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Abstract
Red rice is an interfertile, weedy form of cultivated rice (Oryza sativa L.) that competes aggressively with the crop
in the southern US, reducing yields and contaminating harvests. No wild Oryza species occur in North America and
the weed has been proposed to have evolved through multiple mechanisms, including “de-domestication” of US
crop cultivars, accidental introduction of Asian weeds, and hybridization between US crops and Asian wild/weedy
Oryza strains. The phenotype of US red rice ranges from “crop mimics”, which share some domestication traits
with the crop, to strains closely resembling Asian wild Oryza species. Assessments of genetic diversity have
indicated that many weed strains are closely related to Asian taxa (including indica and aus rice varieties, which
have never been cultivated in the US, and the Asian crop progenitor O. rufipogon), whereas others show genetic
similarity to the tropical japonica varieties cultivated in the southern US. Herein, we review what is known about
the evolutionary origins and genetic diversity of US red rice and describe an ongoing research project to further
characterize the evolutionary genomics of this aggressive weed.
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Over half of the world’s top 10 crop species possess conspecific weedy forms (Ellstrand et al. 1999), which compete
aggressively with crops, reduce yields, and contaminate
harvests. Because they are interfertile with crops, weedy relatives can also serve as an avenue of escape for engineered
traits or introduce undesirable traits into crops. Despite their
detrimental impact on crop yields worldwide, little is known
about the population genetic dynamics by which weed-associated traits arise and persist in weedy crop relatives.
Weed phenotypes are typically assumed to arise through
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a combination of genomic introgression (resulting from hybridization between crops and related wild species) and selection
acting to favor weed-adaptive traits.
Rice (Oryza sativa L.) is among the world’s most important
food crops; rice consumption constitutes approximately 20%
of the world’s caloric intake (Food and Agricultural Organization of the United Nations (FAO) 2003). Weedy rice (also commonly referred to as red rice) co-occurs with the crop wherever it is cultivated. Strains of the weed, although phenotypically highly variable, often have traits characteristic of nondomesticated Oryza species, including seed dispersal mechanisms (e.g. seed shattering, awns), seed dormancy, and small,
dark-pigmented pericarps. However, unlike truly wild species,
these weedy strains are best adapted to growing in agricultural fields, where they mimic and/or outcompete the crop.
In regions of rice cultivation where native Oryza species
occur, such as Asia and Latin America, weedy rice may have
arisen through a continual process of gene flow between the
cultivated crop and neighboring wild populations. In world regions where no wild crop relatives occur, including the US and
the Mediterranean, a fundamentally different set of population
dynamics has likely governed the weed’s emergence and
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aggressive spread in rice fields. Our discussion of weedy rice
in the present paper focuses on the latter situation, and specifically on the weedy rice found in US rice fields.
The US ranks third among rice-exporting nations (Childs 2005)
and US rice production is among the most efficient in the world
(Moldenhauer et al. 2004). The major region of rice cultivation
in the US is in the southern Mississippi floodplain, an area that
includes Arkansas, Louisiana, Mississippi, southern Missouri,
and eastern Texas; rice cultivated in this region is exclusively
of the tropical japonica variety. A secondary region of rice
cultivation occurs in California, where mostly temperate
japonica varieties are grown.
The US red rice is most problematic in the Mississippi
floodplain, where it reduces crop yields by up to 80%
(Estorninos et al. 2005) and contaminates harvests with its
small, dark-pericarp seed. An estimated 30% of rice production
areas in this region are infested with red rice, leading to an
annual loss exceeding US$ 50 million (Gealy 2005). Because it
is the same species as cultivated rice, red rice is difficult to
control by herbicide application; moreover, crop traits such as
targeted herbicide resistance can escape into weed populations by gene flow (Rajguru et al. 2005). Red rice was first
recorded as a weed in the southern US in 1846, and studies
conducted around 1850 reported four morphologically distinct
weedy forms (Craigmiles 1978). Weed infestations of southern US rice fields became common by the 1940s, after which a
shift to weed-free seed stocks and changes in cultivation practices reduced the proliferation of the weed to some extent
(Craigmiles 1978). Nonetheless, red rice infestations remain a
primary constraint on US rice productivity (Estorninos et al.
2005; Gealy 2005).

Phenotypic and Genetic Diversity of US Red
Rice
The US red rice shows a very wide range of phenotypic
variation: strains range from crop-like plants, which share many
domestication traits with cultivated rice (e.g. short stature, lack
of seed shattering, early and synchronous flowering, strawcolored hulls, lack of awns), to strains closely resembling Asian
wild Oryza species (e.g. tall stature, presence of seed
shattering, asynchronous flowering, dark hulls, presence of
awns). These divergent forms occur in other world regions
with weedy rice infestations (e.g. LingHwa and Morishima 1997;
Suh et al. 1997; Federici et al. 2001; Arrieta-Espinoza et al.
2005), and they have been proposed to represent two adaptive weed strategies (Federici et al. 2001): (i) the “crop mimic”
(characterized by low stature, low degree of shattering, and
overall similarity to the crop), which persists via crypsis in rice
fields and contamination of seed stocks; and (ii) the “progenitor-type”, which aggressively overtops cultivated rice, lodges,

and scatters its seed into the soil, where the seed can remain
dormant for 20 years or more.
Assessments of genetic diversity in US red rice have relied
primarily on simple sequence repeat (SSR) markers (e.g.
Estorninos et al. 2000; Vaughan et al. 2001; Gealy et al. 2002).
These studies have consistently found that the weed is highly
genetically diverse, with clear differentiation between crop
germplasm and the weed, as well as among different weed
strains. Many US red rice strains appear to be genetically
closely related to indica rice based on SSR allele sharing
(Vaughan et al. 2001; Gealy et al. 2004; Londo 2006; for a
review, see Gealy et al. 2005). This is particularly true for
strains characterized by straw-colored hulls and a lack of awns,
two traits that are more typical of cultivated rice than wild
Oryza species (the latter of which typically have black hulls
and long awns).
Gealy et al. (2002) examined SSR diversity at 18 loci
(distributed across all 12 chromosomes) and found clear differentiation among the following groups: (i) awnless, strawhull
strains; (ii) awned, blackhull strains; (iii) known weed-crop
hybrids (which fell out as intermediate between weed strains
and the crop in multidimensional scaling plots); and (iv) cultivated rice. Vaughan et al. (2002) used a different panel of 18
SSR markers and also observed high genetic diversity in the
weed; some strains clustered most closely to indica rice, others to japonica varieties, and still others to non-cultivated wild
relatives (O. rufipogon and nivara).
A recent study by Londo (2006) has used 16 SSR loci together with DNA sequence data from the p-VATPase locus to
explicitly examine genetic relationships between US red rice (a
sample of 27 phenotypically diverse strains) and Asian wild/
cultivated rice varieties. The two datasets in Londo’s work
present a consistent picture of the weed’s origins. As has
been found in previous SSR analyses, most strawhull, awnless red rice appears to be closely related to indica rice. In
addition, Londo’s data reveal a relationship between most
blackhull, awned varieties and Asian cultivated rice of the aus
variety group. The aus rice is cultivated in a fairly restricted
geographical area in the northern Indian subcontinent (India,
Bangladesh); it has recently been proposed to have been domesticated independently of indica and japonica rice varieties
(Londo et al. 2006). The work by Londo (2006) further indicates that although most red rice strains examined do not show
evidence of introgression from US crop germplasm, some weed
strains do show evidence of such introgression, as well as
past hybridization between indica-like and aus-like strains of
the weed.
Several SSR loci have been identified that are diagnostic in
distinguishing cultivated rice and red rice (e.g. Vaughan et al.
2001). A large-scale SSR genotyping project for red rice is
currently under way at the USDA National Rice Research
Center (Stuttgart, AR, USA). This project includes 30–35 SSR
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markers and preliminary analyses again indicate clear differentiation among weed strains; patterns of differentiation are
similar to those observed in the earlier SSR studies (D Gealy,
pers. comm., 2006).
Several studies have examined genetic diversity in weedy
rice occurring in regions outside the US (e.g. Cho et al. 1995;
Suh et al. 1997; Federici et al. 2001; Ferrero et al. 2001).
However, these studies may be less relevant for understanding US red rice genetic diversity, because the weed appears to
be genetically quite distinct from one world region to another.
For example, Ferrero et al. (2001) found that, in the Mediterranean region, where japonica rice is traditionally grown, red
rice is most closely related to japonica rice, whereas in Brazil,
where indica rice is typically grown, the weed is closely related to indica crop varieties.

Evolutionary Origins of US Red Rice
Various hypotheses have been proposed to account for the
presence and diversity of US red rice, and these hypotheses
lead to different predictions about the population genomic structure underlying weed phenotypes. Because no Oryza species
are native in North America, one hypothesis is that red rice can
arise through a process of “de-domestication”, in which weediness is incidentally selected for in feral crop volunteers (i.e.
unharvested seed that can give rise to unmanaged plants in
crop field; Bres-Patry et al. 2001; Lu and Snow 2005).
Alternatively, the genetic similarity between many red rice strains
and Asian taxa strongly suggests that the introduction of noncultivated Asian germplasm has likely played a role in the weed’s
origin. Following the origin of weed traits by either of these
mechanisms, introgression via hybridization could shuffle
weed-associated alleles into plants of any genomic background.
Although both rice and red rice are predominantly selfing, outcrossing does occur at a low level; most estimates suggest
crop-weed introgression occurs at rates of <1% (Gealy 2005),
although in some cases levels may exceed 30% (Langevin et
al. 1990; Gealy 2005) and may be significant at the phenotypic
level after only a few growing seasons (Langevin et al. 1990).
Thus, weed strains may well represent genomic mosaics of
crop and wild germplasm. Introgression into red rice may increase the weed’s adaptability by introducing genetic diversity
(Langevin et al. 1990), particularly in portions of the genome
where introgressed genotypes are selectively favored in the
weed.
Several characteristics of this study system make it an excellent model for examining the population genomic mechanisms
underlying weed trait evolution. First, red rice is unique in that
it belongs to a species with a completely sequenced and mapped
genome (Goff et al. 2002; Yu et al. 2002). This makes it possible
to target genomic regions interspersed across the genome for

DNA sequencing. The DNA sequence data themselves offer a
key advantage over SSRs (or other polymerase chain reaction
(PCR) fragment-based markers) in population genetic analyses,
in that the vast majority of molecular population genetic theory
was specifically developed for analyzing nucleotide variation.
Population-based SNP (single nucleotide polymorphism) analysis also avoids acertainment bias problems common to other
molecular markers, such as differential targeting of non-coding
genomic regions. In addition, SNPs can more easily be compared across datasets generated by different research groups
than fragment-based molecular markers (where the homology
of alleles and/or loci between laboratories is often less certain);
this permits an incremental accumulation of data that can be
pooled across datasets and continuously subjected to reanalysis.
Another advantage of this system is that cultivated rice in
the southern US represents a very narrow, genetically wellcharacterized germplasm pool, with nearly all varieties originating from approximately 50 tropical japonica introductions
made during the 20th century (Mackill and McKenzie 2003; Lu
et al. 2005). Although indica varieties have served as gene
donors for specific traits that now characterize southern US
rice (e.g. semi-dwarfism, blast resistance), indicas have never
been widely cultivated in the US (only one cultivar, Jasmine 85,
has been grown in the US; McClung et al. 1998). Detailed pedigree information exists for nearly all US varieties (Mackill and
McKenzie 2003), and genome-wide assessments of genetic
diversity have been made for large portions of the US rice
germplasm. This genetically narrow, well-characterized crop
germplasm provides a well-defined genomic context for detecting introgression from US rice into the weed.

Population Genomic Characterization of US
Red Rice
A complete understanding of the evolution of weedy rice and
of the emergence of weedy invasive species in general requires an understanding of the origin of the weedy germplasm
and how introgression and selection contribute to shaping the
weed’s genomic and phenotypic diversity. The wealth of genetic and genomic information for cultivated rice provides an
unparalleled opportunity to address the evolutionary genomics
of its weedy relative. As part of a recently funded US National
Science Foundation Plant Genome research project on red rice,
we are currently conducting research to elucidate the evolutionary origins and molecular population genetic dynamics of
weedy trait evolution in US red rice, as described below.
To determine the population genomic structure underlying US
red rice, it is necessary to assess the patterns of genetic
polymorphism across the weed genome and compare these
with the Oryza species/varieties that are potential contributors
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to the genome. To accomplish this goal, we are characterizing
SNPs in the red rice genome as well as in representative samples
of Asian cultivated rice varieties, US cultivated rice varieties,
the wild ancestor of rice (O. rufipogon), and a sample of more
distantly related Oryza species. The data are derived from 48
approximate 500-bp fragments, known as sequence tagged
sites (STS). These 48 markers are part of a larger set of 111
STS fragments that has been used to successfully characterize populations of domesticated Asian rice and the wild progenitor O. rufipogon (AL Caicedo, 2007, unpubl. data). The
original set of STS loci was chosen randomly from a set of 6
591 expressed sequence tags (ESTs; Wu et al. 2002). All fragments correspond to single-copy expressed genes and most
contain both exon and intron sequence. Bayesian analysis of
population structure (Pritchard et al. 2000) with the 48 fragments compared with the original set of 111 indicates that these
48 loci can adequately recapture the population structure of
Asian rice and O. rufipogon (Figure 1).
Although our own analyses are focused specifically on US
red rice, it is our hope that the genome-wide set of 48 diagnostic loci will become a shared tool in the rice community for
comparative assessments of genomic SNP diversity. The data
from the STS set provide an unbiased sample of sequence
diversity across the genomes of the various Oryza varieties
sampled, and they offer the benefits of SNPs over SSRs described above. Levels of genomic nucleotide diversity have
been estimated previously for O. sativa Asian landraces and
O. rufipogon, and were found to vary between 0.05 and 0.4%
per site (AL Caicedo, 2007, unpubl. data).
Data from the set of 48 STS markers enable the following
analyses of US red rice diversity: (i) quantification of nucleotide variation in US red rice and comparison of these data to
previously characterized levels in cultivated and wild rice; (ii)
determination of the population structure of US red rice, especially whether accessions form well-defined populations or
represent admixture from different sources; and (iii) determination of which Oryza species/varieties have contributed most

to the genomes of US red rice and the role of de-domestication
in the evolution of weed strains.
Bayesian approaches based on the optimization of HardyWeinberg equilibrium and linkage equilibrium within populations,
such as structure (Pritchard et al. 2000), have proved useful
for estimating numbers of populations and degrees of admixture in diverse sample sets (e.g. Rosenberg et al. 2002; Lu et
al. 2005). This approach is particularly informative for addressing whether US red rice has had a single or multiple origins and
which Oryza taxa have contributed to the genomes of red rice.
Traditional clustering methods and Fst (standardized variance
in allele frequency) analyses can also be used to assess structure and relationships among red rice and other Oryza
accessions. In addition, recent theoretical advances, which
take into account the contribution of inbreeding to deviations
from Hardy-Weinberg equilibrium within populations and that
allow for a joint estimation of out-crossing rate and population
structure (Gao and Bustamante 2007), can be applied to estimate the degree of inbreeding in US red rice.
Genomic characterizations of diversity are also informative
about evolutionary processes that affect the entire genome,
including population bottlenecks, founder events, and other
demographic fluctuations. Many of these processes can be identified by their effect on the polymorphism frequency spectrum (e.
g. Tajima 1989a, 1989b; Fay and Wu 2000). Thus, it is possible to
use polymorphism data from the STS loci to search for the signature of demographic processes shaping genome-wide diversity.
Moreover, loci that deviate from genome-wide patterns in
multilocus tests of neutrality (e.g. Hudson et al. 1987; Bustamante
et al. 2002) may serve as indicators of particular genomic regions
that have been targets of selection, either during the domestication process or subsequent evolution of weedy forms.

Conclusions
Current assessments of phenotypic and genetic diversity in US

Figure 1. Estimated population structure for 97 accessions of Oryza sativa and O. rufipogon from 111 sequence tagged sites (STS) loci (top
panel) and a subset consisting of 48 STS loci (bottom panel).
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red rice present a picture of a genetically heterogeneous, evolutionarily dynamic system. The population genomic structure
of this weed has likely been shaped by hybridization (involving
both US crops and introduced Asian wild/weedy Oryza strains),
selection for weed-adaptive traits (e.g. seed dormancy, dispersal mechanisms, competitiveness in agricultural fields), and
demographic fluctuations. Our ongoing research on the genomic diversity of this weed will provide a fine-scale assessment of how these population genetic forces have interacted
to generate the weed-adaptive phenotypes that have enabled
red rice to compete so aggressively in US agricultural fields.
The absence of native Oryza species in North America and the
narrow germplasm pool of US rice varieties makes US red rice
a particularly tractable system for examining these processes.
The findings from this work will also offer a useful starting
point for examining weedy rice evolution in the genetically more
complex systems found in Asia.
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