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Rice (Oryza sativa) is one of the most important cereal grains in the world today and serves as a staple food source for more than half of the
world’s population. Research into when, where, and how rice was brought into cultivation and eventually domesticated, along with its
development into a staple food source, is thus essential. These questions have been a point of nearly continuous research in both archaeology
and genetics, and new information has continually come to light as theory, data acquisition, and analytical techniques have advanced over
time. Here, we review the broad history of our scientiﬁc understanding of the rice domestication process from both an archaeological and
genetic perspective and examine in detail the information that has come to light in both of these ﬁelds in the last 10 y. Current ﬁndings from
genetics and archaeology are consistent with the domestication of O. sativa japonica in the Yangtze River valley of southern China. Interestingly, although it appears rice was cultivated in the area by as early 8000 BP, the key domestication trait of nonshattering was not ﬁxed
for another 1,000 y or perhaps longer. Rice was also cultivated in India as early as 5000 BP, but the domesticated indica subspecies currently
appears to be a product of the introgression of favorable alleles from japonica. These ﬁndings are reshaping our understanding of rice
domestication and also have implications for understanding the complex evolutionary process of plant domestication.
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widespread use of ﬂotation (7–9) in East and subsequent domestication are increasingly
Archaeological Evidence for Rice
Domestication and Development of Rice and South Asia has resulted in the retrieval seen as being considerably more separated
of rich macrobotanical remains of rice in time than once thought, as a horizon of
Agriculture
Given the broad importance of domesticated
rice as a food source, its origin and development from the wild species Oryza ruﬁpogon have driven much of the interest and
research in archaeology in East and South
Asia during the last century. An early focus
was the geographic origin of domesticated
rice. Several areas were proposed, including
India (1), South China (2), the Yangtze River
area in China (3), the so-called “belt region”
with its great diversity of Oryza species along
the southern slope of the Himalayas (4), and
coastal swamp habitats in Southeast Asia (5).
However, there were comparatively few serious studies on the chronology of rice domestication, which was presumed to have
occurred about 10,000 y ago, probably because previous research showed that the
origins of agriculture in the other parts
of world, such as western Asia, took place
∼10,000 y ago (6). During the last 10 y, research into rice origins and dispersal has
beneﬁtted, as has domestication research in
other regions of the world (papers in this
volume), from the generation of a considerable amount of new empirical data from
archaeological sites, itself driven by the
application of new methodological procedures that can better detect Oryza and follow its early history. For example, the recent

grains and husks from some important
sites (10–15). Phytolith analysis has also
proved useful for identifying microscopic
remains of plants to the genus level, including in very early (e.g., Pleistocene) deposits where grains and husks are not present. This advance has allowed identiﬁcation
of presumably domesticated, or at least cultivated, rice occurring beyond the areas of
wild Oryza distribution with enough accuracy to separate the two major subspecies of
Oryza sativa (indica and japonica) from each
other (16–18).
Many scholars now accept that the Yangtze River area in China is the place where rice
was originally domesticated as a consequence
of these newer ﬁndings (11, 19–23). However, as discussed elsewhere in this paper,
whether indica and japonica had single or
multiple origins is a question under active
research in the genetic and archaeological
arenas, and there is little consensus of opinion with regard to the available genetic evidence (24). The resolution of this question
depends to a large extent on archaeological
research, which has revealed separate cultivation origins for indica and japonica. Current arguments in archaeology are also
focused on fundamental questions of when
rice cultivation began in China and how long
the domestication process took. Cultivation
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what’s termed “predomestication cultivation” sometimes lasting thousands of years is
being increasingly documented in the Old
World (see Introduction in this volume),
and this also appears true for rice. Moreover,
recent studies suggest that there is no clear
boundary line between hunting-gathering
and agriculture and that the transformation between the two is not a revolutionary
change but rather a slow process of qualitative
and quantitative shifts that may have taken
thousands of years (6, 11). These questions, in
turn, are related to theories of agricultural
origins in China and around the world that
are currently of great interest in anthropology
and archaeology (25). Accordingly, we now
focus on new archaeobotanical data bearing
on these issues and the subsequent spread
of rice into Korean Peninsula, the Japanese
archipelago, and India.
Archaeobotanical Data from China. In

recent years, ﬂotation of archaeological sediments for recovery of macrobotanical remains
of plants has been carried out on more than
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Fig. 1. Locations of the sites with early rice remains in the Yangtze Rivers areas: (1) Yuchanyan; (2) Pengtoushan; (3)
Bashidang; (4) Jiahu; (5) Xianrendong/Diaotonghuan; (6) Shangshan; (7) Kuahuqiao; (8) Xiaohuangshan; (9) Hemudu/
Tianluoshan.

100 archaeological sites throughout China,
and numerous charred plant remains have
been retrieved for study (Fig. 1). They are
from a variety of crop species including
rice (10, 11). The earliest rice remains recovered in China have been reported from
three archaeological sites: Xianrendong and
Diaotonghuan in Jiangxi Province (26) and
Shangshan in Zhejiang Province (27). The
cultural remains of these sites are dated to
around 10,000 BP (all dates are in calibrated years), although it should be noted
that the cultural deposits in the Xianrendong cave site have a very long sequence;
the lower layer was recently dated to
about 20,000 BP (28). This information
suggests that a new date might also be
needed for the rice remains found in the
upper layers of this site.
Shangshan is an early Neolithic settlement
with house and pit features, and artifactual
remains that include pottery and stone tools.
The cultural assemblage recorded can be divided into two periods: the Shangshan culture dated to ∼11,000–9000 BP, and the
Kuahuqiao culture dated to 8000–7000 BP
(29). Although more than 400 soil samples
were ﬂoated, only 10 charred rice grains and
a few rice spikelet bases were recovered. Most
of these belong to the Kuahuqiao cultural
horizon. A few rice grains were recovered
from the Shangshan culture horizon. Rice
remains were also found by other methods.
For example, rice husks can be easily idenGross and Zhao

tiﬁed in the paste of pottery sherds, and they
were commonly found in sherds dating to
both of the two periods. Heaps of rice husks
were also found in burnt soil blocks from the
early period layers of the site. The combined
evidence indicates that Shangshan people
intensively exploited rice.
The Shangshan rice was believed to be in
an early stage of domestication, based on
grain size and morphological characteristics
(e.g., length-to-width ratios) (27). However,
others note that grain size and shape may
exhibit considerable variability in wild and
domesticated populations, some of which is
probably inﬂuenced by plant responses to
environmental factors and therefore may not
be a reliable indicator of early domestication
(30, 31). In light of the abundance of rice
husks in the pottery and other site contexts, it
seems that Shangshan people had a high
demand for rice, and the cultivation of rice
may have begun at that time (11). Further
work is required to unequivocally establish
rice cultivation; if it occurred, it could be
interpreted as being primarily an attempt to
improve the yield of wild rice.
In China, the time around 8,000 y ago
appears to have been critical for agricultural
origins, not only for rice in the Yangtze River
area, but also for millet agriculture in the
Yellow River system of northern China.
For example, several archaeological sites
exhibiting the characteristics of early rice
farming have all been dated to around 8000
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BP. They are Pengtoushan and Bashidang in
Hunan Province (32), Kuahiao and Xiaohuangshan in Zhejiang Province (33, 34), and
Jiahu in Henan Province (35).
Jiahu was a permanent village dated by
dozens of radiocarbon determinations to a
period between 9000 and 7800 BP. Flotation
work was carried out on a total of 125 soil
samples, and a large number of charred plant
remains were recovered, including several
hundred rice grains (36). Other plant remains
include soybean (Glycine sp.), water chestnut
(Trapa sp.), lotus roots (Nelumbo nucifera),
and acorn (Quecus sp.). Zhao’s research on
the Jiahu rice indicates that it may well
be domesticated, as its grain phenotypic
characteristics, including size and shape,
are much like modern domesticated rice. A
discussion has ensued about these characteristics (37, 38). For example, it has been
suggested that Jiahu rice might belong to
a wild rice species because the grains are
remarkably small (31). Alternatively, it has
also been argued that the Jiahu rice grains
are not small but characterized by a great
variation in size, based on measurements
of hundreds of rice grains recently recovered from Jiahu (38). Another factor that
should be considered in establishing the
status of the Jiahu rice is the abundance of
weedy grasses, which may represent weeds of
cultivation (e.g., Digitaria and Echinochloa
spp.). Furthermore, the location of the Jiahu
site is far from the natural distribution of
wild rice today. All of these factors indicate
that domesticated rice and rice agriculture
were established at the site 8,000 y ago.
It should also be noted that the rice remains at Jiahu were accompanied by a large
amount of wild food resources, such as lotus
and water chestnut, along with ﬁsh bones
and shells. Quantitative analysis of the plant
remains showed that rice was not the dominant plant in the remains (36). It appears that
rice did not play a dominant role in the
subsistence of the Jiahu people and that the
overall subsistence economy was a mixture of
plant cultivation, ﬁshing, and other wild resource procurement. This type of mixed
subsistence is a pattern coming to light in
other regions of the world where early agriculture was established.
The discovery of the Hemudu site in the
1970s resounded throughout the world. Because of the waterlogged condition of the site,
organic materials were well preserved (39). A
huge number of plant remains have been
recovered, among which the most noticeable
were rice. Some scholars accordingly suggested
that the Hemudu people might have had
a very mature agricultural economy based on
rice (40). However, little was known about the

phenotypic characteristics of the rice that could
reveal if they were morphologically still wild or
domesticated. Another unresolved problem
was whether the rice was indeed the main food
resource at Hemudu, especially considering
that a signiﬁcant number of other edible
wild plant remains were found during the
excavation.
The Tianluoshan site, discovered in 2004,
afforded a chance to answer these questions.
Its location is only 7 km from Hemudu, and
the cultural deposits of the two sites are almost identical (41). A systematic sampling
strategy was applied during the excavation
to recover plant remains, including water
screening and ﬂotation. More than 200 soil
samples have been processed thus far, and
a tremendous number of plant remains have
been found, including rice, water chestnut,
acorns, bottle-gourd, Euryale ferox, Ziziphus
jujube, Diospyros sp., and various weed seeds.
The most important study of the Tianluoshan data are a systemic analysis of the
rice spikelet bases carried out by Fuller et al.
(42). The results show that the Tianluoshan
rice consists of a high proportion of shattering, WT spikelets, which suggests that the
process of rice domestication was not yet
complete in the Hemudu period, i.e., sometime about 6500 BP. However, the quantitative analysis of the plant remains suggested
that rice was one of the most important food
resources at Tianluoshan and that the Tianluoshan people probably engaged in rice
farming activities. Nonetheless, rice farming
did not replace hunting-gathering as the
dominant economy of the Tianluoshan residents or even probably the Hemudu culture.
Wild resources such as acorns were still important foods at that time.
Liu et al. (38) published additional research
that analyzed the morphological characteristics of both grains and spikelet bases from
early occupations at Shangshan, Kuahuqiao,
and Hemudu. They also presented new measurements of rice grains recovered from
Jiahu. They argued based on all of the data
that the process of rice domestication began during the early Holocene at about
9000 BP with the “management of phenotypically wild plants.” Fuller et al. (37)
counter argued that the new metric data of
Liu et al. were still insufﬁcient to determine
the wild or domesticated status for rice
remains from the early sites. Analyses of
spikelet bases unearthed from the early
sites in the lower Yangtze River region,
such as Kuahuqiao, Luojiajiao (Majiabang
period), and Tianluoshan, show few signs
of domestication.
Loss of shattering is a key characteristic of
domesticated cereal crops that distinguishes
6192 | www.pnas.org/cgi/doi/10.1073/pnas.1308942110

them from their wild ancestors (31). Furthermore, domestication is a long and slow
process in which the proportion of shattering
forms should be high in the beginning and
then decrease gradually until nonshattering
types dominate populations. Before or during
this transition, wild or cultivated rice that
shattered at maturity may have been harvested at an immature stage to prevent resource loss. Therefore, the study and detection
of “immature rice” is a strong conceptual advance and will become a key for understanding
the process of rice domestication, as emphasized by Fuller. However, the accurate identiﬁcation of immature rice is still at issue (43).
Broadly speaking, the distinctive characteristics
of immaturity, shattering, and nonshattering
states based on spikelet bases has the potential
to be reliable, whereas characters relating to
grain morphometrics and their diagnostic
power for domestication need further study.
As can be seen, major questions relating to
when rice cultivation ensued and how it can
be identiﬁed, together with how domestication should be determined, currently surround issues of rice cultivation in China. On
the basis of current data, two signiﬁcant patterns in agricultural origins and development can be identiﬁed. First, as shown by the
percentages of nonshattering grains through
time, the ﬁxation of nonshattering grains
under cultivation was a slow process that occurred over a few thousand years. The comprehensive study of the early sites (e.g.,
Shangshan) suggests that a predomestication
cultivation horizon may have existed for
rice before domestication and that cultivation
probably began 9,000–8,000 y ago. Second,
the transition to rice agriculture from hunting and gathering was not a clear-cut revolutionary change but a slower evolutionary
process. During this long-term process, hunting and gathering gradually waned, whereas
rice agriculture slowly achieved a dominant
position and ﬁnally became the major subsistence practice. This slow process is a pattern
emerging in many other areas of the world.
Archaeobotanical Data from Korea, Japan,
and India. Korea. Oryza is not native to the

Korean peninsula; thus, rice research focuses on diffusion from China and possible routes by which the plant may have
spread. It was conventionally thought that
rice farming spread from China to the
Korean peninsula during the Early Mumun
period (3400-2800 BP). Some studies suggested that rice may have arrived in Korea
as early as the Chulmun period (7500-4000
BP) (13). Recent archaeobotanical studies
have clariﬁed this issue.

Macrobotanical evidence now indicates that
Chulmun subsistence, especially the MiddleLate Chulmun, was clearly based on an
agricultural economy. However, Chulmun
agriculture was a dry-land farming system
based not on rice, but apparently on millets, including both foxtail (Setaria italic)
and broomcorn millet (Panicum miliaceum),
legumes such as soybean (Glycine max),
adzuki bean (Vigna angularis), and other
crops (14). No Chulmun rice remains have
been found through macrobotanical analysis. Nevertheless, rice presence is indicated
by phytoliths found in pottery shards dating to the Chulmun period. Future work
will address further aspects of rice at this site.
Analysis of plant remains conﬁrmed that
rice agriculture was indeed a major part of
the subsistence economy of the Mumun period and also suggested that paddy rice
farming occurred. This fact suggests that rice
agriculture appeared in the Korean peninsula
as an already developed rice farming system (13, 14), indicating that rice agriculture
diffused into the Korean peninsula. The
route of spread is still under active research
and debate.
Japan. As with the Korean peninsula, wild
rice does not occur in Japan today and
probably never did. It is therefore generally
agreed that rice agriculture diffused to Japan,
and it is thought this occurred during the
Yayoi period, which began ∼2800 BP (44).
Very similar to the situation in the Korean
peninsula, early rice farming in Japan appears
to have involved paddy rice farming. Although a highly productive rice agriculture
probably began in the Yayoi period, it is increasingly likely that domesticated rice was
introduced into the Japanese archipelago
earlier, during the late Jomon period, some
time around 4000 BP. Rice seed impressions
on Jomon period pottery documented through
scanning electronic microscopic study (45)
appear to establish that domesticated rice
was introduced into Japan before the Yayoi
period, although it is not clear how large
a part of the subsistence base rice was at that
time. This rice appears to have been a part
of a dry-land agriculture system, as other
crops of dry-land farming have been found
in sites dating to the late and middle Jomon,
including various millets such as barnyard
millet (Echinochloa utiliz) and legumes (soybean and adzuki beans).
It is interesting to see the similarity between
the Korean peninsula and Japan regarding the
early development of agriculture. First, the
beginning of agriculture in these two areas
was characterized by a dry-land farming
system with the major crops being millets
and beans. Second, rice agriculture diffused
Gross and Zhao

Summary. A subject that is as important as

the origins and spread of domesticated Oryza
and that is increasingly informed by multiple
empirical databases from genetics and archaeology has naturally given rise to a number of controversies. Points of disagreement
include how and when cultivation began and
domesticated varieties emerged, how this can
be documented in rice’s major center of origin in China, and when archaeological rice
Gross and Zhao

remains can be associated with an economy
partly or fully dependent on rice as a staple
food. These issues have done much to inspire
and advance methodological aspects of rice
domestication research and make it ever
clearer that establishing accurate and feasible
criteria for distinguishing domesticated and
wild species is of prime importance in agricultural origins research.
Methodological techniques will continue
to evolve. For example, recent work by Zhao
and Gu (48) demonstrates that identiﬁcation
of spikelet bases has its limitations, despite
the fact that pertinent qualitative features
have a clear tendency of polarization between
wild and domesticated rice. Wild rice spikelet bases have a shallow and round abscission scar and a small distinct vascular pore,
whereas domesticated spikelet bases display
irregular-shaped and deeper scars. Although
this would seem to make them easy to distinguish, the irregular morphology of domesticated rice spikelet bases and their small
size can make microscopic measurements very
difﬁcult. Applying qualitative criteria alone
may introduce perceptual differences and
variability in how different scholars evaluate
the same features and make repeatability
and comparisons between sites difﬁcult.
Ongoing examinations of other traits such
as rice embryo characteristics (48) may
provide additional data on domestication
that will independently, or in combination
with other criteria, provide more precise
identiﬁcations of wild and domesticated
rice. Productive discussions of theoretical
issues are also dependent on such advances.
Genetic Evidence for Rice Domestication

Just as physical remains provide evidence of
the presence and transformation of wild rice
into domesticated rice in the archaeological
record, the genomes of wild and domesticated rice preserve a record of the evolutionary forces they have been subject to over
time. These records include information ranging from the possible geographical origin(s)
of extant domesticated rice as a whole to the
origin and assembly of individual alleles that
combine to create the domestication phenotype (e.g., loss of shattering, increase in
grain size and number, change in grain color
and plant growth stature). Combined with
complimentary information from archaeology and ethnobotany, this information can
be essential to understanding the process of
rice domestication. What has genetic information from wild and domesticated rice
yielded to date? Lately, the answer seems to
be that genetics has told us a constantly
changing story. Although this is not necessarily surprising, given the rapid advances in

genetic technology over the last 20 y, it has
had the effect of both expanding our understanding of the origin and evolution of
domesticated rice and stirring strong feelings about the history of one of the world’s
most important food crops.
The two major Oryza sativa subspecies are
differentiated by a number of morphological and physiological characters, along with
a substantial (although incomplete) sterility
barrier (49, 50). All genetic analyses have
conﬁrmed the distinctiveness of the subspecies and further conﬁrmed the existence
of recognized subgroups within these groups
(i.e., temperate and tropical japonica along
with aus) (51). The consistent genetic and
phenotypic distinctiveness has long been considered an indicator that indica and japonica might have distinct origins. However,
genetic distinctiveness alone is not enough
to establish independent origins. Multiple
origins of a single domesticated species is
most convincingly demonstrated when varieties or subspecies within the species show
genetic afﬁliations to existing wild populations with distinct geographic and genetic
provenance. What, then, prevents us from
quickly identifying the genetic and geographic source populations that gave rise to
domesticated rice, given its obvious socioeconomic importance and the extensive genetic resources for the Oryza system? After
all, the likely geographic origin of the extant
maize lineage was pinpointed more than 10 y
ago (52, 53), whereas arguments for and
against multiple origins of rice have appeared
in the literature on a nearly annual basis.
There are three main complicating factors
that have made the history of domesticated
rice difﬁcult to read based on the patterns in
its genome. These factors include (i) a paucity of genetic markers; (ii) a paucity of
samples from the wild relative of domesticated rice; and (iii) difﬁculty resolving the
relationship between gene genealogies for
domestication genes and gene genealogies for
neutral genes. Below, we will describe the
progress of rice domestication genetics with
these three factors in mind and discuss how
the ﬁeld might be advanced in the future.
Neutral Markers. Many authors have documented evidence consistent with independent origins of the japonica and indica subspecies based on molecular markers ranging
from allozymes to retrotransposons (54–57).
However, to a large extent, the recent exchange of papers identifying a single vs.
multiple origins of domesticated Asian rice
began in 2006, with the publication by
Londo et al. showing that phylogeographic
evidence was consistent with separate origins
PNAS | April 29, 2014 | vol. 111 | no. 17 | 6193
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to these two areas at a relatively late time,
but with a paddy rice farming system. This
new farming system quickly replaced the
indigenous dry-land farming system. It can
be suggested this change was one of the reasons for the cultural transitions that took
place; i.e., from Mumun to Chulmunin the
Korean peninsula and Jomon to Yayoi in
Japan. Third, sporadic rice remains were
also found in the periods before the occurrence of paddy rice farming system in these
two areas. This early arriving rice presumably had little impact on the indigenous
dry-land farming system, but more evidence
is needed to study its signiﬁcance.
India. The prehistory of indica and japonica
in India presents one of the more interesting stories of domestication, long distance
spread, and subsequent interactions of cultivars within a single genus of plants. Both
O. ruﬁpogon and another close wild relative,
Oryza nivara, are native to India and well
distributed there today, and probably were
present since the Pleistocene (46). The
country has a number of long archaeological
sequences with good plant records including those in the Ganges River valley in the
north where rice, likely wild O. ruﬁpogon and
O. nivara, is documented by 9000 BP (46,
47). It is now recognized that the Indian
subcontinent was probably an independent
center of agricultural origins with important
regions in the Ganges plain and to the south
on the Deccan Plateau. Native plants that
were cultivated or domesticated before crops
were introduced from elsewhere include
mung bean and small-seeded grasses, among
others (47). The question of an origin of
indica rice in India has been under active
discussion, and recent research has done
much to clarify and resolve the issue. It now
appears that an independent origin of cultivation of ancestral indica or proto-indica rice
took place in the Ganges plains, but that
the plant was completely domesticated only
when domesticated japonica arrived from
China and hybridized with it about 4,000 y
ago (47). Indica consumption began early, by
8400 BP, and the plant was cultivated and
appears to have been a staple food by 5000
BP (47).

of indica and japonica (58). This paper
surveyed only three sequenced loci, but its
strength lay in the relatively broad sampling of both domesticated and wild Asian
rice (203 O. sativa and 129 O. ruﬁpogon),
with a strong effort to sample across the
range of the wild species. In particular, this
paper included many ﬁeld-collected samples of O. ruﬁpogon from China; these
samples were particularly important because
they include one of the potential geographic
origins of domesticated rice. The phylogenetic patterns detected in this paper suggested two likely origins of domesticated
rice, with indica originating in eastern India
and japonica originating in southern China.
The possibility that the O. sativa subspecies had unique origins was subsequently
bolstered by the analysis of Caicedo et al.
(59). Although this paper did not include
a phylogeographical component (it was focused on the effects of selection on the patterns of genetic variation in domesticated
rice), the large number of sequenced regions
(111 gene fragments) provided a strongly
supported phylogenetic tree indicating that
indica and japonica were not just genetically
distinct but also that each subspecies was
more closely related to a separate set of
O. ruﬁpogon than to the other subspecies. In
contrast to the Londo et al. analysis, however, this analysis included a relatively small
number of O. ruﬁpogon samples (21 total),
the majority of which were from China or
Nepal. Indeed, the phylogenetic tree presented in the paper would seem to indicate
that all subspecies of domesticated Asian rice
arose from wild populations similar to those
found in modern-day China. Overall, the lack
of samples from other countries makes it
impossible to draw conclusions about the
geographic origin of rice (and, indeed, the
paper’s authors do not try to). A complementary study published in the same year,
using 22 sequence-based markers, also showed
patterns consistent with independent origins
of the two subspecies (60). The level of sampling, however, was still too low (at 30 samples) to pinpoint a possible geographical
origin of either subspecies.
Shortly thereafter, an analysis using 60
microsatellites conducted by Gao and Innan
suggested “nonindependent” origins of the
two subspecies (61). The authors of this paper
took the interesting approach of evaluating
evidence for bottlenecks at corresponding
loci in the genomes of the two subspecies.
The logic was that the stochastic nature of
a domestication bottleneck would reduce
diversity at some neutral loci to a greater
extent than other loci, but that levels of
diversity at a given locus would not be
6194 | www.pnas.org/cgi/doi/10.1073/pnas.1308942110

correlated across subspecies if they were
domesticated independently (assuming an
absence of parallel selective pressures acting on these loci and limited gene ﬂow
between independent origins). The authors
found a signiﬁcant, positive correlation
when they compared the subspecies, consistent with a single origin or extensive
recent gene ﬂow. The samples used in this
study included 92 individuals, 35 of which
were O. ruﬁpogon, all sampled from within
China (61, 62). Whether this wild reference
population was the most appropriate comparison for indica varieties that may or may
not have been domesticated in that geographical area is not addressed in the paper.
Domestication Genes. This succession of
papers coincided with the ﬁrst set of domestication genes being cloned and characterized in Asian domesticated rice, both of
which controlled shattering (sh4, qSH1) (63,
64). Although the qSH1 domestication allele
was conﬁned to a subset of japonica varieties,
analyses of sh4 revealed that the mutations
associated with the nonshattering phenotype
had a single origin and that a single allele was
now distributed across japonica and indica
(despite the sterility barrier between them)
(65, 66). The single origin of a gene underlying this major domestication trait prompted researchers to consider possibilities of interactive domestication scenarios such as the
“snowballing model” and the “combination
model” proposed by Sang and Ge (65, 67).
These models attempt to reconcile the divergence at neutral loci with the similarity at
domestication loci through various scenarios
involving gene ﬂow, although multiple origins were still favored based on the deep divergence between the subspecies (57, 68).
Following the shattering genes, the Rc gene,
underlying a change in pericarp color from
red in wild rice to white in domesticated rice,
was cloned and its origin was characterized
in a diverse collection of more than 400 rice
cultivars (69, 70). Much like sh4, the rc allele
(causing white pericarps) was found to be
common across both indica and japonica.
The survey also clearly indicated that the
domestication allele originated in japonica
and spread to indica.
All three of the genes mentioned thus far
can be classiﬁed as domestication genes, in
that they either control a trait that is critical
to a domesticated condition (loss of shattering) or they are found in a large majority of
domesticated varieties (white pericarps). The
Waxy (Wx) gene, which was characterized at
the molecular level over a number of years
(71–74), is best described as an improvement or diversiﬁcation gene: it is selected in

response to cultural preferences in some areas
of the world but not uniformly favored. The
majority of indica varieties have the fully
functional Wxa allele, whereas japonica varieties generally carry the Wxb allele (resulting
in a stickier grain), or its derivative, the waxy
allele, which results in fully glutinous rice.
The waxy allele has spread out of japonica
and into some indica varieties when the
glutinous phenotype was favored (71). This
example conforms again to an emerging
pattern at this point in rice domestication
genetic research: domestication and improvement alleles are either restricted to the
japonica subspecies (e.g., qSH1, Wxb), or
they originated there and subsequently spread
to indica (e.g., rc, waxy) (75). Again, the
common origin of important domestication
genes might seem to indicate that O. sativa
was domesticated only once, but this scenario
was inconsistent with the deep genetic divergence between the subspecies based on
neutral loci. The combination model, suggesting that the domestication process
was initiated multiple times and that this
was followed by extensive introgression of
strongly selected domestication alleles, was
considered to be most consistent with the
data at this point (75).
These four loci represented an early view
into the future of rice domestication genetics
based on functional genes: following the
identiﬁcation of these domestication and improvement genes, new genes were identiﬁed at a rapid rate (76, 77). In general, when
surveys included a broad sampling of rice
varieties, the allele associated with a domesticated state showed one of three patterns: (i)
the allele was unique to japonica (78, 79), (ii)
the same allele was found in a subset of both
japonica and indica (80, 81), or (iii) the same
allele was found in the majority of japonica
and indica varieties (82, 83). These results
revealed the genetic complexity of rice domestication; alleles underlying domestication
phenotypes can have different origins and
different distributions depending on their
desirability and dispersal across the range of
domesticated rice. However, in every case
where the survey included an evolutionary
component, the origin of the domestication
allele was found to be the japonica subspecies
(80, 81). As a result, the phylogenies generated from domestication genes showed
japonica and indica as a monophyletic group
(69, 84), consistent with a single origin for
allele controlling a domestication trait. In
contrast, neutral loci generally recovered a
polyphyletic relationship (51, 59), and analyses that included O. ruﬁpogon showed that
japonica and indica were more closely related
to different populations of the wild species
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Genomic Patterns. These common patterns
for domestication genes vs. neutral loci were
challenged in a publication by Molina et al.
(86), where 630 gene fragments were sequenced in 20 O. ruﬁpogon, 20 indica, and 16
japonica sampled from throughout the native
range of wild and domesticated rice. When
methods of demographic inference (using
∂a∂i) were applied to this dataset (87), the
results indicated that a single origin for domesticated rice was signiﬁcantly more likely
than multiple origins. The authors found that
a single origin was more likely even when
they excluded regions that showed evidence
of selective sweeps; i.e., gene fragments that
looked the most like domestication genes
were not inﬂuencing the analysis. The paper
also included a reanalysis of previously published sequence data using pBEAST (88), a
Bayesian approach that generates a species
tree based on heterogeneous gene trees: this
removes the need for concatenation and
potentially provides a more accurate phylogeny. Although the smaller datasets indicated a lack of monophyly, larger datasets
(>5,000 bp, ﬁve or more loci) were strongly
supportive of a single origin for domesticated
rice. Overall, the paper is consistent with
a single origin of O. sativa in the Yangtze
Valley of China, and this corresponds to the
majority opinion based on archaeological
research. Although it has been pointed out
that the modeling component of the analysis
was inﬂuenced by the assumption of no
structure in O. ruﬁpogon (89), a situation
that appears to be unlikely based on subsequent studies (90, 91), this paper opened
many questions about genetic research into
the origins of domesticated rice (were previous phylogenetic analyses wholly inaccurate? how should the contrasting results
from the same starting data be interpreted?).
In addition, the study served as a harbinger
of a return to a focus on data from neutral
loci in addition to domestication genes.
At nearly the same time, an analysis using
an almost identical sampling strategy (22
samples each from O. ruﬁpogon, indica,
and japonica from throughout the native
range of wild rice) applied whole-genome
resequencing to evaluate the evolutionary
history of domesticated rice (92). In contrast
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to the methods of Molina et al. (86), He et al.
(92) used a coalescent-based approach that
showed strong support for separate origins of japonica and indica based on the
majority of the genome, but also found that
regions of low diversity (possibly indicative
of a selective sweep) displayed a pattern
that was most consistent with a single origin. Overall, the data were consistent with
unique origins of japonica and indica accompanied by extensive gene ﬂow between
the subspecies at domestication loci. Clearly,
given the similarities of these two studies, it
would be optimal to see each analysis (∂a∂i vs.
coalescent modeling) applied to each dataset.
As it currently stands, it is difﬁcult to say
whether the different results are due to the
differences in the type of data (gene fragments
vs. whole genomes), the analytical methods,
or the identity of the samples chosen in each
case. The unique ﬁndings of Molina et al. have
not yet been recovered in other studies, despite their potential importance for our
understanding of rice domestication.
The large genetic datasets but relatively
small sample sizes in these studies were
countered in a study focusing ﬁrmly on the
neutral genetic variation in O. ruﬁpogon (90).
The study used 42 gene fragments and 180
accessions (108 of which were O. ruﬁpogon);
this represented the largest combined genetic/sample size at the time (93). Analysis
indicated that O. ruﬁpogon showed strong
population structure and fell into two groups;
this corresponds well to previous studies.
However, in a surprising ﬁnding with no
precedent in the literature, the results also
showed that indica was most closely related
to wild rice from southern China, a location

that is usually associated with the origin
of japonica rice. Even more surprisingly,
japonica samples showed no close afﬁnity
to either of the O. ruﬁpogon groups. These
results open many questions about the origin of domesticated Asian rice and its relationship with its closest wild relative. The
results have yet to be replicated, but indicate that a greater emphasis on sampling
O. ruﬁpogon may reveal unexpected patterns.
The use of resequenced rice genomes as
a tool to understand the evolutionary origins
of domesticated Oryza has expanded most
recently with the publication and analysis of
446 resequenced O. ruﬁpogon genomes and
1,083 japonica and indica genomes (91). This
analysis provides one of the most extensive
datasets exploring the genetic structure of
O. ruﬁpogon, which is critical for understanding the evolution of domesticated rice.
The analyses based on genomewide variation indicated a close relationship between
japonica and O. ruﬁpogon from far southern
China (in the Pearl River valley rather than
the Yangtze River valley), and a similarly close
relationship between indica and O. ruﬁpogon
from eastern India. When phylogenetic analyses were conducted based on variation at
55 regions that showed evidence of selective
sweeps under domestication, both indica and
japonica were most closely related to populations in the Pearl River valley. The authors
therefore suggest a single origin of domesticated rice in far southern China, followed by
dispersal to Southeast Asia and hybridization
with local O. ruﬁpogon. This study corresponds well to archaeological evidence relating to the origin of indica, but differs in that
archaeological research has not indicated the

Fig. 2. Possible scenarios for the origin of japonica and indica from a genetically diverse O. ruﬁpogon population,
with genetic differentiation represented by different colors. Possible timing for the movement of domestication alleles
from japonica into indica via hybridization is shown with dashed lines. Colors in the ﬁnal domesticated indica circle
represent the contributions from the original O. ruﬁpogon populations (blue) and introgression from japonica (red).
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than to each other, consistent with multiple
origins. It should be noted that the discordance in phylogenetic trees is expected under
a scenario of introgression at loci controlling
domestication traits (76) and illustrates the
difference between gene trees and species trees
(85), but the question of how to interpret the
origins of indica and japonica in light of these
conﬂicts was still an open one.

Pearl River as a location for the domestication
of japonica. One item to note about this paper
is that, although the dataset is very impressive,
the authors did not take advantage of powerful coalescent or other model-based techniques that could yield more precise of the
population history of the domesticated and
wild species (e.g., population size and timing
of domestication).
Summary. Considering these recent studies,
especially in light of the factors that might
complicate our understanding of rice domestication, we can see real progress in some
areas. As is the case for many other biological
systems, the number of genetic makers in
a given study has increased by orders of
magnitude, so that limited sampling of genetic variation is no longer a concern. Sample
size and diversity has not increased as steadily;
indeed, there has been a trend toward decreasing sample sizes with an increasing
number of molecular markers. Although
necessary in some circumstances, this trend
can hopefully be avoided in future studies of
rice domestication, because sampling sparsely
from a large geographical range is bound to
introduce error in the form of missing populations and diversity. Finally, the integration
of patterns seen at domestication genes and
neutral loci is still being resolved. Although
the possibility of introgression between indica
and japonica is clearly well accepted, along
with the genealogical discordance this can
cause across different loci, it is still unclear
how to relate this directly to the origin of
indica and japonica (Fig. 2). In particular,
should we conclude that there were two origins of domesticated rice and that phylogenetic incongruity is caused by introgression
of domestication genes (92)? Or should we
conclude that there was a single origin, with
indica being brought to a domesticated state
through a series of hybridization events between japonica and O. ruﬁpogon populations
(91)? The former scenario would suggest
that some domestication alleles might have
arisen in indica, but that these alleles were replaced by more desirable alleles from japonica.
The later scenario would suggest that all domestication alleles arose exclusively in japonica. Which scenario is more likely currently
remains unresolved, but the answer seems
much closer now than it has in the past.
Conclusions

Domestication is not a single event, but
a continuum, within which there are different
degrees of codependence between humans
and plants (94). Rice has moved far along the
continuum (becoming a major food source
for humans) and has been extensively modiﬁed
6196 | www.pnas.org/cgi/doi/10.1073/pnas.1308942110

in this process, so that it now differs from its
closest wild relative for a suite of traits that
encompass life history, breeding system, morphology, and physiology. Given the exciting
accumulation of new information from both
archaeology and genetics about when and
where Oryza sativa started along this continuum and how domestication traits eventually arose across the range of the species,
how can the two ﬁelds better inform each
other to answer key questions about the origin of indica and japonica?
Both ﬁelds offer unique approaches to
identifying the geographical origin of rice
domestication, and the bulk of studies indicate that japonica originated in the Yangtze
River valley, whereas indica originated in the
Ganges plains (although there are counter
examples with interesting alternatives). Archaeological research indicates that appearance of one of the most iconic domestication traits (loss of shattering) was later than
originally thought and that it was potentially
not complete even by 6500 BP, although
other traits (more difﬁcult to detect from
physical remains) may well have followed a
different trajectory. Genetic approaches have
shown that domestication traits are controlled by the same alleles in japonica and
indica and that these alleles often originated
in japonica, but that the subspecies are divergent at neutral loci. These ﬁndings from
archaeology and genetics have been combined to suggest the independent origins of
rice cultivation in China and India, followed
by the introgression of domestication traits
from japonica into proto-indica cultivated

plants to result in the establishment of the
domesticated indica subspecies (47). This
scenario, a type of “domestication by hybridization” for which there is increasing evidence from other plant and animal domesticates (95), is consistent with both the deep
divergence between the subspecies at neutral
loci and allele sharing at loci controlling key
domestication genes.
One question about the domestication
process with strong synergistic potential for
the two ﬁelds deals with the process of domestication and the preferential spread of
some domestication alleles over to others.
For example, while the most common allele
resulting in white rice grains (rc) originated
in japonica and spread to indica, there are
independent mutations resulting in an identical phenotype found in both the aus subspecies of O. sativa (closely related to indica)
and the African domesticate O. glaberrima
(69, 96). This pattern may indicate the incipient development of domestication traits
in some populations, with further spread or
development stopped by the arrival of a variety with more favorable characteristics. Although genetic surveys of extant lineages can
provide some indication of the frequency of
this type of phenomenon, archaeological evidence of the presence of domestication traits
(e.g., shattering and grain shape) are required
to complete our understanding of the history
of rice domestication.
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