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Abstract

Premise: Better understanding of the relationship between plant specialized
metabolism and traditional medicine has the potential to aid in bioprospecting and
untangling of cross-cultural use patterns. However, given the limited information
available for metabolites in most plant species, understanding medicinal
use-metabolite relationships can be difficult. The order Caryophyllales has a unique
pattern of lineages of tyrosine- or phenylalanine-dominated specialized metabolism,
represented by mutually exclusive anthocyanin and betalain pigments, making
Caryophyllales a compelling system to explore the relationship between medicine and
metabolites by using pigment as a proxy for dominant metabolism.

Methods: We compiled a list of medicinal species in select tyrosine- or phenylalanine-
dominant families of Caryophyllales (Nepenthaceae, Polygonaceae, Simmondsiaceae,
Microteaceae, Caryophyllaceae, Amaranthaceae, Limeaceae, Molluginaceae, Portula-
caceae, Cactaceae, and Nyctaginaceae) by searching scientific literature until no new
uses were recovered. We then tested for phylogenetic clustering of uses using a “hot
nodes” approach. To test potential non-metabolite drivers of medicinal use, like how
often humans encounter a species (apparency), we repeated the analysis using only
North American species across the entire order and performed phylogenetic
generalized least squares regression (PGLS) with occurrence data from the Global
Biodiversity Information Facility (GBIF).

Results: We hypothesized families with tyrosine-enriched metabolism would show
clustering of different types of medicinal use compared to phenylalanine-enriched
metabolism. Instead, wide-ranging, apparent clades in Polygonaceae and Amar-
anthaceae are overrepresented across nearly all types of medicinal use.
Conclusions: Our results suggest that apparency is a better predictor of medicinal use
than metabolism, although metabolism type may still be a contributing factor.

KEYWORDS
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Nearly 80% of the population in low- and middle-income
countries relies on medicinal plants as their primary form of
healthcare (Hamilton, 2004; Gaoue et al,, 2021), and globally,
many will access pharmaceuticals developed from plant-based
natural product extracts. Natural products in pharmacological
studies are also known as specialized metabolites (SMs),
reflecting their function in planta rather than their service to

people. Specialized metabolites are important for plant survival,
helping mediate biotic and abiotic stress responses and playing a
role in plant communications (e.g., attracting pollinators). These
compounds are extremely diverse, and it is estimated that the
plant kingdom produces over one million unique SMs (Afendi
et al,, 2012). The specialized metabolite profile of a species tends
to be influenced by phylogeny—while some SMs are relatively
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widespread, such as anthocyanins, others are more lineage
specific, such as the glucosinolates, which outside Brassicales are
only known in the family Putranjivaceae (Rodman et al., 1998).
Overall, closely related plants tend to produce similar classes
and abundances of SMs, being constrained by the SM
biosynthetic pathways of their common ancestor (Wink, 2003;
Holeski et al., 2021; Youssef et al.,, 2023).

Species used in traditional medicine are also clustered into
certain phylogenetic lineages, with a species tending to be
related to plants with similar use (Saslis-Lagoudakis
et al,, 2011, 2012; Gaoue et al.,, 2021). Because medicinal effect
is determined by specialized metabolism and closely related
plants tend to produce similar SMs, this phylogenetic pattern of
traditional use likely reflects phylogenetic clustering of medicinal
SMs (Pellicer et al., 2018). If this hypothesis is correct, then
traditional medicinal use in a clade should reflect the classes of
SMs to be found in that clade. Though this correspondence can
be clouded by instances of independent evolution, such as that
observed for glucosinolates (Rodman et al, 1998; Huang
et al,, 2016; Yang et al., 2020), this approach has the potential to
guide bioprospecting efforts, specifically as the gaps in reported
knowledge in both ethnobotanical uses and metabolomics/
natural products studies meet renewed interest in natural
products research, in part to combat antibiotic-resistant
pathogens (Atanasov et al., 2021).

Although most of the challenges of associating SM and
traditional medicinal use across a phylogeny cannot be dealt
with in a single study, the order Caryophyllales is a
compelling system to examine the relationship between
SMs and traditional medicine due to its unique evolution of
tyrosine- and phenylalanine-dominated specialized metabo-
lisms. With approximately 12,500 species across 39 families,
Caryophyllales includes many well-known species used in
traditional medicine including jojoba [Simmondsia chinensis
(Link) C.K. Schneid; Simmondsiaceae], peyote [Lophophora
williamsii (Lem. ex. J.F. Cels) ].M. Coult.; Cactaceae], and
dock (Rumex spp.; Polygonaceae). Although the order suffers
from the same lack of characterization of metabolites as in all
other plant groups, the active constituents of some of the
order's more charismatic plants have been identified. For
example, mescaline from peyote is synthesized from tyrosine
(Tyr) and is responsible for the plant's hallucinogenic effect.

Mescaline is also emblematic of a unique evolution of
specialized metabolism in the order, which is also
responsible for the Caryophyllales-specific betalain pig-
ments. Mescaline, dopamine, and norepinephrine, together
with the betalain pigments, which range from yellow to
pink, are derived from the amino acid Tyr, and are part of a
Tyr-derived SM diversification in the order (Chen
et al., 2003; Lopez-Nieves et al., 2018). This diversification
is the result of the duplication of the gene encoding
arogenate dehydrogenase (ADH), which is responsible for
converting Tyr from its precursor, arogenate, early in
Caryophyllales (Lopez-Nieves et al, 2018). While the
canonical version (ADH-f) is feedback-inhibited by excess
tyrosine, the new copy (ADH-a) has relaxed that regulation.
Species with ADH-a therefore produce an excess of

tyrosine, which in Caryophyllales has been incorporated
into specialized metabolism in a variety of ways, including
isoquinoline alkaloids such as mescaline, betalains, and
catecholamines (Lopez-Nieves et al., 2018). These SMs, in
turn, help plants mediate both abiotic and biotic stressors
such as UV light and herbivory. In the case of the betalains,
there is some evidence that these SMs have some advantages
over their non-tyrosine derived functional homologs in
other plants, such as being more pH stable and therefore
providing more protection for CAM plants than the more
common anthocyanin pigments (Jain and Gould, 2015).

Conversely, arogenate is also the precursor to the amino
acid phenylalanine (Phe), which is itself a major precursor to
phenylpropanoid SMs, such as flavonoids, lignins, and
anthocyanins. These SMs are canonically a huge component
of specialized metabolism, aiding in structure, pollinator
attraction, and defense. For example, anthocyanin pigments,
which range from red to blue, play many roles, including
photoprotection, pollinator attraction, and antioxidant action
(Landis et al., 2015). However, because Tyr and Phe compete for
the same precursor, the duplication and relaxed regulation of
ADH in Caryophyllales means less arogenate is fed into Phe
synthesis and the downstream pathways.

One apparent consequence of this competition between
Tyr- and Phe-dominant SM pathways is the mutual
exclusivity of betalains and anthocyanins in the order. In
plants, betalains are exclusively found in Caryophyllales.
However, the anthocyanins, derived from Phe, are ubiquitous
throughout the plant kingdom. In lineages that have betalain,
anthocyanin is never found, and vice versa (Clement and
Mabry, 1996). Although the gain of ADH-a appears to have
occurred only once, betalain itself likely had multiple origins
in Caryophyllales, leading to a pattern of anthocyanin-
producing families sister to betalain-producing ones (Sheehan
et al,, 2020; Figure 1). These later-diverging anthocyanin-
producing lineages (the most notable being the order's
namesake, Caryophyllaceae) tend to lose the function of their
ADH-a or lose it entirely, making the type of pigment a
species produces a good proxy for presence/absence of ADH-
a and therefore also a shorthand for Phe- vs. Tyr-dominant
metabolism types (Lopez-Nieves et al., 2018).

This unusual tension between SM pathways makes
Caryophyllales a compelling system to study the relationship
between specialized metabolism and human medicinal use. We
predicted that within Caryophyllales, lineages with different
dominant metabolic pathways would be associated with
different categories of medicinal uses. For example, several
Tyr-derived SMs such as salidroside, mescaline, and catecho-
lamines affect the nervous system, while there is some evidence
supporting anticancer, cardiovascular, and dermatological
benefits of Phe-derived SMs (Berman et al, 2017; Zhong
et al,, 2018; Casarini et al., 2020; Vamvakopoulou et al., 2023).
Tyrosine- and phenylalanine-derived metabolites in general
typically make up a large part of SM in plants, with the
phenylalanine-based phenylpropanoid pathway playing a large
role in plant stress management and in potential medicinal
effect for humans (Sun and Shahrajabian, 2023).
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chinensis
(Jojoba)
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ambrosioides
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FIGURE 1 A family-level phylogeny of Caryophyllales. Blue branches: anthocyanin-producing lineages, magenta: betalain-producing, gray: ancestral
pigment type uncertain. Families surveyed in our literature review of global medicinal uses are outlined in black boxes. Representatives of well-known
medicinal species are shown next to the family, including Simmondsia chinensis (Simmondsiaceae), Fallopia japonica (Polygonaceae), Dysphania
ambrosioides (Amaranthaceae), Portulaca oleracea (Portulacaceae), and Lophophora williamsii (Cactaceae). Photo credits: Ken Bosma (Jojoba); Barry

Hammel (Epazote); Bob Peterson (Purslane); CC-BY-2.0.

To test the hypothesis that lineages with Tyr- and Phe-
dominant specialized metabolism have different categories of
use in traditional medicine, we used a phylogenetic “hot nodes”
approach to explore over- and underrepresentation of different
categories of medicinal use in selected lineages of the order, with
representatives from both betalain- and anthocyanin-producing
families (Saslis-Lagoudakis et al., 2012; Pellicer et al., 2018;
Zaman et al., 2021). To test whether a factor other than
metabolism, such as proximity to humans, may be driving
medicinal plant selection, we used Global Biodiversity Informa-
tion Facility (GBIF) occurrence data on all North American
members of the Caryophyllales to explore the relationship
between medicinal use and how apparent or frequently

encountered and noticed a species is to humans via phylogenetic
generalized least squares regression (PGLS).

MATERIALS AND METHODS
Literature search

Assembling all known medicinal uses in the ~12,500 species of
Caryophyllales is prohibitive. Therefore, we selected families
that represent the phylogenetic and metabolic diversity of
the Caryophyllales (Figure 1). These include ancestrally
Phe-dominant, anthocyanin-producing families (Polygonaceae,
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Nepenthaceae, and Simmondsiaceae), Tyr-dominant, betalain-
producing families (Cactaceae, Portulacaceae, and Amarantha-
ceae), and anthocyanin-producing families in later-diverging
Caryophyllales representing loss of ADH and reversals to Phe-
enriched metabolism (Caryophyllaceae, Limeaceae, Mollugina-
ceae, and Microteaceae; Lopez-Nieves et al., 2018). Apart from
representing either Phe- or Tyr-dominant specialized metabo-
lism using contrasting pigment types as a proxy, these families
either have well-known species with medicinal use (ie., San
Pedro cactus, rhubarb, and chickweed), or are of manageable
sizes. The selection of families also ensures that the tree is
roughly balanced between anthocyanin- and betalain-producing
lineages. Additionally, to mitigate the potential of a specific
climate selecting for metabolites of a given effect, these families
represent a range of climatic conditions, with desert, tropical,
and temperate species represented in selected anthocyanin- and
betalain-producing families with an overall global distribution.

The medicinal uses in these families across the globe
were reviewed using Google Scholar, the Native American
Ethnobotany Database (NAEB), and the PubMed database
via the R package rentrez (Moerman, 2003; Winter, 2017).
When taxonomy in the reported medicinal use differed
from the species name on the guide tree (see methods
below), it was checked using Plants of the World and
Tropicos and reconciled (POWO, 2023; Tropicos). Specific
medicinal use and culture/region were recorded for each
species. Medicinal uses were then categorized into broader
categories based on physiological system (e.g., respiratory,
cardiovascular, or digestive) according to Level 2 of the
Economic Botany Data Collection Standard (Cook, 1995).
The region of reported use for a plant species was
categorized using the M49 standard of the United Nations
Statistics Division (1999).

Testing for phylogenetic clustering

Phylogenetic clustering of medicinal use was tested using a
“hot nodes” approach, a method originally designed to test
for phylogenetic clustering in an ecological community
(Saslis-Lagoudakis et al., 2012; Ernst et al.,, 2016). In this
method, nodes on a phylogeny with statistical overrepre-
sentation of species with a reported medicinal use in a given
category are “hot”. Additionally, nodes with statistical
underrepresentation are “cold” nodes. The Caryophyllales
phylogeny as published by Smith et al. (2018) was trimmed
to the selected families using the ape package in R, resulting
in a tree with 3629 tips (Paradis and Schliep, 2019). Over-
and underrepresentation of each category of medicinal use
across this guide tree was tested using the nodesig
command in Phylocom v4.2 (Webb et al., 2008). This
function takes the number of species in a medicinal category
and simulates a category with the same number of species
randomized across the tree. For each medicinal category, we
used the default number of 999 simulated runs. If a node
includes more medicinal species of that category than that
node in 97.5% of simulated runs, it is classified as a hot

node. If it has fewer medicinal species than 97.5% of the
simulations, it is classified as a cold node. Therefore, each
node was classified as hot, cold, or insignificant for each
medicinal use category with no associated confidence
interval. A hot nodes analysis was run for each medicinal
category in the global analysis of selected families as well as
all Caryophyllales families in North America. At the global
level, due to the low number of reported uses in the Nervous
System and Mental Disorders categories and their action on
the same body system, the two categories were combined for
hot nodes analysis. All other categories were kept separate.
Phylocom output, region of use, and reported species were
visualized on the phylogeny in R using the ggtree and
ggtreeExtra packages (Yu et al., 2017; Xu et al., 2021).

Phylogenetic regression of North American
medicinal use

To explore the relationship between medicinal use and
apparency to humans, we collected medicinal uses exclu-
sively from North America and tested them for hot nodes as
described above for the entirety of Caryophyllales. Addi-
tionally, occurrence records of all Caryophyllales species
from the M49 standard of North America (Bermuda,
Greenland, the USA, Canada, and St. Pierre and Miquelon)
were downloaded from GBIF, cleaned, and quality checked
using the R package CoordinateCleaner (United Nations
Statistics Division, 1999; Zizka et al., 2019). Data set
cleaning included removing data points with zero or
without latitude and longitude, without a country code
corresponding to the M49 standard definition of North
American countries, and those with locations that matched
a country centroid, administrative capital, or biodiversity
institution (United Nations Statistics Division, 1999). Data
points without a species name were also dropped. For
filtering by institution or capital, data points within a radius
of 1000 m around the site's latitude and longitude was
removed. Occurrences belonging to species not on the guide
tree were discarded. Reciprocally, species not in the
occurrence data set were trimmed from the guide tree.
Each remaining species on the guide tree was classified as
“medicinal” or “not medicinal”. Occurrence records for
each species were counted and used directly in PGLS as a
proxy for apparency, which was tested for correlation with
medicinal species. The PGLS was conducted in R using the
package caper (Orme et al., 2023).

Analysis was constrained to one region to mitigate any
potential bias due to some regions having a more complete
ethnobotanical record in literature than others. North
America is an ideal choice because, for one, it has a
relatively comprehensive ethnobotanical record, thanks in
part to NAEB. However, the general population is, for the
most part, not reliant on traditional plant medicine, and
there is less emphasis on native medicinal plant research
here than in regions such as southern and southeastern Asia
(Moerman, 2003). This comparative lack of interest in
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medicinal plants means that in North America, species are
less likely to be collected or observed specifically because
they are medicinal and that the number of occurrence
records can be a good proxy for apparency.

RESULTS

Global analysis of selected Caryophyllales
families

A total of 1781 categorized medicinal uses matching 465
species across 11 Caryophyllales families were retrieved
from the literature search (data available from the Dryad
Digital Repository: https://doi.org/10.5061/dryad.6q573n64z;
Crum, 2024). Of those, 319 species (69%) with 1365 uses
overlapped with the guide tree. Any species not on the guide
tree were discarded from further analysis.

The category with the highest number uses was Infections &
Infestations (Appendix S1: Table S1). North America had the
most species with reported uses (108 species); however, the
most reported uses across species and categories come from
Southern Asia (392 uses; Appendix S1: Table S2). Eastern Asia
had the highest average number of different use categories per
species (4.28; Appendix S1: Table S2).

Clades with hot nodes were largely consistent among
categories, although categories with fewer reported uses
predictably had fewer hot nodes (Figure 2; Appendix S2).
Cactaceae, a betalain-producing family with 1108 species
represented on the guide tree (out of approximately 1851
total species in the family; 60%), consistently had scattered
cold nodes and only a few, mostly deep, hot nodes across
the categories, with the notable exception of the Endocrine
System Disorder category, which had a hot clade in the
genus Opuntia (Korotkova et al., 2021; Appendix S1:
Table S3; Appendix S2). Outside of Cactaceae, cold nodes
were relatively uncommon. On the other end of the
spectrum, the anthocyanin-producing family Polygonaceae,
with only 565 of about 1200 species (47%) represented in
the guide tree, was fairly consistently overrepresented across
medicinal use categories (Burke and Sanchez, 2011;
Figure 2; Appendix S2). Hot nodes in Polygonaceae mostly
occurred in the clades representing the tribes Rumiceae and
Persicarieae. Hot nodes in Caryophyllaceae were few and
less consistent across categories, with medicinal uses
scattered across the family (Figure 2). Amaranthaceae hot
nodes mostly occurred in the Amaranthoideae and Gom-
phrenoideae subfamilies, with less consistent hot nodes in
the Chenopodioideae subfamily occurring in some catego-
ries (Figure 2; Appendix S2).

North American analysis of all Caryophyllales
families

Based on the overlap with North American Caryophyllales
GBIF data, the guide tree was trimmed to 914 species, 103 of

which had medicinal use in at least one category, for a total
of 300 medicinal uses. Similar patterns of use were observed,
although hot clades were less consistently present across
categories due to the reduced sample size, and cold nodes
overall were less common compared to the global analysis.
When present in Amaranthaceae and Polygonaceae, hot
nodes were in the same clades highlighted in the global
analysis. Nyctaginaceae, now a larger percentage of the tree,
had hot nodes in several additional categories on the North
American tree. Cactaceae still had few, inconsistent hot
nodes across categories, again with the exception of the
“Endocrine System Disorders” category (Figure 3; Appen-
dix S3). Medicinal use significantly correlated with a higher
level of apparency (F=171.2, df = 1, P <2.2e-16, A = 0.005;
Figure 4).

DISCUSSION

Despite the dichotomy of Tyr- or Phe-dominant metabo-
lism in Caryophyllales, overall, reported traditional medici-
nal uses did not differ by metabolism type. Instead, the same
clades were largely selected for medicinal use repeatedly
across all categories and geographic regions. In the global
analysis, the two main hot clades in Polygonaceae and
Amaranthaceae were also notable for having a pattern of use
across many regions in all categories.

Species in these hot clades also tend to be common or
even weedy and have a wider geographic range of
distribution. For example, the Polygonaceae genus Rumex,
which is consistently overrepresented across medicinal use
categories, is worldwide in distribution, with several species
considered invasive in the United States. In the larger
categories, such as Digestive System Disorders, most Rumex
species are also used in multiple regions. Rumex species
used in multiple categories, such as the ubiquitous Rumex
crispus L., are also usually used in multiple regions
depending on category. On the other hand, Cactaceae,
which had few hot nodes, has many slow-growing species
largely restricted to North and South America. Although a
few Opuntia species have been introduced worldwide by
humans and are used outside their native range, for the
most part, medicinal use of Cactaceae is restricted to the
North America and Latin America/Caribbean regions.
Common species being disproportionately used medicinally
has been reported in several cultures and locations in the
Highland Maya of Mexico and South Africa (Stepp and
Moerman, 2001; Lewu and Afolayan, 2009).

The North American analysis supports
apparency associated with medicinal plant
selection

The pattern of increased medicinal use in common,
widespread species from our global analysis suggests that
plant species that have more contact with humans and a
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Mental/Nervous
System Disorders

Digestive System S &
Disorders )

Disorders

Infections/
Infestations

Genitourinary

Region

. Eastern Asia
Southeastern Asia

. Southern Asia
Western Asia

. Central Asia

. Europe
Latin America & Caribbean

B North America
Northern Africa

. Sub-Saharan Africa

. Oceania

e Cold Node
e Hot Node

£ ® Medicinal Species

FIGURE 2 Medicinal use in four major categories in representative families of Caryophyllales across the globe. Red nodes indicate clades where

medicinal use is phylogenetically overrepresented in that category. Gray nodes indicate clades where medicinal use is underrepresented. The geographical
region(s) where a medicinal species is used in that category is given in concentric rings outside the phylogeny. The outermost ring of magenta and blue
indicates clades that are either anthocyanin or betalain-producing. The top three medicinal categories are shown here, as well as the Mental/Nervous System
Category, to illustrate its pattern of little recorded use as discussed in the text and potential tyrosine-specific pattern. The remaining, less abundant medicinal
categories show a similar pattern of hot nodes in Polygonaceae and Amaranthaceae and cold nodes in Cactaceae (with the exception of Endocrine System

Disorders; Appendix S2).

variety of human cultures are more likely to be selected for
medicinal use across categories than the species less
apparent to humans. Here, the apparency of a plant species
is a measure of how common a plant species is and how
easy it is for humans to notice and interact with it. Higher
apparency plants being more likely used medicinally is
supported by our analysis restricted to North America but
including all Caryophyllales families.

Because North America has less of an emphasis on
medicinal plant research than countries like India and China,
GBIF data from North America has less bias toward
medicinal plants being observed specifically because they

are medicinal. Therefore, the North American analysis allows
us to use occurrence data as a proxy for apparency without
introducing a bias of species being observed specifically
because they are medicinal. Additionally, with its simulta-
neous expansion of families considered and restriction of
species to a specific region, the North American analysis
supports the patterns of medicinal use observed in the global
analysis being grounded in actual patterns of human use,
rather than geographic or taxonomic selection bias. While
hot nodes are less consistent across medicinal use categories
in North America, which is not surprising given the reduced
number of species included on the tree and used medicinally,
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FIGURE 3 A hot nodes analysis of medicinal use of Caryophyllales

species in North America for skin/subcutaneous cellular tissue disorders.
The ring outside the phylogeny represents log-transformed occurrences

from GBIF.
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FIGURE 4 Boxplot of number of occurrence data from GBIF of North
American Caryophyllales species with any type of medicinal use vs. those
with no reported medicinal use. The numbers of occurrence records on
GBIF are plotted on the y-axis, with the assumption that a greater number
of records represents greater apparency. Species were categorized as either
medicinal or non-medicinal.

the same clades in Polygonaceae and Amaranthaceae tend to
either have hot nodes or be one of the few clades with
medicinal use of any kind. Nyctaginaceae, now a larger
proportion of the tree than in the global analysis, still has
relatively few and scattered hot nodes. The preference of
certain clades across North American cultures, the attribution
of many medicinal uses across categories to the same clades,
and the significant correlation between occurrence data and
whether a plant is used medicinally supports our hypothesis
that in Caryophyllales, apparency is strongly associated with
medicinal plant selection.

The availability and resource availability
hypotheses

Apparency being strongly associated with medicinal use is
consistent with the availability hypothesis that accessible
species, often growing in disturbed areas, are more likely to
be selected for medicinal use due to frequent human contact
(Stepp and Moerman, 2001; Voeks, 2004; Gaoue et al., 2017).
Some of these species spread with humans as they move
across the globe, increasing the likelihood of contact with
different cultural groups, and helping them acquire uses in
new categories (Chapman et al, 2017). The availability
hypothesis also explains the lack of use for Cactaceae, which
is mostly restricted to North and South America, with the
exception of several widely introduced species (i.e., Opuntia
spp.). Tellingly, the species of Cactaceae used in the most
categories (15) is Opuntia ficus-indica, which also is used in
the most regions (6). Additionally, as Stepp and Moerman
(2001) point out, humans are more likely to seek out
medicines that are abundant and easily acquired when
necessary, rather than relying on uncommon or difficult-to-
access plants. While the availability hypothesis argues that
underlying metabolism is not the primary factor underlying
human selection for medicinal use, there may be other
factors to consider.

There is prior evidence to suggest that faster-growing and
shorter-lived plant species tend to have more quickly made,
bioactive, and therefore potentially medicinal, compounds
rather than investing in longer-lasting, but slower and costly
to produce defenses such as lignins and tannins (Endara and
Coley, 2011). This pattern of metabolite accumulation is in line
with the resource availability hypothesis, which posits that
plants adapted to high-resource areas, such as human-disturbed
areas, tend to be quick-growing and therefore put more
resources into “quick” herbivory defenses, like bioactive
specialized metabolites, rather than “slow” structural defenses
that reduce the plant's digestibility (Endara and Coley, 2011;
Gaoue et al., 2017). In the context of this study, the resource
availability hypothesis suggests the more apparent species get
used because they truly do tend to produce more medicinal
compounds than their relatives growing in more resource-
scarce areas. The resource availability hypothesis would also
explain the relative lack of medicinal uses in Cactaceae, a
comparatively slow-growing group that may invest more in
structural defenses, such as spines and glochids, than bioactive
SMs. The patterns of medicinal use may also be due to a
combination of both apparency and SM, where apparent species
have evolved to have more SMs to deter herbivory, and also are
more available to be selected for medicinal use. It should also be
noted that there are examples outside of Caryophyllales of
plants with limited apparency or a slow growth rate having
significant medicinal effects, such as the tropical montane trees
of the Cinchona genus (Gonzalez-Orozco et al,, 2023). There-
fore, further exploration of the relationship among medicinal
use, apparency, and herbivory defense in Caryophyllales is
needed.
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While statistical power is limited in medicinal categories
with few uses, and it is difficult to separate the two potential
drivers of selection, there may still be some signal of
metabolite-based selection under the overwhelming signal
of apparency-driven selection. It is compelling to note that
global analysis of the Mental/Nervous System Disorders
category has few uses in Polygonaceae (an anthocyanin-
producing family), and the only two hot nodes in the family
occur toward the tips (Figure 2). Although a few of the other
small categories (i.e., Sensory System Disorders and
Pregnancy/Birth/Puerperium Disorders) also lack hot nodes
in Polygonaceae, they typically also show little clustering in
Amaranthaceae (Appendix S3). In the Mental/Nervous
System Disorders Category, the Amaranthaceae (a betalain
lineage) hot nodes still show clustering. Further, in the
North American analysis of Mental and Nervous System
Disorders, there is not a single medicinal use in anthocyanin
lineages, with most occurring in either Nyctaginaceae,
Amaranthaceae, or scattered through Cactaceae. Mental/
Nervous System disorders may be generally underrepre-
sented in the medicinal plant tool chest, as Halse-Gramkow
et al. (2016) found just over 500 psychoactive species in a
review of the entire plant kingdom. Although their literature
search was based primarily on a few encyclopedias of known
psychoactive plants, and like our literature search here, is
not fully comprehensive, 501 species across the plant
kingdom is notably small when considering that in just
the families selected for our global analysis, there are 165
species used in the Infections/Infestations category. Despite
the limited uses reported for these categories, the even more
limited use in anthocyanin lineages supports the predicted
pattern of more use in lineages with Tyr-dominant
metabolism. Halse-Gramkow et al. (2016) also recovered
hot nodes in Cactaceae in their analysis, although they did
not discuss the rest of Caryophyllales. A more targeted
exploration of use of Caryophyllales species in this category
is needed to definitively distinguish this pattern from
statistical noise and the potential bias of there being more
betalain species than anthocyanin species on the global and
the North American trees in this study.

Caveats

The ethnobotanical record available in the literature is likely
incomplete, and a substantial body of work does not exist
on PubMed, Google Scholar, and our queried databases,
such as non-digitized books. as evidenced from the
somewhat biased geographic patterns observed in our data.
The most reported uses we recovered come from East Asia,
where traditional Chinese medicine has been actively
studied and documented; whereas the most medicinal
species come from North America, which has an extensive
database of traditional use (Moerman, 2003). It is possible
that we might start to see differences emerge in medicinal
categories if more ethnobotanical research were available
using our search approach in less-studied areas such as

Oceania, which has native and introduced species from
several of the families reviewed here, but only three
medicinal species (Rumex maderensis Lowe, Portulaca
oleracea L., and Amaranthus viridis L.) recovered in our
literature search. However, the fact that the hot nodes we
recovered are often at the base of clades with wide
geographic distributions suggests that, with additional
documentation of medicinal use in some regions, these
nodes would still be consistently hot across categories.
Additionally, the North American analysis, while having hot
nodes that are less consistent across medicinal use
categories, did not show a radically different placement
pattern for hot nodes when present compared to the global
analysis.

The correlation between a SM and medicinal use is also
likely not a linear one. Potential interactions of multiple
plants in a medicinal recipe or the use of one plant to boost
another's effect cannot be discounted, as interactions could
contribute to a medicinal effect in a way individual species
would not be reported in literature. For example, interac-
tions between Psychotria viridis Ruiz & Pav. (Rubiaceae)
and Banisteriopsis caapi (Spruce ex Griseb.) C.V. Morton
(Malpighiaceae) in a common ayahuasca recipe led to its
psychoactive effect. The active compound from P. viridis
would not be able to reach the central nervous system
without SMs from B. caapi protecting it from degradation, a
relationship that has only been understood after extensive
investigation of these plants’ SMs (Gambelunghe et al., 2008).
It is also possible that not all plant species in the indigenous
pharmacopeia have a pharmacological effect matching their
reported uses. Evidence of the efficacy of some common
herbal medicines can vary by study, with some studies
finding little to no effect for their reported uses (Bent and
Ko, 2004; Lin et al., 2022).

Another caveat is phylogenetic uncertainty in the guide
tree used, especially deep relationships in Cactaceae
(Appendix S4). Phylocom's nodesig command is unable to
account for either branch length or phylogenetic uncer-
tainty, so hot node estimation may be biased by a poorly
supported tree. However, given the overall limited medici-
nal use reported in Cactaceae and that 38.7% of the family's
medicinal species occur in one genus, Opuntia, the lack of
hot nodes in the family is unlikely to be an artifact from
phylogenetic uncertainty in the family.

Additionally, occurrence data from GBIF is an imperfect
measure of plant apparency. The likelihood of humans
encountering and noticing a plant is difficult to measure
directly, but occurrence data by its very nature serves as a
proxy because it requires a human to interact with the plant
in question. In fact, one of the well-known biases in GBIF
and occurrence data in general is a bias toward disturbed or
urban areas, while remote locations remain undercollected
(Petersen et al., 2021; Bowler et al., 2022). While being an
issue in some other uses of occurrence data, in our
approach, this bias works in our favor to indicate
apparency. However, geographical, temporal, and taxo-
nomic biases also exist in GBIF, and while also probably
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correlated with apparency, they can also be driven by other
factors, such as the research interests of data contributors
(Meyer et al,, 2016). Additionally, GBIF data, as a massive
data set with many contributors, is known to have curation
issues (Zizka et al., 2020). While we did take steps to clean
questionable datapoints from our analysis, data points that
were misidentified or incorrectly georeferenced may remain.
However, as our approach for estimating appearance relies
on counts of records within a chosen region, we do not
require as high-quality georeferencing as some other uses
for GBIF data, such as species distribution modeling, which
requires precise location data.

Apart from methodological caveats, the weak associa-
tion between medicinal use category and the dominant
metabolism type may alternatively be driven by overlap
between the bioactivity of the metabolites derived from the
two related amino acids. Phenylalanine-derived specialized
metabolism includes phenolics like flavonoids, coumarins,
and lignans, which have been ascribed a wide range of
potential health benefits. While tyrosine-derived metabolites
tend to be less ubiquitous, some of the best-known include
neurologically active compounds like mescaline, dopamine,
and morphine (Xu et al., 2019). However, other Tyr-derived
compounds may have as broad action as Phe metabolism.
For example, apart from neurological effect, some Tyr-
derived catecholamines like epinephrine act on the
cardiovascular and respiratory system (Abul-Ainine and
Luyt, 2002; Bao et al, 2007). If Tyr- and Phe-derived
metabolism overall have enough overlap in medicinal
activity, human selection of apparent plants would be
mainly driven by apparency and less by the dominant
metabolism type.

Alternatively, metabolites derived from precursors other
than Tyr or Phe may drive broad patterns of medicinal
activity. At least one species in Caryophyllales is best known
for specialized metabolites from a different pathway:
Simmondsia chinensis, used largely in the Skin/Sub-
cutaneous Cellular Tissue Disorders category is famous
for the lipids in its oil. However, given the overall
importance of the phenylalanine-derived phenylpropanoid
pathway in plant specialized metabolism across the plant
kingdom, broad-scale differences in medicinal use between
lineages would still be expected to be affected by the
switches between Tyr- and Phe-dominant metabolism.

CONCLUSIONS

Given the renewed interest in natural products for drug
discovery, understanding the relationships among specialized
metabolism, phylogeny, and medicinal use is important in
prioritizing plants to investigate and narrow down the
metabolites responsible for medicinal function. In addition, an
approach combining phylogenetic, metabolic, and global use
information can elucidate cross-cultural patterns of medicinal
use and what is driving them. Here, we show that, at least in
Caryophyllales, the apparency of a plant to humans is a

dominant factor in its being selected for medicinal use across
cultures, as opposed to the plant's broad SM profile. Although
there are several possible explanations for this, a combination of
humans selecting readily apparent plants (availability hypothe-
sis) and those same plants having greater bioactive activity
(resource availability hypothesis) appear to be the most likely.
Further investigation of the Tyr- and Phe-derived metabolic
diversity in both medicinal and non-medicinal clades of the
order would help determine which or both of these hypotheses
is driving the selection of medicinal plants in Caryophyllales and
help untangle the effects of apparency from other potential
drivers of medicinal plant selection.
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uses by category of use, geographic region, and taxonomic
family. Records from a global literature search of selected
families in Caryophyllales.
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Table S3. Medicinal uses by family.

Appendix S2. Hot and cold nodes mapped out on a
phylogeny of selected Caryophyllales families using medici-
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Appendix S3. Hot and cold nodes mapped out on a
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selection of medicinal categories is included.

Appendix S4. Guide tree used in the global analysis with
bootstrap support plotted at each node.
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