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We propose that comparisons of wild and domesticated Capsicum species can serve

as a model system for elucidating how crop domestication influences biotic and

abiotic interactions mediated by plant chemical defenses. Perhaps no set of secondary

metabolites (SMs) used for plant defenses and human health have been better studied in

the wild and inmilpa agro-habitats than those found in Capsicum species. However, very

few scientific studies on SM variation have been conducted in both the domesticated

landraces of chile peppers and in their wild relatives in the Neotropics. In particular,

capsaicinoids in Capsicum fruits and on their seeds differ in the specificity of their

ecological effects from broad-spectrum toxins in other members of the Solanaceae.

They do so in a manner that mediates specific ecological interactions with a variety of

sympatric Neotropical vertebrates, invertebrates, nurse plants andmicrobes. Specifically,

capsaicin is a secondary metabolite (SM) in the placental tissues of the chile fruit that

mediates interactions with seed dispersers such as birds, and with seed predators,

ranging from fungi to insects and rodents. As with other Solanaceae, a wide range

of SMs in Capsicum spp. function to ecologically mediate the effects of a variety of

biotic and abiotic stresses on wild chile peppers in certain tropical and subtropical

habitats. However, species in the genus Capsicum are the only ones found within

any solanaceous genus that utilize capsaicinoids as their primary means of chemical

defense. We demonstrate how exploring in tandem the evolutionary ecology and the

ethnobotany of human-chile interactions can generate and test novel hypotheses with

regard to how the domestication process shifts plant chemical defense strategies in a

variety of tropical crops. To do so, we draw upon recent advances regarding the chemical

ecology of a number of wild Capsicum species found in the Neotropics. We articulate

three hypotheses regarding the ways in which incipient domestication through “balancing

selection” in wild Capsicum annuum populations may have led to the release of selective

biotic and abiotic pressures. We then analyze which shifts under cultivation generated

the emergence of Capsicum chemotypes, morphotypes and ecotypes not found in high

frequencies in the wild. We hypothesize that this “competitive release” can lead to a

diversification of the domesticate’s investment in a greater diversity of SM potency across
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different cultural uses, cropping systems and ecogeographic regions. While most studies

of plant domestication processes focus on morphological changes that confer greater

utility or productivity in human-managed environments, we conclude that changes in the

chemical ecology of a useful plant can be of paramount importance to their cultivators.

The genus Capsicum can therefore provide an unprecedented opportunity to compare

the roles of SMs in wild plants grown in natural Neotropical ecosystems with their

domesticated relatives in the milpa agro-ecosystems of Mesoamerica. Even with the

current depth of knowledge available for crop species in the genus Capsicum and

Solanum, our understanding of how particular SMs affect the reproduction and survival

of wild vs. domesticated solanaceous plants remains in its infancy.

Keywords: Capsicum annuum, plant domestication, secondary metabolites, plant chemical defenses, Neotropics,

Mesoamerica

INTRODUCTION

What changes occur in a Neotropical plant’s chemical defenses
when it is domesticated for crop production as a food, medicine,
vermifuge or condiment, or for all four of these uses? There
is remarkably little tested ecological theory regarding how
domestication affects plant chemical defenses (Rindos, 1984;
Johns, 1990; Casas et al., 2015). This may be because most
phytogeographic, agroecological, and archaeobotanical studies of
plant domestication have largely used morphological indicators
to track the domestication process rather than identifying
phytochemical indicators of changes in ecological interactions.
As recently argued by Zeder (2017), ecologists need to identify
tractable model systems that allows for an assessment of the core
assumptions of the Extended Evolutionary Synthesis (EES).

The domestication of crop plants by human cultures provides
one such case study opportunity. That is why we propose
that the genus Capsicum can serve as important model
system for discerning how changes in secondary metabolites
(SMs) reveal shifts in plant chemical defenses that have
occurred with domestication. In the case of domesticated chile
peppers, these shifts influenced both (1) antagonistic interactions
with predators and abiotic pressures, and (2) facilitated
(including mutualistic) interactions among chiles, their avian
dispersers, nurse plants and human cultures. The integration of
ethnobotanical, paleoecological, archeological, linguistic, genetic
and evolutionary perspectives on chile domestication that has
been in process for the last two decades (Tewksbury and
Nabhan, 2001; Pickersgill, 2007; Tewksbury et al., 2008b; Aguilar-
Meléndez et al., 2009; Haak et al., 2012; Kraft et al., 2014; Carrizo-
García et al., 2016) has already contributed substantively to the
possibilities of such an EES.

For these reasons, we have chosen to integrate ecological
studies of wild Capsicum species in natural habitats of the
Neotropics with ethnobotanical, agroecological and nutritional
studies of domesticated Capsicum landraces in culturally-
managed milpa habitats and indigenous diets of Mesoamerica.
By doing so, we wish to further test hypotheses underpinning the
theory that a major trend in crop evolution in the Neotropics
has been a dramatic shift in the ecological functionality of

plant chemical defenses (Johns, 1990). We propose that testing
the following three hypotheses can help identify the most
parsimonious fit with data and trends involving the evolutionary
transition from wild Capsicum annuum var. grabriusculum to
domesticated Capsicum annuum var. annuum:

(H1) a reduction and simplification of the potency of plant
chemical defenses against seed predators, foliage herbivores and
disease microbes with greater reliance on human intervention to
protect the plants;

(H2) a diversification of the levels of potency and mixes of
defense chemicals, given the wider range of habitats, cultural
management and uses, and broader geography to which the crop
chile plants are exposed;

(H3) an intensification of the potency of certain plant chemical
defenses, given the need to protect the plants in agro-habitats
where they occur at higher density and without as much beta
diversity of neighboring plant species to slow the spread of
predators, herbivores, competing weeds or diseases.

Crop plants in the Solanaceae (including Capsicum chile
peppers) may be extremely useful models for looking at changes
in potency, diversity or effectiveness of plant chemical defenses
which occur with domestication. This is because their SMs and
the ecological roles which these plant defenses play have been
intensively investigated in the field and in the laboratory for
well over two centuries (Johns, 1990; Eich, 2008). Neverthless,
it remains clear that we lack the detailed knowledge needed to
determine how particular plant chemical defenses (e.g., specific
capsaicinoids) function in repelling (or attracting) various sets
of vertebrates, invertebrates and fungi which serve as seed
predators, seed dispersers, fruit and foliage consumers or root
parasites on various solanaceous crops. Even with the current
depth of knowledge available for crop species in the genus
Capsicum and Solanum, our understanding of how particular
SMs affect the reproduction and survival of wild vs. domesticated
solanaceous plants remains in its infancy.

Of the 97–102 genera represented by 2300–2460 distinct
species documented in the Solanaceae (Hunziker, 2001; Eich,
2008), SMs (such as the ornithine-derived alkaloids which
function as the primary chemical defenses of most of these
species) have so far been documented in more than 61 genera
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(Eich, 2008). Many of the SMs commonly found in the
Solanaceae—such as tropane, nicotinoid, pyridine and terpenoid
alkaloids—can be toxic or at least repellant to a broad variety
of insects as well as to vertebrate herbivores; some also reduce
fungal or bacterial infestations of seeds, fruit or foliage. We will
focus the rest of this inquiry on the ecological and ethnobotanical
consequences of these chemical defenses as found in seeds and
fruits of solanaceous crops, with particular focus on chile peppers
(Capsicum annuum).

These broad-spectrum alkaloids function as primary chemical
defenses in a number of solanaceous crop plants, and in their
wild relatives as well. We have therefore placed the domestication
of Capsicum species in the context of other domestication
studies for the following genera: Jaltomata (xaltomatl, sogorome);
Lycium (goji berry); Nicotiana (tobacco); Solanum (potato,
tomato, eggplant, garden huckleberry/chichiquelite); Physalis
(tomatillo/ground cherry, cape gooseberry/uchuva) (e.g., Johns,
1990; Pickersgill, 2007 among many others). While some of the
same alkaloids characteristic of many species in the Solanaceace
are present in extremely low concentrations in the foliage of
Capsicum species, nearly all the species in this genus have taken
up an altogether different strategy—Capsaicinoids, for defending
their seeds and fruits from biotic stresses.

Departing from the norm in the Solanaceae—where species
principally use broad-spectrum and highly toxic glyco-alkaloids
for defense—most Capsicum species instead employ another,
unique set of SMs that are not appreciably toxic to animals. In
contrast to all other genera and species in the nightshade family,
both wild and domesticated chile peppers produce several of the
22 known capsaicinoids, with capsaicin, dihydrocapsaicin and
nordihydrocapsaicin being the most prevalent, widely-studied
and economically important ones. However, it is likely that
each distinct capsaicinoid functions in varying degrees to direct
avian seed dispersal or to repel and reduce damage by insects,
mammals, bacteria and fungi (esp. Fusarium) (Tewksbury and
Nabhan, 2001; Tewksbury et al., 2008b; Haak et al., 2012).
Unfortunately, to arrive at a comprehensive EES (Zeder, 2017),
we will require more detailed knowledge on the specific
ecological effects of 19 of those distinctive capsaicinoids on
various faunal and fungal species found in Neotropical habitats.

The ability to produce capsaicinoids is a monophyletic
synapomorphic carácter shared by most of the 35 + wild
Capsicum species. The exceptions are few, and are found in
the wild Andean clade (C. ciliatum = C. rhomboideum,
C. scolnikianum, C. geminifolium, C. lanceolatum, and C.
dimorphum), and the Longidentatum clade (C. longidentatum)
(Eich, 2008; Haak et al., 2012; Carrizo-García et al., 2016).

Pungency in all other wild chile peppers has a simple genetic
basis that is expressed only in glands within the placental
fruit, where it serves to protect viable seeds from predation
by granivorous mammals, or from microbial infestation. It also
facilitates the directed dispersal of seeds by frugivorous birds such
as thrashers, cardinals, and finches to safe sites for germination
and recruitment under nurse plants, providing an unusually
direct ecological link to changes in reproductive fitness that
is often missing from studies of chemical ecology (Nabhan,
2004; Tewksbury et al., 2008a). Pungency is polymorphic

in several wild chile species (Carrizo-García et al., 2016),
and such polymorphic populations have been identified along
natural environmental gradients (Haak et al., 2012; Carrizo-
García et al., 2016). These polymorphisms provide unique
opportunities to advance an extended evolutionary synthesis
from field comparisons of wild and domesticated subspecies
in the same crop species and economic genus (Hernández-
Verdugo et al., 2001a; Haak et al., 2012; Chen et al.,
2015).

These attributes make chile peppers excellent systems through
which to investigate the evolution of adaptive constraints found
under various levels of domestication.

Ironically, consumption of the very same capsaicinoids
that function as chemical defenses for chile plants have long
been used by Mesoamerican cultures as defenses against
microbial and invertebrates challenging human health
(Nabhan, 2004). Their many indigenous uses as food or
medicine has likely benefited overall human health and
reproductive fitness in Neotropical environments for well
over six millennia (Perry and Flannery, 2007; Kraft et al.,
2014); these biomedically-significant ethnobotanical uses
mediated by SMs (Mostafa-Kamal et al., 2015) possibly
triggered the domestication and diversification of chile
peppers.

Capsaicinoids are now the most widely used SMs in the
world, even though their commercial production is dominated
by landraces of just five species in the genus Capsicum. Now
culturally-dispersed far beyond the Neotropics, each continent
and its biomes favors different ecotypes of place-based landraces
such as the tabasco pepper, ghost pepper, piri-piri, aji, habanero,
jalapeño, and long green New Mexican chile. Today, more
than a third of the world’s human population daily consume
food products derived from 2500+ landraces, standard varieties
and modern hybrids of chile peppers (Tewksbury et al.,
2008b). In fact, we predict that if one includes the number
of human daily ingesting and topically-applying chile peppers
as pharmaceuticals and folk medicinals then over half the
world’s population are currently consuming some form of chile
peppers for nourishment, health and ultimately, reproductive
fitness.

We will focus most of our analysis on discerning historic
shifts in plant chemical defenses in the most widely-used
Capsicum species – C. annuum L., domesticated in the dry
subtropical habitats of Mesoamerica over 6,500 years ago (Kraft
et al., 2014). We posit that these shifts in SM enhanced, or
at least diversified, the mutualistic relationships among chile
peppers and indigenous Mesoamerican cultures, as a result of
relatively rapid selection and linguistically-traceable diffussion,
that intensified around 6,500 years B.P. (Brown, 2010; Kraft et al.,
2014).

It appears that Homo sapiens is one of the few mammalian
species which routinely overcome a deep-seated aversion to
the consumption of pungent chile peppers (Rozin and Schiller,
1980; Nabhan, 2004), perhaps because the evolutionary benefits
of consuming chile fruits outweighed the costs when exposed
to environmental challenges, commonly exhibited in certain
Neotropical habitats.
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CROP DOMESTICATION

Domestication is the outcome of both conscious and unconcious
selection processes that lead to increased co-evolutionary
adaptation of plants to cultivation and utilization by humans
in managed environments (Gepts, 2010). Paleolithic cultures
developed tools, food preparation and plant selection techniques
for detoxifying certain plant foods rich in SMs (Johns and
Kubo, 1988; Johns, 1990). As such, the coevolutionary response
of Mesoamerican cultures to chile peppers certainly included
memes, but may also have included the selection of “non-taster”
genes in humans for organoleptic tolerance of pungency and
bitterness (Nabhan, 2004).

On the other hand, the suite of traits that marks the
divergence from its wild ancestor(s) has been defined as the
“domestication syndrome” (Harlan, 1992). A domestication
syndrome may include selection for combinations of several
different morphological and phytochemical traits, including seed
retention (non-shattering), increased fruit and/or seed size,
changes in branching and stature, changes in reproductive
strategy, and, importantly, changes in SMs (Pickersgill, 2007;
Gepts, 2010; Meyer et al., 2012).

Often, domestication selects against traits that formerly
increased the plant’s defensive or reproductive successes in
natural environments (Meyer et al., 2012). However, this
generalization may not completely fit for SMs such as
capsaicinoids in C. annuum in the Neotropics, where a high
diversity of landraces and wild populations express some degree
of pungency as a natural defense against predators.

Cultural selection can therefore work in opposition to
natural selection, and certain domesticated crops may exhibit
reduced fitness, or, in some cases, an inability to survive
outside of cultivation (Pickersgill, 2007; Gepts, 2010). The very
act of moving plants from natural habitats into culturally-
managed habitats such as milpas alters the mix of selection
pressures, leading to increased adaptation to cultivation, and to
actual physical protection from pests and predators by cultural
managers, potentially at the expense of traits conferring fitness in
the natural environment (Meyer et al., 2012). In the very least,
selection pressures for plant chemical defenses against predators
might be relaxed if human intervention with the same predators
(eg., rodents) is consistently offered to the crop variety over
multiple generations.

SECONDARY METABOLITES IN PLANTS

Plant chemicals can be divided into two major categories:
primary metabolites (PMs) and secondary metabolites (SMs).
PMs are substances produced by all plant cells that are directly
involved in growth, development, or reproduction (sugars,
proteins, amino acids, and nucleic acids). PMs function in
basic anabolic and catabolic processes required for respiration,
nutrient assimilation, and growth/development (Kliebenstein,
2004; Freeman and Beattie, 2008).

SMs may not be directly involved in growth or reproduction,
but they are often involved with plant defense (Freeman and
Beattie, 2008), particularly in the case of Capsicum species

(Tewksbury et al., 2008b). SMs are considered the major
mediators of ecological interactions of plants as a result of
their large and diverse biological functions in nature. SMs
are produced in response to certain biotic and/or abiotic
stress signals or stimuli. They function in the defense against
herbivores, microbes, viruses or competing plants, and also
as signal compounds to attract pollinating or seed dispersing
animals (Wink, 2003). Thus, SMs are very important for plant’s
survival and reproductive fitness. This complex multirole of SM
has led plants to synthesize many different chemical compounds
in nature during evolution (Kliebenstein, 2004).

According to their role in plant’s defense, SMs have been
classified on the basis of their host protection and fostering of
beneficial biotic interactions. According to Freeman and Beattie
(2008), SMs usually belong to one of three large chemical classes:
terpenoids, phenolics, and alkaloids.

Terpenoids include a series of toxic and non-toxic
phytochemicals produced in different plant organs that
inhibit, repel, or attract other living organisms, such as predators
(plant pathogens, herbivores invertebrates, vertebrates) and
non-predators (dispersers, pollinators, pest-enemies).

Phenolics include a series of toxic and non-toxic compounds
such as flavonoids, isoflavonoids, and phenolic monomers
produced in different organs (roots, stems, leaves, flowers,
fruits, and seeds). Phenolics and their derivatives have different
functions in nature (UV-protectan, antifungal, antibiotic,
insecticidal, and others).

Alkaloids are N-compounds produced and aggregated in
different organs such as roots, leaves, fruits and seeds. Alkaloid-
based SMs may function as bactericides, fungicides, insecticides
and allelopathics. Alkaloids may have degrading and digestive
effects on different tissues of predators and pathogens. Examples
of this type of SM include cafeine, cocaine, morphine, nicotine,
atrophine, plus capsaicine and other capsaicinoids. Other N-
compounds important for plant chemical defense include
cyanogenic glucosides, defensins, lectins, and hydrolitic enzymes.

Therefore, SMs in chile peppers and other solanaceous plants
in Neotropical habitats have evolved as defense mechanisms
against microorganisms (viruses, bacteria, fungi), herbivores
(molluscs, hemipteran insects, vertebrates), and competing
plants. They may also function to attraction of pollinators
and seed dispersers by virtue of their fragrances and colors
they express in the plants. Regardless of the efficacy of such
benefits, SMs require a great deal of plant resources and energy
to be produced. Consequently, they may be synthesized and
translocated after a pathogen or pest has attacked the plant
and triggered their activation. Once activated, these chemical
defensive compounds are usually very effective inhibitors of
fungi, bacteria, nematodes, and hemipteran insect herbivores.

CHEMICAL ECOLOGY OF WILD
CAPSICUM IN NEOTROPICAL HABITATS

To address the changes in plant chemical defenses that have
occurred with the domestication of Capsicum annuum, we
must briefly establish the context through which wild chile
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peppers and other solanaceous plants deal with biotic and
abiotic stresses prevalent in the Neotropics. In particular, we
will focus on the biotic interactions as well as the biotic and
abiotic stresses that wild chile plants may particularly respond
to in dry subtropical thornscrub and tropical deciduous forest
vegetation types, characteristic of the Sierra Madre Oriental and
the Trans-Volcanic Belt in Mesoamerica. At least one EES-
style integration has determined that these vegetation types are
among the most likely Neotropical habitats where C. annuum
domestication and diffusion may have occurred (Kraft et al.,
2014). However, because there has been considerable change in
the areas covered by these habitat types over the last 6500 years
(Kraft et al., 2014), other proposed geographic areas such as the
Yucatan peninsula remain viable enough as putative centers of
chile pepper domestication that we do not wish to rule them out
(Aguilar-Meléndez et al., 2009).

In contrast, the pungency of wild chile pepper fruit repels
small mammals that function as seed predators, but directs
their dispersal to safe sites under nurse trees where germination,
recruitment and establishment have higher probabilities
(Tewksbury and Nabhan, 2001; Carlo and Tewksbury, 2014).
The seeds from these pungent wild chiles are also protected from
“predation” by Fusarium fungi that might otherwise leave the
infected seeds inviable (as evidence shows for C. chacoense).
Thus, the directed dispersal adaptations of wild chile peppers
afforded to them by the pungency of their specialized SMs–their
capsaicinoids—have conferred to them a level of reproductive
fitness that has incidentally allowed them to be present in
abundance and accessible to human foragers in the Neotropics
for millennia.

CHANGES IN SECONDARY METABOLITE
INTENSITY WITH CHILE DOMESTICATION

What are the traits that have beenmodified as a result of selection
under cultivation that have made modern and fully domesticated
varieties of chile peppers so poorly adapted to the natural
Neotropical habitats? We propose that the morphological and/or
phenotypic changes which occurred during cultural selection
and domestication of C. annuum have been accompanied by (if
not surpassed in importance by) corresponding changes in SMs
that regulate ecological interactions of chile peppers with their
surrounding abiotic and biotic environments. The complexity
and specificity of SMs as chemical mediators of biotic interactions
of both wild and domesticated C. annuum in the Neotropics are
summarized in Figure 1.

Wild populations of chile pepper have coexisted and
coevolved with many different organisms of tropical origin.
Figure 1A focuses on two types of biotic interactions
with wild Capsicum species: mutualistic and antagonistic.
Every particular plant interaction is regulated by some SM
produced and expressed in a particular organ, at a certain
phenological stage, in response to specific biotic or abiotic
signals. Chile pepper interactions have been strongly influenced
by humans and cultural diversity in Mesoamerica over the
last 10,000 years. The cultural diversity present in modern

Mexico, and a sample of the wide morphological variation
and levels of domestication that are currently found in
Mexican chile peppers are shown in Figures 1B,C. The
variation in Mexican chile peppers also applies to the chemical
compounds, which may help explain the wide differences in
fruit taste and flavor for different purposes and uses across
Mexico.

Chen et al. (2015) indicated that among their various
functions, SMs play particularly important roles in insect-plant
interactions. Studies that have compared chemical defense traits
in wild crop relatives and their cultivated counterparts are
increasing in number, and their outcomes consistently show
that domesticated plants provide a better food resource for
herbivores than their more toxic wild progenitors. Several studies
provide evidence of such changes in the chemical ecology and
biotic interactions along a domestication gradient (Holt and
Birch, 1984; Benrey et al., 1998; Rodriguez-Saona et al., 2011;
Dávila-Flores et al., 2013). These widely-observed trends seem
to contextualize, if not explain, shifts in the chemical defenses
of C. annuum during its domestication in certain but not all,
Neotropical habitats of Mesoamerica.

To date, most studies of SMs in C. annuum in Mesoamerica
have been focused on fruits of fully domesticated commercial
varieties for consumption as fresh fruits (jalapeño, serrano, ancho
and sweet pepper morphotypes). In addition, there are few
ecological field studies of how capsaicinoids in wild Capsicum
species of arid North America and tropical South America
mediate relationships with native fauna, but they do not specify
which capsaicinoid(s) drive those interactions (Tewksbury and
Nabhan, 2001; Tewksbury et al., 2008a; Carlo and Tewksbury,
2014; Haak et al., 2014). Most analyses have concentrated on
capsaicinoids and few have included other SMs, such as phenolics
and carotenoids. The literature available on SMs in chile peppers
is focused on their presence in both, vegetative organs and in
fruits and seeds (Do Rêgo et al., 2012; Kim et al., 2014). The
presence of SMs in different organs and genotypic backgrounds
may help explain the existence of natural sources of genetic
resistance in Capsicum to particular herbivorous pests and seed
predators.

The identities of most SMs remains incomplete among wild
C. annuum var. glabriusculum from the Neotropics. However,
genetic resistance to Huasteco pepper virus has been documented
for wildC. annuum fromNortwest Mexico (Hernández-Verdugo
et al., 2001b; Retes-Manjarrez, 2016). Of the known cases of
genetic resistance among domesticated chile peppers are their
tolerance to Phytophthora capsici and root knot nematodes,
first documented in the Criollo de Morelos landrace—CM-
334 (Pegard et al., 2005) also, leaf phenolic extracts from
domesticated chile landraces have been used to controlAlternaria
altata in tomatoes.

Crop domestication can lead to a decrease in SMs associated
with pest resistance, a trend corroborated by Meyer et al.
(2012); they found a decline in levels of some SMs across
203 separate crop varieties, relative to levels in their wild
progenitors, including C. annuum. However, other SMs, such as
capsaicinoids, have dramatically increased within some natural
and domesticated chile pepper landraces (e.g., Bhut Jolokia;
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FIGURE 1 | Ecological and cultural interactions shaping diversity of chile peppers (Capsicum annuum L.) across Mexico. (A) Graphic illustration of SMs as chemical

mediators of ecological interactions with wild C. annuum in natural and semi-managed habitats. (Illustration designed by Frida Isabel Luna-Vallejo). (B) Map of Mexico

showing indigenous territories, contrasted by colors. The symbols identify particular ecological zones where certain indigenous groups have persisted in modern

times. All indigenous groups represented here have documented uses of chile peppers. (Map elaborated by Andres Lira Noriega and Araceli Aguilar-Melendez

based on data from the authors, SINAREFI-SNICS-SAGARPA and SNIB/CONABIO 2016; the layer of indigenous territories was provided by Eckard Boege).

(C) A representative sample of the wider array current morpho-typic diversity and levels of domestication of chile peppers across Mexico. (Photos by Ivan Montes de

Oca Cacheux and Miguel Angel Sicilia Manzo/Image repository CONABIO).

Bosland and Baral, 2007), so that these changes are not
unidirectional.

Given that “original” contexts for how wild Capsicum species
function and survive in the Neotropics, Table S1 proposes a
set of differences that may have been triggered by “balancing
selection” during the domestication process. Balancing selection
operated in ways that transformed some wild polymorphic
populations into fully-domesticated but still heterogeneous
C. annuum landraces. We place particular emphasis on
levels of SMs and other adaptations that appear to confer
reproductive fitness to Capsicum populations in Neotropical
habitats.

OTHER CHANGES OCCURRING WITH
DOMESTICATION OF CHILE PEPPERS

We do not wish to presume that shifts in SMs were the
only changes which have occurred with the domestication
of Capsicum species in Neotropical habitats. We wish to
briefly mention several other traits of adaptive significance in
Neotropical habitats.

Loss of Dispersal Mechanisms
Wild chile peppers are naturally dispersed by frugivorous birds to
the understory of selected nurse plants (Tewksbury and Nabhan,
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2001; Carlo and Tewksbury, 2014), while domesticated chiles
depend on human intervention for dispersal. Seed dispersal often
involves lost of an abscission zone from some part of the plant.
Fruits of wild chile peppers separate easily from the receptacle at
maturity. Fruits of domesticated peppers remain firmly attached
to the plant. Mature wild chile pepper fruits are consumed and
effectively dispersed by a variety of frugivorous Neotropical birds.
Domesticated peppers are either too large, or are not attractive
to nor dispersed by most Neotropical birds. Different SMs may
mediate seed dispersal in wild chiles, but carotenoids in the fruit
pulp probably are likely the most important due to bird attraction
by their red color. The pyrazine fragrances of chile peppers may
also serve to attract certain birds.

Loss of Seed Dormancy
Most wild chile pepper seeds have staggered seed dormancy,
which allows germination and recruitment when optimal
conditions occur in a more variable and uncertain environment.
Domesticated chiles do not exhibit any seed dormancy
(Pickersgill, 2007). Therefore, domesticated chiles would likely
have poor recruitment, survival and fitness if placed in most
naturally wild environments. Seed dormancy in most wild
Capsicum species is mediated by SMs such as ABA, a plant
regulator that inhibits seed germination (Marrush et al., 1998;
Sariyildiz et al., 2005; Nambara et al., 2010), and lignin, a
structurally protective and hydrophobic compound of the seed
coat (Randle and Honma, 1981; Tewksbury et al., 2008b;
Nambara et al., 2010).

Wild chile pepper seeds with thick lignified testas become
increasingly impermeable to water on drying. This feature is
disadvantageous for—if not absent from—most domesticated
crop seeds, not only because these seeds germinate slowly,
but also because they may require prolonged soaking to
remove inhibitors from the seed coat (Randle and Honma,
1981; Pickersgill, 2007; Carlo and Tewksbury, 2014). Therefore,
domesticated chile peppers generally have thinner testae than
their wild progenitors.

Changes in Organ Size and Quantity
As part of the domestication syndrome, changes in secondary
metabolite content may be correlated with other physical and
chemical traits, such as nutrient content, size, or biomass (Chen
et al., 2015). Compared to most domesticated landraces, wild
Capsicum species exhibit smaller leaves, flowers, fruits and seeds,
but a larger number of these organs per plant (Pickersgill, 2007).
These characteristics—such small but numerous leaves and
seeds—confer adaptability, stress reduction, survivability, and
bet-hedging strategies to wild chile peppers for the production
and dispersal of their seeds in Neotropical habitats (Tewksbury
et al., 2008b).

Increased Morphological Variation
According to Chen et al. (2015), morphological changes arising
from domestication can disrupt plant-herbivore-natural enemy
interactions, however domesticated chile landraces now exhibit
enormous inter-varietal and some intra-varietal heterogeneity in
morphological traits.

This factor also is especially marked in the parts of the
chile pepper plant used by Mesoamerican cultures. While
domesticated chile peppers vary greatly in fruit size and shape,
and to a lesser extent in color, wild C. annuum var. glabriusculum
populations show little morphological variation in fruit size,
shape, and color. In certain coastal Neotropical habitats, chile
pepper fruits are selected for particular colors and shapes, said
to be the best for seasoning turtle meat, while others, of different
color and shape, are known as perfume peppers because they
have a fragrant aroma as well as pungency. Pickersgill (2007)
and Boster (1985) suggest that such traits result from cultural
“selection for perceptual distinctiveness.”

In short, the different landraces of chile peppers grown and
consumed across Mesoamerica display an astounding range of
morphological variation in plant architecture and fruit shape,
as well as in fruit color, pungency, and particular cultural uses
(Bosland and Votava, 2000). All SMs in Capsicum species,
including carotenoids, flavonoids, capsaicinoids, and ascorbic
acid, are to some extent, linked with these morphological traits.
Boster (1985) has deftly summarized the many references
documenting the pronounced differences in morphology
between wild and domesticated peppers.

Changes in Plant Habit Related to
Resource Partitioning
Selection for increased harvest index (ratio of harvested to
total biomass produced per plant) may result in reduced
or suppressed lateral branching (Pickersgill, 2007). Reduced
number of inflorescences per plant and producing more
synchronous fruit ripening on an individual plant and within a
stand, facilitating harvesting of the stand as a whole. Fewer nodes
and shorter internodes, greater synchronization of maturation
of vegetative branches and fruit ripening is also favored by a
determinate habit.

The transition from the perennial indeterminate habit of wild
chile peppers to the annualized compact habit of domesticated
peppers has been triggered by selection for earliness, larger fruits,
compact growth/reduced branching with reduced number of
fruits per plant, and more synchronous fruit ripening. Loss of
perennial plant habit may be the final/accumulated result of
human selection for non-dormant seed, which probablymodified
fruit and seed morphologies, and SM potencies.

Changes in Reproduction
In Capsicum species, floral phenology and pollination, as well
as fruit and seed development are influenced by different SMs.
For example, carotenoid and flavonoid derivatives are secondary
metabolites in the flower that attract pollinators. Similarly, fruit
and seed dispersal are mediated by SMs which serve to attract
seed dispersers. Simultaneously, fruit and seed protection is
mediated by particular SMs (capsaicinoids and phenolics) that
repel predators of fruits and seeds.

Wild C. annuum is an autogamous plant with protaginous
flowers (exerted stigmas) and high rates of outcrossing by
insect pollinators, and indeterminate growth in neotropical
Mesoamerica. Flower initiation is late, but once initiated is
persistent and very prolific, with overlapping stages of flower
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and fruit development over the season. Fully domesticated
C. annuum land races can also be autogamous, but exhibit much
lower rates of outcrossing, probably due to more synchrony in
anther and stigma maturation. Most of the fully domesticated
chile pepper land races exhibit determinate growth under
cultivation, with more rapid onset of flower initiation, fruit
development and ripening. For such reasons, fruit and seed
production of fully domesticated chile landraces would be
almost impossible under natural wild environments in the
Neotropics.

Loss of Chemical or Physical Protection
Against Biotic and Abiotic Stresses
Many other domesticated crops have partially or completely
lost the SMs that protect their wild relatives against predators
(herbivores, plant pests and pathogens), and abiotic stresses
(drought, salinity, heat, frost, daming radiation, etc.). However,
this trend does not necessarily hold true for most domesticated
C. annuum land races. Capsaicinoids and other SMs are
synthesized in the placental tissue of domesticated chile fruits
after flowering as part of fruit development. In other words,
in domesticated chiles, SMs may play a small role in chemical
defense of plant tissues before fruit and seed development (Meyer
et al., 2012; Fernández-Marín et al., 2014).

Protection of wild chile pepper fruits in populations against
predators is mostly conferred by capsaicinoids, although
flavonoids and phenolics may also play protective roles against
predators. However, protection against hervibory in wild chile
plants (prior to their flowering) is also facilitated by the “prey
refugia” offered by the dense thorny canopies of certain nurse
plants. Where they lack nurse plant protection in Mesomerican
milpas, domesticated chile peppers must rely on farmers
themselves to evict (or to reduce the damage potentially wreaked
by) mammalian predators and browsers (Pickersgill, 2007; Gepts,
2010; Padilha and Barbieri, 2016).

With regard to protection against abiotic stresses, wild chile
pepper plants employ SMs such as flavonoids, phenolics and
vitamin C for protection against drought, heat and daming
radiation. In particular, carotenoid derivatives confer protection
against plant cell oxidative reactions caused by lethal radiation,
such as direct sunlight and UV light (Wahyuni et al., 2013).

Fully domesticated C. annuum landraces express widely
varying concentrations of capsaicinoids compared to pungency
levels in wild populations. Today, the mildest to most pungent
domesticated chiles vary in the capsaicin and pungency content
(∼5,000–300,000 SHU); with most (but not all) wild populations
being in the medium-to-high range (∼100,000 SHU) of
pungency (Eich, 2008). The hottest chile peppers belong to C.
chinense and currently there are some cultivars of this species
such as “Bhut Jolokia” and “Trinidad Scorpion” which have
around 1.0million SHU (Bosland and Baral, 2007), and “Carolina
Reaper,” the hottest pepper in the world exceeding 1.5 million
SHU (Padilha and Barbieri, 2016). Domesticated landraces of
C. annuum may also have larger but more variable amounts of
other SMs, including more antioxidant capacity (Wahyuni et al.,
2011).

AGROECOLOGICAL CONTEXT OF MILPA

CULTIVATION AS A SELECTIVE PRESSURE

Lack of both seed dormancy and a facultatively perennial plant
habit probably enabled the shift from avian dispersal of fruits
under nurse plant canopies in the wild to open cultivation of
annual plants with non-dormant seeds inmilpa agro-ecosystems.
The loss of ecological interactions with birds and nurse plants
due to intentional seed-saving and dispersal by humans must
have generated incidental changes in SMs. Shifting the patterns of
SMs through such selection could explain, in part, the emergence
of new chemotypes, genotypes and morphotype landraces under
cultivation in milpas within the Neotropics. The Mesoamerican
milpa agroecosystem may have gradually replaced the nurse
plants in agroforestry systems during the early domestication
of C. annuum, but as it did, it likely accelerated unconscious
selection away from wild chemotypes and morphotypes.

SYNTHESIS OF COEVOLUTIONARY
SHIFTS OCCURRING WITH
DOMESTICATION

We suggest that incipient cultivation and “re-balancing” selection
of seed germinability in polymorphic founder populations of
C. annuum var. glabrisculum in Mesoamerica around 6500 BP
rapidly led to changes in gene frequencies associated with other
adaptive traits. Curiously, this is roughly the time period when
a new meme –a chile-processing technology and associated
culinary techniques–first became evident in the prehistoric
cultures of south-central Mexico. This technology was called
mollicaxtli in Nahuatl (now molcajete today in Spanish, and
consists of a round three-legged, grinding bowl and pestle for
crushing dried spices, made out of fired clay or volcanic stone
(Vela, 2009).

Themolcajete’s sudden emergence and wide diffusion suggests
that domesticated chile pepper were not merely being eaten
fresh, but surplus harvests were being dried and stored between
growing seasons for use as a dried spice, condiment, medicine
or vermifuge. Undoubtedly, these multiple uses of small, dried
chile “pods” emerged long before the selection for larger fleshier
fruits, which could be used as a vegetable that was stuffed with
meats, fruits or other spices. Thus, a new technology (molcajetes)
and its associated culinary uses, as well as seed saving and trade
beyond their ancestral habitats may have accelerated selection for
a wider range of Neotropical habitats and overall diversification
of domesticated chile pepper landraces.

Most remarkably, chile pepper fruits of some cultivated
landraces are many times hotter or milder than those of
wild populations, suggesting that domestication has not only
diversified, but shifted total pungency in both directions—to
higher “heat levels” in some varieties (e.g., ghost peppers), and to
lesser levels in nearly non-pungent varieties (e.g., bell peppers).
There is limited evidence that the mixes of capsaicinoids found
in cultivated chile varieties are also more variable than those
in wild populations, but comparable sampling has been poor.
Neverthless, we see evidence for both (H2)—a diversification of
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the levels of potency—and (H3)—an intensification of potency of
selected SMs with chile pepper domestication.

In the case of milder (less pungent) chile peppers, we assume
that farmers’ protection of the plants compensates to some
extent for lower levels of chemical defenses. Haak et al. (2012)
have confirmed tradeoffs between expression of capsaicinoid
pungency, and yield under water-stressed conditions. While
capsaicinoids remain themost important plant chemical defenses
in most domesticated chiles as they are in wild peppers, the roles
of other secondary metabolites found in lower concentrations
should not be dismissed.

MESOAMERICAN HUMAN/CHILE PEPPER
COEVOLUTION IN RELATION TO
BENEFITS OF CHEMICAL DEFENSES

According to paleobiolinguistic reconstructions of the presumed
origins and diffusion of domesticated chile peppers in
Mesoamerica, the oldest reconstructed term for cultivated
chiles is found in proto-Otomanguean from south-central
Mexico, estimated to be in transcultural circulation by 6592
B.P. (Brown et al., 2013; Kraft et al., 2014). This evidence is
supported by archeological analyses that confirm the presence
of domesticated chile fruit and spice-grinding molcajetes at sites
along the Sierra Madre Oriental/Trans-Volcanic by 6000 years
ago, especially in seasonally dry subtropical thornscrub (Kraft
et al., 2014).

Nevertheless, several lines of research agree that the origin of
the domesticated C. annuum landraces may have also occurred
elsewhere within the broader Mesoamerican region (Eshbaugh,
1970; Hernández-Verdugo et al., 2001a; Perry and Flannery,
2007; Pickersgill, 2007; Aguilar-Meléndez et al., 2009). In other
words, the precise location or locations of domestication of
C. annuum in Mesoamerica still remains unknown.

Based on linguistic analyses, Brown (2010) suggests that
the earliest plant management in Mesoamerica was of grain,
succulent and oil crops; they became cultivated as staples no later
than 7000 years ago. The earliest cultivation of spices (including
chiles) for seasoning these staples came centuries later.

In short, staples such as maize, maguey, nopal and avocado
were probably cultivated to provide seasonal surpluses for
storage and consumption at least a thousand years before the
earliest detectable onset of chile pepper cultivation as a spice,
anthelmentic medicine, vermifuge or condiment (but most likely
not as a fresh green vegetable).

The pervasiveness of the use of chile peppers in treating
illnesses in Mesoamerica and Aridoamerica (N Mexico and
SW USA) is without peer, among any of the other crops
domesticated in these regions. This fact alone suggests that
the culinary uses of Capsicum were not the only catalysts to
domestication. Table S2 shows several ancient medicinal uses
derived from extensive studies of indigenous farming cultures
in Mesoamerica. Collectively, this information suggests that a
“Mesoamerican intellectual tradition” of indigenous medicinal-
culinary knowledge (López Austin, 2001; Good, 2005) may have
guided the selection of SMs and other traits in chile pepper
landraces. The very cultural persistence of chile plants (as well

as maize, etc.) within milpas and dooryard gardens in this
modern globalized world, is clear evidence that ancestral cultural
traditions spanning 6000–7000 years, still have adaptive value
today.

In addition, the milpa management traditions have been
culturally maintained to keep alive what is culturally perceived as
a sacred agroecosystem that maintains and regenerates everyday
life, community values and collective identities among many
Mesoamerican societies (Bonfil-Batalla, 2012; Good, 2015). The
medicinal, ceremonial and culinary uses of chile peppers by
over 60 native cultures in Mesoamerica are embedded a small
but inseparable and integral part of a broader cosmovision, one
that persists up through this present moment (Alcorn, 1984;
Long-Solís, 1986; López Austin, 2001; de Avila, 2008). Any
true EES that attempts to use chile pepper domestication as a
model system must inevitably take these cultural memes into
account.

There is no reason to assume that chiles were first gathered,
then cultivated, for a single use, given that tobacco, cacao and
other early crops also had multiple uses. However, as staple
crops grew in yields and diets became more redundant, chile
peppers may have played critically-important roles in protecting
grains and legumes aggregated in storage facilities from post-
harvest consumption by insect pests and fungi common in
the Neotropics. Some of these same chemical defenses in chile
peppers may have protected humans who were aggregated into
increasingly dense habitations from intestinal parasites, and from
body lice or fleas. Finally, the SMs in chile peppers may also
have become increasingly necessary elements of the traditional
diets and pharmacopeia as “nutraceuticals” that counteracted the
greater redundancy in agricultural diets.

The pharmacological utility of SMs in chile peppers is not
restricted to the control of fleas, lice and intestinal microbes.
They have recently been demonstrated to be effective in reducing
intestinal infections by aquatic helminthes of the same group
as the intestinal worms that cause ill health and sluggishness
among one third of the world’s population, especially children
in tropical climes (Mostafa-Kamal et al., 2015). This is a clear
example of how plant chemical defenses have proven efficacy for
“defending” human health against various biotic stresses among
those who consume the same plant as a food, a medicine or both
(Mostafa-Kamal et al., 2015).

In Table S2, we wish to underscore the myriad medicinal
uses retrieved from historical documents that persist to this day
in Mesoamerican intellectual traditions. Out of 47 ailments to
which chile peppers were applied, 24 of these were recorded
among Maya communities. In 2000, fieldwork in Yucatecan
Mayan communities documented the persistence of medicinal
uses of at least seven different types of chiles (Aguilar-Meléndez
and Lira-Noriega, 2018), suggesting that the diversification of
chile peppers may continue to generate direct benefits to human
health.

CONCLUSIONS

In this paper three hypothesis were evaluated and discussed:
(H1) A reduction and simplification of the potency of plant

chemical defenses against seed predators, foliage herbivores and
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disease microbes with greater reliance on human intervention
to protect the plants. This assumes that fully domesticated
modern and commercial varieties of peppers under intense
monoculture are more susceptible to predators (insect pests
and diseases), than their wild progenitors, because they produce
less number and concentration of SM in fruits, seeds, and
leaves.

(H2) A diversification of the levels of potency and mixes of
defense chemicals, given the wider range of habitats and broader
geography to which the crop plants are exposed. This assumes
that different C. annuum landraces in different agroecosystems
produce variable amounts and types of SM.

(H3) An intensification of the potency of certain plant
chemical defenses, given the need to protect the plants in agro-
habitats where they occur at higher density and without as much
beta diversity of neighboring plant species to slow the spread
of predators, herbivores, competing weeds or diseases. This
assumes that some domesticated landraces and modern varieties
produce larger concentrations of valued SMs (capsaicinoids and
carotenoids) under intense monoculture, compared to their wild
progenitors.

Of these three hypotheses, we see more evidence supporting
both H2 and H3, with respect to the diversification and
heightening of pungency through chile pepper domestication.
H2– the diversification of levels in SMs under domestication–
seems to fit with the mechanism of “balancing selection,” in
the sense of maintaining polymorphisms in Mesoamerican chile
pepper landraces. The H3 trend has mostly been in more
recently advanced cultivars of chile peppers outside their area
of Neotropical origins. The H1 trend toward a reduction in
pungency and other SMs such as phenolics and carotenoids in
fruits and other organs is most evident in the recently advanced
“bell pepper” group of chile landraces and cultivars, which are
also most popular outside of the Neotropics. There is no question
that sweet bell pepper cultivars of C. annuum must rely on
human protection to survive against different predators that
may prey on roots, leaves, fruits, and seeds. While birds may
damage bell peppers grown in temperate climates outside of the
Neotropics, they are virtually ineffective in dispersing the fruit
(or most seeds within the fruit) to safe sites for germination and
recruitment.

We conclude that contrary to trends in other crops,
domestication has not necessarily reduced potency or
homogenized the levels of chemical defenses—or at least
of capsaicinoids—in chile pepper fruits. It has diversified
capsaicinoid potency levels among and across domesticated
varieties, compared to those found in most wild chile peppers.
However, scientists still lack sufficient evidence to conclude that
such diversification has occurred in any other SMs involved in
chile pepper plant defense.

The likely diversification of SM production and/or
concentration in domesticated C. annuum is the result of
differential human selection of different allelic combinations—
including selection of many recessive genes, under different
environments and managed ecosystems—that are only rarely
expressed in truly wild populations (Haak et al., 2014).

Higher concentrations of pungent compounds such as
capsaicin may confer better adaptation and fitness to chile pepper
crops under novel environments. These highly pungent varieties
are now finding new uses in pharmacological and culinary uses,
but the majority of the world’s human inhabitants continues
to directly use wild or domesticated landraces of chile peppers
medicinally and gastronomically as they have for centuries.

There is plausible evidence from diverse cultures in Mexico
that the SMs expressed in C. annuum fruits have been efficacious
in reducing human diseases as well as infestations of internal
and external parasites. This may in part explain why so many
of the distinctive medicinal uses of chiles persist in nearly every
Mesoamerican and Aridoamerican culture today. The nutritional
and medicinal benefits of chiles may initially appear diffuse or
minor to evolutionary ecologists, but their collective benefits
as perceived by their “co-evolved” Mesoamerican cultivators,
curanderas, cooks and consumers are impressive.

The extraordinary potency and the current intensity of
gastronomic and pharmacological uses of chile peppers (Bosland
and Votava, 2000) suggest that chile peppers should no longer
be relegated the status of a “minor crop” as standard economic
botany references and global agricultural statistics have done
in the past. By 2010, global production of domesticated
Capsicum fruits had reached 1.8 million ha, with more than
29 million metric tons annually harvested (Wahyuni et al.,
2013). Their production continues to expand, while their
culinary as well as medicinal and pest-repellent uses continue to
diversify.

We should acknowledge that the current efficacy and
economic significance of chile peppers’ secondary metabolities in
our diets and pharmocopieas is not merely due to the historic
inventiveness of and mutualistic interactions with our own kind.
It has benefited from the selective pressures by fungi, hemipteran
insects, nematodes and rodents, as well as the directed dispersal
of chile seeds by numerous bird species in the Neotropics. As
such, there remains much to be learned by further advancing
analyses of chile domestication to serve as a model for extended
evolutionary synthesis.
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