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Abstract

Benzenoids/phenylpropanoids, the second most diverse group of plant volatiles, exhibit significant structural diversity and play crucial
roles in attracting pollinators and protecting against pathogens, insects, and herbivores. This review summarizes their complex
biosynthetic pathways and regulatory mechanisms, highlighting their links to plant growth, development, hormone levels, circadian
rhythms, and flower coloration. External factors like light, humidity, and temperature also influence their biosynthesis. Their ecological
value is discussed, offering insights for enhancing floral scent, pollinator attraction, pest resistance, and metabolic engineering through
genetic modification.

Introduction
Floral scent, a blend of low molecular weight, high vapor pressure
volatile organic compounds (VOCs), attracts pollinators and repels
insects and pathogens. Additionally, it enhances the aesthetic
and economic value of ornamental plants, with applications in
perfumes, cosmetics, food spices, and medicine [1]. VOCs are
categorized into terpenoids, benzenoids/phenylpropanoids (BPs),
and fatty acid derivatives based on their biosynthetic pathways
(Fig. 1) [1, 2]. Terpenoids, including monoterpenes, diterpenes,
and sesquiterpenes, are synthesized via the methylerythritol
phosphate (MEP) and mevalonic acid (MVA) pathways. Fatty
acid derivatives originate from the lipoxygenase (LOX) pathway,
while BPs derive from the shikimate pathway (Fig. 1) [1, 2].
Extensively studied in both herbaceous and woody plants, BPs
are the focus of this review, which explores their biosynthetic
pathways, regulatory mechanisms, and ecological roles. This
research could inform strategies for breeding plant varieties
with enhanced fragrance, benefiting the fragrance industry and
horticulture.

Biosynthetic pathways of
benzenoids/phenylpropanoids
The distribution of BPs in plants is extensive, BPs constituting
a significant component of floral scent. They are present in
many fragrant plant species, encompassing herbaceous flow-
ers like Petunia hybrida, Paeonia lactif lora, Clarkia breweri, Antir-
rhinum majus, and woody flowers such as Rosa, Paeonia suffruticosa,

Prunus mume, Plumeria rubra, and Jasminum sambac (Table 1) [3,
4, 6, 8–10, 12–14]. Petunia hybrida, Rosa spp., and Prunus mume
are especially noted for their distinctive fragrances, largely due
to BPs. The range of BPs includes compounds like benzalde-
hyde, phenylacetaldehyde, 2-phenylethanol, isoeugenol, eugenol,
methyl benzoate, benzyl benzoate, benzyl acetate, methyl sali-
cylate, 3,5-dimethoxytoluene, 1,3,5-trimethoxybenzene, and 1,4-
dimethoxybenzene, which are common in plant floral scents
(Table 1).

BPs are volatile compounds characterized by an aromatic
carbon skeleton derived from phenylalanine (Fig. 2). The deam-
ination of phenylalanine, catalyzed by phenylalanine ammonia
lyase (PAL), produces trans-cinnamic acid (t-CA), the precursor for
BPs. Subsequent methylation or acylation reactions, mediated
by various enzymes, generate a diverse array of BPs [1, 18].
Based on their structure and biosynthetic pathways, BPs are
classified into benzenoids (C6–C1), such as benzyl alcohol and
benzaldehyde (Fig. 2A); phenylpropanoid-related compounds (C6–
C2); such as phenylacetaldehyde and 2-phenylethanol (Fig. 2B);
and phenylpropanoids (C6–C3), such as eugenol and isoeugenol
(Fig. 2C) [1]. Additionally, BPs include polyketides like 1,3,5-
trimethoxybenzene and 3,5-dimethoxytoluene, synthesized by
type III polyketide synthases (PKS III) acting on cinnamyl-CoA
and malonyl-CoA (Fig. 2D) [18].

Biosynthesis of phenylalanine
Phenylalanine serves as the aromatic carbon skeleton for most
BPs. Its biosynthesis primarily occurs via the shikimate pathway.
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for their release (Fig. 6) [121]. The release of floral scent in many
plants follows a circadian rhythm that may be linked to insect
activity. Honeybee-pollinated snapdragon flowers exhibit a peak
in methyl benzoate emission during daylight hours [42]. Moth-
pollinated petunias release floral scent such as benzaldehyde,
methyl benzoate, and isoeugenol at night [3]. Methyl benzoate
is one of the most abundant aromatic compounds found in
snapdragon flowers, and its emission shows a clear circadian
rhythm with highest levels during the daytime, aligning with
bumblebee foraging patterns [91].

Besides attracting pollinators, BPs metabolites also serve as
chemical barriers for plants to defend against flower insects,
pathogens, and herbivores. Additionally, they play a crucial role
in enhancing plant stress resistance and pest control. Phenylac-
etaldehyde, for instance, plays a role in defending against herbi-
vore attacks (Fig. 6) [67]. 2-Phenylethanol, a volatile component
of Rosa spp., has a significant trapping effect on the long-legged
chafer (Fig. 6) [110]. Soybeans can synthesize phenylethanol in
vivo after exposure to microorganisms, which can influence the
community composition and abundance of arthropods around
plants within an extended range of up to 8 m away [111]. Mao et al.
[112] discovered that benzyl alcohol, benzaldehyde, and methyl
salicylate present in rice VOCs attract female rice planthopper
egg parasitoids (Fig. 6). A lure made with equal proportions of rice
BPs can attract female rice planthopper egg parasitoids effectively,
contributing to biological control measures for rice cultivation.
Benzaldehyde and 1,2-benzisothiazol-3(2H)-one have been found
to inhibit the growth of weevils and fungi in the surrounding soil
area, providing more benefits for plant growth and development
(Fig. 6) [113–115]. The addition of wild strawberry flowers’ dom-
inant volatile compound, 1,4-dimethoxybenzene, as an aggre-
gation pheromone increased the number of trapped strawberry
blossom weevils by over two times compared with using the aggre-
gation pheromone alone (Fig. 6) [116]. Distinctive N-containing
volatiles such as phenylacetonitrile (PAN), 2-nitroethylbenzene
(NEB), and (E/Z)-phenylacetaldoxime (PAOx) have been strongly
implicated in defense against herbivores and pathogens [117–119].

Concluding remarks and future
perspectives
Floral scent, a pivotal plant trait, has garnered extensive attention,
especially concerning BPs, the second major category of VOCs
in floral scent. These compounds, crucial secondary metabolites,
boast diverse arrays and intricate biosynthetic pathways. Recent
advances have laid the foundation for breeding and transgenic
engineering to manipulate plant floral scents. In contrast to
terpenoids, research on BPs is largely limited to model plants
like Petunia hybrida and faces significant constraints. Therefore,
it is crucial to expand research to include a wider range of
plant species and explore the diversity of BPs biosynthesis path-
ways across various flowers. Special attention should also be
given to enzymes involved in BPs synthesis, particularly those
facilitating the production of benzaldehyde and acetophenone.
Understanding the varied biosynthetic pathways of compounds
like 2-phenylethanol and 2-phenyletaldehyde is crucial. More-
over, unexplored catalytic mechanisms await discovery for mul-
tifunctional enzymes like CHD, IEMT, and BSMT. Despite progress
in VOCs synthesis understanding, inter-organelle transport pro-
cesses and cellular release mechanisms remain inadequately
elucidated, necessitating comprehensive exploration.

The biosynthesis and release of plant BPs are intricately
regulated by a complex interplay of transcriptional regulators

and external factors, enabling plants to adapt to diverse environ-
mental conditions. However, the limited number of identified
BPs-related transcription factors calls for further in-depth
investigation. Notably, transcription factors EOBI, EOBII, and
ODOI exhibit intricate relationships and synergistically regulate
BPs biosynthesis, warranting special attention. Additionally,
factors like ERF6, LHY, PAP1, and PH4 are implicated in various
processes, including hormone synthesis and the circadian
rhythm, suggesting co-regulatory relationships between BPs
biosynthesis and plant growth and development that merit
exploration. Understanding the mutual regulation mechanisms
of flower coloration and floral scent is significant for attracting
pollinators. Furthermore, environmental cues such as light
intensity, temperature, and humidity can influence BPs release,
but the molecular mechanisms underlying these signals remain
unexplored, necessitating further studies for elucidation.

The role of BPs in ecological interactions between plants and
pollinators, as well as in plant defense against insects, pathogens,
and herbivores, is crucial for promoting resilience and adapt-
ability in diverse ecosystems and for plant reproduction and
evolution. While the diversity of BPs is extensive, current research
on their ecological value only scratches the surface, exploring
a limited range of substances. There is a multitude of unex-
plored ecological effects associated with BPs that warrant further
investigation. Moreover, exploring hybridization, transgenic tech-
niques, or exogenous spraying of specific BPs can modify the VOCs
composition in plant flowers, attracting targeted pollinators and
enhancing natural pollination efficiency. Additionally, leveraging
the defensive and trapping characteristics of BPs can facilitate
the development of eco-friendly pesticides and green traps that
minimize damage to both plants and the environment.
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