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Terpenoids are the most diverse class of specialized metabolites in plants, despite being derived from two
simple precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). Terpene
biosynthesis can be broadly divided into two stages: the formation of upstream carbon-hydrogen scaf-
folds and the downstream modification of these scaffolds. In this review, we first highlight recent

advances in the biosynthesis of the upstream carbon-hydrogen backbones. We then discuss the tech-
niques and methodologies used to elucidate the molecular details of the downstream modification reac-
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tions, particularly in the context of medicinal plants. Finally, we explore and forecast the future of
biological function studies of plant terpenoids, with a specific focus on their roles in planta. This review
aims to provide a comprehensive overview of current research trends and insights into terpene biosyn-
thesis and their functional characterization in plants.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and

Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The study of terpene biosynthesis has a long history, dating
back to the early 20th century, when pioneering researchers,
including Nobel laureate Otto Wallach, made significant contribu-
tions to understanding terpene structural diversity. Major break-
throughs occurred in the 1950s, with the discovery that
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) serve as universal precursors for all terpenoids [1]. This
laid the foundation for elucidating terpene biosynthetic pathways,
leading to the identification of the mevalonic acid (MVA) and
methylerythritol phosphate (MEP) pathways responsible for
DMAPP/IPP synthesis [2]. The discovery of bioactive plant-
derived terpenoids, such as the anticancer drug paclitaxel, the anti-
malarial compound artemisinin, and phytohormones, including
gibberellins, abscisic acid (ABA), brassinosteroids (BRs), strigolac-
tones, and cytokinins, which contain one dimethylallyl group, fur-
ther stimulated interest in terpene biosynthesis.

Roughly, diverse plant-based terpenes can be classified into
monoterpenes (Cqg), sesquiterpenes (C;s), diterpenes (Cyg), sestert-
erpenes (Cys), triterpenes (Csg), tetraterpenes (C40), and polyterpe-
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nes [3]. The meroterpenes, which are partially derived from
terpenoid biosynthetic pathways, are also included in this review
[4]. Advances in molecular biology and chemical analysis have
enabled the identification and functional characterization of key
biosynthetic enzymes, such as prenyltransferases, terpene syn-
thases (TPSs), and cytochrome P450s (Fig. 1). With the advent of
high-throughput sequencing and sophisticated analytical tech-
nologies in the twentieth century, researchers have gained
unprecedented insights into the genetic and biochemical mecha-
nisms underlying terpene biosynthesis and its regulation in
response to developmental and environmental cues.

Currently, terpene biosynthesis is a highly dynamic area of
research, focusing on pathway elucidation, metabolic engineering,
functional genomics, and the exploration of terpenoids for phar-
maceutical, agricultural, and industrial applications. In this review,
we summarize the latest advancements in plant terpenoid research
from the following aspects.

2. New discoveries from five-carbon-atom (Cs) building blocks
to terpenoid scaffolds

After the formation of Cs5 building blocks (DMAPP and IPP) from
both the MEP and MVA pathways, the Cs building blocks are sub-
sequently catalyzed by isoprenyl diphosphate synthase (IDS, also

2095-8099/© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: X. Wang and G. Wang, Plant Terpenoid Diversity: From Pathway Elucidation to Ecological Functions, Engineering, https://doi.org/
10.1016/j.eng.2025.11.021



http://creativecommons.org/licenses/by/4.0/
move_f0005
https://doi.org/10.1016/j.eng.2025.11.021
http://creativecommons.org/licenses/by/4.0/
mailto:gdwang@genetics.ac.cn
https://doi.org/10.1016/j.eng.2025.11.021
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng

X. Wang and G. Wang

High-value resources

Artemisia annua Ginkgo biloba Tripterygium wilfordii Sal\}i‘é miltiorrhiza

(Artemisinin...) (Ginkgolide...) (Celastrol...) (Salviarin...)
(a)
Terpenoid pathways (i) Multiomics data

MEP and MVA pathways

IDI

APTH e BL bmapp

H

i

[¢]

GFPP (Cy), ...Cy

(ii) Genome and metabolome mining

Cyclization TPSs

iterpenes (C,,), sesterterpenes (C,s), triterpenes (Cs,

£
Monoterpens (C,,), sequisterpenes (C,s), _ﬁ\_
Lj )] o \.j

B Target identification

g et
Committed oxidation CYP450s, etc. — \ M@ N

Linked genes

(iii) Prospective applications

~ M
» ¥ S //?\</\
L Rt /}/

z 5 i
3
o}
E
1<}
o
% )
2 o) o) HO o9H o Pathway validation
o §—< O_g' HM OH
OH
Acetyl Benzyl D-Gle L-Rha
HO_OH i
o OH
5 0
NH, oH| |
Aminoacyl D-Api D-Xyl
0 oH o ouﬁ) i
r‘{on\)\/\o/u\./'\/\o}'L /
Acyl chain . / Ecological functions

(b)

o B ZN )
i) ® 5
Meroterpenes Prenyltransferation PTs s —

[ GPP (Cy,), FPP (Cs), GGPP (Cm),] Metabolomics ~ Referenc genome

Engineering xxx (XXXX) XXX

Taxues spp. Saponaria officinalis

(Paclitaxel...) (Saponarioside...)

Transcriptomics|

t-SNE1
Single-cell RNA Microbiomics

‘.___sequencing s

Non-machine learning

Correlation and
regression

Protein engineering Cell factories

Biocontrol

(c)

m
O

&

Pharmaceuticals

Fig. 1. A comprehensive pipeline for biosynthetic pathway identification and functional elucidation of plant terpenoids. (a) Pharmaceutical components accumulated in specific
organs of medicinal plants (indicated with red circles). (b) Biosynthetic pathways of terpenoids start with the DMAPP/IPP from MVA and MEP pathways; the core cyclic skeletons are
produced from prenyl diphosphates with varying five-carbon-atom (Cs) units through cyclization by TPSs followed by oxidation catalyzed by cytochrome P450 monooxygenases
(CYP450s), and further tailoring reactions drive the complexity of terpenoids to produce the targeted compounds. (c) Schematic diagram outlining a generalized strategy for
elucidating the biosynthetic pathways of targeted terpenes in medicinal plants. (i) Classic analyses typically use metabolomics, genomics, and transcriptomics (even single-cell level
omics are considered). The microbiome can aid in the discovery of novel genomic resources for identifying variations in terpenoids. (ii) The identification of biosynthesis-related gene
clusters (BGCs) is currently a key method used for the validation of genes encoding enzymes involved in specialized terpenoid pathways. Genome and metabolome mining use
nonmachine learning methods such as correlation and regression (for example, linking metabolomic and transcriptomics data) and deep learning, among other methods. (iii)
Nicotiana benthamiana and yeast are useful platforms for the reconstitution of terpene pathways. Synthetic biology approaches are transforming field production to the generation of
gene circuits for the stable expression of complex specialized terpenes in cell factories for pharmaceutical, biocontrol and ecological purposes. The blue arrows indicate well-
established pathways of terpene biosynthesis; the red arrows indicate cutting-edge research focusing on the steps of terpene biosynthesis. Api: apiose; Glc: glucose; Rha: rhamnose;
Xyl: xylose; Al artificial intelligence; IDI: isopentenyl diphosphate isomerase; APT: aromatic prenyltransferase; UGT: UDP-dependent glycosyltransferase; AT: acyltransferase; PT:
prenyltransferase; t-SNE: t-distributed stochastic neighbor embedding. The figure was created using Adobe Illustrator and BioRender.com.
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named prenyltransferase) and TPS to generate a diverse array of
terpenoid scaffolds. Both trans-IDSs and cis-IDS from plants share
a similar condensation mechanism of DMAPP and IPP to produce
prenyl diphosphates with varying chain lengths, despite being evo-
lutionarily unrelated [5]. Compared with the well-studied farnesyl
diphosphate synthases (FPPSs, Ci5) and geranylgeranyl diphos-
phate synthases (GGPPSs, Cyp), geranylfarnesyl diphosphate syn-
thases (GFPPSs, Cps) have only recently been functionally
characterized in plants [6-8]. Comparative structural analyses of
bona fide GGPPS (At4g36810, C,p), one GFPPS (At3g14550, Cys),
and one polyprenyl diphosphate synthase (PPPS, At3g20160, >
C,5) from Arabidopsis thaliana revealed that the chain-length con-
trol mechanism of plant trans-IDSs could be explained by a “three
floor” model in which each floor is composed of two or three resi-
dues [8]. Briefly, the elongation terminates at the first, second, or
third floor to yield Cys, Cyo, and C,5 diphosphate products, respec-
tively. Longer-chain products (> C3p) are formed when elongation
proceeds beyond the third floor [8]. Sesterterpene synthases (ses-
terTPSs) that utilize GFPP as a substrate were subsequently identi-
fied in Brassicaceae and Lamiaceae [9-13]. Very recently, a
versatile sesterTPS, CbTPS1, was characterized from the medicinal
Brassicaceae plant Capsella bursa-pastoris, which produced 20 dis-
tinct sesterterpenes in an engineered Escherichia coli (E. coli) sys-
tem [12]. Although functional sesterTPSs have been reported only
in Brassicaceae and Lamiaceae, the widespread occurrence of both
native and highly oxidized sesterterpenes in plants suggests that
additional sesterTPSs, as well as the enzymes responsible for their
oxidative tailoring, remain to be discovered [14,15]. Phylogenetic
analyses of plant GGPPS/GFPPSs revealed a substantial evolution-
ary distance between GFPPSs from Brassicaceae and Lamiaceae,
implying that sesterterpene biosynthetic capacity is independently
recruited across distinct plant lineages [14].

Recently, Ma et al. [16] provided genetic evidence that GFPPSs
are responsible for sesterterpene biosynthesis in Arabidopsis. Dis-
ruption of the GFPPS step (quadruple mutation for disrupting four
GFPPS genes) led to increased accumulation of geranylgeranyl
diphosphate (GGPP)-derived terpenes, indicating pathway compe-
tition. Interestingly, Arabidopsis plants overexpressing the GFPPS
gene exhibited delayed development and leaf yellowing, pheno-
types primarily caused by a reduction in endogenous GGPP. Mech-
anistic studies revealed that GFPPS not only competes for DMAPP/
IPP precursors in plastids but also directly suppresses GGPPS activ-
ity through protein-protein interactions.

In addition to diterpenes, bona fide GGPPS in the plastid can reg-
ulate and partition the metabolic flux toward different classes of
terpenoids through interactions with distinct partner proteins,
including monoterpenes [17] and photosynthesis-related iso-
prenoids [18]. Among the interacting partners of GGPPS, the func-
tional evolution of homo and heterodimeric geranyl(geranyl)
diphosphate synthase (G(G)PPS) enzymes has been well character-
ized. With the expansion of the GGPPS gene family in bryophytes,
certain members gradually acquired the ability to synthesize ger-
anyl diphosphate (GPP), ultimately giving rise to functionally spe-
cialized GPPS enzymes in gymnosperms. Moreover, other members
have evolved into catalytically inactive small subunit proteins.
These first appeared as class Il small subunit (SSU II) in ferns and
gymnosperms, which enhanced the enzymatic activity of GGPPS
and later gave rise to class I small subunit (SSU I) in angiosperms,
which were capable of redirecting GGPPS (also referred to as LSU,
large subunit) activity toward GPP production [18]. Notably, the
biochemical outcomes of LSU-SSU interactions exhibit species-
specific biochemical characteristics; for example, the major pro-
duct of LSU-SSU I in Antirrhinum majus and Clarkia breweri flowers
is GPP [19,20], whereas in LSU-SSU 1, hop trichomes produce both
GPP and GGPP [21], LSU-SSU II in Arabidopsis produces GPP and
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GGPP [17], and LSU-SSU II in rice predominantly produces GGPP
[22].

In addition to short-chain trans-IDS, significant progress has
been made in understanding long-chain trans-IDSs, which catalyze
the formation of polyprenyl chains longer than Cy4s. For example,
hexaprenyl diphosphate synthase (Coq1) is responsible for synthe-
sizing the isoprenoid side chain (C4s5 or Cso) of coenzyme Q (CoQ,
also known as ubiquinone). In land plants, Coq1 dictates the pre-
dominant CoQ isoform, namely, CoQq with a C45 tail or CoQ;o with
a Csg tail [23]. The benzoquinone ring, another component of CoQ,
is derived from aromatic amino acids such as phenylalanine or
tyrosine. Recently, Xu et al. [24] have conducted a comprehensive
analysis of more than 1000 land plant species to investigate the
distribution of CoQg and CoQ;q, identifying a critical amino acid
substitution at position 240 (methionine or leucine) in Coq1 that
governs the chain length of the polyprenyl tail. On the basis of
these findings, the team also demonstrated gene editing in rice
and wheat to produce CoQip-enriched crops for potential nutri-
tional applications in humans. In the CoQ biosynthetic pathway,
the benzoquinone ring is condensed with a polyprenyl chain (Cys
or Csg) by a 4-hydroxybenzoate octaprenyltransferase (UbiA)
prenyltransferase family member, Coq2, forming the prenylated
aromatic intermediate, which is subsequently modified through a
series of hydroxylation and methylation steps to generate the final
CoQ molecule. In addition to its role in CoQ biosynthesis, the UbiA
family of prenyltransferases also catalyzes key prenylation reac-
tions in the biosynthesis of other essential plant metabolites,
including plastoquinones, hemes, chlorophylls, and tocopherols
(vitamin E) [25]. Moreover, a specialized clade of UbiA prenyltrans-
ferases has evolved in plants to catalyze the prenylation of pheno-
lic compounds, typically using DMAPP or GPP as prenyl donors
[26]. To date, prenylated phenolics (also referred to as meroter-
penoids because of their partial derivation from terpenoid biosyn-
thetic pathways) have been identified in more than 4000 plant
species. A recent example is hyperforin, a polycyclic polypreny-
lated acylphloroglucinol (PPAP) that serves as a chemotaxonomic
marker for the Hypericaceae family [27,28]. The complete biosyn-
thetic pathway of hyperforin in Hypericum perforatum was recently
elucidated by Wu et al. [29], who revealed that its scaffold is
derived from the degradation of branched-chain amino acids. Cru-
cially, the addition of isoprenoid units is mediated by four UbiA
family prenyltransferases, underscoring the central role of this
enzyme family in diversifying plant prenylated phenolics [30].

In addition to canonical plant TPSs, microbial TPS-like (MTPSL)
enzymes have recently been identified in plants and are likely
acquired by nonseed land plants through horizontal gene transfer
from microbes [31,32]. Structurally, plant MTPSLs contain only o-
domains, whereas canonical TPSs are composed of three domains,
o, B, and vy, or two domains, o and B. The highly conserved
aspartate-rich “DDxxD” motif, which is involved in binding the
diphosphate moiety of the substrate and is required for ionization
of the allylic diphosphate ester bond to initiate catalysis, is found
in domain o of MTPSLs and TPSs [31]. Thus far, in vitro biochemical
assays have demonstrated that, similar to canonical TPSs, MTPSLs
can utilize GPP, farnesyl diphosphate (FPP), and GGPP to form
monoterpenes, sesquiterpenes, and diterpenes, respectively
[33,34]. However, the biological functions of these terpenoid com-
pounds remain unclear and warrant further investigation.

3. Multiomics-driven elucidation of terpenoid scaffold
modifications

The vast diversity of scaffold-modifying reactions in terpenes
has long posed a central challenge in plant terpenoid research. This
difficulty arises because downstream tailoring enzymes, such as
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oxidases (e.g., cytochrome P450s), glycosyltransferases, and acyl-
transferases, typically belong to large, functionally diversified gene
families, often comprising scores to hundreds of members, which
complicates the assignment of precise enzymatic functions
(Fig. 1(b)). Nevertheless, recent advances, particularly rapid
improvements in sequencing technologies and the widespread
adoption of heterologous pathway reconstruction in Nicotiana ben-
thamiana (N. benthamiana) and microbial chassis, have substan-
tially accelerated the elucidation of plant terpenoid biosynthetic
pathways and their associated functions [35,36]. For candidate
gene discovery, gene coexpression analysis remains a workhorse
approach. In parallel, expanding genomic resources have provided
valuable insights into the evolutionary origins and diversification
of terpenoid metabolism, a perennial theme in plant terpenoid
research (Fig. 2). Additional drivers include synthetic biology,
metabolome genome-wide association studies (mMGWASs), genome
editing, and single-cell transcriptomics/metabolomics. Representa-
tive examples of terpenoid pathway elucidation using multiomics
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are summarized in Table 1 [11,12,24,30,37-70]. Below, we provide
a detailed discussion of selected examples.

Among recent advances in terpene biosynthesis enabled by
multiomics approaches, the elucidation of Taxol (paclitaxel)
biosynthesis has emerged as a focal point of interest. Taxol, a
highly oxygenated tetracyclic diterpenoid produced at low abun-
dance in yew species, remains a cornerstone in cancer chemother-
apy. The publication of reference genomes for two yew species in
2021 has reignited efforts to fully elucidate the Taxol biosynthetic
pathway [46,71]. Shortly thereafter, five research groups indepen-
dently identified key wupstream cytochrome P450-catalyzed
reactions [43-45,51,72], enabling the reconstruction of a heterolo-
gous biosynthetic pathway that produces the crucial intermediate
baccatin III, an industrial precursor for Taxol [44,45]. Most recently,
Liang et al. [73] leveraged publicly available genomic and
transcriptomic data (gene-gene coexpression analysis) to identify
the enzymes responsible for the final two steps in Taxol
biosynthesis, C2’'a-hydroxylation and 3’-N-benzoylation. They
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Fig. 2. Genome-enabled insights into plant terpenoid metabolism. High-quality reference genomes provide multiscale evolutionary perspectives on terpenoid diversity,
while gene-gene coexpression analyses play a central role in prioritizing candidates for pathway elucidation. Representative terpenoids include hemigossypol (Gossypium
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Table 1
Notable examples of plant terpenoid biosynthesis and transportation published since 2020.
Type of terpenoids End product Host plant Candidate gene determination Characterization platform References
Monoterpene (Cqp)/ Geraniol Rosa chinensis Homolog gene searching N. benthamiana [37]
sesquiterpene (Cys)
Patchouli Pogostemon cablin Genome mining and homolog  E. coli and in vitro assays [38]
gene searching
Gossypol Gossypium hirsutum Homolog gene searching and E. coli and in vitro assays; CRISPR/ [39,40]
gene coexpression Cas9-based knockout
Atractylon Atractylodes lancea Genome mining and mGWAS  E. coli and in vitro assays; VIGS [41]
p-Menthane Schizonepetaten uifolia Genome mining, gene E. coli, S. cerevisiae, and in vitro [42]
coexpression, and BGC assays
Diterpene (Cy) Taxol Taxus spp Gene-metabolite coexpression N. benthamiana and S. cerevisiae [43-46]
Momilactone Oryza sativa Gene coexpression and BGC E. coli and in vitro assays; N. [47,48]
benthamiana
Miltiradiene Leonotis leonurus, Plectranthus Comparative genome, gene N. benthamiana [49]
barbatus, and Prunella vulgaris coexpression, and BGC
Oridonin Isodon rubescens Genome mining, gene N. benthamiana [50]
coexpression, and BGC
Hordedane Hordeum vulgare Gene coexpression and BGC S. cerevisiae and N. benthamiana [51]
Ginkgolide Ginkgo biloba Gene coexpression and BGC N. benthamiana [52]
Sesterterpene (Cas) Diverse Arabidopsis thaliana Homolog gene searching and E. coli and in vitro assays [11]
sesterterpenes BGC
Diverse Capsella bursa-pastoris Homolog gene searching E. coli and in vitro assays [12]
sesterterpenes
Triterpene (Csp) QS-7, Qs-21 Quillaga saponaria Gene coexpression N. benthamiana [53]
Avenacin Avena strigosa Comparative genome E. coli and in vitro assays; N. [54]
benthamiana
Glycyrrhizin Glycyrrhiza uralensis, Gene coexpression and S. cerevisiae and in planta [55]
homolog gene searching
Aescin Aesculus chinensis Genome mining, gene N. benthamiana [56]
coexpression, and BGC
Saponarioside Saponaria officinalis Gene coexpression N. benthamiana [57]
A
Ursane-type Eriobotrya japonica and Gillenia Genome mining and gene N. benthamiana [58]
triterpenes trifoliata coexpression
Triterpenoid Botrytis cinerea Mutant screening N. benthamiana and in planta [59]
saponins
Steroids Steroidal Solanum plants Gene coexpression and BGC S. cerevisiae, N. benthamiana, and  [60,61]
glycoalkaloids in planta
Tetraterpene (Cy) Strigolactone Sorghum biocolor Gene coexpression Xenopus laevis oocyte and in [62]
planta
Strigolactone Zea mays Mutant screening N. benthamiana and in planta [63]
Strigolactone Oryza sativa Gene coexpression In planta [64]
Polyterpene (> C40) Rubber Taraxacum kok-saghyz GWAS and homolog gene CRISPR/Cas9-based knockout [65,66]
searching
Rubber Lactuca sativa L. Homolog gene searching CRISPR/Cas10-based knockout [67]
Meroterpene CoQqo Oryza sativa Homolog gene searching CRISPR/Cas9-based mutagenesis  [24,68]
Camptothecin Camptotheca acuminata Genome mining and gene S. cerevisiae and in vitro assays [69,70]
coexpression
Hyperforin Hypericum perforatum Genome mining and gene N. benthamiana [30]

coexpression

BGC: biosynthesis-related gene cluster; CRISPR: clustered regularly interspaced short palindromic repeats; Cas9: CRISPR-associated protein 9; VIGS: virus-induced gene

silencing; S. cerevisiae: Saccharomyces cerevisiae.

further reconstructed the late-stage pathway in yeast, achieving
Taxol synthesis from baccatin IIl. McClune et al. [74] developed a
multiplexed perturbation strategy to transcriptionally profile
2901 cell states of Taxus media, which was further used for gene-
gene coexpression analysis. They discovered seven new genes that
were directly involved in Taxol biosynthesis. Interestingly, they
reported that a nuclear transport factor 2-like protein plays a key
role in taxane production. They successfully reconstructed a 20-
enzyme pathway for the de novo biosynthesis of 3’-N-debenzoyl-
2’-deoxy-paclitaxel in N. benthamiana plants.

Another illustrative example of multiomics-driven pathway
elucidation is that of Quillaja saponaria (QS) saponins, which are
potent vaccine adjuvants originating from the Chilean soapbark
tree (Quillaja saponaria (Q. saponaria)), including QS-7 and QS-21.
The biosynthetic pathway of QS saponins remained elusive until
the genome of Q. saponaria was sequenced [53]. Using genome
mining, Reed et al. identified 16 enzymes responsible for generat-
ing intermediates with a quillaic acid scaffold (QA-TriR-F). They
further characterized three enzymes, QsACT1, QsUGT73B44, and

QsUGT91AP1, that are required for the biosynthesis of QS-7 [53].
QS-21, which accumulates at higher levels in the soapbark tree
and exhibits adjuvant properties comparable to those of QS-7, is
regarded as a more promising adjuvant. Structurally, QS-21 con-
tains a branched trisaccharide at C3, a linear tetrasaccharide at
(€28, and a glycosylated acyl chain at the C18 ester linked to the
aglycone. The C18 acyl chain is derived from L-isoleucine and con-
verted into 2-methylbutyric acid. Genome mining coupled with
coexpression analysis revealed that a carboxyl- coenzyme A
(CoA) ligase (CCL1) activates 2-methylbutyric acid to its CoA form,
which serves as the starter unit for chain elongation by type III
polyketide synthase (PKSIII). With five additional enzymes, the
complete 20-step QS-21 pathway was reconstructed in N. ben-
thamiana [75]. Liu et al. [76] further developed a biosynthetic plat-
form in Saccharomyces cerevisiae that expresses 38 enzymes to
produce QS-21 analogs. Similarly, saponins such as saponarioside
A and B (SpA and SpB), which are found mainly in Saponaria
officinalis (S. officinalis), share structural features with QS-21. Jo
et al. [57] sequenced the S. officinalis genome and identified 14
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enzymes required for SpB biosynthesis through genome mining
and coexpression analysis, followed by pathway reconstitution in
tobacco. They also discovered an unusual transglycosidase, SoGH1,
which catalyzes the addition of D-quinovose to the C28-linked D-
fucose moiety of SpB. Such studies, which resolve entire biosyn-
thetic pathways spanning more than ten steps in a single effort,
were virtually impossible before the advent of multiomics
technologies.

As noted above, genomic data analysis not only reveals the
breadth of candidate gene families but also offers valuable insights
into their chromosomal distribution (Fig. 2). Among these analyses,
mining biosynthesis-related gene clusters (BGCs) for targeted ter-
penoids represents a critical task. Plant BGCs are defined as phys-
ically linked genomic regions that contain at least three
nonhomologous genes encoding enzymes involved in specialized
metabolic pathways [77]. The increasing availability of high-
quality plant genome assemblies, coupled with the development
of dedicated tools for BGC identification, has greatly facilitated
the discovery of BGCs across diverse plant species [49,78-81]. As
summarized in Table 1, plant terpene BGCs are not uncommon.
Notably, most plant terpene BGCs contain not only target pathway
genes but also nonpathway genes. Moreover, it is common for cer-
tain intermediate steps to be catalyzed by genes located outside
the cluster. A recent example of these can be found in the ave-
nacins, a group of triterpene glucosides, identified in a BGC in oats
(Avena strigosa). Qiao et al. [54] reported that two new genes,
saponin-deficient 4 (SAD4) and L-phenylalanine ammonia-lyase 2
(PAL2), were not clustered with the previously identified avenacin
BGC located on chromosome 1. These nonclustered genes were fur-
ther named cluster auxiliary enzymes (CAEs).

Beyond providing a straightforward view of the chromosomal
distribution of metabolic genes, comparative genomics at the fam-
ily or genus level yields critical insights into the origins of meta-
bolic pathways and the diversification of plant terpenoids. Owing
to the rapid expansion of genomic resources for medicinal mem-
bers of Lamiaceae, our understanding of terpenoid origins in this
family has become increasingly refined. Notably, Li et al. [82] gen-
erated a high-quality reference genome for the medicinal species
Scutellaria barbata and elucidated the biosynthetic pathway of anti-
cancer clerodane-type diterpenoids. Building on this, phylogenetic
and synteny analyses across 16 Lamiales genomes of class I and
class II diterpene synthases (diTPSs) revealed that clerodane-
related class I diTPSs in Scutellaria form a single clade, whereas
those in Salvia are derived from distinct lineages; moreover, in con-
trast to the previously assumed single origin, clerodane-associated
class II diTPSs in Salvia appear to have evolved independently [82].
Together, these findings sharpen our understanding of the evolu-
tion of clerodane biosynthetic pathways in Lamiaceae and provide
a foundation for dissecting the downstream steps of clerodane
diterpenoid metabolism. In addition, Hu et al. [83] conducted com-
prehensive metabolomic and transcriptomic profiling of 71 repre-
sentative Salvia species, coupled with ancestral trait and gene
reconstructions and evolutionary model building. They reported
that tanshinone diterpenoids exhibit a pronounced clade-specific
distribution across Salvia and that a Salvia-specific cytochrome
P450 subfamily (CYP76AK) is a key determinant of this lineage-
restricted pattern [58]. Collectively, these studies offer an instruc-
tive framework for probing the mechanisms that generate chemi-
cal diversity in medicinal plants.

4. Physiological and ecological functions of plant terpenoids

The elucidation of biosynthetic pathways of plant terpenoids,
particularly those with high value-added potential, has found its
foremost application in synthetic biology, including both plant-
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based and microbial chassis systems. In addition to their direct
commercialization, these naturally scarce terpenoid compounds
can also serve as valuable resources for high-throughput screening
of additional biological functions. Interested readers are encour-
aged to consult recent reviews on this topic [84-86]. In addition
to pathway elucidation, researchers, particularly plant biologists,
are increasingly focusing on the functions of these metabolic genes
and compounds within the plant itself, as well as their interactions
with the environment, including plant-plant, plant-parasitic plant,
and plant-microbe interactions (Fig. 3). Deciphering the physiolog-
ical and ecological roles of terpenoids will provide a solid founda-
tion for future “intelligent breeding” not only in crops but also in
medicinal plants, for example, by increasing biomass yield or
increasing the accumulation of valuable target terpenoids.

With the advancement of precise gene editing and synthetic biol-
ogy tools, researchers are accelerating the elucidation of the biological
and physiological functions of each intermediate and gene in
metabolic pathways. For example, soyasaponins, oleanane-type
triterpenoid saponins that are abundant in soybean (Glycine max L.)
seeds, include type A soyasaponins characterized by acetylated
terminal sugars at the C22 position. Yuan et al. [87] identified a

candidate  benzylalcohol = O-acetyltransgerase,  anthocyanin
O-hydroxycinnamoyltransferse, N-hydroxycinnamoyl/benzoyltrans

ferase, deacetylvindoline 4-O-acetyltransferase (BAHD) acyltrans-
ferase gene, GmSSAcT1, through gene coexpression analysis and
biochemically confirmed its role in catalyzing sequential acetylation
of type A soyasaponins. Disruption of GmSSAcT1 via clustered
regularly interspaced short palindromic repeats/CRISPR-associated
protein 9 (CRISPR/Cas9) resulted in the complete loss of type A
soyasaponins, the accumulation of nonacetylated forms, and seed ger-
mination defects. However, the precise mechanism underlying the
phytotoxicity of nonacetylated soyasaponin A remains unclear. Simi-
lar self-phytotoxicity of intermediate terpenoids has also been
reported in other species [88,89]. In the family Solanaceae, including
tomato, potato, and eggplant, steroidal glycoalkloids and steroidal
saponins are two classes of valuable sterol-derived products. Jozwiad
et al. [60] identified a novel cellulose synthase-like enzyme, termed
GAME15, which acts as a dual-function enzyme and is essential for
steroidal glycoalkaloid (SGA) biosynthesis in Solanaceae. GAME15
catalyzes cholesterol 3-O-glucuronidation and organizes a metabolon
with CYP450s (GAME6 and GAMES) and oxidases in the endoplasmic
reticulum (ER) membrane. Silencing GAME15 in tomato and potato
abolished SGAs and caused cholesterol accumulation. Transient
reconstitution in N. benthamiana confirmed the function of GAME15
in directing metabolic flux toward SGA biosynthesis. A second study
revealed the dual function of GAME15 in terms of glucosylation and
scaffold protein in steroidal SGA biosynthesis. The depletion of
GAME15 increased the pest susceptibility of Solanum plants (Fig. 3
(a)) [61]. This in planta information lays the foundation for the future
development of crop varieties with improved taste, enhanced health
benefits, and increased pest/pathogen resistance.

It is well known that plant hormones play crucial roles in regu-
lating plant growth, development, and environmental adaptability.
Among them, strigolactones, discovered relatively recently, have
been shown to regulate shoot branching and mediate root-
rhizosphere interactions, such as symbioses with arbuscular
mycorrhizal fungi [90]. Strigolactone, like ABA, is derived from B-
carotene, but little is known about its coordination mechanism
until the recent characterization of the tillering 20 (T20) gene in
rice. The T20 mutant showed pronounced dwarfism and increased
tiller number. This gene encodes a (-carotene isomerase, which
catalyzes a key step in carotenoid biosynthesis [91]. Strigolactone
biosynthesis proceeds from carotene through carlactonic acid
(CLA) to canonical strigolactones. Using cross-species coexpression
analysis of transcriptomic datasets from Arabidopsis, tomato, and
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Fig. 3. Multifaceted physiological and ecological roles of plant terpenoids. (a) Steroidal glycoalkaloids (SGAs) contribute to pest resistance. (b) Striga germination is induced
by strigolactones exuded from the roots of Solanaceae plants into the rhizosphere. (c) Linalool and hormones synergistically mediate high-density defense adaptation in
maize populations. (d) Rhizosphere microbes play important roles in regulating the accumulation of bioactive compounds in various medicinal plants. GAME: glycoalkaloid

metabolism enzyme.

rice, the Li et al. [64] identified a cytochrome P450, OsCYP706C2, as
a key player in 4-oxo-MeCLA production. Loss of OsCYP706C2
impairs 4-oxo-MeCLA biosynthesis and exudation, leading to
altered rice root development, including fewer crown roots under
control conditions and reduced root biomass under phosphate
deficiency. The same group also characterized ZmCYP706C37 in
maize, which catalyzes oxidative steps toward zealactol and zeal-
actonoic acid. Reduced ZmCYP706C37 activity shifts the strigolac-
tone composition and decreases Striga germination and infection
[63].

Recently, Shi et al. [62] identified and characterized two strigo-
lactone transporters in sorghum, SbSLT1 and SbSLT2, which belong
to the ATP-binding cassette (ABC) transporter family. These pro-
teins are responsible for exporting synthesized strigolactones into
the rhizosphere, where they stimulate the germination of Striga
seeds. Knockout of SbSLT1 and/or ShSLT2 significantly reduced
Striga parasitism while maintaining normal plant growth and yield.
Similar findings have been reported in tomato, where the ABC
transporters SIABCG45 and SIABCG44 play comparable roles
(Fig. 3(b)) [92]. All these discoveries offer a novel strategy for
developing Striga-resistant crop varieties and hold great promise
for enhancing global food security.

Recently, an increasing number of researchers have recognized
that plant-specific metabolites play a critical role in shaping the
composition and function of the rhizosphere microbiome [93,94].
Previous studies have shown that disrupting either the sesterter-
pene or triterpene biosynthetic pathway in Arabidopsis leads to
profound changes in the rhizosphere microbial community
[95,96]. Current research is shifting from merely describing
changes in the microbial composition toward elucidating the func-
tional consequences of these alterations. Zhong et al. [97] reported
that both melon and watermelon can exude cucurbitacin B and
cucurbitacin E into the surrounding soil. Further analysis of rhizo-
sphere microbial communities using 16S ribosomal RNA (rRNA)
amplicon and metagenomic sequencing combined with in vitro
biochemical assays revealed that root-secreted cucurbitacin B can
serve as a carbon source to promote the growth of Enterobacter
species in the rhizosphere. This, in turn, facilitates the enrichment
of antagonistic bacteria such as Bacillus, thereby establishing an
effective defense mechanism in melon against the soil-borne
pathogen Fusarium. Guo et al. [98] demonstrated that the “volatile
monoterpene (linalool)-hormone (jasmonate/salicylate)-rhizo
sphere microbe” axis synergistically mediates high-density
defense adaptation in a maize population, elucidating the
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molecular basis by which plants integrate aboveground signals
with belowground processes to optimize survival strategies
(Fig. 3(c)).

Given the wide diversity of terpenoid compounds and rhizo-
sphere microbial communities, their interactions are inevitably
associated with a wide range of physiological outcomes. Uncover-
ing the underlying patterns and mechanisms of these interactions
will require further in-depth investigation. Although constrained
by the limitations of transgenic techniques, the field of medicinal
plant research has also begun to focus on interactions between rhi-
zosphere metabolites and microbes. For example, Zhong et al. [99]
reported that the contents of major bioactive compounds (liquir-
itin and glycyrrhizic acid) in wild Glycyrrhiza uralensis were greater
than those in cultivated plants. Multiomics analyses further sug-
gested that rhizosphere microbes may play important roles in reg-
ulating the accumulation of liquiritin and glycyrrhizic acid. Sun
et al. [100] investigated the effects of different concentrations of
root exudates on ginseng (Panax ginseng C.A. Mey) growth, gin-
senoside accumulation, and the composition and diversity of soil
fungal communities. The results revealed that low concentrations
of root exudates promoted ginseng growth and development,
whereas high concentrations disrupted the rhizosphere fungal
community and reduced plant adaptability. These findings provide
new insights for the cultivation and breeding of medicinal plants
(Fig. 3(d)).

5. Challenges and artificial intelligence (Al)-driven terpenoid
research

Over the past decade, Al has increasingly contributed to and
accelerated progress across research fields, including the study of
plant terpenoid metabolism. In this field, achieving high-
throughput acquisition of both qualitative and quantitative infor-
mation on terpenoids remains a critical and continuously evolving
challenge. Although chromatography-mass spectrometry (e.g., liq-
uid chromatography (LC)-tandem mass spectrometry (MS/MS))
has been used for many years and is widely applied to elucidate
plant metabolic pathways, accurately extracting qualitative and
quantitative information from LC-MS data continues to be a major
obstacle (Fig. 1(c)). Existing software tools, such as METLIN and
MassBank, enable compound annotation on the basis of high-
resolution mass spectrometry data; however, most laboratories
still rely heavily on their own limited libraries of authentic stan-
dards for reliable analysis. For the de novo identification of
unknown compounds, structural elucidation remains dependent
on traditional methods, including compound isolation, purification,
and nuclear magnetic resonance (NMR) spectroscopy.

Al particularly machine learning (ML), is emerging as a promis-
ing direction with the potential to fundamentally transform and
overcome these limitations, and there have already been some suc-
cessful cases in chemical identification/prediction and mass spec-
trometry imaging [101-103]. A critical challenge, however, lies in
the quality and standardization of input data. Mass spectrometry
data derived from different sources, such as varying instrument
manufacturers, data formats, and resolution settings, can introduce
significant variability. Without consistent standards, models
trained on such heterogeneous datasets may produce biased or
nonreproducible results. Therefore, the availability of high-
quality, standardized training datasets represents one of the most
significant limiting factors for the successful application of ML, not
only in terpenoid research but also across broader areas of biolog-
ical science. To achieve this goal, several practical suggestions
should be considered: @ Community-driven consortia (similar to
metabolomics repositories) should be established to collect and
share raw LC-MS/MS data with standardized metadata; @ uniform
data processing pipelines (peak picking, alignment, and normaliza-
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tion) should be implemented to minimize variability before being
fed into ML models; and @ coalescing collaborative validation
should be encouraged by integrating authentic standards from
multiple laboratories into shared reference libraries.

In more mature application domains, Al has already greatly
accelerated the optimization of metabolic engineering, most visi-
bly through deep-learning (DL) systems such as AlphaFold for pro-
tein structure prediction. In heterologous hosts, a persistent
bottleneck is the suboptimal partitioning of metabolic flux arising
from competition between native and introduced enzymes (e.g.,
TPSs, CYP450s, and UDP-dependent glycosyltransferases (UGTs))
[104,105]. To address this, researchers increasingly pair data-
driven ML methods—such as reinforcement learning for strain-
design policy search and few-shot active learning—with mechanis-
tic constraint-based modeling (CBM) to map feasible flux states,
pinpoint bottlenecks, and guide gene deletions or knockdowns that
improve intermediate availability [106,107]. Reliable prediction,
however, still hinges on high-quality multiomics measurements
and trustworthy kinetic parameters. Protein engineering has seen
especially rapid gains from DL: EVOLVEpro combines protein lan-
guage models with few-shot active learning to increase enzyme
activity using minimal experimental data [108], while generative
diffusion frameworks such as RFdiffusion and P450Diffusion
design enzymes with specified catalytic functions, enabling de novo
catalysts with high activities [109,110]. Beyond enzyme-centric
design, both ML and DL are being increasingly used for genome
mining, multiomics network inference, and orchestration of the
design-build-test-learn (DBTL) cycle in pathway engineering.
These workflows are already well established in microbial chassis
[111,112] and are poised to expand rapidly to plant systems for
terpenoid production.

6. Conclusions and future perspectives

As summarized above, the integration of genomic resources,
multiomics technologies, and advanced functional platforms is
reshaping research on terpenoid metabolism in medicinal plants.
With high-quality reference genomes, coexpression analysis can
efficiently prioritize candidate genes, whereas high-throughput
combinatorial expression systems enable rapid pathway recon-
struction and validation. Al-driven approaches that combine phy-
logenetics, structure prediction, and multiomics data are poised
to become the standard for elucidating complex terpenoid biosyn-
thetic networks. Consequently, the field has progressed from the
stepwise identification of single enzymes to the concurrent dissec-
tion of entire pathways, often encompassing more than ten reac-
tions, particularly in medicinal plant systems. The next priority,
beyond pathway mapping, is twofold: (D precisely enhancing in
planta accumulation of target metabolites and @ defining their
physiological and ecological functions (Fig. 1(c)). Together, these
advances establish the prerequisites for deploying medicinal plants
as versatile chassis for synthetic biology. In the future, efforts
should extend beyond pathway-centric perspectives to examine
how bioactive metabolites and terpenoids shape interactions with
environmental microbes and how metabolomic insights can be
leveraged to optimize these relationships. Such integrative strate-
gies will improve the environmental adaptability, quality, and resi-
lience of medicinal plants, laying the groundwork for sustainable
utilization and intelligent breeding.
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