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Abstract

Crop plants were domesticated by prehistoric farmers through artificial selection to provide a means of
feeding the human population. This article discusses the developmental genetics of crop domestication and
improvement, including the historical framework and recent approaches in maize and other grasses. In many
cases, selecting for a plant form that correlates with productivity involves controlling meristem activity. In
the domestication of modern maize from its progenitor Zea mays ssp. parviglumis, QTL (quantitative trait
loci) mapping, genetics and population genomics approaches have identified several genes that contain
signatures of selection. Only a few genes involved in the derivation of the highly productive maize ear have
been identified, including teosinte glume architecture1 and ramosa1. Future prospects hinge on forward and
reverse genetics, as well as on other approaches from the developing discipline of evo-devo (evolutionary

developmental biology).

Introduction

Plants, through their ability to harvest light energy and con-
vert it into chemical energy, are the primary producers on
which life on earth depends. Not surprisingly then, humans
have domesticated plants by cultivation and selection, ulti-
mately modifying them for particular traits [1]. Most notably,
the grasses, including grain crops, are sources of commodities
that, either directly or indirectly, literally feed the human
world. Prehistoric farmers domesticated grasses by selecting
plants with patterns of growth and development that en-
hanced food production. By doing so, they placed strong
artificial selection on particular alleles of genes, and on gene
combinations, involved in these developmental processes.
While it is expected that at least hundreds of genes were
selected in the domestication of a typical crop plant, until
very recently, the identity of these genes was almost com-
pletely unknown. In this article, we discuss the history and
developmental genetics of crop domestication with a focus
on recent approaches in the grasses and work that bears on
the remarkable maize ear.

The plant body is produced by the activity of specialized
multicellular tissues called meristems. Meristems are formed
during embryogenesis and persist during plant ontogeny as
perpetually embryonic tissues, generating new organs at the
growing tips of roots (root apical meristem or RAM) and
shoots (shoot apical meristem or SAM) [2]. In the shoot,
the source of grass commodities, the SAM produces lateral
organs such as leaves and flower parts, produces the stems
that bear organs, and renews itself to continue functioning
[3] (Figure 1). Hence the construction of a plant shoot, or
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plant shoot architecture, is dictated largely by the activity
of SAMs. Relevant parameters of SAM activity include the
duration of activity which determines stem or branch length,
the pattern of organ and branch initiation, the orientation
of branches in space and the types of organs initiated, all of
which contribute to the characteristic forms of familiar vege-
tative trees, shrubs and, of course, grasses [4]. Thus, when a
shoot produces a branch system that bears flowers, known
as an inflorescence, a collection of meristems must be co-
ordinately regulated (Figure 1). The inflorescence, as a spe-
cialized type of shoot, has its architecture governed by the
same basic parameters of meristem activity. In summary,
the architecture of whole plants or of major plant regions,
such as the inflorescence, is dictated largely by the activity
of meristems, so that changes in architecture may often be
associated with changes in regulation of meristem activity.

Plant domestication and crop
improvement

During the agricultural revolution that began roughly
10000 years ago, humans started cultivating animals and crop
plants as food sources. Continued crop improvement by
relatively rapid modern breeding methods means that crop
derivation may be considered to be a two-step process, con-
sisting of domestication followed by improvement. Among
the most notable improvements in grass crops, the so-called
green revolution of the late 20th century, was breeding
for modified plant architecture. Improved rice and wheat
varieties with short stature and spectacular yield increases
were developed independently, yet the same endogenous
plant hormone (gibberellin) pathway was altered in both cases
[1]. Thus developmental mechanisms in common between
rice and wheat make it possible to generalize the beneficial
effect of altering the same gene activity in different species.



Figure 1| Maize shoot apical meristems

(@) Dome of the vegetative meristem (arrowhead) flanked by leaf
primordia. (b) Inflorescence primordium consists of a large terminal
meristem (large arrowhead) and abundant lower-order meristem domes
(a few are indicated by small arrowheads). Scale bar, 100 um.
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On the other hand, a similar traitin improved sorghum results
from disrupted transport of a different hormone, auxin [5],
although interfering with gibberellins does induce dwarfism
in sorghum. This suggests that, because sorghum’s hormone
physiology relates differently to plant stature, the auxin
pathway is a more useful agricultural target. A related example
involves shoot architecture in rice and maize [6]. Both plants
are capable of producing tillers, side shoots that recapitulate
the main shoot. In rice, increased tillering leads to increased
panicle production and therefore more grain [7]. In maize,
however, increased tillering leads to excessive vegetative
growth and thus less grain. In fact, in maize, there has
been strong selection for the opposite phenotype, decreased
tillering [8,9]. These examples from crop improvement under-
line that, owing to physiological and developmental simi-
larities and differences between crops, as we unravel myriad
changes that are involved in plant domestication, we can ex-
pect to see similarities and differences in the underlying
mechanisms of particular changes.

Similar to crop improvement, crop domestication in-
volves a relatively restricted initial subpopulation and
includes strong selection, so that a population bottleneck
leads to reduced genetic diversity of the crop relative to its
ancestor [10,11]. Reduced genetic diversity due to bottlenecks
has important implications for breeding and further improve-
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ment [10], and is manifest as reduced nucleotide diversity
across the genome. Notably, a gene that is responsible for a
trait selected during domestication will experience an extreme
bottleneck that removes most or even all genetic variation
from the target gene(s) [11]. Loci that were the targets of
such selective sweeps can therefore be identified, because,
in extant plants, they bear so-called signatures of selection:
their nucleotide diversity may be even lower than that of
typical neutral genes. This provides a method to identify
selected genes through genome-wide scans of patterns of
nucleotide diversity. This fact has been exploited in a number
of genomics-scale approaches that are revealing how genomes
are shaped by domestication and evolution [12]. For example,
the recent rapid progress in maize genome sequencing [13] has
enabled genome-scan studies of nucleotide diversity [14,15],
which indicate that roughly 3% of maize genes contain
signatures of selection. If the samples in these studies are
representative, approx. 1200 genes were targeted during maize
domestication.

Maize domestication

Archaeological evidence from ancient corncobs indicates that
maize domestication occurred between 5000 and 10000 years
ago [16]. Recent molecular evidence corroborates these data.
Beginning roughly 9000 years ago in the Balsas River Valley in
Southern Mexico, modern domestic maize was derived from
Zea mays ssp. parviglumis, known as a teosinte [17]. Teosinte,
derived from ‘teocintli’ from the Nahudtl Indians for ‘grain
of the gods’, refers to a group of annual (Zea luxurians and
Zea mays) and perennial (Zea perennis and Zea diploperennis)
species of the genus Zea, which is indigenous to Mexico and
Central America[18,19] (Figure 2a). Teosintes and maize have
similar growth forms, but with such major differences in
plant architecture that taxonomists had once placed each in a
separate genus [20]. The female inflorescence, known as the
ear, presents some of these stunning differences (Figure 2).
The teosinte ear produces only 5-12 kernels, enclosed in
hardened fruit cases that disperse as the ear disarticulates.
The modern maize ear has several hundred kernels, each
firmly attached to the cob and lacking the protection of a
stony casing. Therefore maize, as a cultivated plant, depends
on human aid for survival, because the kernels are easily
consumed and digested by animals, and there is no intrinsic
mechanism for dispersion. Maize and annual teosintes are
cytologically similar and are interfertile, begging the question
of the basis of such extreme morphological differences.

A solution to this conundrum was proposed by George
Beadle in the form of the teosinte hypothesis, which por-
trayed teosinte as the single progenitor of maize [21]. Beadle
suggested that ancient peoples cultivated teosinte as a source
of food and that, during cultivation, mutations arose that
improved its usefulness and were therefore selected upon.
Beadle also hypothesized that as few as five major mutations
would be sufficient to convert teosinte into a primitive
form of domestic maize, and that humans selected other
major and minor mutations over time. Beadle’s experimental
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Figure 2| Teosintes and maize

(@) Phylogeny with sister species Tripsacum 3as outgroup. Kernels (b and ¢) and ripening ears (d and e) of teosinte and

modern maize respectively.
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evidence included crosses between maize and teosintes, in
which he correlated interfertility with normal chromosome
pairing [22] and, working with Emerson, established a similar
frequency of cross-over events in maize-maize and maize-
teosinte hybrids [23]. Based on such genetic evidence, Beadle
concluded that maize was a domesticated form of teosinte
[24].

Molecular evidence has supported many of Beadle’s ideas.
A study to locate QTL (quantitative trait loci) involved in
morphological differences between maize and teosinte found
five QTL of strong effect[25]. Two or three of these QTL have
recently been resolved to probable individual genes, all of
which encode transcriptional regulators [8,29,31]. Moreover,
each maize gene bears a strong signature of selection. The
first such gene identified was tb1 (teosinte branchedl), so
named because tb1 mutants have a plethora of tillers tipped
with male inflorescences, like teosinte [26,27]. tb1 controls
the fate of axillary meristems by repressing organ growth in
tissues where it is expressed; maize alleles express tb7 mRNA
at higher levels than teosinte alleles [8]. These data suggest
that, in selecting a plant architecture trait, an RN A expression
difference between maize and teosinte was selected for,
which is consistent with the finding of a signature of sel-
ection that is confined to the tb1 upstream promoter region
[28]. A selected gene that maps to a second of the five
regions, bal (barren stalkl), also affects plant architecture.
bal is required for the initiation of all aerial axillary meri-
stems, leading to the speculation that bal may interact with
tb1 to regulate vegetative shoot architecture [29]. Finally,
the tgal (teosinte glume architecturel) gene probably cor-
responds to a third QTL. Maize forms of tgal confer soft
glumes, while teosinte forms confer a hardened stony fruit
case [30]. tgal was recently cloned and the selected maize
tgal alleles appear to be mutant relative to extant teosinte
[31]. This is unlike b1, bal and most selected genes that
have been identified where the selected alleles are also found
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in extant teosinte at moderate frequency. Thus, while many
elements of the teosinte hypothesis hold up, it is notable
that the spectacular morphological difference between maize
and teosinte may be substantially attributed not to mutation
as Beadle hypothesized, but simply to novel combinations
of the tremendous genetic diversity of teosinte [11]. These
studies also support the hypothesis that if selection acts
on transcription factors and/or their cis-regulatory regions,
then small genetic changes may have a profound impact on
morphology [32].

The maize inflorescence

While the predominant target when Native Americans
domesticated maize was productivity in the ear, the derivation
of ear morphology is not well explained by the five major
QTL and has remained a mystery. Forward-genetic analysis
of inflorescence architecture may be a useful route to identi-
fying these genes of minor effect that were targets of selec-
tion, when the efforts focus on genes that affect inflorescence
characters known or predicted to have been under selection
(Maize Inflorescence Project: http://www.maizegdb.org/
mip/). Work over the last few years with maize mutants
exemplifies this approach. Maize’s rich history as a genetic
research organism includes classical inflorescence mutants
that were identified and preserved by researchers from the
turn and the early part of the 20th century [34-41]. At
this time, some mutants were considered separate species or
revertant evolutionary throwbacks because of morphological
similarities to undomesticated grasses, and common ancestry
of maize and teosinte, based on comparative morphology, was
already favoured, although not without dissent [42,43]. By
the mid-century, many single gene mutants were known [44];
by the end of the century, mutants affecting many aspects
of inflorescence development had been initially character-
ized [45], and the work of Doebley and Stec [25,46] had



Figure 3 | Maize ears at maturity
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(@) Normal. (b) Mutant homozygous ra7-RS weak allele. Slightly reduced gene activity leads to crooked rows. (¢) Mutant
homozygous ra7-R strong allele, with long branches. (d) Mutant homozygous ra2-R has crooked rows and some branching.
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affirmed that the genetics of ear domestication were not
simply explained by QTL. The inflorescence mutants have
represented a relatively untapped resource for elucidating
relationships between developmental molecular genetics and
domestication.

Among the classical inflorescence mutants that have been
preserved and whose spontaneous origin is clearly docu-
mented, ral (ramosal) is perhaps the oldest [35]. Almost a
century later, molecular analysis [47] reveals that 72! encodes
a transcription factor that regulates meristems to control
the branching architecture of inflorescences (Figure 3). At
least one other classical mutant, ramosa2, controls branching
similarly, through the ra! genetic pathway. a1 acts by estab-
lishing a boundary between lower-order meristems and the
principal inflorescence axis, thereby controlling the funda-
mental property of the duration of meristem activity. Reduced
nucleotide diversity at ra! in modern maize implies that
the gene was a target of selection during domestication or
improvement. While the original loss-of-function mutant
conferred extreme ear branching, intermediate levels of ral
gene activity lead to ears with crooked rows (Figure 3),
suggesting selection for 74! forms that preserved straight rows
in the massive ear of domesticated maize. For other cloned
branching genes, including another gene whose activity is
required for straight rows, evidence for selection has not
been reported [48,49]. Darwin considered selection under
domestication as a model for selection under evolution, an
idea examined recently with respect to maize tgal [31].
Corollaries of this idea are that genes selected for during do-
mestication are candidates for genes selected for during
evolution, and vice versa. In the context of inflorescence
branching architecture, the presence or absence of long

branches varies across the grasses. Indeed, ral is absent in
long-branched rice, and shows differential regulation in other
grasses that is also consistent with this hypothesis [47]. Given
its role in modulating long-branch architecture, it will be
interesting to determine the origin of ral within the grasses.

Prospects

Enquiry into the domestication of development closely
parallels that into plant evo-devo (evolutionary develop-
mental biology) [50], and substantial advances in both arenas
appear imminent. Among the grasses whose inflorescences
produce grain crops and have accordingly been subjected
to intense selective pressure during domestication, the mol-
ecular genetics of inflorescence development are best under-
stood in maize and rice [51,52], so resources in these plants
will figure prominently. While a profusion of putative do-
mestication genes will come from genome scans, it will be
more difficult to unravel the plant traits that were selected for
and are associated with these genes, in part because the asso-
ciated phenotypic diversity has been eliminated from the
experimental organism. Candidate loci must be verified by
characterizing their phenotypic effects, an effort that re-
quires functional analysis of individual genes. Fortunately,
burgeoning EST (expressed sequence tag), microarray and
functional genomics resources are available in maize ([53,54],
and Ac/Ds functional genomics in maize, http://www.
plantgdb.org/prj/AcDsTagging/, and TIGR Gene Indices,
http://www.tigr.org/tdb/tgi/plant.shtml). Complementary
to genomics, forward-genetic approaches that might identify
ear domestication genes include QTL experiments, such as
those involving multiple teosinte-maize populations (Maize
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Diversity Project: http://www.panzea.org/), and forward-
genetic analysis of inflorescence architecture, which should
continue to inform directly and through identification of
gene networks (Maize Inflorescence Project: http://www.
maizegdb.org/mip/). Ultimately, examination of wild alleles
in the domesticated species should also prove highly inform-
ative, by transgenic means or as shown for teosinte alleles in
maize [28,31].
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