5-phosphate, which is subsequently
converted to IPP and DMAPP through a series

of enzymatic reactions (Figure 3).The plastid-
ial localization of the MEP pathway links ter-
pene biosynthesis with photosynthetic activity,
enabling rapid responses to light and stress
conditions.

Crosstalk between the MEP and MVA path-
ways allows metabolic exchange of intermedi-
ates, further enhancing biosynthetic plasticity
(Bergmam et al., 2019)

Compartmentalized Biosynthesis of Terpenes in Plants

Mevalonate Pathway

Acetyl-CoA

+

HMG-CoA

-

Mevalonic Acid

+

IPP &= DMAPP
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G3P + Pyruvate

‘

DXP

‘

MEP

‘
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l
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Diterpenes
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(via Squalene)
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Figure 3. Compartmentalized biosynthesis of terpenes in plants.

Terpene biosynthesis originates from two dis-
tinct metabolic routes: the cytosolic mevalo-
nate (MVVA) pathway and the plastidial meth-
ylerythritol phosphate (MEP) pathway. Both
pathways generate the universal Cs isoprene
units isopentenyl diphosphate (IPP) and di-
methylallyl diphosphate (DMAPP), which

form a central isoprenoid pool. Sequential con-
densation reactions yield geranyl diphosphate
(GPP), farnesyl diphosphate (FPP), and
geranylgeranyl diphosphate (GGPP), serving
as direct precursors for mono-, sesqui-, di-, tri-,
and polyterpenes. Crosstalk between the two
pathways contributes to terpene diversity and
metabolic flexibility in plants
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1.2.3 Prenyltransferases and Terpene Syn-
thases

Chain elongation reactions catalyzed by
prenyltransferases produce geranyl diphos-
phate (GPP), farnesyl diphosphate (FPP), and
geranylgeranyl diphosphate (GGPP), which
serve as direct precursors for mono-, sesqui-,
and diterpenes, respectively (Figure 4). Ter-
pene synthases then catalyze cyclization and
rearrangement reactions that generate the di-
verse terpene skeletons found in plants. Ter-
pene synthases represent a large and function-
ally diverse enzyme family, and subtle changes
in active-site architecture can result in dramat-
ically different products. This enzymatic plas-
ticity is a key driver of terpene chemical diver-
sity.

Formation of GPP, FPP, and GGPP

DMAPP GPP FPP | oopp |
prenyltransferases
Pa— )
° P e P o Ko )
0 _,,Y/\\r, GPP FPP GGPP
\ /L - A /?:/ " — -
NAA/ A/ \f 7 N/ \;_ N ¥,
v { s,
HMG-Co 50'”’- AT 0%
Geranyl Farnesyl Geranylgeranyl
diphosphate diphosphate diphosphate

Figure 4: Biosynethesis of Geranyl diphos-
phate, Farnesyl diphosphate and Geranyl-
geranyl diphosphate

2: Regulation and Metabolic Integration

Terpene biosynthesis is tightly regulated at
transcriptional, post-transcriptional, and post-
translational levels. Transcription factors, sub-
strate availability, and subcellular compart-
mentalization collectively determine terpene
profiles in specific tissues and developmental

stages. Additionally, environmental stresses
such as herbivory, pathogen attack, drought,
and temperature fluctuations strongly influ-
ence terpene biosynthetic activity. Under-
standing regulatory networks controlling ter-
pene biosynthesis is essential for metabolic en-
gineering strategies aimed at enhancing ter-
pene production for pharmaceutical, agricul-
tural, and industrial applications (Figure 5).

Terpene biosynthesis is regulated through co-
ordinated interactions between the cytosolic
mevalonate (MVA) pathway and the plastidial
methylerythritol phosphate (MEP) pathway.
Both pathways generate the universal isopre-
noid precursor’s isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP),
which contribute to a shared isoprenoid pool.
Transcription factors, terpene biosynthetic en-
zymes (including terpene synthases and key
pathway enzymes), and metabolic crosstalk
between cellular compartments collectively
modulate flux toward different terpene classes.
Environmental stimuli (light, temperature, her-
bivores, and pathogen attack) and phytohor-
mones further fine-tune terpene production in
a tissue- and development-dependent manner

3: Defensive Role of Terpenes in Plants

Terpenes constitute one of the most important
classes of plant secondary metabolites in-
volved in defense against both biotic and abi-
otic stresses. Their remarkable structural di-
versity, volatility, and chemical reactivity ena-
ble plants to deploy terpenes as direct toxins,
repellents, signaling molecules, and indirect
defense agents. Terpene-mediated defense op-
erates at multiple biological levels, including
deterrence of herbivores, inhibition of patho-
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gens, and modulation of ecological interac-
tions within plant communities (Gershenzon &
Dudareva, 2007; Tholl, 2015)

.3.1: Antimicrobial and Antipathogenic De-
fense

Terpenes play a crucial role in plant defense
against bacterial, fungal, and viral pathogens.
Numerous monoterpenes and sesquiterpenes
exhibit broad-spectrum antimicrobial activity
by disrupting microbial cell membranes, in-
creasing permeability, and interfering with es-
sential metabolic enzymes (Bakkali et al.,

2008). Oxygenated terpenoids, such as alde-
hydes and ketones, often display enhanced an-
timicrobial efficacy due to their higher reactiv-
ity. Diterpenes and triterpenes frequently func-
tion as phytoalexins low-molecular-weight an-
timicrobial compounds synthesized de novo in
response to pathogen invasion (Figure 7).
These compounds accumulate at infection sites
and inhibit pathogen growth and spread (Ahuja
etal., 2012). Importantly, mixtures of terpenes
often show synergistic effects, providing more
effective defense than individual compounds
alone.

Crosstalk < Crosstaik > Crosstalk
Cytosol T = Plastids
kS >
MVA Pathway SR R — Ye G e et MEP Pathway “>*»
Acetyl-CoA B = G3P + Pyruvate
l Transcription Factors ‘ >/
HMG-CoA e~ B OXs G
} Crosstalk ‘
Mevalonic Acid Sa \ € @ MEP
IPP &= % DMAPP —» Ul “Uwl— 1PP =2 DMAPP
‘ Transcription 4 «: TPEs
“ Factors - / (TPSs, HMGR, DXS) l
v % Isoprenoid Pool 9 g
) /
e o 8 | | D°D (&
wa 8D 7 G
o \,\\. ® .' ‘—3/
O oo oo [l core [ rob-iop JREENOS
Stress Monoterpenes Sesquiter- Diterpencs Polyterpenes Hormones
Herbivores e Triterpenes
Pathogens

Figure 5. Integrated regulation of terpene biosynthesis in plants.
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Table 2: Examples of direct defensive mechanism

Plant Species Chemical Terpene Type Effect Reference
Lo GO ool Mottt Lo bty
(EEUS(?;)I/yF;)ttl:JSs globulus) 1.8-Cineole Monoterpene E:r%?lfores ;?aztgsig
g:aannnna;bi?s sativa) C_aryophyllene Sesquiterpene Eé?é?\%ggm ;?gr:)g;é;/es i
Inhibit
(N:;a[(rj]irachta indica) Azadirachtin ~ Triterpene ﬁi%,\c,fzs ggg\é;% etal.,
gi?l%?tr)er officinale) Zingiberene Sesquiterpene Er?t?rir?iiérobial %Izi)e)m el
;isr;riiglgg/)lelaleuca Terpinen-4-ol ‘I’j\lil:g\r%(lerpene Deters insects ;??23886?

3.2: Indirect Defense and Ecological Signal-
ing

Beyond direct toxicity, terpenes are central me-
diators of indirect plant defense through eco-
logical signaling. Herbivore-induced volatile
terpenes act as airborne cues that attract preda-

tors and parasitoids of herbivores, thereby re-
ducing herbivore pressure (Table 3). This indi-
rect defense strategy has been widely docu-
mented and represents a key component of
plant insect enemy multitrophic interactions
(Dicke & Baldwin, 2010). Terpenes also par-
ticipate in plant—plant communication, where
volatile emissions from damaged plants prime
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neighboring individuals for enhanced defen-  pathways upon subsequent attack, highlighting
sive responses (Figure 8). Such priming leads  the role of terpenes in community-level de-
to faster and stronger activation of defense  fense dynamics (Heil & Karban, 2010).

Glandular
trichomes

Pathogen

Terpenes \\ /

Membrane -d f

disnurttion

j Protein B g - Y7,
: denaturation p— %
__/ Signal
Defense Enzyme interference
signaling inhibition
Oxidative stress

Figure 7: Antimicrobial mechanisms of terpene action in plant defense

N

: \’
»;k. Parasitic_ga.

4

wasp

7

Parasitiod larva

Response

Figure 8: Volatile terpene signaling in plant-insect-enemy interactions

3.3: Protection against Abiotic Stress penes, particularly isoprene, protect photosyn-
thetic membranes against thermal and oxida-
In addition to biotic defense, certain terpenes tive stress by stabilizing lipid bilayers and
contribute significantly to plant tolerance scavenging reactive oxygen species (Vickers
against abiotic stresses (Figure 9). Hemiter- et al., 2009). Carotenoids, a major class of tet-
raterpenes, play essential photoprotective roles
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stress conditions (Table 4) (Niyogi et al.,
2005).

by dissipating excess excitation energy and
quenching singlet oxygen, thereby preventing
photooxidative damage under high light and

Table 3: Indirect Defensive Mechanism of Terpenes in Different Angiospermic Plant Spe-

cies

Plant

Type of Terpene

Role

Reference

Tomato (Lycopersi-
con escustentum)

Maize (Zea Mays)

Lima bean
(Phaseolus lunatus)

Cotton (Gossypium
hirsutism)

Apple (Pyrus malus)

Pine (Pinus spp)

monoterpenes and
sesquiterpenes

Sesquiterpenes

Homoterpenes,
(DMNT, TMTT)

Terpenoids (Gossy-
pol)

Sesquiterpenes ( -
farnesene)

Monoterpenes (lim-
onene)

Poisonous for pests.

Attract stinging parasites
that destroyed the caterpil-
lars which is susceptible for
disease.

Attract predators of herbi-
vores like predatory mites.

Attract parasitoid wasps to
larvae feeding on cotton

Attract natural enemies of
aphids feeding on apple
leaves

Attract the predators  of
bark beetles

(Block et al.,2019)

(Block et al.,2019)

(Sharma et al.,2017)

(LyOpitz et
al.,2008)

(Badra et al.,2021)

(Groenewold et
al.,2025).

Drought

Isoprene
COPWR IR, W,

Membrane
Stabilization
Heat Tolerance

Antioxidant Response

High Light Stress Signaling

Isoprene

Monoterpenes &
Sesquiterpenes

Carotenoids

Figure 9: Protective roles of terpenes under abiotic stress conditions
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3.4: Integration with Biosynthetic Regula-
tion

The defensive roles of terpenes are tightly
linked to their biosynthetic regulation. Envi-
ronmental stimuli such as herbivory, pathogen
attack, drought, and temperature stress activate
signaling pathways involving jasmonic acid,
salicylic acid, and ethylene, which in turn reg-
ulate terpene biosynthetic genes and terpene
synthase activity (Wasternack & Hause, 2013;
Tholl, 2015). Crosstalk between the cytosolic
MVA and plastidial MEP pathways allows
flexible redistribution of metabolic flux toward
defense-related terpene production, reinforc-
ing the adaptive significance of terpene diver-
sity in plants (Figure 10).

4: Terpenes in Modulating Insect Behaviour

Terpenes are among the most influential plant
secondary metabolites governing plant-insect
interactions. Through their function as volatile
and non-volatile semiochemicals, terpenes
regulate insect orientation, feeding behavior,
oviposition, mating, and multitrophic interac-
tions. Their behavioral effects are mediated
through insect chemosensory and neurophysi-
ological

Transcription
Factors

MEP
Pathway

Defense
responses

Herbivory

Pathogen

o

Ethlene —/

C Defense
Genes ©

Plant defense

Figure 10: Integrated regulation of terpene
biosynthesis in plant defense

systems and are tightly linked to terpene bio-
synthetic regulation and ecological context
(Gershenzon & Dudareva, 2007; Tholl, 2015).

4.1: Terpenes as Olfactory Signals in Host
Location

Volatile terpenes emitted from vegetative and
reproductive tissues play a central role in in-
sect host-location processes. Monoterpenes
and sesquiterpenes such as linalool, a-pinene,
B-myrcene, and limonene are detected by in-
sect olfactory receptor neurons and guide long-
range orientation toward host plants (Degen-
hardt et al., 2009). Insects often rely on com-
plex terpene blends rather than single com-
pounds, using both qualitative composition
and quantitative ratios to discriminate suitable
hosts (Clavijo McCormick et al., 2012). Im-
portantly, terpene-mediated attraction is highly
context-dependent. Variations in terpene stere-
ochemistry, emission dynamics, and plant
physiological status can alter insect behavioral
responses from attraction to avoidance (Holo-
painen & Gershenzon, 2010; Dudareva et al.,
2013). Such plasticity allows plants to manip-
ulate insect host-finding efficiency under
changing environmental and ecological condi-
tions (Figure 11). 4.2: Repellent and Deterrent
Effects of Terpenes

Many terpenes act as repellents or antifeedants
by over stimulating insect sensory systems or
interfering with normal physiological pro-
cesses. Monoterpenes including camphor, thy-
mol, menthol, and 1, 8-cineole disrupt insect
neurotransmission and sensory perception,
leading to avoidance behavior and reduced
feeding (Isman, 2006; Regnault-Roger et al.,
2012). These effects are particularly pro-
nounced in generalist herbivores
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Figure 11: Terpene-mediated olfactory signaling in plant-insect interactions

Table 4: Plant Terpenes and their Role for biotic and abiotic stress management

Plant type Terpenes Attack Effects Reference
Dalechampia Oxygenated Apidae, Megachilidae, or | Pollinators for use in | (Srivastava
(Clusia spp.) triterpenes worker Apidae nest construction et al., 2024).
Fig (Ficus his- Monoterpenes: | Wasp Signals for pollina- | (Srivastava
pida) linalool, limo- tors et al., 2024)
nene and pinene
Maize (Zea terpene Cotesia marginventris Attract oparasitoid Mitra et
mays) specialized parasitoid al.,2017)

(Microplitis croceipes).

Tomato (Lyco- | b-ocimene Parasitoid (Aphidius ervi | Attract parasitoids (Srivastava
persicon es- et al., 2024)
cultentum
Cucumber Cucurbitacins Spider mite antibiotic for spider | (Mitra et
(Tetranychusurticae) mites al.,2017)
Cabbage plants | monoterpene: Parasitic wasps (Cotesia | Attracts parasitoids | Ahuja et
1,8-cineole glomerata) that lay eggs al.,2010)
Pineapple zamia | B-myrcene, (E)- | Thrips (Cycadothrips Attract pollinators (Terry et
_ocimene chadwick) al.,2007)
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Lacking specialized detoxification mecha-
nisms. Sesquiterpenes and sesquiterpene lac-
tones often exhibit stronger deterrent activity
due to their increased molecular complexity
and reactivity. These compounds can inhibit
digestive enzymes, disrupt ion channel func-
tion, and induce oxidative stress, resulting in
reduced larval growth and survival (Chadwick
et al., 2013; Unsicker et al., 2009). Notably,
terpene mixtures frequently show synergistic
effects, enhancing deterrence compared to in-
dividual constituents (Berenbaum & Zangerl,
2008).

4.2: Terpenes and Oviposition Behaviour

Terpenes strongly influence insect oviposition
decisions by serving as chemical indicators of
host suitability and defensive status. Elevated
emission of specific monoterpenes and ses-
quiterpenes following herbivore damage often
deters further egg-laying by conspecific fe-
males, thereby limiting subsequent infestation
(Srivastava et al., 2024). Such deterrent effects
reduce offspring competition and exposure to
toxic metabolites.Conversely, some specialist
insects exploit terpene cues to identify pre-
ferred hosts with predictable chemical profiles.
In these systems, terpenes act as reliable sig-
nals rather than deterrents, reflecting co-evolu-
tionary adaptation between plants and herbi-
vores (Bruce & Pickett, 2011).

4.3: Terpenes in Indirect Defense: Re-
cruitment of Natural Enemies

One of the most ecologically significant
roles of terpenes is their involvement in in-
direct plant defense via tritrophic interac-
tions. Herbivore-induced plant volatiles
(HIPVs), dominated by mono- and sesquit-
erpenes, attract predators and parasitoids
of herbivorous insects, thereby reducing

herbivore pressure (Dicke & Baldwin,
2010). Compounds such as (E)-p-caryo-
phyllene, linalool, and ocimene are well-
known attractants for natural enemies.
Natural enemies typically respond to spe-
cific terpene blends rather than individual
compounds, highlighting the importance
of terpene diversity and emission dynam-
ics (Dicke & Baldwin, 2010). This indirect
defense mechanism significantly enhances
plant fitness and represents a sophisticated form of
chemical communication (Figure 12).

4.4: Neurophysiological Effects of Terpenes
on Insects

At the molecular level, terpenes exert profound
effects on insect nervous systems. Many mon-
oterpenes interact with octopamine receptors,
GABA-gated chloride channels, and acetyl-
cholinesterase, leading to altered locomotion,
feeding, and orientation behavior. These neu-
rotoxic effects underpin the widespread use of
terpene-rich essential oils as botanical insecti-
cides. Species-specific differences in receptor
sensitivity and detoxification capacity explain
why certain terpenes selectively deter herbi-
vores while having minimal effects on pollina-
tors and natural enemies (Isman, 2020; Pavela
& Benelli, 2016). This selectivity enhances the
ecological value of terpenes as targeted defen-
sive compounds

4.5: Evolutionary and Ecological Implica-
tions

The behavioral effects of terpenes reflect a
long-standing co-evolutionary arms race be-
tween plants and insects (Table 3). Continuous
herbivore pressure has driven diversification
of terpene biosynthetic pathways, while in-
sects have evolved sophisticated sensory and
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metabolic adaptations to cope with terpene ex-
posure (Zangerl et al., 2008). This reciprocal
evolution contributes to the extraordinary
structural and functional diversity of terpenes
observed across plant taxa (Table 4).

5: Allelopathic Activities of Terpenes

Allelopathy refers to the chemical interactions
among plants mediated by secondary metabo-
lites that influence the growth, survival, and re-
production of neighboring organisms. Among
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these metabolites, terpenes play a prominent
role as allelochemicals due to their abundance,
volatility, persistence in soil, and broad biolog-
ical activity. Terpene-mediated allelopathy
contributes to plant competition, community
structure, and ecosystem functioning, particu-
larly in natural and agricultural systems (In-
derjit et al., 2011; Cheng & Cheng, 2015).

Natural Enemies

P, Parasitoid larvae

Reduced Herbivore Pressure

Figure 12: Volatile terpene-mediated tritrophic signaling among plants, herbivores, and
natural enemies
Table 5. Influence of major terpene classes on insect behavior

Terpeneclass  oPresentative gopavioral effect  Ecological Key
compounds function references
Monoterpenes Limonene, linalool, Attraction/repellence  Host location Dudareva et
a-pinene al., 2013
i (E)-B- : Indirect Dicke &
Sesauiterpenes caryophyllene Predator attraction defense Baldwin, 2010
Direct Keeling &
Diterpenes Resin acids Feeding inhibition Bohlmann,
defense
2006
Triterpenes Saponins Growth suppression  Anti-feedant Osbourn et al.,

2011
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5.1: Sources and Release Pathways of Alle-
lopathic Terpenes

Allelopathic terpenes are released into the en-
vironment through multiple pathways, includ-
ing volatilization from aerial tissues, leaching
from leaves, root exudation, and decomposi-
tion of plant residues (Figure 13). Monoter-
penes and sesquiterpenes are especially effec-
tive allelochemicals due to their high volatility
and lipophilicity, allowing them to diffuse
through air and soil matrices (Inderjit et al.,

Donor Aromatic Plant

P o —— o
: . 3
o M 35
Artemisinin

1,8<Cincole  a-Pinene

Volatile Terpenes

Allelopathic
Terpenes

2011). Aromatic plants such as Salvia, Euca-
lyptus, Artemisia, and Pinus species are well-
known producers of terpene-rich allelochemi-
cals. In forest ecosystems, terpene emissions
from litter and roots can create chemically in-
hospitable zones that suppress understory veg-
etation, thereby reducing competition for re-
sources (Cheng & Cheng, 2015; Kato-Noguchi,
2017)

larget Plant Eaith

Inhibition

- ':\;’flﬁj —

Microbial
Imbalance

& '\77‘, ©
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Figure 13: Release pathways and environmental fate of allelopathic terpenes

5.2: Effects of Terpenes on Seed Germina-
tion and Seedling Growth

Terpenes exert strong inhibitory effects on
seed germination and early seedling develop-
ment, which are critical stages in plant estab-
lishment. Monoterpenes such as 1,8-cineole,
camphor, a-pinene, and limonene have been
shown to delay germination, reduce radicle
elongation, and suppress hypocotyl growth in a
wide range of plant species. These effects are
concentration-dependent and often species-

specific, suggesting selective allelopathic in-
teractions. Sesquiterpenes and diterpenes may
exert more persistent inhibitory effects due to
lower volatility and higher soil retention, con-
tributing to long-term suppression of compet-
ing vegetation (Kato-Noguchi et al., 2017; Ma-
cias et al., 2007).
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5.3: Physiological and Cellular Mechanisms
of Allelopathic Action

At the physiological level, allelopathic ter-
penes interfere with fundamental cellular pro-
cesses in target plants. Reported mechanisms
include disruption of cell membrane integrity,
inhibition of mitochondrial respiration, altera-
tion of ion transport, and suppression of photo-
synthetic activity. Lipophilic terpenes readily
penetrate lipid bilayers, leading to increased

Allelopathc Terpenes

Respiration

membrane permeability and leakage of cellular
contents. Additionally, terpenes induce oxida-
tive stress by promoting the accumulation of
reactive oxygen species (ROS), resulting in li-
pid peroxidation, protein oxidation, and DNA
damage (Figure 14). These effects collectively
impair cellular metabolism and growth, ulti-
mately leading to growth inhibition or plant
death (Cheng & Cheng, 2015).

Disrupted Cell
Membrane

Interference
1, = ®
N e N
) A | cH e
N W i % o2
(;l\/uﬂ )‘,)*h \l_’"\(x EI:A,, K Oxidative Stress Photosynthesis
L ; N
Inhibition
1,.8-Cineole Camphor Ocimene o-Pinene a-Pinene

Figure 14: Cellular and physiological targets of allelopathic terpenes in plants

5.4: Influence on Soil Microbial Communi-
ties

Beyond direct phytotoxicity, terpenes indi-
rectly affect plant growth by modulating soil
microbial communities. Many terpenes exhibit
antimicrobial activity, altering microbial com-
position and enzymatic activity in the rhizo-
sphere. Such changes can influence nutrient
cycling, organic matter decomposition, and
symbiotic interactions, further shaping plant
competitive outcomes. In some cases, terpene-
mediated suppression of beneficial microbes
reduces nutrient availability to neighboring

plants, amplifying allelopathic effects. Con-
versely, selective stimulation of specific mi-
crobial taxa may enhance degradation of alle-
lochemicals, highlighting the dynamic nature
of terpene—microbe interactions (Inderjit et al.,
2011).

5.5: Ecological and Evolutionary Signifi-
cance of Terpene Allelopathy

Terpene-mediated allelopathy has profound
ecological implications, influencing plant dis-
tribution, species dominance, and successional
patterns (Table 7). Invasive plant species often
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exploit allelopathic terpenes to outcompete na-
tive flora, a phenomenon described as the
“novel weapons hypothesis” (Inderjit et al.,
2011). From an evolutionary perspective, se-
lection pressures imposed by plant—plant com-
petition have driven diversification of terpene

biosynthetic pathways, resulting in structurally
diverse allelochemicals with distinct modes of
action. This chemical diversity enhances com-
petitive fitness and contributes to ecosystem-
level chemical heterogeneity (Macias et al.,
2007).

Table 7. Allelopathic effects of major terpene classes on plant growth

Terpene class Representative Target effect Mode of action Key
compounds references
1,8-Cineole, o- Germination Membrane Kato-
Monoterpenes . A . ) Noguchi et
pinene inhibition disruption, ROS
al., 2017
Sesquiterpenes Artemisinin Seedling growth Metabolic Macias et
g P suppression inhibition al., 2007
I Kato-
Diterpenes Cafestol R.O otgr (.)Wth _Resp|rat|on Noguchi,
inhibition interference 2017
Triternenes Saponins Nutrient uptake Membrane Osbourn et
P P reduction permeabilization al., 2011

6: Anti-Fungal and Anti-Microbial Activi-
ties of Terpenes

Terpenes constitute one of the most potent and
diverse groups of plant-derived antimicrobial
agents. Owing to their structural diversity, lip-
ophilicity, and reactivity, terpenes exhibit
broad-spectrum activity against bacteria, fungi,
and other pathogenic microorganisms. Their
antimicrobial roles are ecologically significant
for plant defense and have attracted increasing
interest for pharmaceutical, agricultural, and
food-preservation applications (Bakkali et al.,
2008; Tholl, 2015).

6.1: Antifungal Activity of Terpenes

Fungal pathogens pose a major threat to plant
survival and agricultural productivity, and ter-
penes play a central role in antifungal defense.
Monoterpenes such as thymol, carvacrol, 1,8-
cineole, and a-pinene have demonstrated

strong inhibitory effects against phytopatho-
genic fungi including Fusarium, Alternaria,
Botrytis, and Aspergillus species (Pinto et al.,
2009; Nazzaro et al., 2013). Sesquiterpenes
and diterpenes often exhibit enhanced antifun-
gal potency due to their lower volatility and
higher persistence in tissues and soils. Sesquit-
erpene lactones disrupt fungal growth by inter-
fering with membrane integrity and enzymatic
activity, while diterpenes such as resin acids
accumulate at infection sites as part of induci-
ble defense responses (Keeling & Bohlmann,
2006; Chadwick et al., 2013).

6.2: Antibacterial Activity of Terpenes

Terpenes exhibit antibacterial activity against
both Gram-positive and Gram-negative bacte-
ria, though Gram-positive bacteria are gener-
ally more susceptible due to the absence of an
outer membrane. Monoterpenes such as limo-
nene, linalool, and terpinen-4-ol disrupt bacte-
rial cell membranes, leading to leakage of ions
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and metabolites. Gram-negative bacteria ex-
hibit higher resistance due to lipopolysaccha-
ride barriers; however, certain oxygenated ter-
penes and terpene mixtures can overcome this
resistance through synergistic effects. Sesquit-
erpenes and triterpenes further inhibit bacterial
growth by targeting intracellular enzymes,
DNA synthesis, and energy metabolism (Naz-
zaro et al., 2013).

6.3: Mechanisms of Antimicrobial Action

6.3.1: Membrane Disruption and Permea-
bilization

The primary antimicrobial mechanism of ter-
penes involves disruption of microbial cell
membranes. Due to their hydrophobic nature,
terpenes partition into lipid bilayers, altering
membrane fluidity and permeability. This
leads to loss of membrane potential, leakage of
cytoplasmic contents, and eventual cell lysis.
Fungal membranes rich in ergosterol and bac-
terial membranes composed of phospholipids
are particularly susceptible to terpene-induced
destabilization, explaining the broad-spectrum
antimicrobial activity of these compounds.

6.3.2: Induction of Oxidative Stress

Many terpenes induce oxidative stress in mi-
crobial cells by promoting excessive produc-
tion of reactive oxygen species (ROS). Ele-
vated ROS levels damage proteins, lipids, and
nucleic acids, impairing cellular metabolism
and viability (Gill & Holley, 2006; Tian et al.,
2012). This oxidative damage often acts syner-
gistically with membrane disruption to en-
hance antimicrobial efficacy.

6.3.4: Enzyme and Metabolic Inhibition

Terpenes can directly inhibit microbial en-
zymes involved in respiration, cell wall synthe-
sis, and energy metabolism. In fungi, terpenes
interfere with mitochondrial function and ATP
synthesis, while in bacteria they inhibit en-
zymes involved in fatty acid and protein bio-
synthesis (Cristani et al., 2007; Di Pasqua et al.,
2007).

6.4: Synergistic Effects and Complex Mix-
tures

One of the most significant features of terpene
antimicrobial activity is the strong synergism
observed in complex terpene mixtures, such as
essential oils. Individual terpenes may show
moderate activity, but when combined they of-
ten exhibit enhanced antimicrobial effects due
to multi-target interactions (Bassolé & Juliani,
2012; Nazzaro et al., 2013). This synergism re-
duces the likelihood of resistance development
and explains why whole essential oils are often
more effective than isolated components. Syn-
ergistic interactions also occur between ter-
penes and conventional antimicrobial agents,
enhancing antibiotic efficacy (Langeveld et al.,
2014).

6.5: Role of Terpenes in Plant Defense
Against Pathogens

In plants, antimicrobial terpenes function as
both constitutive and inducible defenses (Table
8). Many plants store terpenes in specialized
structures such as glandular trichomes and
resin ducts, releasing them upon pathogen at-
tack. Others synthesize terpenoid phytoalexins
de novo in response to infection (Ahuja et al.,
2012; Tholl, 2015). Activation of terpene bio-
synthesis during pathogen invasion is regu-
lated by signaling pathways involving salicylic
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acid and jasmonic acid, linking antimicrobial
terpene production to broader immune re-
sponses (Wasternack & Hause, 2013).

6.6: Agricultural and Medical Relevance

The antimicrobial properties of terpenes have
significant implications for sustainable agricul-
ture and medicine. Terpene-based formula-
tions are increasingly explored as natural fun-
gicides and bactericides due to their biodegra-
dability and low environmental persistence (Is-
man, 2006; Pavela & Benelli, 2016). In medi-
cal contexts, terpenes exhibit activity against
antibiotic-resistant pathogens and are being in-
vestigated as alternative or complementary an-
timicrobial agents. Their ability to disrupt
membranes and act on multiple targets reduces
the risk of resistance development (Langeveld
etal., 2014).

7: Action against Molds

Terpenes exhibit strong antifungal activity
against filamentous fungi (molds), which are
responsible for severe plant diseases, posthar-
vest losses, and mycotoxin contamination (Fig-
ure 15). Essential oils rich in terpene constitu-
ents such as eugenol, nerol, thymol, and car-

vacrol have demonstrated pronounced inhibi-
tory effects against toxigenic and phytopatho-
genic molds, particularly species of Aspergil-
lus, Fusarium, Rhizoctonia, and Trichophyton
(Mihai & Popa, 2015; Pinto et al., 2009; Naz-
zaro et al., 2017).

Essential oils derived from citrus peels, domi-
nated by d-limonene, exhibit potent antifungal
activity against Fusarium oxysporum and Rhi-
zoctonia solani, disrupting mycelial growth
and inhibiting spore germination (Hu et al.,
2023; Tian et al., 2012). Synergistic interac-
tions among terpene mixtures further enhance
antifungal efficacy. For instance, combinations
of linalool and y-terpinene effectively inacti-
vate dermatophytic fungi such as Trichophyton
rubrum, indicating multi-target modes of ac-
tion (Thawabteh et al., 2023; Bassolé & Juliani,
2012)

9: Terpenes as Pollinator Attractants and
Seed Disseminators

Terpenes play a crucial role in mediating mu-
tualistic plant—pollinator interactions by acting
as chemical cues and rewards. Certain pollina-
tors have evolved remarkable tolerance or spe-
cialization toward terpene compounds that are
otherwise toxic to insects.

Table 8. Antifungal and antibacterial activities of major terpene classes

Terpene Representative . Primary Key
Target organisms g
class compounds mechanism references
: . N Bassolé &

Monot Thymol, | Bacteria, f Memb d t L

onoterpenes ymol, carvacro acteria, fungi embrane disruption Juliani, 2012
Sesquiterpenes  Farnesol Fungi Respiration inhibition  Pinto et al., 2009

. N Phytopathogenic Keeling &
Diterpenes Resin acids fungi Cell wall damage Bohlmann, 2006
Triterpenes Saponins Fungi, bacteria Membrane Osboumn etal,

permeabilization 2011
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illustrates the principal cellular targets of terpene action in mold cells, includ-

ing membrane destabilization, ergosterol interference, and oxidative stress induction.

Orchid bees (Euglossinae) collect monoter-
penes such as 1,8-cineole from orchid and
Dalechampia flowers, storing them in special-
ized leg structures and later releasing them
during courtship displays to attract females
(Boncan et al., 2020; Tholl, 2015). In addition
to pollination, triterpene-rich resins are col-
lected by female bees (Euglossini, Hypanthid-
ium, Trigona) for nest construction, simultane-
ously facilitating pollination (Boncan et al.,
2020). Some flowering plants also serve as
breeding sites for their pollinators, using ter-
penes as host-recognition signals. For example,
noctuid moths (Hadena bicruris) locate Silene
latifolia flowers by detecting lilac aldehydes
emitted by the plant (Boncan et al., 2020).

10: Terpenes in Scent-Mediated Interac-
tions

Volatile terpenoids released by flowers and
fruits strongly influence interactions with pol-
linators and frugivores. Floral scent profiles
dominated by terpenes convey information re-
garding nectar availability and pollen rewards.
Linalool, a ubiguitous monoterpene alcohol, is

a major attractant for bees, moths, and butter-
flies (Gao et al., 2018). Fruit-derived terpene
blends enhance detectability and attractiveness
to seed dispersers such as birds, bats, and
mammals (Figure 16). Variation in terpene
composition can significantly alter disperser
preference, thereby influencing seed dispersal
efficiency and spatial distribution (Nelson &
Whitehead, 2021).

Linalool

Lilac Aldehyde

¥ Monoterpenes
& Sesquiterpenes

Figure 16: Depicts terpene-mediated olfac-
tory signaling in plant-animal interactions
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11: Applications in Pollination Biology

Understanding terpene-mediated attraction has
practical implications in agriculture and con-
servation. Identification of crop-specific ter-
pene attractants offers opportunities to en-
hance pollination efficiency and improve yield

stability (He et al., 2022). In conservation bi-
ology, synthetic terpene blends are increas-
ingly explored to support reproduction in rare
or endangered plant species by selectively at-
tracting native pollinators (Chen and Song,
2022).

Table 9: Summarizes representative terpenes, their microbial targets, and primary mech-
anisms of action
Chemical Primary
Terpene Structl_Jre Microbial Targets Mechanism of Key
(Functional Acti References
ction
Group)
. Membrane
Thvmol rpnt:)ennoq[gf ene (-« Bacteria  Fungi disruption leading Cristani et al.,
y P g to leakage of 2007
OH group)
cellular contents
. . Collapse of proton ~ Andrade-Ochoa
Phenolic * Fungi ° . ,
. motive force and et al., 2015;
Carvacrol monoterpene (—  Mycobacterium |
OH group) tuberculosis membre}ne _ Nazzaro et al.,
depolarization 2013
Mitochondrial Pinto et al
Farnesol Sesquiterpene * Fungi glys_f u_n_ctlon and 2009; Braga &
alcohol inhibition of energy L
. Ricci, 2011
metabolism
» Gram-positive Enzyme inhibition
. Monoterpene . . . Usach et al.,
Linalool alcohol bacteria * Gram- and disruption of 2020

negative bacteria

metabolic pathways

11.1: Insect-Mediated Seed Dispersal

Insects also contribute to seed dispersal
through terpene-associated chemical cues.
Ant-mediated dispersal (myrmecochory) in-
volves seeds bearing lipid-rich elaiosomes that
may contain terpenoid components attractive
to foraging ants. Although the precise role of
terpenes remains under investigation, they are
believed to enhance seed detection and
transport (Wu et al., 2024).

A striking example of terpene-mediated speci-
ficity is observed in the fig—wasp mutualism
(Ficus hispida—Ceratosolen solmsi marchali),
where wasp attraction depends on both terpene
composition and concentration during specific
floral developmental stages (Camara et al.,
2024).

11.2: Role of Terpenes in Protection against
Biotic and Abiotic Stress

Plants are continuously exposed to biotic
stresses (pathogens, herbivores) and abiotic
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stresses (drought, salinity, heat). Terpenes con-
tribute significantly to stress tolerance by func-
tioning as chemical defenses, antioxidants, and
signaling molecules (Tholl, 2015). Major crops
such as rice, wheat, maize, and barley suffer
substantial yield losses due to combined biotic
and abiotic stressors, which are further intensi-
fied by climate change. Constitutive terpene
emissions from glandular trichomes, as ob-
served in tomato, provide baseline defense,
while inducible terpene biosynthesis enhances
stress-responsive protection (Camara et al.,
2024).

12: Other Applications of Terpenes

12.1: Pharmaceutical and Medicinal Appli-
cations

Terpenoids are extensively used in pharmaceu-
tical research due to their anticancer, anti-in-
flammatory, antimicrobial, and neuroactive
properties (Newman & Cragg, 2020). Clini-
cally significant examples include paclitaxel
(Taxol) from Taxus spp. and B-elemene from
Curcuma wenyujin, both widely used in cancer
therapy (Xiao, 2018). Monoterpenes such as
menthol, limonene, and menthone exhibit an-
esthetic, bronchodilatory, and anti-inflamma-
tory effects, supporting their widespread me-
dicinal use (Chen, 2022; Yang, 2020; Tetali,
2019) (Table 10).

12.2: Food Industry Applications

Terpenes such as a-pinene, limonene, linalool,
and geraniol are widely employed as natural
flavoring agents and preservatives due to their
pleasant aroma and antimicrobial properties
(Gutiérrez-Del-Rio et al., 2021; Triaux et al.,
2021). Citrus-derived terpenes and eucalyptus

oils are increasingly used in food preservation,
particularly in dairy and bakery products
(Belewu et al., 2012) (Table 11).

12.3: Cosmetic Applications

Terpenes and carotenoids are central to the cos-
metics and perfumery industries owing to their
fragrance, antioxidant activity, and skin-pro-
tective effects (Table 12). Compounds such as
limonene, linalool, and patchoulol are widely
incorporated into skincare and personal care
products to prevent photoaging and oxidative
damage (Shahidi, 2016; Grether-Beck, 2017)

13: Future Perspectives and Challenges

Advances in metabolic engineering and syn-
thetic biology offer promising avenues for sus-
tainable terpene production. Engineered mi-
croorganisms (E. coli, Saccharomyces cere-
visiae) have already been employed for large
scale synthesis of high-value terpenoids such
as artemisinin and paclitaxel (Khanam et al.,
2022). Emerging concepts such as non-canon-
ical terpene biosynthesis and hybrid synthetic—
biological approaches expand chemical diver-
sity and may yield novel bioactivities (Ma et
al., 2024). However, challenges remain, in-
cluding low natural abundance, poor bioavail-
ability, limited clinical translation, and regula-
tory constraints.
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Table 10: summarizes representative terpenes, their pharmaceutical applications, and
mechanisms of action.

Terpene Class Major Primary Mechanisms Key
Pharmaceutical of Action References
Applications
Paclitaxel Diterpene Anticancer (breast, Stabilizes Kingston,
(Taxol®) ovarian, lung microtubules, inhibits  2007; Newman
cancers) mitotic spindle & Cragg, 2020
disassembly, induces
apoptosis
B-Elemene  Sesquiterpene  Antitumor (lung, Induces apoptosis, Xiao, 2018; Bai
nasopharyngeal suppresses cell etal., 2019
carcinoma), anti- proliferation,
inflammatory modulates NF-kB and
PI3K/Akt pathways
D- Monoterpene Gastroprotective, Induces phase I and Il Mukhtar et al.,
Limonene anticancer detoxifying enzymes,  2018; Tetali,
(chemopreventive),  disrupts microbial 2019
antimicrobial membranes, modulates
Ras signaling
Menthol Monoterpene Analgesic, Activates TRPMS8 cold Yang, 2020
alcohol antipruritic, local receptors, modulates
anesthetic ion channels, reduces
neuronal excitability
Linalool Monoterpene Sedative, anxiolytic, Modulates Gao et al.,
alcohol neuroprotective GABAergic and 2018
glutamatergic
neurotransmission,
antioxidant effects
Geraniol Monoterpene Antimicrobial, Disrupts microbial Battilana et al.,
alcohol anticancer, skin membranes, induces 2011; Hao et
therapeutics oxidative stress in al., 2021
cancer cells, anti-
inflammatory
B- Sesquiterpene  Anti-inflammatory,  Selective CB2 Sun et al., 2022
Caryophyll analgesic, receptor agonist,
ene gastrointestinal reduces oxidative
disorders stress and cytokine
production
a-Pinene Monoterpene Anti-inflammatory, Modulates Luo et al.,
bronchodilator, inflammatory 2006; Yuan et
antimicrobial mediators, inhibits al., 2015
microbial growth,
improves airway
function
Artemisinin  Sesquiterpene  Antimalarial, Generates reactive Newman &
lactone anticancer oxygen species via Cragg, 2020;
(experimental) endoperoxide bridge, Khanam et al.,
damages parasite 2022

proteins
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Table 11: Application of terpenes in Food industry
Plant Type of Terpene Uses References

Citrus fruits,
vegetables, and
spices

Terpenes like linalool, a-
pinene, limonene, and
geraniol

(monoterpene)

Used as natural flavoring
agents in the food industry
flavoring additive in
chewing bubble, candy,
beverages, and many other
products

(Gutiérrez-Del-
rio et al., 2021)

Chrysanthemum  a-cucurmene, Microbicidal activity, Kuang et al.,
morifolium. potential as a preservative 2018
in food processing
Eucalyptus Eucalyptus oil (Limonene,  Preservation of soft cheese  (Belewu et al.,
globulus. y-Terpenes) and 2012)
Lemmon grass Lemongrass
oil(monoterpenes)
Table 12: Terpene Application in Cosmetics
Product Plant Terpene Type/ Uses Reference
Chemical
Citrus oil Lemon, Monoterpene Skin health improved, (Bertuzzi et
Grapefruit prevention of lifestyle- al., 2013)
related skin diseases
Mint oil Pappermint  Menthol relieve skin irritation, (Kiettyka-
Menthone sunburn, used in Dadasiewicz
perfumery and as a & Kubat-
flavour agent Sikorska,
2018)
Oil of Cedar  Cedrus Limonene, Cosmetic, soap and Kumar, 2019
deodara Cedrene, perfume Industries.
Pinene
Floral Rose Limonene Perfumery (Nandhini et
Essential oils  Pogostemon  sesquiterpene skin care treatments al., 2025)
cablin compound known

as patchoulol

Authors Contribution: Conceptualization
and supervision, AM; writing original draft
preparation, AB; writing review and editing, T,
AA, JN; validation, MA, KS; assisted with lit-
erature screening, SF, AA, EF, 1U, NH, MS,

FS. All authors have read and agreed to the
published version of the manuscript.

Funding: No funding is available for this ar-

ticle.



Journal of Applied Botany and Green Economy

Malik et al

References:

Ahuja, ., de Vos, R. C., Bones, A. M., & Hall,
R. D. (2010). Plant molecular stress responses
face climate change. Trends in Plant Science,
15(12), 664674

Ahuja, I, Kissen, R., & Bones, A. M. (2012).
Phytoalexins in defense against pathogens.
Trends in Plant Science, 17(2), 73-90.

Akhmedov, A., Gamirov, R., Panina, Y.,
Sokolova, E., Leonteva, Y., Tarasova, E., Po-
tekhina, R., Fitsev, I., Shurpik, D., & Stoikov,
I. (2023). Towards potential antifungal agents:
synthesis, supramolecular self-assembly and
in vitro activity of azole mono-, sesqui- and
diterpenoids.Organic & Biomolecular Chem-
istry, 21(23), 4863-4873.

Aleem, M., Khan, M. I., Shakshaz, F. A., Ak-
bari, N., & Anwar, D. (2020). Botany, phyto-
chemistry and antimicrobial activity of ginger
(Zingiber officinale): A review. Int J Herb Med,
8(6), 36-49.

Aljbory, Z., & Chen, M. S. (2018). Indirect
plant defense against insect herbivores: a re-
view. Insect science, 25(1), 2-23.

Andrade-Ochoa, S., Nevarez-Moorillén, G. V.,
Séanchez-Torres, L. E., Villanueva-Garcia, M.,
Sanchez-Ramirez, B. E., Rodriguez-Valdez, L.
M., & Rivera-Chavira, B. E. (2015). Quantita-
tive structure-activity relationship of mole-
cules constituent of different essential oils with
anti-mycobacterial activity against Mycobac-
terium tuberculosis and Mycobacterium bovis.
BMC Complementary and Alternative Medi-
cine, 15(1), 332.

Anh, N. T. H,, Anh, L. H., Mai, N. P., Quan,
N. V., & Xuan, T. D. (2023). Identification

and Isolation Techniques for Plant Growth
Inhibitors in Rice. Separations, 10(2), 105.

Arnold, S. E., Forbes, S. J., Hall, D. R., Farman,
D. I, Bridgemohan, P., Spinelli, G. R., Bray,
D. P., Perry, G. B., Grey, L., Belmain, S. R., et
al. (2019). Floral odors and the interaction be-
tween pollinating ceratopogonid midges and
cacao. Journal of Chemical Ecology, 45, 869—
878.

Arthur, G., Naidoo, K., & Coopoosamy, R.
(2012). Bidens pilosa L.: Agricultural and
pharmaceutical importance. Journal of
Medicinal Plants Research, 6(17), 3282-3287.

Badra, Z., Larsson Herrera, S., Cappellin, L.,
Biasioli, F., Dekker, T., Angeli, S., & Tasin, M.
(2021). Species-Specific Induction of Plant
Volatiles by Two Aphid Species in Apple:
Real Time Measurement of Plant Emission
and Attraction of Lacewings in the Wind Tun-
nel. Journal of chemical ecology, 47(7).

Bakkali, F., Averbeck, S., Averbeck, D., &
Idaomar, M. (2008). Biological effects of es-
sential oils: A review. Food and Chemical
Toxicology, 46(2), 446475

Bassolé, I. H. N., & Juliani, H. R. (2012). Es-
sential oils in combination and their antimicro-
bial properties. Molecules, 17(4), 3989-4006.

Battilana, J., Emanuelli, F., & Gambino, G.
(2011). Functional Effect of Grapevine

Deoxy-D-Xylulose 5-Phosphate  Synthase
Substitution K284N on Muscat Flavour
Formation. Journal of Experimental Botany ,
62, 5497-5508.

Belewu, M. A., El-Imam, A. A., Adeyemi, K.
D., & Oladunjoye, S. A. (2012). Eucalyptus oil



Journal of Applied Botany and Green Economy

Malik et al

and lemon grass oil: effect on chemical com-
position and shelf-life of soft cheese. Environ-
ment and Natural Resources Research, 2(1),
114.

Bergmam, M.E. ,Davis, b., & Phillips, M.A.
(2019). Medically useful plant trepnoid: bio-
synthesis, occurrence,and mechanism of ac-
tion. Molecules, 24(21), 3961.

Bertuzzi, G. T. (2013). Antioxidative action of
Citrus limonum essential oil on skin. European
Journals of Medicinal Plants, 3(1), 1-9.

Block, A. K., Vaughan, M. M., Schmelz, E. A,
& Christensen, S. A. (2019). Biosynthesis and
function of terpenoid defense compounds in
maize (Zea mays). Planta, 249(1), 21-30.

Bohlmann, J., & Keeling, C. I. (2008). Terpe-
noid biomaterials. The Plant Journal, 54(4),
656-669

Boncan, D. A. T., Tsang, S. S. K., Li, C., Lee,
I.H. T., Lam, H.-M., Chan, T.-F., & Hui, J. H.
L. (2020). Terpenes and terpenoids in plants:
Interactions with environment and insects. In-
ternational Journal of Molecular Sciences,
21(19), 7382.

Braga, P. C., & Ricci, D. (2011). Thymol-in-
duced alterations in Candida albicans imaged
by atomic force microscopy. Methods Mol Biol,
736, 401-410.

Bruce, S. E., Yonkers, K. A., Otto, M. W., Ei-
sen, J. L., Weisberg, R. B., Pagano, M., & Kel-
ler, M. B. (2005). Influence of psychiatric
comorbidity on recovery and recurrence in
generalized anxiety disorder, social phobia,
and panic disorder: a 12-year prospective
study. American Journal of psychiatry, 162(6),
1179-1187.

Burt, S. (2004). Essential oils: Their antibacte-
rial properties and potential applications in
foods—A review. International Journal of
Food Microbiology, 94(3), 223-253.

Cémara, J. S., Perestrelo, R., Ferreira, R., Ber-
enguer, C. V., Pereira, J. A. M., & Castilho, P.
C. (2024). Plant-derived terpenoids: A pleth-
ora of bioactive compounds with several
health functions and industrial applications: A
comprehensive  overview.  Molecules,29
(16), 3861.

Carson, C. F., Hammer, K. A., & Riley, T. V.
(2006). Melaleuca alternifolia (tea tree) oil: a
review of antimicrobial and other medicinal
properties. Clinical microbiology reviews, 19
(1), 50-62.

Cascon, A., Comino-Méndez, I., Curréas-
Freixes, M., de Cubas, A. A., Contreras, L.,
Richter, S. & Robledo, M. (2015). Whole-ex-
ome sequencing identifies MDH2 as a new fa-
milial paraganglioma gene. Journal of the Na-
tional Cancer Institute, 107 (5), djv053.

Chadwick, R., Boutle, I., & Martin, G. (2013).
Spatial patterns of precipitation change in
CMIP5: Why the rich do not get richer in the
tropics. Journal of climate, 26(11), 3803-3822.

Chaves, P. H. T., Carvalho, A. P. A. d., &
Conte-Junior, C. A. (2025). How Bioactive
Compounds from Brazilian Native Flora of
Biopesticide Potential Can Guide Circular
Bioeconomy and Sustainability in Agrifood
Systems. ACS omega, 10(31), 33965-33981.

Chen, C. & Song, Q. (2022). Responses of the
Pollinating Wasp Ceratosolen solmsi marchali
to Odor Variation BetweenTwo Floral Stages
of Ficus hispida. J. Chem. Ecol. 2008,
34, 1536-1544.



Journal of Applied Botany and Green Economy

Malik et al

Chen, H. L. (2022). Progress in Biological
Activities and Biosynthesis of Edible Fungi
Terpenoids. Critical Reviews in Food Science
and Nutrition, 63 (25), 7288-7310.

Chen, X., Wang, Y., Guo, H., Chen, H., &
Chen, J. (2023). Chemical profile and analysis
of biosynthetic pathways and genes of volatile
terpenes in Pityopsis ruthii, a rare and endan-
gered flowering plant. PLOS ONE, 18(6),
e0287524.

Cheng, F., & Cheng, Z. (2015). Research pro-
gress on the use of plant allelopathy in agricul-
ture and the physiological and ecological
mechanisms of allelopathy. Frontiers in Plant
Science, 6,1020.

ChMabou, F. D., & Yossa, |. B. N. (2021).
TERPENES: Structural classification and bio-
logical activities. IOSR J Pharm Biol Sci, 16,
25-40.

Cristani, M., D'Arrigo, M., Mandalari, G.,
Castelli, F., Sarpietro, M. G., Micieli, D. &
Trombetta, D. (2007). Interaction of four mon-
oterpenes contained in essential oils with
model membranes: implications for their anti-
bacterial activity. Journal of agricultural and
food chemistry, 55(15), 6300-6308.

Dave, N., Igbal, A., Patel, M., Kant, T., Yadav,
V. K., Sahoo, D. K., & Patel, A. (2023). Deci-
phering the key pathway for triterpenoid bio-
synthesis in Azadirachta indica A. Juss.: a
comprehensive review of omics studies in na-
ture’s pharmacy. Frontiers in Plant Science,
14, 1256091.

Degenhardt, J., Kéllner, T. G., & Gershenzon,
J. (2009). Monoterpene and sesquiterpene syn-

thases and the origin of terpene skeletal diver-
sity in plants. Phytochemistry, 70(15-16),
1621-1637.

Delgado-Nufiez, E., Gruintal-Santos, M.,
Palemdn-Alberto, F., Ortega-Acosta, S., Diaz-
Néjera, J., Ayvar-Serna, S., Toledo-Hernandez,
E., Tagle-Emigdio, L., & Sotelo-Leyva, C.
(2025). RESEARCH ARTICLE
Phytochemical analysis and nematicidal-
insecticidal activity of an acetone extract of
Prosopis laevigata against Haemonchus
contortus and Melanaphis sorghi. Tropical
Biomedicine, 42(1), 15-20.

Di Pasqua, R., Betts, G., Hoskins, N., Edwards,
M., Ercolini, D., & Mauriello, G. (2007).
Membrane toxicity of antimicrobial com-
pounds from essential oils. Journal of Agricul-
tural and Food Chemistry, 55(12), 4863-4870.

Dicke, M., & Baldwin, I. T. (2010). The evo-
lutionary context for herbivore-induced plant
volatiles: beyond the ‘cry for help’. Trends in
plant science, 15(3), 167-175.

Dudareva, N., Klempien, A., Muhlemann, J.
K., & Kaplan, I. (2013). Biosynthesis, function
and metabolic engineering of plant volatile or-
ganic compounds. New Phytologist, 198(1),
16-32.

Duke, S. O., Dayan, F. E., Rimando, A. M., &
Schrader, K. K. (2004). Biochemical and phys-
iological mechanisms mediated by allelo-
chemicals. Current Opinion in Plant Biology,
7(4), 472-479.

Einhellig, F. A. (1995). Mechanism of action
of allelochemicals in allelopathy. In K. M. In-
derjit, K. M. M. Dakshini, & F. A. Einhellig
(Eds.), Allelopathy: Organisms, processes, and



Journal of Applied Botany and Green Economy

Malik et al

applications American Chemical Society.(pp.
96-116.

Gam, H.-J., Adhikari, A., Kang, Y., Injamum-
Ul-Hoque, M., Shaffique, S., Woo, J.-I., Jeon,
J. R., An, B.-K,, Back, M. Y., & Kim, K.-Y.
(2024). Investigating the Allelopathic and
Bioherbicidal Potential of Solidago altissima
with a Focus on Chemical Signaling in
Trifolium repens. Plants, 14(1), 96.

Gao, F., Liu, B., Li, M., Gao, X., Fang, Q., &
Ding, M. (2018). Identification and character-
ization of terpene synthase genes accounting
for volatile terpene emissions in flowers of
Freesia x hybrida. Journal of Experimental
Botany, 69(18), 4249-4265.

Gershenzon, J., & Dudareva, N. (2007). The
function of terpene natural products in the nat-
ural world. Nature chemical biology, 3(7),
408-414.

Gill, A. O., & Holley, R. A. (2006). Disrup-
tion of Escherichia coli, Listeria monocyto-
genes and Lactobacillus sakei cellular mem-
branes by plant oil aromatics. International
Journal of Food Microbiology, 108(1), 1-9.

Gongalves, E. C., Baldasso, G. M., Bicca, M.
A., Paes, R. S., Capasso, R., & Dutra, R. C.
(2020). Terpenoids, cannabimimetic ligands,
beyond the cannabis plant. Molecules, 25(7),
1567.

Gong, B., & Zhang, G. (2014). Interactions be-
tween plants and herbivores: A review of plant
defense. Acta Ecologica Sinica, 34(6), 325-
336.

Goodger, J. Q. D., Ades, P. K., Woodrow, I. E.,
& Barbour, E. L. (2021). Monoterpene syn-

thases responsible for the terpene profile of an-
ther glands in Eucalyptus polybractea RT
Baker (Myrtaceae). Tree Physiology, 41(5),
849-864.

Grether-Beck, S. M. (2017). Molecular
Evidence That Oral Supplementation with
Lycopene or Lutein Protects Human Skin
against Ultraviolet Radiation: Results from a
Double-Blinded, Placebo-Controlled,
Crossover  Study. British  Journals of
Dermatology, 176, 1231-1240.

Groenewold, G. S., Orme, C., Stetson, C.,
Brown, R. M., Wendt, L. M., & Wilson, A. D.
(2025). Extraction of Terpenoids from Pine
Needle Biomass Using Dimethyl Ether. Sepa-
rations, 12(7), 169.

Gutiérrez-Del-rio, 1., Lopez-lbafez, S.,
Magadan-Corpas, P., Fernandez-Calleja, L.,
Pérez-Valero, A., Tufion-Granda, M., Mi-
guélez, E.M., Villar, C.J., Lomb¢, F. (2021).
Terpenoids and Polyphenols as Natural Anti-
oxidant Agents in Food Preservation. Antioxi-
dants, 10, 1264.

Hao, Z., Cui, J, & Yang, H. (2021).
Proceedind of Anticancer. Research. 5, 5.
Research Progress of Geraniol in Tumor
Therapy., 5, 5.

Hazzoumi, Z., Moustakime, Y., & Joutei, K.
A. (2019). Essential oil and glandular hairs:
Diversity and roles. In Essential oils-oils of
nature. IntechOpen.

He, J., Chen, J., Yan, H., Zhang, H., Tang, H.,
& Li, Y. (2022). Terpene synthases in cucum-
ber (Cucumis sativus) and their contribution to
herbivore-induced volatile terpenoid emission.
New Phytologist, 233(2), 862-877.



Journal of Applied Botany and Green Economy

Malik et al

Heil, M., & Karban, R. (2010). Explaining
evolution of plant communication by airborne
signals. Trends in ecology & evolu-
tion, 25(3), 137-144.

Holopainen, J. K., & Gershenzon, J. (2010).
Multiple stress factors and the emission of
plant VOCs. Trends in plant science, 15(3),
176-184.

Hu, P., S, N., Megala, A., N, M., Sampathra-
jan, V., Sevugapperumal, N., Kumar, K.,
Kumar, A., lalnunmawii, R., Qutub, M., &
Vichangal Pridiuldi, S. (2023). Chemical
composition, antimicrobial, and DNA pro-
tection activity of essential oils from Citrus
epecies of Northeast India. ACS Food Sci-
ence & Technology, 4

Bruce, S. E., Yonkers, K. A., Otto, M. W., Ei-
sen, J. L., Weisberg, R. B., Pagano, M, ... &
Keller, M. B. (2005). Influence of psychiatric
comorbidity on recovery and recurrence in
generalized anxiety disorder, social phobia,
and panic disorder: a 12-year prospective
study. American Journal of psychiatry, 162(6),
1179-1187.

Hu, Z.X., Deng, AP., Fu, X.D., Li, D.Z.
(2012). Optimization of Formulation and Prep-
aration Process of Paclitaxel Polylactic Acid-
Glycolic Acid Nanoparticles by Factor De-
sign-Response Surface Method. China Pharm.,
15, 626-629.

Huang, H. (2003). The Study on the Separation
of B-Elemene and the Preparation of Its
Liposomes. BioMedical Thesis, Tianjin
University, Tianjin, China,Inderjit, Callaway,
R. M., & Vivanco, J. M. (2011). Allelochemi-
cal effects and interaction pathways in plant—
plant interference: Emerging trends in ecology

and biochemistry. New Phytologist, 192(3),
394-406.

Isman, M. B. (2006). Botanical insecticides,
deterrents, and repellents in modern agricul-
ture and an increasingly regulated world. An-
nual review of entomology, 51(1), 45-66.

Isman, M. B. (2020). Botanical insecticides in
the twenty-first century—fulfilling their prom-
ise?. Annual Review of Entomology, 65(1),
233-249.

Kato-Noguchi, H., Kimura, F., Ohno, O., &
Suenaga, K. (2017). Involvement of allelopa-
thy in inhibition of understory growth in red
pine forests. Journal of Plant Physiology, 218,
66-73.

Keeling, C. I., & Bohlmann, J. (2006). Diter-
pene resin acids in conifers. Phytochemistry,
67(22), 2415-2423.

Khanam, M. N., Anis, M., Javed, S. B.,
Mottaghipisheh, J., & Csupor, D. (2022). Ad-
ventitious root culture—an alternative strategy
for secondary metabolite production: a re-
view. Agronomy, 12(5), 1178.

Kiettyka-Dadasiewicz, A. &.-S. (2018).
Chemical diversity of mint essential oils and
their significance for aromatherapy. Archives
of Physiotherapy and Global Researches,
22(4), 53-59.

Kingston, J. D. (2007). Shifting adaptive land-
scapes: progress and challenges in reconstruct-
ing early hominid environments. American
Journal of Physical Anthropology: The Offi-
cial Publication of the American Association
of Physical Anthropologists, 134(S45), 20-58.



Journal of Applied Botany and Green Economy

Malik et al

Kostyukovsky, M., Rafaeli, A., Gileadi, C.,
Demchenko, N., & Shaaya, E. (2002). Activa-
tion of octopaminergic receptors by essential
oil constituents isolated from aromatic plants:
possible mode of action against insect pests.
Pest Management Science: formerly Pesticide
Science, 58(11), 1101-1106.

Kuang C. L., LvD., Shen G.H., Li S. S., Luo
Q. Y., Zhang Z. Q. (2018). Chemical compo-
sition and antimicrobial activities of volatile
oil extracted from Chrysanthemum morifo-
lium. Ramat. Journal of food science and tech-
nology, 55, 2786-94.

Kumar, S. K. (2019). Himalayan (Himachal
region) cedar wood (Cedrus deodara: Pinaceae)
essential oil, its processing, ingredients and
uses: A review. Journal of Pharmacognocy
and Phytochemistry, 8(1), 2228-38.

Langeveld, W. T., Veldhuizen, E. J. A., & Burt,
S. A. (2014). Synergy between essential oil
components and antibiotics: A review. Critical
Reviews in Microbiology, 40(1), 76-94.

Langeveld, W. T., Veldhuizen, E. J. A., & Burt,
S. A. (2014). Synergy between essential oil
components and antibiotics: A review. Critical
Reviews in Microbiology, 40(1), 76-94.

Li, C., Zha, W,, Li, W., Wang, J., & You, A.
(2023). Advances in the Biosynthesis of Ter-
penoids and Their Ecological Functions in
Plant Resistance. International journal of mo-
lecular sciences, 24(14), 11561

Li, H., Li, J., Dong, Y., Hao, H., Ling, Z., Bai,
H., Wang, H., Cui, H., & Shi, L. (2019). Time-
series transcriptome provides insights into the
gene regulation network involved in the vola-
tile terpenoid metabolism during the flower

development of lavender. BMC Plant Biology,
19, 313.

Li, X., Hui, H., & Luo, Z. (2016). In Vitro
Study on the Antifungal Activity of Geraniol,
B-Citronellol and Eugenol. Mod. J. Lab. Med.
2016, 2, 87-89. Journal of Modren Laboratory
Medicine, 2, 87-89.

Lin, H.M., Chen, Y.Y., Shi, AH., Zhu, G.Y.
(2017). Phase 3 Randomized Low-Dose
Paclitaxel Chemoradiotherapy Study for Lo-
cally Advanced Non-Small Cell Lung Can-
cer. Frontiers in oncology, 6, 260.

Luo, C.Q., Duan, W.G., Cen, B. (2006). Study
on a New Technology of Synthesizing a-Pi-
nene Maleic Anhydride Adduct. JOURNAL-
GUANGXI UNIVERSITY NATURAL, 1, 15-19.

LyOpitz, S., Kunert, G., & Gershenzon, J.
(2008). Increased terpenoid accumulation in
cotton (Gossypium hirsutum) foliage is a gen-
eral wound response. Journal of chemical ecol-
ogy, 34(4), 508-522.

Macias, F. A., Molinillo, J. M. G., Varela, R.
M., & Galindo, J. C. G. (2007). Evolution and
current status of ecological phytochemistry.
Phytochemistry, 68(22—-24), 2917-2936.

Majetic, C. J., Raguso, R. A., & Ashman, T.
(2009). The sweet smell of success: Floral
scent affects pollinator attraction and seed fit-
ness in Hesperis matronalis. Functional Ecol-
ogy, 23, 480-487.

Marei, G.1. K., Rasoul, M. A. A., & Abdel-
galeil, S. A. (2012). Comparative antifungal
activities and biochemical effects of monoter-
penes on plant pathogenic fungi. Pesticide Bi-
ochemistry and Physiology, 103(1), 56-61.



Journal of Applied Botany and Green Economy

Malik et al

McCormick, A. C., Unsicker, S. B., &
Gershenzon, J. (2012). The specificity of her-
bivore-induced plant volatiles in attracting her-
bivore enemies. Trends in plant science, 17(5),
303-310.

Mendieta-Brito, S., Sayed, M., Son, E., Kim,
D. S., Davila, M., & Pyo, S. H. (2024). Identi-
fication, Characterization, and Antibacterial
Evaluation of Five Endophytic Fungi from
Psychotria poeppigiana Mll. Arg., an Ama-
zon Plant. Microorganisms, 12(8).

Mihai, A., & Popa, M. (2015). In vitro Activity
of Natural Antimicrobial Compounds against
Aspergillus Strains. Agriculture and Agricul-
tural Science Procedia, 6, 585-592.

Mirza, A., Rai, M. R., & Singh, J. (2023). An-
timicrobial efficacy of Citrus limon leaf and
peel extracts on indeterminate tomato plants to
achieve sustainable agriculture. Agricultural
Science Digest.

Mitra, B., Diaz, F., & Craswell, N. (2017).
Learning to match using local and distributed
representations of text for web search. In Pro-
ceedings of the 26th international conference
on world wide web (pp. 1291-1299).

Mukhtar, Y. A.-F. (2018). Biochemical
significance of limonene and its metabolites:
future prospects for designing and developing
highly potent anticancer drugs. Bioscience

Reports, 38.

Naidoo, S., Christie, N., Acosta, J. J.,
Mphahlele, M. M., Payn, K. G., Myburg, A. A.,
& Kilheim, C. (2018). Terpenes associated
with resistance against the gall wasp, Lepto-
cybe invasa, in Eucalyptus grandis. Plant, Cell
& Environment, 41, 1840-1851.

Nandhini, S. A (2025). Floral
phytochemistry: exploring the extraction and
utilization of volatile organic compounds.
Discover Applied Sciences, 7(5), 439.

Nazzaro, F., Fratianni, F., Coppola, R., & De
Feo, V. (2017). Essential oils and their anti-
fungal activity: Mechanisms and applications.
In Essential oils A promising natural antimi-
crobial resource for food and pharmaceutical
industries (pp. XX-XX). Springer/Science
Press.

Nazzaro, F., Fratianni, F., De Martino, L.,
Coppola, R., & De Feo, V. (2013). Effect of
essential oils on pathogenic bacteria. Pharma-
ceuticals, 6(12), 1451-1474.

Nelson, A. S., & Whitehead, S. R. (2021).
Fruit secondary metabolites shape seed disper-
sal effectiveness. Trends in Ecology & Evolu-
tion, 36(12), 1113-1123.

Newman, D. J., & Cragg, G. M. (2020). Natu-
ral products as sources of new drugs over the
nearly four decades from 01/1981 to
09/2019. Journal of natural products, 83(3),
770-803.

Ninkuu, V., Zhang, L., Yan, J., Fu, Z., Yang,
T., & Zeng, H. (2021). Biochemistry of ter-
penes and recent advances in plant protec-
tion. International Journal of Molecular Sci-
ences, 22(11), 5710.

Niyogi, K. K., Li, X. P., Rosenberg, V., & Jung,
H. S. (2005). Is PsbS the site of non-photo-
chemical quenching in photosynthesis?. Jour-
nal of experimental botany, 56(411), 375-382.

Oates, C. N., Kilheim, C., Myburg, A. A,
Slippers, B., & Naidoo, S. (2015). The tran-
scriptome and terpene profile of Eucalyptus



Journal of Applied Botany and Green Economy

Malik et al

grandis reveals mechanisms of defense against
the insect pest, Leptocybe invasa. Plant and
Cell Physiology, 56(7), 1418-1428.

Osbourn, A., Goss, R. J., & Field, R. A.
(2011). The saponins—polar isoprenoids with
important and diverse biological activi-
ties. Natural product reports, 28(7), 1261-
1268.

Paduch, R., Kandefer-Szerszen, M., Trytek,
M., & Fiedurek, J. (2007). Terpenes: sub-
stances usefulbin human healthcare. Archivum
Immunologiae et Therapiae Experimentalis,
55(5), 315-327.

Patill, H. S., Baviskar, A. S., Dinore,
J.M.,&Yelawande, A.A.(2025). Advance in
Terpenoids Biochemistry: Chemical Diversity
and Emereging Industrial Application. Science
of Phytochemistry, 4(2), 62-75.

Pavela, R., & Benelli, G. (2016). Essential oils
as ecofriendly biopesticides? Challenges and
constraints. Trends in plant science, 21(12),
1000-1007.

Perveen, S., & Al-Taweel, A. (Eds.).
(2018). Terpenes and terpenoids. BoD-Books
on Demand.

Pichersky, E., & Raguso, R. A. (2018). Why
do plants produce so many terpenoid com-
pounds? New Phytologist, 220(3), 692-702.

Pinto, E., Vale-Silva, L., Cavaleiro, C., & Sal-
gueiro, L. (2009). Antifungal activity of the
clove essential oil from Syzygium aromaticum
on Candida, Aspergillus and dermatophyte
species. Journal of Medical Microbiology,
58(11), 1454-1462.

Plata-Rueda, A., Campos, J. M., da Silva Ro-
lim, G., Martinez, L. C., Dos Santos, M. H.,
Fernandes, F. L., Serrdo, J. E., & Zanuncio, J.
C. (2018). Terpenoid constituents of cinnamon
and clove essential oils cause toxic effects and
behavior repellency response on granary wee-
vil, Sitophilus granarius. Ecotoxicology and
Environmental Safety, 156, 263-270.

Polymeni, S., Skoutas, D. N., Sarigiannidis, P.,
Kormentzas, G., & Skianis, C. (2024). Smart
Agriculture and Greenhouse Gas Emission
Mitigation: A 6G-loT Perspective. Electronics,
13(8), 1480.

Regnault-Roger, C., Vincent, C., & Arnason, J.
T. (2012). Essential oils in insect control: low-
risk products in a high-stakes world. Annual
review of entomology, 57(1), 405-424.

Roba, K. (2020). The role of terpene (second-
ary metabolite). Nat Prod Chem Res, 9.

Ruwanza, S., Gaertner, M., Esler, K. J., &
Richardson, D. M. (2015). Allelopathic effects
of invasive Eucalyptus camaldulensis on
germination and early growth of four native
species in the Western Cape, South Africa.
Southern Forests: a Journal of Forest Science,
77(2), 91-105.

Shahidi, F. D. (2016). Tocotrienols in
Common and Emerging Dietary Sources:
Occurrence, Applications, and Health Benefits.
International Journal of Molecular, 17(10),
1745.

Sharma, E., Anand, G., & Kapoor, R. (2017).
Terpenoids in plant and arbuscular mycor-
rhiza-reinforced defence against herbivorous
insects. Annals of Botany, 119(5), 791-801.



Journal of Applied Botany and Green Economy

Malik et al

Singh, B., & Sharma, R. A. (2015). Plant ter-
penes: defense responses, phylogenetic analy-
sis, regulation and clinical applications. 3 Bio-
tech, 5(2), 129-151.f

Singh, H. P., Batish, D. R., Kaur, S., & Kohli,
R. K. (2006). Inhibitory effects of volatile
monoterpenes on seed germination and seed-
ling growth. Journal of Plant Growth Regula-
tion.

Souto, A. L., Sylvestre, M., Tolke, E. D.,
Tavares, J. F., Barbosa-Filho, J. M., & Cebrian-
Torrejon, G. (2021). Plant-derived pesticides
as an alternative to pest management and
sustainable agricultural production: Prospects,
applications and challenges. Molecules, 26(16),
4835.

Srivastava, P. L., Johnson, L. A., Miller, D. J.,
& Allemann, R. K. (2024). Production of non-
natural terpenoids through chemoenzymatic
synthesis using substrate analogs. In Methods
in Enzymology (Vol. 699, pp. 207-230).
Academic Press.

Sultana, S., Ali, M., & Panda, B. (2012). Influ-
ence of volatile constituents of fruit peels of
Citrus reticulata Blanco on clinically isolated
pathogenic microorganisms under In—vitro.
Asian Pacific Journal of Tropical Biomedicine,
2, S1299-S1302.

Sun, L., & Sun, L. R. (2009). Research
Progress of Geraniol. Northwest Pharmaco
journal, 24.

Sun, M.Y., Wang, H., Jiang, L.Z. (2022). Re-
search Progress of Microcapsules Prepared by
Spray Drying as a Delivery System for Bioac-
tive Components. Soybean Science Technol-
ogy, 1, 11.

Terry, I., Walter, G. H., Moore, C., Roemer, R.,
& Hull, C. (2007). Odor-mediated push-pull
pollination in cycads. Science, 318(5847), 70-
70.

Tetali, S. (2019). Terpenes and Isoprenoidss:
A Wealth of Compounds for Global Use.
Planta, 1-8.

Thawabteh, A. M., Swaileh, Z., Ammar, M.,
Jaghama, W., Yousef, M., Karaman, R., S, A.
B., & Scrano, L. (2023). Antifungal and Anti-
bacterial Activities of Isolated Marine Com-
pounds. Toxins (Basel), 15(2).

Thimmappa, R. G. (2004). The triterpene
biosynthesis in plants. Annual Reveiv of Plant
Biology, 65, 225-257.

Tholl, D. (2015). Biosynthesis and biological
functions of terpenoids in plants. Biotechnol-
ogy of isoprenoids, 63-106.

Tian, J., Ban, X., Zeng, H., He, J., Chen, Y., &
Wang, Y. (2012). The mechanism of antimi-
crobial action of essential oil from Cin-
namomum camphora against Escherichia coli
and Staphylococcus aureus. Food Control,
25(2), 550-555.

Triaux, Z. P.
Headspace,

(2021). Comparison of
Hydrodistillation and
PressurizedLiquid Extraction of Terpenes and
Terpenoids from Food Matrices—Qualitative
and Quantitative Analysis. Journal of
Analytical Chemistry, 76, 284-295.

Ultee, A., Bennik, M. H. J., & Moezelaar, R.
(2002). The phenolic hydroxyl group of car-
vacrol is essential for action against the food-
borne pathogen Bacillus cereus. Applied and
Environmental Microbiology, 68(4), 1561-
1568.



Journal of Applied Botany and Green Economy

Malik et al

Unsicker, S. B., Kunert, G., & Gershenzon, J.
(2009). Protective perfumes: the role of vege-
tative volatiles in plant defense against herbi-
vores. Current opinion in plant biology, 12(4),
479-485.

Vickers, C. E., Gershenzon, J., Lerdau, M. T.,
& Loreto, F. (2009). A unified mechanism of
action for volatile isoprenoids in plant abiotic
stress. Nature chemical biology, 5(5), 283-291.

Vokou, D., Douvli, P., Blionis, G. J., & Halley,
J. M. (2003). Effects of monoterpenoids, act-
ing alone or in pairs, on seed germination and
subsequent seedling growth. Journal of Chem-
ical Ecology, 29(10), 2281-2301.

Volzong, C., Masini, O., Comelli, N.A. (2005).
a-Pinene Conversion by Modified-Kaolinitic
Clay Materials Chemistry and Physics, 93,
296-300.

Vranova, E., Coman, D., & Gruissem, W.
(2013). Network analysis of the MVA and
MEP pathways for isoprenoid synthesis. An-
nual review of plant biology, 64, 665-700.

Wasternack, C., & Hause, B. (2013).
Jasmonates: biosynthesis, perception, signal
transduction and action in plant stress response,
growth and development (an update). Annals
of Botany, 111(6), 1021-1058.

Weston, L. A., & Duke, S. O. (2003). Weed
and crop allelopathy. Critical Reviews in Plant
Sciences, 22(3-4), 367-389.

Willman, B., Masjedi, M., Hogg, D. W., Dal-
canton, J. J., Martinez-Delgado, D., Blanton,
M., & Chaboyer, B. (2006). Willman 1-a ga-
lactic satellite at 40 kpc with multiple stellar
tails. arXiv preprint astro-ph/0603486.

Wu, J., Zhang, Y., Li, X., Zhang, L., & Wang,
G. (2024). Overexpression of the Liriodendron
tulipifera TPS32 gene in tobacco enhances ter-
penoid compounds synthesis. Frontiers in
Plant Science, 15, 1445103.

Xiao, S. T. (2018, January 19). Recent
Progress in the Antiviral Activity and
Mechanism Study of Pentacyclic
Triterpenoids and their Derivatives. Medicinal
research Reviews, 38(3), 951-976.

Xu, X., Cai, X., Bian, L., Luo, Z., Xin, Z., &
Chen, Z. (2015). Electrophysiological and be-
havioral responses of Chrysopa phyllochroma
(Neuroptera: Chrysopidae) to plant volatiles.
Environmental Entomology, 44, 1425-1433.

Yang, L. C. (2020). Design and Synthesis of
Tricyclic Terpenoid Derivatives as Novel

PTP1B Inhibitors with Improved
Pharmacological Property and in Vivo
Antihyperglycaemic Efficacy. Journal of
Enzyme Inhibition and Medicinal

Chemistry(1), 152-164.

Yuan, X.M,, Zhang, P.H., Zhao, Z.D., Lu, Y .J.,
Wang, M.X. (2015). Research Advances in the
Catalysts for Synthesis of Borneol from o-Pi-
nene by Esterification/Saponification Method.

Zangerl, A. R., Stanley, M. C., & Berenbaum,
M. R. (2008). Selection for chemical trait re-
mixing in an invasive weed after reassociation
with a coevolved specialist. Proceedings of the
National Academy of Sciences,
105(12), 4547-4552.



