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Evolution of crop species: genetics of
domestication and diversification

Rachel S. Meyer' and Michael D. Purugganan'?

Abstract | Domestication is a good model for the study of evolutionary processes because
of the recent evolution of crop species (<12,000 years ago), the key role of selection in
their origins, and good archaeological and historical data on their spread and
diversification. Recent studies, such as quantitative trait locus mapping, genome-wide
association studies and whole-genome resequencing studies, have identified genes that
are associated with the initial domestication and subsequent diversification of crops.
Together, these studies reveal the functions of genes that are involved in the evolution of
crops that are under domestication, the types of mutations that occur during this process
and the parallelism of mutations that occur in the same pathways and proteins, as well as

Quantitative trait locus
(QTL). A genomic region with a
gene (or multiple linked genes)
that contains mutations which
result in phenotypic variation
in populations.

Genome-wide association
studies

(GWASs). Studies that use
linkage disequilibrium between
dense, usually single-nucleotide
polymorphism, markers across
the genome to identify
significant associations
between genes (or genomic
regions) and trait phenotypes.
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geographical adaptation of crop species.

Domestication has always been considered a unique
form of biological evolution — a co-evolutionary inter-
action that leads to the establishment of new domesti-
cated species, the growth and reproduction of which
are mostly controlled for the benefit of another species.
Domestication has been documented to have evolved at
least five times in evolutionary history, and classic exam-
ples include the cultivation of fungal species by attine ants,
ambrosia beetles and termites'. However, the most pro-
lific domesticators are humans, who have domesticated
hundreds of plant species (BOX 1; see Supplementary
information S1 (table)) and animal?® species as sources of
food and materials, and even for companionship and aes-
thetic value in the past 12,000 years. Crops, in particular,
represent some of the most marked evolutionary transi-
tions that are associated with domestication, which has
prompted interest in their study since Darwin drew inspi-
ration from domesticated species to illuminate genetic
variation®, evolution and the power of selection®. Research
on such crop evolutionary processes is also driven by its
cultural and economic importance for humans.

The genetic architecture of crop domestication and
the nature of selection in domesticated species have been
major foci of molecular genetic studies over the past two
decades. A large number of domestication genes (or
domestication-related genes) have been identified and
isolated through candidate gene studies, quantitative trait
locus (QTL) mapping and cloning, genome-wide association
studies (GWASs) and, more recently, whole-genome

the selective forces that are acting on these mutations and that are associated with

resequencing studies. In these genes, widespread foot-
prints of selection have been identified in the genomes
of maize, rice, sunflower and several millet species,
which allow us to better understand the forces of both
conscious selection and unconscious selection. Recent pop-
ulation-level molecular analyses also enable us to clarify
the demographic histories of the domestication process
itself (for example, the processes of domesticating rice®
and tomato®), which, together with expanded archaeo-
logical studies, can illuminate the origins and histories of
crops”®. Furthermore, the characterization of the muta-
tions that lead to domestication gives an indication of
the types of mutations and the functions of genes that
are involved in the generation of domestication traits.
Progress made in the past few decades now provides us
with the foundation to examine patterns and processes
that are associated with crop plant evolution, and to focus
on the genetics of their domestication and diversification
since the Neolithic period.

In this Review, we discuss the genetic architecture of
crop plant domestication and investigate the evolution-
ary genomics of this important process. By compiling a
list of known domestication and diversification genes,
we dicuss patterns of selection over the course of the
domestication process and also examine the origin and
spread of domestication alleles. Finally, we show how
these molecular genetic insights have led to a more
robust characterization of the evolutionary development
of crop species.
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Box 1| Geographical and phylogenetic distribution of domestication genes and species

Supplementary information S1 (table)).
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Figure 1| The evolutionary stages of domestication and diversification. Plant exploitation involves harvesting and
stewardship over wild stands with favourable traits (pre-Stage 1). The top panel schematically shows the evolutionary
stages of crop plants, including the formation and the diversification of phenotypically distinct cultivated populations (C)
from wild populations (W). Each circle represents a population and those of different phenotypic characteristics are
shown in different shades of the same colour. Arrows represent the evolutionary establishment of derived populations
from ancestral populations. This is illustrated by the example of Zea mays in the bottom panel. a| After extended tending
of stands or the development and establishment of cultivation, selection occurs on the new crop in an agricultural
ecosystem, which leads to the onset of domestication (Stage 1). Teosinte (left) and reconstructed primitive maize (right)
are shown. Following Stage 1 is a crop diversification phase, which can encompass three non-exclusive stages. b | Stage 2
is the continuation of Stage 1 and involves the in situ amplification of populations with desirable alleles that lead to initial
increases in yield, as well as the selection of favourable crop phenotypes. Trait variation also increases. Corn varieties that

Conscious selection

The intentional choice, made
by humans, of preferred
phenotypes in cultivated plants
for use and propagation.

Unconscious selection
Natural selection in crop
species as a result of human
cultivation practices and of
growth in agro-ecological
environments.

resemble those at its centre of origin (that is, the Mexican Highlands) are shown. ¢ | As domesticated crops evolve and
spread from their initial geographical range (Stage 3), crop populations are adapted to new diversified environments

and local preferences. Pod corn (left) was selected for ceremonial use by Native Americans; popcorn (middle left) is
preferred in Peru; Italian red sweet corn (middle right) has also been selected; and dent corn (right), which is used to make
hominy and masa, is selected by Native Americans. d | Stage 4 is the deliberate breeding of crop varieties to maximize
yield, ease of farming, uniformity and quality. Uniform improved corn varieties are produced through modern deliberate
breeding efforts. Image in part a courtesy of J. Doebley, the University of Wisconsin-Madison, USA. Pod cornimage in
part cis reproduced, with permission, from REF. 120 © (2012) US National Academy of Sciences.

Domestication and diversification

Plant domestication by humans encompasses a broad
spectrum of evolutionary changes that may decrease the
fitness of a plant in the wild but increase it under human
exploitation, and complete dependence on humans for
survival is considered the fullest extent of domestication.
The domestication process under this broad definition
can span a wide range of features in crop species evolu-
tion; for the purpose of this Review, we use domestication
to refer to the onset or the initiation of the process of
evolutionary divergence from the wild ancestral species.
We use diversification to refer to the subsequent evolu-
tion of new varieties, including greater improvement in
yield, adaptation or quality in crop species.

Stages of domestication and diversification. Human-
associated plant domestication began ~12,000 years
ago in the Middle East and the Fertile Crescent,
and subsequently in different parts of the world —
China, Mesoamerica, the Andes, Near Oceania (all
~10,000 years ago), sub-Saharan Africa (~8,000 years
ago) and eastern North America (~6,000 years ago’). The
evolution of crop plants began as human behavioural

ecology changed from food gathering to cultivation as
the primary mode of supplying plant food resources'.
Domesticated plant species are found in 160 taxonomic
families (BOX 1; see Supplementary information S1
(table)), with estimates that 2,500 species have under-
gone domestication'!, and 250 species are considered as
fully domesticated>'2. The evolutionary trajectory from
wild species to crop species is a complex multi-staged
process. Archaeological records suggest that there
was a period of pre-domestication cultivation while
humans first began to deliberate planting or caring for
wild stands that have favourable traits (pre-Stage 1)";
as human-associated cultivation reshaped the evolu-
tionary trajectories of these species, they were trans-
formed into domesticated species (Stage 1) (FIC. 1). Little
is known about the pre-domestication stage; although
the domestication process itself was previously thought
to be rapid", increasing numbers of studies suggest a
protracted period for Stage 1 that could last as long as
2,000 years®.

The diversification phase that follows initial domes-
tication — sometimes referred to as the improvement
phase'® — involves the spread and adaptation of the
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Green Revolution

A series of research, breeding
and technology transfer
programmes in the
mid-twentieth century that
resulted in marked increases
in agricultural productivity in
developing countries.

Complementation
Introduction of a wild-type
allele into a mutant individual,
through either genetic crosses
or transgenic methods, to
confirm that a particular gene
causes a specific phenotype.

Causative mutations
Mutations that lead to altered
gene functions, which result in
specific phenotypes.

Fixation

Increase in the frequency of an
allelic variant until it is found in
all individuals in a population.

Selective sweeps

Rapid increases in population
frequencies of positively
selected mutations and linked
neutral mutations, which result
in significant reductions in
nucleotide diversity in localized
regions of the genome that
flank the selected mutations.

Introgression

Recurrent crossing that leads
to the sharing of alleles
between gene pools (which
can be unidirectional), such
as between domesticated
and wild populations.

Genetic bottlenecks
Marked decreases in genetic
diversity that are caused

by reductions in effective
population sizes.

domesticated species to different agro-ecological and
cultural environments. This phase leads to phenotypic
and genetic divergence among domesticated popula-
tions, and it can be thought of as having multiple stages
that are associated with varying selective pressures'.
Some key post-domestication stages may include in situ
amplification of populations that have desirable alleles
(Stage 2); adaptation of a domesticated species to dif-
ferent environments and human cultural practices that
accompany geographical radiation (Stage 3); and delib-
erate breeding to maximize yield, ease of farming and
quality (Stage 4) (FIC. 1). Stages 1-3 have previously been
described on the basis of the domestication history of
seed crops'’; although these stages are often sequentially
presented, they may occur simultaneously. Conscious
and deliberate breeding of plants in Stage 4 has been
practised as far back as 11,400 years ago (for example,
the hybrid breeding of figs'®), but many traits in crop
species during this stage are associated with modern
breeding methods (for example, the Green Revolution).

Domestication traits. Which traits were selected dur-
ing domestication or post-domestication diversification
stages can vary depending on the species, as well as on the
nature and the number of domestication events (FIG. 2).
Domestication phenotypes are, by definition, traits that
are selected during the initial transformation and estab-
lishment of the new domesticated species from its wild
ancestor (or ancestors); these phenotypes often include
the loss of dormancy, increases in seed size and changes
in reproductive shoot architecture (TABLE 1). These traits
can arise through human preferences for ease of harvest,
growth advantages under human propagation and/or
survival in deforested or disturbed habitats'”. Both con-
scious selection by early farmers and unconscious selec-
tion as a result of agricultural practices or environments"
are involved in the domestication process.

Diversification traits. Diversification traits among crop
plant species can be even more varied (TABLE 1). They can
be seen as variation in domesticated populations, as they
result from crops that are adapting to fit specific uses, pref-
erences and ecological growing conditions. For example,
photoperiod sensitivity in wheat and barley arose as a phe-
notype when cultivars spread out of the Fertile Crescent.
Other traits, such as sticky or aromatic grains in rice and
popcorn in maize®', were selected and maintained by
specific cultures. For many, if not most, of these diver-
sification traits, it is likely that they evolve under con-
scious selection. Adding to this complexity in inferring
whether a trait has been selected during crop evolution
is the fact that the functional use and the specific organs
that are targeted for selective change can differ over time’;
for example, the initial domestication of lettuce in Egypt
involved selection for oilseed production, whereas current
selective breeding efforts focus on leaf characteristics®.

Characterizing genetic architecture

Identifying domestication and diversification genes.
Domestication or diversification genes have mostly
been isolated through QTL fine-mapping studies and,
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more recently, by linkage disequilibrium mapping using
GWASs, and transgenic or genetic complementation
analyses are used to conclusively identify the relevant
genes. This has primarily been undertaken in maize or
rice, in which high-density genetic maps and molecu-
lar markers, as well as considerable genetic resources,
allow thorough molecular characterization and
high-resolution mapping.

Identifying causative mutations that lead to domestica-
tion or diversification phenotypes in these loci can be
difficult. Few studies have used site-directed mutagen-
esis or transgenic complementation to directly test for
the functional effects of specific mutations. However,
in several studies, clear functional consequences of
identified mutations in crop evolution genes — for
example, premature stop codons, and insertion and
deletions (indels) — have led to the inference that
they are the causative mutations (see Supplementary
information S2,S3 (tables)).

As aresult of uncertainties in the phenotypes that are
associated with specific stages in the evolution of domes-
ticated species, it may also be problematic to distinguish
genes that underlie domestication from those that give
rise to subsequent diversification traits. Many genes
that underlie phenotypes which distinguish a domesti-
cated species from its wild ancestor have been labelled
as domestication genes, although, in many cases, there
is no evidence that these phenotypes arose as a result of
selection during the domestication process®.

We propose that a domestication gene should meet
the following criteria. First, its function has been charac-
terized and is known to underlie a trait — for example, a
loss of seed dispersal and an increase in seed size — that
is clearly associated with Stage 1 (that is, domestication)
in the species of interest. Second, there is evidence of
positive selection at that locus. Third, there should be
complete or near-complete fixation of at least one causa-
tive mutation that is associated with the gene in all line-
ages from a single domestication event. Applying these
criteria can prove difficult, as there may be multiple
selective pressures that affect the same trait, domestica-
tion traits may be poorly characterized, and selection
signatures can be difficult to detect. Moreover, soft
selective sweeps on standing genetic variation rather than
on new genetic variation, introgression or severe genetic
bottlenecks can obscure the evolutionary and selective
history of a locus. Thus, under our conservative crite-
ria, we may not identify the full range of domestication
genes in a crop species; nevertheless, these criteria can
provide an initial appraisal of relevant genes that are
associated with the origin of a crop species.

Diversification or improvement genes are selected
for after the domestication process in Stage 1 and are
associated with Stages 2 to 4 (REF. 24). Defining that a
gene is involved in diversification and not in domesti-
cation is aided by knowledge of the population struc-
ture of the domesticated species and by information
on early cultivated forms from the archaeological
record to delimit early evolving traits versus late evolv-
ing traits. Several loci, such as FW2.2 (also known as
LOC101245309) in the Solanaceae and suppressor of
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Figure 2 | Demographic models of crop domestication. The characterization of domestication in crop speciesis
dependent on understanding the initiation and the course of the domestication process. The width of the channels
represents population size and geographical range; M=N_m, which is the product of effective population size (N ) and
the migration rate (m). a | Earlier models of domestication posited a single domestication event and suggested that
domestication occurred through strong selection and severe genetic bottlenecks in a small population of the wild
progenitor, which resulted in greater reproductive isolation between the wild species and the domesticated species''’. As
more archaeological and molecular data are now available and the evolutionary histories of more crops are better known,
new general models for domestication have been proposed. New alternative demographic models of domestication
suggest that the extent of the genetic bottleneck in the early evolution of crop species is variable — severe during the
domestication of corn®?, but minimal for that of apple!? and carrot'®. Even after a domestication bottleneck, diversity can
recover during the improvement or diversification phase through processes such as introgression from wild relatives®.

Furthermore, strong reproductive isolation is not a necessary feature of domestication

11 and repeated introgression

between crops and their wild progenitors or other related species have been suggested in more recent models. b| The
importance of introgression between cultivated and wild relatives is indicated in alternative single domestication models.
Many grain crops such as amaranths, common millet, foxtail millet, maize, pearl millet, rice and wheat, as well as many
fruit crops (for example, apple and tomato) and root crops (for example, carrot), are thought to have undergone a single
domestication event®. ¢ | Alternatively, studies have also shown that multiple domestication events characterize the
history of a quarter of the world’s food crops®, in which one wild species undergoes domestication in different regions or
at different time points. This multiple domestication model is exemplified by barley, bottle gourd, coconut, common bean,
aubergine and sorghum. d | A third alternative single domestication model has been proposed, in which crops are

domesticated from interspecific hybridization followed by clonal propagation. This is especially common in tree crops'®,

115

such as citrus and banana, but is also found in many short-lived species, such as peanut and strawberry.

sessile spikelets1 (SosI) in maize®, have been erroneously
inferred to be domestication loci and are instead impor-
tant in more recent diversification of cultivated species.

Genetic architecture of domestication and diversifica-
tion. Despite the caveats described above, QTL map-
ping and genetic complementation analyses led to the
isolation of the first domestication gene that has been
characterized at the molecular level — the teosinte

branchedl (tb1) locus’”” — which controls differences in
shoot architecture between maize and its wild teosinte
progenitor. The identification of maize tb1 as a domesti-
cation gene has been followed over the past two decades
by the identification of numerous other domestication
and diversification loci, most of which are in cereal
crop species but with a few in non-grass species, such
as beans, cole crops, grape, sunflower and tomato (see
Supplementary information S2 (table)).
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Table 1| Commonly observed traits in crops* accompanying domestication (Stage 1) and diversification (Stages 2-4)

Stage 1 Stage 2 Stage 3 Stage 4

Seed crop e Larger seeds * More seeds * Reduced vernalization * Increased yield
* Resource allocation ¢ Increased seed size variation ¢ Reduced photoperiod ¢ Increased abiotic stress tolerance
e Thinner seed coat, and * Pigment change sensitivity * Increased biotic stress tolerance
increased seed softening ¢ Flavour change * Modified hormone * Improved eating quality
and ornamentation * Change in starch content sensitivity
e Inflorescence architecture ¢ Non-shattering seeds* * Synchronized flowering
(including shape, number * Reduced germination time
and determinacy) inhibition * Shortened or extended
* Increased yield potential life cycle
and productivity * Dwarfism
* Loss of dormancy
¢ Determinate growth
Root and * Flavour change * Reduced toxicity * Hybridization using effect  ® Improved nutritional quality
Tuber * Resource allocation  Vegetative propagation and of heterosis * Improve multiplication ability
* Change in starch content reduced sexual propagation  ® Promotion of allogamy and rate
* Ability to thrive in modified  * Abiotic stress tolerance * Increased yield
landscape * Biotic stress tolerance
* Reduced branching * Extended harvest season
Fruit * Flavour change * Increased fruit size variation  © Improved pollination * Delayed ripening

* Resource allocation
e Larger seed size

e Larger fruit size

e Shortened life cycle
e Softer fruit

¢ Increased post-harvest quality
and delayed senescence

* Increased yield

* Increased abiotic stress tolerance

* Increased resistance

* Selfing breeding system success
* Reduced fruit shedding

 Continuous fruiting

e Attractiveness and even ripening

*Examples in annual or short-lived perennial fruits, roots and seeds are shown. Fewer general traits could be identified for less well-characterized crops, such as
leaf crops and long-lived perennial species, and these were therefore excluded. *A Stage 1 trait in some crop species.

Domestication syndrome
The selection of traits that
distinguish domesticated
species from their wild
progenitors; similar traits were
often observed to occur in
different crops, which led
people to view them as a
‘syndrome’.

QTL mapping studies (FIC. 3) were among the first
attempts to dissect the genetic architecture of plant
domestication and diversification, and such studies
provided the initial steps to identifying specific genes
that are involved. These early studies, which were
mostly carried out in maize, rice and beans, indicated
that only one or a few genes of large effect controlled
many domestication traits?®*, although this pattern
was not universal; for example, in foxtail millet, both
tillering and axillary branching are controlled by many
loci of small effect®*. Many QTL studies have also
demonstrated that multiple key domestication traits
are controlled by the same regions of the genome®"?,
which indicates that either pleiotropy or tight linkage
among several loci may be an important attribute of the
evolution of domesticated species.

The number of genes or QTLs that are thought to
underlie traits of the domestication syndrome® is difficult
to estimate. In maize, QTLs for 9 domestication traits
ranged from 6 to 26 (REF. 34), and in rice, 13 domestica-
tion traits were associated with 76 QTLs*. Loci that are
thought to underlie the diversification traits of the pho-
toperiod response and of flowering time vary in number
among members of the Poaceae family: 25 QTLs and
4 hotspot genomic regions were observed in maize’,
16 in foxtail millet”” and 14 in rice®®*. QTL analyses
have also identified clusters of mapped loci for the
same trait™.

More recent GWASs have confirmed similar numbers
and patterns of detectable associations. A GWAS in rice
identified 80 loci for 14 agronomic traits*, and in sor-
ghum, 14 loci have been identified for the inflorescence
branch length trait"'. Similar numbers were also recently

reported in a GWAS of foxtail millet varieties, in which
512 loci were found to be associated with 47 agronomic
traits*2. Despite the large number of domestication and/
or diversification loci that have been identified by QTL
mapping and GWASs, these may all be underestimates;
for example, one study in maize*® suggests that nearly
500 genomic regions, which are estimated to span up to
2,000 genes, show evidence of directional selection that
is consistent with possible roles in domestication.

Functions and mutations

Biological functions of domestication and diversifica-
tion genes. We compiled data on 60 genes that have
been reported as domestication and/or diversification
loci (see Supplementary information S2 (table)). We
chose these 60 genes because they have been included
in population genetic studies and/or have been func-
tionally validated. We also included various genes that
have been investigated using a wide range of approaches
to support their roles in crop evolution. Although this
list is by no means comprehensive, it illustrates the state
of the field.

As the roles of these genes have not necessarily been
delimited by previous investigators, we re-evaluated the
role of these 60 genes and categorized them as domes-
tication or diversification loci. Using our criteria to
examine these 60 genes, 23 genes were determined as
probable domestication genes that are associated with
evolution in Stage 1 (FIC. 1; see Supplementary informa-
tion S2,S3 (tables)), and 32 genes were more plausible as
diversification genes or early crop improvement genes
(Stages 2 or 3). Five genes seem to have undergone
selection in both domestication and diversification.
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Figure 3 | From discovery to characterization of domestication genes. a|The process of discovering domestication
genes and their underlying mutations are shown, and bran colour in Oryza sativa (rice) is used as an example. Disruption of
the pigmentation pathway that leads to red bran colour occurred early in the domestication process for rice (Stage 1),
possibly because contaminants in stored grain could be more easily identified against a white background. Red bran rice
(that is, the Rc haplotype) and white bran rice (that is, the rc haplotype)’® are shown. The white bran cultivars Jefferson and
IR64 are crossed with the wild progenitor Oryza rufipogon (which has a red bran colour) in a fine-mapping study of the Rc
quantitative trait locus’®, which localizes the Rc locus in mapping populations to a MYC-like basic helix-loop-helix (bHLH)
gene. Rc haplotypes in 440 individual rice cultivars®” have a 14-base pair deletion in the protein-coding region of the
bHLH gene, which is the predominant mutation that disrupts gene function. Although this deletion is the predominant
genotype under fixation, some varieties underwent parallel selection for different mutations in the same gene. b | Candidate
domestication-related genes are identified by selective-sweep mapping and by genome-wide association studies (GWASs).
Candidate genes that are under artificial selection are identified by whole-genome resequencing of 50 rice cultivars and
their wild relatives at 15 times coverage*®. Several regions (or genes) show reductions in diversity or high Wright fixation
index (F;) on chromosome 1in O. sativa ssp. japonica (that is, a domesticated variety group) relative to O. rufipogon (that
is, the wild progenitor). The unannotated 09G0547100 gene is a candidate domestication-related gene because it shows a
strong selective sweep in japonica'*®. 09G0547100 encodes a putative auxin-induced protein. Alternatively, GWAS can be
carried out after resequencing. A GWAS in rice® led to the discovery of two single-nucleotide polymorphisms (SNPs) that

are associated with grain width —a diversification trait — on chromosome 5 in a compressed mixed linear model. One
SNP is within gSW5, which is a locus that is known to have a role in grain width, whereas the other SNP has not been
previously studied with regard to grain width. The C>G SNP that is associated with the unknown gene has a minor allele
frequency of 0.21 (REF. 39). Image in part a is reproduced, with permission, from REF. 78 © (2007) John Wiley & Sons, Inc.

Genes that are thought to be involved in domes-
tication (Stage 1) contribute to various traits (see
Supplementary information S2 (table)). They regulate
inflorescence development (Brassica oleracea CAL; com-
mon bean TFL1; and maize barren stalkl (bal), ramosal
(ral), tb1 and Zagll), vegetative growth habit and height
(maize tb1; and Oryza sativa PROGI and LG1), seed pig-
ment, seed size, casing, ornamentation (rice BH4; barley
NUD; and maize teosinte glume architecturel (Tgal) and
prolamin-box binding factor (pbf)), seed retention (rice
SH4-1; Sorghum bicolor SHI; and the wheat aspartic
proteinase gene WAP2), nitrogen access and efficiency
(O. sativa AMT1;1), and fruit flavour (strawberry NESI
and PINS) (see Supplementary information S2 (table)).

Diversification genes also contribute to a range of phe-
notypes, and evolutionary changes include fruit shape and
size (tomato FW2.2, OVATE (also known as LOC543847)
and calmodulin-binding protein SUN-like (SUN)), inflo-
rescence architecture (barley VRSI; soybean TFLIB;
and maize Sosl) (see Supplementary information S2

(table)), colour (the grape myb-related transcription fac-
tor genes MYBAI and MYBA2; and Brassica rapa TT8)
and starch composition traits (maize sugaryl (sul); and
WAXY in multiple species). Traits for specific cultural
practices and preferences, such as dwarfism (O. sativa
SD1), fragrance (rice BADH?2) and pod corn (maize
MADSI9 (m19)), were also selected. Moreover, genes
that control flowering time diversity have been described
(O. sativa HD1; barley ELF3; maize CCT (also known
as LOC100281853); pearl millet MADSI1I; and straw-
berry KSN), and these genes are possibly associated with
adaptation of crops to new environments (Stage 3).
There are numerous genes that are associated with
recent breeding (Stage 4), which we have not enumer-
ated. Nevertheless, some of these Stage 4 loci seem to
have their origins in earlier stages in the crop evolution-
ary process; for example, in maize, the yellow endosperm1
(y1) gene that colours endosperm yellow was strongly
selected for in the 1920s in the United States, but this
mutation can be traced to localized selection by Native
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Nonsense mutations

Point mutations that transform
amino acid-encoding codons
into premature stop codons,
which result in the generation
of truncated proteins.

cis-regulatory mutations
Mutations in linked, usually
non-coding portions, of genes
that alter levels and/or
patterns of transcription

of the linked gene.

Missense mutations

Point mutations that change
the identities of encoded
amino acids, which result in
changes in protein sequences.

Nucleotide diversity

The number of
single-nucleotide
polymorphism in a genomic
region, usually estimated as
the mean level of pairwise
nucleotide divergence in a
sample or a population.

Americans in early diversification'***. Another example
is dwarfism in rice, particularly the reduction in culm
length that is mostly attributable to the semidwarf-1 gene
(SD1). Plants with mutations in this gene were bred dur-
ing the Green Revolution in the twentieth century, but
evidence suggests that it was originally selected for by
early Japanese farmers's"’.

Molecular functions of domestication and diversifica-
tion genes. The isolation of genes that underlie domesti-
cation and diversification traits provides an opportunity
to examine some of the characteristics of the loci that are
associated with the evolution of crop species. These loci
show a wide range of functions — from transcription
factors to metabolic enzymes — although many encode
similar enzymes or are involved in the same pathways
across species.

Mutations in regulatory genes, such as transcription
factors, are thought to underlie phenotypic changes
that are associated with domestication (reviewed in
REFS 48,49). Of the 60 genes that we examined and
that were reported to be involved in domestication or
diversification, 37 genes (~62%) encode transcription
factors, whereas 3 other genes encode transcription co-
regulators. Enzyme-encoding genes make up the second
largest class of loci (14 genes), whereas the remaining
6 genes encode transporter proteins and ubiquitin ligase.

Causative mutations in crop evolution loci have a
range of functional effects (see Supplementary informa-
tion S2 (table)). Many of these genes contain multiple
mutations that have functional consequences, which
indicates that, during crop evolution, multiple muta-
tions that could be subject to selective pressures arise.
Such mutations may be factors in the spread and modi-
fication of selected domestication and/or diversifica-
tion phenotypes. On the basis of the genes that we have
reviewed, nonsense mutations, premature truncations or
other mutations that lead to null function (for example,
frameshifts and splicing defects) are the predominant
type of causative change (38 of 60 genes). The next major
functional class of mutations are cis-regulatory mutations
(26 of 60 genes) and, finally, missense mutations or other
types of structural changes that alter protein function
(10 of 60 genes).

These results suggest that both loss-of-function
alleles and the alleles that alter gene expression are by far
the most common types of functional changes that are
observed during crop evolution. These types of alleles
are likely to have large phenotypic effects, which is con-
sistent with the marked phenotypic divergence that is
observed during domestication and diversification®*.
A recent study in maize suggests that single-nucleotide
polymorphisms (SNPs) that are associated with overall
quantitative trait variation (~79%) are linked to gene
regulatory regions within 5kb upstream of protein-
coding regions™. Thus, the pattern of mutations that we
observe, particularly the preponderance of loss-of-func-
tion alleles in domestication and/or diversification loci,
may be specific to crop evolutionary traits and may
not be representative of overall causative variation in
domesticated plant genomes.
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Mutational lesions in domestication and diversifi-
cation genes can range from SNPs, indels, transposon
insertions and gene duplications to large-scale chro-
mosomal rearrangements (FIC. 4). Of the 60 genes we
examined (see Supplementary information S2 (table)),
35 genes had at least one causative SNP, 23 genes had
indels and 9 genes had a transposable element among the
causative mutations. For 4 of these 60 genes, a causative
mutation has not been reported.

Overall, most causal SNPs in domestication or diver-
sification genes were found to be nonsense mutations
or were found to occur in regulatory regions such as the
promoter, which causes putative cis-regulatory changes
that are usually shown by altered expression and that are
detected by PCR (FIC. 4; see Supplemenary information S2
(table)). Also common were genes with SNPs that
produce altered, but presumably functional, proteins.
Similarly, most indels formed null mutations either by
inducing a translational frameshift or by inducing pre-
mature truncations of the translated protein, whereas
only rarely were cis-regulatory changes induced by an
indel. Interestingly, 15% of the genes had transposable
element insertions that had functional effects, which
suggests that transposable elements have an important
mutational role in domesticated plant genomes.

Compared with SNPs and small indels, genomic
changes that involve larger sequence alterations are less
commonly observed. Copy-number variants have been
observed only in the maize m19 gene or the tomato
SUN gene (see Supplementary information S2 (table)).
An even rarer type of observed genetic change is large
chromosomal rearrangements, as seen in RRS2 in barley,
in which the mutation is a genomic translocation that
spans the domestication locus™.

Processes of evolution

Selection at the molecular level. Selection is a hallmark
of domestication and should leave molecular footprints
in the genomes of crop species. The first domestication
gene that was isolated — the maize tb1 locus — has a
60-90-kb selective sweep that occurred upstream of the
5" end of the protein-coding region®. This sweep, which
is defined as an extended region of low nucleotide diversity,
spans the Hopscotch transposable element insertion
(FIC. 4b) in the cis-regulatory region that regulates tb1
expression®. Early genome-scale surveys in maize sug-
gested that as many as 2-4% of genes in this cereal crop
species were under positive selection®, but recent work
indicates that a much larger percentage (~7.6%) of the
maize genome has been affected by domestication and
diversification®.

Recent studies also reveal that selective sweeps are
prevalent in the genomes of other crops, such as mung-
bean®, rice>* and tomato*>**. The largest crop genome
resequencing study so far, in which the genomes of 1,529
wild and cultivated rice accessions were analysed, identi-
fied 55 selective sweeps, including those that are associ-
ated with the domestication genes BH4 (which causes
a loss of hull colour) and SH4-1 (which causes a loss of
seed shattering)* that show fixation of causal mutational
variants in cultivated samples®.
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Figure 4 | Types of mutations in crop domestication and diversification genes. For each crop, phenotypic changes
that correspond to the mutations of wild varieties (left) versus hypothetical early domesticated varieties (right) are
shown. a | A deletion in the cis-regulatory region (that is, the promoter) of the Sorghum bicolor SH1 gene’® results in the
non-shattering phenotype. b | Insertion of the Hopscotch transposable element results in a cis-regulatory mutation

in the Zea mays teosinte branched1 (tb1) gene, which leads to altered shoot architecture. c | Translocation leads to

the fusion of two exons from an unknown gene after exon 3 of the Z. mays Sh1-5.1 gene’”, which results in the loss of the
YABBY domain and a reduction in shattering. d | A missense single-nucleotide polymorphism (SNP) in the Oryza sativa
PROG1 gene’® results in erect growth in domesticated Asian rice varieties. e | A SNP in the cis-regulatory region (that is,

the promoter) of the O. sativa gSH1 gene'"*® results in the non-shattering phenotype. f| A SNP in a splice site of the

119

Phasolus vulgaris TFL1 gene

results in determinate inflorescences.

Several studies reveal that many genes that seem to
underlie domestication phenotypes — such as the bar-
ley RRS2 locus that confers disease resistance and the
pearl millet TBI locus that confers reproductive meris-
tem identity — show evidence of partial sweeps in which
the causal alleles are not fixed within the species but are
found at moderate frequencies’*®. Several factors can
preclude allele fixation and maintain allelic diversity in
domesticated populations; for example, the tomato LC
and OVATE loci, which are both thought to confer the ini-
tial increase in fruit size during domestication, may cause
seed sterility if both alleles are found together®. Another
possibility is that multiple independent genes underlie the
domestication trait, and that different genes lead to
the selected phenotype in different crop populations.

Partial selective sweeps are also observed in diversifica-
tion loci, in which culture-specific selection of desirable
traits leads to fixation of alleles in varieties but not across
the entire domesticated species. A classic example is the
rice WAXY gene. Mutations that confer the sticky rice
phenotype are prized by some East and Southeast Asian
cultures. The mutation at the splice donor site of intron 1
of this gene is associated with a ~240-kb selective sweep,
but this is mostly found in the temperate japonica variety
group of rice that is popular in Japan and Korea (BOX 2).

Old versus new mutations. A major issue is whether
mutations that lead to domestication or diversifica-
tion phenotypes are new mutations that arise near-
contemporaneously with the onset of positive selection,
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Box 2 | Glutinous grains — parallel evolution across species

A waxy endosperm results when starch in cereal crop grains has low or no amylose and
contains greater amounts of amylopectin, which produces a sticky glutinous grain on
boiling. Waxy grains are found among many domesticated cereals and pseudocereals®.
The WAXY gene encodes the granule-bound starch synthase (GBSS) enzyme®+1%.
In rice, a G>A single-nucleotide polymorphism at the splice donor site of intron 1 is
responsible for the reduction in GBSS activity, which leads to glutinous rice in some
varieties. This mutation arose only once in glutinous rice varieties, possibly in mainland
Southeast Asia, and spread to temperate japonica varieties that have reduced amylose
levels in grains®1°%, Results from studies on the WAXY gene in various species suggest
that mutant phenotypes are rare in the wild and that many cultivar alleles probably
arose through novel mutations®.

Several cultures are partial to sticky grains, and this phenotype has repeatedly
evolved in different cereal crop species. In sub-Saharan Africa, sorghum (Sorghum
bicolor) waxy mutants underwent selection during diversification®'®. Northeast Asian

cultural preferences for sticky grains

1%% also seem to have driven parallel selection on

the waxy mutants in numerous species. Subsequent to glutinous rice being
incorporated into Japanese culture, the grain crop Job’s tears that has a waxy
phenotype was domesticated'®. In northern China, three mutations in the two copies
of WAXY are found in tetraploid broomcorn millet, and these mutations probably
underwent selection as this crop spread into East Asia®*'%, where sticky rice already
existed. In East Asia, mutations in WAXY also arose in foxtail millet'®” and in barley®,
and they were preferentially selected for in Japanese culture.

In the New World, sticky grain amaranths were used to make cakes as part of Aztec
human sacrifice rituals in Mexico, where the domestication of both Amaranthus

cruentus and Amaranthus hypochondriacus was thought to occur

199 waxy mutants have

also been selected in at least three Amaranthus spp. pseudocereals in Central and
South American — Amaranthus caudatus in Peru and A. hypochondriacus in Mexico
during domestication, and A. cruentus in Mexico during diversification'*°.

A. hypochondriacus was domesticated after A. cruentus, and the waxy allele is nearly
completely fixed in Mexican A. hypochondriacus cultivars, which suggests that it was a
domestication gene in this species. There are many cases other than the example of
WAXY, in which processing technology or cultural practices were adopted around a
particular diversification mutation in one crop, and these innovations may have
influenced selection for similar mutations in other new crops.

Parallel evolution
Independent evolution of the
same trait in different species.

or old mutations that have a long history of segregation
in populations before the advent of selection. Whether
selection has affected old or new mutations has implica-
tions for both the nature of the selective sweeps and the
dynamics of the evolution of crop species; for example,
selective sweeps on standing variation (rather than on
new mutations) are expected to leave a weaker signature
of selection in the genome, which highlights the neces-
sity to investigate gene polymorphisms in both wild and
domesticated populations®-¢*.

Some domestication or diversification genes, such
as the rice LGI gene that is associated with a closed
panicle trait®® or the SUN gene duplication in tomato
that regulates organ shape®', seem to be novel alleles in
domesticated cultivars that are absent in wild acces-
sions. However, many domestication alleles occur in
low to moderate frequencies in wild progenitor species.
Although the presence of domestication alleles in wild
populations could have resulted from crop-to-wild gene
flow, several studies have indicated that some of these
are indeed ancestral alleles found in the wild species
that underwent positive selection in the derived crop.
For example, the B. oleracea CAL gene encodes a MADS
box transcription factor that regulates floral meristem
development, and a nonsense mutation leads to the pro-
liferation of floral meristems in domesticated cauliflower

REVIEWS

(B. oleracea ssp. botrytis) and broccoli (B. oleracea ssp.
italica) (see Supplementary information S3 (table)). This
mutation is either fixed or at high frequency in these
domesticated subspecies, but it is also present at low
frequency in wild B. oleracea. Other examples of pos-
sibly old mutations that are important in crop evolution
include those in the tb1 and ZaglI genes in maize®, the
INTERMEDIUM-C (INT-C) gene®® and the PPD-HIA
haplotype in barley®, and the LC gene in tomato®'. This
suggests that many domesticated traits arise not from new
mutations but rather from mutations that are segregating
in ancestral wild populations of crop species™.

Multiple mutations and parallelism at the molecular
level. It is not uncommon to observe morphologi-
cal homoplasy in nature’’7?, which naturally leads to
the question: does selection for particular phenotypes
affect the same genes or distinct genes in different spe-
cies? Domesticated species provide excellent models to
study this question. Selective pressures across multiple
independently evolved domesticated populations or spe-
cies can act on the same traits, such as the loss of seed
dispersal or increased seed size, and the ancestral states
for these traits are well characterized for these domesti-
cated taxa. Darwin used these ‘analogous variations’ to
describe changes in parallel evolution?, and Vavilov devel-
oped the Law of Homologous Series” through the study
of domesticated plant species.

Parallelisms at the molecular level provide a basis for
Darwin’s observations and for Vavilov’s Law. In a single
species, there are cases of multiple mutations that cause
the same domestication phenotype in cultivated species;
these represent independent origins of the domestica-
tion trait. In S. bicolor, unique haplotypes of SHI charac-
terize each of the three separate origins of the loss of seed
shattering in this species”. In this context, the discovery
of independent mutations in domestication loci adds
support to the hypothesis that multiple domestications
of S. bicolor occurred.

Other domestication genes have also been shown to
have multiple causal mutations, but in these cases it is
generally believed that only one mutation is fixed and is
associated with domestication, whereas other mutations
are in low to moderate frequencies across the species. For
example, the O. sativa PROGI gene may have 10 non-
synonymous SNPs and 6 indels in the protein-coding
region, as well as 27 SNPs and 2 indels in the 5’ flank-
ing region. However, a single A>T mutation that causes
a threonine-to-serine change in the carboxyl terminus of
the protein was shown to be sufficient to cause an erect
plant habit by altering the binding properties of this tran-
scription factor’. This is consistent with phylogenetic
analyses of the PROGI gene that supports the monophyly
of cultivars that have PROGI alleles arising from a single
population of the wild progenitor species Oryza rufipogon,
which indicates that selection on this gene during domes-
tication occurred once’. In addition, at least four other
mutations in the promoter region have been proposed to
regulate gene expression levels that result in intraspecific
phenotypic variation”, and these may represent parallel
modifier mutations that are fixed in smaller populations.
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Another example of multiple domestication mutations
is in the domestication Rc gene (FIG. 3), which has three
causal variants that contribute to regulatory changes in
the production of anthocyanin in the rice grain. These
three mutations are associated with the elimination of the
dominant red pigment seed colour that is found in wild
O. rufipogon. Only one mutation, a 14-base pair dele-
tion in exon 7 that leads to a translational frameshift, is
consistently found in all white seeded domesticate spe-
cies and is absent in all wild accessions’. This suggests
that this deletion is the only causal variant that is associ-
ated with domestication, whereas the two other variants
seem to be diversification mutations. One of these vari-
ants is fixed only in japonica cultivars®, and the other is
not fixed but actually leads to a light red (as opposed to
white) grain colour that is prized in certain varieties™.
Other mutations have also been found in the Rc locus®*,
albeit at very low frequencies, one of which restores the
function of the RC protein to produce fully red seeds.
The history of Rc variants® suggests that, as rice culti-
vation spread, parallel selection towards an increase in
colour diversity was applied to new mutations, as well as
introgressed from other progenitor populations.

The same gene can also undergo parallel selection
in multiple crop species and may be a recurring target
of selection; for example, comparative genomics studies
in the Poaceae family have shown the correspondence
of QTLs for several independently selected domestica-
tion or diversification traits among genera®. Mutations
at the WAXY locus, which encodes the granule-bound
starch synthase enzyme for amylose synthesis, is altered
in rice®**, broomcorn millet®, foxtail millet*” and three
Amaranthus spp. pseudocereals® to produce sticky
grains (BOX 2). Other examples of parallel selection dur-
ing diversification include the fruit-weight locus FW2.2
(REF. 25) in tomato, chilli pepper and aubergine; the
orthologues of both the shattering gene SH3 and the Rc
gene in Asian rice (O. sativa) and African rice (Oryza gla-
berrima)®; and tb1 orthologues in maize (tb1), pearl mil-
let (TB1) and barley (INT-C)®. There are also examples
of parallel selection for genes within the same gene fami-
lies (see Supplementary information S2 (table)), such as
the APETALA?2 transcription factors SHI in rice and the
paralogous WAP2 gene in wheat, both of which reduce
shattering by the same mechanism®'.

Gene flow in domestication and diversification. In
recent years, there has been a greater appreciation of the
role of hybridization between domesticated species and
their wild ancestors, or even between distinct popula-
tions, in the spread of domestication or diversification
phenotypes (FIC. 2). The role of gene flow in the dynamics
of domestication has been underscored by the idea that
domestication, coupled with long-range movement of
plants through human migrations and trade, is a pro-
longed process with cultivars and wild relatives occa-
sionally occurring in sympatry; for example, a recent
molecular study in rice suggests that it was domesticated
once in China, which gave rise to the japonica variety
group. Indica rice — a genetically distinct variety group
— arose through subsequent hybridization of japonica

with a putative proto-indica or O. rufipogon in South
Asia®®, which resulted in the introgression of domesti-
cation genes into indica. The rc allele that confers white
pigmentation is an example of a domestication gene that
spread into indica by hybridization from japonica®.
Diversification genes also spread to various varieties
through hybridization as alleles move to new places and
cultures. The BADH2 locus is responsible for aromatic
rice; although there were multiple causative mutations
that arose in japonica, a single mutation in the badh2.1
allele recombined into indica. This recombination resulted
in fragrant indica cultivars that then continued to spread
across several geographical regions®. The waxy splice site
mutation originated in glutinous rice in tropical Southeast
Asia, but subsequently moved into the low-amylose
temperate japonica variety of Northeast Asia® (FIC. 2).

Perspectives

With the continued interest in domesticated taxa that
arise as a result of their agricultural value, there are now
detailed analyses of the genetics of numerous crop spe-
cies, which provide opportunities to examine general
patterns and to infer the dynamics of the evolutionary
processes that are associated with crop origins and diver-
sification. We can begin to discern some general outlines
regarding the genetics of the evolution of domesti-
cated plant species. We do find that, as previously sug-
gested*’°, many genes that underlie crop evolutionary
traits are regulatory in nature, with either transcription
factors or cofactors being the targets of selection and cis-
regulatory mutations having a key role in evolutionary
divergence. Most genes also have mutational lesions that
lead to loss of function, including nonsense mutations
or frameshift indels, which is consistent with the large
phenotypic effects that are observed during crop evolu-
tion. Transposable element insertions, which have been
thought to have a key role in plant evolution, also account
for causative mutations in 15% of the domestication and
diversification genes reviewed in this paper. Finally, many
loci have more than one functional mutation that segre-
gates in populations of crop species, which indicates that
genes associated with crop domestication and diversifica-
tion are subject to recurrent mutations that are possibly
selective targets during evolution.

Although we can now begin to discern some gen-
eral patterns of the molecular evolution of species, the
challenge remains to obtain greater interspecific and
intraspecific molecular genetic data, to use the informa-
tion to develop and test more realistic models of origin
and diversification, and to expand the research beyond
the well-studied cereal crop domesticates. Researchers
are now investigating the genetics of domestication in
non-model crops and perennial crops, which increases
our understanding of the domestication process and
will probably lead to the discovery of novel domesti-
cation genes and evolutionary trajectories. Finally, we
are making great advances in the understanding of
how cultivation by ancestral farmers in the Neolithic
period led to the origination and adaptation of new spe-
cies with yields that are capable of sustaining human
population growth.
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