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Climate change creates a leverage point in plant breeding. We must rethink the
way we employ plant breeding, utilize genetic diversity, and prioritize edible plant
production across the landscape. A long-term strategy to ‘redirect’ the process of
crop domestication that prioritizes the generation of abiotic and biotic stress-
tolerant cultivars is needed. A proposed neo-domestication strategy is presented
as a case study. It entails the re-domestication of chile by retro-crossing of
modern plant cultivars with landraces and a desert-adapted wild relative. An
organized, collaborative effort could reintroduce stress tolerance genes that will
render new cultivars more tolerant to challenges imposed by climate change.
Purposeful populations generated using a broad spectrum of genetic diversity
could also provide the basis for an evolutionary—participatory plant breeding
process. The process must recognize the need for a paradigm shift in our
resource allocation and breeding strategies. To succeed, a shared vision for
neo-domestication of chile must recognize the importance of human cultural
values and the need for sustained cooperation among stakeholders.

KEYWORDS
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Introduction

Climate change is an impetus for neo-domestication of
modern crop cultivars

Climate change has caused economic losses to agricultural production in many
geographical regions (Mora et al,, 2018; Bras et al,, 2021). Sustainable crop production
has been imperiled by climate change-induced weather events (Lobell et al., 2008; Bradshaw
et al, 2021). The impacts of temperature and rainfall extremes range from seasonal
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reductions in crop yields or quality to long-term issues such as
altered crop adaptation (McCoy et al., 2022; Gao et al., 2023).

The rate of average genetic improvements in crops must increase
by an estimated 38% per year to keep up with growing food demand
(Tester and Langridge, 2010). There seems to be an inherent
assumption that increased yield potential of crops in our dominant
food systems will be achieved by multinational seed and biotechnology
corporations employing proprietary technologies. Improvements in
major genetically modified organism (GMO) crops produced in
developed nations will not address the caloric and nutritional needs
of food-insecure regions of the world suffering marked impacts of
climate change (climate risk ‘hot spots’) (Lobell et al., 2008).

The rising challenge of climate change compels the need for
more stress-tolerant varieties (Zhang et al., 2017). The primary
source of genetic diversity to achieve genetic gain through selection
in modern crop cultivars would come preferentially from other elite
cultivars whenever possible, with ‘vintage’ varieties and landraces a
second-choice. Wild species would be a reluctant last preference
when desired traits are not present in modern cultivars or cannot be
made available through a novel gene technology (Smith et al., 2022).

Genetic diversity is reduced during the process of crop
domestication and improvement (Figure 1). Populations growing
in marginal environments may also experience a loss of genetic
diversity depending on the severity of stress imposed on them. Both
the limited genetic diversity and the lack of adaptation to stressful
environments in elite cultivars restrict our ability to confront the
growing challenge. During crop domestication, many genes that
conferred fitness of crop wild relatives (CWR) in their natural
environment were lost (Byrne et al., 2020; Krug et al,, 2023). In
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addition to the loss of adaptive alleles through drift, it is unlikely
that there was adequate sampling of stress tolerance alleles during
the early, spatially limited phases of crop domestication. Natural
populations inhabiting more stressful or marginal environments
were less conducive to sustained human selection for agronomically
desirable traits. Understandably, a modern selection achieved
higher crop responsiveness to inputs in favorable environments
rather than the resilience necessary for meeting the challenges of
climate change (Snowdon et al, 2021). Considering the events
related to domestication, artificial selection, and the current status
of breeding practices, we are led to ask the question:

“Where will we find suitable genetic diversity for stress-
tolerance traits, and how can we ensure the development of

more stress-tolerant cultivars?”

The answer is that suitable diversity would probably not be
identified in gene pools comprised of elite cultivars; however, it may
likely be found in the broader germplasm pool that comprises
landraces and CWR (secondary gene pool) (Byrne et al.,, 2020).
Some breeding programs rely on landraces to develop breeding
material, at least in the pre-breeding stages, but the use of ancestral
or related species is limited (Pérez-Martinez et al., 2022). In this
paper, we propose a new conceptual model for producing resilient
chile varieties capable of addressing the growing challenges of
climate change. We posit that through a process of neo-
domestication, we will be able to accomplish this, and retain
chile’s iconic status as a part of human culture.
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Here, we present two models of the loss of genetic diversity during domestication. In these representations, each colored box represents an allele
and each funnel represents a population or demographic effect. (A) Classic domestication bottleneck where there is a reduction in genetic diversity
driven both by demography and selection. Here, the loss of genetic diversity during the domestication of modern elite cultivars due to bottleneck
events is illustrated. (B) Potential way to reintroduce alleles by using a different population structure showing the anticipated retention of genetic
diversity achieved during the neo-domestication of more stress-tolerant chile varieties.
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The case for neo-domestication of pepper

Pepper (Capsicum sp.) is economically and culturally important
across the globe, with ~36,972,494 tons harvested on ~2,020,816 ha
in 2022 (FAOSTAT, 2022). While most Capsicum peppers were
domesticated in Mesoamerica (Kraft et al., 2014), they have become
a global staple across the globe (Tripodi et al., 2021). The species
range has changed considerably over the course of their
domestication history with wild and landraces inhabiting a large
number of novel environments (Martinez-Ainsworth et al., 2023).
Modern chile breeding has resulted in the offering of diverse hybrids
selected to meet the needs of growers and processors who seek yield,
synchronized maturity, field holding capacity, flavor, and
processing line adaptability (Anderson, 2021). Pepper is an ideal
test case crop for neo-domestication due to the known histories and
the large amount of available germplasm resources.

Available germplasm resources in
Capsicum annuum L. var. annuum
Capsicum annuum landraces

Here, we adopt the definition of a landrace provided by Khoury
et al. (2022):

“A crop variety or population managed by farmers through
cultivation, selection and diffusion, which is typically adapted to
a local area and to traditional farming systems, has a
recognizable identity and geographic origin, and is often
genetically heterogeneous.”

Landraces are still actively grown in some regions while in others,
many have disappeared, perhaps pushed out of production by new
hybrid cultivars. The decline of locally adapted landraces may result not
only in the loss of genetic diversity, but also in income, culinary quality,
and a part of the local cultural heritage (Casaiias et al, 2017).
Fortunately, many landraces are preserved in seed banks. A recent
large-scale characterization of the global core collection of Capsicum
annuum in response to climate change, showed there was substantial
variation across the collection, often housed in landraces (Fumia et al.,
2023). Similarly, core collections established at the regional level, such as
the Balkan Capsicum collection, have also displayed significant variation
for phenotypic and biochemical traits among landraces (Nankar et al,,
2020). As our appreciation of landraces has grown, so too has our
realization of the need for enhanced collection, characterization, and
utilization of CWR (Barchenger and Bosland, 2019).

Ancestral wild species

Chiltepin (Capsicum annuum var. glabriusculum (Dunal)
Heiser & Pickersgill) is considered the ‘mother’ of modern chiles.
Its center of origin is in Mexico and it is widely distributed from
northern South America to southern North America. It grows in an
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arid region of the Sonoran Desert in the north of Mexico and the
southwestern USA. A perennial, it regularly survives heat and
drought but is susceptible to winter freezes. Commercial
gathering of the highly desired fruit has endangered these
populations. In response to that threat, a protected area was
created. The Wild Chile Botanical Area consists of 1,012 ha
where the northernmost outlier population grows (Votava et al,
2002). It is the first botanical area set aside to protect CWR of
domesticated crops in the USA (Riordan and Nabhan, 2019).

‘Retro-crossing’ of Capsicum annuum with
landraces and wild chile to create highly
diverse breeding populations

The breadth of genetic diversity available in landraces makes
them a potential resource for abiotic and biotic stress-tolerance
traits (McCoy et al,, 2022). Casanas et al. (2017) proposed crossing
of preserved (no longer cultivated seed bank accessions) with
landraces still in cultivation. That strategy would preserve the
agricultural utility of both the ‘active’ and ‘preserved’ landraces
with beneficial traits. Landrace populations would also lend
themselves to participatory plant breeding programs (Ceccarelli
and Grando, 2022). Varieties developed from such a revitalized
evolutionary diversity may not achieve the exceptional yield
potential of elite varieties, but they could be bred to achieve
enhanced production stability when subjected to environmental
stressors from year to year. This fuller utilization of genetic diversity
would be in contrast to the traditional use of landraces as an
occasional resource for the improvement of modern elite
cultivars, usually through backcrossing of mono- or oligogenic
insect and disease resistance traits (Hajjar and Hodgkin, 2007;
Maxted and Kell, 2009; Brumlop et al., 2013; Dempewolf
et al,, 2017).

The superior adaptation of wild chile populations to stress-
prone environments (relative to domesticates) makes them an
appealing source of abiotic stress tolerance (Bernau et al., 2023;
Martinez-Ainsworth et al., 2023). Ideally, collections of CWR would
represent a diversity of source habitats and “encompass the breadth
of segregating genetic variation and adaptations characteristic of the
target species” (Warschefsky et al., 2014). Sadly, there are only a
handful of chiltepin accessions from arid environments such as the
Sonoran Desert. Three accessions from southern Arizona are
available in the USDA seed bank (GRIN search).

In relation to other solanaceous crop species, trait introgression
using CWR has been relatively underutilized in Capsicum
(Barchenger and Bosland, 2019) and limited to few traits, mostly
those for disease resistance (Suwor et al., 2017; Jo et al., 2023).
Tanksley and McCouch (1997) suggested that systematic
introgressions (into the domesticate genome) would enable quick
recovery of both stress tolerance from CWR and cultivated
agronomic traits through advance generation backcrosses. Gur
and Zamir (2004) have demonstrated progress in breeding
tomato (Solanum lycopersicum) for increased yield in both wet
and dry field conditions using genotypes carrying three
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independent yield-promoting genomic regions introduced from the
drought-tolerant wild relative Solanum pennellii.

We would like to consider not backcrossing to elite cultivars,
but instead ‘crossing back’ or ‘retro-crossing’ to more stress-tolerant
landraces and/or CWR. An incredible amount of genetic diversity
would be ‘unleashed’ by effectively manifesting the breadth of
diversity generated during the course of domestication. This
approach would also provide a platform for a new domestication
pathway, or neo-domestication. This domestication ‘do-over’ would
incorporate new selection criteria and technologies (Valle-
Echevarria et al, 2021), and be performed in present day
environments strongly affected by climate change.

Of course, we would assume that it would take a long time,
perhaps hundreds of years, to recover competitive varieties.
Anderson and Stebbins (1954) posited that at times, there have been

“...bursts of creative evolution (that) may well have been due to
hybridization. At such times diverse faunas and floras were
brought together in the presence of new or greatly disturbed
habitats where some hybrid derivates would have been at a
selective advantage.”

Perhaps, using modern breeding and population genetics
theory, combined with genomic and phenomic tools (Zhang
et al., 2017), integrated with a global evolutionary-participatory
breeding program (Murphy et al., 2005), we could create such an
evolutionary burst capable of providing neo-domesticates with
superior adaptation to our changing climate.

Reorienting crop improvement strategies
to accomplish neo-domestication in chile

Neo-domestication refers to re-domestication of a species
whereas de novo domestication seeks to create a new crop species
(Fernie and Yan, 2019). It initially took humans thousands of years
to domesticate CWA, but leveraging modern breeding techniques
in a strategic framework could perhaps enable the process to occur
on a multi-decadal time scale (Zsogon et al., 2018; Valle-Echevarria
et al,, 2021). Neo-domestication programs would typically target
‘domestication syndrome’ traits and market-specific traits. We
propose that retro-crossing of modern cultivars to landraces and
CWA would not only allow us to ‘re-access’ diversity that was
present throughout the initial domestication pathway, but also re-
introduce genes that were previously lost during bottlenecks. This
expanded scope of diversity would allow us to chart a new pathway
for domestication. Coupled with selected modern technology and
participatory breeding in diverse global environments, a new
pathway without bottlenecks could unfold more rapidly. The
participatory aspect would also help ensure the retention of
cultural traits relevant to society, indirectly maintaining genetic
diversity driven by societal components.
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Crop improvement, genetic diversity, and
cultural heritage

Such a democratized version of crop improvement is consistent
with our emerging worldview of holistic cropping systems. The
concept of genotype by environment interaction (G x E) could be
said to be the ‘lens’ through which plant breeders have viewed
varietal performance. We have also recognized that human
management has a key, interactive role with both genotype and
environment as portrayed (Beres et al, 2020). Considering the
interest of society in the culinary and cultural aspects of crop
improvement, it seems that larger society and stakeholders should
be involved in the goal-setting of breeding programs (Seabrook and
Avison, 2010). These terms may not be in the lexicon of farmers, but
we are reminded that crop domestication was accomplished initially
by ‘smallholder’ farmers who imposed their individual and cultural
values during the selection process by unconsciously using
this model.

The above model also reminds us that the selection of landraces
occurred not just through selection by individuals, but under the
influence of broader human culture (Casanas et al,, 2017). An
examination of the importance of culture (not just management) is
well-portrayed in traditional potato cultivation in the Andes
Mountains of South America. Brush et al. (1981) described the
attributes of potato cultivation:

“Native agriculture associated with this diverse genetic material
has 3 consequences: (a) the maintenance of numerous genotypes
over space and time, (b) the wide distribution of particular
genotypes, and (c) the generation or amplification of new
genotypes. In order to understand these consequences, major
cultural patterns (emphases added) of traditional potato
agriculture in the Andes must be examined in relation to the
genetic diversity of that crop. ... Another significant feature of
native agriculture relevant to genetic diversity of potatoes is the
presence of wild and weedy potatoes in and around fields (emphasis
added). This promotes the introgression of germplasm from those

sources into cultivated stocks (Ugent, 1968).”

A more recent, systematic examination of genetic diversity in
the Andean Center of Crop Domestication revealed the potato crop
population structure was impacted by adoption of modern varieties,
and an emphasis on fewer native varieties, but diversity within
lower yielding plots of mixed native varieties still had a major
influence of the diversity of the overall population (Brush et al,
1995). Traditional cropping systems such as these retain
agrobiodiversity, which enables both the preservation of genetic
diversity and its creation. Investment and retention of
‘metapopulations’, the “interconnected groups of species and
subspecies,” ensures an inherent capacity, or ‘ecological
versatility’, in the cropping system for dealing with environmental
changes (Zimmerer, 1998).
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Participatory plant breeding with
purposeful populations

We have proposed a new paradigm for the breeding of more
climate-resilient chile varieties (Figure 2). Such a schema would be
most effective with a new breeding agenda—with breeding
populations produced and distributed to many public
cooperators. This would allow the populations to be exposed to
more environments than those experienced during the initial
domestication. Selection priorities are multi-genic stress-tolerance
traits, not modern market requirements. This philosophical
reorientation might be controversial because it places paramount
importance on the resilience of crops, not their market appeal, or on
a smaller local market rather than a potential global market.

Such a cooperative venture could allow for neo-domestication
to occur in a far faster timeframe than the initial domestication.
This pathway would require sustained institutional and stakeholder
investment in comprehensive, long-term strategies. Plant breeders
would also be required to act not only as occasional technical
consultants, but as co-facilitators of a democratic, evolutionary—
participatory breeding program. To further speed up the process,
specific population structures could be used, for example, possible
inclusion of synthetics, MAGIC, or RIL populations crossed with
CWR representing arid environments (Warschefsky et al., 2014).
The inclusion of smallholder farmers and active ‘seed savers’ would
provide a base of stakeholders to work with. Such decentralized
testing would expose breeding populations to a landscape of highly
variable physical edaphic and climatic environments, and to
producers and breeders who would select from diverse cultural,
technical, and scientific perspectives (Runck et al., 2014). Examples
include the Oregon Naked Barely Blend (Hayes et al., 2024), the

Testing

Decision-making,
Implementation

10.3389/fhort.2024.1409398

‘RePioneer’ maize population (Buffalo Seed Co., 2024), and the
‘Ultracross” okra population (Experimental Farm Network, 2024).

Purposeful use of plant
breeding infrastructure

From the experience of wide hybridization breeding programs, it
will be important to maintain large population sizes. Phenotyping
precision will be less important as its effects are typically large, and due
to these large effects the importance of genomic technologies may be
limited unless causative mutations are known (Fumia, 2023). Within a
neo-domestication program, larger effective population sizes will be
beneficial regardless of selection scheme, mating types, and cropping
systems. The larger population sizes will also allow for an opportunity
to identify and select transgressive segregates (Rieseberg et al., 1999).
Cost-effective maintenance and sustainable gain for a complex trait
such as stress tolerance will be achieved using a large number of
parents, mid-level number of progeny per cross, low narrow-sense
heritability, and mate allocation methods with low index weighting
(Fumia, 2023).

Plant breeders will not be able to completely reorient their
programs. A minimal commitment might entail planting one extra
row of ‘purposeful’ populations in a nursery border, or as a guard
row in performance trials. Some producers may even wish to plant
the populations in a ‘biodiversity row’ including pollinator plant
species to encourage outcrossing. If sufficient support could be
garnered, some breeders would be able to devote a large portion
of their program to neo-domestication. If many cooperators across
diverse environments were to participate in such a scheme, the odds
of selecting beneficial germplasm would be magnified.

Germplasm
Develop Acquisition
Specific Engagement of Establish Core
Enterprises Stakeholders & Collection
Breeders
Genome
Develop Local Determine Shared Sequencing, Marker
Seed System Values and Devel.

Common Vision

Produce Populations
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FIGURE 2

Cooperative pathways that could be used to create a seed system for localized varieties developed through neo-domestication.
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Discussion
A new era of crop domestication

Examples of introgressed polygenic traits from CWR into
modern cultivars remain in the minority. Genetic diversity held
in seed banks has most often been utilized as a source of mono- and
oligogenic insect and disease resistance traits for incorporation into
elite cultivars (Hajjar and Hodgkin, 2007; Maxted and Kell, 2009;
Brumlop etal., 2013; Dempewolf et al., 2017). Our proposed schema
for incorporating (polygenic) stress tolerance into modern cultivars
via neo-domestication is in line with the proposed next era of plant
breeding presented by Krug et al. (2023). Those authors’ vision for
the next era of plant breeding would broaden the palette of crop
diversity by (re)engaging the three elements of domestication:
crops, ecosystems, and humans. We posit that when there are no
constraining traits (e.g., market ideotypes), the gain through
selection for complex traits will be more rapid. With concomitant
societal selection for cultural traits, new phenotypes may be drawn
directly into local production, where breeding for the improvement
of the harvestable organ and cultivar release could be conducted
concurrently with production.

Unraveling the negative aspects of ‘domestication syndrome’
(loss of genetic diversity, accumulation of deleterious mutations,
altered metabolomic profiles, and decreased nutritional content)
(Krug et al., 2023) will also undo its positive aspects that may be
preferred by consumers or producers. Thus, the neo-domestication
process will require a scale of resources and cooperation that would
be best afforded by a comprehensive reshaping of how we approach
public plant breeding. It would likely also require reprioritization of
funding allocation and germplasm exchange policies. Bold new
approaches and long-term investment would be required to achieve
a new set of goals for our food systems, and those systems should be
defined by different communities. There are some promising
approaches that include ‘open-source’ breeding (Luby et al., 20165
Lozada et al., 2022) and evolutionary-participatory methods
(Murphy et al., 2005). Making use of the Global Capsicum
Conservation Strategy (Barchenger and Khoury, 2022).

Conservation Strategy, and the over 3-dozen species it is
focused on will also require rethinking how we conduct wide
hybridization and domestication. The neo-domestication
approach we propose should bolster genetic, agroecosystem, and
food system diversity.

The neo-domestication pathway contrasts with the
consideration of market pull typically given at the outset of
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