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The history of rice domestication has long been a subject
of debate. Recently obtained genetic evidence provides
new insights into this complex story. Genome-wide
studies of variation demonstrate that the two varietal
groups in Oryza sativa (indica and japonica) arose from
genetically distinct gene pools within a common
wild ancestor, Oryza rufipogon, suggesting multiple
domestications of O. sativa. However, the evolutionary
history of recently cloned domestication genes adds
another layer of complexity to the domestication of rice.
Although some alleles exist only within specific sub-
populations, as would be expected if the domestications
occurred independently, other major domestication
alleles are common to all cultivated O. sativa varieties.
Our current view of rice domestication supports multiple
domestications coupled with limited introgression that
transferred key domestication alleles between divergent
rice gene pools.

From wild grass to staple crop
More than 10 000 years ago, ancient peoples began to gather
and consume Oryza rufipogon, an unruly wild grass species
that grew in the swamps and marshes throughout tropical
and subtropical Asia (Box 1). Through a process of continu-
ous selection for desirable features, these early farmers
slowly transformed wild rice into Oryza sativa, which is
now an essential staple crop for billions of people worldwide.
Indeed, rice is now the primary source of food and livelihood
for more than a third of the world’s population, and is
produced on every continent with arable land [1].

Domestication involves a series of profound genetic
changes resulting from selection that make a wild species
more amenable for cultivation and consumption by
humans. It is widely recognized that domestication is
not a single ‘event’, but rather a dynamic evolutionary
process that occurs over time and, in some species, con-
tinues to this day [2]. The traits that distinguish modern
rice varieties from their wild ancestor can range from
subtle to dramatic (Figure 1). In addition to traits that
resulted in major alterations of plant structure and/or
reproductive physiology, humans have selected for charac-
teristics that made rice grains more appealing as a food
source, including grain size, shape, color, fragrance and
amylose content.

Another feature of domestication traits is that they are
generally quantitative in nature, meaning they are under
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the control of numerous genetic components that often
interact in complex biochemical and regulatory pathways.
For example, in rice, there are at least five grain shattering
loci (see Glossary) [3-5], a minimum of six dormancy

Glossary

Abscission layer: a zone of cells at the interface of plant organs that breaks
down during senescence, promoting the organ to fall off.

Accession: a sample of seed collected to represent a species, population or
variety.

Admixed: an organism whose genome contains DNA inherited from different
subpopulations as the result of outcrossing and recombination.

Apiculus: the tip of the lemma or palea; a small point at the tip of the seed hull.
Dormancy: a physiological period of quiescence during which a mature seed
will not germinate.

Fs:: @ measure of population differentiation based on polymorphism data. It
compares the genetic variability within and between populations. If two
populations have completely divergent DNA sequences, their Fg, value equals
1, indicating complete differentiation. If two populations have identical DNA
sequences, their Fg; value equals 0, indicating no differentiation. Therefore,
when comparing two populations, the larger the Fg, value (the closer to 1), the
more differentiated those populations are from one another.

Glume: small bract found at the base of cereal grains.

Grain shattering: seed abscission; when ripe seed falls from the panicle before
harvesting occurs.

Haplotype: a combination of alleles or sequence variants at multiple linked loci
that are transmitted together.

Hybridization: the result of successful outcrossing and fertilization of two
genetically distinct plants.

Introgression: the movement of a discrete portion of a genome from one
genotype into another via meiotic recombination.

Isozymes: variants of an enzyme; proteins that differ in amino-acid sequence,
but catalyze the same reaction.

Landrace: a primative variety consisting of a heterogeneous mixture of
genotypes selected and maintained by early farmers.

Life history habit: the reproductive cycle of a plant; annual habit refers to plants
that live, reproduce and die in one year or season, whereas perennial habit
refers to plants whose life cycle spans more than one year.

Molecular clock: using DNA polymorphisms between the sequences of two
organisms to deduce the amount of time that has elapsed since they diverged
from a common ancestor.

Panicle: a compound raceme; the inflorescence of a rice plant.

Pericarp: the outermost layer of cells in the seed coat.

Photoperiodic response: a plant’s ability to flower in response to increasing or
decreasing day length.

Phylogenetic: referring to the evolutionary relationships between organisms.
Retrotransposon: a type of transposable element (mobile DNA) that moves
through an RNA intermediate inserting new copies of itself throughout the
genome of an organism.

RFLP marker: restriction fragment length polymorphism; a DNA marker that
detects genetic differences between individuals based on the presence or
absence of restriction enzyme sites.

SNP: single nucleotide polymorphism.

SSR marker: simple sequence repeat; a DNA marker that detects genetic
differences between individuals based on the length of short repetitive
sequences found throughout the genome.

Subpopulation: a population within a species that is genetically divergent from
other populations within that species.

Tiller: a branch of the rice plant including roots, culms, leaves and panicle.
Thresh: the process of removing ripe grains from harvested panicles.
Transcription factor: a protein that affects the transcription and thus
expression of specific target genes.
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Box 1. The wild ancestor of O. sativa

The wild ancestors of our cultivated crop species not only represent
valuable sources of genetic diversity for crop improvement, but also
provide a window through which we can catch a glimpse of the
evolutionary history of our domesticated species. Several lines of
evidence suggest that O. sativa was domesticated from O.
rufipogon, also known as Asian common wild rice. Numerous
genetic studies using molecular markers or DNA sequence informa-
tion demonstrate that O. sativa cultivars are more closely related to
O. rufipogon than to any other Oryza species, with O. rufipogon
accessions often grouping together with O. sativa in phylogenetic
(see Glossary) analyses [19,30]. The geographic ranges of O.
rufipogon and O. sativa overlap throughout Asia, and there are no
major reproductive barriers between them, leading to a continuous
series of intermediate admixed (see Glossary) genotypes [37]. These
findings clearly demonstrate the close relationship between culti-
vated Asian rice and O. rufipogon.

O. rufipogon is a complex species that includes both annual
(Oryza nivara) and perennial (O. rufipogon) forms. Some research-
ers distinguish between O. rufipogon and O. nivara due to their
variation in life history habit [63,64]. Others consider them to be
ecotypes of a single species because they exhibit continuous
variation in nature for their life history habit, coupled with the fact
that there is no major reproductive barrier or significant genetic
differentiation between them [19,31,37,65], as demonstrated by the
abundance of shared sequence polymorphisms, lack of fixed
differences, and very low Fg values [19,42,66]. As such, we will
treat these two species as a single large gene pool referred to as O.
rufipogon.

loci(see Glossary) [6,7], as many as 31 loci associated with
the change from outcrossing to inbreeding [8,9], more than
eight loci associated with grain weight [10] and at least five
loci associated with grain color [11-13]. Despite the quan-
titative nature of domestication traits, there appear to be a
few key discrete genetic loci responsible for the major shift
from wild to cultivated forms [14]. In addition to these
major quantitative trait loci (QTLs), numerous genetic
modifiers, or minor QTLs, contribute to the range of phe-
notypic variation for a given trait. To date, all cloned
domestication-related loci in rice have involved reproduc-
tive traits (Table 1).

In addition to the suite of traits that were altered during
domestication, the evolutionary history of rice is not com-
plete without considering the deep population structure
within O. sativa. Ancient records from the Han dynasty in

Table 1. Key domestication-related genes cloned in rice
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Figure 1. The domestication transformation: From O. rufipogon to O. sativa. The
wild ancestor of cultivated rice (O. sativa) is O. rufipogon, a diverse species that
exists over broad geographic and ecological regions across Asia. During the
domestication of rice, an entire suite of morphological and physiological traits
were altered in response to human selection. Compared to its wild O. rufipogon
ancestor, cultivated rice typically exhibits reduced grain shattering, reduced
dormancy, loss of pigmentation in the hull and seed coat and a reduction in the
rate of outcrossing. Modern rice varieties also display increased synchronization of
tiller (see Glossary) development and panicle formation, more secondary panicle
branches, increased grain number and weight and a modified photoperiodic
response (see Glossary) [62]. (a) Panicle from O. rufipogon; (b) seeds from O.
rufipogon; (¢) panicles from O. sativa; and (d) seeds from O. sativa.

China recognized the existence of two distinguishable types
of rice, which were referred to as Hsien and Keng [15,16]. We
now refer to these genetically distinct varietal groups as
indica and japonica, respectively. The two groups have
several morphological and physiological differences despite
being grown in overlapping geographical ranges today.

Gene Chr?® Trait affected Functional mutation Molecular function Refs
Sh4 4 Grain shattering SNP causing an amino-acid Myb3 transcriptional regulator [48,49]
substitution
qSH1 1 Grain shattering SNP in regulatory region BEL1-type homeobox transcriptional [50]
regulator
Rc 7 Grain pericarp color Deletion causing protein Basic helix-loop-helix transcriptional [11]
truncation regulator
Waxy 6 ‘Sticky’ (glutinous) grains SNP in intron affecting mRNA Granule-bound starch synthase [62-54]
splicing
GS3 3 Grain size/shape SNP causing protein truncation Cellular signaling protein with a [55]
VWFC module
[BAD2]° 8 Grain fragrance/flavor Deletion causing protein Betaine aldehyde dehydrogenase [58]
truncation
[Gn1al® 1 Grain number Several possible mutations Cytokinin oxidase/dehydrogenase [57]
[GW2]° 2 Grain weight/width Deletion causing protein RING-type protein with E3 ubiquitin [56]
truncation ligase activity

2Chr, chromosome.

Bracketed genes affect domestication-related traits, but there is no evidence at this time to determine whether these genes were part of the domestication process or whether

they are novel mutations that have recently become the targets of selection.

www.sciencedirect.com



580

Although indica and japonica represent the deepest genetic
differentiation within O. sativa, five major subpopulations
(see Glossary) are widely recognized (indica, tropical japo-
nica, temperate japonica, aus and aromatic) [17,18] (Box 2).
This population structure adds further complexity to our
understanding of the domestication process that led to
cultivated rice.

Modern genetics provides the necessary tools to
understand the dynamics of the domestication process
and to identify the key genes and alleles that were the
targets of selection during rice domestication. Although
only a limited number of genetic loci affecting key domes-
tication traits in rice have been characterized at the gene
level, an examination of the evolutionary history of these
domestication genes provides novel insights into the move-
ment of both cultivated rice and human populations across
Asia. This review will critically examine the existing hy-
potheses used to describe the rice domestication process by
integrating previous studies of genome-wide variation in
rice with recent data on the evolutionary history of key
domestication genes. The view that emerges is one that
challenges us to rethink old paradigms as we continue to
unravel the complex story of rice domestication.

Box 2. Subpopulation structure in O. sativa

TRENDS in Genetics Vol.23 No.11

Prevailing hypotheses regarding rice domestication
Several major hypotheses describe the process of rice
domestication, each attempting to account for the evol-
ution of the deeply differentiated subpopulations of O.
sativa. First, several researchers have suggested that
the indica varietal group was originally domesticated from
O. rufipogon and the japonica group was derived later from
indica [15,19,20]. The greater genetic diversity found
within indica compared to japonica [17] and the close
genetic relationship between indica and existing popu-
lations of both annual and perennial forms of O. rufipogon
[21] provided evidence to support this hypothesis.
The second theory is that the indica—japonica differen-
tiation occurred as a result of adaptation to different
ecological and geographical environments following a
single domestication of O. sativa from O. rufipogon
[22,23]. A third hypothesis, originally proposed by Chou
[16], is that rice was domesticated independently at least
twice from a pre-differentiated ancestral O. rufipogon gene
pool [17,24-28].

An understanding of both the patterns of genome-wide
variation in wild and cultivated rice and the number and
origins of alleles associated with rice domestication genes

There are two genetically distinct varietal groups within O. sativa,
referred to as indica and japonica. Traditionally, the two groups have
been distinguished based on morphological characters, including
grain shape, apiculus (see Glossary) hair length, leaf color or through
biochemical assays for reaction to phenol and sensitivity to potas-
sium chlorate [37,67]. There are also numerous reproductive barriers
between the modern indica and japonica groups [60]. Yet the range of
variation for any one of these phenotypic traits overlaps between the
two groups, leading to confusion regarding the classification of
particular genotypes [37].

Since publication of the first rice genetic map [68], DNA markers
have been widely used to explore the genetic architecture of rice.
RFLP markers (see Glossary) readily detect the differentiation
between indica and japonica [69,70]. Isozymes, simple sequence
repeat (SSR) markers (see Glossary), and single nucleotide poly-
morphisms (SNPs) provide a higher resolution of population
structure. Using 169 SSR markers on a set of 234 diverse O. sativa
genotypes, Garris et al. identified five subpopulations: indica, aus,
tropical japonica, temperate japonica and aromatic [17] (Figure I). The
same groups were identified using SNP markers derived from 111
randomly sequenced regions of the genome on a subset of 72
accessions [34]. These studies were both consistent with the original
study by Glaszmann [18] using 15 isozyme markers on a larger set of
1700 diverse O. sativa genotypes. Of these five subpopulations, indica
and aus belong to the indica varietal group whereas tropical japonica,
temperate japonica and aromatic are closely related to the japonica
varietal group. A high degree of differentiation exists between the
groups, with pairwise estimates of Fg ranging from 0.20 (tropical
versus temperate japonica) to 0.45 (indica versus temperate japonica)
[17].

The results of these studies highlight the importance of utilizing
molecular markers to assign genotypes to the appropriate sub-
population for genetic analyses. For example, the Basmati rices
(known for their aroma and specialized grain quality) have
traditionally been classified as members of the indica varietal
group because of their long, slender grain shape. However, the
Basmati rice genotypes form a genetically distinct subpopulation
(aromatic) that is more closely related to japonicathan indica (F for
tropical japonica—aromatic is 0.23; Fg for indica-aromatic is 0.39)
[17]. Similarly, the aus varieties have traditionally been referred to
as indica for lack of distinguishing morphological differences, but
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they are genetically divergent from indica (Fs, for indica-aus is 0.26)
[17].

tropical
Japonica

indica

temperate
Japonica

aromatic
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Figure I. Subpopulation structure in O. sativa. O. sativa is characterized by the
presence of deep genetic differentiation. This unrooted phylogenetic tree was
constructed from data using 169 nuclear SSR and two chloroplast markers on
234 landraces of O. sativa [17]. The branch structure reflects the phylogenetic
relationships based on the nuclear SSR markers. The branch color corresponds
to the chloroplast haplotype of each accession. This tree clearly illustrates the
major division between the two varietal groups (indica and japonica), which are
further subdivided into the five rice subpopulations: indica, aus, tropical
japonica, temperate japonica and aromatic. Reproduced and modified, with
permission, from Ref. [17].



will enable us to consider the validity of the proposed
domestication hypotheses. According to the first hypothesis,
if japonica were derived from indica, we would expect
Japonica genotypes to be more closely related to indica than
to the O. rufipogon ancestor. Additionally, under this hy-
pothesis we would expect to see a common set of domesti-
cation alleles in both groups with evidence that the alleles
had originated in indica and were later introgressed into
Japonica. In the second scenario, if a single domestication
from O. rufipogon were followed by post-domestication
divergence between indica and japonica, we would expect
sequence differences between indica and japonica to post-
date the time of domestication. Again under this theory, a
common set of domestication alleles would be shared be-
tween the two groups. According to the third hypothesis, if
indica and japonica were domesticated independently from
a pre-differentiated O. rufipogon ancestor, we would expect
sequence differences between the two groups to predate the
time of domestication. We would also expect there to be
unique sets of indica- and japonica-specific domestication
alleles originating from genetically distinct O. rufipogon
populations. These group-specific alleles would each con-
tribute to the same vital domestication phenotypes in their
respective varietal groups. It is highly unlikely that an
identical mutation would have arisen and been selected
for in these two gene pools, had they been independently
domesticated.

Evolutionary history of genome-wide variation in O.
rufipogon and O. sativa

To address these hypotheses, various studies have
examined O. rufipogon for evidence of differentiation into
indica and japonica types. Genetic analysis of O. rufipogon
chloroplasts revealed two distinct haplotypes (see Glos-
sary), which have clear frequency differences between the
indica and japonica groups of O. sativa [26,29]. Support for
a differentiated O. rufipogon gene pool also comes from
multiple studies using isozymes (see Glossary), restriction
fragment length polymorphisms (RFLPs), single nucleo-
tide polymorphisms (SNPs; see Glossary), transposable
elements and the published genomic sequence, all
demonstrating that indica and japonica accessions (see
Glossary) are more closely related to certain O. rufipogon
accessions than to each other [19,24,26,30-34].

The diverse geography and ecology of the broad region
that is home to O. rufipogon (East, South and Southeast
Asia) suggests that this ancestral species was broadly
adapted to diverse climates and would have provided
ample genetic diversity from which to have domesticated
O. sativa on numerous occasions. Studies exploring the
diversity within O. rufipogon have recently reported
genetically identifiable population sub-structure with at
least some hint of geographic associations [25,26,34,35].
The degree of genetic differentiation between populations
of O. rufipogon increases with geographical distance,
suggesting that geographical isolation played a major role
in establishing the predifferentiated gene pools within O.
rufipogon [35]. Also, the inbreeding habit that accom-
panied rice domestication and transformed the highly out-
crossing O. rufipogon (outcrossing rate of 30-50%) [36,37]
to the almost exclusively inbreeding O. sativa (outcrossing
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rate ~2%) [37,38] would have further promoted isolation
between rice subpopulations.

A further source of evidence supporting multiple
domestications comes from recent work estimating the
divergence time between indica and japonica. The avail-
ability of complete genomic sequence for both japonica and
indica [39—41] has allowed the estimation of the divergence
time between these two groups. Two independent studies
used a molecular clock approach (see Glossary) to calculate
the indica—japonica divergence time to be around 0.4
million years ago (mya) [42,43]. Another study evaluating
the patterns of retrotransposon insertion (see Glossary) in
the two varietal groups estimated the divergence time to be
at least 0.2 mya [44]. This discrepancy may be due to
the fact that the level of divergence varies across the
genome [45]. In any case, these molecular clock estimates
are several orders of magnitude earlier than the first
archaeological evidence for rice consumption by humans
(Box 3), providing strong evidence that the divergence of
the two cultivated rice gene pools predated rice domesti-
cation. Taken together, these studies contradict the first
two hypotheses and support multiple domestications of O.
sativa from a predifferentiated O. rufipogon ancestor.

Evolutionary history of cloned rice domestication
genes

To determine whether the history of rice domestication
alleles is consistent with multiple domestications, we will
now examine several examples of cloned rice domestication
genes whose evolutionary histories have recently been
explored. If indica and japonica were independently dom-
esticated as the patterns of genome-wide variation suggest,
we would expect to see different domestication alleles
present in the different varietal groups.

Grain shattering: Sh4

One of the most universal changes during the
domestication of the cereal crops was a reduction in grain
shattering. This change was essential for humans to effi-
ciently harvest the crop, but rendered the plant almost
entirely dependent on humans for dispersal [46]. In a cross
between an indica cultivar and an annual form of O.
rufipogon, Li et al. identified a major QTL, shattering4
(sh4), which affects grain shattering [47]. The Sh4 gene
was subsequently cloned [48,49] and, although its exact
function remains unknown, SH4 is thought to be a tran-
scription factor (see Glossary) involved in cell wall degra-
dation and/or establishment of the abscission layer (see
Glossary) that releases the grain from the panicle (see
Glossary) [48,49]. The functional nucleotide polymorphism
in the gene was identified as an SNP causing a single
amino acid change within the predicted DNA-binding
domain of SH4.

The sh4 mutation is found in all five O. sativa
subpopulations, whereas the dominant Sh4 allele exists
in all wild, shattering accessions of O. rufipogon along with
six other closely related species of Oryza [47]. Lin et al.
recently examined sh4 (which they refer to as shal) in 96
indica and 112 japonica cultivars and found that they all
contained the same functional SNP associated with the
domesticated allele [49]. Additionally, sh4 cDNA sequencing
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Box 3. Effects of geography and climate on rice diversity

TRENDS in Genetics Vol.23 No.11

As early as the late 19th Century, De Candolle suggested that rice
cultivation began in China, where the oldest historical records could
be found [71]. By contrast, Vavilov designated India as the location of
rice domestication [72]. Since then, countless studies have generally
agreed that the birthplace of rice domestication lies within a broad arc
extending from eastern China, through the foothills of the Himalayas
in Vietnam, Thailand and Myanmar, to eastern India [20,37]. More
recently, archaeological studies have strongly supported the Middle
and lower Yangzte River Valley in China as the site where rice was first
domesticated (Figure Il). Some hypothesize that the rice remains
discovered at these sites in China represent foraged wild forms
instead of truly domesticated forms of rice [46]. Yet, there is mounting
evidence to the contrary. A new study investigating an archaeological
site in Lower Yangtze region found evidence of paddy rice cultivation,
suggestion that the inhabitants of this region had already formed
agricultural societies around rice by 7,700 years ago [73] Also,
analysis of phytolith samples (silicon fossils of rice plant cells) from
the Diaotonghuan site in Northern Jiangxi province (China) dated the
earliest known samples of domesticated rice, based on a morpholo-
gical indicator [double-peaked glume (see Glossary) cell phytoliths],
between 9000-10 000 years ago [74].

Despite this extensive archaeological evidence supporting the
Yangtze River Valley in China as a region where rice was first
domesticated, the wild O. rufipogon populations in this region today
exhibit very low genetic diversity. An examination of twelve wild-rice
populations in China demonstrated that the lowest genetic diversity
existed in the northern-most populations near the Yangtze River [35].
It is also well known that the japonica varietal group, believed to have
undergone domestication in this region, has dramatically less genetic
diversity than the indica group [17]. The reasons for the lower genetic
diversity of japonica relative to indica can be explained by reviewing
the history of the region. A major short-term climate change during a
period known as the Younger Dryas resulted in a return to glacial-like
conditions across Northern Asia from 11 500 to 13 000 years ago
[75,76]. The colder climate would have eliminated a large portion of
the japonica-like wild ancestors in the Yangtze River Valley. As a
result, humans would have been forced to rely on a narrowing gene
pool, motivating a more rapid movement toward domestication of
rice in this region. By contrast, the warmer tropics of South and
Southeast Asia would have maintained larger, more diverse popula-
tions of indica-like O. rufipogon that would have been foraged by
humans for a longer time, resulting in a more gradual domestication
process. Under this scenario, the domestication bottleneck would
have been more abrupt and severe in the japonica gene pool than in
the indica gene pool, consistent with the available genetic data [17].

revealed an identical allele in four indica and four japonica
accessions. The authors suggest that these results indicate
the non-shattering sh4 allele arose and was selected before
the differentiation of indica and japonica from a common O.
rufipogon ancestor. Although this is a logical conclusion, an
alternative hypothesis is that the domesticated sh4 allele
arose and was selected during the domestication of one of the
O. sativa subpopulations and was subsequently intro-
gressed into all rice genotypes. To clarify the origin and
routes of global dispersal of the non-shattering sh4 allele, it
will be necessary to examine the haplotype structure around
the Sh4 gene in diverse populations of O. rufipogon and O.
sativa.

Grain shattering: qSH1

In addition to the Sh4 gene, a second major shattering
QTL, ¢gSH1, was recently identified from an intra-specific
cross between japonica (cultivar Nipponbare) and aus
(cultivar Kasalath) [50]. The functional mutation was a
regulatory SNP 12 kilobases upstream of a BEL1-type
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Figure II. The origin and dispersal of domesticated rice. The majority of
archaeological evidence points to the Yangtze River Valley of China as the
birthplace of rice cultivation by humans. This region is where the oldest
archaeological remains of rice have been uncovered. Radiocarbon data from
fossilized rice remains from over 100 sites along the length of the Yangtze River
were analyzed with the oldest samples coming from the Middle Yangtze in Hubei
and Hunan provinces, dating to around 11 500 years ago [77]. Other studies
analyzing radiocarbon data from fossilized rice remains in this region report
dates ranging from 8000 to 13 900 years ago [74,78]. The early rice domesticates
are then thought to have moved north into Korea and Japan, and south and west
into Southeast Asia [79,80]. Fuller postulates the Ganges Valley of India as a site
of independent rice cultivation and, potentially, domestication [81]. The dates for
the earliest rice cultivation in this region, based on archaeological evidence, are
not as ancient as those in the Yangtze Valley of China. This region might
represent the site of early cultivated forms of indica-like rice. The dotted boxes
represent potential regions of rice domestication, the bold arrows denote paths
of domesticated rice dispersal strongly supported by archaeological and
linguistic evidence, and the dotted arrows with question marks denote other
potential paths of domesticated rice dispersal. Abbreviation: BP, before present.
Reproduced and modified from [79,80] with permission from Peter Bellwood.

homeobox transcription factor, which decreased expression
of the transcription factor only at the provisional abscission
layer, resulting in reduced shattering.

By examining the haplotypes around the ¢gSHI gene in
118 rice lines including five O. rufipogon accessions,
Konishi et al. deduced the subpopulation origin of this
allele [50]. Two clear haplotype groups were found, corre-
sponding to the indica and japonica varietal groups. The
Jjaponica haplotypes carrying the non-shattering allele
were most closely related to shattering O. rufipogon acces-
sion W1943, which originated in China and grouped closely
with japonica cultivars from a previous study [32]. This led
to the conclusion that the causative mutation in the dom-
esticated gsh1 allele occurred in early domesticates of the
Japonica varietal group [50]. The non-shattering allele was
prevalent in the temperate japonica subpopulation, but
was absent in accessions from ¢ropical japonica and indica,
suggesting that this allele was not widely disseminated
following its fixation within a portion of the temperate
japonica gene pool. This distribution pattern is also



consistent with the finding that temperate japonica
varieties tend to be more difficult to thresh (see Glossary)
than varieties from other subpopulations, reflecting the
presence of a non-shattering allele in addition to sh4.

Pericarp color: Rc

All wild Oryza species and some of the early O. sativa
landraces (see Glossary) exhibit red pigmentation of the
seed coat. However, virtually all modern rice cultivars lack
red pigmentation and appear white or beige. Classical
genetic analysis identified a single locus in rice, Rc, that
conditioned the change from red to white pericarp (see
Glossary) [13]. The Rc gene was recently cloned and shown
to encode a basic helix-loop-helix (bHLH) transcription
factor [11]. The rc allele differs from the wild-type allele by
a 14-base pair (bp) deletion that results in truncation of the
protein before the bHLH domain and causes the change
from red to white pericarp [11,12].

To trace the origin and distribution of the rc allele,
Sweeney et al. [51] evaluated 440 geographically and
genetically diverse rice cultivars, representing landraces
and modern varieties from all five of the subpopulations
defined by Garris et al. [17] (Box 2). They determined that
98% (330/337) of rice accessions with white pericarp con-
tained the 14-bp deletion, whereas the mutation was not
found in any of the landrace varieties with red pericarp
(n =103). To determine the subpopulation origin of the 14-
bp mutation, Sweeney et al. [51] used diverse red-grained
varieties to identify polymorphisms in a 6.5-kilobase (kb)
region around the Rc gene whose alleles were specific to
either red indica or red japonica. They observed clear
haplotype differentiation between indica and japonica
across the region, making it possible to trace the origin
of the rc allele conferring white pericarp. The white rc
haplotype differed from the ancestral japonica haplotype
by only the 14-bp deletion (Figure 2). This analysis
suggests that the mutation associated with the change
from red to white pericarp in 98% of the O. sativa varieties
surveyed originated in a japonica ancestor [51]. This study
presents clear genetic evidence for a domestication allele
arising in the japonica varietal group and subsequently
spreading across genetic, geographic and ethnic bound-
aries to become fixed in all cultivated rice.

Pericarp color: Rc-s

Whereas 98% of surveyed rice accessions with white
pericarp had the same 14-bp deletion, two aromatic and
five aus varieties had white pericarp but did not contain
the rc allele. These seven varieties were sequenced to look
for alternative mutations in the Rc gene that could explain
the lack of pigment [51]. A comparison of the sequences
from these seven varieties to nine control varieties with red
pericarp (from all five subpopulations) identified a single
SNP in close proximity to the where the 14-bp deletion was
in all the other white accessions. This second mutation (Rc-
s) introduces a premature stop codon that truncates the
protein before the bHLH domain, similar to the rc
mutation [51]. Interestingly, none of the plants contained
a complete knockout of this gene, suggesting that the
protein is critical to plant function independently of its
ability to promote red grain color. All seven individuals
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Figure 2. Haplotype network for the Rc gene (based on data from Ref. [51]). The Rc
gene encodes a bHLH transcription factor that regulates the accumulation of red
pigments in the rice pericarp. Whereas genotypes with a functional Rc have red
pericarp, genotypes with either a 14-bp deletion (creating the rc allele) or a SNP
(creating the Rc-s allele) have white pericarp [11]. To determine the origins and
dispersal of these mutations in Rc, the sequences of 440 diverse rice cultivars were
evaluated at this locus [51]. This figure uses the informative polymorphisms found
around Rc to create a minimum spanning haplotype network. The open circles
represent haplotypes H1-H11 and the numbers indicate the number of accessions
in that haplotype. Circles with red shading indicate haplotypes with a functional Re
allele (red pericarp) whereas white shading signifies a nonfunctional rc or Rc-s
allele (white pericarp). The two mutations in Rc resulting in white pericarp are
denoted by arrows. Closed black circles represent the number of informative
polymorphisms between haplotypes. The ancestral japonica (H1) and indica (H6)
haplotypes are indicated. Haplotype H5 is an intragenic recombinant between two
mapped haplotypes and, therefore, was not included in the network. This network
illustrates that 98% of all white genotypes surveyed were derived from the
ancestral japonica haplotype [51].

that contained the Rc-s allele had an identical haplotype,
which differed from the ancestral (red pericarp) aus hap-
lotype only at the functional SNP. Thus, it was concluded
that the Rc-s allele, which was only found in aus and a
small percentage of aromatic accessions, had its origins in
the aus subpopulation [51]. This clearly demonstrates that
different mutations in the same gene can arise in different
subpopulations over the course of domestication. Both rc
and Rc-s apparently became the targets of selection and
are virtually indistinguishable at the phenotypic level. It is
interesting to note that, unlike the rc and sh4 alleles, but
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similar to the non-shattering ¢gSH1 allele, the Rc-s allele
was not widely disseminated during the domestication of
0. sativa.

Amylose content: Wx
Glutinous or ‘sticky’ rice is used as a staple food in
Southeast Asia and has long-standing culinary and cul-
tural importance in China, Japan and Korea. Japonica
rices are typically valued for their low amylose content,
leading to a soft, sticky grain texture ideal for eating with
chopsticks, whereas indica rices have a higher amylose
content leading to firm grains that flake apart when
cooked. The glutinous phenotype is the result of a defect
in the Waxy (Wx) gene, which encodes a granule-bound
starch synthase responsible for amylose biosynthesis in
the grain [52]. There are two functional forms of Wx (non-
glutinous), with a clear divergence between the two var-
ietal groups in rice: Wx® is predominant in indica and Wx"
is predominant in japonica. The Wx? allele was fixed in all
O. rufipogon accessions examined [53], indicating that the
Wx? allele is the wild type and Wx? is the derived form,
having been selected during the domestication of japonica.
Unlike the Wx? allele, the Wx" allele contains an SNP at
the 5’ splice site of the first intron, causing incomplete post-
transcriptional processing and lower amylose production
in these genotypes [52,54]. A second mutation in either Wx?*
or Wx creates the wx allele, which is recessive and fully
glutinous. Glutinous rice strains can have either Wx?®- or
WxP-derived wx alleles, but the WxP-derived wx allele is
predominant, as it was found in 97% of 353 glutinous
samples from both varietal groups collected from diverse
regions across Asia [53]. This finding demonstrates that
the majority of glutinous rice cultivars from both indica
and japonica carry the japonica-derived allele, mirroring
the situation described above for the rc¢ mutation.
Also, similar to the Rc-s and gshl alleles, glutinous geno-
types derived from the indica Wx? allele were not widely
disseminated.

Other domestication-related traits

The examples presented above include only the rice
domestication genes that have been cloned and investi-
gated in terms of their evolutionary origins. Several other
genes that affect domestication-related traits have been
cloned in rice, including GS3 and GW2, which condition
grain size and weight [55,56], Gnla, associated with
grain number [57], and BAD2, which conditions fragrance
[58] (Table 1). Further examination of these genes will
determine whether they were involved in the rice domes-
tication process or have been the targets of more recent
selection.

What we can interpret from the examples presented
above is that several key domestication alleles had a single
origin and subsequently became fixed across all rice sub-
populations. In the case of white pericarp, the rc allele
arose in the japonica gene pool and was then introgressed
into the other subpopulations [51]. This story is repeated
for the WxP-derived glutinous rice mutation (wx) that
originated in the japonica group and was also introgressed
and dispersed [53]. In the future, we might find that
the sh4 allele for non-shattering followed a similar
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evolutionary path. By contrast, several other domestication
alleles were not widely disseminated across subpopulations.
The Rc-s allele for white pericarp is largely restricted to the
aus subpopulation, with some introgression (see Glossary)
into the aromatic subpopulation [51]. The gshl allele for
non-shattering and the Wx° non-glutinous allele both
remain largely contained within the temperate japonica
subpopulation [50,53].

Current observations regarding the history of rice
domestication

The examples of rice domestication genes, coupled with the
studies involving genome-wide variation in both O. rufi-
pogon and O. sativa, cannot be reconciled with any of the
three prevailing hypotheses about rice domestication.
Available genetic data suggest that there were prediffer-
entiated gene pools within the O. rufipogon ancestor and
that these gene pools gave rise to the indica and japonica
varietal groups. Yet, the presence of identical domesti-
cation alleles in both groups strongly suggests that these
domestications were not entirely independent. Gene flow
across the distinct gene pools of rice appears to have been
crucial to the domestication process. Taken together, the
current data supports the recently proposed ‘combination
model’ for rice domestication [59]. In this model, the early
japonica and indica cultivars were domesticated from
divergent O. rufipogon populations and subsequent intro-
gression of key domestication alleles between these early
domesticates resulted in a common set of domestication
alleles being fixed in all modern varieties. Although all of
the evolutionary data from domestication genes thus far
demonstrates gene flow from japonica to indica, only a
limited number of rice domestication alleles have thus far
been described. This situation is likely to change as the
costs of high-resolution genotyping and resequencing con-
tinue to decline, and the development of new statistical
approaches improves our ability to identify and character-
ize the targets of selection in diverse germplasm. Whether
future genetic studies involving larger numbers of domes-
tication genes will substantiate this observation of gene
flow from japonica to indica or will identify ubiquitous
domestication alleles arising in other subpopulations
remains to be determined.

If we accept the ’combination model’ for rice
domestication, how can we reconcile the maintenance of
deep genetic differentiation between rice varietal groups
with the movement of domestication genes? A recent study
involving SNP data on 20 accessions of O. rufipogon and 72
landrace and modern O. sativa cultivars demonstrated
that O. rufipogon has the greatest level of heterozygosity,
followed by the landraces, with very low levels observed in
modern cultivars. These data are consistent with a gradual
change from an outcrossing to an inbreeding habit during
the domestication process; a change that coincided with the
rise of the deeply differentiated subpopulations of O. sativa
[34]. Numerous reproductive barriers help maintain
this genetic differentiation in modern O. sativa [60], but
cross-hybridization was likely to have been easier in early
landrace varieties. Evidence of indica x japonica hybrid-
ization (see Glossary) comes from the recovery of early
domesticates containing indica-like organellar genomes in



Japonica nuclear backgrounds, and visa versa, throughout
Himalayan region of Southeast Asia [25,61]. Therefore, it
appears that higher outcrossing rates and fewer sterility
barriers provided a natural corridor for domestication
genes to be transferred between the two emerging varietal
groups. Yet, despite evidence of substantial hybridization,
the two O. sativa varietal groups remain largely isolated
from each other at the genetic level. This apparent con-
tradiction might be resolved by the recent discovery of well-
defined regions of high and low divergence between indica
and japonica in the rice nuclear genome [45]. Genomic
regions of low diversity might be more permissive to
recombination and, therefore, introgression between
groups, whereas regions of high genetic diversity might
reinforce the sterility barriers and help to maintain the
independence of the indica and japonica gene pools [45].
Consistent with this hypothesis, Sweeney et al. recently
documented that the domestication allele for white peri-
carp, rc, entered the indica gene pool as a small (<1 Mb)
introgression from a japonica ancestor and that this region
of introgression is characterized by an abrupt drop in Fg;
values (see Glossary) [51]. This indicates that the region of
introgression can be classified as an island of low diver-
gence in a background of well-differentiated indica or
Japonica-like genomes. Thus, observations at both the gene
and the genome levels support the view that relatively
small portions of genetic information were exchanged
across gene pools during the process of rice domestication
[45,51]. The introgressions containing key domestication
loci would have been maintained by human selection.
Limited amounts of introgression are consistent with both
the deep genetic differentiation that distinguishes the
indica and japonica varietal groups and the presence of
common domestication alleles across O. sativa.

Concluding remarks — lessons for the future

The story of rice domestication is one of both genetic
exchange and genetic containment. It involved episodes
of hybridization and introgression between ancient gene
pools against a backdrop of emerging inbreeding and steri-
lity barriers that progressively restricted gene flow be-
tween subpopulations. These competing evolutionary
forces, sculpted by human selection, gave rise to an array
of interconnected, but well-differentiated, subpopulations
of O. sativa. Although these subpopulations are intimately
associated with their specific geographies, ecologies and
cultures, the history of rice domestication is a dynamic
rather than static story.

Today, these same forces of genetic exchange and
containment are at work, and the tools of modern genetics
provide new opportunities for the identification and the
mobilization of genetic variation. High-yielding hybrid rice
varieties take advantage of the traditional subpopulation
structure to systematically create new combinations of
genes by bringing together inbred parents from different
subpopulations. The development of inter- and intraspe-
cific introgression lines mimics the ancient road to dom-
estication by allowing only selected segments of the donor
genome to be introgressed into adapted genetic back-
grounds. Genomics techniques offer a rapid way of identi-
fying useful variation, which can then be exploited with
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transgenic technology. Yet, with all of these possibilities
for genetic manipulation available to the modern plant
breeder, the most valuable source of genetic variation
today is still the wild germplasm itself. Learning how
humans once domesticated crops from wild ancestors
might provide more than a retrospective. As we seek
new ways of harnessing genetic variation in the context
of the 21st century, understanding the dynamics of crop
domestication might offer important lessons for the future.
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