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SUMMARY

Plants have been an essential source of human medicine for millennia. In this review, we argue that a holistic,
interdisciplinary approach to the study of medicinal plants that combines methods and insights from three
key disciplines — evolutionary ecology, molecular biology/biochemistry, and ethnopharmacology — is
poised to facilitate new breakthroughs in science, including pharmacological discoveries and rapid advance-
ments in human health and well-being. Such interdisciplinary research leverages data and methods spanning
space, time, and species associated with medicinal plant species evolution, ecology, genomics, and metab-
olomic trait diversity, all of which build heavily on traditional Indigenous knowledge. Such an interdisciplinary
approach contrasts sharply with most well-funded and successful medicinal plant research during the last
half-century, which, despite notable advancements, has greatly oversimplified the dynamic relationships be-
tween plants and humans, kept hidden the larger human narratives about these relationships, and over-
looked potentially important research and discoveries into life-saving medicines. We suggest that medicinal
plants and people should be viewed as partners whose relationship involves a complicated and poorly
explored set of (socio-)ecological interactions including not only domestication but also commensalisms
and mutualisms. In short, medicinal plant species are not just chemical factories for extraction and exploita-
tion. Rather, they may be symbiotic partners that have shaped modern societies, improved human health,

and extended human lifespans.

Introduction

Medicinal plants are used to maintain physical, mental, and spir-
itual health in all cultures and in a variety of capacities and con-
texts. Such plants include species with one or more organs that
produce compounds of clinically established therapeutic value,
which may be utilized directly or as precursors for drug synthe-
sis, and others that have not been vetted as such but are
believed to be therapeutically useful (e.g., as medicine, tonic,
food, or cultural symbol)'=. Iconic examples include: Papaver
somniferum L. (opium poppy), from which are derived powerful
pain-relieving alkaloids like codeine and morphine; Cinchona
ledgeriana Wedd. (fever bark) and Artemisia annua L. (worm-
wood), which yield lifesaving antimalarials; Catharanthus roseus
L. (G. Don) (rosy periwinkle) and Taxus brevifolia Nutt. (Pacific
yew), from which anticancer treatments like vinblastine/vincris-
tine and paclitaxel, respectively, have been synthesized; and Di-
oscorea mexicana Scheidw. (Mexican yam), the source of dio-
sgenin, a potent steroid for oral contraceptives®®. As these
remedies were discovered, humans greatly facilitated the migra-
tion of these medicinal plant species and sought to enhance their
diversity. The breadth of such interactions and the numerous
benefits that plants provide to humans illustrate why improved
knowledge and conservation of medicinal plant species are
essential "%,

Humans have used medicinal plants since at least 2600
BCE®"? and perhaps for upwards of 30,000 years''. Moreover,
for hundreds of thousands (to millions) of years, paleolithic hom-
inins likely used many plants to cure diseases or at least to
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ameliorate their symptoms'®'%, Today, an estimated 80% of
people worldwide use traditional herbal medicines'*'%; they
are the first line of defense against disease for tens of millions
of people. Despite the ubiquity and longstanding cultural signif-
icance of medicinal plants — totaling at least 30,000 species'® —
traditional uses of most medicinal taxa have not been evaluated
clinically®. In parallel, only 16% of plants thought to have thera-
peutic value have been tested for biological activity”’.

Most contemporary research on medicinal plants is rooted in
early- to mid-20™"-century efforts that focused on the biochem-
ical characterization, pharmacological activity, and synthesis of
phytomolecules with potential medicinal utility®’. In the United
States alone, =9% of approved drugs are derived directly
from plants; this figure is nearly three times higher globally®>%°,
Moreover, many drugs in widespread use are synthetic analogs
of plant secondary metabolites (e.g., aspirin, codeine,
morphine)®?. Although many tangible leads continue to be
derived from natural products®°+2°, the pharmacological industry
predominantly uses libraries of synthetic compounds for
screening purposes. However, of the 1073 new compounds
that were approved for pharmaceutical use from 1981 to 2010,
only 36% were purely synthetic whereas >50% were derived
or inspired by nature, mostly from plants®*?”. Concomitantly,
exploration of plants as direct sources of medicines has declined
precipitously®”?® because of the perceived high cost/benefit ra-
tio of field exploration, complications with alpha taxonomy, low
tissue yields, slow growth, varying harvesting and extraction pro-
tocols, and barriers to shared exploration raised by protectionist
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Figure 1. A framework for an emerging
biodiversity science of medicinal plants.
The combined insights from three interconnected
disciplines of modern biodiversity science could
lead to rapid improvements in human health and
well-being.

these three disciplines that leverages data
and methods spanning space, time, and
species, and that are related to medicinal
plant evolution, ecology, genomics, and
metabolomic trait diversity. This research
is usually siloed within one of these disci-
plines, but a more synthetic, integrative
approach is beginning to emerge — one
that builds strong intellectual bridges be-
tween these disciplines — that will help
to elucidate patterns and processes that
have given rise to medicinal plants and
their relationships with humans, and lead
to rapid advancement in the discovery
and development of therapeutic medi-
cines.

[26.28,29 (

laws pertaining to the Nagoya Protocol officially named
the “Nagoya Protocol on Access to Genetic Resources and
the Fair and Equitable Sharing of Benefits Arising from their
Utilization to the Convention on Biological Diversity”. An
addendum to the 1992 UN Convention on Biodiversity, the Na-
goya Protocol was adopted on 29 October 2010 in Nagoya,
Japan and entered into force on 12 October 2014. As of April
2023, it has been ratified by 139 countries (https://www.cbd.
int/abs/nagoya-protocol/signatories/, Accessed 15  April
2023)). Although we recognize that drug discovery through syn-
thesis has yielded significant gains in targeted pharmaceutical
activity, this narrow focus of research has largely ignored the
richer historical context of interactions between plants and
people.

In this review, we suggest that interlinked research efforts in
three major disciplines — evolutionary ecology, molecular biology
and biochemistry, and ethnopharmacology — are poised to revo-
lutionize the exploration and use of medicinal plants (Figure 1).
The challenges in creating pharmaceuticals from single active
compounds are being overcome by integrating evolutionary and
historical perspectives on traditional herbal medicines shaped
by millennia of human trial and error, and linking these perspec-
tives with novel biotechnological and ethnobotanical applica-
tions®%®!. These perspectives are opening the door to the reinter-
pretation of medicinal plants through a modern scientific lens. To
help spark this revolution, we synthesize recent scholarship from

Molecular
biology-biochemis

Evolutionary ecology
Evolutionary ecology seeks to under-
stand the origin of species and their
evolutionary relationships, establish how
interspecific interactions are influenced
by biotic and abiotic environments, and
determine how selection and adaptation
have influenced spatiotemporal changes
in the distribution, abundance, and traits of species”. Modern
theories and concepts from evolutionary ecology rarely are
included in medical school curricula®*~2, despite focused efforts
to incorporate these themes more centrally®>*“°. Evolutionary
ecology is applied uncommonly to the discovery and identifica-
tion of medicinal plants, and even less frequently to incorpo-
rating assessments of their evolutionary relatedness and interac-
tions with the environment, humans, or other organisms, or for
developing a better understanding of their most useful traits.
However, new efforts are emerging that seek to link ethnophar-
macology (see also the section on Ethnopharmacology, below)
and human culture with ecologically-oriented research ques-
tions to address relationships between humans and plants*'.
For example, hypothesized centers of medicinal plant origins
include disturbed habitats near human settlements where plants
(often considered to be ‘weeds’) have been demonstrated to
represent significantly elevated sources of raw materials for
development as medicines™?.
New directions in discovering and identifying medicinal
plant species
Advances in evolutionary ecology are improving our ability to
discover and identify medicinal plant species along three fronts:
online mobilization of biodiversity data, DNA barcoding, and
more rigorous delimitation of species boundaries.

Mobilizing biodiversity data online via digitization from
herbaria, field observations, and published literature speeds
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discovery**~*°. Ambitious efforts by biologists and computer sci-
entists to use these data to automate species identification and
plant phenotyping from digitized content are well underway and
yielding promising results*®*’.

DNA barcoding can identify specimens that are sterile, from ju-
venile plants, poor in quality, or from material that exists only as a
pill or medicinal concoction. It also liberates taxonomic knowl-
edge that can be used readily by scientists worldwide. DNA bar-
code libraries have been produced for species representing
important medicinal plant families*® ™ (Figure 2A) and from bio-
diverse regions®’. However, the vast majority of medicinal plant
species have not been included in large-scale barcoding initia-
tives or broadly aggregated and mobilized in an accessible,
community-friendly format®’. Moreover, the short barcodes
used to identify these species are not universal and often fail to
accurately discriminate between close relatives®?, an important
feature for identifying target species and close relatives of known
medicinal value (e.g., Artemisia ssp.>®) or for identifying adulter-
ants or closely related non-target relatives that can be
dangerous if mistakenly administered (e.g., Actaea racemosa,
black cohosh®?). Conventional barcode methods are not univer-
sal, lack resolving power, and often do not use whole genome
sequence data, which are more easily incorporated into ma-
chine-learning approaches for rapid and accurate species iden-
tification as implemented in varKoder, a universal barcoding
method for the Tree of Life>°. Metabolomic analysis represents
an alternative to DNA barcoding, and has power for finely
discriminating important infra- and interspecific biochemical
variation, but may be less reliable for species identification
because the chemical composition of plants can vary widely
with, for example, geography, climate, plant age, plant part, stor-
age, and processing®®°".

Biodiversity data, barcoding, and other methods for identifying
genetic diversity are leading to clearer delimitation of medicinal
plant species®®. For example, the genetic diversity of Liang
Mian Zhen (FEt; Zanthoxylum nitidum (Roxb.) DC.), used to
treat rheumatism and other diseases, suggests that it actually is
a complex of four distinct species rather than one®®. In contrast,
five taxonomically recognized species of Corydalis cultivated
mainly in China and used for pain relief and blood circulation
throughout East Asia for centuries were synonymized based on
targeted molecular investigation®”. More than 80 alkaloids have
been isolated and identified from one Corydalis species alone
(Corydalis yanhusuo W. T. Wang), revealing the potential for
further drug development once the individual species are de-
limited more clearly®®. Similar genetic investigations are needed
to reconcile associated genetic clusters with taxonomy, espe-
cially using coalescent models®®; to help develop more effective
barcodes’®; and to associate distinct genetic clusters with popu-
lations of plants with varying phytochemical profiles and uses.
Phylogenomic applications to elucidate the origin and
utility of medicinal plants
Next-generation sequencing technologies combined with phylo-
genomic investigations are crucial for elucidating the origins of
medicinal plants and their spread by humans, pinpointing evolu-
tionary ‘hot zones’ of clades that include a high proportion of me-
dicinal plants, and identifying their close (wild) relatives®’. These
approaches collectively will help us understand better where and
in what context people began to use medicinal plants, how these
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plants have evolved, and whether their use in traditional and
modern pharmacopeias has persisted.

Phylogenomics can resolve where and how many times me-
dicinal plants have evolved in particular lineages; Erythroxylum
coca (coca) in South America (Figure 2B) and Cannabis sativa
L. in China®'® are recent examples. Ancient DNA (aDNA) also
is being applied to explore the history of medicinal plant usage®’.
Herbaria and anthropological collections are important sources
of aDNA?® that could illuminate further the chronology of key ge-
netic changes in medicinal plant lineages, including artificial se-
lection for genotypic and phenotypic traits of medicinal use.
Indeed, selection contributing to domestication may be detect-
able at the genetic level and may arise before the onset of readily
discernible morphological variation®. Such investigations can
be complemented by radiocarbon dating of archaeobotanical
plant remains’"°>°®, some of which may include direct assess-
ments of ingestion by humans'"¢%:°7,

Phylogenomic approaches also offer predictive and explana-
tory potential to explore plant species for therapeutic molecules.
These approaches already have identified closely related plants
representing phylogenetic hot zones spanning continents, cli-
mates, and cultures® (Figure 2C). At least 11 major plant clades
provide significant compounds for use as, or derivation of,
approved drugs®®®, including antimalarials®®’°, antimicro-
bials”'~"%, and molecules for treating cardiovascular disorders’”.
Such efforts could be enhanced further when guided by tradi-
tional or Indigenous knowledge®”"*"6. Moreover, recent chemo-
taxonomic work has confirmed the existence of medicinal hot-
spot clades, and also has demonstrated that medicinal plants
are not readily distinguishable from their congeners based on
secondary metabolite profiles, pointing to potentially as-yet un-
explored reserves of therapeutic species’”. The significant clus-
tering of medicinal plant species demonstrates that phyloge-
nomic and chemotaxonomic approaches, combined with
traditional medicinal knowledge from ethnopharmacology, can
enrich our understanding and conservation of medicinal plants
(see also Ethnopharmacology section, below).

Interactions between medicinal plants and their
environments

Delimiting the geographic ranges of medicinal plant species is
essential for identifying how their distributions interact with
climate’® (Figure 2D). Yet, the aggregated biodiversity data
required for delimiting the geographic ranges of these species
are, at best, widely dispersed. Consequently, it remains difficult
to find and study medicinal plant species in the wild, assess their
ecological correlates and model their current distributions, or
forecast their future distributions in response to anthropogenic
changes in climate and land use. Notable exceptions include
species distribution models (SDMs) of Dioscorea and Panax
(the former is a source of contraceptive compounds®; the latter
is a root used in traditional Chinese medicine for therapeutic
treatments for cancer, diabetes, and cardiovascular dis-
eases’*®%). Although clinical studies provide reasonable prom-
ise of Panax for treating patients with cardiovascular and meta-
bolic diseases, larger-scale clinical ftrials are needed to
substantiate its therapeutic effectiveness®' =%,

By identifying suitable areas and climatic parameters where
medicinal plant species are found today, SDMs can delineate
areas where these species may be found or cultivated in the
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Figure 2. Evolutionary ecology provides novel insights into the origin, persistence, and future distributions of medicinal plants.

(A) A recent survey of flowering plant DNA barcoding from medicinal plants (graphs based on data from Yu et al.*"). (i) Box-in-box plot illustrating the total number
of flowering plant families relative to the subset of families that include medicinal species, and those medicinal plant families with at least one DNA barcode
available; (i) bar plots illustrate the five families that include the most medicinal plant genera; and (jii) the percentage of medicinal plant families across major
groups of angiosperms for which at least one species in that family has a DNA barcode. Note that these coarse family- and genus-level summaries hide the fact
that most medicinal plant species have yet to be barcoded. (B) Extensive sampling from herbarium collections and phylogenomic analyses to elucidate the origin
and identity of coca — the source of many medicinal alkaloids and flavonoids, including cocaine hydrochloride — revealed that all modern varieties of coca used
by humans were domesticated from within the single wild species Erythroxylum gracilipes Peyr. The domesticated Erythroxylum coca Lam. is polyphyletic and
represented informally by various lineages (Trujillo/Colombian, Yungas, and Amazon), suggesting multiple independent origins of this domesticate. The most
ancient domestication event likely occurred in northwestern South America (Trujillo/Colombian); a more recent, second domestication event occurred in
southeastern Peru (Yungas); and a possible third event took place in the Amazon basin (Amazon). Such findings are important for guiding efforts to understand the
molecular, biochemical, and ethnopharmacological origins of these domesticates. (Leaf: © Dawson White; map redrawn from White et al.'®*, with permission of
Oxford University Press.) (C) Phylogenomics identified evolutionary ‘hot zones’ of species with reported antimalarial use in the flora of Latin America (adapted
from Milliken et al.””). Lineages that include an overrepresentation of species with purported antimalarial properties are highlighted in red; lineages including at
least one species with a reported antimalarial use, but that are not overrepresented phylogenetically, are highlighted in blue. (D) (i) Distribution of 114 Egyptian
medicinal plant species’®; (ji) their present-day species richness distribution; and (i, iv) two of the most pessimistic future climate habitat suitability scenarios.
The small differences between them'®>' are cause for optimism. (Adapted from Kaky and Gilbert'®> and Kaky et al.'®°.)

future. For example, the outlook for future habitat suitability for of SDMs while highlighting the need for broader assessments
medicinal plants in Egypt is reasonably optimistic (Figure 2D). and forecasts of the climatic and geographical ranges of these
In contrast, ranges of medicinal plants in South Africa are ex-  species; they also provide the basis for linking phylogenomic in-
pected to contract®®. These investigations illustrate the value  vestigations to SDMs in novel ways®.

Current Biology 34, R158-R173, February 26, 2024 R161




¢ CellPress

OPEN ACCESS

Medicinal plant trait ecology

Functional traits impact species fitness by affecting growth,
reproduction, and survival®®. They have been used widely in
macroecology but rarely studied in medicinal plants. Insights
from ‘origin stories’ such as those mentioned above for coca
(Figure 2B) and cannabis are essential starting points for linking
trait data with phenotypic, chemical, or genetic factors involved
in early use and domestication of medicinal plants. Trait data
also can help identify key contrasts between wild and domesti-
cated species. A central challenge is the identification of the
key traits that rendered these plants appealing and ‘pre-adapt-
ed’ them for human use. Functional trait ecology plus phyloge-
nomic analyses also can help identify temporal and spatial se-
quences of selection on those plant traits that captured the
initial attention of humans, and illuminate the order and direction
in which those traits have been shaped from antiquity to the pre-
sent. Such approaches have been applied recently to important
crop species, such as maize and grape®”:®%, but are largely lack-
ing for medicinal plants.

Molecular biology and biochemistry
As an integrated discipline, molecular biology and biochemistry
involves the discovery and description of the chemical and phys-
ical properties of biological molecules and deciphering the com-
plex array of chemical reactions occurring in cells®. Its many ap-
plications have a proven track record in expanding our
understanding of the structure, function, and regulation of genes
that produce molecules of pharmacological importance.
Curative chemistry: Medicinal plant metabolites
Plants produce a vast array of chemical metabolites that regulate
interactions with their environment®® and which are used medic-
inally'>", However, few of these metabolites are the product of
primary metabolism that is essential for growth, development,
and other vital activities. Instead, many of these metabolites
are secondary (or specialized) ones derived from intermediate
steps of primary metabolism®':°, These secondary metabolites
are found in different plant organs at concentrations dependent
on their points of origin and transport, both of which are largely
unknown for most plants. Moreover, regulation and production
of secondary metabolites can be induced by, for instance, time
of day, climate, soil composition, post-harvest processing, and
storage conditions”>?*°>, Many of these metabolites also deter
herbivores®, frequently by targeting their central nervous sys-
tem and altering their sensory perception®’. Humans have co-
opted these metabolites (among many others) for a variety of
purposes. Examples include caffeine from coffee (Coffea spp.),
nicotine from tobacco (Nicotiana spp.), and galantamine for
treating Alzheimer’s dementia from snowdrops (Galanthus
spp.)°®. Indeed, natural products, including those derived from
plants, represent 84% of approved drugs for diseases pertaining
to the central nervous system, but only 20 natural products pro-
vide 400 central nervous system-approved medicines®.
Despite their importance, only a small percentage of the
phytochemical properties of plant metabolites have been
explored®® %, High-throughput screening to conduct large-
scale, untargeted metabolomic investigations shows promise
for scaling these efforts. State-of-the-art liquid chromatography
high-resolution mass spectrometry and bioinformatics can be
used in tandem to characterize spectral signatures and perform
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metabolite annotation for large arrays of plant extracts'®'~'%%,

Combining such metabolomic investigations with network ana-
lyses and phylogenomic evidence (summarized in Evolutionary
Ecology) when sampling broad clades of plants with known
bioactive compounds is emerging as a promising direction for
further scaling these efforts®'°°. Untargeted metabolomic inves-
tigations can be augmented further with deuterium labeling to
identify those plant organs where metabolite accumulation is
greatest'“®. This approach is particularly relevant for field inves-
tigations of metabolites of the many large, long-lived, woody
plants that are medicinally important but are not readily
amenable for laboratory or greenhouse manipulations.

Another opportunity for innovation is the development of more
accurate automated bioinformatic algorithms for identifying
bioactive metabolites that rely heavily on well-annotated refer-
ence panels'%194197.198 " gych data increasingly are being
mobilized online by academic-commercial partnerships to
create massive open-access databases containing thousands
of plant metabolites'"'%°, These efforts warrant expanded sam-
pling from living plants in nature, but other opportunities could
stimulate these efforts further. For example, herbaria are an
underutilized resource for profiling plants for small metabolites.
Additional validation is necessary to support the use of herbari-
um specimens for metabolic profiling, but some small molecules
are stable and preserved for decades or even centuries in
herbaria®®. Success on this front has been demonstrated by
identifying phytochemicals for treating Alzheimer’s disease’'°.
Similarly, metabolites such as those found in Salvia species,
which produce potent neuroactive molecules, have been char-
acterized successfully from herbarium materials that are nearly
150 years old'"".

Medicinal plant genomics: Sequencing plant genomes

of antiquity

Few medicinal plants have been sequenced to date, and
genomic investigations of medicinal plant species lag far behind
those of model species and crops''>~''°. Genomes (and associ-
ated transcriptomes and epigenomes) can be used to elucidate
biosynthetic processes underlying metabolic pathways, gene in-
teractions, and the regulatory mechanisms of small molecules
useful for medicines. Such information also can be used to select
for new varieties of improved medicinal plants or help transform
this knowledge into scalable ‘living factories’ of bioactive com-
pounds, as has been accomplished for the large-scale synthesis
of opioids' .

Genomic sequencing recently has revealed the genetic under-
pinnings of the tropane alkaloids (TAs) hyoscyamine and scopol-
amine in the nightshade family (Solanaceae), which includes to-
matoes, potatoes, peppers, and eggplants''”. TAs are important
for treating neuromuscular disorders (e.g., Parkinson’s disease),
are used in anesthetics and analgesics, and have been deployed
as antidotes to nerve agents in combat situations. In the Solana-
ceae, TA biosynthesis is facilitated by a common gene cluster
involving gene duplications that appears to have evolved early
in the diversification of this family'”. In contrast, TA biosynthesis
follows a different and evolutionarily independent pathway in
coca and its relatives (in the family Erythoxylaceae)''®. The
unique enzymatic properties in coca that likely provide its asso-
ciated euphoric properties are absent in Solanaceae, lending
additional evidence for the independent evolution of the
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Figure 3. Molecular biology and biochemistry facilitate more rapid understanding of medicinal plant biosynthetic pathways.

(A) Metabolomic and transcriptomic profiling used to unlock the biosynthesis of key small metabolites. (i) Biosynthetic pathway genes in plants are often co-
regulated and can be interrogated across tissues and developmental timing. (ii) Sampling can be complemented with simultaneous metabolomic assessments
across space and time to discern the metabolic accumulation for each tissue and identify the active site of biosynthesis (here, the rhizome). (i and ii redrawn from

(legend continued on next page)
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biochemical pathways for TA synthesis. Similarly, independent
origins of cannabinoid biosynthesis using whole genomic data
also have been recently demonstrated in Helichrysum umbracu-
ligerum Less., a South African member of the sunflower family
(Asteraceae)''®. Exploring convergent and divergent pathways
that yield similar metabolic products elucidated by our under-
standing of plant evolutionary relationships is an active and
exciting area of research.

Unlocking plant biosynthesis to reveal active molecules
using novel metabolomic and transcriptomic pipelines
Characterization of complete biosynthetic pathways has
contributed fundamental insights to our understanding of human
physiology; for example, the ability of humans to detect heat and
pain was discerned from exploring the biosynthesis of the plant
alkaloid capsaicin'“°. However, elucidating biosynthetic path-
ways in plants is challenging. Few complete biosynthetic path-
ways have been characterized for plant-derived medi-
cines'*"?". Completely characterizing biosynthetic pathways
historically has required complete genomes (which in plants
can reach at least 30 GB'??) and we also lack starting candidate
genes thought to be involved in the production of most medicinal
molecules'?"'?®, These challenges have translated to long de-
lays in characterizing the complete biochemical pathways of me-
dicinal plant metabolites. For example, it took two decades to
fully characterize the biosynthesis of opium''®; complete docu-
mentation of biosynthesis of paclitaxel (one of the most expen-
sive drugs to manufacture) and other chemotherapeutic com-
pounds remain incomplete despite their identification in the
1960s'%.

Numerous approaches facilitated partly by approaches from
evolutionary ecology, including phylogenetic gene clustering,
quantitative trait locus assessments, and genome-wide associ-
ation analyses, have been developed to reduce the number of
candidate genes required to explore gene function and biosyn-
thesis'%’. Nett et al. recently demonstrated a promising method
that obviates many of the obstacles outlined above'?". Their co-
expression workflow combines metabolomics with transcrip-
tomics to localize the production of key metabolites and gene
expression, as well as hierarchical clustering and chemical logic
to identify likely candidate genes important for biosynthesis
(Figure 3). This method, which requires no prior knowledge of
key biosynthesis genes or a complete genome of the host plant,
was deployed successfully to synthesize colchicine in vitro from
Gloriosa lilies. This alkaloid is widely used to treat inflammatory
disorders (e.g., gout, Mediterranean fever, and pericar-
ditis)'**'?°. Once candidate genes were identified, functional
properties of each of these gene targets were determined using
agrobacteria multiplexed into transgenic plants (Nicotiana ben-
thamiana Domin). This transient expression system facilitated
precise characterization of the cascade and sequencing of me-
tabolites involved in the stepwise production of colchicine.
Nett et al. also assessed key neuroactive compounds in the
club moss Phlegmariurus tetrastichus (Kunze) A.R. Field &
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Bostock'?®. Not only did these researchers characterize early
and late metabolites involved in neuroactive compound synthe-
sis, but they also identified key candidate genes associated with
the production of a rich suite of metabolites, including 16 alka-
loids'2%. O’Connor has also applied advanced -omics technolo-
gies to detect transcripts and metabolites within single cells,
most recently interrogating biosynthetic pathways in Catharan-
thus roseus, a leading source of anticancer drugs'®’.

Ethnopharmacology

Ethnopharmacology involves the observation and description of
biological activity of traditional or folk medicines'”*"'?¢, This
work is derived from the field of ethnobotany, which is the study
of traditional knowledge and customs related to a people’s use
of their native plants'?°. Integrating ethnopharmacological data
and traditional knowledge from Indigenous communities is cen-
tral to identifying medicinal plants and developing conservation
strategies for them that include all stakeholders'*%'3", In addi-
tion to identifying key traits essential for some of the phyloge-
netic analysis outlined above, ethnopharmacology also has
helped to guide metabolomic drug discovery. Specifically,
-omics technologies have uncovered unconventional therapeu-
tic applications of blood-activating Chinese botanical drugs
used in traditional Chinese medicine in combination with anti-
platelet drugs'®®. Similarly, Salem et al. designed a study to
confirm the in vivo antihypertensive capabilities of Hibiscus sab-
dariffa L., a folk remedy used since ancient times'*°.

Plants as partners

Plant-derived compounds, either unprocessed or in a complex
matrix following the raw extraction of their active ingredients
(e.g., in a brewed tea of leaves containing medicinal properties),
have been used by different peoples for millennia®'%'**, Tradi-
tional medicines have provided origins and inspirations for
developing important conventional medicines*?°, including qui-
nine and artemisinin for malaria'®*'*¢, and digitoxin for cardio-
vascular disease'®”"*°, Indeed, among the =60% of
the = 14,000 species of plants summarized in the NAtural PRod-
ucts ALERT'“? database that have been examined biologically or
chemically, 75% of the subset that involve plant-derived prod-
ucts prescribed as medicines are used in ways that largely mirror
their traditional uses'?® %",

Research into the ethnopharmacology of medicinal plants
must center Indigenous perspectives. Indigenous narratives
and practices that form the basis for many drugs derived from
plants and other organisms (e.g., fungi) include intimate natu-
ral-history knowledge, which species or populations are used
medicinally, the details of how and when relevant species are
cultivated and harvested, and how they are prepared'”'*?.
Indigenous knowledge also encompasses the cultural, spiritual,
political, and economic relevance of medicinal plants, including
the oral traditions relating to the origins of these species and their
cultural significance. Many oral traditions recount the origins of
medicinal plants'“*'**, which can be analyzed in conjunction

Nett et al.'>" with permission from SNCSC.) (iii) The transcriptomic and metabolomic data are then assessed using hierarchical clustering and chemical logic to
determine likely candidate genes for functional evaluation. (B) Functional evaluation of candidate genes using Agrobacterium and Nicotiana tomato plants
(adapted from Jacobowitz and Weng'®"). (iv) Eight candidate genes from Gloriosa superba were identified for exploration (only four are represented here and
indicated by the differently colored arrows); (v) these genes were transformed and multiplexed into Nicotiana using Agrobacterium; and (vi) key colchicine
precursors were identified using LC-MS to characterize the complete biosynthetic pathway of this plant medicine.
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with their interpretations by evolutionary ecologists to link such
plant trait knowledge with the phylogenetic distribution of plants.
Some neuroactive plant medicines are considered sacred, even
referred to as entheogenic, or ‘god revealing’'“*°. Such plants are
gaining renewed interest in Western culture for their potential
therapeutic value, but crucial traditional information is often
overlooked. For example, Indigenous use of tobacco differs
from Western use and is notable for its reduced danger and
addictive properties'“®. Ignoring Indigenous applications and
uses of medicine also may neglect potential therapeutic benefits
of these medicines, such as the emetic and purging properties of
some plant-derived preparations'”.

The interconnectedness of medicinal plant biodiversity
and Indigenous linguistic diversity

The biodiversity of medicinal plants is inextricably linked with
biocultural heritage and sophisticated medicinal plant knowl-
edge is encoded in Indigenous languages'**'“¢, which are
largely transmitted orally'“®. The ambitious Biocultural Diversity
Mapping Project uses plant and language data to visualize the
strong positive correlation between areas of high plant species
diversity and high language diversity'°°.

Using aggregated biodiversity and biocultural data, Camara-
Leret and Bascompte discovered that Indigenous knowledge
of most individual medicinal plant species is restricted to only
a single language'' (Figure 4). By combining a data set that
included thousands of plants and their uses with linguistic data
from >200 languages spanning North America, northwestern
Amazon, and New Guinea, Camara-Leret and Bascompte
concluded that the threat to the rich Indigenous knowledge of
medicinal plants from language loss is far greater than the threat
from species loss. They further concluded that the Americas
represent an Indigenous language hotspot where medicinal
plant knowledge is strongly linked to threatened languages'®’.

This study further highlighted the potential power of large-
scale analyses using aggregated ethnobotanical data combined
with data normally used exclusively by evolutionary ecologists
(i.e., species identities, distributions, and phylogenetic related-
ness). Despite their importance, such ethnobotanical data are
mostly inaccessible; they are mostly not digitized, buried in unin-
dexed literature and museums, or exist as Indigenous knowl-
edge that is widely ignored by conventional Western scholar-
ship'®?. An interdisciplinary approach combining diverse data
streams (ethnopharmacological data, language diversity, and
plant phylogenies) can reveal important phenomena such as
‘ethnobotanical convergence’, whereby related evolutionary
hot zones within the plant tree of life have been discovered

Current Biology

independently by distant human populations yet used for similar
medicinal purposes’®°.

Globalization of traditional medicine and Indigenous
rights to benefits and participation

Equitable inclusion of Indigenous peoples as key stakeholders,
knowledge contributors, and participants in interdisciplinary
research on medicinal plants is non-negotiable. Indigenous
communities should be engaged as active participants and
team members in all aspects of medicinal plant science outlined
above, ranging from making taxonomic decisions concerning
the delineation of medicinal plant species'®* to helping to estab-
lish comparative genome-sequencing workflows'®°. Best prac-
tices for developing these partnerships are outlined in the Inter-
national Society of Ethnobotany’s Code of Ethics'*® and the
recent Indigenous Research Agreement for genome
sequencing’®’. Indigenous peoples, who represent <5% of the
global population'®®, steward or govern nearly 40 million km?
of land and inland waterways in 82 countries. These lands, which
house large numbers of medicinal plant species, include 25% of
Earth’s land surface, 40% of its protected land areas and ecolog-
ically intact landscapes, and 36% of its intact forests'>% "% His-
torical pursuits to explore medicinal plants and bring them to a
larger audience are rife with examples of the extraction and
exploitation of Indigenous peoples and their lands and knowl-
edge without any benefits accruing to these communities'®®.
These pursuits also span the long history of colonial exploitation
and are plagued by issues of systematic racism and cultural
biases against Indigenous peoples.

Traditional knowledge and the livelihood it brings to Indige-
nous communities are handed down over generations and
threatened by commercial profiteering that reduces biocultural
knowledge to commodities and privatized intellectual property
rights (IPRs) that motivate wrongfully filing patent applica-
tions'®?. Thus, protecting Indigenous rights and the countries
to which they belong is essential in these engagements and
should always strive to return value to these countries and com-
munities'®". Sharing of benefits is expected by international ac-
cords — especially the Nagoya Protocol, which identified clear
policies around access and benefit sharing (ABS) meant to
ensure the prior informed consent of Indigenous communities
and to guarantee their receipt of benefits. The nature of tradi-
tional knowledge, which is often ‘owned’ by the community
rather than by a single individual, does not fall neatly into West-
ern legal conventions of IPRs. This issue is compounded by the
proliferation in recent years of digital sequencing information,
which is meant to be open access and allows users to

Figure 4. Ethnopharmacological investigations reveal inextricable linkages between medicinal plant biodiversity and Indigenous linguistic
diversity.

Medicinal plant biodiversity and indigenous linguistic diversity are inextricably linked (reproduced from Camara-Leret and Bascompte'”'). This large ethno-
pharmacological assessment spanned North America, northwest Amazonia, and New Guinea and included =3,500 medicinal plant species
representing =12,500 plant medicinal ‘services’ (e.g., treatment for digestive iliness), and =240 Indigenous languages. It demonstrated strikingly high asso-
ciations of linguistic uniqueness associated with medicinal plant uses in all regions explored, with 73%, 91%, and 84 % of the species in North America, northwest
Amazonia, and New Guinea, respectively, each being cited by only one Ianguage“". Threatened languages supported 86% and 100% of all unique medicinal
plant knowledge in North America and northwest Amazonia, respectively. (A) Medicinal plants form the basis of regional pharmacies and are represented by each
jar and labeled according to their associated languages. (B) Knowledge about most individual medicinal plants is associated with only a single language. His-
tograms illustrate the number of Indigenous languages in (i) North America, (i) Northwest Amazonia, and (i) New Guinea; red bars show medicinal plant
knowledge associated with only a single language; dots on maps indicate distribution of languages. (C) Phylogenetic distribution of unique medicinal plant
knowledge in the flora of New Guinea. lllustrations and corresponding numbers show medicinal plants with a high number of distinct medicinal services; the
‘warm’ colors of the phylogeny indicate multiple uses for most of these species. (Panels A, B, and Cii from Camara-Leret and Bascompte'®'; Iconocarpus fagifer:
© Plantaholic Sheila/Flickr; Flagellaria indica: © Reuben C. J. Lim/Flickr.)
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circumvent the Nagoya Protocol. For these reasons, digital
sequencing information and benefit sharing are topics of much
unresolved debate in recent Conferences of the Parties on the
Convention on Biological Diversity (CBD). Strategic develop-
ments of these policies, together with the exploration and
enforcement of novel IPR regulatory tools and enhanced models
of collaboration'®>'%®, will have a positive impact on the future
study of medicinal plants by researchers and their relations
with communities who steward medicinal plant knowledge.

Protecting medicinal plants

Recognizing the past, present, and future value of plants for
preventing and treating diseases is a crucial first step toward
responsible stewardship of medicinal plant biodiversity for
future generations. Integrative research on medicinal plants
should lead to a greater focus on conserving genetic, pheno-
typic, chemical, and biocultural diversity, especially near their
centers of origin, where such diversity is likely to be high, and
on revealing and preserving the complicated history and rela-
tionships between humans and medicinal plants. Key chal-
lenges to conserving medicinal plants include biodiversity
loss, overharvesting, climate change, and loss of traditional
knowledge'®* 1%,

Conservation and protection of medicinal plants is especially
important because at least two-thirds of medicinal plants
continue to be harvested from the wild and many medicinal com-
pounds are derived from species that grow and accumulate
essential compounds slowly”®'%®. Populations of many of these
species are small or even rare and endangered'®®~'°%, and over-
harvesting has had demonstrable impacts on the shape and size
of some of these plants'®®. For many of these species, wild har-
vesting is unsustainable and has already contributed to drastic
population declines and extinction. The most famous example
of this may be the extinction of silphium (Apiaceae; likely a Ferula
spp.) — thought to be the first recorded extinction of a species
attributable to humans — that may have been harvested to
exhaustion over two millennia ago by the Romans who used it
as a contraceptive and an abortifacient'’®'”". Related modern
examples include the overharvesting of Pacific yew for its anti-
cancer properties®'”? and American ginseng (Panax quinquefo-
lius L.) for treatments of hypertension and respiratory infection,
especially in Traditional Chinese Medicine'”.

To avert future losses, we suggest six actions to help preserve
bioculturally important medicinal plant species. First, we must
establish a germplasm repository focused on breeding,
research, and ex situ conservation of medicinal plants of the
world'?8. This global effort should be complemented by coordi-
nation of regional gardens that support and sustain communities
where medicinal plants are used most actively'”* and serve to
educate members about sustainable harvesting practices'®*.

Second, we should expand and coordinate comparative
genome sequencing to facilitate conservation and continued
exploration of medicinal plant species''®. Identifying genetic
and biosynthetic pathways of plant metabolites central to human
health should remain a high priority. Ongoing large genomic ini-
tiatives, such as the 10,000 Plants Genome Project'’®, can
amplify these efforts.

Third, it is necessary to scale and broaden research character-
izing the small metabolite diversity present in medicinal
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plants'®"'%° " especially within and among plant clades that

have been demonstrated to have therapeutic value. Phylogenet-
ically guided exploration can help pinpoint possible substitutes
for species at risk of over-harvesting. Because medicinal plants
sometimes have large native ranges, care should be taken when
using substitute species to avoid transferring pressures to more
range-restricted species that may be more susceptible to
extinction®.

Fourth, we should preserve hotspots of biocultural heritage,
especially where linguistic diversity is greatest, to staunch the
loss of unigue medicinal plant knowledge'®".

Fifth, we need to protect the natural matrix in which medicinal
plant species coexist with people. Approximately 40% of plant
species face extinction in the coming decades'’®. Medicinal
plants can be used to highlight the need for conserving larger
ecosystems in which these species occur.

And finally, we should recognize and come to terms with the
colonial and extractive legacy of developing plant-based medi-
cines and of plant exploration more broadly’””'"®, To achieve
this goal in a more unified and inclusive way, we must acknowl-
edge and avoid the pitfalls and obstacles of our past that are a
consequence of exploitation, overconsumption, and greed.
Biotechnological innovations such as large-scale plant tissue
culture have already proven successful in producing plant-
derived drug therapies (e.g., paclitaxel) while avoiding over-har-
vesting, providing one example of combating such extractive
legacies in medicine’”®. Improvements in international treaties
and legal frameworks, including novel IPR regulatory tools and
enhanced (and enforced) models of collaboration, will ensure
sustainable innovation and protect indigenous communities
and their knowledge %%,

Conclusions

Since hominins evolved, they have used plants for food, shelter,
and medicines. Just as with animals, humans have exerted se-
lective pressures on plants, identified new varieties, and domes-
ticated them'®°. However, we suggest that the relationship be-
tween humans and medicinal plants may be more than one of
identification, utilization, domestication, and harvest. Rather,
we hypothesize that medicinal plants and people should be
viewed as partners whose relationships involve a complicated
and poorly explored set of (socio)ecological interactions that
extend from domestication to commensalisms and mutualisms.
In short, medicinal plant species are not just chemical factories
for extraction and exploitation. Rather, they may be symbiotic
partners that have shaped modern societies, improved human
health, and extended human lifespans.

A proper test of our hypothesized symbiosis involving medic-
inal plants and humans will require us to combine evolutionary
ecology, molecular biology & biochemistry, and ethnopharma-
cology in bold and creative new ways. The interdisciplinary
research agenda that we have proposed here should allow us
to define when, where, why, and how symbioses between me-
dicinal plants and humans arose. The latter — how these interac-
tions arose — is the least understood and most challenging
component of our hypothesis. One avenue for exploration is to
characterize ‘medicinal’ use of plants by other animals. Ecolo-
gists, ethnopharmacologists, and anthropologists could jointly
explore the extent to which humans have used observations
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of ‘nature’ to select medicinal plants (zoopharmacog-
nosy)'213181.182 Eor example, leaf-cutter ants have symbiotic
associations with actinobacteria, which produce antibiotics
that help to eliminate infections in the fungal gardens these
ants cultivate for food '

We can also ask whether domestication leads to mutual de-
pendency. For example, while cultivating plants for their medic-
inal use (e.g., opium poppy, cannabis, digitalis), we have not only
shaped varieties, selected strains, and propagated and pro-
tected them, we have also greatly expanded their ranges. The
plants, in turn, have provided humans with enormous health ben-
efits (and in some cases also detrimental addictions). Such soci-
oecological mutualisms that reflect plant biochemistry have
received relatively little investigation by evolutionary ecologists
or ethnopharmacologists.

Transdisciplinary efforts will rapidly advance our under-
standing of when, where, why, and how medicinal plant spe-
cies originated and how their use has evolved in different so-
cioecological contexts. The prioritization of medicinal plants in
biodiversity-oriented investigations not only will enhance the
discovery of future lifesaving compounds, but also will in-
crease the recognition, value, and reciprocity of Indigenous
and Traditional knowledge, fortify a socioecological currency
vital to the preservation of cultures and natural ecosystems,
and provide insight into the history and expressions of the hu-
man species.

ACKNOWLEDGMENTS

This work was largely conducted on the traditional territory of the Wampanoag
and Massachusetts peoples. It was supported financially by Harvard Univer-
sity, LVMH Research, and Dior Science. We thank Justin Williams, Jackson
Kehoe, Dawson White, Peter Flynn, Christina Janulis, Virginie Couturaud,
and the team at Sound Solutions for Sustainable Science for their feedback
or editorial support on this manuscript. Lucas Marinho prepared the figures
and Dawson White provided a first draft of Figure 2B.

AUTHOR CONTRIBUTIONS

C.C.D. conceived the idea for this paper and wrote the manuscript; P.C.
revised and approved the draft.

DECLARATION OF INTERESTS

The authors declare that they are supported by LVMH Research for Dior Sci-
ence, a company involved in the research and development of cosmetic prod-
ucts based on floral extracts.

REFERENCES

1. Sofowora, A., Ogunbodede, E., and Onayade, A. (2013). The role and
place of medicinal plants in the strategies for disease prevention. Afr.
J. Tradit. Complement. Altern. Med. 70, 210-229. https://doi.org/10.
4314/ajtcam.v10i5.2.

2. Rates, S.M. (2001). Plants as source of drugs. Toxicon 39, 603-613.
https://doi.org/10.1016/s0041-0101(00)00154-9.

3. Moerman, D.E. (2002). Meaning, Medicine, and the ‘Placebo Effect’
(Cambridge: Cambridge University Press). https://doi.org/10.1017/
CB09780511810855.

4. Pirintsos, S., Panagiotopoulos, A., Bariotakis, M., Daskalakis, V., Lionis,
C., Sourvinos, G., Karakasiliotis, I., Kampa, M., and Castanas, E. (2022).
From traditional ethnopharmacology to modern natural drug discovery: a
methodology discussion and specific examples. Molecules 27, 4060.
https://doi.org/10.3390/molecules27134060.

R168 Current Biology 34, R158-R173, February 26, 2024

20.

21.

22.

23.

24.

Current Biology

. Howes, M.-J.R., Quave, C.L., Collemare, J., Tatsis, E.C., Twilley, D., Lu-

lekal, E., Farlow, A., Li, L., Cazar, M.-E., Leaman, D.J., et al. (2020). Mol-
ecules from nature: reconciling biodiversity conservation and global
healthcare imperatives for sustainable use of medicinal plants and fungi.
Plants People Planet 2, 463-481. https://doi.org/10.1002/ppp3.10138.

. Shen, L., Xu, J., Luo, L., Hu, H., Meng, X., Li, X., and Chen, S. (2018). Pre-

dicting the potential global distribution of diosgenin-contained Dioscorea
species. Chin. Med. 13, 58. https://doi.org/10.1186/s13020-018-0215-8.

. Antonelli, A., Smith, R.J., and Simmonds, M.S.J. (2019). Unlocking the

properties of plants and fungi for sustainable development. Nat. Plants
5, 1100-1102. https://doi.org/10.1038/s41477-019-0554-1.

. Perez-Escobar, O.A., Richardson, J.E., Howes, M.J.R., Lucas, E., de Ro-

man, N.A., Collemare, J., Graham, |.A., Gratzfeld, J., Kersey, P.J., Leitch,
1.J., etal. (2020). Untapped resources for medical research. Science 369,
781-782. https://doi.org/10.1126/science.abc8085.

. Mawalagedera, S., Callahan, D.L., Gaskett, A.C., Ronsted, N., and Sy-

monds, M.R.E. (2019). Combining evolutionary inference and metabolo-
mics to identify plants with medicinal potential. Front. Ecol. Evol. 7, 267.
https://doi.org/10.3389/fevo.2019.00267.

. Gurib-Fakim, A. (2006). Medicinal plants: traditions of yesterday and

drugs of tomorrow. Mol. Aspects Med. 27, 1-93. https://doi.org/10.
1016/j.mam.2005.07.008.

. VanPool, C. (2019). Ancient medicinal plants of South America. Proc.

Natl. Acad. Sci. USA 176, 11087-11089. https://doi.org/10.1073/pnas.
1906805116.

. Hardy, K. (2021). Paleomedicine and the evolutionary context of medic-

inal plant use. Rev. Bras. 31, 1-15. https://doi.org/10.1007/s43450-020-
00107-4.

. Hardy, K. (2019). Paleomedicine and the use of plant secondary com-

pounds in the Paleolithic and Early Neolithic. Evol. Anthropol. 28,
60-71. https://doi.org/10.1002/evan.21763.

. De Luca, V., Salim, V., Atsumi, S.M., and Yu, F. (2012). Mining the biodi-

versity of plants: a revolution in the making. Science 336, 1658-1661.
https://doi.org/10.1126/science.1217410.

. Ekor, M. (2014). The growing use of herbal medicines: issues relating to

adverse reactions and challenges in monitoring safety. Front. Pharmacol.
4, 177. https://doi.org/10.3389/fphar.2013.00177.

. Farnsworth, N.R., Akerele, O., Bingel, A.S., Soejarto, D.D., and Guo, Z.

(1985). Medicinal plants in therapy. Bull. World Health Organ. 63,
965-981.

. M. Heinrich, and A.K. Jager, eds. (2015). Ethnopharmacology (Chiches-

ter: John Wiley & Sons).
fmatter.

https://doi.org/10.1002/9781118930717.

. WHO (2013). WHO Traditional Medicine Strategy 2014-2023 (World

Health Organization).

. Allkin, B. (2017). Useful plants — Medicines. In State of the World’s Plants

2017, K.J. Willis, ed. (Kew: Royal Botanic Gardens), pp. 22-30.

K.J. Willis, ed. (2017). State of the World’s Plants 2017 (Kew: Royal Bot-
anic Gardens).

Sintar, I. (2020). Importance of ethnopharmacological studies in drug
discovery: role of medicinal plants. Phytochem. Rev. 19, 1199-1209.
https://doi.org/10.1007/s11101-019-09629-9.

Newman, D.J., and Cragg, G.M. (2016). Natural products as sources of
new drugs from 1981 to 2014. J. Nat. Prod. 79, 629-661. https://doi.
org/10.1021/acs.jnatprod.5b01055.

Calixto, J.B. (2019). The role of natural products in modern drug discov-
ery. Anais da Academia Brasileira de Ciéncias 97, €20190105. https://
doi.org/10.1590/0001-3765201920190105.

Dias, D.A., Urban, S., and Roessner, U. (2012). A historical overview of
natural products in drug discovery. Metabolites 2, 303-336. https://doi.
org/10.3390/metabo2020303.


https://doi.org/10.4314/ajtcam.v10i5.2
https://doi.org/10.4314/ajtcam.v10i5.2
https://doi.org/10.1016/s0041-0101(00)00154-9
https://doi.org/10.1017/CBO9780511810855
https://doi.org/10.1017/CBO9780511810855
https://doi.org/10.3390/molecules27134060
https://doi.org/10.1002/ppp3.10138
https://doi.org/10.1186/s13020-018-0215-8
https://doi.org/10.1038/s41477-019-0554-1
https://doi.org/10.1126/science.abc8085
https://doi.org/10.3389/fevo.2019.00267
https://doi.org/10.1016/j.mam.2005.07.008
https://doi.org/10.1016/j.mam.2005.07.008
https://doi.org/10.1073/pnas.1906805116
https://doi.org/10.1073/pnas.1906805116
https://doi.org/10.1007/s43450-020-00107-4
https://doi.org/10.1007/s43450-020-00107-4
https://doi.org/10.1002/evan.21763
https://doi.org/10.1126/science.1217410
https://doi.org/10.3389/fphar.2013.00177
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref16
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref16
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref16
https://doi.org/10.1002/9781118930717.fmatter
https://doi.org/10.1002/9781118930717.fmatter
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref18
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref18
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref19
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref19
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref20
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref20
https://doi.org/10.1007/s11101-019-09629-9
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1590/0001-3765201920190105
https://doi.org/10.1590/0001-3765201920190105
https://doi.org/10.3390/metabo2020303
https://doi.org/10.3390/metabo2020303

Current Biology

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

Li, J.W., and Vederas, J.C. (2009). Drug discovery and natural products:
end of an era or an endless frontier? Science 325, 161-165. https://doi.
org/10.1126/science.1168243.

Atanasov, A.G., Waltenberger, B., Pferschy-Wenzig, E.-M., Linder, T.,
Wawrosch, C., Uhrin, P., Temml, V., Wang, L., Schwaiger, S., Heiss,
E.H., et al. (2015). Discovery and resupply of pharmacologically active
plant-derived natural products: A review. Biotechnol. Adv. 33, 1582-
1614. https://doi.org/10.1016/j.biotechadv.2015.08.001.

Newman, D.J., and Cragg, G.M. (2012). Natural products as sources of
new drugs over the 30 Years from 1981 to 2010. J. Nat. Prod. 75,
311-335. https://doi.org/10.1021/np200906s.

Watanabe, M.E. (2015). The Nagoya Protocol on access and benefit
sharing: international treaty poses challenges for biological collections.
BioScience 65, 543-550. https://doi.org/10.1093/biosci/biv056.

Prathapan, K.D., Pethiyagoda, R., Bawa, K.S., Raven, P.H., and Rajan,
P.D. (2018). When the cure kills — CBD limits biodiversity research. Sci-
ence 360, 1405-1406. https://doi.org/10.1126/science.aat9844.

Li, F.-S., and Weng, J.-K. (2017). Demystifying traditional herbal medi-
cine with modern approach. Nat. Plants 3, 17109. https://doi.org/10.
1038/nplants.2017.109.

de la Parra, J., and Quave, C.L. (2017). Ethnophytotechnology: harness-
ing the power of ethnobotany with biotechnology. Trends Biotechnol. 35,
802-806. https://doi.org/10.1016/j.tibtech.2017.07.003.

Pianka, E.R. (2011). Evolutionary Ecology. 7™ edition (Google eBook).

Stearns, S.C. (2012). Evolutionary medicine: its scope, interest and po-
tential. Proc. R. Soc. B 279, 4305-4321. https://doi.org/10.1098/rspb.
2012.1326.

Varki, A. (2012). Nothing in medicine makes sense, except in the light of
evolution. J. Mol. Med. 90, 481-494. https://doi.org/10.1007/s00109-
012-0900-5.

Hidaka, B.H., Asghar, A., Aktipis, C.A., Nesse, R.M., Wolpaw, T.M., Skur-
sky, N.K., Bennett, K.J., Beyrouty, M.W., and Schwartz, M.D. (2015). The
status of evolutionary medicine education in North American medical
schools. BMC Med. Educ. 15, 38. https://doi.org/10.1186/s12909-015-
0322-5.

Anderson, J.M., and Horn, F. (2020). (Re-) Defining evolutionary medi-
cine. Ecol. Evol. 70, 10930-10936. https://doi.org/10.1002/ece3.6825.

Thompson, M.E. (2022). Evolutionary approaches in aging research.
Cold Spring Harb. Persp. Med. 72, a041195. https://doi.org/10.1101/
cshperspect.a041195.

Kranke, N. (2023). Explanatory integration and integrated explanations in
Darwinian medicine and evolutionary medicine. Theor. Med. Bioeth. 44,
1-20. https://doi.org/10.1007/s11017-022-09594-z.

Guido, P.C., Ribas, A., Gaioli, M., Quattrone, F., and Macchi, A. (2015).
The state of the integrative medicine in Latin America: The long road to
include complementary, natural, and traditional practices in formal health
systems. Eur. J. Integr. Med. 7, 5-12. https://doi.org/10.1016/j.eujim.
2014.06.010.

Lebensohn, P., Kligler, B., Dodds, S., Schneider, C., Sroka, S., Benn, R.,
Cook, P., Guerrera, M., Dog, T.L., Sierpina, V., et al. (2012). Integrative
medicine in residency education: developing competency through online
curriculum training. JGME 4, 76-82. https://doi.org/10.4300/JGME-04-
01-30.

Leonti, M., Casu, L., de Oliveira Martins, D.T., Rodrigues, E., and Benitez,
G. (2020). Ecological theories and major hypotheses in ethnobotany: their
relevance for ethnopharmacology and pharmacognosy in the context of
historical data. Rev. Bras. Farmacogn. 30, 451-466. https://doi.org/10.
1007/s43450-020-00074-w.

Stepp, J.R. (2004). The role of weeds as sources of pharmaceuticals.
J. Ethnopharmacol. 92, 163-166. https://doi.org/10.1016/j.jep.2004.
03.002.

Davis, C.C. (2022). The herbarium of the future. Trends Ecol. Evol. https://
doi.org/10.1016/j.tree.2022.11.015.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

¢? CellPress

OPEN ACCESS

Hedrick, B.P., Heberling, .M., Meineke, E.K., Turner, K.G., Grassa, C.J.,
Park, D.S., Kennedy, J., Clarke, J.A., Cook, J.A., Blackburn, D.C., et al.
(2020). Digitization and the future of natural history collections. BioSci-
ence 70, 243-251. https://doi.org/10.1093/biosci/biz163.

Heberling, J.M., Miller, J.T., Noesgaard, D., Weingart, S.B., and Schigel,
D. (2021). Data integration enables global biodiversity synthesis. Proc.
Natl. Acad. Sci. USA 118, e2018093118. https://doi.org/10.1073/pnas.
2018093118.

Davis, C.C., Champ, J., Park, D.S., Breckheimer, I., Lyra, G.M., Xie, J.,
Joly, A, Tarapore, D., Ellison, A.M., and Bonnet, P. (2020). A new method
for counting reproductive structures in digitized herbarium specimens
using mask R-CNN. Front. Plant Sci. 77, 1129. https://doi.org/10.3389/
fpls.2020.01129.

Goéau, H., Bonnet, P., and Joly, A. (2022). Overview of PlantCLEF 2022:
image-based plant identification at global scale. Working Notes of CLEF,
1526-1539.

Liu, J., Milne, R.l., Mdller, M., Zhu, G.-F., Ye, L.-J., Luo, Y.-H., Yang, J.-
B., Wambulwa, M.C., Wang, C.-N., Li, D.-Z., and Gao, L.-M. (2018). Inte-
grating a comprehensive DNA barcode reference library with a global
map of yews (Taxus L.) for forensic identification. Mol. Ecol. Res. 18,
1115-1131. https://doi.org/10.1111/1755-0998.12903.

Chen, S., Pang, X., Song, J., Shi, L., Yao, H., Han, J., and Leon, C. (2014).
A renaissance in herbal medicine identification: from morphology to
DNA. Biotechnol. Adv. 32, 1237-1244. https://doi.org/10.1016/j.bio-
techadv.2014.07.004.

Yu, J., Wu, X, Liu, C., Newmaster, S., Ragupathy, S., and Kress, W.J.
(2021). Progress in the use of DNA barcodes in the identification and clas-
sification of medicinal plants. Ecotoxicol. Environ. Saf. 208, 111691.
https://doi.org/10.1016/j.ecoenv.2020.111691.

Tnah, L.H., Lee, S.L., Tan, A.L,, Lee, C.T., Ng, K.K.S., Ng, C.H., and Nurul
Farhanah, Z. (2019). DNA barcode database of common herbal plants in
the tropics: a resource for herbal product authentication. Food Control
95, 318-326. https://doi.org/10.1016/j.foodcont.2018.08.022.

Kress, W.J. (2017). Plant DNA barcodes: applications today and in the
future. J. Syst. Evol. 55, 291-307. https://doi.org/10.1111/jse.12254.

Hussain, A. (2022). A phylogenetic perspective of antiviral species of the
genus Artemisia (Asteraceae-Anthemideae): a proposal of anti SARS-
CoV-2 (COVID-19) candidate taxa. J. Herb. Med. 36, 100601. https://
doi.org/10.1016/j.hermed.2022.100601.

Baker, D.A., Stevenson, D.W., and LittLe, D.P. (2012). DNA barcode iden-
tification of black cohosh herbal dietary supplements. J. AOAC Interna-
tional 95, 1023-1034. https://doi.org/10.5740/jacacint.11-261.

de Medeiros, B.A.S., Cai, L., Flynn, P.J., Yan, Y., Duan, X., Marinho, L.C.,
Anderson, C., and Davis, C.C. (2024). A universal DNA barcode for the
Tree of Life. Preprint at ECOEvORXiv, https://doi.org/10.32942/X24891.

Qin, Y., Hu, R., Zhao, H., Wei, G., Lu, Z., and Huang, Y. (2022). Taxonomic
delimitation and molecular identification of clusters within the species
Zanthoxylum nitidum (Rutaceae) in China. PhytoKeys 196, 1-20.

Jiang, L., Li, M., Zhao, F., Chu, S., Zha, L., Xu, T., Peng, H., and Zhang, W.
(2018). Molecular identification and taxonomic implication of herbal spe-
cies in genus Corydalis (Papaveraceae). Molecules 23, 1393. https://doi.
org/10.3390/molecules23061393.

Tian, B., Tian, M., and Huang, S.M. (2020). Advances in phytochemical
and modern pharmacological research of Rhizoma corydalis. Pharm.
Biol. 58, 265-275. https://doi.org/10.1080/13880209.2020.1741651.

Sukumaran, J., Holder, M.T., and Knowles, L.L. (2021). Incorporating the
speciation process into species delimitation. PLoS Comp. Biol. 77,
e1008924. https://doi.org/10.1371/journal.pcbi.1008924.

Saslis-Lagoudakis, C.H., Savolainen, V., Williamson, E.M., Forest, F.,
Wagstaff, S.J., Baral, S.R., Watson, M.F., Pendry, C.A., and Hawkins,
J.A. (2012). Phylogenies reveal predictive power of traditional medicine
in bioprospecting. Proc. Natl. Acad. Sci. USA 709, 15835-15840.
https://doi.org/10.1073/pnas.1202242109.

Kilmer, B., and Pacula, R.L. (2009). Estimating the size of the global drug

market: a demand-side approach. Technical Report, RAND Europe.
https://www.rand.org/pubs/technical_reports/TR711.html.

Current Biology 34, R158-R173, February 26, 2024 R169



https://doi.org/10.1126/science.1168243
https://doi.org/10.1126/science.1168243
https://doi.org/10.1016/j.biotechadv.2015.08.001
https://doi.org/10.1021/np200906s
https://doi.org/10.1093/biosci/biv056
https://doi.org/10.1126/science.aat9844
https://doi.org/10.1038/nplants.2017.109
https://doi.org/10.1038/nplants.2017.109
https://doi.org/10.1016/j.tibtech.2017.07.003
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref32
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref32
https://doi.org/10.1098/rspb.2012.1326
https://doi.org/10.1098/rspb.2012.1326
https://doi.org/10.1007/s00109-012-0900-5
https://doi.org/10.1007/s00109-012-0900-5
https://doi.org/10.1186/s12909-015-0322-5
https://doi.org/10.1186/s12909-015-0322-5
https://doi.org/10.1002/ece3.6825
https://doi.org/10.1101/cshperspect.a041195
https://doi.org/10.1101/cshperspect.a041195
https://doi.org/10.1007/s11017-022-09594-z
https://doi.org/10.1016/j.eujim.2014.06.010
https://doi.org/10.1016/j.eujim.2014.06.010
https://doi.org/10.4300/JGME-04-01-30
https://doi.org/10.4300/JGME-04-01-30
https://doi.org/10.1007/s43450-020-00074-w
https://doi.org/10.1007/s43450-020-00074-w
https://doi.org/10.1016/j.jep.2004.03.002
https://doi.org/10.1016/j.jep.2004.03.002
https://doi.org/10.1016/j.tree.2022.11.015
https://doi.org/10.1016/j.tree.2022.11.015
https://doi.org/10.1093/biosci/biz163
https://doi.org/10.1073/pnas.2018093118
https://doi.org/10.1073/pnas.2018093118
https://doi.org/10.3389/fpls.2020.01129
https://doi.org/10.3389/fpls.2020.01129
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref47
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref47
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref47
https://doi.org/10.1111/1755-0998.12903
https://doi.org/10.1016/j.biotechadv.2014.07.004
https://doi.org/10.1016/j.biotechadv.2014.07.004
https://doi.org/10.1016/j.ecoenv.2020.111691
https://doi.org/10.1016/j.foodcont.2018.08.022
https://doi.org/10.1111/jse.12254
https://doi.org/10.1016/j.hermed.2022.100601
https://doi.org/10.1016/j.hermed.2022.100601
https://doi.org/10.5740/jaoacint.11-261
https://doi.org/10.32942/X24891
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref56
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref56
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref56
https://doi.org/10.3390/molecules23061393
https://doi.org/10.3390/molecules23061393
https://doi.org/10.1080/13880209.2020.1741651
https://doi.org/10.1371/journal.pcbi.1008924
https://doi.org/10.1073/pnas.1202242109
https://www.rand.org/pubs/technical_reports/TR711.html

¢? CellPress

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

OPEN ACCESS

Ren, G., Zhang, X., Li, Y., Ridout, K., Serrano-Serrano, M.L., Yang, Y.,
Liu, A., Ravikanth, G., Nawaz, M.A., Mumtaz, A.S., et al. (2021). Large-
scale whole-genome resequencing unravels the domestication history
of Cannabis sativa. Sci. Adv. 7, eabg2286. https://doi.org/10.1126/
sciadv.abg2286.

Latorre, S.M., Lang, P.L.M., Burbano, H.A., and Gutaker, R.M. (2020).
Isolation, library preparation, and bioinformatic analysis of historical
and ancient plant DNA. Curr. Protocols Plant Biol. 5, e20121. https://
doi.org/10.1002/cppb.20121.

Allaby, R.G., Stevens, C., Lucas, L., Maeda, O., and Fuller, D.Q. (2017).
Geographic mosaics and changing rates of cereal domestication. Philos.
Trans. R. Soc. B 372,20160429. https://doi.org/10.1098/rstb.2016.0429.

Salavert, A., Zazzo, A., Martin, L., Antolin, F., Gauthier, C., Thil, F., Tom-
bret, O., Bouby, L., Manen, C., Mineo, M., et al. (2020). Direct dating re-
veals the early history of opium poppy in western Europe. Sci. Rep. 10,
20263. https://doi.org/10.1038/s41598-020-76924-3.

Miller, M.J., Albarracin-Jordan, J., Moore, C., and Capriles, J.M. (2019).
Chemical evidence for the use of multiple psychotropic plants in a 1,000-
year-old ritual bundle from South America. Proc. Natl. Acad. Sci. USA
116, 11207. https://doi.org/10.1073/pnas.1902174116.

Ogalde, J.P., Arriaza, B.T., and Soto, E.C. (2009). Identification of psy-
choactive alkaloids in ancient Andean human hair by gas chromatog-
raphy/mass spectrometry. J. Archaeol. Sci. 36, 467-472. https://doi.
org/10.1016/j.jas.2008.09.036.

Zhu, F., Qin, C., Tao, L., Liu, X., Shi, Z., Ma, X., Jia, J., Tan, Y., Cui, C., Lin,
J., et al. (2011). Clustered patterns of species origins of nature-derived
drugs and clues for future bioprospecting. Proc. Natl. Acad. Sci. USA
108, 12943-12948. https://doi.org/10.1073/pnas.1107336108.

Pellicer, J., Saslis-Lagoudakis, C.H., Carrio, E., Ernst, M., Garnatje, T.,
Grace, O.M., Gras, A., Mumbru, M., Valles, J., Vitales, D., and Ronsted,
N. (2018). A phylogenetic road map to antimalarial Artemisia species.
J. Ethnopharmacol. 225, 1-9. https://doi.org/10.1016/}.jep.2018.06.030.

Milliken, W., Walker, B.E., Howes, M.-J.R., Forest, F., and Nic Lughadha,
E. (2021). Plants used traditionally as antimalarials in Latin America: min-
ing the tree of life for potential new medicines. J. Ethnopharmacol. 279,
114221. https://doi.org/10.1016/j.jep.2021.114221.

Prasad, M.A., Zolnik, C.P., and Molina, J. (2019). Leveraging phytochem-
icals: the plant phylogeny predicts sources of novel antibacterial com-
pounds. Future. Sci. OA 5, Fso407. https://doi.org/10.2144/fsoa-
2018-0124.

Chassagne, F., Samarakoon, T., Porras, G., Lyles, J.T., Dettweiler, M.,
Marquez, L., Salam, A.M., Shabih, S., Farrokhi, D.R., and Quave, C.L.
(2021). A systematic review of plants with antibacterial activities: a taxo-
nomic and phylogenetic perspective. Front. Pharmacol. 71, 586548.
https://doi.org/10.3389/fphar.2020.586548.

Panda, S.K., and Luyten, W. (2018). Antiparasitic activity in Asteraceae
with special attention to ethnobotanical use by the tribes of Odisha, India.
Parasite 25, 10.

Guzman, E., and Molina, J. (2018). The predictive utility of the plant phy-
logeny in identifying sources of cardiovascular drugs. Pharm. Biol. 56,
154-164. https://doi.org/10.1080/13880209.2018.1444642.

Gaoue, O.G., Yessoufou, K., Mankga, L., and Vodouhe, F. (2021). Phy-
logeny reveals non-random medicinal plant organ selection by local peo-
ple in Benin. Plants People Planet 3, 710-720. https://doi.org/10.1002/
ppp3.10202.

Zaman, W., Ye, J., Saqib, S., Liu, Y., Shan, Z., Hao, D., Chen, Z., and
Xiao, P. (2021). Predicting potential medicinal plants with phylogenetic
topology: inspiration from the research of traditional Chinese medicine.
J. Ethnopharmacol. 2871, 114515. https://doi.org/10.1016/].jep.2021.
114515.

Domingo-Fernandez, D., Gadiya, Y., Mubeen, S., Healey, D., Norman,
B.H., and Colluru, V. (2023). Exploring the known chemical space of
the plant kingdom: insights into taxonomic patterns, knowledge gaps,
and bioactive regions. J. Cheminformatics 15, 107. https://doi.org/10.
1186/513321-023-00778-w.

R170 Current Biology 34, R158-R173, February 26, 2024

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

Current Biology

Whittaker, R.H. (1975). Communities and Ecosystems, 2" edition
(New York, NY: Macmillan Publishing Company).

Du, Z., Wu, J., Meng, X., Li, J., and Huang, L. (2017). Predicting the global
potential distribution of four endangered Panax species in middle-and
low-latitude regions of China by the Geographic Information System for
Global Medicinal Plants (GMPGIS). Molecules 22, 1630. https://doi.org/
10.3390/molecules22101630.

Wee, J.J., Park, K.M., and Chung, A.-S. (2011). Biological activities of
ginseng and its application to human health. In Herbal Medicine: Biomol-
ecular and Clinical Aspects, |. Benzie, S. Wachtel-Galor, ed. (Boca Raton,
FL: CRC Press), pp. 157-174.

Fan, S., Zhang, Z., Su, H., Xu, P., Qi, H., Zhao, D., and Li, X. (2020). Panax
ginseng clinical trials: Current status and future perspectives. Biomed.
Pharmacother. 132, 110832. https://doi.org/10.1016/j.biopha.2020.
110832.

Feng, L., Han, F., Zhou, L., Wy, S., Du, Y., Zhang, D., Zhang, C., and Gao,
Y. (2021). Efficacy and safety of Panax notoginseng saponins (Xueshuan-
tong) in patients with acute ischemic stroke (EXPECT) trial: rationale and
design. Front. Pharmacol. 72, 648921. https://doi.org/10.3389/fphar.
2021.648921.

Vuksan, V., Xu, Z.Z., Jovanovski, E., Jenkins, A.L., Beljan-Zdravkovic, U.,
Sievenpiper, J.L., Mark Stavro, P., Zurbau, A., Duvnjak, L., and Li, M.Z.C.
(2019). Efficacy and safety of American ginseng (Panax quinquefolius L.)
extract on glycemic control and cardiovascular risk factors in individuals
with type 2 diabetes: a double-blind, randomized, cross-over clinical trial.
Eur. J. Nutr. 58, 1237-1245. https://doi.org/10.1007/s00394-018-
1642-0.

Tshabalala, T., Mutanga, O., and Abdel-Rahman, E.M. (2022). Predicting
the geographical distribution shift of medicinal plants in South Africa due
to climate change. Conservation 2, 694-708. https://doi.org/10.3390/
conservation2040045.

Gavin, D.G., Fitzpatrick, M.C., Gugger, P.F., Heath, K.D., Rodriguez-
Sanchez, F., Dobrowski, S.Z., Hampe, A., Hu, F.S., Ashcroft, M.B., Bar-
tlein, P.J., et al. (2014). Climate refugia: joint inference from fossil records,
species distribution models and phylogeography. New Phytol. 204,
37-54. https://doi.org/10.1111/nph.12929.

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I.,
and Garnier, E. (2007). Let the concept of trait be functional. Oikos 7176,
882-892. https://doi.org/10.1111/.0030-1299.2007.15559.x.

Dong, Y., Duan, S., Xia, Q., Liang, Z., Dong, X., Margaryan, K., Musayev,
M., Goryslavets, S., Zduni¢, G., Bert, P.-F., et al. (2023). Dual domestica-
tions and origin of traits in grapevine evolution. Science 379, 892-901.
https://doi.org/10.1126/science.add8655.

Kistler, L., Maezumi, S.Y., Gregorio de Souza, J., Przelomska, N.A.S.,
Malaquias Costa, F., Smith, O., Loiselle, H., Ramos-Madrigal, J., Wales,
N., Ribeiro, E.R., et al. (2018). Multiproxy evidence highlights a complex
evolutionary legacy of maize in South America. Science 362, 1309-1313.
https://doi.org/10.1126/science.aav0207.

Papachristodoulou, D., Snape, A., Elliott, W.H., and Elliott, D.C. (2018).
Biochemistry and Molecular Biology, 6 edition (Oxford: Oxford Univer-
sity Press).

Dixon, R.A. (2001). Natural products and plant disease resistance. Nature
411, 843-847. https://doi.org/10.1038/35081178.

Pichersky, E., and Gang, D.R. (2000). Genetics and biochemistry of sec-
ondary metabolites in plants: an evolutionary perspective. Trends Plant
Sci. 5, 439-445. https://doi.org/10.1016/S1360-1385(00)01741-6.

Kroymann, J. (2011). Natural diversity and adaptation in plant secondary
metabolism. Curr. Opin. Plant Biol. 14, 246-251. https://doi.org/10.1016/
j.pbi.2011.03.021.

Bucar, F., Wube, A., and Schmid, M. (2013). Natural product isolation —
how to get from biological material to pure compounds. Nat. Prod.
Rep. 30, 525-545. https://doi.org/10.1039/C3NP20106F.

Jones, W.P., and Kinghorn, A.D. (2012). Extraction of plant secondary
metabolites. In Natural Products Isolation, S.D. Sarker, and L. Nahar,
eds. (Totowa, NJ: Humana Press), pp. 341-366. https://doi.org/10.
1007/978-1-61779-624-1_13.


https://doi.org/10.1126/sciadv.abg2286
https://doi.org/10.1126/sciadv.abg2286
https://doi.org/10.1002/cppb.20121
https://doi.org/10.1002/cppb.20121
https://doi.org/10.1098/rstb.2016.0429
https://doi.org/10.1038/s41598-020-76924-3
https://doi.org/10.1073/pnas.1902174116
https://doi.org/10.1016/j.jas.2008.09.036
https://doi.org/10.1016/j.jas.2008.09.036
https://doi.org/10.1073/pnas.1107336108
https://doi.org/10.1016/j.jep.2018.06.030
https://doi.org/10.1016/j.jep.2021.114221
https://doi.org/10.2144/fsoa-2018-0124
https://doi.org/10.2144/fsoa-2018-0124
https://doi.org/10.3389/fphar.2020.586548
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref73
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref73
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref73
https://doi.org/10.1080/13880209.2018.1444642
https://doi.org/10.1002/ppp3.10202
https://doi.org/10.1002/ppp3.10202
https://doi.org/10.1016/j.jep.2021.114515
https://doi.org/10.1016/j.jep.2021.114515
https://doi.org/10.1186/s13321-023-00778-w
https://doi.org/10.1186/s13321-023-00778-w
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref78
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref78
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref78
https://doi.org/10.3390/molecules22101630
https://doi.org/10.3390/molecules22101630
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref80
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref80
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref80
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref80
https://doi.org/10.1016/j.biopha.2020.110832
https://doi.org/10.1016/j.biopha.2020.110832
https://doi.org/10.3389/fphar.2021.648921
https://doi.org/10.3389/fphar.2021.648921
https://doi.org/10.1007/s00394-018-1642-0
https://doi.org/10.1007/s00394-018-1642-0
https://doi.org/10.3390/conservation2040045
https://doi.org/10.3390/conservation2040045
https://doi.org/10.1111/nph.12929
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1126/science.add8655
https://doi.org/10.1126/science.aav0207
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref89
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref89
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref89
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref89
https://doi.org/10.1038/35081178
https://doi.org/10.1016/S1360-1385(00)01741-6
https://doi.org/10.1016/j.pbi.2011.03.021
https://doi.org/10.1016/j.pbi.2011.03.021
https://doi.org/10.1039/C3NP20106F
https://doi.org/10.1007/978-1-61779-624-1_13
https://doi.org/10.1007/978-1-61779-624-1_13

Current Biology

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Ramakrishna, A., and Ravishankar, G.A. (2011). Influence of abiotic
stress signals on secondary metabolites in plants. Plant Signal. Behav.
6, 1720-1731. https://doi.org/10.4161/psb.6.11.17613.

Tewksbury, J.J., Reagan, K.M., Machnicki, N.J., Carlo, T.A., Haak, D.C.,
Pefaloza, A.L.C., and Levey, D.J. (2008). Evolutionary ecology of pun-
gency in wild chilies. Proc. Natl. Acad. Sci. USA 105, 11808-11811.
https://doi.org/10.1073/pnas.0802691105.

Pluskal, T., and Weng, J.K. (2018). Natural product modulators of human
sensations and mood: molecular mechanisms and therapeutic potential.
Chem. Soc. Rev. 47, 1592-1637. https://doi.org/10.1039/c7cs00411g.

Bharate, S.S., Mignani, S., and Vishwakarma, R.A. (2018). Why are the
majority of active compounds in the CNS domain natural products? A
critical analysis. J. Med. Chem. 67, 10345-10374. https://doi.org/10.
1021/acs.jmedchem.7b01922.

Anand, U., Jacobo-Herrera, N., Altemimi, A., and Lakhssassi, N. (2019). A
comprehensive review on medicinal plants as antimicrobial therapeutics:
potential avenues of biocompatible drug discovery. Metabolites 9, 258.
https://doi.org/10.3390/metabo9110258.

Jacobowitz, J.R., and Weng, J.-K. (2020). Exploring uncharted territories
of plant specialized metabolism in the postgenomic era. Annu. Rev.
Plant. Biol. 771, 631-658. https://doi.org/10.1146/annurev-arplant-
081519-035634.

Allard, P.-M., Gaudry, A., Quirés-Guerrero, L.-M., Rutz, A., Dounoue-Kubo,
M., Walker, T.W.N., Defossez, E., Long, C., Grondin, A., David, B., and
Wolfender, J.-L. (2023). Open and reusable annotated mass spectrometry
dataset of a chemodiverse collection of 1,600 plant extracts. GigaScience
12, giac124. https://doi.org/10.1093/gigascience/giac124.

Wolfender, J.-L., Nuzillard, J.-M., van der Hooft, J.J.J., Renault, J.-H.,
and Bertrand, S. (2019). Accelerating metabolite identification in natural
product research: toward an ideal combination of liquid chromatog-
raphy-high-resolution tandem mass spectrometry and NMR profiling,
in silico databases, and chemometrics. Anal. Chem. 91, 704-742.
https://doi.org/10.1021/acs.analchem.8b05112.

Alonso, A., Marsal, S., and Julia, A. (2015). Analytical methods in untar-
geted metabolomics: state of the art in 2015. Front. Bioeng. Biotechnol.
3, 23. https://doi.org/10.3389/fbioe.2015.00023.

Li, D., and Gaquerel, E. (2021). Next-generation mass spectrometry me-
tabolomics revives the functional analysis of plant metabolic diversity.
Annu. Rev. Plant Biol. 72, 867-891. https://doi.org/10.1146/annurev-ar-
plant-071720-114836.

Mannochio-Russo, H., de Almeida, R.F., Nunes, W.D.G., Bueno, P.C.P.,
Caraballo-Rodriguez, A.M., Bauermeister, A., Dorrestein, P.C., and Bol-
zani, V.S. (2022). Untargeted metabolomics sheds light on the diversity of
major classes of secondary metabolites in the Malpighiaceae botanical
family. Front. Plant Sci. 13, 854842. https://doi.org/10.3389/fpls.2022.
854842.

Nett, R.S., Guan, X., Smith, K., Faust, A.M., Sattely, E.S., and Fischer,
C.R. (2018). D20 Labeling to measure active biosynthesis of natural
products in medicinal plants. AIChE J. 64, 4319-4330. https://doi.org/
10.1002/aic.16413.

Bauermeister, A., Mannochio-Russo, H., Costa-Lotufo, L.c.V., Jar-
musch, A.K., and Dorrestein, P.C. (2022). Mass spectrometry-based me-
tabolomics in microbiome investigations. Nat. Rev. Microbiol. 20,
143-160. https://doi.org/10.1038/s41579-021-00621-9.

Medema, M.H. (2021). The year 2020 in natural product bioinformatics:
an overview of the latest tools and databases. Nat. Prod. Rep. 38,
301-306. https://doi.org/10.1039/d0np00090f.

Rutz, A., Sorokina, M., Galgonek, J., Mietchen, D., Willighagen, E., Gau-
dry, A., Graham, J.G., Stephan, R., Page, R., Vondrasek, J., et al. (2021).
The LOTUS initiative for open natural products research: knowledge
management through wikidata. Preprint at bioRxiv, https://doi.org/10.
1101/2021.02.28.433265.

Maher, P., Fischer, W., Liang, Z., Soriano-Castell, D., Pinto, A.F.M., Reb-
man, J., and Currais, A. (2020). The value of herbarium collections to the
discovery of novel teatments for Alzheimer’s disease, a case made with
the genus Eriodictyon. Front. Pharmacol. 77, 208. https://doi.org/10.
3389/fphar.2020.00208.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

¢? CellPress

OPEN ACCESS

Foutami, I.J., Mariager, T., Rinnan, R., Barnes, C.J., and Rensted, N.
(2018). Hundred fifty years of herbarium collections provide a reliable
resource of volatile terpenoid profiles showing strong species effect in
four medicinal species of Salvia across the Mediterranean. Front. Plant
Sci. 9, 1877. https://doi.org/10.3389/fpls.2018.01877.

Hao, D.-C. (2019). Genomics and evolution of medicinal plants. In Ranun-
culales Medicinal Plants, D.-C. Hao, ed. (Cambridge, MA: Academic
Press), pp. 1-33. https://doi.org/10.1016/B978-0-12-814232-5.00001-0.

Sharma, S., and Shrivastava, N. (2016). Renaissance in phytomedicines:
promising implications of NGS technologies. Planta 244, 19-38. https://
doi.org/10.1007/s00425-016-2492-8.

Sharma, R., Patil, C., Majeed, J., Kumar, S., and Aggarwal, G. (2022).
Next-generation sequencing in the biodiversity conservation of endan-
gered medicinal plants. Environ. Sci. Pollut. Res. 29, 73795-73808.
https://doi.org/10.1007/s11356-022-22842-y.

Chappell, J., DellaPenna, D., and O’Connor, S.E. (2023). Medicinal plants
genomics resource (accessed 24 April 2023). http://mpgr.uga.edu/.

Galanie, S., Thodey, K., Trenchard, I.J., Filsinger Interrante, M., and
Smolke, C.D. (2015). Complete biosynthesis of opioids in yeast. Science
349, 1095-1100. https://doi.org/10.1126/science.aac9373.

Zhang, F., Qiu, F., Zeng, J., Xu, Z., Tang, Y., Zhao, T., Gou, Y., Su, F.,
Wang, S., Sun, X, et al. (2023). Revealing evolution of tropane alkaloid
biosynthesis by analyzing two genomes in the Solanaceae family. Nat.
Commun. 74, 1446. https://doi.org/10.1038/s41467-023-37133-4.

Chavez, B.G., Srinivasan, P., Glockzin, K., Kim, N., Montero Estrada, O.,
Jirschitzka, J., Rowden, G., Shao, J., Meinhardt, L., Smolke, C.D., and
D’Auria, J.C. (2022). Elucidation of tropane alkaloid biosynthesis in Eryth-
roxylum coca using a microbial pathway discovery platform. Proc. Natl.
Acad. Sci. USA 119, e2215372119. https://doi.org/10.1073/pnas.
2215372119.

Berman, P., de Haro, L.A., Jozwiak, A., Panda, S., Pinkas, Z., Dong, Y.,
Cveticanin, J., Barbole, R., Livne, R., Scherf, T., et al. (2023). Parallel evo-
lution of cannabinoid biosynthesis. Nat. Plants 9, 817-831. https://doi.
org/10.1038/s41477-023-01402-3.

Caterina, M.J., Schumacher, M.A., Tominaga, M., Rosen, T.A., Levine,
J.D., and Julius, D. (1997). The capsaicin receptor: a heat-activated ion
channel in the pain pathway. Nature 389, 816-824. https://doi.org/10.
1038/39807.

Nett, R.S., Lau, W., and Sattely, E.S. (2020). Discovery and engineering of
colchicine alkaloid biosynthesis. Nature 584, 148. https://doi.org/10.
1038/s41586-020-2546-8.

Kress, W.J., Soltis, D.E., Kersey, P.J., Wegrzyn, J.L., Leebens-Mack, J.H.,
Gostel, M.R., Liu, X., and Soltis, P.S. (2022). Green plant genomes: What
we know in an era of rapidly expanding opportunities. Proc. Natl. Acad.
Sci. USA 119, e2115640118. https://doi.org/10.1073/pnas.2115640118.

Nett, R.S., Dho, Y., Low, Y.Y., and Sattely, E.S. (2021). A metabolic reg-
ulon reveals early and late acting enzymes in neuroactive Lycopodium
alkaloid biosynthesis. Proc. Natl. Acad. Sci. USA 7118, e2102949118.
https://doi.org/10.1073/pnas.2102949118.

Yang, L.P. (2010). Oral colchicine (Colcrys): in the treatment and prophy-
laxis of gout. Drugs 70, 1603-1613. https://doi.org/10.2165/11205470-
000000000-00000.

Hartung, E.F. (1954). History of the use of colchicum and related medica-
ments in gout; with suggestions for further research. Ann. Rheum. Dis.
13, 190-200. https://doi.org/10.1136/ard.13.3.190.

Oscar, A.P.-E., Diego, B., Natalia, A.S.P., James, D.A., Juan, A.B., Sido-
nie, B., Roland, P.B., Betsaida, C., Jose Aguilar, C., Martha, C., et al.
(2023). The origin and speciation of orchids. Preprint at bioRxiv,
https://doi.org/10.1101/2023.09.10.556973.

Li, C., Wood, J.C., Vu, A.H., Hamilton, J.P., Rodriguez Lopez, C.E.,
Payne, R.M.E., Serna Guerrero, D.A., Gase, K., Yamamoto, K., Vaillan-
court, B., et al. (2023). Single-cell multi-omics in the medicinal plant Ca-
tharanthus roseus. Nat. Chem. Biol. 79, 1031-1041. https://doi.org/10.
1038/s41589-023-01327-0.

Current Biology 34, R158-R173, February 26, 2024 R171



https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.1073/pnas.0802691105
https://doi.org/10.1039/c7cs00411g
https://doi.org/10.1021/acs.jmedchem.7b01922
https://doi.org/10.1021/acs.jmedchem.7b01922
https://doi.org/10.3390/metabo9110258
https://doi.org/10.1146/annurev-arplant-081519-035634
https://doi.org/10.1146/annurev-arplant-081519-035634
https://doi.org/10.1093/gigascience/giac124
https://doi.org/10.1021/acs.analchem.8b05112
https://doi.org/10.3389/fbioe.2015.00023
https://doi.org/10.1146/annurev-arplant-071720-114836
https://doi.org/10.1146/annurev-arplant-071720-114836
https://doi.org/10.3389/fpls.2022.854842
https://doi.org/10.3389/fpls.2022.854842
https://doi.org/10.1002/aic.16413
https://doi.org/10.1002/aic.16413
https://doi.org/10.1038/s41579-021-00621-9
https://doi.org/10.1039/d0np00090f
https://doi.org/10.1101/2021.02.28.433265
https://doi.org/10.1101/2021.02.28.433265
https://doi.org/10.3389/fphar.2020.00208
https://doi.org/10.3389/fphar.2020.00208
https://doi.org/10.3389/fpls.2018.01877
https://doi.org/10.1016/B978-0-12-814232-5.00001-0
https://doi.org/10.1007/s00425-016-2492-8
https://doi.org/10.1007/s00425-016-2492-8
https://doi.org/10.1007/s11356-022-22842-y
http://mpgr.uga.edu/
https://doi.org/10.1126/science.aac9373
https://doi.org/10.1038/s41467-023-37133-4
https://doi.org/10.1073/pnas.2215372119
https://doi.org/10.1073/pnas.2215372119
https://doi.org/10.1038/s41477-023-01402-3
https://doi.org/10.1038/s41477-023-01402-3
https://doi.org/10.1038/39807
https://doi.org/10.1038/39807
https://doi.org/10.1038/s41586-020-2546-8
https://doi.org/10.1038/s41586-020-2546-8
https://doi.org/10.1073/pnas.2115640118
https://doi.org/10.1073/pnas.2102949118
https://doi.org/10.2165/11205470-000000000-00000
https://doi.org/10.2165/11205470-000000000-00000
https://doi.org/10.1136/ard.13.3.190
https://doi.org/10.1101/2023.09.10.556973
https://doi.org/10.1038/s41589-023-01327-0
https://doi.org/10.1038/s41589-023-01327-0

¢? CellPress

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

OPEN ACCESS

Cordell, G.A., and Colvard, M.D. (2005). Some thoughts on the future of
ethnopharmacology. J. Ethnopharmacol. 700, 5-14. https://doi.org/10.
1016/j.jep.2005.05.027.

Leonti, M. (2022). The relevance of quantitative ethnobotanical indices for
ethnopharmacology and ethnobotany. J. Ethnopharmacol. 288, 115008.
https://doi.org/10.1016/j.jep.2022.115008.

Kumar, A., Kumar, S., Komal, Ramchiary, N., and Singh, P. (2021). Role of
traditional ethnobotanical knowledge and indigenous communities in
achieving sustainable development goals. Sustainability 73, 3062.
https://doi.org/10.3390/su13063062.

Buenz, E.J., Verpoorte, R., and Bauer, B.A. (2018). The ethnopharmaco-
logic contribution to bioprospecting natural products. Annu. Rev. Phar-
macol. Toxicol. 568, 509-530. https://doi.org/10.1146/annurev-pharm-
tox-010617-052703.

Li, D., Li, Y., Yang, S., Yu, Z., Xing, Y., and Wu, M. (2022). Mechanism and
potential target of blood-activating Chinese botanical drugs combined
with anti-platelet drugs: prevention and treatment of atherosclerotic car-
diovascular diseases. Front. Pharmacol. 13, 811422. https://doi.org/10.
3389/fphar.2022.811422.

Salem, M.A., Ezzat, S.M., Ahmed, K.A., Alseekh, S., Fernie, A.R., and Es-
sam, R.M. (2022). A comparative study of the antihypertensive and car-
dioprotective potentials of hot and cold aqueous extracts of Hibiscus
sabdariffa L. in relation to their metabolic profiles. Front. Pharmacol.
13, 840478. https://doi.org/10.3389/fphar.2022.840478.

Albuquerque, U.P., do Nascimento, A.L.B., Chaves, L.S., Feitosa, I.S., de
Moura, J.M.B., Goncalves, P.H.S., da Silva, R.H., da Silva, T.C., and Fer-
reira, W.S. (2020). The chemical ecology approach to modern and early
human use of medicinal plants. Chemoecology 30, 89-102. https://doi.
org/10.1007/s00049-020-00302-8.

Achan, J., Talisuna, A.O., Erhart, A., Yeka, A., Tibenderana, J.K., Balir-
aine, F.N., Rosenthal, P.J., and D’Alessandro, U. (2011). Quinine, an
old anti-malarial drug in a modern world: role in the treatment of malaria.
Malar. J. 10, 144. https://doi.org/10.1186/1475-2875-10-144.

Dai, Y.-F., Zhou, W.-W., Meng, J., Du, X.-L., Sui, Y.-P., Dai, L., Wang, P.-
Q., Huo, H.-R., and Sui, F. (2017). The pharmacological activities and
mechanisms of artemisinin and its derivatives: a systematic review.
Med. Chem. Res. 26, 867-880. https://doi.org/10.1007/s00044-016-
1778-5.

Watanabe, A.M. (1985). Digitalis and the autonomic nervous system.
J. Am. Coll. Cardiol. 5, 35A-42A. https://doi.org/10.1016/S0735-
1097(85)80461-7.

Kreis, W. (2017). The foxgloves (Digitalis) revisited. Planta Med. 83,
962-976. https://doi.org/10.1055/s-0043-111240.

Cox, P.A. (1998). The promise of Gerard’s Herball: new drugs from old
books. Endeavour 22, 51-53. https://doi.org/10.1016/S0160-9327(98)
01111-9.

Pauli, G.F. (2023). The NAPRALERT Database of Natural Products, Eth-
nomedicine, Pharmacoloy, and Botany (accessed 24 April 2023). https://
pharmacognosy.pharmacy.uic.edu/napralert/.

Fabricant, D.S., and Farnsworth, N.R. (2001). The value of plants used in
traditional medicine for drug discovery. Environ. Health Perspect. 709,
69-75. https://doi.org/10.1289/ehp.01109s169.

Berlin, B. (2014). Ethnobiological Classification: Principles of Categoriza-
tion of Plants and Animals in Traditional Societies (Princeton, NJ: Prince-
ton University Press).

d’Avigdor, E., Wohlmuth, H., Asfaw, Z., and Awas, T. (2014). The current
status of knowledge of herbal medicine and medicinal plants in Fiche,
Ethiopia J. Ethnobiol. 70, 38. https://doi.org/10.1186/1746-4269-10-38.

Uprety, Y., Asselin, H., Dhakal, A., and Julien, N. (2012). Traditional use of
medicinal plants in the boreal forest of Canada: review and perspectives.
J. Ethnobiol. 8, 7. https://doi.org/10.1186/1746-4269-8-7.

Ruck, C.A.P., Bigwood, J., Staples, D., Ott, J., and Wasson, R.G. (1979).
Entheogens. J. Psychedelic Drugs 71, 145-146. https://doi.org/10.1080/
02791072.1979.10472098.

R172 Current Biology 34, R158-R173, February 26, 2024

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Current Biology

Berlowitz, I., Garcia Torres, E., Maake, C., Wolf, U., and Martin-Soelch,
C. (2023). Indigenous-Amazonian traditional medicine’s usage of the to-
bacco plant: a tansdisciplinary ethnopsychological mixed-methods case
study. Plants (Basel) 712, 346. https://doi.org/10.3390/plants12020346.

Politi, M., Tresca, G., Menghini, L., and Ferrante, C. (2022). Beyond the
psychoactive effects of ayahuasca: cultural and pharmacological rele-
vance of its emetic and purging properties. Planta Med. 88, 1275-
1286. https://doi.org/10.1055/a-1675-3840.

McDade, T.W., Reyes-Garcia, V., Blackinton, P., Tanner, S., Huanca, T.,
and Leonard, W.R. (2007). Ethnobotanical knowledge is associated with
indices of child health in the Bolivian Amazon. Proc. Natl. Acad. Sci. USA
104, 6134-6139. https://doi.org/10.1073/pnas.0609123104.

Romaine, S., and Nettle, D. (2000). Vanishing Voices: The Extinction of
the World’s Languages (Oxford: Oxford University Press).

Stepp, J.R., Castaneda, H., Reilly-Brown, J., and Russell, S. (2008).
Global Biocultural Diversity. http://www.bioculturaldiversity.org/.

Céamara-Leret, R., and Bascompte, J. (2021). Language extinction trig-
gers the loss of unique medicinal knowledge. Proc. Natl. Acad. Sci.
USA 118, e2103683118. https://doi.org/10.1073/pnas.2103683118.

Poorna, R.L., Mymoon, M., and Hariharan, A. (2014). Preservation and
protection of traditional knowledge-diverse documentation initiatives
across the globe. Curr. Sci. (Bangalore) 107, 1240-1246.

Hawkins, J.A., and Teixidor-Toneu, |. (2017). Defining ‘Ethnobotanical
Convergence’. Trends Plant Sci. 22, 639-640. https://doi.org/10.1016/].
tplants.2017.06.002.

Gardner, E.M., Ahmad Puad, A.S., Pereira, J.T., Tagi, J.a., Nyegang, S.a.,
Miun, P., Jumian, J., Pokorny, L., and Zerega, N.J.C. (2022). Engagement
with indigenous people preserves local knowledge and biodiversity alike.
Curr. Biol. 32, R511-R512. https://doi.org/10.1016/j.cub.2022.04.062.

Mc Cartney, A.M., Head, M.A., Tsosie, K.S., Sterner, B., Glass, J.R.,
Paez, S., Geary, J., and Hudson, M. (2023). Indigenous peoples and local
communities as partners in the sequencing of global eukaryotic biodiver-
sity. npj Biodiversity 2, 8. https://doi.org/10.1038/s44185-023-00013-7.

International Society of Ethnobiology (2006). International Society of Eth-
nobiology Code of Ethics (with 2008 additions), http://ethnobiology.net/
code-of-ethics/.

Gemmell, N.J., Rutherford, K., Prost, S., Tollis, M., Winter, D., Macey,
J.R., Adelson, D.L., Suh, A., Bertozzi, T., Grau, J.H., et al. (2020). The
tuatara genome reveals ancient features of amniote evolution. Nature
584, 403-409. https://doi.org/10.1038/s41586-020-2561-9.

Garnett, S.T., Burgess, N.D., Fa, J.E., Fernandez-Llamazares, A., Molnar,
Z., Robinson, C.J., Watson, J.E.M., Zander, K.K., Austin, B., Brondizio,
E.S., et al. (2018). A spatial overview of the global importance of Indige-
nous lands for conservation. Nat. Sustain. 7, 369-374. https://doi.org/10.
1038/s41893-018-0100-6.

Fa, J.E., Watson, J.E.M., Leiper, |., Potapov, P., Evans, T.D., Burgess,
N.D., Molnar, Z., Fernandez-Llamazares, A., Duncan, T., Wang, S.,
et al. (2020). Importance of Indigenous Peoples’ lands for the conserva-
tion of Intact Forest Landscapes. Front. Ecol. Environ. 18, 135-140.
https://doi.org/10.1002/fee.2148.

Heinrich, M. (2015). New medicines based on traditional knowledge:
Indigenous and intellectual property rights from an ethnopharmacologi-
cal perspective. In Ethnopharmacology, M. Heinrich, and A.K. Jager,
eds. (Chichester: John Wiley & Sons), pp. 75-86.

Bussmann, R.W. (2013). The globalization of traditional medicine in
northern Peru: from shamanism to molecules. eCAM 20713, 2919083.
https://doi.org/10.1155/2013/291908.

Hossain, K., and Ballardini, R.M. (2021). Protecting indigenous Tradi-
tional knowledge through a holistic principle-based approach. Nord. J.
Hum. Rights 39, 51-72. https://doi.org/10.1080/18918131.2021.
1947449.

Siltaloppi, J., and Ballardini, R.M. (2023). Promoting systemic collabora-
tion for sustainable innovation through intellectual property rights. JCOM
11, 100200. https://doi.org/10.1016/j.jcom.2023.100200.


https://doi.org/10.1016/j.jep.2005.05.027
https://doi.org/10.1016/j.jep.2005.05.027
https://doi.org/10.1016/j.jep.2022.115008
https://doi.org/10.3390/su13063062
https://doi.org/10.1146/annurev-pharmtox-010617-052703
https://doi.org/10.1146/annurev-pharmtox-010617-052703
https://doi.org/10.3389/fphar.2022.811422
https://doi.org/10.3389/fphar.2022.811422
https://doi.org/10.3389/fphar.2022.840478
https://doi.org/10.1007/s00049-020-00302-8
https://doi.org/10.1007/s00049-020-00302-8
https://doi.org/10.1186/1475-2875-10-144
https://doi.org/10.1007/s00044-016-1778-5
https://doi.org/10.1007/s00044-016-1778-5
https://doi.org/10.1016/S0735-1097(85)80461-7
https://doi.org/10.1016/S0735-1097(85)80461-7
https://doi.org/10.1055/s-0043-111240
https://doi.org/10.1016/S0160-9327(98)01111-9
https://doi.org/10.1016/S0160-9327(98)01111-9
https://pharmacognosy.pharmacy.uic.edu/napralert/
https://pharmacognosy.pharmacy.uic.edu/napralert/
https://doi.org/10.1289/ehp.01109s169
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref142
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref142
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref142
https://doi.org/10.1186/1746-4269-10-38
https://doi.org/10.1186/1746-4269-8-7
https://doi.org/10.1080/02791072.1979.10472098
https://doi.org/10.1080/02791072.1979.10472098
https://doi.org/10.3390/plants12020346
https://doi.org/10.1055/a-1675-3840
https://doi.org/10.1073/pnas.0609123104
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref149
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref149
http://www.bioculturaldiversity.org/
https://doi.org/10.1073/pnas.2103683118
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref152
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref152
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref152
https://doi.org/10.1016/j.tplants.2017.06.002
https://doi.org/10.1016/j.tplants.2017.06.002
https://doi.org/10.1016/j.cub.2022.04.062
https://doi.org/10.1038/s44185-023-00013-7
http://ethnobiology.net/code-of-ethics/
http://ethnobiology.net/code-of-ethics/
https://doi.org/10.1038/s41586-020-2561-9
https://doi.org/10.1038/s41893-018-0100-6
https://doi.org/10.1038/s41893-018-0100-6
https://doi.org/10.1002/fee.2148
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref160
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref160
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref160
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref160
https://doi.org/10.1155/2013/291903
https://doi.org/10.1080/18918131.2021.1947449
https://doi.org/10.1080/18918131.2021.1947449
https://doi.org/10.1016/j.jcom.2023.100200

Current Biology

164.

165.

166.

167.

168.

169.

170.

171.
172.

173.

174.

175.

Applequist, W.L., Brinckmann, J.A., Cunningham, A.B., Hart, R.E., Hein-
rich, M., Katerere, D.R., and van Andel, T. (2020). Scientists’ warning on
climate change and medicinal plants. Planta Med. 86, 10-18. https://doi.
org/10.1055/a-1041-3406.

Chen, S.L,, Yu, H., Luo, H.M., Wu, Q., Li, C.F., and Steinmetz, A. (2016).
Conservation and sustainable use of medicinal plants: problems, prog-
ress, and prospects. Chin. Med. 71, 37. https://doi.org/10.1186/
s$13020-016-0108-7.

Staniek, A., Bouwmeester, H., Fraser, P.D., Kayser, O., Martens, S., Tiss-
ier, A., van der Krol, S., Wessjohann, L., and Warzecha, H. (2014). Natural
products - learning chemistry from plants. Biotechnol. J. 9, 326-336.
https://doi.org/10.1002/biot.201300059.

Miralpeix, B., Rischer, H., Hakkinen, T.S., Ritala, A., Seppanen-Laakso,
T., Oksman-Caldentey, K.-M., Capell, T., and Christou, P. (2013). Meta-
bolic engineering of plant secondary products: Which way forward? Curr.
Pharm. Des. 19, 5622-5639. https://doi.org/10.2174/1381612811
319310016.

Caniago, |., and Stephen, F.S. (1998). Medicinal plant ecology, knowl-
edge and conservation in Kalimantan, Indonesia. Econ. Bot. 52,
229-250. https://doi.org/10.1007/BF02862141.

Law, W., and Salick, J. (2005). Human-induced dwarfing of Himalayan
snow lotus, Saussurea laniceps (Asteraceae). Proc. Natl. Acad. Sci.
USA 702, 10218-10220. https://doi.org/10.1073/pnas.0502931102.

Parejko, K. (2003). Pliny the Elder’s Silphium: first recorded species
extinction. Conserv. Biol. 17, 925-927. https://doi.org/10.1046/j.1523-
1739.2003.02067.x.

Kiehn, M. (2007). Silphion revisited. Med. Plant Conserv. 13, 4-8.

Schippmann, U. (2001). Medicinal Plants Significant Trade Study (Bonn:
German Federal Agency for Nature Conservation).

Souther, S., and McGraw, J.B. (2014). Synergistic effects of climate
change and harvest on extinction risk of American ginseng. Ecol. Appl.
24,1463-1477. https://doi.org/10.1890/13-0653.1.

Caballero-Serrano, V., McLaren, B., Carrasco, J.C., Alday, J.G., Fiallos,
L., Amigo, J., and Onaindia, M. (2019). Traditional ecological knowledge
and medicinal plant diversity in Ecuadorian Amazon home gardens. Glob.
Ecol. Conserv. 17, e00524. https://doi.org/10.1016/j.gecco.2019.
e00524.

Cheng, S., Melkonian, M., Smith, S.A., Brockington, S., Archibald, J.M.,
Delaux, P.-M., Li, F.-W., Melkonian, B., Mavrodiev, E.V., Sun, W., et al.
(2018). 10KP: A phylodiverse genome sequencing plan. GigaScience 7,
giy013. https://doi.org/10.1093/gigascience/giy013.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

¢? CellPress

OPEN ACCESS

A. Antonelli, ed. (2020). State of the World’s Plants and Fungi 2020 (Kew:
Royal Botanic Gardens).

Park, D.S., Feng, X., Akiyama, S., Ardiyani, M., Avendano, N., Barina, Z.,
Bartschi, B., Belgrano, M., Betancur, J., Bijmoer, R., et al. (2021). The
colonial legacy of herbaria. Preprint at bioRxiv, https://doi.org/10.1101/
2021.10.27.466174.

Lenzner, B., Latombe, G., Schertler, A., Seebens, H., Yang, Q., Winter,
M., Weigelt, P., van Kleunen, M., Pysek, P., Pergl, J., et al. (2022). Natu-
ralized alien floras still carry the legacy of European colonialism. Nat.
Ecol. Evol. 6, 1723-1732. https://doi.org/10.1038/s41559-022-01865-1.

Ochoa-Villarreal, M., Howat, S., Hong, S., Jang, M.O., Jin, Y.-W., Lee, E.-
K., and Loake, G.J. (2016). Plant cell culture strategies for the production
of natural products. BMB Rep. 49, 149-158. https://doi.org/10.5483/
bmbrep.2016.49.3.264.

Darwin, C. (1868). The Variation of Animals and Plants Under Domestica-
tion, 15! edition (London: John Murray).

de Roode, J.C., Lefévre, T., and Hunter, M.D. (2013). Self-medication in
animals. Science 340, 150-151. https://doi.org/10.1126/science.
1235824.

Verpoorte, R. (2000). Pharmacognosy in the new millennium: leadfinding
and biotechnology. J. Pharmacy Pharmacol. 52, 253-262. https://doi.
org/10.1211/0022357001773931.

Currie, C.R., Scott, J.A., Summerbell, R.C., and Malloch, D. (1999). Fun-
gus-growing ants use antibiotic-producing bacteria to control garden
parasites. Nature 398, 701-704. https://doi.org/10.1038/19519.

White, D.M., Huang, J.-P., Jara-Mufoz, O.A., MadriiaN, S., Ree, R.H.,
and Mason-Gamer, R.J. (2021). The origins of coca: museum genomics
reveals multiple independent domestications from progenitor Erythroxy-
lum gracilipes. Syst. Biol. 70, 1-13. https://doi.org/10.1093/sysbio/
syaa074.

Kaky, E., and Gilbert, F. (2016). Using species distribution models to
assess the importance of Egypt’s protected areas for the conservation
of medicinal plants. J. Arid Environ. 135, 140-146. https://doi.org/10.
1016/j.jaridenv.2016.09.001.

Kaky, E., Nolan, V., Alatawi, A., and Gilbert, F. (2020). A comparison be-
tween Ensemble and MaxEnt species distribution modelling approaches
for conservation: a case study with Egyptian medicinal plants. Ecol.
Inform. 60, 101150. https://doi.org/10.1016/j.ecoinf.2020.101150.

Current Biology 34, R158-R173, February 26, 2024 R173



https://doi.org/10.1055/a-1041-3406
https://doi.org/10.1055/a-1041-3406
https://doi.org/10.1186/s13020-016-0108-7
https://doi.org/10.1186/s13020-016-0108-7
https://doi.org/10.1002/biot.201300059
https://doi.org/10.2174/1381612811<?show [?tjl=20mm]&tjlpc;[?tjl]?>319310016
https://doi.org/10.2174/1381612811<?show [?tjl=20mm]&tjlpc;[?tjl]?>319310016
https://doi.org/10.1007/BF02862141
https://doi.org/10.1073/pnas.0502931102
https://doi.org/10.1046/j.1523-1739.2003.02067.x
https://doi.org/10.1046/j.1523-1739.2003.02067.x
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref171
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref172
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref172
https://doi.org/10.1890/13-0653.1
https://doi.org/10.1016/j.gecco.2019.e00524
https://doi.org/10.1016/j.gecco.2019.e00524
https://doi.org/10.1093/gigascience/giy013
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref176
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref176
https://doi.org/10.1101/2021.10.27.466174
https://doi.org/10.1101/2021.10.27.466174
https://doi.org/10.1038/s41559-022-01865-1
https://doi.org/10.5483/bmbrep.2016.49.3.264
https://doi.org/10.5483/bmbrep.2016.49.3.264
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref180
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref180
http://refhub.elsevier.com/S0960-9822(23)01738-4/sref180
https://doi.org/10.1126/science.1235824
https://doi.org/10.1126/science.1235824
https://doi.org/10.1211/0022357001773931
https://doi.org/10.1211/0022357001773931
https://doi.org/10.1038/19519
https://doi.org/10.1093/sysbio/syaa074
https://doi.org/10.1093/sysbio/syaa074
https://doi.org/10.1016/j.jaridenv.2016.09.001
https://doi.org/10.1016/j.jaridenv.2016.09.001
https://doi.org/10.1016/j.ecoinf.2020.101150

	Medicinal plants meet modern biodiversity science
	Introduction
	Evolutionary ecology
	New directions in discovering and identifying medicinal plant species
	Phylogenomic applications to elucidate the origin and utility of medicinal plants
	Interactions between medicinal plants and their environments
	Medicinal plant trait ecology

	Molecular biology and biochemistry
	Curative chemistry: Medicinal plant metabolites
	Medicinal plant genomics: Sequencing plant genomes of antiquity
	Unlocking plant biosynthesis to reveal active molecules using novel metabolomic and transcriptomic pipelines

	Ethnopharmacology
	Plants as partners
	The interconnectedness of medicinal plant biodiversity and Indigenous linguistic diversity
	Globalization of traditional medicine and Indigenous rights to benefits and participation

	Protecting medicinal plants
	Conclusions
	Acknowledgments
	Author contributions
	Declaration of interests
	References


