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Abstract

Generally, forest trees with medicinal value present diverse chemotypes considered key
determinants of efficacy, safety, and commercial valuation. Such heterogeneity varies
among tissues, genotypes, and seasons, and stress exposure. This review summarizes how
regulatory controls and genome architecture affect the stability and synthesis of secondary
metabolites in woody medicinally important taxa. Detailed haplotypic and chromosomal
analyses have recently identified diverse and repeatable architectural drivers. Among these,
LTR/transposon-mediated revamping, neofunctionalization, biosynthetic gene clusters,
and tandem duplication play a special role in reshaping pathway capacity. The enzymatic
regulation of these drivers translates this “capacity” into harvest-pertinent chemistry by
employing conserved TF modules, hormone crosstalk, and emergent chromatin/epigenetic
layers. Nevertheless, major parameters pertaining to the tissue-specific storage, transport,
and compartmentalization of these chemotypes are contextualized with certain limitations.
In this review, the integration of GWAS/eQTL/TWAS with multi-tissue is explained in
addition to the replacement of a single reference with pangenome/haplotype frameworks,
and explicit modeling of G x E further strengthen genotype-to-chemotype mapping. There-
fore, in this review we summarize practical workflows for chemotype discovery utilizing
staged validation models of heterologous reconstitution, isotope/spatial evidence, and
chemistry. These findings were supported by data on saponins, alkaloids, iridoids, and
defense response. Such an integration links mechanistic understanding to authentication,
standardization, and sustainable utilization strategies in woody medicinal trees.

Keywords: medicinal forest trees; tandem repeats; hormonal cross talk; chemotype

1. Introduction

The anatomical organization, tissue-specific metabolism and complex chemical profile
of forest tree species with medicinal value are of prime importance in natural product
science [1]. These woody trees bear several secondary metabolites, which underscores their
potential use in medicinal formulations. However, despite several health benefits, this
complex chemical profile makes “standardization” and “quality control” a great challenge
with batch-to-batch variability [2]. In fact, these issues generally arise due to complicated
developmental pathways, genotype alterations due to environmental stress, and robust
tissue specificity [3]. Practically, this variability is better defined as “chemotype structure”
rather than “noise” only [4], since intraspecies genetic diversity and regulatory differences
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can produce discrete phytochemical profiles [3]. One key example is the camphor tree
(Cinnamomum camphora), where the major terpenoid profile outlines multiple chemotypes
and is correlated to specific enzymes (terpene synthases) and their regulation [5,6]. A major
challenge in medicinal trees is the lack of consistent efficacy caused by intraspecific chemo-
type variation. Different chemotypes within the same species can produce distinct levels or
profiles of bioactive compounds, thereby affecting medicinal value and reproducibility [7].
In fact, it mainly depends on whether a genotype can produce a given metabolite in specific
tissues through coordinated regulation of pathway genes across developmental and sea-
sonal contexts [8]. This phenomenon is evident from several examples, including Aquilaria
sinensis (agarwood), where mechanical injury triggers temporally structured transcriptional
reprogramming during resin formation (induced resin biosynthesis systems) [9]. Thus,
in addition to “basic biosynthesis pathways”, these “inducible regulatory systems” also
play a critical role in determining the phytochemistry of certain woody trees [10]. The
reproducibility of induced or constitutive phytochemical output is therefore of central
importance for authentication, biological identity and quantitative standardization in both
research and supply chains.

More recently, medicinal plant research has shifted from descriptive chemodiversity
toward genome-informed pathway elucidation, with an increasing focus on how genome
architecture and regulatory control shape specialized-metabolite biosynthesis in woody
lineages [11]. An explicit genetic origin for pathway capacity and diversity is noticed in the
genus Tuxus. Here, the Taxus genome identified a biosynthetic gene cluster associated with
paclitaxel biosynthesis, including taxadiene-related genes and CYP725A family members
shaped by gene duplication events [12]. Similarly, an independent whole-genome duplica-
tion associates chromosomes with camptothecin biosynthesis in Camptotheca acuminata. By
contrast, transcription factors and expression-based regulatory mechanisms are considered
separately as components of regulatory control, because they determine when and where
genomic capacity is realized rather than representing architectural properties of the genome
itself [13]. In comparison, genomic architecture-metabolite descriptions are also noticed
in other trees, where a chromosome-level genome associates longevity-related features.
A typical example is of “dragon’s blood” formation in Dracaena cochinchinensis, which is
associated with core transcription factors regulating the flavonoid synthesis pathway [14].

However, the phenomenon of diverse chemotypes identified across tissues or stresses
in chemically similar genotypes cannot be fully explained by genome structure alone [15].
This gap is occupied by “regulatory control” that extends transcription factor modules,
signaling integration, and chromatin state [16], well explained by a keen genetic analysis of
champhor trees, where terpene synthase regulates the chemotype identity. This finding
specifies that the regulatory tuning of enzyme families can be as critical as the expression
of specific genes [6,17]. Similarly, concerning paclitaxel systems, an integration of the
transcriptome-metabolome in Taxus chinensis var. mairei supports ERF-centered regulatory
architectures and includes functional assays (e.g., promoter binding and reporter analy-
ses) [18]. This association raises extrapolation from linkage to mechanism, considered a
crucial step for standardizing chemotypes [18]. Simultaneously, the consideration of biosyn-
thetic gene clusters and linked genes positions these arrangements within an epigenetic
framework, directly relating stability and the emergence of heritable chemotypes [19,20].

Haplotype diversity and structural variations are factors vital for establishing the
authenticity of chemotypes in medicinal woody trees, by resolving the “hidden layer”
of chemoprofile-determining genetics [21]. A high-quality and phased analysis of the T.
wallichiana genome is a key example of halplophyte-based resource utilization that neces-
sitates determining the credibility of genotype — chemotype claims in large, repeat-rich
tree genomes [22]. In addition, comparative genomics further explains that pathway com-
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pleteness is lineage-dependent. As exhibited by the chromosome-level genome analysis of
Pseudotaxus chienii, the taxane pathway terminates before the key step involving catalyza-
tion by benzoyl transferase, thereby improving the evolutionary and functional elucidation
of “capacity” vs. “output” among closely related taxa [23]. Thus, these findings emphasize
that an integration of multi-omics with emerging computational tools into state-of-the-art
techniques can help in pathway discovery and interpretation in medicinal trees [24].

In this review, chemotype stability refers to the reproducible maintenance of a char-
acteristic metabolite profile across defined biological and environmental contexts. We
distinguish three categories: (i) genetically fixed chemotypes, which are mainly associated
with stable sequence-level variation at key pathway loci; (ii) environmentally plastic but
reproducible chemotypes, which remain consistent only under defined seasonal, develop-
mental, or ecological conditions; and (iii) induced or conditional chemotypes, which arise
only after specific triggers such as wounding, pathogen challenge, or hormone signaling.
This distinction is important because these classes differ in their implications for authen-
tication, breeding, cultivation, and sustainable utilization. From the foremost genomics
and multi-omics developments in medicinal trees, the mechanisms generating, stabilizing,
and diversifying chemotypes in medicinal forest trees remain partially integrated. Most
investigations have mainly focused on individual pathways, candidate genes, or metabo-
lite profiles, whereas a unifying framework and chemotype validation remain missing.
This gap limits both a mechanistic resolution of genotype—chemotype relationships and
a practical translation of the insights obtained into sustainable use. This review focuses
specifically on medicinal forest trees as systems in which chemotype expression is shaped
by the interactions among genome architecture, regulatory control, and the tissue- and
environment-dependent realization of metabolic capacity. In addition, condition-dependent
metabolites and the tissue-specific output are determined by regulatory networks. We
further discuss the mechanisms by which this framework can support chemotype-informed
breeding, traceable sourcing, and improve the biotechnology-based production of valuable
phytochemicals within medicinal trees.

2. Literature Search Strategy

A well-structured literature search was conducted using various databases, including
WOS (Web of Science), PubMed, Scopus, and Google Scholar. All relevant manuscripts
published in English (2020-2026) were included in the literature search. The “search

"o

terms” included “medicinal tress”, “medicinal tree genomics”, “medicinal tree chemotype”,

a

“specialized metabolism in medicinal trees” “genome architecture in medicinal trees”, “hor-
monal crosstalk in medicinal trees” and “multi-omics integration in medicinal tress”. Our
search priority was to include primary mechanism-based studies with in vitro or in vivo
evidence. In the case of review articles, articles comprising interpretive comparisons and
conceptual background were included. All the literature was evaluated based on experi-
mental outcomes and the discussion was revised to differentiate animal evidence, in vitro
and translational data. A clear indication was marked in the review for contradictory or

unclear findings.

3. Medicinal Forest Trees as Chemotype Systems

Medicinal forest trees are best treated as chemotype systems when their intraspecific
metabolite diversity forms recurrent, class-like profiles rather than continuous drift [25].
In practical terms, a chemotype is a reproducible chemical phenotype defined by the
dominance or coordinated accumulation of a small subset of metabolites that strongly
shape biological function and commercial value.; e.g., volatile terpenoids in essential oils
or characteristic phenolic glycoside suites, especially in oil-bearing Texas [26]. However,
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such reproducibility may arise from genetically stable pathway states, environmentally
constrained but repeatable outputs, or inducible metabolite programs that are expressed
only under specific conditions. Genomics-enabled work in the camphor tree exemplifies
how woody medicinal taxa naturally partition into discrete chemical classes: a population-
scale metabolite profiling separated accessions into six chemotypes, with six principal
terpenoids acting as major axes for metabolite diversity—an outcome consistent with
these types reflecting structured biological programs with a genetic basis [27]. Such a
framework bears direct relevance to the standardization of medicinal components because
reliable chemotype identification determines phytochemical profile consistency and the
reproducibility of downstream pharmacological or commercial traits.

Chemotypes emerge because a specialized metabolism is organized around branch-
point logic and families of modular enzymes, which create multiple stable solutions
for flux distribution. Terpenoid metabolism, which dominates the chemical profile of
many medicinal trees, is not a single linear pathway but a coordinated network involv-
ing precursor supply, competing synthases, tailoring enzymes (notably CYPs), trans-
port/sequestration, and feedback regulation [28,29]. A contemporary synthesis of studies
on terpene-specialized metabolism emphasizes that plants evolve complex networks rather
than single enzymes [30] to generate and maintain terpenoid diversity. This provides a
mechanistic basis for why discrete chemotypes are common in long-lived woody taxa that
rely heavily on chemical-based defenses and signaling [30].

Chemotypes also vary because their control at a genetic level spans a continuum from
oligogenic (few loci with large effects at key steps) to polygenic (many loci modulating flux,
regulation, and storage) [31]. Quantitative genetics in forest trees supports the idea that
chemically meaningful variations can be mapped to defined genomic regions: a genome-
wide association study in Eucalyptus grandis linked SNP markers and candidate genes to
major terpene-related traits (including 1,8-cineole), illustrating that terpene contents can
have tractable, heritable configurations suitable for marker-enabled selection when the
phenotype is measured rigorously [32]. In parallel, omics-era literature syntheses in Populus
frame salicinoid phenolic glycosides as a model for explaining the intersections between
genome profile, ecological function, and pathway regulation to generate metabolite profile
diversity within a tree lineage. This underscores that chemotype-like structures can arise in
volatile-rich and non-volatile specialized metabolic systems [33].

The regulatory and physiological context is a second major source of variations in
the chemical profile, which determines the extent to which genetically encoded pathway
capacity is realized in a given tissue, season, or stress state [34]. Comparative transcrip-
tomics of C. camphora chemotypes shows that a broad terpenoid backbone-based machinery
is not necessarily the primary differentiator; instead, metabolite divergence can concen-
trate on a limited subset of rate-limiting precursor genes (e.g., specific DXS, HMGR, and
GPPS members) and the choice of downstream pathways, consistent with chemotypes
being governed by targeted tuning rather than wholesale pathway switching on/off [35].
Beyond genotype, seasonal and developmental programs reshape the accumulation of
specialized metabolites in wood tree tissues through coordinated shifts in the expression of
pathway-related genes. For example, seasonal transcriptomics—-metabolomics in a conifer
system linked winter-restricted upregulation of multiple flavonoid-pathway genes with
enhanced flavonoid accumulation, illustrating how season and physiological state can
act as deterministic modifiers of metabolite output [36]. Having drawn medicinal forest
trees as chemotype systems, we next consider the genomic features that create or constrain
pathway capacity.
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4. Genome Architecture and Chemical Diversity in Medicinal Trees

Specialized metabolic pathways often operate through branch point organization and
modular enzyme families which allow multiple stable outcomes of metabolic flux. In woody
medicinal species, these general features interact with tissue specialization and anatomical
compartmentalization to shape chemotype diversity [37-41]. These are especially relevant
in medicinal trees since large, repeat-rich, heterozygous genomes magnify copy number
and structural variations [42] while simultaneously increasing the risk of draft assemblies
misrepresenting the contents of pathway-related genes. This issue was emphasized in
a recent review documenting how heterozygosity, polyploidy, and repetitive sequences
contribute to gene “missingness” and annotation errors in the genomes of medicinal
plants [43].

4.1. Tandem Duplication and Neofunctionalization

Tandem duplication provides a reasonable and frequently recurrent mechanism for
expanding enzyme families that define pathway branch points, especially TPS (terpene
synthase) and CYPs (cytochrome P450 monooxygenase), thereby generating phytochemical
diversity through dosage effects and catalytic divergence. In Taxus, the genomic regions
associated with paclitaxel production demonstrate this principle with exceptional clarity.
A distinctive physical and functional grouping of CYP725As maintains diterpenoid path-
way capacitance, while a cluster associated with taxadiene biosynthesis appears to have
originated largely through gene duplication, consistent with repeated genome-localized
expansion followed by paralog specialization into pathway-relevant functions [41,44]. Sim-
ilarly, chromosomal analyses of camphor and stout camphor (C. kanehirae) trees (Lauraceae)
indicate that tandem, proximal, and other small-scale duplications have substantially ex-
panded terpene synthase and terpenoid diversification, linking local duplication dynamics
to lineage-specific terpene repertoires and chemotype formation [45,46]. These observations
suggest that tandemly expanded loci are durable candidates for chemotype variation, par-
ticularly when copy number change or paralog divergence is accompanied by expression
or functional evidence [47].

4.2. LTR/Transposon Expansion and Regulatory Rewiring

LTR (long terminal repeat) retrotransposons may influence chemodiversity chiefly
through regulatory innovation rather than directly generating novel enzyme chemistry. By
contributing cis-regulatory motifs, affecting localized chromatin and methylation states,
and inducing insertion polymorphisms near genes, they expand the regulatory space
governing the expression of specialized-metabolism-associated genes [48,49]. In Dracaena
cochinchinensis, chromosomes link the genome with a history of gene repeats, including
LTR bursts, to the inducible formation of dragon’s blood; a MYB/bHLH-centered flavonoid
regulatory circuitry was identified. This provides a woody medicinal tree example of
how genome context and regulation shape the biosynthesis of unique metabolites [50].
Additionally, recent reviews indicate that genes and gene clusters associated with such
metabolism are regulated in part through chromatin context and epigenomic state, making
TE-mediated regulatory rewiring a plausible source of chemotype divergence even when
the pathway-associated gene content remains conserved [51,52].

4.3. Whole-Genome Duplication (WGD) and Subfunctionalization

Whole-genome duplication (WGD) differs from tandem duplication in terms of scale
and consequence as it simultaneously duplicates enzymes, regulators, transporters, and re-
lated primary metabolism-related functions, thereby enhancing the probability of complete
metabolic modules being retained and later categorized [53]. The C. acuminata genome
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revealed an independent WGD at the chromosome-level with many WGD-derived genes
being associated with camptothecin biosynthesis. The study also demonstrated functional
divergence in iridoid-pathway-associated enzymes, including the loss of canonical LAMT
activity and the adaptive evolution of two secologanic acid synthases, directly linking
genome-scale duplication to the emergence of the camptothecin biosynthesis pathway [53].
In C. camphora and related Lauraceae members, two WGD events, together with later small-
scale duplications, may have created a genomic basis for the expansion and specialization
of terpene biosynthesis-related gene families, explaining lineage-specific terpenoid diver-
sity [45,47]. Thus, WGD can promote durable chemotypic variation by enabling paralogs to
evolve complementary expression domains or substrate preferences rather than requiring
the de novo invention of an entire pathway [46,53].

4.4. Gene Clustering in Medicinal Trees

The physical linkage of specialized-metabolism-related genes (arrays, pairs, or clusters)
is not universal among plants. However, if present, it can materially influence chemical
diversity by facilitating coordinated regulation and the cosegregation of multi-step traits.
A rigorous framework for interpreting such arrangements is provided by a previous report,
which treated clustering as part of a broader continuum of gene arrangements related
to specialized metabolism and explicitly mapped cluster evolution within population
variations and epigenetic regulation [52]. In trees, clustering can be partial or pathway-
segmented rather than fully operon-like, yet it remains functionally meaningful. The Taxus
genome’s taxadiene-related cluster exemplifies how duplication-driven local organization
can align multiple early-pathway functions within a genomic neighborhood [41,44].

The detection and interpretation of gene clustering in medicinal trees require excep-
tional caution because the genomic features that promote chemodiversity high-repeat
content, structural variation, and heterozygosity also increase the incidence of false posi-
tives and negatives during cluster calls. A recent commentary on medicinal plant genomes
documents persistent assembly and annotation flaws. It emphasizes that high-quality,
near-complete genomes are essential for reliable discovery and functional inference of
biosynthetic gene clusters [54]. This point is consistent with broader genomics discus-
sions showing that incomplete assemblies and uncertain annotation can mislead func-
tional assignments of lineage-specific, specialized-metabolism-related genes, especially
in non-model plants [55,56]. In practice, robust cluster identification in trees depends on
convergent support: long-read or haplotype-aware assemblies that resolve duplicated re-
gions, careful gene-level family annotation to avoid collapsing paralogs, co-expression data
across relevant tissues and conditions, and ultimately functional validation that confirms
pathway connectivity rather than proximity alone [51,57] (Table 1). Taken together, these
examples demonstrate that genome architecture can strongly prioritize candidate pathway
loci, but structural organization alone should not be interpreted as proof of functional
coupling. Therefore, the consideration of how regulatory layers convert genomic capacity
into condition-dependent metabolite output is important

Table 1. Genome architecture, regulatory control, and inference constraints underlying chemotype
diversification in medicinal trees.

Genomic Chemotype Representative

Type of Evidence Feature Pathway Effect Stability Examples Key Finding Ref.
Expands the . Taxus: Local duplication
Tar}der.n Local p ar.alog TPS and CYP R.ap 1d'k?ran'ch Cinnamomum creates high-flux [47,58]
duplication expansion diversification .
nodes camphora metabolic hubs
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Table 1. Cont.
. Genomic Chemotype Representative ..
Type of Evidence Feature Pathway Effect Stability Examples Key Finding Ref.
Paralog Alters substrate New dominant Small sequence shifts
Neofunctionalization sequence or product metabolites Taxus can redirect end [59]
divergence specificity products
Taxus;
Copy number  Raises pathway Quantitative . ’ Copy number can
Dosage effect increase throughput chemotype shift Cmng;i};)mum alter metabolite yield (471
Expands . e
Whole-genome Genome-wide enzymes, Dali;i}:;e Camptotheca g\i?e ill‘e]f;s;;ﬁs [13]
duplication duplication regulators, and P 1y acuminata
fransporters innovation modules
Partitioned . Tissue- or Retained paralogs
Subfunctionalization duplicate Szlltlﬁs‘:;cizizl context-biased C;Cmufz ?22:;‘1 refine output [60]
retention P y chemotypes patterns.
. . Regulation can
LTR/transposon RePeat . Rew1res. Inducible Dracaena diversify chemistry
expansion near  cis-regulation chemotype gy . ; [61]
bursts . L cochinchinensis without new
genes and chromatin variation
enzymes.
Chromatin and Modulates Environment- Medicinal trees Expression state
Epigenomic context methylation pathway responsive broadl matters alongside [62]
states accessibility output Y gene content.
Gene clusterin Linked Supports local - Stable multistep Taxus P?t};lsblicl?;elzmz’?}?vi;an [63]
& pathway genes coregulation chemotypes P y :
segments
Connects early .
Seement-level or Semi-stable Tree clusters are often
Partial clustering glinka o mid-pathwa pathway Trees broadly incomplete but [64]
& gI()enes y modules functional.
Presence/absence Changes Accession- Z\fooi}e]s ol igrcgil;is can
Structural variation and pathway-gene specific broga dlv: Pinus Engerlie Ehemo tvDe [54]
rearrangements composition chemotypes Y . P
densiflora divergence
Locus Quantitative .. L .
Copy number . Alters pathway . Medicinal trees CNV is a likely driver
. expansion or metabolite . . [54]
variation contraction strength differences broadly in repeat-rich trees
Heterozygosity/ Allelic Creates Hidden Medicinal trees Haplotypes can mask
haplotvoes divergence allele-specific intraspecific broad] true genotype- [65,66]
Ployp & pathway states chemotypes Y chemotype links.
Converts . Dracaena Regulation
Regulatory MY.B’ bHLH, pathway Tissue- an.d. cochinchinensis; determines when
and jasmonate- L1 stress-specific . . . . [67]
networks . potential into ' conifers; Litsea chemistry is
linked control output chemistry cubeba expressed.
. Stress- . Dynamic Pinus densiflora; Chemotypes are
Ind;celtt;lsocliiifrinse responsive ui(eicelir;cltasufelﬁxe defense Dracaena often conditional [68]
activation & chemotypes cochinchinensis rather than fixed.
Assembly quality Ezglg(;f;;(:: paI::IS(;)gIZiSHd thneer;lr(())t‘;ife Medicinal trees - Good biology needs [43]
aware genomes clusters inference broadly good assemblies
Annotation Correct family Prevents false hgﬁi:g:labée Medicinal trees M1551:I§e(s)rdci§tlclifsed [69]
accuracy assignment pathway calls P broadly 8¢
mapping inference
Co-expression Robust
Multi-omics Iljus Links genes to genotype-— Medicinal trees Proximity alone is [70]
support me tagolomics products chemotype broadly insufficient.
evidence
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5. Regulatory Control of Specialized Metabolism

As is evident from earlier investigations, the genome architecture defines the potential
for specialized metabolism, whereas the regulatory control determines when, where, and
to what extent that potential is realized. This distinction is central to chemotype stability
since a stable chemotype may be constitutive and genetically anchored, recurrent but
environmentally constrained, or inducible only after specific stress or signaling inputs.

5.1. Hormonal Crosstalk (JA/SA/ABA/GA/BR)

In woody medicinal plants, specialized metabolite production frequently operates
as a stress-integrated program in which jasmonate signaling coordinates defense-related
chemistry with broader physiological demands [71]. Across tree systems, JA is repeatedly
linked to diterpenoid and terpene lactone accumulation, with MYC2-like transcription
factors functioning as central nodes linking signal perception to pathway activation [72].
In Ginkgo biloba, this logic has been resolved mechanistically through a GbJAZ-GbMYC2-
GbGGPPS module in which MeJA-induced MYC2 factors directly activate GbGGPPS,
thereby connecting hormone signaling to a key precursor-supplying step involved in ter-
pene trilactone biosynthesis [71]. Similarly, multiple transcriptomic and functional studies
in Taxus show that JA-based induction activates paclitaxel pathway-related genes and that
MYC/JAZ-centered signaling is a core component of taxane biosynthesis regulation [73,74].

Chemotype stability in woody medicinal plants is governed by the magnitude of
jasmonate signaling and hormonal crosstalk that reallocates metabolic investment across
environmental and developmental contexts. Reviews on JA-centered signaling identify
MYC2 and JAZ modules as major points for integrating interactions with ABA, GA, and SA,
thereby offering a mechanistic explanation for context-dependent variation in metabolite
profiles among plants with similar genotypes [75,76]. More broadly, current perspectives
on plant stress biology indicate that hormonal signaling and metabolism are reciprocally
coupled, such that specialized metabolism contributes to feedback stabilization of the
physiological state rather than serving as a passive endpoint [77]. Hence, the reproducible
chemotyping of medicinal trees require the careful consideration of triggers relevant to
hormone-based signaling—including drought, light regime, pathogen challenge, and tis-
sue damage because these stimuli can predictably reshape transcriptional and metabolic
outputs [78,79].

5.2. TF (Trancription Factor) Modules (MYB, bHLH, WRKY, and NAC)

Evidence for the involvement of transcription factor extends a gradient from ex-
pression association and promoter enrichment to direct target binding and functional
perturbation. We therefore distinguish candidate regulators inferred from omics data from
regulators supported by direct transcriptional assays. Specialized metabolic pathways
in trees repeatedly draw on a limited set of transcription factor families, notably MYB,
bHLH/HLH, WRKY, and NAC, that are recombined into lineage- and context-specific
regulatory modules that respond to stress and hormonal cues [80,81]. Chromosome-scale
genomes improve this field by enabling the collection of more complete TF inventories
and the assignment of a more reliable promoter, as illustrated in Aquilaria sinensis, where
genome-wide analyses employing bHLH, JAZ, and WRKY families reveal tissue- and
hormone-responsive candidates associated with agarwood formation [82,83]. In Taxus,
regulatory inference has advanced to a direct mechanism, involving a connection between
TcMYB73 and salicylic acid-based signaling with paclitaxel biosynthesis through direct and
indirect transcriptional control [84]. More recently, single-cell ATAC-seq of T. mairei has es-
tablished a relationship between chromatin accessibility and cell-type-specific regulation of
taxol-biosynthesis, thereby prioritizing of biologically plausible TF—target relationships [85].
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5.3. Epigenetic and Chromatin-Level Regulation

Epigenetic regulation is fast emerging as a mechanistic explanation for persistent and
context-dependent variations in specialized metabolism, particularly among long-lived
woody plants and in vitro production systems. In Taxus, changes in DNA methylation
accompanying prolonged cell culture have been linked to reduced paclitaxel productivity,
indicating that the epigenetic state can directly affect biosynthetic consistency [86,87]. In
Aquilaria sinensis, the histone-modification machinery is stress- and MeJA-responsive, sup-
porting the idea that chromatin-level regulation contributes to prolonged transcriptional
programs underlying agarwood formation [88]. More detailed reviews on plant defense
associated epigenetics show that DNA methylation and histone marks help shape im-
mune system and stress transcriptional reprogramming, making them plausible regulators
of specialized metabolism in woody species under inducible conditions [89,90]. Future
progress depends on integrating cell-type-resolved chromatin maps with high-quality
genomes and on perturbation experiments that distinguish causal epigenetic regulation
from correlation [54,85].

A crucial implication of this framework is that epigenetic variation provides a mech-
anistically distinct axis of chemotype diversity that operates independently of DNA se-
quence polymorphism [91]. Such effects are particularly relevant for medicinal trees and
plant cell-based biofactories, where the reproducible production of unique metabolites
is critical. Thus, integrating epigenomic profiling with transcriptomic and metabolomic
datasets—and, where possible, experimentally testing epigenetic perturbations—is essen-
tial for distinguishing stable, heritable regulatory states [92].

5.4. Transport, Compartmentalization, and Tissue-Specific Storage

In woody medicinal plants, the accumulation of specialized metabolites is constrained
by biosynthetic regulation and transport, sequestration, and storage. Reviews on plant
secondary metabolite transport identify ABC, MATE, NPF, and related families of trans-
porters as major determinants of vacuolar sequestration, intercellular exchange, and long-
distance movement, making them central to the tissue-specific localization of bioactive
compounds [93,94]. This distribution pattern is particularly relevant in trees because har-
vestable organs such as bark, heartwood, resinous xylem, or leaves may function as distinct
sink compartments and therefore may not directly reflect the full biosynthetic potential
of a plant [95]. In terpene-rich systems, compartmentalization and membrane transport
also influence precursor supply, pathway efficiency, and product tolerance. Simultaneously,
studies on agarwood indicate that the accumulation of sesquiterpene-rich resin is a staged
anatomical and biochemical process rather than a unique transcriptional event [96,97].
Hence, robust chemotype assessment in trees must be anatomically standardized, and
transporter discovery treated as a core component of pathway validation and metabolic
engineering rather than as a downstream detail [98] (Figure 1).
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Figure 1. Regulatory layers that control specialized metabolism and chemotype stability in medicinal
trees.

6. From Genotype to Chemotype

Moving further from genotype to chemotype in medicinal forest trees requires treat-
ing chemotype as a system trait shaped by DNA sequence variations at multiple scales
including SNPs (single nucleotide polymorphism), indels, and copy number, structural,
and presence—absence variations, as well as by context-dependent regulation. This is
why the shift from single-reference genomes to pangenome and super-pangenome frame-
works is important: a single reference inevitably misses rare alleles, lineage-specific genes,
and structurally variable loci that may influence specialized-metabolism-related capac-
ity or regulation. A genus-level Populus super-pangenome illustrates such a probability
by revealing extensive structural variations and highlighting population-specific genes
specifically associated with environmental adaptation, features that represent a plausible
genomic basis for stable chemotype differences among populations [99]. At the species
level, haplotype-resolved genomes provide an operational bridge between pangenome
diversity and mechanistic chemotype models because they preserve phase information
and identify the alleles and structural variants which occur on the same chromosome. In
repeat-rich medicinal tree genomes, this localization improves the recovery of duplicated
pathway-related genes and supports allele-specific interpretation of key biosynthesis-
related loci, as seen in the phased T. wallichiana genome, which was explicitly presented
as a corrected, high-quality haplotype-resolved reference for deeper exploration of the
paclitaxel biosynthesis pathway [90].

Once genomic diversity is appropriately represented, genotype-to-chemotype map-
ping is strongest when the associated signals are integrated with a regulatory and biochem-
ical context rather than interpreted solely based on proximity. Such mapping methods are
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most valuable for the prioritization of candidate loci and regulatory relationships. Yet, they
do not create causality unless supported by biochemical, genetic or perturbation-based
validation. In Populus tomentosa, a multi-omics framework combining metabolite-based
GWAS, eQTL mapping, co-expression analysis, and haplotyping reconstructed regulatory
networks underlying flavonoid variations. A complementary study in Populus validated
most enzyme-substrate relationships predicted by mGWAS in UGTs using high-throughput
biochemical assays [100,101]. Even with genotype and regulation resolved, chemotype sta-
bility in trees remains constrained by season and environment. An annual transcriptional
roadmap in Populus demonstrated that seasonal cues reorganize major expression modules
and that studies under controlled conditions miss important environmental responses [93].
Population-scale work in camphor trees demonstrated that essential oil composition varies
robustly across environmental gradients [102]. Together, these studies reveal that robust
chemotype inference in medicinal trees requires designs that jointly model genomic di-
versity, regulatory state, season, and environment rather than treating field variations as
noise [45].

7. From Multi-Omics Signals to Causal Pathway Models

A central challenge in medicinal tree pathway discovery is that association-rich data
sets can rank candidates effectively but can also overstate mechanistic certainty. Robust
pathway discovery in medicinal forest trees increasingly depends on treating multi-omics
as a hypothesis generator rather than a proof engine. Large enzyme families, extensive
paralogy, and pronounced tissue heterogeneity inflate correlation-based false positives,
especially when bulk RNA-seq averages across mixed cell states and when metabolite
measurements pool source and sink tissues.

Co-expression analysis remains useful for prioritizing candidate genes, but its inter-
pretability depends heavily on the biological breadth and resolution of the expression
matrix. Multi-tissue, seasonal, and field-relevant transcriptome atlases improve inference
by separating constitutive co-expression from context-dependent pathway regulation, as
illustrated by the yearly growth-cycle atlas of Populus and its associated visualization frame-
work [103]. At a wider phylogenetic scale, updateable resources, such as the JGI Plant Gene
Atlas, further strengthen functional inference by enabling comparative expression-based
consistency checks across lineages [104]. As bulk transcriptomes of medicinal trees can
confound true regulatory coordination with shifts in cell-level composition, single-cell and
single-nucleus approaches are especially valuable. In Taxus, multiplexed perturbation x
single-nucleus profiling resolved paclitaxel pathway-related genes into distinct expression
modules and enabled the functional reconstruction of unresolved steps, whereas single-
cell ATAC-seq in T. mairei provided orthogonal cis-regulatory evidence linking chromatin
accessibility to cell-type-specific taxol-related gene expression [85,105].

Moving beyond co-expression requires integrative models that explicitly connect
metabolites, genes, and regulatory structures across conditions. Time-resolved multi-
omics designs are particularly informative because they reduce static correlation artifacts
and enable reliable inference of the order of transcriptional and metabolic changes, as
illustrated by a recent genome-scale regulatory network derived from field-grown tobacco
under contrasting environments [106]. Methodologically, network fusion and latent factor
approaches are particularly useful because they integrate heterogeneous “omics” layers
without segregating all data into pairwise associations. SNF (Similarity Network Fusion)
combines modality-specific similarity graphs into a unified sample structure, whereas
MOFA (Multi-Omics Factor Analysis) and MOFA + (advance) identify shared and modality-
specific latent axes that often correspond to biological programs or technical effects [107,108].
In plant systems biology, such integrated frameworks are increasingly being employed to
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support predictive, mechanistic interpretations of molecular-level regulation rather for the
descriptive layering of omics data [109].

Comparative genomics improves pathway inference in medicinal trees by applying
evolutionary constraints to candidate gene selection. Those that genuinely participate in
lineage-specific metabolism are expected to track the distribution of metabolites through
coherent patterns of retention, loss, duplication, or conserved genomes, which is espe-
cially helpful in large, promiscuous enzyme families. Such a logic is illustrated by the
chromosome-level Pseudotaxus chienii genome, which revealed a partial taxane pathway
ending before TBT and thereby identified the steps and candidate genes that help dis-
tinguish the complete paclitaxel pathway in Taxus [41,110]. This comparative principle
also applies to genome organization. As specialized-metabolism-associated genes can
occur as arrays, pairs, or clusters, proximity alone is insufficient evidence of functional
coupling. Smit and Lichman argued that gene cluster interpretation should be grounded
in cross-species comparisons, population variations, and an epigenetic context, making
comparative genomics a central tool for distinguishing functional organization from inci-
dental linkage [52] (Figure 2). We next use selected species examples not to catalog diversity
exhaustively, but to illustrate how different levels of evidence support different degrees of
mechanistic confidence in genotype-to-chemotype inference.

A. Correlation bias in multiomics

Tissue
heterogeneity

C. Omics integration

B. Context resolved expression

Metabolite pool
Medicinal forest tree

.

Gene family (paralogs)

N

Context

dependence Cell-type specificity

D. Pathway resolution

el

Temporal dynamics

Transcriptome/ MO W,W w \ Integration

Metabolome’ ; 7@ g @
i /@0 @ ol @

Genomic context

; tfrtl?cntture Duplication /,O
0-0~0

Figure 2. From multi-omics associations to causal pathway models in medicinal forest trees.

8. Selected Case Studies Across Evidence Levels

The species included in this section were selected as exemplar medicinal forest trees
based on their characterized specialized metabolite profiles, their utility for examining
chemotype variation and pathway regulation, and the availability of genomic, multi-omics,
or functional data that permit comparison across different levels of mechanistic resolution.
Accordingly, these examples were chosen to illustrate the evidential basis of genotype-to-
chemotype inference rather than regional prominence.
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8.1. Phellodendron amurense (Rutaceae; Alkaloids)

The near-telomere-to-telomere genome of P. amurense provides a high-resolution
framework for interpreting BIA (benzylisoquinoline alkaloid) biosynthesis in a woody
species. It is a 2.92 Gb paleooctoploid genome with four subgenomes and implicated
the LTR-mediated re-expansion of the PACNMT (coclaurine N-methyltransferase) family
involved in berberine pathway evolution [111]. Biochemical follow-up established six
key steps of the berberine pathway. Phellodendron uses a convergently evolved NAD(P)H-
dependent monooxygenase, PaCYP71BG29 (cytochrome P450 monooxygenase), for berber-
ine bridge formation rather than the canonical FAD-dependent mechanism known in
Ranunculales [112]. Consistent with this finding, a metabolome—transcriptome analysis
comprising 18 tissues validated a PR10/Bet v1 protein as NCS (norcoclaurine synthase) and
nominated additional CYP450 and methyltransferase candidates for BIA diversification.
This makes Phellodendron a particularly reliable example of how comparative analyses
of genome architecture, pathway evolution, and enzyme validation can be integrated in
medicinal tree research [113].

8.2. Cornus officinalis (Cornaceae, Iridoids/Loganins)

The chromosome-level genome of C. officinalis shows that the occurrence of a comple-
tion loganin pathway in a medicinal woody species depends not only on gene presence
but also on genome architecture. Comparative analysis indicates that a recent expansion in
transposable elements contributed substantially to genome enlargement and gene elonga-
tion. Simultaneously, the same assembly resolved biosynthetic gene clusters containing
LAMT (loganic acid O-methyltransferase), SLS (secologanin synthase), and CYPs associated
with sequential steps toward loganin formation [114]. Functional and docking analyses
further distinguished active and inactive homologs of CoLAMT, supporting a mechanistic
view of catalytic specialization within the LAMT-like family [114]. Together with earlier
tissue-scale metabolome-transcriptome analysis, these data make C. officinalis a strong
example of how repeat dynamics, clustered pathway organization, and tissue-specific
regulation jointly shape iridoid chemotype [115].

8.3. Aralia elata (Araliaceae, Triterpenoids/Saponins)

A. elata provides a robust genotype-to-chemotype example because the absence of
dammarane-type saponins can be traced to a specific genomic lesion: the loss of 12 exons in
DDS, with complementation by Panax ginseng DDSs restoring dammarane-type saponin ac-
cumulation in the A. elata callus. The genome showed that tandem duplication extensively
expanded triterpene tailoring families, including AeCYP72As, AeCSLMs, and AelUGT73s,
and that these genes were sufficient for the heterologous production of more than
13 aralosides in yeast [116]. Complementary genomic and functional studies further
show that A. elata now has a transformation-enabled reference genome and a modular
enzyme toolkit whose OSC-P450 combinations can generate a broad sapogenin space in
heterologous hosts [117,118].

8.4. Kalopanax septemlobus (Araliaceae, Saponins)

In K. septemlobus, mechanistic resolution was strongest at the sapogenin level.
Transcriptome-guided enzyme discovery identified KsBAS, CYP716A94, and CYP72A397
as minimal sequential modules sufficient for heterologous hederagenin production in
yeast, thereby establishing a validated core 3-amyrin to hederagenin route [119]. As a
result, K. septemlobus is best viewed as a moderate-evidence system in which the core
aglycone pathway is experimentally established, but the full chemotype architecture is not
yet genomically or biochemically terminated [120].
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8.5. Pinus densiflora (Pinaceae, Terpenoid/Resins)

The haplotype resolved 21.7 Gb genome of P. densiflora provides a reference grade
foundation for research into conifer chemotypes by resolving large-scale rearrangements,
LTR retrotransposon proliferation, tandem- and LTR-mediated transcription factor expan-
sion, and allele-aware PAV associated with adaptive traits [121]. At the defense-metabolism
interface, MJ selectively induces PADXS2, PAHDR?2, and PdABS in wood, consistent with
the transcriptional upregulation of MEP-linked precursor supply and resin acid biosyn-
thesis. In contrast, nematode infection of pine wood activates broader defense programs
involving phenylpropanoid and oxidative stress pathways [122,123]. These responses
should not be interpreted as mutually exclusive models of chemotype regulation; rather,
they indicate that different defense metabolism outputs can be triggered by different stimuli
and may vary across conifer species according to their evolutionary history and regulatory
organization [124] (Table 2).

Table 2. Genome-enabled dissection of the biosynthesis of unique metabolites in representative
medicinal woody plants.

Species Metabolite Class Genomic Resource Basis Validated Pathways Pathw?;t\::tl dation Ref.
Six berberine-pathway
steps were validated;
Near telomere-to-telorqere PaCYP71BG29 was
Rutaceae/ 2.92 Gb paleooctoploid . o
Phellodendron b . s . identified as a convergent .
enzylisoquinoline genome; long-terminal . . . High [102-104]
amurense . - berberine-bridge enzyme;
alkaloids repeat-mediated
. PR10/Bet v1 was
expansion of PaCNMT
supported as
norcoclaurine synthase.
Transposable-element Active COLAMT is
Cornaceae /iridoids and expansion and distinguished from
Cornus officinalis loganins biosynthetic gene clusters  inactive COLMAT; cluster High-Moderate [105,106]
8 containing LAMT, SLS, organization is linked to
and CYP genes loganin biosynthesis.
The DDS lesion explained
Reference genome; the loss of dammarane
. Araliaceae/ triterpenoids, tandem duplication saponins; .
Aralia elata saponins expanded AeCYP72As, complementation restored High [107-109]
AeCSLMs, and AelIGT73s*  production; >13 aralosides
were produced in yeast.
Transcriptome-guided KsBAS, CYP716A94, and
Kalopanax Araliaceae/saponins candidate discovery; core .C.YP72A397 were Moderate [110,111]
septemlobus . . s sufficient for hederagenin
sapogenin genes identified L
production in yeast.
Haplotype-resolved 21.7
re;i?aiergnn;its Methyl jasmonate-induced
Pinaceae/terpenoids and retrotrafris oson, PdDXS2, PAHDR?, and
Pinus densiflora p . SP PAABS; defense High-Moderate [112-115]
resins proliferation, and ; . .
metabolism linked to resin
allele-aware bi .
iosynthesis
presence/absence
variation
Terpene-related clusters
. . and chromosome 13 Genome-defined .
Azadirachta indica Mehaﬁe:()/ig{g:nmds, enrichment of candidate terpene Pagfclisztgﬁay [125]
lineage-specific TPS and biosynthetic modules
CYP genes
Key TPS enzymes were
Chromosome-level functionally validated for
Cinnamomum Lauraceae /volatile genomes revealed tandem the production of major
. 1 duplication and clustering volatile products, High-Moderate [47,126]
camphora terpenoids, essential oils . ) .
of TPS loci associated with

chemotype diversification.

including cineole- and
nerolidol-related
chemotypes.
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Table 2. Cont.

Species Metabolite Class Genomic Resource Basis Validated Pathways Pathwag;t\;;ltl dation Ref.
Chromosome-level Monoterpene synthases
Lauraceae/monoterpenes genome supported were validated;
Litsea cubeba lonoterp ” Lauraceae evolution and LcWRKY17, LeMYC4, and High [59,127]
essential oils
monoterpene synthase LcDXR enhanced
diversification. terpenoid biosynthesis.

* UGT (UDP-dependent glycosyltransferase); BAS (3-amyrin synthase).

8.6. Quillaja saponaria (Quillajaceae; Triterpenoid and Saponins)

The Quillaja saponaria is a medicinal tree that is exemplified of genome-enabled path-
way discovery linked to sustainable utilization. A 2023 study sequenced the Q. saponaria
genome, identified key genes involved in QS saponin biosynthesis, and reconstituted the
pathway in a heterologous plant system. These saponins are of prime value since QS-21 is
a licensed vaccine adjuvant component, and the same work highlighted the sustainability
problem of bark-based extraction [128].

8.7. Daphniphyllum macropodum (Daphniphyllaceae; Terpene and Alkaloids)

Daphniphyllum macropodum is considered an emerging case of chemotype organization.
Recent metabolomic investigations have proposed that mevalonate-derived C30 alkaloids
form in phloem-associated regions before conversion into downstream C22 alkaloids.
This case is therefore valued for demonstrating tissue compartmentalization and spatial
organization of specialized metabolism in woody species [129].

9. Emerging Questions

A central unresolved issue in medicinal forest trees is whether chemotype stability is
governed mainly by genetics, including structural variants, copy number variation, the
presence/absence of variations, and haplotype structure, or by regulatory plasticity, such
as cis-regulatory variations, chromatin state, inducibility, and tissue-specific programs.
This distinction is crucial because the same chemotype label may arise either from stable
genome-level changes at key branch-point loci or from context-dependent regulation that
shifts with anatomy, season, or elicitation. Resolving this issue requires genome resources
that accurately represent duplicated and structurally complex regions since incomplete or
error-prone assemblies can distort pathway inference in medicinal plants [54,99]. Testable
hypotheses now follow directly from this framework and, at present, many of these hypothe-
ses remain at the level of informed candidate models and require targeted perturbation,
biochemical testing, and spatially resolved validation before they can be treated as causal
explanations of chemotype stability. The major chemotypes may map to a small number
of high-leverage loci enriched for SVs (structural variations) and CNVs (copy number
variations). The inducible chemotype differences may reflect cis-regulatory and transposon-
linked chromatin variations; clustered pathway genes may show stronger co-regulation
than dispersed genes [52,94].

Reproducibility is therefore as vital as discovery. Many apparent chemotype conflicts
likely arise from poor provenance documentation, inconsistent tissue sampling, incomplete
metabolite annotation, and the overinterpretation of low-quality genomic resources. At a
minimum, robustly designed studies should report voucher-backed identity, exact anatom-
ical source, developmental stage, harvest timing, environmental context, analytical settings,
metabolite identification confidence, and genome/annotation quality when genome-level
claims are made [54,95]. Looking ahead, the most powerful route to causal genotype-to-
chemotype models in trees must combine haplotype-aware genomes, cell-resolved and
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perturbation-based regulatory mapping, and spatial metabolomics or spatial omics, so that
variations in gene content, regulation, and anatomical localization can be co-interpreted
rather than in isolation [105,130] (Figure 3).

Genetic variation

CNV Haplophyte

/

Chemotype
Stability

\

< Regulatory control nvironmental effects
NFs I ctromaiin ] induction Season| | _Stress |

Key challanges
Sampling Annotation Validation

Figure 3. Key questions for future research and expected outcomes.

10. Conclusions

Medicinally important forest trees are best viewed as chemotype systems in which
metabolite output is shaped by an interaction between genome architecture, regulatory
control, and tissue anatomy, rather than by taxonomy alone. Recent chromosome-scale
and haplotype-aware genomes indicate that recurring structural features—such as tandem
duplications, transposon activity, whole-genome duplications, and occasional biosynthetic
gene linkage—help build pathway efficiency and diversify key enzyme families. These
genomic patterns explain why some chemotypes remain stable through differences in
pathways that are genetically fixed, whereas others conceal structural or copy number
variation that only manifest through pangenome and haplotype-aware analysis.

At the same time, genomic potential is translated into actual chemistry through
hormonal signaling, transcription factor networks, chromatin state, and tissue-specific
deployment. In woody medicinal species, the production of specialized metabolites is often
strongly stress-responsive and anatomically restricted. Hence, the chemotype depends
not only on which genes are present but also on where, when, and under what conditions
they are activated and where the products are stored. As multi-omics, cell-resolved, and
perturbation-based datasets improve, the field is moving from descriptive associations
toward causal pathway models grounded in biochemical validation, spatial evidence, and
more robust reporting standards. Together, these advances make genome-enabled chemo-
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type prediction, traceable sourcing, and pathway-guided biotechnology-based production
increasingly realistic while focusing on a central question: whether chemotype stability is
primarily genetically fixed or regulatory and anatomical, a distinction that directly shapes
breeding, cultivation, conservation, and standardization strategies. A key priority for
the field is therefore to differentiate among candidate associations from validated mecha-
nisms, particularly when chemotype claims are based on co-expression, genomic linkage
or multi-omics integration without direct functional testing
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