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Abstract

Over the past century, early advances in understanding the identity of the chemicals that collectively form a living plant have led
scientists to deeper investigations exploring where these molecules localize, how they are made, and why they are synthesized in the
first place. Many small molecules are specific to the plant kingdom and have been termed plant secondary metabolites, despite the
fact that they can play primary and essential roles in plant structure, development, and response to the environment. The past 100
yr have witnessed elucidation of the structure, function, localization, and biosynthesis of selected plant secondary metabolites.
Nevertheless, many mysteries remain about the vast diversity of chemicals produced by plants and their roles in plant biology.
From early work characterizing unpurified plant extracts, to modern integration of ‘omics technology to discover genes in metab-
olite biosynthesis and perception, research in plant (bio)chemistry has produced knowledge with substantial benefits for society,
including human medicine and agricultural biotechnology. Here, we review the history of this work and offer suggestions for future
areas of exploration. We also highlight some of the recently developed technologies that are leading to ongoing research advances.

specialization can be taken to mean “not of general interest,”
as seen by the relative numbers of papers on plant secondary
metabolism compared with, say, plant development, in high-
impact general interest journals over the years. This situation
is changing, and here, we hope to further explode the myth

Introduction

A hundred years ago, scientists were trying to understand the
fundamental question, “What makes a plant?” Since then, we
have learned a great deal about the chemical constituents of

plants and their functions. But, there is still much exploration
needed to answer this question; tens of thousands of plant
chemicals (known as secondary metabolites, phytochemicals,
or natural products) remain to be identified, and many mys-
teries remain even in some of the most well-studied organ-
isms and pathways.

The term “secondary metabolite” suffers from the implica-
tion that the chemical in question is of secondary import-
ance, and the term “specialized metabolite” is sometimes
preferred. Even this may have negative connotations, as

by pointing out the major advances that the study of plant
secondary metabolism has made in the areas of phyloge-
netics, genome evolution, basic biochemistry, plant defense,
ecology, and plant development. Important principles of
biology have indeed been learned by the study of plant sec-
ondary metabolism (some are highlighted in Fig. 1).

The difference between our current approach to plant
secondary metabolism and the work done a century ago is
largely a question of techniques and ways of thinking. We
therefore also highlight the major technological and
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100 yr of studying plant secondary metabolism

ADVANCES

® High-throughput gene sequencing, MS, and Al
technologies are helping to assemble the com-
plement of secondary metabolites across the
plant kingdom.

® Studies in plant-insect ecology highlight the
evolutionary flexibility of secondary metabolite
biosynthesis and the roles of secondary meta-
bolites in multitrophic interactions.

® Coupling genome mining and metabolomics
with multigene transient expression systems
provide a pipeline for gene discovery in complex
pathways.

® The discovery of plant metabolite gene clusters is
a major advance in understanding the biosyn-
thesis and evolution of secondary metabolites
and plant genome evolution.

® Single-cell “omics” and small molecule biosensors
hold future promise in determining the roles of
specialized metabolites as signal compounds.

intellectual innovations over the past 100 yr. We discuss the
examples of particular interest and offer our predictions for
the future of the field. This is a vast area, and our selection
of examples cannot encompass all of the important work in
this topic. Therefore, we invite interested readers to continue
to explore this broad and exciting topic beyond this review.

The era of chemistry and function

A key driver of early phytochemistry was understanding the
compounds that gave medicinal plants their healing abilities.
As a classic review of phytochemistry states, “The desire to
discover the healing virtues of plants or again, to extract
deadly poisons from them, is one of the oldest endeavors
of mankind” (Burrell 1937). By the early 20th century, organic
compounds from plants were generally classified by whether
they were commonly found in many plant species (today,
many of these compounds could be described as primary
metabolites) or whether they were specific to certain plants.
Compounds identified as specific to medicinal or poisonous
plants were treated with particular interest, and chemical
characterization of these types of compounds led to some
of the first plant-derived medicinal compounds: aspirin (sali-
cylic acid), morphine, digitoxin, and quinine (Leroux 1830;
Fisch 1985; Schmitz 1985; Achan et al. 2011). As characteriza-
tion of plant metabolites has improved, subsequent research
has shown that many “specific” compounds were in fact
much more broadly distributed in plants than previously rea-
lized. Salicylic acid is an excellent example of this—originally
identified as the medicinal component in willow (Salix spp)
bark, we know now that salicylic acid is an important defense
hormone found across the plant kingdom (Peng et al. 2021).
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Early attempts to identify the medicinal components of plants
led to the discovery and characterization of many secondary me-
tabolites, including alkaloids, glucosides, anthocyanins, carote-
noids, and terpenes (Burrell 1937). Bioactivity assays were
frequently used to determine which plants made compounds
with “desirable” effects. These assays would apply plant extracts
to tissues, animals, or microbes of interest. If favorable biological
changes were induced by the extracts, then natural product
chemistry techniques would be used to isolate the causative
plant metabolite. These assays were frequently integrated
with chemical synthesis to identify and refine compounds of
interest. For instance, the discovery of aspirin involved treating
feverish patients with extracts of willow bark, which had high
levels of salicin, a compound convertible to salicylic acid
(Montinari et al. 2019; Mahdi et al. 2006). Chemical structure
confirmation was achieved by comparing the natural com-
pound with synthesized salicylic acid. Further synthetic modifi-
cations resulted in acetylsalicylic acid, the water-soluble
compound used in the commercial formulation for aspirin.
Over several decades, synthetic analogs of acetylsalicylic acid
were generated to create a number of other nonsteroidal
anti-inflammatory drugs, including ibuprofen. This integrated
natural product and synthetic chemistry approach to medicine
has served as a template for the discovery and creation of a wide
range of drugs ranging from chemotherapeutics to antibiotics.

Studying plant chemistry in the context of animals and in-
sects became an expanding theme that gave rise to important
discoveries in understanding the functions of plant metabo-
lites. Starting in the 1960s, the work of Tony Swain, Jeffrey
Harborne, and later Thomas Hartmann and Tom Mabry,
among others, led to the rebirth of chemical ecology
(Hartmann 2008) and chemotaxonomy (Bate-Smith 1962).
Swain, along with Bate-Smith, Haslam, and White, coined the
term “polyphenol,” and the technique of paper chromatog-
raphy allowed polyphenols to be used as markers in broad
taxonomic studies (Swain 1985). By the mid-20th century, ex-
plorations in the field of chemical ecology were leading to the
discovery of roles of plant metabolites in regulating insect be-
havior and biology (Dethier 1941). The 1940s to 1960s also saw
the birth of our understanding of inducible (phytoalexin) as
opposed to static (phytoanticipin) antimicrobial chemical de-
fenses in plants (Cruickshank and Perrin 1961; Tomiyama
et al. 1968; VanEtten et al. 1994), followed by appreciation of
the role of compounds such as flavonoids and (later) sinapate
esters as protectants against abiotic stress (UV light)
(Markham and Mabry 1975; Li et al. 1993; Sheahan 1996).

The desire to understand what controls plant growth and de-
velopment led to the identification of other groups of bioactive
plant secondary metabolites. Although compounds now recog-
nized as plant hormones are believed to be distributed across
the plant kingdom, several are structurally related to other sec-
ondary metabolites with more specialized distributions and dif-
ferent functions. Thus, auxin is in the same indole family as the
Arabidopsis (Arabidopsis thaliana) phytoalexin camalexin, gib-
berellins are diterpenes, abscisic acid is derived from carote-
noids, and brassinosteroids are triterpenes. Certain flavonoids
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Figure 1. Structures of a selection of plant secondary metabolites, showing their biosynthetic origins, in planta functions, and uses or importance in
plant biology. The bracket under each compound indicates the in planta function (green letter referring to a green box) and potential use or area of
biology that the study of the compound has impacted (blue letter referring to a blue box). Arrows link precursors from primary metabolism (central
circle) to the end products. Salicylic acid can be derived from phenylalanine or isochorismate (shikimate pathway intermediate).

function as inhibitors of auxin transport (Jacobs and Rubery
1988), and a coniferyl alcohol dimer (lignan) was proposed to
act as a cytokinin, although this has recently been challenged
(Witvrouw et al. 2023). Here, we consider “plant hormones”
only from the perspective of where their study provides broader
insight into secondary metabolism or has led to the develop-
ment of innovative techniques for studying plant metabolism.

Figure 1 summarizes the biological activities of a selection
of well-studied plant secondary metabolites and also indi-
cates their usefulness to humans and, where appropriate,
to the study of biology in general.

The era of biosynthesis

Model systems for the study of plant secondary
metabolism

By their nature and with some exceptions, most plant second-
ary metabolites are not widely present throughout the plant

kingdom. There are also limits to distribution at the level of
chemical classes, with, for example, betalains replacing antho-
cyanins in the Caryophyllales and isoflavonoids being generally,
but not exclusively, restricted to the Leguminosae. Multiple
model species have therefore been developed to study plant
secondary metabolism, especially at the molecular genetic
level. Early studies prior to the application of genetic approaches
targeted species irrespective of their genetic complexity or
tractability, but work soon began to focus on model species
with advanced genetic features such as easy transformability
and availability of mutant collections. Unfortunately,
Arabidopsis, although possessing many of the conserved sec-
ondary metabolic pathways such as phenylpropanoid and tri-
terpene, is not always a good model for studying other
aspects of metabolism/ecology. For example, although our un-
derstanding of the biosynthesis of flavonoid-derived condensed
tannins was accelerated through study of the set of Arabidopsis
transparent testa mutants (Appelhagen et al. 2014), Arabidopsis
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has since been shown to lack several of the enzymatic steps in-
volved in tannin biosynthesis in other species (Yu et al. 2023).
Madagascar periwinkle (Catharanthus roseus) has been and
continues to be widely studied as a model plant for alkaloid bio-
synthesis (Kulagina et al. 2022), and the wild tobacco Nicotiana
alata, with facile transformation and the existence of distinct
field populations, has been an important model for studies in
chemical ecology (Kumar et al. 2014). Barrel medic (Medicago
truncatula), with highly developed genetic resources (Tadege
et al. 2008), has served as one model for (iso)flavonoid and tri-
terpene biosynthesis (Liu et al. 2018; Ribeiro et al. 2020). With
ever-increasing improvements in genomic/transcriptomic re-
sources (One Thousand Plant Transcriptomes Initiative 2019)
and synthetic biology and rapid transient expression technolo-
gies (Owen et al. 2017), plant transformation efficiency is now
the major hurdle to investigations of secondary metabolism
across the broad diversity of plant species.

Unraveling the biosynthesis of secondary metabolites
Phase 1: Chemistry informs biochemistry. Early work on
the biosynthesis of plant secondary metabolites relied heavily
on the principles of organic chemistry. The pioneering work
of Robinson was among the first to contemplate a role for
enzymes in the assembly of complex plant metabolites
(Robinson 1917), leading to a Nobel Prize in Chemistry in
1947. Chemical synthesis or semisynthesis was used as a guide
to how these molecules might be assembled in the plant un-
der enzymatic control. For example, the chemical assembly of
condensed tannins through nucleophilic addition via a carbo-
cation intermediate was proposed as the basis for their biosyn-
thesis from flavonoid precursors (Haslam 1974; Roux and
Ferreira 1982). Biosynthetic pathways were also interrogated
through labeling experiments, usually utilizing '“C-labeled
precursors which had to be custom synthesized. Examples in-
clude pioneering studies on the biosynthesis of lignin from
L-phenylalanine and coniferyl alcohol (Freudenberg 1965), of
vanillin from ferulic acid (Zenk 1965) and of benzylisoquino-
line alkaloids from tyrosine (Rueffer and Zenk 1987). At the
same time, in vitro assays were being developed to examine
whether crude extracts from plants might contain predicted
enzyme activities for involvement in the synthesis of a range
of different secondary metabolites (e.g. Koukol and Conn
1961; Britsch and Grisebach 1986; Kochs and Grisebach
1986, e.g. in the phenylpropanoid/flavonoid pathway), and
pathways were “assembled” based on the ordering of such ac-
tivities. Figure 1 gives a brief indication of the biosynthetic ori-
gins (precursors from primary metabolism) of a selection of
secondary metabolites, and Fig. 2 provides a historical timeline
for the identification and characterization of selected phenyl-
propanoids, flavonoids, alkaloids, and their biosynthetic
pathways.

Phase 2: Molecular biology enters the race. Large strides
in our understanding of the molecular basis of plant sec-
ondary metabolism were made in the 1980s following
the development of inducible systems such as cell cultures
or biotically/abiotically stressed tissues (Hadwiger and
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Schwochau 1971; Kreuzaler and Hahlbrock 1973; Lawton
et al. 1980; Zenk 1991) to which the tools of the emerging
discipline of molecular biology could be applied. A compari-
son of the timelines for discoveries (Fig. 2) and for the adop-
tion of techniques to the study of plant metabolism (Fig. 3)
shows the enormous impact of molecular biology on
the field. Once a reliable assay had been developed for an
enzyme that was induced in parallel with an associated me-
tabolite, it was then possible to purify the enzyme to homo-
geneity, sequence peptides derived from the enzyme
protein, design oligonucleotide probes corresponding to
the protein sequence, and screen cDNA or genomic libraries
to identify the corresponding gene and provide DNA
probes to enable the detection of transcripts on RNA blots
(e.g. Kreuzaler et al. 1983; Edwards et al. 1985). In some
cases, plant genes were cloned based on their homology
to conserved regions in genes from mammalian species
(e.g. Learned and Fink 1989).

Experiments, in which a particular metabolite or sets of
metabolites were induced as a result of application of a
chemical, elicitor molecule, or a light stimulus, were then de-
signed to address the question of whether the induction in-
volved de novo gene expression (Hahlbrock and Grisebach
1979; Hahlbrock and Scheel 1989). Earlier studies on environ-
mentally controlled or elicitor-induced plant metabolism
had relied on cumbersome techniques such as density label-
ing with deuterated water to determine whether enzymes
were being synthesized de novo (Filner and Varner 1967;
Lawton et al. 1980). Now, antibodies could be used as re-
agents for in vitro translation assays to determine whether
translatable mRNA activities were being increased as a result
of the chemical, environmental, or developmental stimulus
(e.g. Kreuzaler et al. 1983), and nuclear run-off experiments
could address control at the level of transcription itself
(Somssich et al. 1989). The cDNAs could also be used as
probes for in situ hybridization experiments to address the
cellular localization of the transcripts and, by extension,
the pathway (Schmelzer et al. 1988; St Pierre et al. 1999).
Together, this work led to the appreciation that plant sec-
ondary metabolism was under complex spatial and tem-
poral control, often regulated primarily at the level of
gene expression (Hahlbrock and Scheel 1989). For example,
transcriptional regulation at the levels of L-phenylalanine
ammonia-lyase (PAL) (Edwards et al. 1985), chalcone syn-
thase (CHS) (Bell et al. 1984), and 3-hydroxymethylglutaryl
coenzyme A reductase (HMGR) (Choi et al. 1992) were pro-
posed as contributing to control of phenylpropanoid, fla-
vonoid, and terpenoid biosynthesis, respectively. It also
became apparent, by comparison of levels of transcripts
and their corresponding proteins, that posttranslational
control could be important, particularly for key entry-point
enzymes into secondary metabolism such as HMGR (Korth
et al. 2000).

Phase 3: “Omics” changes the game. Between the
mid-1980s and the mid-1990s, many of the key enzymes
in the biosynthesis of different classes of plant secondary
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metabolite had been identified at the molecular level.
However, further progress was often impeded by uncertainty
about and unavailability of potential intermediates for
later pathway reactions. The advent of RNA and genome se-
quencing in the early 2000s made available a powerful re-
source for studies on plant secondary metabolism (Kellner
et al. 2015; Wurtzel and Kutchan 2016). It was possible to ob-
tain the total complement of all classes of enzymes expressed
within an organism, a particular tissue, or in response to a
particular biotic or abiotic stimulus, providing a set of candi-
date genes that fitted predicted expression patterns to test
for involvement of their encoded proteins in a “missing reac-
tion” within a biosynthetic pathway. It became clear that spe-
cific classes of enzymes had been recruited, through
evolution, for the purpose of elaborating plant secondary

metabolites (Modolo et al. 2009). These include cytochrome
P450 enzymes or 2-oxoglutarate-dependent dioxygenases
for hydroxylation reactions, uridine diphosphate glycosyl-
transferases for addition of sugar moieties, BAHD-family acyl-
transferases for acyl group transfer, etc. The gene
candidates could be selected and expressed heterologously
in a microbe (generally Escherichia coli, but with yeast [usu-
ally Saccharomyces cerevisiae] a favored host for
membrane-bound enzymes such as the P450s) or transient-
ly expressed in a plant host such as N. benthamiana (see be-
low for subsequent developments of this technology) to
determine the catalytic activity of the encoded enzyme.
At first, recombinant enzymes were tested against a range
of predicted substrates, providing tentative in vitro func-
tions, the physiological relevance of which could then be
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determined by subsequent genetic analysis. This approach
was, however, still cumbersome for the elucidation of multi-
step pathways and still severely limited by the availability of
pathway intermediates to test as substrates.

The development of robust metabolomic technologies
allowed the interrogation of metabolite/transcript co-
occurrence for predicting the involvement of genes in sec-
ondary metabolite biosynthesis (Saito and Matsuda 2010).
Subsequently, coupling genome mining and metabolomics
with multigene transient expression systems in N. benthami-
ana has provided an efficient route to deciphering multistep
pathways using a gain-of-function approach. Excellent exam-
ples are the discovery of the pathways to the etoposide lig-
nans in mayapple (Podophyllum peltatum; Lau and Sattely
2015; Box 1), colchicine in Gloriosa superba (Nett et al.
2020), strychnine in Strychnos nux-vomica (Hong et al.
2022), momilactone diterpenes in rice (Oryza sativa)
(De La Pefia and Sattely 2021), limonoid triterpenes in

Citrus and Meliaceae species (De La Pefa et al. 2023), QS sa-
ponins (vaccine adjuvants) in soap bark tree (Quillaja sapo-
naria) (Reed et al. 2023), and the late stages of vinblastine
synthesis in C. roseus (Grzech et al. 2023). In these studies,
transcriptome data were generated to provide a catalog of
differentially expressed transcripts in tissues producing the
end products and candidates were selected based on expres-
sion profile and enzyme class predicted from a chemically
logical theoretical pathway and single and multigene expres-
sion through leaf infiltration of expression constructs was
used to build the pathway step-by-step in N. benthamiana.
LC-MS-based metabolite profiling was used to demonstrate
the sequential appearance and disappearance of pathway in-
termediates as consecutive enzymes were sequentially coex-
pressed. Because flux from primary metabolism, or earlier
branches of secondary metabolism, may not be specifically
channeled into the engineered pathway, yields of end pro-
ducts could be quite low. However, it has often been possible
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BOX 1

Case study: Discovery of the etoposide pathway
The paper published by Lau and Sattely (2015) is a
notable example of coupling transcriptomics, chem-
ical intuition, and metabolite analysis to unravel a
complex biosynthetic pathway. The authors were
searching for the genes that synthesize etoposide,
a chemotherapeutic agent produced naturally by
Mayapple. Four genes in this pathway had been pre-
viously discovered, over a span of about 17 yr. To
further unravel the remaining biosynthetic genes,
Lau and Sattely (2015) identified biosynthetic gene
candidates by searching for enzymes that were co-
expressed in the same tissues and environmental
conditions as the known genes in the pathway.
Then, they heterologously expressed these genes
in N. benthamiana and measured the biosynthetic
products. This led to the identification of 6 genes
that, when combined, produced etoposide agly-
cone, the immediate precursor to etoposide. More
recently, the Sattely lab has demonstrated a semi-
semisynthetic approach to producing etoposide
precursors at a milligram scale in N. benthamiana.
Overall, this approach demonstrates a compelling
example of how recently developed ideas and tech-
nology can rapidly lead to substantial discoveries in
complex plant metabolic pathways.

to increase flux into the engineered pathway. For example,
activation of the general phenylpropanoid pathway through
coexpression of a MYB transcription factor massively in-
creased etoposide formation, to levels higher than in the
plant of origin, in N. benthamiana coinfiltrated with the
structural genes for the pathway (Kim et al. 2022), confirming
the utility of N. benthamiana as a chassis for commercial pro-
duction of high value plant metabolites. In the case of ter-
pene production, coexpression of a feedback insensitive
form of HMG-CoA reductase increased the yields of triter-
penes by 4- to 10-fold (Reed et al. 2017), and momilactone
production could be enhanced by rerouting diterpene bio-
synthesis from the chloroplastic to the cytosolic, high-flux
mevalonate pathway (De La Pefia and Sattely 2021).
Genetic loss of function provides critical information on the
involvement of a gene and its encoded protein in a particular
biological function. Candidate genes identified by the ap-
proaches above can be functionally characterized by isolation
of mutants and impacts on secondary metabolism determined
by metabolomics or targeted metabolite profiling (e.g. Adiji
et al. 2021 as one of many examples). The advent of widely ap-
plicable gene editing technologies removes the requirement for
available mutant populations, and virus-induced gene silencing
(VIGS) has been and continues to be developed as a rapid ap-
proach to gene knock-down. VIGS applies recombinant viruses
to transiently downregulate the expression of targeted genes.
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This technology has found use in identifying genes involved
in the biosynthesis of several types of secondary metabolites,
including monoterpene indole alkaloids (MIAs) in opium pop-
py (Papaver somniferum) (Wijekoon and Facchini 2012; Salim
et al. 2013; Chen et al. 2020), bisindole alkaloids in C. roseus
(Liscombe and O’Connor 2011), and acyl sugars in Solanum
and Nicotiana species (Slocombe et al. 2008).

Random assembly of secondary metabolite-derived
polymers

Polymers of secondary metabolites in the form of lignin
(derived from hydroxycinnamyl alcohols) and condensed
tannins (derived from flavonoids) constitute a substantial
proportion of the fixed carbon on the planet. Other plant
polymers derived wholly or in part from secondary metabo-
lites include suberin (fatty acids, hydroxycinnamic acids
associated with lignin), melanin (phenolics), phlobaphenes
(flavonoids), and sporopollenin (phenolics, fatty acids, flavo-
noids). With the exception of the highly inert polymer
sporopollenin, the structure of which was only recently dis-
covered (Li et al. 2019), the biosynthesis of the building
blocks of these polymers has been intensively studied and
reviewed elsewhere (Dixon and Barros 2019; Yu et al.
2023). However, in contrast to other plant polymers such
as polysaccharides and proteins, the assembly of the mono-
meric units into polymers requires less precise enzymatic
control. In the case of melanin, the polymer results from
the oxidation of vacuolar phenolics and possibly other mo-
lecules after rupture of the chloroplast membrane releases
polyphenol oxidase (Glagoleva et al. 2020). After many
years of debate, it now appears that the monomers that
constitute the chains of condensed tannins are linked none-
nzymatically via nucleophilic attack between an activated
flavan-3-ol or leucoanthocyanidin carbocation extension
unit and a flavan-3-ol starter unit (Liu et al. 2016; Jun
et al. 2021); genetic analysis has failed to demonstrate
any type of polymerase that would yield the observed link-
age patterns but rather reveals proteins that appear to con-
trol the spatial distribution of starter and extension units
(Yu et al. 2023).

In the case of lignin, it has been known for many years that
the monolignols (hydroxycinnamyl alcohols) are polymer-
ized via a free radical reaction initiated by the action of lac-
cases and peroxidases. However, the large size of the laccase
and peroxidase gene families in plants has hampered genetic
analysis of this process, and there has been much debate as to
the extent to which the polymerization is purely chemical
or requires some type of template (Ralph et al. 2008). As
in many things, the truth probably lies somewhere in the
middle; the discovery of C-lignin composed only of catechyl
alcohol units (Chen et al. 2012) and evidence for the incorp-
oration of structurally diverse nonconventional units into
the lignin of grasses (e.g. the flavonoid tricin), and other spe-
cies (e.g. stilbenes and polyamines) argues against strict pro-
teinaceous control of coupling (Ralph et al. 2019), whereas a
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picture is now emerging of precise spatial control of the ini-
tiation of macromolecular lignin assembly in the Casparian
strip of the root involving dirigent proteins, previously impli-
cated in stereoselective lignan coupling (Davin and Lewis
2000; Hosmani et al. 2013; Wang et al. 2022).

The above examples highlight the importance of cell biol-
ogy in the accumulation of secondary metabolite-derived
polymers and the need for unbiased genetic analysis in eluci-
dating the complete biosynthetic machinery.

Biological insights derived from studies
on plant secondary metabolism

Secondary metabolite synthesis is under complex
spatial control
Secondary metabolites are seldom found throughout all plant
tissues but rather are deposited in specific tissues or even spe-
cialized organs. Glandular trichomes are common sites of
storage of metabolites required on the outer surface of the
plant and can be isolated in pure form, facilitating the eluci-
dation of pathways involved in the biosynthesis of their con-
tents through RNA sequencing. A classic example is the
interrogation of the peppermint (Mentha x piperita) glandu-
lar trichome transcriptome for genes involved in the biosyn-
thesis of menthol and related monoterpenes (Lange et al.
2000). In some cases, secondary metabolites are localized to
the leaf epidermis, and transcriptome analysis of the C. roseus
leaf “epidermone” revealed the presence of transcripts for the
complete MIA pathway, including a transporter for leaf sur-
face secretion (Murata et al. 2008; Yu and De Luca 2013).
However, not all secondary metabolites are synthesized in
the organs in which they ultimately accumulate. A well
know example is nicotine in Nicotiana species, which accumu-
lates in leaves but is synthesized in roots (Zenkner et al. 2019),
its transport being facilitated by a purine uptake permease
(Kato et al. 2015). Application of single cell metabolomics ana-
lysis revealed that, although most MIA precursors are indeed
found in the epidermal cells of C. roseus, the major MIAs
vindoline and serpentine localize to idioblast cells, and their
precursor strictosidine accumulates in both cell types
(Yamamoto et al. 2019). The biosynthesis of benzyisoquinoline
alkaloid biosynthesis in the opium poppy is equally complex:
the initial steps of biosynthesis of several of the alkaloids ap-
pear to occur in companion cells and sieve elements, with final
accumulation of the alkaloids in laticifers (reviewed in
Beaudoin and Facchini 2014). Surprisingly, however, the path-
way gene transcripts are localized to companion cells, whereas
the proteins themselves are found in both sieve elements and
laticifers, and shotgun proteomics has confirmed the presence
of enzymes specific for the final steps of morphine biosynthesis
to be present in laticifers (Onoyovwe et al. 2013). MS imaging
techniques (Fig. 3) hold promise for higher resolution under-
standing of the spatial distributions of the precursors and
end products of plant secondary metabolism (Dong and
Aharoni 2022). This understanding is assisted by our increasing

PLANT PHYSIOLOGY 2024: 195; 48-66 | 55

knowledge of transporters for secondary metabolites (Gani
et al. 2021), although in some cases (e.g. monolignol transport)
genetic analysis has failed to reveal transport mechanisms, and
passive diffusion is becoming increasingly accepted (Perkins
et al. 2022). At the same time, the release of floral volatiles
to the atmosphere, long believed to occur via passive diffusion,
has recently been shown to be mediated by nonspecific lipid
transfer proteins (Liao et al. 2023).

Metabolic channeling provides an additional layer
of pathway regulation

Metabolic channeling is the passing of intermediates of en-
zymatic reactions from one enzyme to the next without
equilibration into the cellular milieu (cytosol). It provides a
means to regulate flux into bifurcating pathways, to enhance
catalytic activity, and to protect highly reactive intermediates
from undesirable chemical conversion or from causing cellu-
lar toxicity (Winkel-Shirley 1999). Although first postulated in
mammalian metabolism, many of the best examples of meta-
bolic channeling have been demonstrated, or at least pro-
posed, in plants. Unfortunately, metabolic channeling can
be used as a convenient catch-all interpretation when meta-
bolic data do not fit the current paradigm, in some cases per-
haps because the model is incorrect. Data supporting
metabolic channeling require careful interpretation and usu-
ally confirmation via multiple approaches.

Metabolic channeling has been proposed to operate in the
synthesis of many types of plant secondary metabolites, includ-
ing terpenoids, alkaloids, phenylpropanoids, flavonoids, and cy-
anogenic glycosides (Gutensohn et al. 2022; Jorgensen et al.
2005). Techniques for determining protein—protein interactions
have been widely used in these studies. For example, bimolecu-
lar fluorescence complementation (BiFC) and coimmunopreci-
pitation approaches revealed that soybean (Glycine max)
isoflavone synthase interacted with CHS, chalcone isomerase
(CHI), and cinnamate 4-hydroxylase (C4H), suggesting the for-
mation of an isoflavone biosynthesis metabolon (Dastmalchi
et al. 2016). But metabolic channeling is not necessarily con-
served in the same pathway between different species. For ex-
ample, snapdragon (Antirrhinum majus) flavone synthase Il
(FNS II) was shown to interact with CHS, CHI, and dihydroflava-
nol reductase (DFR) by yeast 2-hybrid and BiFC assays (Fujino
et al. 2018). In contrast, using similar methods, no interaction
between FNS Il and CHS could be verified in torenia (Torenia
hybrida), where FNS Il interacted instead with flavonoid 3-hy-
droxylase (F3H) (Fujino et al. 2018). In a further example from
the flavonoid pathway, Forster resonance energy transfer
(FRET) detected by fluorescence lifetime imaging microscopy
(FLIM) (FRET-FLIM) provided in vivo evidence that DFR com-
peted with flavonol synthase (FLS) in physical binding to CHS
in Arabidopsis; this suggests that channeling may operate to de-
termine the direction of flux into flavonols and anthocyanins/
proanthocyanidins (Crosby et al. 2011). Metabolic channeling
is likely a dynamic process that is potentially dependent upon
physiological conditions, an aspect that requires further study.
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It was proposed that the membrane-associated cyto-
chrome P450 enzymes C4H, flavanone 3'-hydroxylase (F3’
H), and FNS Il act to anchor the phenylpropanoid/flavonoid
enzyme complex to the cytosolic side of the endoplasmic re-
ticulum (Winkel-Shirley 1999, 2001; Fujino et al. 2018), and
C4H, coumaroyl shikimate 3’-hydroxylase (C3'H), and feru-
late/coniferaldehyde 5-hydroxylase (F5H) P450s were as-
sumed to operate similarly in the pathway to monolignols.
Direct evidence of weak PAL/C4H interactions came from
FRET studies in N. tabacum (Achnine et al. 2004), and FLIM
revealed the consecutive P450s C4H and C3’H to be coloca-
lized on the endoplasmic reticulum (ER) membrane and re-
stricted in their lateral diffusion by association with other ER
proteins (Bassard et al. 2012). The operationally soluble en-
zymes hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl
transferase and 4-coumarate:CoA ligase were partially asso-
ciated with the ER when the 2 P450s were coexpressed. It
was subsequently shown that the 3 P450 enzymes of the
monolignol pathway, although in spatial proximity to one
another on the ER membrane, do not interact directly but ra-
ther through the intermediacy of 2 members of the mem-
brane sterol binding protein family, which themselves can
form multimers to allow organization of P450 clusters with
resultant stabilization of the P450 enzymes (Gou et al. 2018).

Although most examples of metabolic channeling in plant
secondary metabolism have been proposed to involve com-
plexes anchored to the ER, compartmentation between cyto-
sol and organelles can also occur. During the biosynthesis of
MIA alkaloids in C. roseus, strictosidine is formed from seco-
loganin and tyrosine by a Pictet—Spengler reaction catalyzed
by strictosidine synthase (Treimer and Zenk 1979); many
plants contain putative orthologs of strictosidine synthase
with functions yet to be determined (Kibble et al. 2010).
Strictosidine is then deglycosylated by an enzyme, strictosi-
dine B-glucosidase (SDG), that multimerizes to form a shield
protecting the reactive aglycone, which spontaneously reor-
ganizes to yield, among other products, cathenamine and
epi-cathenamine, which are downstream intermediates for
the formation of MIAs. The enzymes that initiate further
conversion of these products may be localized to the nucleus,
where they may physically interact with the SDG multimers,
forming a nuclear metabolon that is thought to further pro-
tect reactive intermediates until more stable compounds are
generated for subsequent oxidation by cytochrome P450 en-
zymes localized on the ER (Stavrinides et al. 2015). Nuclear
localization of secondary metabolism warrants further study.

Plant secondary metabolism evolves through

a variety of mechanisms

Because many secondary metabolites are involved in the inter-
actions of plants with their environment, their appearance in
plant lineages is intimately associated with plant microbe/
pest/predator coevolution. In some cases, the same metabo-
lites are made by both the plant and its potential pest/preda-
tor. Aside from ecological considerations, this situation is of
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interest for the light it sheds on the evolutionary flexibility of
secondary metabolite biosynthesis. A remarkable example con-
cerns the iridoid sex pheromones, which are synthesized in the
hind legs of female pea aphids (Acyrthosiphon pisum) by the
same sequence of reactions as the iridoids in plants, although
6 enzymes of the insect pathway are unrelated to their plant
counterparts (Kollner et al. 2022). The same situation of com-
mon intermediates but involvement of different classes of en-
zymes is seen in the case of the diterpene gibberellins of plants,
fungi, and bacteria (Salazar-Cerezo et al. 2018), highlighting the
operation of cross-kingdom convergent evolution of second-
ary biosynthetic pathways. At the same time, phylogenetic
studies have revealed that some enzymes of plant secondary
metabolism have arisen through horizontal gene transfer,
such as the origin of PAL from soil bacteria and fungi during
symbioses early in land colonization (Emiliani et al. 2009). A
number of enzymes of secondary metabolism have also
been coopted during evolution from enzymes of primary me-
tabolism (Sonawane et al. 2020; Lou et al. 2022), an under-
standing of which can inform rational metabolic engineering.

Some enzymes of secondary metabolism, for example, the
terpene synthases, are remarkably promiscuous, based on
the contours and dynamics, rather than catalytic residues
or mechanism, of their active sites that direct the folding
of the tertiary carbocation toward a large range of potential
products (Greenhagen et al. 2006; Jia et al. 2019). Subsequent
modification of terpene structures largely includes hydroxyl-
ation reactions, most of which are catalyzed by cytochrome
P450 enzymes, and kingdom-wide phylogenetic analysis has
suggested that the CYP716 family has evolved specifically to-
ward triterpenoid biosynthesis in eudicots, with neofunctio-
nalization of the CYP716 family coinciding with the
emergence of oxidosqualene cyclases with specific roles in
secondary metabolism (Miettinen et al. 2017).

In contrast to the situation in fungi, where secondary
metabolic genes are usually clustered together in operons,
it was thought, until the late 1990s, that the genes involved
in plant secondary metabolism were randomly distributed
throughout the genome. This appears true in many cases, in-
cluding, for example, the genes of general phenylpropanoid
metabolism and the lignin and anthocyanin branches.
However, the picture changed in 1997, when it was shown
that all 5 structural genes (a tryptophan synthase homolog
and 4 cytochrome P450s) for the biosynthesis of anti-insect
benzoxazinones in grasses were linked in an operon-like
structure (Frey et al. 1997). Following the subsequent discov-
ery of the genomic organization of the avenacin pathway in
oat (Avena sativa), the momilactone pathway in rice, and the
thalianol pathway in Arabidopsis (Qi et al. 2004; Wilderman
et al. 2004; Field and Osbourn 2008), diterpene and triter-
pene biosynthesis emerged as a focus area for studies on
metabolic diversification through independent evolution of
gene clusters in plants. Gene clusters have since been discov-
ered in several other areas of plant secondary metabolism
(Bharadwaj et al. 2021), including the biosynthesis of the sur-
face B-diketone waxes in wheat (Triticum aestivum) and
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barley (Hordeum vulgare) where the cluster contains a poly-
ketide synthase, a cytochrome, P450 and a hydrolase/carb-
oxylase, functions that were previously considered to be
part of a multifunctional protein (Hen-Avivi et al. 2016)

Clustering of genes allows for more highly coordinated cor-
egulation, as well as opportunities for regulation via targeted
chromatin remodeling (Osbourn 2010). Analysis of the struc-
ture of the thalianol cluster in a wide range of A. thaliana ac-
cessions and related Arabidopsis species showed that the
cluster is largely fixed, with a low frequency of deleterious
haplotypes, and that chromosomal inversion can shuttle dis-
tant genes into the cluster to enable cluster compaction (Liu
et al. 2020). Cross-cluster effects may also play a part in the
maintenance of biosynthetic gene clusters. For example, in
addition to the momilactone cluster on chromosome 4,
rice also contains a gene cluster on chromosome 2 for syn-
thesis of related phytocassane diterpenoids, which contains
2 genes encoding related cytochrome P450 enzymes
(CYP76M7/8). CRISPR-Cas9 editing to remove the cluster
on chromosome 2 resulted in phytotoxicity due to apparent
buildup of momilactone pathway intermediates requiring
CYP76M7/8 for further conversion (Li et al. 2022).

Plants also contain examples of highly tandemly dupli-
cated genes, the best known being the leucine-rich repeat
disease resistance genes in many plants (van Wersch and Li
2019). The tandem arrangement may provide a “reservoir”
for generation of gene diversity through site-directed recom-
bination or ensure cosegregation of genes that are most ef-
fective when expressed in concert. In the area of secondary
metabolism, the ~100 Arabidopsis small molecule uridine di-
phosphate glycosyl transferase (UGT) genes are scattered
throughout the genome but cluster into groups of up to 7
genes. The over 300 M. truncatula UGT genes are distributed
similarly, but the number of genes in each array is greater,
with one locus on chromosome 6 containing 27 tandemly ar-
rayed UGT genes and CYP genes often cocluster with the
UGT genes (Young et al. 2011). It has yet to be shown
whether this particular organization provides a reservoir for
evolutionary adaptation of UGT functions.

It is now becoming apparent that plant secondary metab-
olism has evolved to include built-in redundancies. This likely
provides both flexibility and protection against fluctuations
in precursor flux. Examples include dual pathways for
O-methylation (at the free acid and CoA ester levels) and
3’-hydroxylation (direct or via the “shikimate shunt”) in
monolignol biosynthesis (Ye et al. 1994; Dixon and
Barros 2019; Vanholme et al. 2019) and parallel pathways
to epicatechin as a starter or extension unit in condensed
tannin biosynthesis (reviewed in Yu et al. 2023). Such phe-
nomena complicate the genetic analysis of pathway
structure.

Manipulation of secondary metabolism provides

a paradigm for plant ecology

The field of plant chemical ecology was developed from the
discoveries in the 1940s to 1980s that characterized secondary
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metabolites and their biological activities against insect pre-
dators and microbial pathogens. The subsequent discoveries
of pathway genes have now allowed ecological predictions
to be tested in natural environments. A good example is
the work of Baldwin and associates with the wild tobacco
N. alata in habitat in the Great Basin Desert in Utah, which
established that release of volatiles from insect larval-attacked
leaves can attract predatory insects in nature (Kessler and
Baldwin 2001), and that adjacent plants can perceive
volatile signals from attacked plants to induce preemptive
defense pathways (Baldwin et al. 2006). Planting transgeni-
cally modified N. alata with strongly reduced nicotine
levels in its natural environment confirmed that nicotine
does indeed protect the plant from larval feeding
(Steppuhn et al. 2004) and demonstrated that insect pre-
dators (wolf spiders) prefer larvae that have fed on plants
lacking nicotine (Kumar et al. 2014). Furthermore, use of
plant-mediated RNAi to downregulate an insect cyto-
chrome P450 implicated in the exhalation of digested
nicotine from the spiracles resulted in increased spider
attack, showing that larvae themselves utilize nicotine as
a defense (Kumar et al. 2014).

The optimal defense theory (McKey 1979) states that the
evolution and allocation of defenses is based on both the fit-
ness value and vulnerability of individual plant parts to sim-
ultaneously optimize growth and defense. This theory was
recently tested for the glucosinolate defense compounds of
A. thaliana, which naturally exhibit a gradient of distribution
from the youngest (highest) to the oldest leaves, where the
compounds are synthesized in the lower mature leaves and
transported to the younger leaves, which are the preferred
tissues for herbivory. Modifying this gradient by knock-out
of 2 glucosinolate transporter genes altered the feeding pref-
erence of larvae of the generalist insect herbivore African cot-
ton leafworm (Spodoptera littoralis) in a way consistent with
the tenets of the optimal defense theory (Hunziker et al.
2021). However, glucosinolates appear to have functions
beyond protection against herbivory and pathogen attack.
Levels of aliphatic glucosinolates in Arabidopsis are regu-
lated by a transcriptional cascade involving auxin-sensitive
AUXIN/INDOLE-3-ACETIC ACID-INDUCIBLE (Aux/IAA) re-
pressors, with elevated glucosinolate levels being necessary
for correct stomatal regulation under drought (Salehin et al.
2019).

It can be expected that the ecological functions of more
and more secondary metabolites will be examined through
field studies with genetically modified plants in the coming
years.

Cutting-edge technologies are paving the road

to discoveries in secondary metabolism research
Emerging technologies are enabling understandings of meta-
bolites and their functional roles in plants. Here, we highlight
recently developed or improved technical approaches and
how these have influenced the field of plant metabolic
biology.
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Genome-wide association studies allow unbiased
analysis of gene function

Genome-wide association studies (GWAS) are well known in
the biomedical field but have now become a powerful tool in
many other areas of biology, including plants (Tibbs Cortes
et al. 2021). Linking traits to genotypes across populations
allows an unbiased approach to discovery of genes impacting
important traits, and this approach is expected to have broad
impacts for plant secondary metabolism in the future. As one
example, in a GWAS analysis of more than 1,000 individual
lines of black cottonwood (Populus trichocarpa), some sin-
gle nucleotide polymorphisms (SNPs) associated with lignin
content across the Populus species range and in plants
grown under different environmental conditions resided
in a 5-enolpyruvylshikimate-3-phosphate synthase-like (EPSP)
gene (Xie et al. 2018). EPSP synthase is an enzyme of the
shikimate pathway that provides precursors for phenylpropa-
noid biosynthesis, but the rare alleles were not associated
with enzymatic properties but rather structural changes that
converted the enzyme to a transcription factor that acted as
a repressor of lignin biosynthesis (Xie et al. 2018). An approach
in which untargeted, qualitative metabolic traits are subjected
to GWAS analysis (QT-GWAS) appears promising in unco-
vering gene metabolite relations, revealing enzymes of chro-
man, nucleotide, and neolignan biosynthesis in Arabidopsis
(Brouckaert et al. 2023).

To determine the genetic basis for production of defensive
terpene metabolites secreted by maize roots, a combination
of metabolite-based QTL mapping, GWAS analysis, and use
of near-isogenic lines was applied, leading to the identifica-
tion of a terpene cyclase involved in the synthesis of the non-
volatile antibiotic B-costic acid (Ding et al. 2017). Such
approaches provide powerful tools for molecular breeding
to enhance biotic stress tolerance.

Single-cell transcriptomics is enabling deep
characterization of phytohormone signaling leading
to the identification of regulators

Another rapidly evolving method that is advancing our under-
standing of gene function is single-cell sequencing. The recent
explosion of use of single-cell transcriptomics has led to the ex-
tensive generation of data on thousands of genes underlying
plant development and stress response. Several of these stud-
ies have already made progress deepening our understanding
of small molecule biosynthesis and signaling. For example,
single-cell transcriptomic studies during phosphate deficiency
revealed cytokinin production in the central vasculature,
which has a cascading effect to promote root hair develop-
ment in the epidermis (Wendrich et al. 2020). In another ex-
ample, single-cell RNA sequencing of developing Arabidopsis
lateral roots revealed camalexin, an indole phytoalexin, as a
regulator of lateral root formation (Serrano-Ron et al. 2021).
Other studies have found additional roles for auxin, cytokinin,
and gibberellin in various developmental processes, including
root development (Torii et al. 2020), leaf vein development
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(Liu et al. 2022), and tissue regeneration (Efroni et al. 2016).
In addition, single-cell transcriptomics has been used to ana-
lyze genes that respond to phytohormone stimulus. For ex-
ample, single-cell analysis in brassinosteroid-blind mutants
revealed non-cell-autonomous functions of brassinosteroid
signaling (Graeff et al. 2021). Another single-cell study of the
brassinosteroid response in roots identified responsive tran-
scription factors expressed with high specificity in the elongat-
ing cortex (Nolan et al. 2023). In the future, it will be important
to delineate the transcriptomic responses to abiotic and biotic
stresses at the single cell level and explore methods capable of
combining single-cell transcriptomics with metabolomics
measurements to address the involvement of unidentified
regulatory natural products.

Technological advances to visualize localization
patterns of small molecules

Key advances in small molecule biology have been enabled by
the development of strategies to visualize phytochemicals
across space and time using chemical and genetic-based ap-
proaches. The most common technique for visualizing me-
tabolite activity is to design and measure genetically
encoded reporters. This technique has been mostly applied
to plant hormones in the context of development.
Promoter fusions, which typically rely on synthetic promo-
ters that are activated by phytohormone-specific transcrip-
tion factors, can be used to measure the activities of auxin
(Ulmasov et al. 1997), ABA (Wu et al. 2018), brassinosteroids
(Chaiwanon and Wang 2015), and cytokinins (Liu and Miiller
2017). For example, DR5 is a synthetic promoter element
that contains 7 repeats of an auxin-response element
(Ulmasov et al. 1997). DR5 has been used extensively to drive
various reporters, including GUS, GFP, and luciferase (LUC)
to quantify auxin-regulated processes. 6xABRE is another
synthetic promoter used to visualize the transcriptional re-
sponse to ABA (Wu et al. 2018; Fig. 4A). However, it is advised
to use multiple strategies to test conclusions using synthetic
promoter:reporter lines, as it has been shown that these lines
do not always reflect known phytohormone concentrations
(Chandler and Werr 2015). A comparison of multiple ap-
proaches for the visualization of ABA in plant roots and
shoots is given in Fig. 4. Another genetic approach to visual-
izing phytohormones uses signal-induced degradation to in-
directly measure phytohormone levels. This approach is
exemplified by R2D2 (ratiometric version of 2 DlIs), which le-
verages an interaction between auxin, an Aux/IAA DIl do-
main, and a ubiquitin ligase to measure auxin levels (Liao
et al. 2015). In this system, the DIl domain is fused to the re-
porter n3xVenus and the mDIl domain, which is not de-
graded by auxin, is fused to nTdTomato. Changes in auxin
levels are determined by measuring the ratio of yellow to
red fluorescence. FRET sensors are another way to measure
small molecule activity. For instance, a FRET reporter for aux-
in that utilizes an engineered tryptophan repressor protein-
binding pocket allows for transient and reversible detection
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Figure 4. Examples of techniques used to visualize the localization of secondary metabolites. Each technology shown here is designed to image

abscisic acid (ABA). A) A genetically encoded reporter (Wu et al. 2018); B) a FRET sensor (Rowe et al. 2023); C) a fluorogenic, small molecule-based

probe (Yang et al. 2022), and this image was reprinted with permission from Yang et al. (2022) copyright 2022 American Chemical Society; and D) an
MALDI MS imaging method for imaging phytohormones cytokinin (CK) and ABA (Shiono et al. 2017), and this image was reprinted with permission
from Shiono et al. (2017), copyright 2017 American Chemical Society. Images are licensed under a Creative Commons Attribution License (CC BY,
https://creativecommons.org/licenses/by/4.0/) by Wu et al. (2018) and Rowe et al. (2023).

of IAA (Herud-Sikimi¢ et al. 2021). A FRET reporter for ABA
relies on the signal-induced interaction between covalently
linked ABA receptor domains (such as pyrabactin
resistance 1 and PP2C-type phosphatase domains) to meas-
ure changes in ABA localization and concentration (Jones
et al. 2014; Waadt et al. 2014; Rowe et al. 2023; Fig. 4B).

Currently, there are few examples of biosensors for sec-
ondary metabolites beyond the classical hormones, which
reflects the general lack of detailed information required
to generate these types of reporters. Designing receptor-
based biosensors requires atomic scale resolution, which is
lacking for most secondary metabolite receptors, if known
(Nemhauser and Torii 2016). Likewise, promoter-based bio-
sensors require the identification of highly specific se-
quences responsive only to the metabolite of interest.
Further elucidation of these interactions will expand the
use of biosensors and lead to understanding of the localiza-
tion patterns of secondary metabolites and their potential
functions as signal molecules. Global protein—-metabolite in-
teractome studies could provide a basis for technology de-
velopment in this space (Luzarowski et al. 2021).

Direct imaging of metabolites can occasionally be per-
formed if the chemical of interest already has natural fluores-
cence properties. For example, phenolic compounds such as
hydroxycinnamic acids, coumarins, stilbenes, and styrylpyr-
ones are often auto-fluorescent under the proper excitation
wavelength (Hutzler et al. 1998). Phenylcoumarans and

stilbenes are major chromophore monomers in lignin and
have enabled nondestructive imaging of lignin (Maceda and
Terrazas 2022). The fluorescence of lignin can be further amp-
lified by dyes or by feeding monolignols with small fluorescent
tags (Tobimatsu et al. 2013). Flavonoids are other phenolic
metabolites that naturally possess low levels of fluorescence,
which can be enhanced with dye conjugates to reveal localiza-
tion and intensity, as well as uncover their regulatory interac-
tions with signaling pathways and phytohormones (Lewis
et al. 2011; Muhlemann et al. 2018). However, the vast major-
ity of metabolites do not have inherent fluorescence. To ad-
dress this, bioactive compounds with fluorescent tags have
been developed to track brassinosteroids (Irani et al. 2012),
auxins (Pafizkova et al. 2021; Hayashi et al. 2014), and jasmo-
nates (Liu and Sang 2013). While such bioactive fluorescent
tags have provided information on the spatiotemporal dy-
namics of these molecules, they typically cannot be utilized
to determine activity (i.e. protein-binding or participation in
enzymatic reactions). One strategy for enabling measure-
ments of metabolite activity is the design of synthetic protein-
responsive small molecule reporters that change fluorescence
properties upon protein interactions. For example, the com-
putationally optimized synthetic compound, flubactin, in-
creases in fluorescence 8-fold upon binding to the ABA
pyrabactin resistance 1 receptor (Yang et al. 2022; Fig. 4C).
Protein-responsive fluorescent reporters have also been devel-
oped for strigolactone (de Saint Germain et al. 2022) and
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retinaldehyde (Dickinson et al. 2021). These reporters enable
access to a key element of secondary metabolite function, in-
teractions with signaling proteins. However, an obvious limita-
tion of pro-fluorescent and fluorescent reporters is that they
can only be designed where the identity of a secondary me-
tabolite is known, and the vast majority of secondary metabo-
lites in plants remain unknown.

In order to explore the “black box” of secondary metabol-
ism, chemical imaging technologies have provided avenues
for direct measurements of metabolites in situ and in vivo.
For example, desorption electrospray ionization and matrix
assisted laser desorption/ionization (MALDI) MS imaging
has been applied to map the spatial profiles of primary me-
tabolites (Zhang et al. 2023), glucosinolates (Sarsby et al.
2012), lipids (Sarabia et al. 2018), alkaloids (Conceigao et al.
2021), and phytohormones (Shiono et al. 2017; Fig. 4D)
across plant tissue sections of interest. This work has re-
vealed localization patterns of known metabolites as well
as mass to charge signatures of many unknown com-
pounds. MS imaging is capable of measuring relative levels
of mass to charge ratios of tens to hundreds of small mo-
lecules with spatial resolution ranging from 5 to 250 um.
However, a limitation of this technology is that it cannot
perform dynamic measurements. Two chemical imaging
techniques that are nondestructive and capable of meas-
uring dynamic information are Raman and NMR micros-
copy. Raman spectroscopy is a selective technique that
measures vibrational modes of molecules. When applied
as a microscopic method, it has been used to measure dif-
ferent classes of secondary metabolites (Yang et al. 2017)
and cell wall polymers (Gierlinger and Schwanninger
2006) with high spatial resolution (1 to 10 gum). NMR mi-
croscopy is related to magnetic resonance imaging
(MRI), which has been widely used for whole body imaging
in human medical applications. In plants, NMR microscopy
is ideally suited to measure water flow, but can also be ap-
plied to track C'® labeled plant metabolites (Kockenberger
et al. 2004).

Advances in plant synthetic biology are deepening
our understanding of how to produce and utilize
secondary metabolites

Due to the ability of plants to synthesize and store large
amounts of metabolites of interest for human health
and society, both primary and secondary metabolism
are now major targets of plant synthetic biology efforts
(Maeda 2019), and these advances have led to engineer-
ing of secondary metabolite pathways with applications
in medicine, agriculture, and renewable fuels in sustain-
able ways (Goold et al. 2018; Liu et al. 2023). This re-
search has also been critical for generating deeper
understandings of metabolite biosynthesis and regula-
tion. For example, elucidating the biological pathway
for colchicine biosynthesis generated understanding of
the tissue specificity of alkaloid biosynthesis in medicinal
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plants in addition to providing engineering strategies for
the production of this medicinal compound (Nett et al.
2020). In spite of this and the other examples given earl-
ier, the discovery of natural product biosynthesis path-
ways still remains a major obstacle for achieving the
full potential for engineering secondary metabolites in
plant and microbes (Anarat-Cappillino et al. 2014).
Advances will rely not only on discovery of pathway
genes but also on deployment of tunable synthetic regu-
latory circuits (Nemhauser and Torii 2016).

Another branch of synthetic biology research is to utilize
metabolic pathways to understand functions or to engineer
new traits. As previously mentioned, the development of gen-
etically encoded biosensors is a growing area of plant biology
research. This includes the development of small molecule re-
porters to study the localization of signaling components and
the creation of plant “sentinels” that produce dramatic pheno-
typic changes in response to external chemical cues (Jez et al.
2016; Uslu and Grossmann 2016). One of the earliest synthetic
biology examples in plants was the engineering of plant metab-
olism for phytoremediation of toxins (Bizily et al. 2000). An ex-
citing recently developed approach is the synthetic transfer of
features of plant secondary metabolite regulation into heterol-
ogous systems for precise control of regulatory processes. For
example, the auxin-inducible degron system, used to rapidly de-
grade proteins in organisms that do not endogenously synthe-
size auxin, has already made important contributions to
biological research (Nishimura et al. 2009). Another current
theme in synthetic biology is to generate strategies for precise
tuning of secondary metabolite localization to improve plant
growth or stress response. For example, researchers have re-
wired phytohormone pathways to control plant development
and architecture (Brophy et al. 2022). Finally, there is potential
in the future for engineering plant-microbial interactions,
which often involve metabolite-based communication, for im-
proving plant growth and stress responses (Ke et al. 2021).

Conclusions

The past century has seen enormous advances in our un-
derstanding of the broad repertoire of chemicals elaborated
by plants, their localizations, functions, and biosynthetic
pathways. These developments have in many ways tracked
the technological developments in analytical chemistry and
molecular and cellular biology. There is a long history of the
use of plant secondary metabolites in human health and
society. Continuing the discovery of new molecules and
pathways will lead to further societal benefits. At the
same time, the study of plant secondary metabolism itself
has led to a number of conceptual advances in biology
and has raised a number of questions that, even if recog-
nized, could not have been addressed by early workers in
the field (see “OUTSTANDING QUESTIONS”). We are en-
tering an exciting period where advances in gene discovery
and synthetic biology are opening up possibilities for the
sustainable production of a wide range of plant secondary
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metabolites as replacements for traditional medicines, food
ingredients, and fuels. To further our understanding of the
functions of secondary metabolites in plant ecosystems,
particularly under climate change, it will be necessary to
manipulate these compounds in a wide variety of species
beyond crops. Recent advances combining VIGS with
CRISPR Cas9-based gene editing (e.g. Ellison et al. 2020)
promise solutions to the need for species-independent
and genotype-independent genetic transformation meth-
ods for rapid pathway manipulation, thereby allowing
scientists to expand the legacy of the past century’s insights
into plant secondary metabolism.

OUTSTANDING QUESTIONS

® What are the chemical identities of the myriad of
specialized metabolites that have remained
uncharacterized?

® What are the genes that synthesize and respond to
specialized metabolites, and can we improve the
speed and reliability of plant transformation and
VIGS to enable their study in any species of interest?

® What are the roles of secondary metabolites in
signaling, and can this be addressed in the future
through proteome:metabolome-Ilevel interaction
mapping?

® How do we improve our ability to measure and
engineer these metabolites with high spatial
precision?

® What translational applications for plant specia-
lized metabolites will be developed in the future?
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