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Abstract

Domestication can be considered a specialized mutualism in which a domesticator exerts control over the reproduction or
propagation (fitness) of a domesticated species to gain resources or services. The evolution of crops by human-associated se-
lection provides a powerful set of models to study recent evolutionary adaptations and their genetic bases. Moreover, the do-
mestication and dispersal of crops such as rice, maize, and wheat during the Holocene transformed human social and political
organization by serving as the key mechanism by which human societies fed themselves. Here we review major themes and
identify emerging questions in three fundamental areas of crop domestication research: domestication phenotypes and syn-
dromes, genetic architecture underlying crop evolution, and the ecology of domestication. Current insights on the domesti-
cation syndrome in crops largely come from research on cereal crops such as rice and maize, and recent work indicates distinct
domestication phenotypes can arise from different domestication histories. While early studies on the genetics of domestica-
tion often identified single large-effect loci underlying major domestication traits, emerging evidence supports polygenic bases
for many canonical traits such as shattering and plant architecture. Adaptation in human-constructed environments also in-
fluenced ecological traits in domesticates such as resource acquisition rates and interactions with other organisms such as root
mycorrhizal fungi and pollinators. Understanding the ecological context of domestication will be key to developing resource-
efficient crops and implementing more sustainable land management and cultivation practices.

served as models in both genetic and evolutionary studies
(Andersson and Purugganan 2022). The domestication and
dispersal of crop plant species such as rice, maize, and wheat
beginning about 13,000 years ago also helped bring about
dramatic changes in human social and political organization
(Diamond 2002; Purugganan and Fuller 2009); today, crops

Introduction

Domestication can be considered a specialized mutualism in
which a domesticator exerts control over the reproduction
or propagation (i.e. fitness) of a domesticated species to
gain resources or services, resulting in a unique coevolution-
ary dynamic (Zeder 2014; Zeder 2015; Purugganan 2022). The

process of domestication provides powerful models to study
recent evolutionary adaptations and their genetic bases
(Ross-lbarra Morrell and Gaut 2007). Charles Darwin used
domesticated crops to understand variation and selection
(Darwin 1868), and over the last 150 years, crops have

are the foundation of modern human societies by providing
the majority of food resources—as well as other products—
necessary for the survival of the global population.

The nature of domestication has been the subject
of intense debate, and over the last two decades our
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understanding of this process has advanced considerably
(Abbo et al. 2022; Allaby et al. 2022). Although earlier studies
had suggested that domestication could have been a rapid
process (Abbo et al. 2011), archaeological evidence increas-
ingly indicates that early domestication was largely a
protracted, often landscape-level process characterized
by weak, unconscious selection occurring over long time per-
iods (Purugganan and Fuller 2011; Meyer et al. 2012;
Arranz-Otaegui et al. 2016; Allaby et al. 2022). Consistent
with a protracted transition from wild to domesticated
forms, recent genomic studies in multiple domesticated
crops have shown a gradual to negligible decline in effective
population size during early domestication (Gross et al. 2014;
Meyer et al. 2016; Allaby Ware, and Kistler 2019; Trucchi et al.
2021; Zhou et al. 2017) rather than a rapid or instantaneous
bottleneck that might be expected if domestication involved
sampling from a wild population once or a small number of
times followed by strong selection (Purugganan 2019). For
example, a recent study on ancient domesticated common
beans from South America showed that the beans—with
ages ranging from 600 to 2,500 years old—maintained
equivalent levels of genetic diversity to modern wild popula-
tions, suggesting that the reduced diversity in modern culti-
vars is a consequence of more recent human cultivation
practices rather than processes during the early domestica-
tion period (Trucchi et al. 2021).

The discovery of different, independent Neolithic centers
of domestication (Vavilov 1994) also provides the opportun-
ity to explore the process of domestication as parallel natural
experiments (Gepts 2003). Overall, domestication of crops
appears to have occurred in at least 24 different geographic
areas, the earliest being in the Fertile Crescent, China, and the
Americas (Purugganan and Fuller 2011). Multiple cereal crop
species from different domestication centers such as rice,
maize, wheat, and sorghum share to varying degrees a set
of traits, including non-shattering seeds, increased seed
size, reduced seed dormancy, loss of outcrossing, and apical
dominance, which are collectively referred to as the domes-
tication syndrome (Hammer 1984; Allaby 2014; Preece et al.
2017). Adaptations such as non-shattering seeds, shoot archi-
tecture, and seed dormancy have been shown to at least par-
tially arise from changes in the same underlying genes—Sh1
(Lin et al. 2012), Tb1 (Ramsay et al. 2011; Remigereau et al.
2011), and G (M. Wang et al. 2018), respectively—in multiple
species. Instances of convergent evolution of domestication
phenotypes, and sometimes genotypes, are in line with do-
mestication being a distinct evolutionary process among spe-
cies sometimes leading to shared features and outcomes
(Lenser and Theifen 2013). Finally, the process of domestica-
tion is also often characterized by gene flow or hybridization
between different species or populations, as observed in
wheat (Wang et al. 2022), citrus (Wu et al. 2014), maize
(Kistler et al. 2020), rice (Choi et al. 2017; Wu et al. 2023),
and others. Hexaploid bread wheat, for instance, arose
from hybridization between tetraploid emmer wheats—
domesticated near the onset of agriculture in the Fertile
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Crescent more than 10,000 years ago—and wild goatgrass
(Dvorak et al. 1998; International Wheat Genome Sequencing
Consortium 2014).

Over the last few decades, there have been important
strides in our understanding of domestication and crop evo-
lution, although our understanding remains incomplete and
multiple issues are unresolved. For this review, we identify
and focus on three fundamental areas of crop domestication
research that are transforming long-held ideas on the process
of domestication. Our first area of focus is on domestication
phenotypes and the nature of domestication syndromes.
Cereal crop traits heavily inform traditional conceptions of
the crop domestication syndrome, but many such traits are
not universal across crops (Meyer et al. 2012). In fact, it has
been challenging to define a consistent set of domestication
phenotypes for other types of crop domesticates such as vege-
tatively propagated field crops like sugarcane, potato, and cas-
sava (Denham et al. 2020). Understanding variation in
domestication traits and syndromes across crops will be key
to identifying shared and heterogeneous aspects of the do-
mestication process. Recent comparative analyses have begun
to define distinct domestication syndrome traits (Fuller 2018)
or reframe the domestication syndrome as more general ten-
dencies (Denham et al. 2020) for specific crop types.

The second area we explore is the genetic architecture
underlying domestication and crop evolution. Early studies
on genetic loci associated with domestication identified sev-
eral large-effect mutations associated with phenotypes such
as non-shattering seeds and apical dominance (Li et al. 2006;
Whipple et al. 2011), which shaped a relatively simple view of
the domestication process. It is, however, becoming increas-
ingly clear that many domestication phenotypes have com-
plex and polygenic genetic architectures that often require
high-resolution genome-wide association studies (Xue et al.
2016) or observation in a wild genomic background
(Ishikawa et al. 2020) to be revealed. In addition, the concept
of a domestication locus remains nebulous with regard to
when mutations need to have arisen or become selected.
Ancient DNA, when available, (Jaenicke-Després et al. 2003;
Vallebueno-Estrada et al. 2016) and new methodological ad-
vances in dating allele ages and selective sweeps (Speidel et al.
2019; Stern et al. 2019) are likely to be useful in dissecting the
evolutionary genetics of the domestication process while dis-
tinguishing it from later selection during crop diversification
and recent breeding.

Finally, we examine the ecological context of domestica-
tion. The milieu and impact of domestication extends be-
yond the domesticator and domesticated species to their
environmental and ecological context. Domestication stud-
ies have focused on phenotypic traits that appear to be dir-
ectly favorable to humans, but there have been relatively
fewer studies on selection on ecological traits within human-
constructed environments during the protracted domestica-
tion period (Chen et al. 2015; Milla 2023). Ecological traits
such as growth and resource acquisition rates and interac-
tions with microbes, pollinators, and other organisms have
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Figure 1. Domestication events through time. Number of domestication events in 1,000-year windows (the label “2000” corresponds to the window
between 2,000 and 3,000 years ago). Crops are further grouped by the primary part of the plant used. Based on 235 species with dates for earliest
evidence of domestication in the Crop Origins and Phylo Food database reported in Milla 2020.

implications for land management and sustainability of cul-
tivation practices, and a better understanding of the ecology
of domestication can help to both raise yield and more sus-
tainably manage local ecosystems.

The domestication syndrome and beyond
Crop plant species evolve under domestication as a direct re-
sult of human-associated selection or as adaptations to
the human-constructed environments developed for their
growth and exploitation. The traditionally defined domesti-
cation syndrome in crops comprises a set of common pheno-
typic traits that were selected across different species during
the transition from wild to domesticate, facilitating the mu-
tualistic interaction between crops and humans and allowing
for growth in human-constructed agricultural niches (Allaby
2014). For instance, multiple cereal crops including rice,
wheat, and sorghum exhibit loss of shattering to facilitate
harvesting (Z. Lin et al. 2012), as well as increased grain
(Gegas et al. 2010; Zuo and Li 2014; Han et al. 2015) and plant
size relative to their respective wild progenitors (Milla et al.
2014; Kluyver et al. 2017; Preece et al. 2018; Allaby et al. 2022).
Analysis of 203 domesticated crop species—including cer-
eals, fruit trees, tubers, and leafy vegetables, among others—
revealed that domestication traits vary among crop species
depending on biology, the parts of the plant used by humans,
and local climates (Meyer et al. 2012). Changes in secondary
metabolites linked to changes in flavor, color, and toxicity
constituted the most universal domestication-related trait
among all the considered species (Meyer et al. 2012).
Crops from arid climates such as the Near East tended to
undergo changes in seed morphology and shattering during

domestication, whereas crops from humid climates such as
Near Oceania did not (Meyer et al. 2012). Trees and other
perennials tended to be domesticated later than annuals
(evident in Fig. 1), while the rate of domestication—
measured in terms of the time between first exploitation
of wild ancestor and first evidence of domestication for a
crop—accelerated with more recently domesticated species,
possibly as agriculture became increasingly established
(Meyer et al. 2012). In general, the number of domestications
attempted increased dramatically starting from about 6,000
to 7,000 years ago (Fig. 1) (Milla 2020).

The degree of completeness of domestication and the
number of domestication traits that arise depend on the pat-
terns of human interaction with the domesticate species and
their wild ancestors, and these interactions may have pro-
longed pre-domestication or pre-cultivation histories.
Pre-agricultural societies often engaged in some form of eco-
system management, influencing and maintaining the
growth of multiple species and foraging what they needed
(Rowley-Conwy and Layton 2011). Ecosystems managed for
human use, which have been described as domesticated
landscapes, can provide the context for greater investment
in the care of particularly useful species and include inten-
tional planting and the removal of competitors; these may
impose unconscious and conscious selection pressures for
domestication even in the absence of cultivation (Levis
et al. 2018; Clement et al. 2021). Archaeobotanical studies
in the Neotropics have found evidence for incipient or in-
complete domestication, occurring as far back as more
than 10,000 years ago (Clement et al. 2021). In Amazonia,
there is evidence of increasing use and abundance of various
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palm species starting about 12,000 years ago (Roosevelt et al.
1996; Morcote-Rios et al. 2021), with species such as the
Brazil nut subsequently going on to be domesticated and cul-
tivated (Parssinen et al. 2021). Major Mesoamerican agricul-
tural crops such as maize and squash had also begun to be
domesticated earlier than 9,000 years ago, even though rec-
ognizable large-scale food production systems start appear-
ing in the archaeological record only about 4,000 years ago
(Clement et al. 2021).

A more nuanced view of domestication traits as continuous
(rather than discrete) and possibly unique to the utilization
history of individual species is thus emerging. Early landscape
management and small-scale cultivation practices pre-dating
the origin of agricultural societies likely helped create a con-
tinuum of domestication traits rather than a complete domes-
tication syndrome (Clement et al. 2021). Domestication may
remain incomplete or incipient for long periods, as has been
noted in the amaranth species Amaranthus caudatus in
South America (Stetter et al. 2017) and fonio millet in West
Africa (Abrouk et al. 2020). In addition to weak selection pres-
sures likely experienced in managed ecosystems, genetic con-
straints such as indirect antagonistic pleiotropy, lack of
standing genetic variation, and continuous gene flow from
wild populations can impact the rate at which domestication
traits are fixed (Stetter 2020).

Understanding variation in domestication traits and syn-
dromes across crops will be key to identifying shared and
heterogeneous aspects of the domestication process across
groups as divergent as cereals, vegetables, fruit trees, and
tubers. Indeed, insights on the domestication syndrome in
crops largely come from research on major cereal crops
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such as rice, wheat, and maize (Meyer et al. 2012), and
much less is known about what phenotypes or traits consti-
tute domestication syndrome(s) in other types of crop domes-
ticates. Recently, it has been proposed that specific
domesticated crops are associated with seven nonexclusive
domestication pathways: (i) palms and nut trees through eco-
system engineering or management, (ii) ruderal plants that ini-
tially thrived in human-disturbed environments, (jii) tubers,
(iv) grain crops, (v) segetal or former weedy species like oats,
(vi) fiber crops, and (vii) fruit trees (Fuller et al. 2023). Such
a framework opens up avenues to explore domestication traits
and evolutionary dynamics within each pathway and shared
across pathways. For instance, grain crops, nut and fruit trees,
and tuber crops all tend to show increases in yield of the edible
portion, such as through the production of swollen regions
along the root system in the root tubers cassava and sweet po-
tato (Denham et al. 2020). On the other hand, non-shattering
of seeds or pods to retain seeds for harvesting is more unique
to grain crops (cereals and legumes), while fused or bunched
vegetative storage organs tend to have evolved in fruit- and
nut-bearing trees such as bananas, figs, and breadfruit
(Denham et al. 2020). In practice, the domestication pathways
defined by Fuller et al. may leave the classification of certain
species (for example, agave, tea, and leafy greens such as spin-
ach) ambiguous, and require knowledge of the early domesti-
cation or pre-cultivation histories of crops. A cursory look at
domestication syndrome traits in crops grouped by the pri-
mary part of the plant used—which is correlated with the
pathways—reveals different distributions of the traits (Fig. 2).

Similar to the domestication trait continuum (Clement et al.
2021), the idea of domestication tendencies rather than traits
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Figure 2. Domestication syndrome traits in crops grouped by the primary part of the plant used. Data on domestication syndrome traits from
dataset reported in Meyer et al. 2012 and crop use data from Milla 2020. Based on 182 species identified as either domesticated or semi-
domesticated in Meyer et al. 2012 that are present in Milla 2020 and not used primarily as animal feed.
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has been invoked for vegetatively propagated field crops such
as potato, manioc, and many fruits, as phenotypic signatures of
domestication in these species appear more variable than in
cereals (Denham et al. 2020; Fuller et al. 2023). More exhaustive
study of domestication traits in these crops can help elucidate
the process of their domestication. For instance, fewer pheno-
typic shifts during domestication in perennial fruit trees have
been linked to less severe bottleneck effects in the history of
perennials compared to annuals; bottleneck effects have a
smaller number of generations to accrue in trees, which tend
to have longer generation times than cereals (Gaut et al.
2015). Moving forward, evaluating a wider range of possible do-
mestication phenotypes as quantitative traits that differ in dis-
tributions or mean values between domesticates and wild
progenitors (Casas et al. 2007; Xue et al. 2016) and mapping
them along categories like the recently defined domestication
pathways (Fuller et al. 2023) may help organize the evident
complexity and heterogeneity of crop domestication traits.

Finally, understanding domestication phenotypes in each
domesticate is a prerequisite to subsequent exploration of
their underlying genetics. The genetic architecture of domes-
tication traits—and perhaps tendencies—as well as the order
in which genetic variants associated with the traits arose are
key to understanding the dynamics and selective landscape
of the domestication process.

In search of domestication loci

A major challenge in plant biology has been the identification
of genes associated with crop domestication, especially those
that underlie key species-specific traits that distinguish the
domesticate from their wild ancestor. Across the major
crop species, top-down and bottom-up approaches to un-
derstanding the genetic architecture of domestication have
yielded differing views of the number of genes involved in
crop domestication (Kantar et al. 2017).

Top-down methods seek to identify genetic loci underpin-
ning observed domestication traits by genetic mapping of
known domestication phenotypes. The study of the genes
and genetic architecture underlying domestication traits
have advanced significantly with the advent of genetic map-
ping, primarily QTL mapping approaches (Paterson 2002;
Jantasuriyarat et al. 2004; Li et al. 2006; Liu et al. 2007; Wills
and Burke 2007) coupled eventually with genome sequen-
cing (Doebley et al. 2006; Meyer and Purugganan 2013;
Andersson and Purugganan 2022). These have led to the
identification of canonical domestication loci such as Sh4
for non-shattering in rice (Li et al. 2006), Tb1 for plant and
inflorescence architectures in maize (Doebley et al. 1995),
and Q for threshability and other traits in wheat (Kato
et al. 2003; Jantasuriyarat et al. 2004). Taking a trait-first
view of domestication often revealed a small number of
strong-effect alleles driving phenotypes. For instance, a single
amino acid substitution in Sh4 dramatically reduces shatter-
ing in domesticated rice (Li et al. 2006).

The few domestication loci that have been identified pro-
vide some insight into the type of causative mutations and
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genes associated with key traits (Doebley et al. 2006; Meyer
and Purugganan 2013; Andersson and Purugganan 2022).
The causative mutations span all kinds of genetic changes, in-
cluding single-nucleotide polymorphisms (SNPs), insertion/
deletions (including transposable element insertions), and
larger structural variants. Interestingly, loss-of-function mu-
tations including premature stop codons and frameshifts
constitute the most common type of mutation in domestica-
tion genes (Meyer and Purugganan 2013). While coding re-
gion mutations are widely observed, several cases of
cis-regulatory mutations (such as in Tb1) (R-L. Wang et al.
1999) have also been identified.

An alternative, bottom-up approach attempts to detect
signatures of selective sweeps or highly differentiated loci
in genome-wide assays in domesticated populations com-
pared to the wild ancestor, independent of associated traits
(Kantar et al. 2017). Early whole-genome studies used selec-
tion scans on SNP data to identify putative domestication
loci (Huang et al. 2012; Kantar et al. 2017). These studies of-
ten found a larger number of putative domestication loci
than top-down methods, ranging from 55 in rice (Huang
etal. 2012) to 484 in maize (Hufford et al. 2012). More recent-
ly, top-down approaches have been implemented using crop
pangenomes, which allow identification of presence-absence
variants (PAVs) and large structural variants and thus pro-
vide a more accurate reflection of genome-wide diversity
(Gong et al. 2023). In a pangenome analysis of rice (Zhao
et al. 2018), a selection scan based on comparing nucleotide
diversity between wild and domesticated accessions identi-
fied similar putative domestication loci to an earlier study
that used whole genomes (Huang et al. 2012) but also de-
tected six new domestication loci. A pangenome study on
the foxtail millet identified 4,582 domestication-selected
PAVs and mapped them to more than 1,400 genes (He
et al. 2023). SNP-based selection scans detected only 22.4%
of these genes, suggesting that PAV frequencies may be a
complementary approach to finding genes under positive se-
lection (He et al. 2023). A major limitation of the bottom-up
approach—with pangenomes or otherwise—is that dissec-
tion of the functional consequences of genomic regions un-
der selection remains a nontrivial experimental endeavor.

Despite the discovery of several large-effect variants affect-
ing domestication-related traits (Doebley et al. 2006), there is
evidence suggesting that domestication may be driven
largely by polygenic selection acting on a larger number of
loci (Fig. 3, Supplementary Table S1) (Jantasuriyarat et al.
2004; Xue et al. 2016; Kantar et al. 2017; Studer et al. 2017).
Even for a trait as well studied as shattering in rice, recent
work indicates that there may be more complex, polygenic
architecture at play than previously thought (Zhou et al.
2012; Ishikawa et al. 2022). An early study in wheat
revealed that multiple genes or loci affected traits such as
threshability, spike compactness, and spike length, even
though some loci such as Tg and Q explained large percen-
tages of variation in certain traits (Jantasuriyarat et al.
2004). More recently, a large-scale genome-wide association

Gzoz AInr 9| uo ysenb Aq 9z///G1/1221/S/9€/0101KE/|199]d/W0d dno-dlwapede//:sdiy wol papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae013#supplementary-data

1232 THE PLANT CELL 2024: 36; 1227-1241
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Fruit trees

Prunus persica (Peach)
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Increased fruit size: 9 QTLs

Ziziphus jujuba (Jujube)

i

Increased bearing shoot length
and leaf number: ZiNBLS1
Long fruit: ZjFS3

Figure 3. Domestication traits and loci. Examples of domestication traits and associated genes or loci across diverse crop types. A combination of
large- and small-effect quantitative trait loci contribute to most domestication-related phenotypes. More information on the loci can be found in

Supplementary Table S1.

study (GWAS) analysis of domestication phenotypes such as
shank length, cob length, and kernel row number in maize re-
vealed small-effect polygenic variants underlying these traits
located in genomic regions that had not been previously
linked to domestication (Xue et al. 2016). In rice, 27 years of
cultivation of landrace varieties under on-farm conservation
conditions led to selection at around 180 loci each in japonica
and indica subspecies, indicating continuous polygenic selec-
tion even in a shorter timeframe (Cui et al. 2020).

The number of domestication loci has implications for the
strength of selection during domestication and the pace at
which domestication occurs. A large number of loci implies
weaker selection, as strong selection on many variants would
likely lead to excessive loss of competing lineages and popu-
lation collapse (Allaby et al. 2015). It has been estimated that
there is an upper limit of 50 to 100 loci that can be simultan-
eously under selection without leading to the demise of the
population (Allaby et al. 2015). This is lower than the number
of putative domestication loci reported based on selective
sweep detection in some studies (Hufford et al. 2012;
Kantar et al. 2017), but many of these detected sweeps
may be false positives or driven by more recent selective pres-
sures. Regardless of the upper limit of the number of domes-
tication loci, weak polygenic selection during domestication
is supported by the slow rates of change in domestication
phenotypes such as grain size and shattering that are observ-
able in the archaeological record (Purugganan and Fuller
2011).

One key question has been the timing of the origin and se-
lection of mutations associated with crop phenotypic evolu-
tion. Domestication studies often draw a distinction between
domestication loci that were selected early on as wild crops
were brought into cultivation and diversification or improve-
ment loci that arose later as the crops spread to different re-
gions and underwent more conscious selection (Doebley
et al. 2006; Meyer and Purugganan 2013; Kantar et al.
2017). To have been involved in domestication, a mutation
must not only be experimentally linked to a phenotypic trait
or effect, but it must generally also have arisen early during
the transition to clearly differentiated domesticated popula-
tions. Genetic studies of putative domestication loci can lack
temporal resolution to differentiate between domestication
versus improvement or diversification loci that may have
been selected at different time periods during the evolution
of the crop species, although population-specific loci under
selection can reveal some diversification loci. Here, the emer-
ging area of ancient DNA studies provides the most direct av-
enue to investigate the timeline of origin of known
domestication alleles. In an early ancient DNA study on
maize from Mexico and New Mexico, domestication alleles
in Tb1 and Pbf—which is involved in regulating seed storage
proteins—were found to be present in maize by 4,400 years
ago, while Su1—a starch metabolism gene containing var-
iants associated with sweet corn varieties (Tracy et al.
2006)—had not undergone selection at one of its modern-
day high frequency alleles by about 2,000 years ago
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(Jaenicke-Després et al. 2003). A more recent study reported
that the oldest maize cob from San Marcos cave in Tehuacan,
Mexico, dated to more than 5,000 years ago, showed genom-
ic signs of incomplete domestication even though it was
morphologically indistinguishable from modern landraces
(Vallebueno-Estrada et al. 2016). While Tb1 had undergone
strong selection and resembled modern maize across its cod-
ing and regulatory regions, Tgal, a canonical domestication
locus conferring naked kernels in maize (H. Wang et al.
2015), still carried many wild alleles that no longer appear
in modern maize, suggesting ongoing selection at the time.
Despite its advantages, ancient DNA sampling is sparse, and
it is not yet available for many species including rice. In such
cases, population genetic approaches that leverage haplotype
reconstructions and gene genealogies can help to temporally
constrain allele origins or selection to relative evolutionary
timeframes or phases. A recent study, for example, used a pa-
nel of interploidy wheat accessions to infer ancestral haplo-
type blocks, allowing the tracing of histories of genomic loci
associated with specific ancestries (Z. Wang et al. 2022).
This analysis revealed a stepwise recruitment of domestica-
tion alleles, with TaBtr1-3A/-3B alleles for brittle rachis be-
coming fixed in the early domesticated emmer and alleles
such as TaTg-2B for tenacious glume and TaQ-5A (or Q) rising
to high frequencies later in free-threshing tetraploid wheat
and tetraploid durum wheat. Hexaploid wheat subsequently
received these domestication loci from its tetraploid con-
tributor. A study in rice reconstructed the genealogies of
orthologous genes found in assemblies of wild and domesti-
cated varieties and identified genes under positive selection
in early and late phases of domestication (Lu et al. 2022);
the late phase followed the emergence of indica and japonica
lineages, and thus represents crop diversification after the ini-
tial domestication. Even though this approach used little
genome-wide (101 loci) and population-wide information, it
was still able to identify canonical loci such as Sh4, PROGT,
and Hd3a as under selection during early domestication.
Novel methods that infer and interpret ancestral recombin-
ation graphs (ARGs) or their simplified representations
(Speidel et al. 2019; Stern Wilton and Nielsen 2019) to date
the origin or rise in frequency of specific variants provide
powerful possible ways—as yet untapped—to temporally
validate domestication loci. An ARG captures the complete
coalescent history of every non-recombining block in the
genome. In cases where domestication loci have been function-
ally characterized, ARGs hold promise in resolving the dynam-
ics of the early domestication process and investigating
hypotheses such as the sequential recruitment of certain traits
and alleles (Ishikawa et al. 2022b). Although ARG-based dating
approaches are yet to be applied in domesticates, studies in
Arabidopsis provide us with a roadmap (Fulgione et al. 2022;
Tergemina et al. 2022); in a population of Arabidopsis that co-
lonized the base of an active volcano, a mutation in a transport-
er gene IRT1 that increased manganese but reduced iron in
leaves was shown to have undergone a hard selective sweep
about 3,000 years ago, followed by the collective near-fixation

THE PLANT CELL 2024: 36; 1227-1241 | 1233

of multiple tandem duplicates at NRAMP1 that helped recover
iron levels (Tergemina et al. 2022).

Given our evolving understanding of the domestication
process, identification of putative domestication loci must
incorporate methods to detect multilocus adaptations and
estimate timing of allelic origins. This remains a challenge
in domesticates that do not yet have the same kind of gen-
omic resources as rice, maize, and wheat.

Domestication and ecological traits

The process of domestication has frequently been viewed
through an evolutionary or a genetic lens; less attention
has been paid to the ecology of the domestication process.
Ecology is often broadly defined as the study of interrelation-
ships among organisms and their environment within an
ecosystem (Dice 1955; Friederichs 1958), which in the con-
text of domesticated crops would include canonical domes-
tication traits such as non-shattering seeds that shape
interactions between crops and humans. We define ecologic-
al traits in domesticated crops in terms of their nonhuman
context, including traits such as growth and resource acqui-
sition rates that influence interactions among themselves
and their immediate environment, as well as the nature of
their interactions with pests, pathogens, and symbionts.
For most crops, it remains relatively poorly understood
how such ecological traits change during domestication
(Chen et al. 2015; Milla 2023); notable exceptions include
studies on adaptations to climate (Hung et al. 2012; C. Liu
et al. 2018) and photoperiod (Cong Li et al. 2020; C. Liu
et al. 2018), and these tend to be linked to diversification
and geographical expansion of crops after domestication.
Changes in plant density, annual tillage, phenology, fertiliza-
tion, and irrigation associated with cultivation likely altered
the selection landscape for many ecological traits (Chen
et al. 2015; Milla 2023), and recent ecological work, as well
as genomic studies of interspecies interactions, have begun
to investigate the ecology of domestication.

Understanding the nature of selection on ecological traits
during cultivation may provide insight into the early stages
of domestication in human-constructed niches. A study of sev-
eral Fertile Crescent crop domesticates including barley, em-
mer wheat, and chickpea showed that they had, on average,
~50% higher yield compared to their wild progenitors, driven
by increased plant size and seed mass and reduced chaff, and
no differences in growth rate and duration, total seed number,
and reproductive biomass (Preece et al. 2017); this increased
plant size may have arisen from selection for light competition
(Milla et al. 2014). A similar pattern was observed for seed traits
in a meta-analysis of 49 grain crops that showed an increase in
seed mass but no difference in seed number, which may reflect
conscious selection for improved nutrition (Garibaldi et al.
2021) or unconscious selection driven, for instance, by light
competition as larger seeds are associated with increased plant
size (Gomez-Fernandez and Milla 2022). Unconscious selection
for larger seeds is further supported by the fact that vegetable
crops that are not used by humans for their seed also appear to
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have undergone selection for larger seeds (Kluyver et al. 2017).
The magnitude of increase in seed size or mass varies substan-
tially among domesticated crops, suggesting heterogeneity in
the nature of selection on the trait during domestication
(Preece et al. 2017; Garibaldi et al. 2021).

Domestication also influenced root traits in crops. Maize
(Burton et al. 2013), barley (Grando and Ceccarelli 1995), and
emmer wheat (Golan et al. 2018) form a higher number of sem-
inal roots—which constitute the initial root system supporting
young seedlings—compared to their wild progenitors. This is
possibly linked to selection for increased soil nutrient uptake
(Perkins and Lynch 2021) or relaxation of selection related to
water stress under cultivated conditions (Golan et al. 2018).
In wild emmer, for example, two additional suppressed root
primordia that do not initially develop into seminal roots
can be reactivated after water stress to promote seedling recov-
ery (Golan et al. 2018), a drought adaptation lost in domesti-
cated wheat that could be of use when breeding crops for
future climates with increased frequency of drought (Hari
et al. 2020). Certain root traits can also reveal fast versus
slow resource-acquisitive strategies; for instance, a fast strategy
under increased soil fertility is expected to be associated with
lower structural investment in roots and reduced root tissue
density (Ryser and Lambers 1995). A 2019 study found that
while domesticated crops such as wheat, barley, maize, rice, to-
mato, lentil, and chickpea showed an expected increase in total
plant dry mass, root traits such as root thickness and root tissue
density evolved modestly and in different directions in different
crops during domestication (Martin-Robles et al. 2019). Wild
progenitors of domesticated crops had thicker and less dense
roots—indicating faster resource acquisition—than other
wild herbaceous plants, but similar to what has been observed
across a wider range of plant species grown in highly fertile soils
(Martin-Robles et al. 2019). This suggests that among wild
herbaceous plants, crop progenitors were pre-adapted to grow-
ing in agricultural conditions (Martin-Robles et al. 2019).

Comparative growth experiments have been used to explore
the question of why only certain wild crop progenitors were se-
lected for subsequent domestication over the last 12,000 years.
One study comparing three wild crop progenitors to six wild
gathered species found that the crop progenitors have higher
seed mass and germinate faster (Cunniff et al. 2014). A later
comparison of 13 wild grass species, including progenitors of
Fertile Crescent domesticates, showed that while stands of
the cereal progenitors do not produce a higher seed yield
per ground area than closely related wild species, the progeni-
tors have a higher seed yield per tiller (Preece et al. 2018). This
was driven by larger individual seed size with no reduction in
seed number per tiller compared to the related wild species, al-
though it should be noted that a subsequent meta-analysis in-
corporating more progenitor and non-progenitor wild crops
did not find a difference in per-seed mass between cereal pro-
genitors and other wild species (Garibaldi et al. 2021). The evi-
dence for progenitor filtering or pre-adaptation thus appears to
be inconsistent and may be dependent on the exact wild spe-
cies being compared. Nevertheless, the ecological traits of wild
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progenitors of crops domesticates compared to other wild
plants remains an underexplored topic. Understanding
whether certain types of wild plants are pre-adapted to being
domesticated (Preece et al. 2018) can help inform strategies for
de novo domestication of crops to tackle food insecurity and
climate change; sampling from a wider set of wild crops could
lead to more plant services for humans (Molina-Venegas et al.
2021).

Crop-species interactions and the ecology of crop
evolution
Domestication also leads to changes in crop traits that alter in-
teractions of crops with other species or organisms (Chen et al.
2015). In squash, for example, domestication led to increased
floral attractiveness to pollinators compared to the wild pro-
genitor (Glasser et al. 2023). Selection for increased yield has
been hypothesized to have a negative effect on plant defenses
against insect herbivory due to reallocation of metabolic re-
sources from defense to growth (Rosenthal and Dirzo 1997).
Reduced defenses have been observed in multiple domesti-
cated species (Rosenthal and Dirzo 1997; Rodriguez-Saona
et al. 2011; Turcotte et al. 2014; Chen et al. 2015; Soltis et al.
2018; Fernandez et al. 2021). There is some evidence for a nega-
tive relationship between growth and defenses reported in a
study on wild teosinte and domesticated maize (Rosenthal
and Dirzo 1997), although other studies failed to show a con-
sistent effect (Turcotte et al. 2014; Whitehead et al. 2017).
Direct selection against defense-associated metabolites dur-
ing domestication may also underlie observations of reduced
defenses against herbivory (Moreira et al. 2018). Domesticated
cabbage has reduced glucosinolates associated with both in-
duced and constitutive defense with no corresponding tradeoff
with leaf area, which is a measure of growth (Moreira et al. 2018).
Glucosinolates and other secondary metabolites are known to
influence flavor and taste (Bell et al. 2018), and selection for pal-
atability can lead to changes in secondary metabolites during
domestication (Johns and Alonso 1990; Q. Lin et al. 2023), some-
times with unintended side-effects (Fernindez-Marin et al.
2014; Alseekh et al. 2021). Direct defense traits—such as toxic
or distasteful secondary metabolites and physical barriers such
as trichomes—tend to be reduced in harvested organs as op-
posed to vegetative tissues, supporting a role for direct selection
against the associated metabolites (Whitehead et al. 2017).
However, a meta-analysis that additionally incorporated indir-
ect defense traits such as volatile organic compounds that re-
cruit predators of herbivores and induced defenses that are
produced in response to herbivore damage found similar reduc-
tion of defense traits in both harvested and vegetative tissues
(Fernandez et al. 2021). This may suggest greater support for in-
direct selection via reallocation of resources away from defense,
or different selection pressures on direct versus indirect defense
traits. Finally, unintended evolutionary phenotypes can also
arise through antagonistic pleiotropy, hitchhiking of deleterious
alleles, and negative epistasis (Singh and van der Knaap 2022).
Understanding the impact of crop domestication on other
interacting species including the domesticator species will
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help fully contextualize the ecology and coevolutionary dy-
namics of the process of domestication. There is evidence
of genomic adaptations in human populations after domes-
tication, including to high-starch diets composed of millets
and/or rice in East Asia (Raj et al. 2019; Landini et al. 2021)
and to potato in the Andes (Jorgensen et al. 2023). Crop do-
mesticates that played an important role in the transition
from hunter-gatherer to more sedentary, agriculture-based
societies are likely to have shaped human evolution by influ-
encing not just diet but also population density and thereby
pathogen exposure and dynamics (Mathieson et al. 2015).
Field experiments in regions of origin of crop domesticates
where wild diversity is still present can be informative about
changes in their ecological context (Chen et al. 2015). One
such study showed that O. sativa fields contained about half
the number of arthropod taxa than ecosystems dominated
by Oryza rufipogon (Chen et al. 2013). Domestication can
also affect patterns of gene flow in insect species; populations
of the bean beetle species Acanthoscelides obvelatus associated
with wild beans show genetic differentiation by geographical
distance, but populations associated with cultivated beans
do not, possibly as a result of long-distance movement asso-
ciated with human exchanges (Alvarez et al. 2007).
Domestication affects the relationship between plants and
their microbial symbionts (Porter and Sachs 2020). The diver-
sity of seed microbiota has been observed to be higher in culti-
vated cereals such as bread wheat, einkorn wheat, durum
wheat, and barley compared to their wild progenitors, while co-
occurrence network analysis suggests a greater number of mi-
crobe—microbe interactions in wild progenitors (Abdullaeva
et al. 2021). Seed endophytes and host cereals show phylogen-
etic congruence, suggesting host—microbe coevolution during
domestication (Abdullaeva et al. 2021). Studies on the root mi-
crobiome of crops have reported contrasting effects of domes-
tication on diversity (Gutierrez and Grillo 2022). The root
arbuscular mycorrhizal (AM) symbiosis is of particular interest,
as it plays important roles in plant nutrition and growth and
could contribute to the development of more sustainable
agroecosystems with reduced fertilizer use (Basu et al. 2018).
One major analysis of AM symbiosis in domesticates reported
that across 14 crops, including spinach, sunflower, and oat, the
benefit to plant growth from AM fungal colonization declines
compared to wild progenitors in the presence of phosphorus
fertilization, but it remains similar under low phosphorus condi-
tions (Martin-Robles et al. 2018). The AM symbiosis involves the
fungi providing phosphorus—among other nutrients—to the
plant in exchange for carbohydrates, and it is possible that dur-
ing cultivation in fertilized soil, the fungi no longer provide an
essential service (Martin-Robles et al. 2018). This may have se-
lected for reduced responsiveness to mycorrhiza in cultivated
crops under high fertilization. Interestingly, wheat landraces
exhibit greater responsiveness to AM symbiosis compared to
elite cultivars, suggesting an impact of recent cultivation prac-
tices (Manske 1990). Among tomato and wild relatives, in-
crease in plant growth in response to the beneficial soil
microbe Trichoderma decreased through the domestication
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gradient along wild relatives, landraces, and cultivars
(Jaiswal et al. 2020). Cultivars treated with Trichoderma ex-
hibited lower suppression of the necrotic fungus Botrytis ci-
nerea than wild relatives and landraces, again suggesting an
impact of recent breeding practices on host—-microbe inter-
actions (Jaiswal et al. 2020).

The distinct environmental context of domesticates in cul-
tivated fields compared to wild progenitors also led to
changes in plant species density and diversity (Chen et al.
2015), and thus likely altered plant—plant interactions.
Species mixtures often exhibit higher productivity compared
to each species in monoculture (Cardinale et al. 2007).
However, evolutionary selection for enhanced net facilitative
plant interactions is likely more pronounced in mixtures
with a mixture coexistence history rather than a history of
growth in monoculture (Schob et al. 2018), suggesting that
the benefits of multispecies mixtures may be reduced under
sustained monoculture cultivation conditions. In line with
this expectation, a study on eight major crops including sun-
flower, tomato, and sorghum alongside their wild progenitors
demonstrated that mixtures of domesticates have reduced
enhancement in productivity compared to mixtures of wild
progenitors (Chacon-Labella et al. 2019).

Genetics of crop ecological traits

As ecological traits such as resource acquisition and interac-
tions with other species become clearly established as domes-
tication phenotypes, the genetic bases of these traits will be of
great interest not only to understand cultivation-mediated se-
lection processes and outcomes during domestication, but
also to optimize ecological performance of crops (Thrall
et al. 2011; Bargués-Ribera and Gokhale 2020). Studies in non-
domesticated plants have established the heritability and gen-
etic bases of ecological traits such as aboveground community
productivity (Lojewski et al. 2009; Wuest and Niklaus 2018),
and they point the way toward similar investigations in do-
mesticated crops where genetic loci underlying increased
productivity from crop rotations and intercropping would
be of great interest (Litrico and Violle 2015). While modern
crop breeding and cultivation frequently employ monocul-
tures, there is increasing recognition that mixtures of crops
may constitute more robust and resilient agroecosystems
(Litrico and Violle 2015; McAlvay et al. 2022), for instance,
against pathogens (McDonald and Stukenbrock 2016) and fu-
ture climate challenges such as increased water stress
(Natarajan and Willey 1986) under drought conditions.
Comparisons with wild progenitors can facilitate reintroduc-
tion of traits that were lost during domestication such as water
stress—induced seedling recovery in wild emmer (Golan et al.
2018) and increased productivity from species mixtures of
wild progenitors (Chacdn-Labella et al. 2019).

One example of genetic analysis on a key crop ecological trait
is of nitrogen use efficiency, which has been studied in several
crop species including rice (Gao et al. 2019), wheat (Shi et al.
2022), and maize (Ertiro et al. 2020). In rice, a variant in the
OsNR2 gene drives increased nitrate reductase activity and
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nitrogen use efficiency in the indica subspecies, with an accom-
panying increase in grain yield (Gao et al. 2019). Intriguingly, ja-
ponica rice—the earliest rice domesticate that contributed
many domestication alleles to indica rice during its later
origin—possibly underwent directional selection in the same
gene toward reduced nitrogen use efficiency compared to its
wild progenitor Oryza rufipogon (Gao et al. 2019). Improved re-
sistance to lodging—the flattening of plants by wind or rain
due to nitrogen-promoted stem elongation—in rice varieties
selected during the Green Revolution is associated with re-
duced plant height and nitrogen use efficiency, allowing farm-
ers to use large amounts of fertilizer without risk of lodging (Q.
Liu et al. 2022). Given that the gene responsible for dwarfism in
rice during the Green Revolution, Sd1, also underwent selection
toward shorter height during japonica domestication (Asano
et al. 2011), it appears plausible that similar or equivalent selec-
tion pressures to those encountered during the Green
Revolution—such as highly fertile soils—led to reduced plant
height and nitrogen use efficiency during japonica domestica-
tion. Disentangling the genetic bases of these traits will be key
to developing sustainable crops with high nitrogen efficiency
without the associated risk of lodging, allowing reduced fertil-
izer use.

GWAS-based and population genomic approaches have
been used to explore evolutionary responses to crop
domestication—or to coevolution with domesticates—in in-
teracting species beyond humans. A study in rice found 47
virulence-associated genes in the pathogen Xanthomonas ory-
zae coevolving with 318 rice genes, which included many
known resistance genes (Zhang et al. 2021). Several genes in
both species showed signatures of positive selection consistent
with rapid host-pathogen coevolution. In the agricultural weed
Echinochloa crus-galli or barnyardgrass, 87 putative plant
architecture-related genes have been found to be under selec-
tion during the evolution of Vavilovian mimicry to domesti-
cated rice (Ye et al. 2019). The domestication and subsequent
dispersal of squash or Cucurbita species led to the geographical
expansion of the wild pollinator species Eucera (Peponapis) prui-
nosa through the Americas, whose genomes show signatures of
selection likely associated with adaptation to novel agricultural
niches (Lopez-Uribe et al. 2016; Pope et al. 2023). GWAS studies
have identified genetic loci controlling variation in the leaf mi-
crobiome in rice (Roman-Reyna et al. 2020) and maize (Wallace
et al. 2018) and in the root microbiome in sorghum (Deng et al.
2021), revealing genes involved in plant defense and cell wall
function or degradation. These findings invite future investiga-
tions of how these loci have evolved in domesticates compared
to wild progenitors, and how they may be used to select for
microbiome-related outcomes during breeding.

Concluding remarks

Although the study of domestication has a long history that
traces back to Darwin, we are beginning to finally get a better
understanding of this unique plant evolutionary process, due in
part to collaborative efforts by plant biologists, evolutionary
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geneticists, molecular biologists, archaeologists, and anthro-
pologists. The last few decades have been particularly product-
ive, spurred in part by advances in genomic sciences as well as
archaeobotany. Nevertheless, there are still gaps in our under-
standing of crop domestication. Much of the work in this area
has focused on cereal crop species, and this has skewed our
knowledge of crop domestication; more efforts are needed
to study other crop species, including legumes, vegetable spe-
cies, and perennial fruit trees. Greater emphasis should be
placed on identifying and characterizing more domestication
loci, both at the functional and evolutionary genetic levels. A
combination of traditional trait-based and selection ap-
proaches as well as novel ARG-based dating methods can
help reveal more about genomic loci underlying domestica-
tion. Some effort should also be made with examining post-
domestication evolution, particularly those associated with
crop dispersal and adaptation to novel environments.

Domestication may be a process of great evolutionary inter-
est, but crops also underlie our food security, and their study
is at the forefront of challenges imposed by climate change
(Raza et al. 2019). There has been recent interest in the idea
of domesticating new crop species, including through rapid
de novo domestication of climate-resilient crops by gene edit-
ing, to help human agriculture adapt to future agricultural chal-
lenges (Yu et al. 2021; Gutaker et al. 2022). This can also be
coupled with more attention to neglected crop species, many
of which are confined to local or regional areas, but which
may hold promise for future widespread use. In many of these
efforts, knowledge of genomic variation associated with desir-
able domestication-related traits will be key to the success of
such approaches, Finally, the ecological context of domestica-
tion can not only expand our definition of domestication
syndromes in different crops, but also help develop more sus-
tainable agricultural management practices (Milla 2023) to
help protect or improve yields in changing environments
(Battisti et al. 2018).

Supplementary data

The following materials are available in the online version of
this article.

Supplementary Table S1. Details on domestication loci and
traits shown in Fig. 3.

Funding

This work was partly supported by grants from the US
National Science Foundation Plant Genome Research
Program, Zegar Family Foundation, and NYU Abu Dhabi
Research Institute.

Conflict of interest statement. None declared.

Data availability

The data underlying the figures in this article are cited within
the article and in its online supplementary material.

Gzoz AInr 9| uo ysenb Aq 9z///G1/1221/S/9€/0101KE/|199]d/W0d dno-dlwapede//:sdiy wol papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koae013#supplementary-data

Domestication and the evolution of crops

References

Abbo S, Gopher A, Bar-Gal GK. Plant domestication and the origins of
agriculture in the Ancient Near East. Cambridge: Cambridge
University Press; 2022.

Abbo S, Rachamim E, Zehavi Y, Zezak |, Lev-Yadun S, Gopher A.
Experimental growing of wild pea in Israel and its bearing on near
eastern plant domestication. Ann Bot. 2011:107(8):1399-1404.
https://doi.org/10.1093/aob/mcr081

Abdullaeva Y, Ambika MB, Honermeier B, Schnell S, Cardinale M.
Domestication affects the composition, diversity, and co-occurrence
of the cereal seed microbiota. ] Adv Res. 2021:31:75-86. https://doi.
0rg/10.1016/j.jare.2020.12.008

Abrouk M, Ahmed HI, Cubry P, Simonikova D, Cauet S, Pailles Y,
Bettgenhaeuser ), Gapa L, Scarcelli N, Couderc M, et al. Fonio mil-
let genome unlocks African orphan crop diversity for agriculture in a
changing climate. Nat Commun. 2020:11(1):4488. https://doi.org/
10.1038/541467-020-18329-4

Allaby RG. Domestication syndrome in plants. In: Smith C, editors.
Encyclopedia of global archaeology. New York (NY): Springer
New York; 2014. p. 2182-2184.

Allaby RG, Kitchen JL, Fuller DQ. Surprisingly low limits of selection in
plant domestication. Evol Bioinf. 2015:11(Suppl 2):41-51. https://doi.
org/10.4137/EBO.S33495

Allaby RG, Stevens CJ, Kistler L, Fuller DQ. Emerging evidence of
plant domestication as a landscape-level process. Trends Ecol Evol.
2022:37(3):268-279. https://doi.org/10.1016/j.tree.2021.11.002

Allaby RG, Ware RL, Kistler L. A re-evaluation of the domestication
bottleneck from archaeogenomic evidence. Evol Appl. 2019:12(1):
29-37. https://doi.org/10.1111/eva.12680

Alseekh S, Scossa F, Wen W, et al. Domestication of crop metabo-
lomes: desired and unintended consequences. Trends Plant Sci.
2021:26(6):650-661. https://doi.org/10.1016/j.tplants.2021.02.005

Alvarez N, Hossaert-McKey M, Restoux G, Delgado-Salinas A, Benrey
B. Anthropogenic effects on population genetics of phytophagous in-
sects associated with domesticated plants. Evolution. 2007:61(12):
2986-2096. https://doi.org/10.1111/j.1558-5646.2007.00235.X.

Andersson L, Purugganan MD. Molecular genetic variation of animals
and plants under domestication. Proc Natl Acad Sci USA.
2022:119(30):22122150119. https://doi.org/10.1073/pnas.2122150119

Arranz-Otaegui A, Colledge S, Zapata L, Teira-Mayolini LC, Ibafez J).
Regional diversity on the timing for the initial appearance of cereal cul-
tivation and domestication in southwest Asia. Proc Natl Acad Sci.
2016:113(49):14001-14006. https://doi.org/10.1073/pnas.1612797113

Asano K, Yamasaki M, Takuno S, Miura K, Katagiri S, Ito T, Doi K, Wu
J, Ebana K, Matsumoto T, et al. Artificial selection for a green revolu-
tion gene during japonica rice domestication. Proc Natl Acad Sci USA.
2011:108(27):11034-11039. https://doi.org/10.1073/pnas. 1019490108

Bargués-Ribera M, Gokhale C. Eco-evolutionary agriculture:
host-pathogen dynamics in crop rotations. PLoS Comp Biol.
2020:16(1):1007546. https://doi.org/10.1371/journal.pcbi.1007546

Basu S, Rabara RC, Negi S. AMF: the future prospect for sustainable
agriculture. Physiol Mol Plant Path. 2018:102:36-45. https://doi.
0rg/10.1016/j.pmpp.2017.11.007

Battisti R, Sentelhas PC, Parker PS, Nendel C, Camara GMDS, Farias
JRB, Basso CJ.et al. Assessment of crop-management strategies to im-
prove soybean resilience to climate change in southern Brazil. Crop
Pasture Sci. 2018:69(2):154-162. https://doi.org/10.1071/CP17293

Bell L, Oloyede OO, Lignou S, Wagstaff C, Methven L. Taste and flavor
perceptions of glucosinolates, isothiocyanates, and related com-
pounds. Mol Nutr Food Res. 2018:62(18):e1700990. https://doi.org/
10.1002/mnfr.201700990

Burton A, Brown K, Lynch ). Phenotypic diversity of root anatomical
and architectural traits in Zea species. Crop Sci. 2013:53(3):
1042-1055. https://doi.org/10.2135/cropsci2012.07.0440

Cardinale BJ), Wright JP, Cadotte MW, Carroll IT, Hector A,
Srivastava DS, Loreau M, Weis J). Impacts of plant diversity on

THE PLANT CELL 2024: 36; 1227-1241 | 1237

biomass production increase through time because of species com-
plementarity. Proc Natl Acad Sci USA. 2007:104(46):18123-18128.
https://doi.org/10.1073/pnas.0709069104

Casas A, Otero-Arnaiz A, Pérez-Negron E, Valiente-Banuet A. In situ
management and domestication of plants in Mesoamerica. Ann Bot.
2007:100(5):1101-1115. https://doi.org/10.1093/aob/mcm126

Chacén-Labella ), Garcia Palacios Pablo, Matesanz Silvia, Schob
Christian, Milla R. Plant domestication disrupts biodiversity effects
across major crop types. Ecol Lett. 2019:22(9):1472-1482. https://doi.
org/10.1111/ele.13336

Chen Y, Gols R, Benrey B. Crop domestication and its impact on nat-
urally selected trophic interactions. Annu Rev Entomol. 2015:60(1):
35-58. https://doi.org/10.1146/annurev-ento-010814-020601

Chen YH, Langellotto G, Barrion AT, Cuong NL. Cultivation of do-
mesticated rice alters arthropod biodiversity and community com-
position. Ann Entomol Soc Am. 2013:106(1):100-110. https://doi.
org/10.1603/AN12082

Choi )Y, latts AE, Fuller DQ, Hsing Y-l, Wing RA, Purugganan MD.
The rice paradox: multiple origins but single domestication
in Asian rice. Mol Biol Evol. 2017:34(4):969-979. https://doi.org/
10.1093/molbev/msx049

Clement CR, Casas A, Parra-Rondinel FA, Levis C, Peroni N,
Hanazaki N, Cortés-Zarraga L, Rangel-Landa S, Alves RP,
Ferreira M), et al. Disentangling domestication from food produc-
tion systems in the neotropics. Quaternary. 2021:4(1):4. https://doi.
org/10.3390/quat4010004

Cui D, LuH, Tang G, LiJ, AX, Yu T, Ma X, Zhang E, Wang Y, Cao G,
et al. Genomic analyses reveal selection footprints in rice landraces
grown under on-farm conservation conditions during a short-term
period of domestication. Evol Appl. 2020:13(2):290-302. https://
doi.org/10.1111/eva.12866

Cunniff ), Wilkinson S, Charles M, Jones G, Rees M, Osborne CP.
Functional traits differ between cereal crop progenitors and other
wild grasses gathered in the neolithic Fertile crescent. PLoS One.
2014:9(1):e87586. https://doi.org/10.1371/journal.pone.0087586

Deng S, Caddell DF, Xu G, Dahlen L, Washington L. Genome wide as-
sociation study reveals plant loci controlling heritability of the rhizo-
sphere microbiome. ISME ). 2021:15(11):3181-3194. https://doi.org/
10.1038/541396-021-00993-z

Darwin CR. The variation of animals and plants under domestication.
1st ed. Vol. 1 (first issue). London: John Murray; 1868.

Denham T, Barton H, Castillo C, Crowther A, Dotte-Sarout E, Florin
SA, Pritchard ), Barron A, Zhang Y, Fuller DQ, et al. The domesti-
cation syndrome in vegetatively propagated field crops. Ann Bot.
2020:125(4):581-597. https://doi.org/10.1093/aob/mcz212

Diamond ). Evolution, consequences and future of plant and animal
domestication. Nature. 2002:418(6898):700-707. https://doi.org/
10.1038/nature01019

Dice LR. What is ecology? Sci Monthly. 1955:80:346-351. http://www.
jstor.org/stable/21546

Doebley JF, Gaut BS, Smith BD. The molecular genetics of crop do-
mestication. Cell. 2006:127(7):1309-1321. https://doi.org/10.1016/
j-cell.2006.12.006

Doebley J, Stec A, Gustus C. Teosinte branched1 and the origin of maize:
evidence for epistasis and the evolution of dominance. Genetics.
1995:141(1):333-346. https://doi.org/10.1093/genetics/141.1.333

Dvorak ), Luo MC, Yang ZL, Zhang HB. The structure of the
Aegilops tauschii genepool and the evolution of hexaploid wheat.
Theor Appl Genet. 1998:97(4):657-670. https://doi.org/10.1007/
5001220050942

Ertiro BT, Labuschagne M, Olsen M, Das B, Prasanna BM, Gowda M.
Genetic dissection of nitrogen use efficiency in tropical maize
through genome-wide association and genomic prediction. Front
Plant Sci. 2020:11:474. DOI 10.3389/fpls.2020.00474

Fernandez-Marin B, Milla R, Martin-Robles N, Arc E, Kranner |,
Becerril JM, Garcia-Plazaola JI. Side-effects of domestication: culti-
vated legume seeds contain similar tocopherols and fatty acids but

Gzoz AInr 9| uo ysenb Aq 9z///G1/1221/S/9€/0101KE/|199]d/W0d dno-dlwapede//:sdiy wol papeojumoq


https://doi.org/10.1093/aob/mcr081
https://doi.org/10.1016/j.jare.2020.12.008
https://doi.org/10.1016/j.jare.2020.12.008
https://doi.org/10.1038/s41467-020-18329-4
https://doi.org/10.1038/s41467-020-18329-4
https://doi.org/10.4137/EBO.S33495
https://doi.org/10.4137/EBO.S33495
https://doi.org/10.1016/j.tree.2021.11.002
https://doi.org/10.1111/eva.12680
https://doi.org/10.1016/j.tplants.2021.02.005
https://doi.org/10.1111/j.1558-5646.2007.00235.x
https://doi.org/10.1073/pnas.2122150119
https://doi.org/10.1073/pnas.1612797113
https://doi.org/10.1073/pnas.1019490108
https://doi.org/10.1371/journal.pcbi.1007546
https://doi.org/10.1016/j.pmpp.2017.11.007
https://doi.org/10.1016/j.pmpp.2017.11.007
https://doi.org/10.1071/CP17293
https://doi.org/10.1002/mnfr.201700990
https://doi.org/10.1002/mnfr.201700990
https://doi.org/10.2135/cropsci2012.07.0440
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1093/aob/mcm126
https://doi.org/10.1111/ele.13336
https://doi.org/10.1111/ele.13336
https://doi.org/10.1146/annurev-ento-010814-020601
https://doi.org/10.1603/AN12082
https://doi.org/10.1603/AN12082
https://doi.org/10.1093/molbev/msx049
https://doi.org/10.1093/molbev/msx049
https://doi.org/10.3390/quat4010004
https://doi.org/10.3390/quat4010004
https://doi.org/10.1111/eva.12866
https://doi.org/10.1111/eva.12866
https://doi.org/10.1371/journal.pone.0087586
https://doi.org/10.1038/s41396-021-00993-z
https://doi.org/10.1038/s41396-021-00993-z
https://doi.org/10.1093/aob/mcz212
https://doi.org/10.1038/nature01019
https://doi.org/10.1038/nature01019
http://www.jstor.org/stable/21546
http://www.jstor.org/stable/21546
https://doi.org/10.1016/j.cell.2006.12.006
https://doi.org/10.1016/j.cell.2006.12.006
https://doi.org/10.1093/genetics/141.1.333
https://doi.org/10.1007/s001220050942
https://doi.org/10.1007/s001220050942
https://doi.org/10.3389/fpls.2020.00474

1238 I THE PLANT CELL 2024: 36; 1227-1241

less carotenoids than their wild counterparts. BMC Plant Biol.
2014:14(1):1599. https://doi.org/10.1186/5s12870-014-0385-1

Fernandez AR, Saez A, Quintero C, Gleiser G, Aizen MA. Intentional
and unintentional selection during plant domestication: herbivore
damage, plant defensive traits and nutritional quality of fruit and
seed crops. New Phytol. 2021:231(4):1586-1598. https://doi.org/
10.1111/nph.17452

Friederichs K. A definition of ecology and some thoughts about basic
concepts. Ecology. 1958:39(1):154-159. https://doi.org/10.2307/
1929981

Fulgione A, Neto C, Elfarargi AF, Tergemina E, Ansari S, Goktay M,
Dinis H, Doring N, Flood PJ, Rodriguez-Pacheco S, et al. Parallel re-
duction in flowering time from de novo mutations enable evolution-
ary rescue in colonizing lineages. Nat Commun. 2022:13(1):1461.
https://doi.org/10.1038/s41467-022-28800-z

Fuller DQ. Long and attenuated: comparative trends in the domestica-
tion of tree fruits. Veg Hist Archaeobot. 2018:27(1):165-176. https://
doi.org/10.1007/s00334-017-0659-2

Fuller DQ, Denham T, Allaby R. Plant domestication and agricultural
ecologies. Curr Biol. 2023:33(11):R636-R649. https://doi.org/10.1016/
j.cub.2023.04.038

Gao Z, Wang Y, Chen G, Zhang A, Yang S, Shang L, Wang D, Ruan B, Liu
G, Jiang H, et al. The indica nitrate reductase gene OsNR2 allele en-
hances rice yield potential and nitrogen use efficiency. Nat Commun.
2019:10(1):5207. https://doi.org/10.1038/s41467-019-13110-8

Garibaldi LA, Aizen MA, Saez A, Gleiser G, Strelin MM, Harder LD.
The influences of progenitor filtering, domestication selection and
the boundaries of nature on the domestication of grain crops.
Func Ecol. 2021:35(9):1998-2011. https://doi.org/10.1111/1365-
2435.13819

Gaut BS, Diez CM, Morrell PL. Genomics and the contrasting dynam-
ics of annual and perennial domestication. Trends Genet.
2015:31(12):709-719. https://doi.org/10.1016/j.tig.2015.10.002

Gegas VC, Nazari A, Griffiths S, Simmonds ), Fish L, Orford S, Sayers
L, Doonan JH, Snape JW. A genetic framework for grain size and
shape variation in wheat. Plant Cell. 2010:22(4):1046-1056. https://
doi.org/10.1105/tpc.110.074153

Gepts P. Crop domestication as a long-term selection experiment. In:
Janick J, editor. Plant breeding reviews, vol 24, part 2. New York:
Wiley; 2003. p. 1-44. https://doi.org/10.1002/9780470650288.ch1

Glasser SK, de Santiago-Hernandez MH, Delgado-Carrillo O, Espino
LAV, Pérez AC, Gonzilez-Rodriguez A, Lira-Saade R, Quesada M.
Influence of plant domestication on plant-pollinator interactions: floral
attributes and floral visitor communities in wild and cultivated squash
plants. Am ] Bot. 2023:110(5):e16170. https://doi.org/10.1002/ajb2.
16170

Golan G, Hendel E, Méndez Espitia GE, Schwartz N, Peleg Z.
Activation of seminal root primordia during wheat domestication re-
veals underlying mechanisms of plant resilience. Plant Cell Environ.
2018:41(4):755-766. https://doi.org/10.1111/pce.13138

Goémez-Fernandez A, Milla R. How seeds and growth dynamics influence
plant size and yield: integrating trait relationships into ontogeny. ] Ecol.
2022:110(11):2684-2700. https://doi.org/10.1111/1365-2745.13979

Gong Y, Li Y, Liu X, Ma Y, Jiang L. A review of the pangenome: how it
affects our understanding of genomic variation, selection and breed-
ing in domestic animals? ] Animal Sci Biotech. 2023:14(1):73. https://
doi.org/10.1186/s40104-023-00860- 1

Grando S, Ceccarelli S. Seminal root morphology and coleoptile length in
wild (Hordeum vulgare ssp. spontaneum) and cultivated (Hordeum
vulgare ssp. vulgare) barley. Euphytica. 1995:86(1):73-80. https://doi.
org/10.1007/BF00035941

Gross BL, Henk AD, Richards CM, Fazio G, Volk GM. Genetic diversity
in Malus xXdomestica (Rosaceae) through time in response to domes-
tication. Am ] Bot. 2014:101(10):1770-1779. https://doi.org/10.3732/
ajb.1400297

Gutaker RM, Chater CCC, Brinton }, Castillo-Lorenzo E, Breman E,
Pironon S. Scaling up neodomestication for climate-ready crops.

Alam and Purugganan

Curr Opin Plant Biol. 2022:66:102169. https://doi.org/10.1016/j.pbi.
2021.102169

Gutierrez A, Grillo MA. Effects of domestication on plant-micro-
biome interactions. Plant Cell Physiol. 2022:63(11):1654-1666.
https://doi.org/10.1093/pcp/pcac108

Hammer K. Das domestikationssyndrom. Kulturpflanze. 1984:32(1):
11-34. https://doi.org/10.1007/BF02098682

Han L, Chen }, Mace ES, Liu Y, Zhu M, Yuyama N, Jordan DR, Cai H.
Fine mapping of qGW1, a major QTL for grain weight in sorghum.
Theor Appl Genet. 2015:128(9):1813-1825. https://doi.org/10.1007/
s00122-015-2549-2

Hari V, Rakovec O, Markonis Y, Hanel M, Kumar R. Increased future
occurrences of the exceptional 2018-2019 central European drought
under global warming. Sci Rep. 2020:10:12207. https://doi.org/10.
1038/541598-020-68872-9

He Q, Tang$, Zhi H, Chen }, Zhang), Liang H, Alam O, Li H, Zhang H,
Xing L, et al. A graph-based genome and pan-genome variation of
the model plant Setaria. Nat Genet. 2023:55(7):1232-1242. https://
doi.org/10.1038/s41588-023-01423-w

Huang X, Kurata N, Wei X, Wang Z-X, Wang A, Zhao Q, Zhao Y, Liu
K, LuH, Li W, et al. A map of rice genome variation reveals the origin
of cultivated rice. Nature. 2012:490(7421):497-501. https://doi.org/
10.1038/nature11532

Hufford MB, Xu X, van Heerwaarden J, Pyhdjarvi T, Chia )-M,
Cartwright RA, Elshire R), Glaubitz JC, Guill KE, Kaeppler SM,
et al. Comparative population genomics of maize domestication
and improvement. Nat Genet. 2012:44(7):808-811. https://doi.org/
10.1038/ng.2309

Hung HY, Shannon LM,, Tian F, Bradbury PJ, Chen C, Flint-Garcia SA,
McMullen MD, Ware D, Buckler ES, Doebley JF, et al. ZmCCT and
the genetic basis of day-length adaptation underlying the postdomes-
tication spread of maize. Proc Natl Acad Sci USA. 2012:109(28):
E1913-E1921. https://doi.org/10.1073/pnas. 1203189109

International Wheat Genome Sequencing Consortium (IWGSC). A
chromosome-based draft sequence of the hexaploid bread wheat
(Triticum aestivum) genome. Science. 2014:345(6194):1251788.
https://doi.org/10.1126/science.1251788

Ishikawa R, Castillo CC, Fuller DQ. Genetic evaluation of
domestication-related traits in rice: implications for the archaeobo-
tany of rice origins. Archael Anthro Sci. 2020:12(8):197. https://doi.
org/10.1007/s12520-020-01112-3

Ishikawa R, Castillo CC, Htun TM, Numaguchi K, Inoue K, Oka Y,
Ogasawara M, Sugiyama S, Takama N, Orn C, et al. A stepwise
route to domesticate rice by controlling seed shattering and panicle
shape. Proc Natl Acad Sci USA. 2022:119(26):2121692119. https://
doi.org/10.1073/pnas.2121692119

Jaenicke-Després V, Buckler ES, Smith BD, Gilbert MTP, Cooper A,
Doebley J, Paabo S. Early allelic selection in maize as revealed by
ancient DNA. Science. 2003:302(5648):1206-1208. https://doi.org/
10.1126/science.1089056

Jaiswal AK, Mengiste TD, Myers JR, Egel DS, Hoagland LA. Tomato
domestication attenuated responsiveness to a beneficial soil microbe
for plant growth promotion and induction of systemic resistance to
foliar pathogens. Front Microbiol. 2020:11:604566. doi 10.3389/
fmicb.2020.604566

Jantasuriyarat C, Vales MI, Watson CJW, Riera-Lizarazu O.
Identification and mapping of genetic loci affecting the free-threshing
habit and spike compactness in wheat (Triticum aestivum L.). Theor
Appl Genet. 2004:108(2):261-273. https://doi.org/10.1007/s00122-
003-1432-8

Johns T, Alonso JG. Glycoalkaloid change during the domestication of
the potato, Solanum section petota. Euphytica. 1990:50(3):203-210.
https://doi.org/10.1007/BF00023646

Jorgensen K, Garcia OA, Kiyamu M, Brutsaert TD, Bigham AW.
Genetic adaptations to potato starch digestion in the Peruvian
Andes. Am ) Biol Anthropol. 2023:180:162-172. https://doi.org/
10.1002/ajpa.24656

Gzoz AInr 9| uo ysenb Aq 9z///G1/1221/S/9€/0101KE/|199]d/W0d dno-dlwapede//:sdiy wol papeojumoq


https://doi.org/10.1186/s12870-014-0385-1
https://doi.org/10.1111/nph.17452
https://doi.org/10.1111/nph.17452
https://doi.org/10.2307/1929981
https://doi.org/10.2307/1929981
https://doi.org/10.1038/s41467-022-28800-z
https://doi.org/10.1007/s00334-017-0659-2
https://doi.org/10.1007/s00334-017-0659-2
https://doi.org/10.1016/j.cub.2023.04.038
https://doi.org/10.1016/j.cub.2023.04.038
https://doi.org/10.1038/s41467-019-13110-8
https://doi.org/10.1111/1365-2435.13819
https://doi.org/10.1111/1365-2435.13819
https://doi.org/10.1016/j.tig.2015.10.002
https://doi.org/10.1105/tpc.110.074153
https://doi.org/10.1105/tpc.110.074153
https://doi.org/10.1002/9780470650288.ch1
https://doi.org/10.1002/ajb2.16170
https://doi.org/10.1002/ajb2.16170
https://doi.org/10.1111/pce.13138
https://doi.org/10.1111/1365-2745.13979
https://doi.org/10.1186/s40104-023-00860-1
https://doi.org/10.1186/s40104-023-00860-1
https://doi.org/10.1007/BF00035941
https://doi.org/10.1007/BF00035941
https://doi.org/10.3732/ajb.1400297
https://doi.org/10.3732/ajb.1400297
https://doi.org/10.1016/j.pbi.2021.102169
https://doi.org/10.1016/j.pbi.2021.102169
https://doi.org/10.1093/pcp/pcac108
https://doi.org/10.1007/BF02098682
https://doi.org/10.1007/s00122-015-2549-2
https://doi.org/10.1007/s00122-015-2549-2
https://doi.org/10.1038/s41598-020-68872-9
https://doi.org/10.1038/s41598-020-68872-9
https://doi.org/10.1038/s41588-023-01423-w
https://doi.org/10.1038/s41588-023-01423-w
https://doi.org/10.1038/nature11532
https://doi.org/10.1038/nature11532
https://doi.org/10.1038/ng.2309
https://doi.org/10.1038/ng.2309
https://doi.org/10.1073/pnas.1203189109
https://doi.org/10.1126/science.1251788
https://doi.org/10.1007/s12520-020-01112-3
https://doi.org/10.1007/s12520-020-01112-3
https://doi.org/10.1073/pnas.2121692119
https://doi.org/10.1073/pnas.2121692119
https://doi.org/10.1126/science.1089056
https://doi.org/10.1126/science.1089056
https://doi.org/10.3389/fmicb.2020.604566
https://doi.org/10.3389/fmicb.2020.604566
https://doi.org/10.1007/s00122-003-1432-8
https://doi.org/10.1007/s00122-003-1432-8
https://doi.org/10.1007/BF00023646
https://doi.org/10.1002/ajpa.24656
https://doi.org/10.1002/ajpa.24656

Domestication and the evolution of crops

Kantar MB, Nashoba AR, Anderson JE, Blackman BK, Rieseberg LH.
The genetics and genomics of plant domestication. BioScience.
2017:67(11):971-982. https://doi.org/10.1093/biosci/bix114

Kato K, Sonokawa R, Miura R, Sawada S. Dwarfing effect associated
with the threshability gene Q on wheat chromosome 5A. Plant
Breed. 2003:122(6):489-492. https://doi.org/10.1111/}.1439-0523.
2003.00886.x

Kistler L, Thakar HB, VanDerwarker AM, Domic A, Bergstrom A,
George RJ, Harper TK, Allaby RG, Hirth K, Kennett D].
Archaeological central American maize genomes suggest ancient
gene flow from South America. Proc Natl Acad Sci USA. 2020:117(52):
33124-33129. https://doi.org/10.1073/pnas.2015560117

Kluyver TA, Jones G, Pujol B, Bennett C, Mockford EJ, Charles M,
Rees M, Osborne CP. Unconscious selection drove seed enlarge-
ment in vegetable crops. Evol Lett. 2017:1(2):64-72. https://doi.
org/10.1002/evI3.6

Landini A, Yu S, Gnecchi-Ruscone GA, Abondio P, Ojeda-Granados
C, Sarno S, De Fanti S, Gentilini D, Di Blasio AM, Jin H, et al.
Genomic adaptations to cereal-based diets contribute to mitigate
metabolic risk in some human populations of east Asian ancestry.
Evol Appl. 2021:14(2):297-313. https://doi.org/10.1111/eva.13090

Lenser T, Theiflen G. Molecular mechanisms involved in convergent
crop domestication. Trends Plant Sci. 2013:18(12):704-714. https://
doi.org/10.1016/j.tplants.2013.08.007

Levis C, Flores B, Moreira P, Luize BG, Alves R, Franco-Moraes ),
Lins ), Konings E, Pena Claros M, Bongers F, et al. How people do-
mesticated Amazonian forests. Front Ecol Evol. 2018:5:1-21. https://
doi.org/10.3389/fev0.2017.00171

Li G, Li Y-H, Li Y, Lu H, Hong H, Tian Y, Li H, Zhao T, Zhou X, LiuJ,
et al. A domestication-associated gene GmPRR3b regulates the circa-
dian clock and flowering time in soybean. Mol Plant. 2020:13(5):
745-759. https://doi.org/10.1016/j.molp.2020.01.014

Li C, Zhou A, Sang T. Rice domestication by reducing shattering. Science.
2006:311(5769):1936—1939. https://doi.org/10.1126/science. 1123604

Lin Q, Chen}, Liu X, Wang B, Zhao Y, Liao L, Allan AC, Sun C, Duan Y,
Li X, et al. A metabolic perspective of selection for fruit quality related
to apple domestication and improvement. Genome Biol. 2023:24(1):
95. https://doi.org/10.1186/s13059-023-02945-6

Lin Z, Li X, Shannon LM, Yeh C-T, Wang ML, Bai G, Peng Z, LiJ, Trick
HN, Clemente TE, et al. Parallel domestication of the shattering1
genes in cereals. Nat Genet. 2012:44(6):720-724. https://doi.org/
10.1038/ng.2281

Litrico 1, Violle C. Diversity in plant breeding: a new conceptual
framework. Trends Plant Sci. 2015:20(10):604-613. https://doi.
org/10.1016/j.tplants.2015.07.007

Liu B, Fujita T, Yan Z-H, Sakamoto S, Xu D, Abe ). QTL mapping of
domestication-related traits in soybean (Glycine max). Ann Bot.
2007:100(5):1027-1038. https://doi.org/10.1093/aob/mcm 149

Liu C, Ou S, Mao B, Tang J, Wang W, Wang H, Cao S, Schldappi MR,
Zhao B, Xiao G, et al. Early selection of bZIP73 facilitated adaptation
of japonica rice to cold climates. Nat Commun. 2018:9(1):3302.
https://doi.org/10.1038/541467-018-05753-w

Liu Q, Wu K, Song W, Zhong N, Wu Y, Fu X. Improving crop nitrogen
use efficiency toward sustainable green revolution. Annu Rev Plant
Biol. 2022:73(1):523-551. https://doi.org/10.1146/annurev-arplant-
070121-015752

Lojewski NR, Fischer DG, Bailey JK., Schweitzer JA, Whitham TG,
Hart SC. Genetic basis of aboveground productivity in two native po-
pulus species and their hybrids. Tree Physiol. 2009:29(9):1133-1142.
https://doi.org/10.1093/treephys/tpp046

Lopez-Uribe MM, Cane JH, Minckley RL, Danforth BN. Crop domes-
tication facilitated rapid geographical expansion of a specialist pollin-
ator, the squash bee peponapis pruinosa. Proc Biol Sci.
2016:283(1833):20160443. https://doi.org/10.1098/rspb.2016.0443

Lu Y, Xu Y, Li N. Early domestication history of Asian rice revealed by
mutations and genome-wide analysis of gene genealogies. Rice.
2022:15(1):11. https://doi.org/10.1186/s12284-022-00556-6

THE PLANT CELL 2024: 36; 1227-1241 | 1239

Manske GGB. Genetical analysis of the efficiency of VA mycorrhiza
with spring wheat. Agric Ecosyst Environ. 1990:29(1-4):273-280.
https://doi.org/10.1016/0167-8809(90)90287-N

Martin-Robles N, Lehmann A, Seco E, Aroca R, Rillig MC, Milla R.
Impacts of domestication on the arbuscular mycorrhizal symbiosis
of 27 crop species. New Phytol. 2018:218(1):322-334. https://doi.
org/10.1111/nph.14962

Martin-Robles N, Morente-Lépez J, Freschet GT, Poorter H, Roumet
C, Milla R. Root traits of herbaceous crops: pre-adaptation to culti-
vation or evolution under domestication? Funct Ecol. 2019:33(2):
273-285. https://doi.org/10.1111/1365-2435.13231

Mathieson 1, Lazaridis I, Rohland N, Mallick S, Patterson N,
Roodenberg SA, Harney E, Stewardson K, Fernandes D, Novak M,
et al. Genome-wide patterns of selection in 230 ancient Eurasians.
Nature. 2015:528(7583):499-503. https://doi.org/10.1038/nature16152

McAlvay AC, DiPaola A, D’Andrea AC, Ruelle ML, Mosulishvili M,
Halstead P, Power AG. Cereal species mixtures: an ancient practice
with potential for climate resilience: a review. Agron Sustain Dev.
2022:42(5):100. https://doi.org/10.1007/s13593-022-00832-1

McDonald BA, Stukenbrock EH. Rapid emergence of pathogens in
agro-ecosystems: global threats to agricultural sustainability and
food security. Philos Trans R Soc Lond B Biol Sci. 2016:371(1709):
20160026. https://doi.org/10.1098/rstb.2016.0026

Meyer RS, Choi JY, Sanches M, Plessis A, Flowers JM, Amas }, Dorph
K, Barretto A, Gross B, Fuller DQ, et al. Domestication history and
geographical adaptation inferred from a SNP map of African rice. Nat
Genet. 2016:48(9):1083-1088. https://doi.org/10.1038/ng.3633

Meyer RS, DuVal AE, Jensen HR. Patterns and processes in crop
domestication: an historical review and quantitative analysis of 203
global food crops. New Phytol. 2012:196(1):29-48. https://doi.org/
10.1111/j.1469-8137.2012.04253.x

Meyer RS, Purugganan MD. Evolution of crop species: genetics of do-
mestication and diversification. Nat Rev Genet. 2013:14(12):840-852.
https://doi.org/10.1038/nrg3605

Milla R. Crop origins and phylo food: a database and a phylogenetic tree
to stimulate comparative analyses on the origins of food crops. Global
Ecol Biogeogr. 2020:29(4):606—-614. https://doi.org/10.1111/geb.13057

Milla R. Phenotypic evolution of agricultural crops. Funct Ecol.
2023:37(4):976-988. https://doi.org/10.1111/1365-2435.14278

Milla R, Morente-Lopez ), Alonso-Rodrigo JM, Martin-Robles N,
Stuart Chapin F. Shifts and disruptions in resource-use trait syn-
dromes during the evolution of herbaceous crops. Proc Biol Sci.
2014:281(1793):20141429. https://doi.org/10.1098/rspb.2014.1429

Molina-Venegas R, Rodriguez MA, Pardo-de-Santayana M,
Rongquillo C, Mabberley D). Maximum levels of global phylogenetic
diversity efficiently capture plant services for humankind. Nat Ecol
Evol. 2021:5(5):583-588. https://doi.org/10.1038/s41559-021-01414-2

Morcote-Rios G, Aceituno F), Iriarte ), Robinson M,
Chaparro-Cardenas JL. Colonisation and early peopling of the
Colombian Amazon during the late Pleistocene and the early
Holocene: new evidence from la Serrania la Lindosa. Quater Int.
2021:578:5-19. https://doi.org/10.1016/j.quaint.2020.04.026

Moreira X, Abdala-Roberts L, Gols R, Francisco M. Plant domestica-
tion decreases both constitutive and induced chemical defences by
direct selection against defensive traits. Sci Rep. 2018:8(1):12678.
https://doi.org/10.1038/s41598-018-31041-0

Natarajan M, Willey RW. The effects of water stress on yield advan-
tages of intercropping systems. Field Crops Res. 1986:13:117-131.
https://doi.org/10.1016/0378-4290(86)90015-8

Parssinen M, Ferreira E, Virtanen PK, Ranzi A. Domestication in mo-
tion: macrofossils of pre-colonial Brazilian nuts, palms and other
Amazonian planted tree species found in the upper Purus. Environ
Archaeol. 2021:26(3):309-322. https://doi.org/10.1080/14614103.
2020.1765295

Paterson AH. What has QTL mapping taught US about plant domes-
tication? New Phytol. 2002:154(3):591-608. https://doi.org/10.1046/
j-1469-8137.2002.00420.x

Gzoz AInr 9| uo ysenb Aq 9z///G1/1221/S/9€/0101KE/|199]d/W0d dno-dlwapede//:sdiy wol papeojumoq


https://doi.org/10.1093/biosci/bix114
https://doi.org/10.1111/j.1439-0523.2003.00886.x
https://doi.org/10.1111/j.1439-0523.2003.00886.x
https://doi.org/10.1073/pnas.2015560117
https://doi.org/10.1002/evl3.6
https://doi.org/10.1002/evl3.6
https://doi.org/10.1111/eva.13090
https://doi.org/10.1016/j.tplants.2013.08.007
https://doi.org/10.1016/j.tplants.2013.08.007
https://doi.org/10.3389/fevo.2017.00171
https://doi.org/10.3389/fevo.2017.00171
https://doi.org/10.1016/j.molp.2020.01.014
https://doi.org/10.1126/science.1123604
https://doi.org/10.1186/s13059-023-02945-6
https://doi.org/10.1038/ng.2281
https://doi.org/10.1038/ng.2281
https://doi.org/10.1016/j.tplants.2015.07.007
https://doi.org/10.1016/j.tplants.2015.07.007
https://doi.org/10.1093/aob/mcm149
https://doi.org/10.1038/s41467-018-05753-w
https://doi.org/10.1146/annurev-arplant-070121-015752
https://doi.org/10.1146/annurev-arplant-070121-015752
https://doi.org/10.1093/treephys/tpp046
https://doi.org/10.1098/rspb.2016.0443
https://doi.org/10.1186/s12284-022-00556-6
https://doi.org/10.1016/0167-8809(90)90287-N
https://doi.org/10.1111/nph.14962
https://doi.org/10.1111/nph.14962
https://doi.org/10.1111/1365-2435.13231
https://doi.org/10.1038/nature16152
https://doi.org/10.1007/s13593-022-00832-1
https://doi.org/10.1098/rstb.2016.0026
https://doi.org/10.1038/ng.3633
https://doi.org/10.1111/j.1469-8137.2012.04253.x
https://doi.org/10.1111/j.1469-8137.2012.04253.x
https://doi.org/10.1038/nrg3605
https://doi.org/10.1111/geb.13057
https://doi.org/10.1111/1365-2435.14278
https://doi.org/10.1098/rspb.2014.1429
https://doi.org/10.1038/s41559-021-01414-2
https://doi.org/10.1016/j.quaint.2020.04.026
https://doi.org/10.1038/s41598-018-31041-0
https://doi.org/10.1016/0378-4290(86)90015-8
https://doi.org/10.1080/14614103.2020.1765295
https://doi.org/10.1080/14614103.2020.1765295
https://doi.org/10.1046/j.1469-8137.2002.00420.x
https://doi.org/10.1046/j.1469-8137.2002.00420.x

1240 I THE PLANT CELL 2024: 36; 1227-1241

Perkins AC, Lynch JP. Increased seminal root number associated with
domestication improves nitrogen and phosphorus acquisition in
maize seedlings. Ann Bot. 2021:128(4):453-468. https://doi.org/
10.1093/aob/mcab074

Pope NS, Singh A, Childers AK, Kapheim KM, Evans D, Lopez-Uribe
MM. The expansion of agriculture has shaped the recent evolutionary
history of a specialized squash pollinator. Proc Natl Acad Sci USA.
2023:120(15):2208116120. https://doi.org/10.1073/pnas.2208116120

Porter SS, Sachs JL. Agriculture and the disruption of plant—-microbial
symbiosis. Trends Ecol Evol. 2020:35(5):426-439. https://doi.org/
10.1016/j.tree.2020.01.006

Preece C, Clamp NF, Warham G, Charles M, Rees M, Jones G,
Osborne CP. Cereal progenitors differ in stand harvest characteris-
tics from related wild grasses. ) Ecol. 2018:106(3):1286-1297.
https://doi.org/10.1111/1365-2745.12905

Preece C, Livarda A, Christin P-A, Wallace M, Martin G, Charles M,
Jones G, Rees M, Osborne CP. How did the domestication of Fertile
Crescent grain crops increase their yields? Funct Ecol. 2017:31(2):
387-397. https://doi.org/10.1111/1365-2435.12760

Purugganan MD. Evolutionary insights into the nature of plant domes-
tication. Curr Biol. 2019:29(14):R705-R714. https://doi.org/10.1016/].
cub.2019.05.053

Purugganan MD. What is domestication? Trends Ecol Evol. 2022:37(8):
663-671. https://doi.org/10.1016/j.tree.2022.04.006

Purugganan MD, Fuller DQ. The nature of selection during plant
domestication. Nature. 2009:457(7231):843-848. https://doi.org/
10.1038/nature07895

Purugganan MD, Fuller DQ. Archaeological data reveal slow rates of
evolution during plant domestication. Evolution. 2011:65(1):
171-183. https://doi.org/10.1111/j.1558-5646.2010.01093.x

Raj SM, Pei A, Foll M, Schlamp F, Excoffier L, Fuller DQ, Kivisild T,
Clark AG. 2019. Reconstruction of nine thousand years of agriculture-
based diet and impact on human genetic diversity in Asia. bioRxiv
747709. https://doi.org/10.1101/747709. preprint: not peer reviewed.

Ramsay L, Comadran J, Druka A, Marshall David F, Thomas William
T B, Macaulay M, MacKenzie K, Simpson C, Fuller }, Bonar N, et al.
INTERMEDIUM-C, a modifier of lateral spikelet fertility in barley, is an
ortholog of the maize domestication gene TEOSINTE BRANCHED 1.
Nat Genet. 2011:43(2):169-172. https://doi.org/10.1038/ng.745

Raza A, Razzaq Ali, Mehmood Sundas, Zou X, Zhang X, Lv Y, Xu J.
Impact of climate change on crops adaptation and strategies to
tackle its outcome: a review. Plants. 2019:8(2):34. https://doi.org/10.
3390/plants8020034

Remigereau M-S, Lakis G, Rekima S, Leveugle M, Fontaine MC,
Langin T, Sarr A, Robert T. Cereal domestication and evolution of
branching: evidence for soft selection in the tb1 orthologue of pearl
millet (Pennisetum glaucum). PLoS One. 2011:6(7):e22404. https://
doi.org/10.1371/journal.pone.0022404

Rodriguez-Saona C, Vorsa N, Singh AP, Johnson-Cicalese J, Szendrei
Z, Mescher MC, Frost CJ. Tracing the history of plant traits under
domestication in cranberries: potential consequences on anti-
herbivore defences. ] Exp Bot. 2011:62(8):2633-2644. https://doi.
org/10.1093/jxb/erq466

Roman-Reyna V, Pinili Dale, Borja Frances N, Quibod IL, Groen SC,
Alexandrov N, Mauleon R, Oliva R. Characterization of the leaf
microbiome from whole-genome sequencing data of the 3000 rice
genomes project. Rice. 2020:13(1):72. https://doi.org/10.1186/s12284-
020-00432-1

Roosevelt A, Lima da Costa M, Machado CL, Michab M, Mercier N,
Valladas H, Feathers ), Barnett W, Imazio da Silveira M,
Henderson A, et al. Paleoindian cave dwellers in the Amazon: the
peopling of the Americas. Science. 1996:272(5260):373-384. https://
doi.org/10.1126/science.272.5260.373

Rosenthal ), Dirzo R. Effects of life history, domestication and agro-
nomic selection on plant defence against insects: evidence from
maizes and wild relatives. Evol Ecol. 1997:11(3):337-355. https://
doi.org/10.1023/A:1018420504439

Alam and Purugganan

Ross-Ibarra J, Morrell PL, Gaut BS. Plant domestication, a unique op-
portunity to identify the genetic basis of adaptation. Proc Natl Acad
Sci USA. 2007:104(suppl_1):8641-8648. https://doi.org/10.1073/
pnas.0700643104

Rowley-Conwy P, Layton R. Foraging and farming as niche construc-
tion: stable and unstable adaptations. Philos Trans R Soc B Biol Sci.
2011:366(1566):849—862. https://doi.org/10.1098/rstb.2010.0307

Ryser P, Lambers H. Root and leaf attributes accounting for the perform-
ance of fast- and slow-growing grasses at different nutrient supply. Plant
Soil. 1995:170(2):251-265. https://doi.org/10.1007/BF00010478

Schob C, Brooker RW, Zuppinger-Dingley D. Evolution of facilitation
requires diverse communities. Nat Ecol Evol. 2018:2(9):1381-1385.
https://doi.org/10.1038/s41559-018-0623-2

Shi H, Chen M, Gao L, Wang Y, Bai Y, Yan H, Xu C, Zhou Y, Xu Z, Chen
J, et al. Genome-wide association study of agronomic traits related to
nitrogen use efficiency in wheat. Theor Appl Genet. 2022:135(12):
4289-4302. https://doi.org/10.1007/s00122-022-04218-5

Singh J, van der Knaap E. Unintended consequences of plant domes-
tication. Plant Cell Physiol. 2022:63(11):1573-1583. https://doi.org/
10.1093/pcp/pcac083

Soltis NE, Atwell S, Shi G, Fordyce R, Gwinner R, Gao D, Shafi A,
Kliebenstein D). 2018. Crop domestication and pathogen virulence:
interactions of tomato and Botrytis genetic diversity. bioRxiv 255992.
https://doi.org/10.1101/255992. preprint: not peer reviewed.

Speidel L, Forest M, Shi S, Myers SR. A method for genome-wide ge-
nealogy estimation for thousands of samples. Nat Genet. 2019:51(9):
1321-1329. https://doi.org/10.1038/s41588-019-0484-x

Stern AJ, Wilton PR, Nielsen R. An approximate full-likelihood meth-
od for inferring selection and allele frequency trajectories from DNA
sequence data. PLoS Genet. 2019:15(9):e1008384. https://doi.org/
10.1371/journal.pgen.1008384

Stetter M. Limits and constraints to crop domestication. Am ] Bot.
2020:107(12):1617-1621. https://doi.org/10.1002/ajb2.1585

Stetter M, Miiller T, Schmid KJ. Genomic and phenotypic evidence for
an incomplete domestication of South American grain amaranth
(Amaranthus caudatus). Mol Ecol. 2017:26(3):871-886. https://doi.
org/10.1111/mec.13974

Studer AJ, Wang H, Doebley JF. Selection during maize domestication
targeted a gene network controlling plant and inflorescence architec-
ture. Genetics. 2017:207(2):755-765. https://doi.org/10.1534/genetics.
117.300071

Tergemina E, Elfarargi AF, Flis P, Fulgione A, Goktay M, Neto C,
Scholle M, Flood P), Xerri S-A, Zicola }, et al. A two-step adaptive
walk rewires nutrient transport in a challenging edaphic environ-
ment. Sci Adv. 2022:8(20):eabm9385. https://doi.org/10.1126/sciadv.
abm9385

Thrall PH, Oakeshott )G, Fitt G, Southerton S, Burdon }), Sheppard
A, Russell R), Zalucki M, Heino M, Ford Denison R. Evolution in
agriculture: the application of evolutionary approaches to the man-
agement of biotic interactions in agro-ecosystems. Evol Appl.
2011:4(2):200-215. https://doi.org/10.1111/j.1752-4571.2010.00179.x

Tracy WF, Whitt SR, Buckler ES. Recurrent mutation and genome evo-
lution: example of sugary1 and the origin of sweet maize. Crop Sci.
2006:46(S51):S-49. https://doi.org/10.2135/cropsci2006-03-0149tpg

Trucchi E, Benazzo A, Lari M, lob A, Vai S, Nanni L, Bellucci E, Bitocchi
E, Raffini F, Xu C, et al. Ancient genomes reveal early Andean farmers
selected common beans while preserving diversity. Nat Plants.
2021:7(2):123-128. https://doi.org/10.1038/s41477-021-00848-7

Turcotte MM, Turley NE, Johnson M. The impact of domestication on
resistance to two generalist herbivores across 29 independent do-
mestication events. New Phytol. 2014:204(3):671-681. https://doi.
org/10.1111/nph.12935

Vallebueno-Estrada M, Rodriguez-Arévalo 1, Rougon-Cardoso A,
Martinez Gonzailez ), Garcia Cook A, Montiel R, Vielle-Calzada
J-P. The earliest maize from San Marcos Tehuacan is a partial domes-
ticate with genomic evidence of inbreeding. Proc Natl Acad Sci USA.
2016:113(49):14151-14156. https://doi.org/10.1073/pnas. 1609701113

Gzoz AInr 9| uo ysenb Aq 9z///G1/1221/S/9€/0101KE/|199]d/W0d dno-dlwapede//:sdiy wol papeojumoq


https://doi.org/10.1093/aob/mcab074
https://doi.org/10.1093/aob/mcab074
https://doi.org/10.1073/pnas.2208116120
https://doi.org/10.1016/j.tree.2020.01.006
https://doi.org/10.1016/j.tree.2020.01.006
https://doi.org/10.1111/1365-2745.12905
https://doi.org/10.1111/1365-2435.12760
https://doi.org/10.1016/j.cub.2019.05.053
https://doi.org/10.1016/j.cub.2019.05.053
https://doi.org/10.1016/j.tree.2022.04.006
https://doi.org/10.1038/nature07895
https://doi.org/10.1038/nature07895
https://doi.org/10.1111/j.1558-5646.2010.01093.x
https://doi.org/10.1101/747709
https://doi.org/10.1038/ng.745
https://doi.org/10.3390/plants8020034
https://doi.org/10.3390/plants8020034
https://doi.org/10.1371/journal.pone.0022404
https://doi.org/10.1371/journal.pone.0022404
https://doi.org/10.1093/jxb/erq466
https://doi.org/10.1093/jxb/erq466
https://doi.org/10.1186/s12284-020-00432-1
https://doi.org/10.1186/s12284-020-00432-1
https://doi.org/10.1126/science.272.5260.373
https://doi.org/10.1126/science.272.5260.373
https://doi.org/10.1023/A:1018420504439
https://doi.org/10.1023/A:1018420504439
https://doi.org/10.1073/pnas.0700643104
https://doi.org/10.1073/pnas.0700643104
https://doi.org/10.1098/rstb.2010.0307
https://doi.org/10.1007/BF00010478
https://doi.org/10.1038/s41559-018-0623-2
https://doi.org/10.1007/s00122-022-04218-5
https://doi.org/10.1093/pcp/pcac083
https://doi.org/10.1093/pcp/pcac083
https://doi.org/10.1101/255992
https://doi.org/10.1038/s41588-019-0484-x
https://doi.org/10.1371/journal.pgen.1008384
https://doi.org/10.1371/journal.pgen.1008384
https://doi.org/10.1002/ajb2.1585
https://doi.org/10.1111/mec.13974
https://doi.org/10.1111/mec.13974
https://doi.org/10.1534/genetics.117.300071
https://doi.org/10.1534/genetics.117.300071
https://doi.org/10.1126/sciadv.abm9385
https://doi.org/10.1126/sciadv.abm9385
https://doi.org/10.1111/j.1752-4571.2010.00179.x
https://doi.org/10.2135/cropsci2006-03-0149tpg
https://doi.org/10.1038/s41477-021-00848-7
https://doi.org/10.1111/nph.12935
https://doi.org/10.1111/nph.12935
https://doi.org/10.1073/pnas.1609701113

Domestication and the evolution of crops

Vavilov N. Origin and geography of cultivated plants (translated by
Doris Love). Arch Nat Hist. 1994:21:142-142. https://doi.org/10.
3366/anh.1994.21.1.142a

Wallace JG, Kremling KA, Kovar LL, Buckler ES. Quantitative genetics
of the maize leaf microbiome. Phytobiomes ). 2018:2(4):208-224.
https://doi.org/10.1094/PBIOMES-02-18-0008-R

Wang M, Li W, Fang C, Xu F, Liu Y, Wang Z, Yang R, Zhang M, Liu S,
Lu S, et al. Parallel selection on a dormancy gene during domestica-
tion of crops from multiple families. Nature Genet. 2018:50(10):
1435-1441. https://doi.org/10.1038/s41588-018-0229-2

Wang RL, Stec A, Hey J, Lukens L, Doebley ). The limits of selection
during maize domestication. Nature. 1999:398(6724):236—239.
https://doi.org/10.1038/18435

Wang H, Studer A), Zhao Q, Meeley R, Doebley JF. Evidence that the
origin of naked kernels during maize domestication was caused by a
single amino acid substitution in tgal. Genetics. 2015:200(3):
965-974. https://doi.org/10.1534/genetics.115.175752

Wang Z, Wang W, Xie X, Wang Y, Yang Z, Peng H, Xin M, Yao Y, Hu Z,
Liu J, et al. Dispersed emergence and protracted domestication of poly-
ploid wheat uncovered by mosaic ancestral haploblock inference. Nat
Commun. 2022:13(1):3891. https://doi.org/10.1038/s41467-022-31581-0

Whipple CJ, Kebrom TH, Weber AL, Yang F, Hall D, Meeley R,
Schmidt R, Doebley }, Brutnell TP, Jackson DP. Grassy tillers1 pro-
motes apical dominance in maize and responds to shade signals in
the grasses. Proc Natl Acad Sci USA. 2011:108(33):E506—E512.
https://doi.org/10.1073/pnas.1102819108

Whitehead SR, Turcotte M, Poveda K. Domestication impacts on
plant-herbivore interactions: a meta-analysis. Philos Trans R Soc
Lond B Biol Sci. 2017:372(1712):20160034. doi 10.1098/rstb.2016.0034

Wills DM, Burke JM. Quantitative trait locus analysis of the early do-
mestication of sunflower. Genetics. 2007:176(4):2589-2599. https://
doi.org/10.1534/genetics.107.075333

Wu GA, Prochnik S, Jenkins }, Salse J, Hellsten U, Murat F, Perrier X,
Ruiz M, Scalabrin S, Terol J, et al. Sequencing of diverse mandarin,
pummelo and orange genomes reveals complex history of admixture
during citrus domestication. Nat Biotech. 2014:32(7):656-662.
https://doi.org/10.1038/nbt.2906

Wu D, Xie L, Sun Y, Huang Y, Jia L, Dong C, Shen E, Ye C-Y, Qian Q,
Fan L, et al. A syntelog-based pan-genome provides insights into rice
domestication and de-domestication. Genome Biol. 2023:24(1):179.
https://doi.org/10.1186/s13059-023-03017-5

THE PLANT CELL 2024: 36; 1227-1241 | 1241

Wauest SE, Niklaus PA. A plant biodiversity effect resolved to a single
chromosomal region. Nat Ecol Evol. 2018:2(12):1933-1939. https://
doi.org/10.1038/541559-018-0708-y

Xue S, Bradbury PJ, Casstevens T, Holland JB. Genetic architecture of
domestication-related traits in maize. Genetics. 2016:204(1):99-113.
https://doi.org/10.1534/genetics.116.191106

Ye C-Y, Tang W, Wu D, Jia L, Qiu J, Chen M, Mao L, Lin F, Xu H, Yu X,
et al. Genomic evidence of human selection on vavilovian mimicry. Nat
Ecol Evol. 2019:3(10):1474-1482. https://doi.org/10.1038/s41559-019-
0976-1

YuH, Lin T, Meng X, Du H, Zhang), Liu G, Chen M, Jing Y, Kou L, Li X,
et al. A route to de novo domestication of wild allotetraploid rice.
Cell. 2021:184(5):1156-1170.e14. https://doi.org/10.1016/j.cell.2021.
01.013

Zeder M. Domestication: definition and overview. In: Smith C, editors.
Encyclopedia of global Archaeology. New York (NY): Springer New
York; 2014. p. 2184-2194.

Zeder M. Core questions in domestication research. Proc Natl Acad Sci
USA. 2015:112(11):3191-3198. https://doi.org/10.1073/pnas. 1501711
112

Zhang F, Hu Z, Wu Z, Lu }, Shi Y, Xu J, Wang X, Wang ), Zhang F,
Wang M, et al. Reciprocal adaptation of rice and Xanthomonas or-
yzae pv. oryzae: cross-species 2d GWAS reveals the underlying genet-
ics. Plant Cell. 2021:33(8):2538-2561. https://doi.org/10.1093/plcell/
koab146

Zhao Q, Feng Q, Lu H, Li Y, Wang A, Tian Q, Zhan Q, Lu Y, Zhang L,
Huang T, et al. Pan-genome analysis highlights the extent of genom-
ic variation in cultivated and wild rice. Nat Genet. 2018:50(2):
278-284. https://doi.org/10.1038/s41588-018-0041-z

Zhou Y, Lu D, Li C, Luo J, Zhu B-F, Zhu }, Shangguan Y, Wang Z,
Sang T, Zhou B, et al. Genetic control of seed shattering in rice
by the APETALA2 transcription factor shattering abortionT.
Plant Cell. 2012:24(3):1034-1048. https://doi.org/10.1105/tpc.111.
094383

Zhou Y, Massonnet M, Sanjak JS, Cantu D, Gaut BS. Evolutionary gen-
omics of grape (Vitis vinifera ssp. vinifera) domestication. Proc Natl
Acad Sci USA. 2017:114(44):11715-11720. https://doi.org/10.1073/
pnas.1709257114

Zuo ), Li ). Molecular genetic dissection of quantitative trait loci regu-
lating rice grain size. Ann Rev Genet. 2014:48(1):99-118. doi:10.1146/
annurev-genet-120213-092138

Gzoz AInr 9| uo ysenb Aq 9z///G1/1221/S/9€/0101KE/|199]d/W0d dno-dlwapede//:sdiy wol papeojumoq


https://doi.org/10.3366/anh.1994.21.1.142a
https://doi.org/10.3366/anh.1994.21.1.142a
https://doi.org/10.1094/PBIOMES-02-18-0008-R
https://doi.org/10.1038/s41588-018-0229-2
https://doi.org/10.1038/18435
https://doi.org/10.1534/genetics.115.175752
https://doi.org/10.1038/s41467-022-31581-0
https://doi.org/10.1073/pnas.1102819108
https://doi.org/10.1098/rstb.2016.0034
https://doi.org/10.1534/genetics.107.075333
https://doi.org/10.1534/genetics.107.075333
https://doi.org/10.1038/nbt.2906
https://doi.org/10.1186/s13059-023-03017-5
https://doi.org/10.1038/s41559-018-0708-y
https://doi.org/10.1038/s41559-018-0708-y
https://doi.org/10.1534/genetics.116.191106
https://doi.org/10.1038/s41559-019-0976-1
https://doi.org/10.1038/s41559-019-0976-1
https://doi.org/10.1016/j.cell.2021.01.013
https://doi.org/10.1016/j.cell.2021.01.013
https://doi.org/10.1073/pnas.1501711112
https://doi.org/10.1073/pnas.1501711112
https://doi.org/10.1093/plcell/koab146
https://doi.org/10.1093/plcell/koab146
https://doi.org/10.1038/s41588-018-0041-z
https://doi.org/10.1105/tpc.111.094383
https://doi.org/10.1105/tpc.111.094383
https://doi.org/10.1073/pnas.1709257114
https://doi.org/10.1073/pnas.1709257114
https://doi.org/10.1146/annurev-genet-120213-092138
https://doi.org/10.1146/annurev-genet-120213-092138

