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Abstract

There is intense interest in using genome editing technologies to domes-
ticate wild plants, or accelerate the improvement of weakly domesticated
crops, in de novo domestication. Here, we discuss promising genetic strate-
gies, with a focus on plant development. Importantly, genome editing
releases us from dependence on random mutagenesis or intraspecific diver-
sity, allowing us to draw solutions more broadly from diversity. However,
sparse understanding of the complex genetics of diversity limits innova-
tion. Beyond genetics, we urge the ethical use of indigenous knowledge,
indigenous plants, and ethnobotany. De novo domestication still requires
conventional breeding by phenotypic selection, especially in the devel-
opment of crops for diverse environments and cultures. Indeed, uniting
genome editing with selective breeding could facilitate faster and better
outcomes than either technology alone. Domestication is complex and
incompletely understood, involving changes to many aspects of plant biol-
ogy and human culture. Success in de novo domestication requires careful
attention to history and collaboration across traditional boundaries.
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Crop domestication:
the evolution of wild
plants into cultivated
crops through human
selection

Crop improvement:
the modern process of
intensive and
deliberate selective
breeding of
domesticated species
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1. INTRODUCTION

1.1. Domestication, Crop Improvement, and De Novo Domestication

Crop domestication is the evolution of wild plants into cultivated crops through human selection.
As this is an evolutionary process, crop species vary in their degree of change from their wild an-
cestors.We consider fully domesticated species to be those that are largely dependent on humans
for survival and have highly modified traits (44). Partially domesticated species have experienced
artificial selection but changed somewhat less from their wild ancestors. Variation in the extent of
domestication can be attributed to the amount of time since the start of the domestication process
as well as the consistency and strength of artificial selection (80). In contrast with domestication,
which is a slow process occurring over thousands of years, crop improvement is the deliberate and
intensive effort to improve established crops through selective breeding, primarily to advance yield
in the context of intensive industrial-scale agriculture but more recently to adapt varieties to new
abiotic or biotic stresses. From the early twentieth century, scientific approaches to crop improve-
ment dramatically accelerated the rate of change in some domesticated species and contributed
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De novo
domestication:
the directed
modification and
accelerated
improvement of
species, including wild
relatives of crops and
partially domesticated
species, facilitated by
genome editing
technologies

to increases in crop yields per cultivated area (36). Here, we explore a third process enabled by
genome editing technologies termed de novo domestication, which is the directed modification
and accelerated improvement of wild species or weakly domesticated crops (150). We also ex-
plore the use of genome editing technologies in trait modifications and targeted breeding of fully
domesticated species.

Crop domestication is a globally varied and complex process, and it remains incompletely un-
derstood for most crops. In most cases, the path from wild ancestor to domesticated crop was not
linear. Take maize, for example: People living in México domesticated maize about 9,000 years
ago from the bushy wild grass Zea mays ssp. Parviglumis (teosinte) (117) (Figure 1). Unlike many
other domesticated species, maize was domesticated only once. However, postdomestication gene
flow from teosinte was instrumental in maize adaptation and diversification (50).While there were
a few large-effect genetic variants strongly selected during maize domestication, many additional
traits and regions of the genome were selected (28, 117). As humans moved maize from the trop-
ics into temperate regions (Figure 1d), selection on morphological, physiological, and metabolic
traits led to extensive diversity within maize (1, 119).Maize andmany other examples demonstrate
that while domestication is often presented as a linear process from a wild plant to a cultivated
crop, the reality is more complex.

1.2. Genome Editing Technologies

Genome editing technologies, coupled with the discovery and mechanistic understanding of do-
mestication genes, offer the opportunity for targeted and thus accelerated domestication and crop
improvement. Although a few different genome editing technologies have been developed, the
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein
(Cas) system is the most widely employed in plants.Cas proteins are bacterial DNA endonucleases
that use a programmable guide RNA sequence to direct their activity. Following CRISPR/Cas
characterization, the system was quickly engineered to be deployed in heterologous systems,
wherein the guide RNA can be programmed to target any genomic locus,where it induces double-
stranded DNA breaks. Due to error-prone nonhomologous end joining, these double-stranded
DNA breaks can cause frameshift mutations by introducing small insertions or deletions in target
genes during repair (30) (Figure 2a). Catalytically impaired Cas variants fused with domains en-
coding other types of proteins have allowed for more sophisticated gene manipulation in plants,
such as targeted single-base editing (Figure 2b) and prime editing to modify multiple nucleotides
(Figure 2c), as well as promoter activation or repression (6, 54, 70, 75, 121) (Figure 2d). Tar-
geted local epigenetic modification has been used to adjust the expression of plant genes (65, 90)
(Figure 2e). More complex inducible systems are also being explored and are likely to function
in plants (134, 140) (Figure 2f ). Subsequent engineering efforts have expanded the CRISPR/Cas
tool kit considerably. Recent reviews cover this diversity more extensively (84, 129).

Improvements to crop characteristics using genome editing include examples such as soybean
fatty acid ratio adjustments, tomato fruit size increases, watermelon tolerance to herbicide, and
additional kernel row number in maize (5, 71, 99, 124). The above examples may represent the
low-hanging fruit of improvements, as most traits have complex genetic underpinnings involving
the interaction of multiple alleles and loci that are only partially understood. A particular advan-
tage of CRISPR is thatmultiple guide RNAs can bemultiplexed into a single transformation event,
allowing engineers to target multiple loci simultaneously in a single generation (99, 145). Further-
more, the genome editing machinery may be removed in the final product, using techniques such
as transient transformation, crossing away the stable transgenes after editing, or even delivery as
ribonucleoproteins, potentially side-stepping controversial genetically modified organism (GMO)
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Figure 1

The process of domestication (blue) was long and complex for most species, as shown here for maize. Over
thousands of years, maize changed morphologically (b,c) and expanded to agricultural environments across
continents (a,d) under temporally and geographically varying selection (117, 119). By contrast, crop
improvement (pink, e) is a modern, intensive process primarily focused on increasing yields. Panels b and c
adapted with permission from Reference 28. Abbreviations: ha, hectare; MT, metric tons.
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Genome editing technologies based on CRISPR/Cas systems. (a) The WT Cas9 protein is often used to induce targeted double-
stranded breaks, which are repaired erroneously by endogenous cellular machinery that stochastically introduces small insertions or
deletions, leading to frameshift mutations. (b) Cas9 variants with only single-strand nuclease activity (nickase) are used with other
proteins such as deaminases to produce specific nonsynonymous SNPs. (c) Nickases can also be fused with reverse transcriptase variants
and a modified guide RNA to introduce larger specific insertions or deletions. Other variants of Cas proteins are catalytically dead
(dCas) and used only to guide the activity of other proteins to which they are fused (d–f ). (d) Translational activators and repressors can
be targeted to a gene’s promoter region to alter expression levels. (e) Epigenetic modifiers such as histone acetyltransferases and DNA
methyltransferases fuse to dCas proteins to alter chromatin and gene expression. ( f ) Cas constructs can be inducibly regulated, such as
variants coexpressed with effectors that bind only in the presence of specific ligands. These ligands can be synthetic or endogenous,
such as plant hormones, to impart temporal/spatial regulation. Degrons built into the Cas constructs can similarly eliminate the protein
from cells containing the target ligand, allowing negative temporal/spatial regulation. Abbreviations: ABA, abscisic acid; Cas,
CRISPR-associated protein; CRISPR, clustered regularly interspaced short palindromic repeats; GA, gibberellic acid; JA, jasmonic
acid; SNP, single nucleotide polymorphism; WT, wild type.

labeling (74). These innovations offer opportunities to bring engineering solutions to market that
would be otherwise infeasible using only conventional technologies.

1.3. Selective Breeding Coupled with Genome Editing Has the Potential
to Be Transformative

The single most successful approach to domestication and crop improvement continues to be se-
lective breeding. Selective breeding is the process in which breeders first assemble or generate
a variable population and then select a subset of that population variation to advance to the next
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generation.Direct selection on yield is accompanied by extensive indirect selection onmany other
traits. For example, during maize improvement in the United States and China, direct selection on
yield led to indirect selection on leaf angle and tassel size (130). In this way, selective breeding offers
humans the opportunity to facilitate crop adaptation to particular environments without know-
ing what traits are most important by “asking” the plant. Crop improvement harnessed selective
breeding to the fundamentals of evolutionary theory (i.e., the modern synthesis) in the twentieth
century. This is illustrated by the Illinois Long-Term Selection Experiment, which has studied
continuous response to selective breeding in maize for over 100 years (85). Selective breeding
has also been successful in de novo domestication, where random mutagenesis followed by selec-
tion altered domestication traits in the Australian drought-adapted grassMicrolaena stipoides (108).
Given the complexity of adaptation, selective breeding remains a powerful method for adapting
species to new environments (48).

Selective breeding is a powerful technique but has limitations that may, in part, be overcome
by specific advantages offered by genome editing. Selective breeding on its own can only draw
from genetic diversity within a crop or closely related species and proceeds much more slowly in
perennial or vegetatively propagated species than in annuals. Available genetic diversity may con-
strain the ability of crops to diversify and adapt to novel environments (16, 139). Genome editing
technologies allow us to engineer diversity by modifying endogenous loci with intention, includ-
ing the design of novel alleles that are not present in any intraspecific gene pool or, indeed, natural
systems (35, 62, 99). This ability, coupled with the knowledge of plant functional genetic diversity,
promises novel strategies for future crop adaptations.While genome editing technologies are still
limited, their precision allows for targetedmodifications that can accelerate crop improvement and
domestication and, in vegetatively propagated plants, partially uncouple crop development from
selective breeding (72). Thus, selective breeding and genome editing, used together, could allow
for crop domestication and improvement that is faster and more successful than either technology
alone.

1.4. Genome Editing Technologies Are Not a Panacea

Genome editing technologies may hold great promise to address global challenges, but as with
any new technology there are potential pitfalls and limitations in their use. A recent flurry of
publications (e.g., 37, 48, 144) have explored various possible benefits, as we do here. This op-
timism is spurred by our new capacity to enact more rapid and precise changes in plants than
ever before. However, many of the problems facing our agricultural systems are not easily ad-
dressed by technological solutions, especially not on a global scale. Given that the reach of many
life-saving technologies barely extends beyond a few wealthy developed nations now, de novo do-
mesticates will likely be similarly limited unless cultural and economic issues are addressed (127).
Genome editing technologies are labor- and resource-intensive and therefore limited: While we
recommend that any genome editing project work to avoid genetic bottlenecking, achieving edited
population sizes as diverse and numerous as their source populations is practically impossible (86).
In addition, domestication is a long-term, complex process that took thousands of years in most
cases (80). While crop improvement in the twentieth century has accelerated the rate of crop
transformation and adaptation (Figure 1e), true de novo domestication, and the transformation of
existing food systems, is likely to takemany decades (127).However, given the profound challenges
to food production we are facing because of climate change, no technology should be dismissed
out of hand. De novo domestication and crop improvement using genome editing remain one
important path forward in working for global food security.

Here,we discuss strategies and considerations in de novo domestication and crop improvement
using genome editing. These include genetic strategies, considerations in selecting plants to focus
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on in de novo domestication efforts, and ethical and ethnobotanical considerations. In addition,
we briefly discuss drawing solutions from natural diversity in de novo domestication and crop
improvement.

2. GENETIC STRATEGIES INFORMED BY DOMESTICATION
AND EVOLUTION

2.1. Conserved Developmental Genes Are Promising Targets in Engineering
Crop Architecture

Both domestication and crop improvement are complex processes that involvemanymodifications
to plant form and physiology (1). Here, we focus on the modification of plant form, which occurs
through changes in the genes and mechanisms regulating plant development. The dynamics of
development, from seedling establishment to leaf initiation to inflorescence branching, impact
final plant form and, in turn, crop productivity and yield (11). For example, in maize, alterations
to plant development have enabled massive yield gains over the last 50 years (Figure 1e). Most
pertinent to yield, the morphology of the maize female inflorescence has been transformed by
domestication, leading to striking differences in size, flower number, and ultimately fruit (kernel)
number between teosinte and maize ears (117) (Figure 1c). Changes to other plant traits have
also been crucial in maize improvement. For example, selection acting on leaf angle has led to
plants with more upright leaves, which can be planted at higher density without decreasing yield
(130). As with other morphological traits, leaf angle is established over the course of development
and specifically controlled by developmental genes (118). Genome editing technologies allow us
to make precise changes to developmental genes and, in turn, alter plant form and improve crop
yield (11).

One developmental trait that has been the focus of de novo domestication and crop improve-
ment efforts, and that illustrates some important considerations in future efforts, is shoot apical
meristem (SAM) size. The SAM is a cluster of stem cells that generates all aerial organs in vascu-
lar plants, including flowers and fruits. Meristem size is correlated with organ size and number in
many plants and thus impacts yield in crops (12, 105, 141). Critically, this deeply conserved corre-
lation between meristem size and organ size and number is mirrored by deep conservation of gene
function (115). In Arabidopsis thaliana, the small signaling peptide CLAVATA3 (CLV3) binds to its
receptor CLV1 and negatively regulates the proliferation of stem cells in the SAM (Figure 3a).
CLV3 and CLV1 homologs have similar roles in deeply divergent lineages (Figure 3b), including
tomato (separated from A. thaliana by more than 100 million years) and the grasses maize and
rice (separated from A. thaliana by more than 160 million years) (61, 115). In addition, the CLV
network has been a target of selection under domestication; an allele of a tomato clv3 homolog
is a major domestication locus (49, 141). Deep conservation of gene function means that, even in
taxa where CLV gene function has not been determined, the CLV genes are reasonable targets for
genome editing in many lineages, following evolution and domestication’s lead.

Beyond meristem size, several conserved genetic pathways have been repeated targets of se-
lection in domestication and improvement. Within maize, molecular parallelism underlies the
convergent adaptation of different maize cultivars to highland conditions and to modern agri-
cultural systems (130, 131). Maize and rice show substantial evidence of convergent evolution of
orthologous genes, including regulators of grain production (19). During the Green Revolution,
breeders targeting semidwarf stature in maize, rice, barley, and wheat repeatedly selected for vari-
ants in the gibberellin biosynthesis pathway (11). Orthologs of the stay-green G gene in soybean
also show evidence of selection in rice and tomato,with a functional role in seed dormancy through
the modulation of abscisic acid synthesis (133). Beyond domesticates, many developmental genes
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Figure 3

Genetic strategies in de novo domestication and crop improvement. (a) Negative regulators are most useful because negatively affecting
gene function is easier than enhancing gene function with present genome editing technologies. The CLV3 peptide binds to its
receptors, which include the leucine-rich repeat receptor-like kinase CLV1, to negatively affect stem cell proliferation in the SAM.
(b) Critically, the function of CLV3 and CLV1 homologs is deeply conserved. (c) An allele of FEA2, the maize ortholog of CLV2,
increases meristem size and kernel row number in the heterozygous state. (d) Editing cis-regulatory sequences, often detectable as
CNSs in genomes, can create weak alleles and phenotypic variation that is useful in agriculture. Magenta lines indicate regions
disrupted in particular alleles. Numbers indicate individual alleles and resulting phenotypes. (e) Compensating paralogs can affect the
outcomes of editing focal genes. SlCLE9 is a close duplicate of SlCLV3 that compensates for its loss. slclv3 slcle9 double mutants have
extremely fasciated meristems. Abbreviations: CLE, CLAVATA3/EMBRYO-SURROUNDING REGION; CLV, CLAVATA; CNS,
conserved noncoding sequence; FAB, FASCIATED AND BRANCHED; FEA2, FASCIATED EAR2; SAM, shoot apical meristem;
SlCLE, Solanum lycopersicum CLE; SlCLV, Solanum lycopersicum CLAVATA; TD1, THICK TASSEL DWARF; UTR, untranslated
region; WT, wild type; ZmCLE7, Zea mays CLE7.

function in similar processes across lineages. For example, the MADS-box transcription factors
regulate floral organ identity in many angiosperm lineages. However, while these genes regulate
similar processes, lineage-specific variation modifies precise gene function (59). Thus, detailed
dissection of developmental gene function in as many lineages as possible is critical for attaining
predictability in crop improvement and de novo domestication using genome editing.
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function

Notable exceptions are found where domestication syndromes are similar between species but
the responsible loci differ. For example, TB1 is a major domestication locus in maize, but not in
Setaria italica (foxtail millet) or rice (18, 27, 31), which has been interpreted as indicating that com-
mon mechanisms do not underlie domestication in foxtail millet and maize (37). However, TB1
gene function is deeply conserved—well beyond the group of grasses to which maize and foxtail
millet belong. TB1 orthologs regulate axillary meristem dormancy and outgrowth in grasses and
eudicots (78, 89, 132, 147). Indeed, in A. thaliana and maize, separated by more than 190 million
years of evolution, TB1 orthologs target orthologous genes, indicating that gene function is con-
served through the deep conservation of molecular function (29, 42). Thus, TB1 likely functions
in axillary meristem dormancy and outgrowth in Setaria italica, but the complexity of the genetic
network regulating this trait means that even when single gene mutants emerge, they may not
produce phenotypes that are strong targets for selection under domestication (18). Although the
nodes of genetic networks may be maintained (such as TB1 and other conserved developmental
genes), the interactions between the genes at these nodes may differ, leading to domestication
loci differing between crops (18). In considering potential targets in future de novo domestication
and crop improvement efforts, an in-depth view of genetic architecture and genetic interactions
is important.

2.2. Weak Alleles Can Be Generated by Targeting Regulatory Sequences

Reducing gene function is straightforward with present technologies, whereas enhancing func-
tion is often more complex. Therefore, negative regulators are particularly attractive targets for
de novo domestication and crop improvement. Again, CLV genes serve as a useful example be-
cause they are negative regulators of stem cell proliferation; clv mutants have bigger meristems
and thus produce more and bigger aerial organs, including flowers and fruits (115). However, null
alleles that abrogate conserved developmental gene function often result in pleiotropic, extreme
phenotypes that impact many aspects of plant form. These alleles often reduce plant fitness and
may not be useful in agriculture. Thus, weak (hypomorphic) alleles are often more desirable in
agriculture than strong or null alleles (Figure 3d).Mutations that impact gene function can occur
in either the coding (protein-encoding) or noncoding (gene regulatory) sequence. Weak coding
sequence alleles have arisen over the course of evolution, but these are rare, in part because of neg-
ative pleiotropy associated with coding sequence alleles and because the coding sequence space of
eukaryotic genomes is much smaller than noncoding sequence space. Thus, as compared to cod-
ing sequences, noncoding sequences harbor far more potential mutational targets for modulating
and reducing gene expression. Indeed, noncoding alleles that impact gene expression rather than
protein function have likely been much more important in natural evolution and domestication
than coding alleles (81, 138). For example, noncoding alleles of the tomato clv3 ortholog slclv3,
created through genome editing, increase carpel number and fruit size in tomato along a pheno-
typic gradient, providing valuable quantitative variation likely to be useful in selective breeding
(98). Similarly, weak promoter alleles of clv3 homologs in maize increase kernel row number (71).
Beyond the clv genes, promoter editing has been used successfully on a number of conserved
developmental genes in tomato as well as on a pathogen resistance gene in grapefruit (52, 99).

Accurate detection of cis-regulatory elements is starting to allow for the more precise engineer-
ing of promoter alleles of developmental genes (47).Cis-regulatory elements conserved over deep
time have the potential to be particularly useful in agriculture. These deeply conserved regulatory
elements, detected as conserved noncoding sequences (CNSs), are likely to impact gene function
and may allow for the creation of weak alleles even in species where mechanistic studies of gene
and allele function are intractable.While these deeply conserved elements are difficult to detect in
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plant genomes, the recent rapid increase in high-quality genome sequences from across the land
plant phylogeny (60), coupled with new algorithms for detecting CNSs, has revealed elements
conserved between A. thaliana and tomato (47). Future efforts are likely to reveal more of these
elements, conserved over broader swathes of plant diversity, that may be appropriate targets for
genome editing in de novo domestication.

2.3. Gene Duplication, Retention, and Functional Evolution Can Impact
the Effects of Engineered Alleles

Variation in gene content within species and families is another important factor in engineering
weak alleles. For example,SlCLV3 in tomato has a duplicate,SlCLE9, that arose from a duplication
event in a lineage leading to the Solanaceae. SlCLE9 is highly upregulated in slclv3 mutants and
partially compensates for the loss of SlCLV3 function (99). This is not the case in tobacco, which
has lost its SlCLE9 ortholog.Therefore, clv3 homolog singlemutants aremuch stronger in tobacco
than they are in tomato and resemble tomato slclv3 slcle9 double mutants (Figure 3e). The peptide
encoded by SlCLV3 has also diverged in function in tomato as compared to tobacco (63).This vari-
ability in gene duplication, retention, loss, and functional evolution is likely to impact the effects
of engineered CLV3 ortholog alleles in the Solanaceae.Given rampant whole-genome duplication
and polyploidy in the angiosperms (114), this variability is also likely to extend beyond the CLV3
gene family. Predicting compensation remains challenging, but high-quality genomes that reveal
structural variation, analyses of expression in relevant tissues, and analyses of gene family evolution
can all be important tools that guide effective target selection in de novo domestication (99).

2.4. Dosage Sensitivity and Dominant Negatives Are Useful
in Hybrid Breeding

Hybrid vigor or heterosis has been critical in crop improvement and is likely to remain so. There-
fore, alleles that impact traits in the heterozygous state are useful in crop engineering.For example,
dominant negative alleles have been critical in twentieth-century crop improvement. One key
characteristic of green revolution crops is decreased height, which reduces lodging susceptibility
(56). In wheat, this decreased height is because of mutations in the DELLA transcription factor
genes, which regulate transcriptional responses to gibberellins. Two of the major wheat DELLA
alleles are dominant negatives, overcoming the genetic redundancy inherent in hexaploid wheat
(91). In the case of the CLV genes, an allele of FASCIATED EAR2, the maize ortholog of CLV2,
increases kernel row number in the heterozygous state but results in extreme fasciation and de-
creased kernel row number when homozygous (12, 125) (Figure 3d). This particular allele arose
by chance, but in-depth knowledge of protein and gene function could allow for the precise design
of dosage-sensitive alleles.

2.5. Genome Editing for Large Effects and Selective Breeding for Fine-Tuning

While domestication often involves a few large-effect genes, there are many loci involved in do-
mestication (55). Genetic architecture of human disease is similar, where a few core genes have
large effect sizes, but many genes contribute to disease heritability. Core genes often have clear
functional connections to the phenotype, such as developmental transcription factors in domes-
tication. However, interconnectedness and the properties of cellular networks mean that every
gene in a cellular network is connected to every other gene by only a few steps (14). Thus, small-
effect loci impact the expression and function of core genes. In addition, core gene function may
be under strong negative selection and thus less likely to accumulate the extensive intraspecific
variation useful in selective breeding. This may be the case for the CLV genes in maize, where
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engineered variation in CLV3 homologs impacted kernel row number (71), but only one CLV net-
work gene has been found to be associated with intraspecific variation in meristem size (12, 66).
Genome editing can modify small numbers of large-effect loci contributing to desired traits, but
it is limited by our lack of knowledge of interconnectedness and the identity and large number
of small-effect loci and by the impracticality of editing all the genes that contribute to a trait,
even if we knew what they were. Thus, engineering variation into a few core genes followed by
fine-tuning with selective breeding may succeed where either strategy alone cannot (35). Because
CRISPR guides can be multiplexed, a single construct could be introduced to edit a few core
genes in a selection of successful varieties (in crop improvement) or into a few genetically distinct
lineages (in de novo domestication) (35, 37). Indeed, editing multiple genes to modify plant ar-
chitecture has been successful in tomato (62); an African accession of Oryza sativa (rice) (64); the
weakly domesticated tomato relative, Physalis (67); and the wild crop relativesOryza alta (145) and
Solanum pimpinellifolium (149).

While we focus on meristem size here, many morphological traits and genes contribute to
domestication and yield, representing excellent candidates for this approach. Variations in shoot
production and branching, flowering time, reduced seed dispersal (shattering), and reduced seed
dormancy are among the traits associated with domestication syndrome, many of which are reg-
ulated by conserved genes (37, 81). Critically, once a gene has been identified that represents
a potential target for genome editing, domestication, evolution, and pioneering efforts in de
novo domestication and crop improvement all provide useful road maps for designing successful
genome editing strategies.

3. STRATEGIES IN SELECTING PLANTS FOR DE NOVO
DOMESTICATION AND IMPROVEMENT

3.1. Indigenous Knowledge Systems and Ethnobotany

Ethnobotanical leads based on indigenous knowledge systems allow for a targeted approach to se-
lect plant species, genotypes, and populations for de novo domestication. Ethnobotanical records,
including extensive documentation of indigenous crops (95), provide valuable information for de-
termining which plants to select. Indigenous knowledge is ancient information that has traversed
generations, often through oral histories (33). Although linked to past generations, indigenous
knowledge is dynamic. Indigenous knowledge holders are thus able to tap into a deep knowl-
edge base but also to be experimental in offering innovative solutions that are “reconstructed in
response to contemporary realities” (9). The ethnobotany-driven approach has had some suc-
cesses with medicinal plants in new drug discovery (8, 43). A prime example is linked to how
artemisinin, extracted from Artemisia annua L., found its way from traditional Chinese medicine
to being an important antimalarial drug in allopathic medicine (68). Ethnomedical information
has been foundational in making decisions about which plants to evaluate in drug screening
programs. A similar approach that is informed by ethnobotany and that works with indigenous
knowledge holders could also be similarly successful in the selection of food crops for de novo
domestication.

In Africa, over 2,000 plant species are consumed as food (88). In the Cape Floristic Region,
an epicenter for floral diversification (with approximately 9,000 species) characterized by many
endemic plants (41), at least 250 plant species are used as bush medicine (7). In 2011, Van Wyk
(128) noted 120 species from South Africa as potential new foods and beverages, some of which
were first documented by ethnobotanists. Such examples provide impetus for the prioritization of
the documentation of indigenous knowledge and the use of ethnobotanical records as a resource
in choosing plants for de novo domestication.
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3.2. Avoiding Exploitation and Engaging Stakeholders

Critically, such endeavors should only take place with adherence to cultural protocols dictated and
directed by indigenous people and with their consent, especially in the context of sacred knowl-
edge. Researchers should thus be aware of indigenous peoples’ rights, stipulated in the United
Nations Declaration on the Rights of Indigenous Peoples (15), and cognizant and respectful of
concerns and boundaries set in place by knowledge holders in terms of the disclosure, sharing,
and use of such knowledge (122). It is imperative that indigenous knowledge holders “define
and control rights and access” to digitized secret and sacred information in instances where such
information can lead to illicit application and misuse (51, p.1).

Working with indigenous knowledge holders should be collaborative, not extractive. Despite
globalization, deep-seated indigenous knowledge still resides in communities all over the world.
This indigenous knowledge is often localized in regions that are socioeconomically impoverished
and marginalized, particularly in rural settings (77). The Convention on Biodiversity and the
Nagoya Protocol duly acknowledge the role of indigenous knowledge and the ethnobotanical
information attached to it in shaping scientific discovery and policy as a means to ensure “fair
and equitable beneficiation” (https://www.cbd.int/abs/) with indigenous groups and knowledge
holders. In some biodiversity-rich countries with a long-standing history of ethnobotanical ex-
ploitation, particularly in the use of phytomedicines, national strategies have been promulgated,
aiming to ensure fair benefit-sharing practices from bioprospecting linked to biological resources
and the indigenous knowledge attached to it. These strategies need to be inclusive of all stake-
holders (scientific researchers, indigenous groups, and the private sector) with a framework that
can be attractive to researchers and industry partnerships without being ambiguous or plagued
with complex regulatory hurdles (46). Otherwise, unfavorable environments that are difficult to
navigate from ethical and legal standpoints become overly prohibitive for the implementation and
adoption of scientific technologies.

It is critical to engage stakeholders from the very beginning of projects and avoid so-called
helicopter science or project design failures because indigenous knowledge and opinions were not
considered or integrated from the outset. Even when consultations with indigenous tribes and
benefit-sharing agreements are in place and there is an overall positive sentiment toward a cross-
cultural collaboration between indigenous people and scientists, project failures are sometimes
unavoidable. Several pharmaceutical bioprospecting projects in the 1990s failed dismally. For
example, the International Cooperative Biodiversity Group (ICBG)-Maya and ICBG-Aguaruna
projects inMexico and Peru, respectively, were placed on hold due to strong opposition from non-
governmental organizations presenting arguments of economic colonialism and biopiracy (10).

3.3. Domesticating Locally Adapted Plants

Plants from particular biomes are likely to be preadapted to particular agricultural environments
or regimes (83, 136, 150). For example, the Ethiopian oil crop Guizotia abyssinica (noug) may have
been selected for resilience to harsh environmental conditions. Noug is phenotypically plastic,
which may allow it to produce a crop despite extreme variations in weather such as drought and
floods (26). Similarly, the particular architectures of the African cereals t’ef (Eragrostis tef ) and
fonio (Digitaria exilis and Digitaria iburua) may have allowed for adequate harvests under harsh
and variable environmental conditions (24, 136). Climate-resilient crops like these present strong
targets for engineering and accelerated yield improvement. However, climate-resilient semido-
mesticated crops such as t’ef, fonio, and noug often are low-yielding when grown en masse using
conventionalmonoculturemethods.Thus, the translation of subsistence farming practices of these
and other low-yielding indigenous crops to mass markets is difficult. Both indigenous knowledge
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and scientific knowledge should interface more strongly when guiding decision-making to de-
velop and promote indigenous crops. Research should prioritize both the increased application of
biotechnology for improved yields and nutritional value and intensive modeling of future impacts
of climate change (76).

Medicinal plants may be highly advantageous as selection starting points in de novo domes-
tication. Medicinal plants are critical components of primary healthcare systems, which serve
approximately 80% of people in the developing world (87).Natural product research to character-
ize phytochemical components, safety and toxicity profiles, and, in some instances, the nutritional
value of these plants is ongoing. However, medicinal ethnobotanicals derive their pharmacolog-
ical properties from specialized metabolites produced from diverse (and complex) pathways that
allow for metabolic plasticity as plants respond to their environments (94). Phenological and phe-
notypic responses to environmental stresses may be unique and lineage specific, and the intrinsic
mechanisms that drive these responses remain poorly resolved for many species (2). Also, some
metabolites may be phylogenetically restricted and specific to certain taxa (79, 137).This complex-
ity makes it difficult to identify genes that allow for functional adaptive responses that are sought
after in de novo domestication and crop improvement. Focusing on engineering and yield im-
provement in these locally adapted plants may be more successful than introducing their adaptive
traits into domesticated crops.

3.4. Challenges to the Ethnobotany-Driven Approach

Urbanization andmodernization threaten both indigenous knowledge and plant diversity. Inmany
countries with high biodiversity and species richness, such as South Africa, traditional knowl-
edge on partial domesticates and other indigenous species is fragmented due to modernization
and urbanization. Substantial knowledge still resides with subsistence farmers in rural environ-
ments, but accessing this knowledge requires many ethical considerations (particularly in relation
to biopiracy and biocolonialism) and an understanding of and respect for regional community
protocols and customary laws. A further complication is that many species are threatened because
of agricultural expansion (32), the financialization of agriculture (22), sprawling urban develop-
ments, competition from invasive species (13), and disruption of plant life cycles from climate
change (135). Conservation management of plant biodiversity and the systematic documentation
of threatened and nearly extinct species cannot always keep up with biodiversity losses and their
unique germplasm.

We have limited knowledge concerning the genetic diversity of endemic and indigenous
species, including neglected and underutilized crops (76), but our knowledge will increase with
the application of next-generation sequencing tools to native species and data deposition into gene
banks (127). The large and complex nature of many indigenous crop genomes adds another di-
mension of difficulty (142), but genome sequencing, assembly, and annotation tools have advanced
considerably in the recent past, allowing for the sequencing and assembly of even the hexaploid
domesticated oat (Avena sativa) genome (53). Genetic transformation and gene editing technolo-
gies for ethnobotanicals are not always possible due to a lack of transformation protocols, low
transformation efficiencies (67), and a lack of annotated reference genomes and information to
select suitable domestication-related genes for beneficial traits (38, 96). In vitro plant propagation
with reliable plant regeneration protocols is generally needed to apply the current technology
used for de novo domestication (23). For many semidomesticated crops and indigenous plant
species that may be consumed as foods and medicines, reliable micropropagation regimes may
not always be available. This lack of foundational knowledge about most plants used by humans
hampers innovation and limits de novo domestication.
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3.5. Translation of Foundational Knowledge from Well-Studied Relatives

While foundational knowledge about de novo domesticates may be lacking, information from
closely related species that have been more intensively studied can be translatable. Genetic con-
servation between de novo domesticates and other model species or well-studied crops can make
the transfer of fundamental knowledge of genes and gene functionmore predictable. Phylogenetic
relatedness and biological similarity can also accelerate tool development (e.g., transformation
protocols, genetic reagents, and tools). Notably, there is prolific scientific literature on the mi-
cropropagation of medicinal and horticultural plants, with new and improved protocols being
published for a wide range of taxa. This broad knowledge base could be transferable to related
food crops (127). Translation of basic understanding from cultivated rice has been successful for
modifying an African O. sativa accession and the undomesticated wild rice relative O. alta (64,
145). Beyond the grasses, similar strategies have been successful in the Solanaceae (tomato family)
(67, 149) and the Brassicaceae (Arabidopsis family) (21). Similarly, people from different regions
and cultures have a tendency to use plants from related phylogenetic groupings for similar med-
ical conditions, and phylogeny-driven pharmacological screening is also being explored (101).
Extensive analyses of indigenous crop/crop model pairs (25) and analyses of crop phylogenetic
relationships (82, 83) thus have the potential to be powerful resources for selecting plants and
genes to focus on in de novo domestication efforts.

4. ETHICAL CONSIDERATIONS IN DE NOVO DOMESTICATION

Just as deep time instructs us on how to approach the biology of crop improvement, so human
history reveals the many potential pitfalls in crop engineering and de novo domestication (97,
104, 146). First, the very premise of new agricultural technologies is rationalized around the need
to feed a growing global population (48, 144). There is by now a robust critique of the logic of
overpopulation (45, 102). Even though we currently have (and have had in the recent past) more
than enough food to feed all in the world, we fail to do so. Undernourishment, malnourishment,
and, indeed, starvation persist within and across countries. Rather than expanding technology, the
urgent need is to alleviate poverty and ensure the distribution of food. If the goal is to end world
hunger, new technologies cannot solve this fundamental problem of inequality.

Second, the history of agricultural technology should teach us some important lessons. Of-
ten, these technologies are universal; that is, one solution fits all global contexts. Hybrid seeds,
GMOs, pesticides, and herbicides have a global reach, sometimes with disastrous consequences (4,
100). For example, the environmental impact decades after the much-heralded Green Revolution
that celebrated food self-sufficiency in India is sobering (40, 110). We see severe environmental
degradation of soil, vegetation, and water resources and the need for increasing chemical inputs
(111). During the Green Revolution, the state of Punjab, once considered the breadbasket of
India, shifted from diversified climate-adapted crops into a predominantly rice-wheat crop rota-
tion with much higher water use.With the severe loss of the water table, the state faces increasing
desertification. Clearly, any new technology must work within the ecological and social contexts
of agriculture (127).

Third, most innovative technologies are fueled by commerce—private sector work and a
funding-driven academic reward system. Intellectual property regimes through patents and
trademarks ensure the continued dependence of farmers on seed companies. Erratic weather
patterns and a lack of infrastructure to support innovative seed technologies have resulted in crop
failures and farmer debt and suicide (109). These histories remind us that the economic conse-
quences of any technology are critical. Also, much (free) research on the sustainable ecological
management of crops is systematically ignored in order to promote the commercialization of
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technology (92, 123). Before the pursuit of any technological innovation, the first question that
must be asked is whether there is a need for new technology.

Fourth, the history of technology reminds us that when technologies fail, the solution is always
a new technology (106, 112)! We are caught up in an endless loop of technological determinism.
Much scientific and technological innovation continues to reside in wealthy Western nations and
multinational corporations (69). We risk the continuation of an extractive, Eurocentric colonial
legacy in crop improvement. Genuine partnerships across developed and developing nations are
urgently needed. Technological innovation that grounds local contexts (economic, social, ecolog-
ical) and that includes scientists and farmers from the Global South from the very beginning will
go a long way to prevent history from repeating itself.

Fifth, the Eurocentrism of science has erased, ignored, and marginalized knowledge from col-
onized and indigenous communities. Recent work in indigenous sciences reminds us of centuries
of tried and tested cosmologies and technologies (57, 120). At the heart of this literature are in-
novations that are grounded in local ecologies and that recognize the interconnected human and
nonhuman worlds. Ethnobotanical knowledge promises us much, but we must be careful to avoid
recolonizing indigenous communities to yet again appropriate and extract knowledge. Much of
the work in indigenous studies offers models of ethical and respectful collaborations.

5. MODIFYING CROPS FOR WHAT THE FUTURE HOLDS

Climate change is bringing unprecedented shifts in the environmental conditions to which our
crops must adapt. These shifts are predicted to be faster and more extreme than the pace of evolu-
tion, and the ability of populations to adapt to new climate regimes may be constrained (16, 139).
Importantly, genome editing in de novo domestication and crop improvement allows us to accel-
erate crop adaptation and engineer plants adapted to the environmental conditions we predict will
exist under climate change. In addition, it allows us to look beyond crop plants for solutions to
ecological problems. Angiosperms have diversified to occupy, and in many cases dominate, every
biome on land. Thus, adaptations to deal with most looming problems already exist in natural
diversity. In addition, aerial plant organs are all leaf homologs, and decades of molecular genetics
have revealed that the functions of many core developmental genes are conserved (11, 59), mean-
ing that knowledge of the molecular genetics underpinning plant adaptation could be translatable
to crop plants.

5.1. Drawing Solutions from Diversity

Efforts are already underway for the radical modification of crop form and function in response to
climate change. Engineering C4 photosynthesis into rice is a crop-engineering strategy informed
by natural diversity and was developed in response to climate change (34). Increasing tempera-
tures, unpredictable weather patterns, decreased freshwater availability (103), pollinator decline
(39), and soil erosion (93) continue to mount increasing challenges to outdoor agriculture, while
rising sea levels and development on farm land reduces arable land. Indoor agriculture is generat-
ing interest for its potential solutions to these problems (126). After 10,000 years of breeding for
plants grown outdoors, we now face the daunting challenge of fitting crops into an entirely alien
system for which they are not adapted. To meet this challenge, Kwon et al. (62) simultaneously
edited multiple genes in tomato, reducing time to flowering, introducing determinacy, reducing
internode lengths, and modifying branching architecture.

Future efforts could look to diversity. For example, if vertical farming is to become widespread,
we might look to the architecture of cliff- or wall-growing plants, such as Parthenocissus tricuspidata
(Boston ivy), that can efficiently grow up vertical surfaces with specialized adhesive pads and create
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a uniform foliage layer (116). Many aquatic plants have evolved highly modified root systems, or
even lost their roots, to thrive in aquatic environments, such as duckweed (Lemna,Spirodela,Wolffia
spp.), which may be better suited to hydroponic systems than roots from soil-dwelling plants (3).
However, large-scale indoor growing is at a phase of innovation and may change considerably
over the next few years. Thus, investigating the developmental and evolutionary basis of diversity
should be a focus for the plant biology community so that this knowledge is available when it
becomes advantageous to engineer crops for new environments.

5.2. Engineering Flowers to Facilitate Breeding

Selective breeding is a powerful technology that is likely to remain important in agriculture.
Therefore, considering or engineering traits that facilitate breeding is an important aspect of de
novo domestication and crop improvement. Critical in selective breeding is the ability for humans
to develop genetic lines (often through selfing) and then to cross together different genotypes to
combine traits or to take advantage of heterosis (Figure 4a,b). Thus, both self-pollination and the
ability of humans to make controlled crosses quickly and easily are important.

One trait common to many crops, which may have been either a preadaptation to domesti-
cation or selected for under domestication and improvement, was the loss of self-incompatibility
and morphological adaptations to selfing (20). Domestication and improvement in rice involved
a switch from outcrossing to highly selfing, in part because of reduced stigma exsertion (58).
Similarly, in tomato, stigma exsertion and the loss of self-incompatibility have been critical in
domestication and improvement (17, 107). In potato, editing self-incompatibility loci has allowed
for the generation of self-compatible lines that could be used in breeding programs (143). While
the genes regulating stigma exsertion are likely to be functionally conserved between potato and

c  Monoecya  Self-compatible b  Outcrossing
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Figure 4

Floral traits that facilitate breeding, as exemplified by maize. (a) Self-compatibility coupled with (b) the
ability to make outcrosses quickly and easily is important in selective breeding. Outcrossing is facilitated by
separated male and female floral function. (c) In monoecy, this separation is spatial, with male and female
flowers borne in separate inflorescences. Abbreviations: ca, carpel; st, stamen.
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tomato, thus providing clear targets for editing and modifying potato floral morphology, there
are likely many genes that impact the relative lengths of stamens versus stigmas. Thus, detailed,
fundamental knowledge of the genes regulating the development of floral form in many taxa is
critical for identifying targets in many de novo domestication efforts.

Floral sexuality is another floral trait that impacts breeding programs and crop productiv-
ity. Some separation of staminate and ovulate floral function is preferable to obligate selfing of
hermaphroditic flowers because, although selfing allows for development of stable inbred lines,
outcrossing facilitates hybrid development. In addition, extensive selfing may lead to a high ge-
netic cost of domestication, as was likely the case in rice (73). Monoecy (i.e., separate male and
female flowers on the same plant), as in maize (Figure 4c), allows for easy crossing and selfing. In
contrast to dioecy (i.e., separate staminate and ovulate plants), every plant has the capacity to make
fruit and seed, thus maximizing potential crop productivity. In the Cucurbitaceae, monoecy may
have been a domestication enabler. Although dioecy is ancestral in the family,most major cucurbit
crops, including cucumbers, aremonoecious annuals (20). Similarly, a transition to hermaphroditic
flowers (away from dioecy) occurred during grape domestication (148). Either selecting monoe-
cious plants for de novo domestication or engineering monoecy has important consequences for
downstream selective breeding.

5.3. Challenges to Drawing Solutions from Diversity

The biggest hurdle in drawing solutions from diversity continues to be the large knowledge gaps
in the genetics of plant development outside of a few well-studied experimental systems. Even
within well-studied systems, the functions of most genes have been defined on the basis of a few
(null) alleles. The mechanistic connections between protein structure, regulatory architecture,
and phenotype remain largely unknown for most genes and proteins. Epistasis and intraspecific
genetic diversity also mean that even if we do know which particular cis-regulatory sequence or
amino acid to edit, the effects of particular edits remain unpredictable in most genotypes (99).
Many plants that are attractive targets in de novo domestication, or that have traits that could
be useful in agriculture, are not amenable to the tools and techniques of genetics. Thus, drawing
on comparative methods that consider the evolution of traits over deep time may be important
for determining the genetic underpinnings of particular traits (113). Importantly, extensive gene
editing as part of de novo domestication efforts in many species is likely to not only improve crop
plants but also provide important functional data about the genes that regulate domestication
traits. Lastly,while fundamental knowledge of the genes that regulate particular traits is important,
fundamental knowledge of plant diversity remains equally important. Expertise in taxonomy and
systematics, ethnobotanical expertise, and indigenous knowledge all remain critical in any de novo
domestication efforts.

SUMMARY POINTS

1. Genetic strategies informed by domestication and evolution have been fruitful.Ongoing
efforts should continue to draw from the examples we have in agriculture and nature.
Genome editing releases us fromdependence on randommutagenesis, or on intraspecific
diversity, and can draw solutions more broadly from plant diversity.

2. Our understanding of the genetics underlyingmany plant traits that are critical for future
crop engineering is sparse, which limits innovation.
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3. Domestication is a complex process, incompletely understood for most crops and in-
volving changes not only to plant form but also to many other aspects of plant biology
and human culture. Genome editing is one tool that can accelerate domestication, but it
is not a panacea.

4. De novo domestication and crop improvement using genome editing will still require se-
lective breeding, especially for developing crops for different geographic areas, cultures,
and environments.Therefore, focusing on traits that facilitate the breeding of wild plants
or of weakly domesticated plants is likely to be fruitful.

5. Indigenous knowledge and ethnobotanical expertise have the potential to provide
strong leads in selecting plants for engineering and de novo domestication. However,
indigenous knowledge and communities must be respected and protected in this process.

6. Social and ethical considerations are critical. Success, and not repeating past mistakes,
requires collaboration across traditional boundaries.
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