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The immense diversity of the members of the kingdom
Plantae, so far comprising more than 400,000 known
species (Guiry, 2024), is reflected not only in their
morphological and genetic variability but also in their
metabolic complexity. Plant metabolic networks are
dynamic and expanding systems that evolve in a lineage-
specific manner and produce hundreds of thousands of
structurally diverse metabolites, which can be broadly
categorized into general (or core/primary) and special-
ized (or secondary) metabolites. General metabolites,
such as carbohydrates, amino acids, and lipids, are es-
sential for fundamental physiological processes like
growth, development, and reproduction. In contrast,
specialized metabolites like alkaloids, flavonoids, terpe-
noids, and other phenolic compounds often have an
impact at different levels beyond central carbon
metabolism—from allosteric regulation of proteins,
subcellular organization, and intercellular interactions
to organismal phenotypes, phylogeographic/interspecies
diversification, biotic/abiotic interactions, and eco-
system maintenance (Weng et al., 2021; Ono and
Murata, 2023).

The chemical diversity of plant metabolites constitutes
a vast and largely untapped phytochemical space with
significant potential for applications across multiple fields.
In medicine, plant-derived compounds have been a cor-
nerstone of drug discovery for centuries. For example,
alkaloids, like morphine and quinine, and terpenoids,
such as paclitaxel, have revolutionized the treatment of
pain, malaria, and cancer, respectively (Newman and
Cragg, 2020; Atanasov et al., 2021). In agriculture, phy-
tochemicals are increasingly recognized for their contri-
bution to plant defense against pests and diseases, reducing
the need for synthetic pesticides while promoting sus-
tainable farming practices and food security (Sousa
et al., 2021). Beyond medicine and agriculture, plant
metabolites hold promise for applications in biotechnology
and industrial processes. For instance, terpenoids and
phenolic compounds are being investigated for their
potential as biofuels, bioplastics, and natural food pre-
servatives (Mewalal et al., 2017). Even though less than
10% of plant species have been thoroughly investigated for
their chemical composition (Li and Vederas, 2009), it is

estimated that plants produce over a million compounds,
although pinpointing a specific number is challenging
because of the heterogeneity of metabolite databases
available (Wang et al., 2016; Nguyen-Vo et al., 2020;
Hawkins et al., 2021). Recent estimates suggest that the
total number of unique structures across the entire plant
kingdom likely spans into the millions to tens of millions
(Engler Hart et al., 2025), indicating that over 99% of the
phytochemical space remains unexplored and highlighting
its vast and largely untapped potential.

To capture this broad range of metabolite diversity and
function, a variety of techniques are used, such as special-
ized protocols for metabolite extraction, mass spectrometry,
computational metabolomics including compound annota-
tion, cheminformatics, bioassays, chemotaxonomy, phylo-
genomics, ancestral state reconstruction, and chemical
ecology. As the revolutions in genomics, big data, and
artificial intelligence (AI) have taken hold, there is an
increasing need to develop high-throughput alternatives for
the above techniques and to leverage AI to address
outstanding roadblocks. Similarly, there is a greater impetus
to combine different “parts” (e.g., enzymes, regulators,
transporters) for metabolic engineering and reconstruction
of complex metabolic pathways. Nevertheless, as just one
example of persisting challenges, the comparison of meta-
bolomic datasets and experiments remains difficult, caused
by differences in extraction and analytic methods. Fur-
thermore, standards for the collection, preservation, and
sharing of metabolomic data are only slowly evolving
(Alseekh et al., 2021; Genesiska et al., 2024), and the eco-
logical roles of many metabolites are still poorly understood
(Kessler and Kalske, 2018), limiting our ability to harness
their full potential.

In this special issue, we highlight a sampling of these
approaches, providing more insights into plant metabolic
diversity. A summary of the articles in these issues is
provided below, broadly divided into novel bench tech-
niques, data applications, and Al techniques. We antici-
pate that the applications of these methods will boost our
understanding of the arsenal of chemical responses plants
deploy to respond to their natural environments and will
help efforts to breed/engineer these chemical traits into
crops.
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Bench techniques and data generation

Plants contain a large diversity of compounds, many of
which have medicinal properties. However, when these
compounds are purified for bioassays or commercial
applications, the large amounts of chlorophyll that are
simultaneously extracted can present significant challenges.
Existing solid-phase extraction methods for separating
chlorophylls can be expensive, cumbersome, or non-
specific, the latter resulting in alteration of the overall
composition of the plant extract. In this special issue,
Cavalloro et al. (2025) present a low-cost, scalable solid-
phase extraction protocol that was able to remove >85%
of the chlorophyll content with minimal changes to other
tested classes of compounds. The authors tested this
approach with leaves of 20 different plant species with
medicinal potential and demonstrated good performance.
The authors suggest that, given the reduced processing time,
reduced waste generation, and high sample integrity, this
protocol should be considered as an environmentally
friendly approach to chlorophyll removal for bioactive
compound discovery campaigns.

The transfer of biosynthetic genes between plant spe-
cies is a powerful tool for metabolite production and the
dissection of metabolic pathways, but the permanent ex-
pression of transgenes can interfere with normal plant
growth. These detrimental effects can be alleviated by
controlling gene expression through time and space using
promoters that respond to specific wavelengths of light, a
method known as optogenetics. In this issue, Lindstrom
Battle and Sweetlove (2025) explore the use of the
plant-usable light-switch elements (PULSE) optogenetic
system in the liverwort Marchantia polymorpha L., a spe-
cies increasingly used for plant metabolic engineering
due to its dominant gametophytic growth. The system was
successfully applied to control the production of poly-
3-hydroxybutyrate (PHB), a biodegradable bioplastic,
achieving similar PHB accumulation levels as constitutive
expression but providing effective regulation with minimal
leakage and negative effects. The findings represent a sig-
nificant advancement in the metabolic engineering toolkit
and provide a model for using optogenetic control in plant
systems. As the authors discuss, this approach presents
broader applications in plant metabolic engineering but
also faces important challenges.

Applications and data deployment

The history of plant metabolic evolution is rich in cases of
convergence, such as the independent origins of caffeine
biosynthesis in cacao, citrus, coffee, and tea (Huang
et al., 2016). Gibson et al. (2025) examine the distribution of
non-proteogenic amino acids (NPAAs) across angiosperms
using a combination of literature searching and new
screening. While some NPAAs can act as amino acid ana-
logs that can disrupt protein synthesis, these compounds

can also serve defensive or signaling functions (Jander
et al., 2020). Nevertheless, their extreme rarity has limited a
deeper understanding of their functional significance.
Gibson et al. show that lineages with NPAAs are widely
distributed across the angiosperm tree, implying convergent
origins, although they are particularly prevalent in legumes.
This clustering of NPAA production in legumes suggests
that this clade could serve as the model for dissecting the
underlying pathway of NPAA synthesis and possibly explain
trade-offs among different NPAAs across species. More
broadly, this work highlights the key role of tracing the
evolution of biochemical traits across the phylogeny
(“phylochemical mapping”) for identifying taxa likely to
produce particular compounds and for localizing important
lineages for reconstructing novel biosynthetic pathways.

Over the past decade, the ease of sequencing has
resulted in a proliferation of genomic and protein
sequences. If a researcher discovers a new gene involved in a
metabolic process, the process of finding related genes,
retrieving annotations from global repositories such as
UniProt (https://www.uniprot.org/), performing alignment
to find conserved/diverged residues, and creating figures
can take significant time. The Computer-Assisted Sequence
Annotation (CASA) workflow, as presented by Takahashi
et al. (2025), automates this manual process. This set of
interconnected Python scripts can be run using a single
wrapper script, from which parameters for each of the steps
can be specified. CASA's modular nature also allows further
modification and/or extension of this workflow. Moreover,
this automated workflow generates publication-quality vector
graphics of sequence alignment. The authors describe the
application of the CASA workflow for studying a putative
cysteine protease from Drosera capensis L. (Cape sundew)
and for forming testable mechanistic hypotheses for down-
stream experimental validation. The application of CASA in
pathway discovery workflows may lead to significant time
savings for biologists.

Al for collecting and leveraging data

Yuan et al. (2025) provide a timely review of approaches for
capturing metabolic diversity beyond traditional methods
based on compound separation and fragmentation. Among
the thousands of unique metabolites typically found in any
given plant, only a small fraction (typically less than 10%)
can be identified by comparison to reference spectra in
databases or in-house libraries (Bittremieux et al., 2022),
leaving a vast body of unidentified and thus unstudied
chemical diversity. Yuan et al. provide an accessible intro-
duction to machine learning approaches that can classify
peaks (e.g., as terpenoids, flavonoids, etc.) based on the
features of known metabolites and, in some cases, even
annotate the individual compounds. Moreover, the authors
highlight the key questions that can be addressed by clas-
sifying compounds without precise annotation. For ex-
ample, automated pipelines can be used to measure overall
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metabolic diversity and extract metabolic features to both
characterize natural variation and test specific functional
hypotheses. They give special attention to multivariate
methods, such as discriminant analysis, which can be used
to identify compounds that distinguish samples from dif-
ferent conditions or tissues, for example. With compelling
empirical examples and a wealth of proposed applications,
Yuan et al. underscore the great potential for better un-
derstanding the ecology and evolution of chemical diversity
through the expansion of metabolic exploration beyond
traditional annotation.

Open-access databases are an integral part of the
advancement of plant metabolic research, and the use of large
language models (LLMs) can help to both fill and extract
from these repositories. Here, Knapp et al. (2025) present
ways in which LLMs can be used not only to expand existing
databases by mining scientific articles but also to subset or
filter existing databases based on complex linguistic patterns.
They tested different prompt engineering strategies to extract
validated enzyme-product and compound-species pairs and
also developed a pipeline for translating images of tables (as
can often be found in PDF files of scientific articles) into a
machine-readable format. By using these common tasks as
benchmarking examples, the study provides a practical guide
for plant researchers, demonstrating possible ways to apply
modern Al tools in their research.

Overall, the articles in this special issue highlight the
breadth of cutting-edge approaches used for unraveling
the diversity, function, evolution, and engineering of plant
metabolism. The idea for this special issue emerged within
the Phytochemical Section of the Botanical Society
of America, which organized a symposium, “Standing
your ground: Understanding plant defense from molecules
to morphology,” held at the Botany 2023 meeting to
strengthen the links between physiology, development,
genetics, and chemistry for utilizing and engineering plant
defensive mechanisms. With this special issue, we hope to
further enforce these bonds by providing readers with new
ideas and tools to explore and engineer the plant chemical
space.
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