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Abstract
Weedy rice is a close relative of domesticated rice (Oryza sativa) that competes aggressively with the crop and limits rice productivity worldwide. Most genetic studies of
weedy rice have focused on populations in regions where no reproductively compatible wild Oryza species occur (North America, Europe and northern Asia). Here, we
examined the population genetics of weedy rice in Malaysia, where wild rice (O. rufipogon) can be found growing in close proximity to cultivated and weedy rice. Using
375 accessions and a combined analysis of 24 neutral SSR loci and two rice domestication genes (sh4, controlling seed shattering, and Bh4, controlling hull colour), we
addressed the following questions: (i) What is the relationship of Malaysian weedy
rice to domesticated and wild rice, and to weedy rice strains in the USA? (ii) To what
extent does the presence of O. rufipogon influence the genetic and phenotypic diversity
of Malaysian weeds? (iii) What do the distributions of sh4 and Bh4 alleles and associated phenotypes reveal about the origin and contemporary evolution of Malaysian
weedy rice? Our results reveal the following: independent evolutionary origins for
Malaysian weeds and US strains, despite their very close phenotypic resemblance;
wild-to-weed gene flow in Malaysian weed populations, including apparent adaptive
introgression of seed-shattering alleles; and a prominent role for modern Malaysian
cultivars in the origin and recent proliferation of Malaysian weeds. These findings
suggest that the genetic complexity and adaptability of weedy crop relatives can be
profoundly influenced by proximity to reproductively compatible wild and domesticated populations.
Keywords: agricultural weeds, genetic introgression, hull colour, red rice, shattering, wild crop
relatives
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Introduction
Agricultural weeds pose a primary challenge to crop
productivity worldwide, and their potential for
rapid adaptation has made them appealing targets for
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evolutionary genomic studies (Stewart et al. 2009; Vigueira et al. 2013b). Weeds that are closely related to
crop species have the potential for particularly complex
evolutionary dynamics. Weedy crop relatives are often
found exclusively in agricultural settings, where they
have evolved to compete with crops through a combination of mimicry, rapid growth and reproduction, and
persistence as dormant seed in crop soils (De Wet &
Harlan 1975). In regions where crops are grown in
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proximity to related wild species, interfertile weeds
may potentially acquire adaptive traits through both
hybridization with cultivated plants and gene flow from
wild populations. Despite their massive economic
impact on worldwide agriculture, little is known about
the origin of most weedy crop relatives or about the relative contributions of domesticated and wild populations in their ongoing evolution (Ellstrand et al. 2010;
Vigueira et al. 2013b).
Weedy rice is a conspecific form of cultivated rice
(Oryza sativa L.) that infests rice production areas worldwide. Also called red rice, it competes aggressively with
cultivated rice, reducing yields in US rice fields by up
to 80% and contaminating harvests with its dark-pigmented, undesirable grains (Estorninos et al. 2005; Gealy
et al. 2012). Eradication efforts are hampered by the
weed’s close morphological and physiological similarity
to its domesticated relative. A key distinguishing feature is the presence of highly shattering (disarticulating)
inflorescences (Azmi & Karim 2008), a characteristic of
wild Oryza species that was selected against during rice
domestication (Zhang et al. 2009).
Studies of weedy rice populations worldwide using
neutral markers have indicated a very close relationship
to domesticated rice (Akasaka et al. 2009; Reagon et al.
2010; Grimm et al. 2013), suggesting an origin by dedomestication from feral crop strains. Domesticated rice is
itself characterized by five major genetic subgroups:
indica and aus (collectively referred to as the indica subspecies); and tropical japonica, temperate japonica and aromatic (comprising the japonica subspecies) (Kovach et al.
2007). In the southern USA, where weedy rice has been
extensively studied, the two major weed forms, blackhull awned (BHA) and strawhull awnless (SH), appear
to have originated in Asia from two different domesticated rice backgrounds – aus and indica, respectively –
neither of which is cultivated in North America (Londo
& Schaal 2007; Gealy et al. 2009; Reagon et al. 2010). US
weeds show evidence of strong genetic bottlenecks consistent with accidental introductions into North America, possibly as seed contaminants of imported grain
stocks (Reagon et al. 2010).
While genetic analyses suggest a very close relationship of weedy rice to domesticated rice, most studies to
date have been conducted in world regions where there
are no wild Oryza species present (e.g. North America,
Korea, Japan, Europe and northern China) (Cao et al.
2006; Akasaka et al. 2009; Reagon et al. 2010; Chung &
Park 2010; Zhu et al. 2012; but see also Pusadee et al.
2012; Zhang et al. 2012; Grimm et al. 2013). In regions
where rice is cultivated in proximity to interfertile wild
Oryza populations, gene flow and adaptive introgression could potentially play a major role in the weed’s
evolution. This may be especially likely in Southeast

Asia, where populations of rice’s wild progenitor, Oryza
rufipogon, can be found growing at the borders of rice
fields. For example, a recent study of Thai weedy rice
has found evidence that local O. rufipogon populations
may have contributed to the weed’s genetic diversity
(Pusadee et al. 2012). While weedy rice, like domesticated rice, is predominantly selfing, O. rufipogon is
outcrossing, which would facilitate wild–weed gene
flow. Moreover, while some O. rufipogon traits would
most likely be maladaptive in an agricultural setting
(e.g. prostrate growth, which would facilitate weed
detection and reduce competitive ability in dense crop
plantings), other wild traits such as seed dormancy and
shattering would be highly advantageous in weed populations, as they allow for the establishment of a weed
soil seed bank in crop fields. Selection for these weedadaptive traits could thus favour hybridization and
adaptive introgression from wild populations.
Among rice-growing regions of Southeast Asia, weed
populations in Peninsular Malaysia present a particularly dynamic evolutionary system. Weedy rice was first
reported in Malaysia in 1988 (Wahab & Suhaimi 1991),
and it has emerged as a major problem only within the
last two decades, as agricultural practices have shifted
towards industrialization and direct seeding of crop
fields by machine, which provides little opportunity for
hand-weeding of fields. Industrialized farming in Peninsular Malaysia has also brought about the widespread
planting of a relatively few ‘elite’ rice cultivars, which
have largely displaced traditional Malaysian landraces
in recent decades. These elite cultivars are derived from
exotic indica germplasm developed at the International
Rice Research Institute in the Philippines (Dalrymple
1986) and are genetically distinct from traditional
Malaysian rice landraces, which comprise a mixture of
indica and japonica varieties. Given their different
genetic background, elite cultivars may also differ in
their reproductive compatibility with weedy and/or
wild populations; if highly interfertile, they could
hybridize and potentially contribute to the weed’s proliferation (e.g. Craig et al. 2014). Phenotypically, Malaysian weeds show far greater variation in both
vegetative and reproductive traits than US strains; a
recent morphological study identified more than 70 distinct morphotypes among Malaysian weeds (B. K. Song,
unpublished observations; see also Fig. S1, Supporting
information). This high phenotypic diversity suggests a
level of population genetic complexity not present in
other world regions.
In this study, we examine the origin and evolution of
Peninsular Malaysian weedy rice in comparison with
well-characterized weed populations in the USA. We
use two complementary approaches, based on neutral
markers and candidate genes. First, we assess the
© 2014 John Wiley & Sons Ltd
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genetic diversity and population structure using a panel
of 24 polymorphic microsatellite (simple sequence
repeat, or SSR) markers. These loci were originally identified and employed by Gealy et al. (2009) to examine
the genetic structure of US weedy rice populations. In
the present analysis, we combine the previously published North American data with Malaysian population
samples, allowing a direct comparison of Malaysian
and North American weed strains.
Second, because several key weediness traits correspond to well-characterized rice domestication genes,
we can also directly examine the genetic underpinnings
of weediness through candidate gene analyses. We
focus on sh4, a major gene controlling the shattering
phenotype in rice, and Bh4, a primary genetic determinant of hull colour. The sh4 gene encodes a Myb3 transcription factor that functions in the formation of an
abscission layer at the base of maturing caryopses,
which allows grains to shatter when mature (Li et al.
2006). During rice domestication, a G-to-T reducedfunction mutation in sh4 exon 1 was a target of strong
selection, leading to complete fixation of the reducedshattering ‘T’ allele in all crop varieties surveyed to
date (Li et al. 2006; Zhang et al. 2009). Interestingly, the
‘T’ allele has also been found to be completely fixed in
all weedy rice samples examined to date, both in the
USA and in worldwide (Thurber et al. 2010; Zhu et al.
2012); this is consistent with weed descent from domesticated germplasm (and also suggests that the ‘T’ allele
alone is not sufficient to reduce shattering). However,
studies to date have examined sh4 variation primarily
in weeds outside the geographical range of wild Oryza
species. Detection of the wild ‘G’ allele in Malaysian
weeds would serve as a strong indicator of wild-toweed introgression in these Southeast Asian populations.
The other candidate gene, Bh4, encodes an amino
acid transporter that, when functional, leads to the dark
hull pigmentation characteristic of wild Oryzas. Selection for loss-of-function mutations has led to the nonpigmented (strawhull) phenotype characteristic of most
cultivated rice varieties; a 22-bp frameshift deletion in
exon 3 is the predominant crop allele, present in
approximately 95% of strawhull varieties (Zhu et al.
2011). Unlike sh4, Bh4 has been found to be polymorphic in weeds examined to date. Among US weed
strains, strawhull weeds are fixed for the 22-bp deletion
allele, while blackhull awned strains carry functional
alleles that are closely related to alleles detected in aus
rice (Vigueira et al. 2013a). The 22-bp deletion allele is
also fixed in a phenotypically intermediate ‘brownhull’
US weed phenotype, indicating that Bh4 alone cannot
be the sole determinant of hull colour in weedy rice. In
the context of Malaysian weedy rice evolution, allelic
© 2014 John Wiley & Sons Ltd

variation at Bh4 could provide insight into the broad
range of hull phenotypes present in these weeds (Fig.
S1, Supporting information).
Through this combined analysis of SSRs and candidate genes, we address the following questions: (i)
What is the relationship of Malaysian weedy rice to
domesticated and wild rice, and to US weeds? Have
Malaysian weeds, like US weeds, originated through
dedomestication? If so, are Malaysian weeds derived
from the same genetic backgrounds as US weedy rice?
(ii) To what extent does the presence of O. rufipogon
populations in Southeast Asia influence the evolution
and genetic diversity of Malaysian weeds? Is there evidence of genetic introgression from wild populations
into weeds? and (iii) What do the distributions of sh4
and Bh4 alleles and associated phenotypes reveal about
the origin and contemporary evolution of Malaysian
weedy rice? Our findings indicate an independent origin of Malaysian weeds from those in North America
and a key role for both wild populations and recently
introduced elite cultivars in the evolution of these
Southeast Asian weed populations.

Materials and methods
Sampling and phenotypic classifications
A total of 207 seed samples, representing 17 populations of Peninsular Malaysian weedy rice distributed
across six states, were collected in 2011 and 2012
(Fig. 1; Table S1, Supporting information). The sampled
locations occur in three geographical regions within the
major rice production area of Peninsular Malaysia
(northwestern, northeastern and central-western),
where infestation of weedy rice has been severe since
the late 1980s (Wahab & Suhaimi 1991). Sampling was
designed to maximize representation of the full range
of grain phenotypes present in Malaysian weeds. Each
accession corresponded to seeds harvested from a single mature panicle. Accessions were classified into six
major morphotype groups, which together comprise
165 of the 207 samples. These include 36 strawhulled,
awnless (SH), 17 strawhulled, awned (SHA), 68 brownstriped-hulled, awnless (BR), 28 brown-striped-hulled,
awned (BRA), 5 blackhulled, awnless (BH) and 11
blackhulled, awned types (BHA) (Fig. S1, Supporting
information). The remaining 42 accessions were determined to be phenotypically intermediate between
strawhull and brown-striped hull with respect to hull
coloration; these accessions were further subdivided as
either intermediate-strawhulled-awnless types (mSH; 27
accessions) or intermediate-strawhulled-awned types
(mSHA; 15 accessions) (Table S2, Supporting information).
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Fig. 1 Map of Peninsular Malaysia showing geographical
collection localities for the weedy rice used in this study,
colour-coded by sampling location (northwest: blue and green;
central-west: orange; northeast: red). Blue dashed lines indicate
major highways connecting rice sampling sites.

In addition to weedy rice samples, analyses also
included 25 elite Malaysian cultivars collected from different rice planting areas (except for four that were provided by Rice Genebank, Seberang Perai, Malaysia)
(designated CV-Mal); 17 Malaysian O. rufipogon accessions (OR_Mal); 18 O. rufipogon accessions representing
other Southeast Asian countries (Thailand, Cambodia,
India and Myanmar) (Oruf); and 16 Malaysian landrace
accessions (Lr_Mal) (Table S1, Supporting information).
Among the 17 wild Malaysian samples, 14 were generously provided from the Rice Genebank, Malaysian
Agricultural Research & Development Institute
(MARDI), Seberang Perai, and the other three were collected in the field. All wild rice and landrace accessions
from outside of Malaysia were obtained from the International Rice Research Institute (Table S3, Supporting
information). One plant per accession was grown in the
greenhouses of either Washington University in St.
Louis or Monash University Sunway Campus for DNA
extraction.

DNA extraction and SSR analysis
Total genomic DNA was extracted from leaf tissue
using a modified CTAB procedure (Doyle & Doyle
1990). Twenty-four microsatellite primer pairs (Table

S4, Supporting information) were selected from a subset
of the 31 used by Gealy et al. (2009) to characterize US
weedy rice; loci were selected based on the evidence of
polymorphism in the earlier study and marker dispersion across the rice genome. Loci were amplified in six
multiplex PCR reactions, which include one hexaplex,
one tetraplex, four triplex and one duplex PCR. Reactions were carried out in a volume of 8 lL containing
200 lM of each dNTPs, 20 mM Tris–HCl (pH 8.0), 0.2 lM
of each primer (forward primers were labelled with
either HEX, NED or 6FAM fluorescent dye), 2 mM
MgCl2, 0.2 unit Platinum Taq DNA polymerase (Invitrogen) and 20 ng genomic DNA. PCR amplifications were
performed in a GeneAmpâ PCR System 9700 (Applied
Biosystems) according to the following PCR profile:
5 min at 94 °C for initial denaturation, followed by 25
cycles of 30 s at 94 °C, 30 s at 55 °C (except markers
RM123, RM133 RM109, which required annealing temperature of 60 °C), and 1 min at 72 °C, and lastly 7 min
at 72 °C for final extension.
All PCR products were electrophoresed on an ABI
3130xl capillary sequencer (Applied Biosystems) in the
Biology Department of Washington University. Five
previously genotyped accessions used in Gealy et al.
(2009) (indica cv. Jasmine 85, tropical japonica cv.
Cypress, temperate japonica cv. Nipponbare and US
weedy rice accessions LA3 and TX4) were included in
all genotyping runs; these reference standards were
used for calibration to ensure consistency in assignment
of allele sizes across Malaysian and US samples. SSR
allele sizes were determined using GENEMAPPER 3.7 software (Applied Biosystems).

Genetic diversity and population structure analyses
SSR genotype data were used to calculate observed
allele number per sampling location (N), percentage of
polymorphic loci (P), observed heterozygosity (Ho),
expected heterozygosity (He), Shannon’s diversity index
(I), number of population- or morphotype-specific
alleles (MA) and average allelic richness per population
over 24 loci (Rs); calculations were made using FSTAT
version 2.9.3 (Goudet 2001). GENEALEX version 6.4 (Peakall & Smouse 2006) was used to perform a hierarchical
analysis of molecular variance (AMOVA). Seed hull colour
and presence of awns were used as designators for all
morphotype-based analyses conducted in this study
(see definition for the eight morphotype groups in the
‘Sampling and phenotypic classifications’ section of
Materials and methods).
To infer the evolutionary origin(s) of Malaysian
weedy rice and to compare its genetic composition with
previously characterized US samples, population
genetic analyses were conducted using a data set that
© 2014 John Wiley & Sons Ltd
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merged the Malaysian SSR data with those generated
for the same 24 markers by Gealy et al. (2009). Samples
from the 2009 study included 32 US weedy rice accessions, 21 indica crop varieties, 33 japonica crop varieties
and 6 O. nivara accessions (where O. nivara is the taxonomic designation sometimes used for annual forms of
O. rufipogon). The merged data set consisted of 375
accessions in total. The combined data set was analysed
using the model-based Bayesian-clustering program
STRUCTURE 2.3.3 (Pritchard et al. 2000) and principal coordinate analysis (PCoA). Pooled samples were also used
for a morphological comparison between US and
Malaysian weed samples.
For the STRUCTURE analysis, an admixture model was
run five times for each value of K assumed genetic subpopulations (with K ranging from 1 to 14), using
100 000 iterations after a burn-in of 100 000 iterations.
The DK ad hoc statistic of Evanno et al. (2005) was used
to estimate the probability of best fit for each assumed
K value. For comparison with candidate genes, a further
analysis was conducted on Malaysian samples only
(weedy rice, elite cultivars, landraces and O. rufipogon,
total N = 265), with morphotype classifications used as
population designators in the STRUCTURE runs.
PCoA was performed in GenAlEx 6 (Peakall &
Smouse 2006) using a genetic distance matrix constructed from CS Chord distance values (Cavalli-Sforza
& Edwards 1967). Eigenvalues were used to summarize
and condense the variance among accessions to a limited number of dimensions, allowing for the identification of possible weedy rice clusters. Clustering patterns
were also analysed as they related to morphological
classifications of weed samples and geographical locations of sampling sites. To explicitly test for geographical isolation by distance among weedy rice sampling
locations, a Mantel test was conducted using the program IBD (Bohonak 2002) to compare matrices of pairwise population CS Chord genetic distance vs.
geographical distances. Statistical significance was
assessed through 10 000 random permutations of the
data.

Candidate gene analyses
Allelic variation at sh4 was assessed by PCR and
sequencing of a 669-bp region containing the exon 1G/
T functional nucleotide polymorphism (FNP); the
sh4_004 primer pair designed by Thurber et al. (2010)
was employed. PCR was performed in 20 lL reactions
containing the following: 20 mM of Tris–HCl (pH 8.0),
50 mM of KCl, 1.5 mM of MgCl2, 0.5 lM of each primer,
0.2 mM dNTP mix, 0.5 U of Taq DNA polymerase
(Promega), 1 M betaine and 0.2 lg of genomic DNA.
DNA amplifications were carried out with an initial
© 2014 John Wiley & Sons Ltd

denaturation at 95 °C for 5 min followed by 35 cycles
of denaturation at 95 °C for 45 s, primer annealing at
60 °C for 45 s and primer extension for 45 s, with a
final extension at 72 °C for 10 min. Amplified products
were purified on agarose gels and sequenced directly
with forward and reverse primers using Sanger
sequencing (ABI PRISM BigDye Terminator Cycle
Sequencing Reaction kit; PerkinElmer, USA). Sequence
reactions were run on an ABI 3130 capillary sequencer
at the Washington University Biology Departmental
core facility. Contigs were aligned and checked for the
exon 1 G/T FNP using BIOEDIT version 7.1.3 (Hall 2011).
To assess the relationship between sh4 allelic variation and the shattering phenotype, the degree of shattering was measured in all 207 Malaysian weedy rice
samples. The percentage of grain released from the panicle at maturity was determined and classified into five
different categories: 1 (<1%); 3 (~3%); 5 (~15%); 7
(~35%); and 9 (>50%), following the standard protocol
for rice descriptors (Bioversity International, IRRI &
WARDA 2007). The relationship between degree of seed
shattering and the sh4 exon 1G/T FNP was determined
by Spearman rank correlations carried out in SPSS
version 16.0 (SPSS Inc. Chicago, IL).
For Bh4, accessions were scored for the presence or
absence of the 22-bp frameshift deletion by scoring size
variation in a PCR product containing this indel. The
primer pair (forward primer Bh4-22F1, 50 -CAACCAGA
TGCTAGTGATATGC-30 ; reverse primer Bh4-22R1,
50 -AGGTTGAGCGTCACCTG-30 ) amplifies a 92-bp or
114-bp product depending on whether an accession carries the loss-of-function mutation. PCR products were
run on 2.5% agarose gels for scoring, with at least one
accession of known genotype run per gel to assist in
scoring.

Results
Genetic diversity of Malaysian samples
The 24 SSR loci were highly polymorphic in Malaysian
samples, with a total of 265 alleles detected across all samples and an average of 11.8 alleles per locus. For Malaysian weedy rice accessions, genetic diversity was
comparable among geographical regions; the lowest diversity was detected in a northwestern population (SPKB,
He = 0.250, RS = 1.673) and the highest in a central-western population (SLSB, He = 0.483, RS = 2.726) (Table 1).
Weedy rice populations were phenotypically variable in
all regions sampled, with no clear geographical partitioning of morphotypes (Table S2, Supporting information).
When weed accessions are grouped by morphotype
rather than sampling location, diversity is highest in
brown-striped-hull awned and intermediate-phenotype
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Table 1 Genetic diversity in Peninsular Malaysian weedy, cultivated and wild rice samples based on 24 SSR loci. The first two letters
of population abbreviations correspond to Malaysian states (see Fig. 1); full population names are indicated in Table S1 (Supporting
information)
Region
Weedy rice
Northwest

Population

1 – PLPB
2 – PLGH
3 – KDGC
4 – KDHK
5 – KDKM
6 – KDPD
7 – KDSL
8 – SPBM
9 – SPKB
10 – SPSD
Pooled:
Central-west
11 – SLSB
12 – SLSK
Pooled:
Northeast
13 – KNBJ
14 – KNMA
15 – KNML
16 – KNPB
17 – TR
Pooled:
All weedy rice:
Cultivated and wild rice
Elite cultivars
Landraces
O. rufipogon

N

P (%)

Ho

He

Rs

16
8
16
15
17
19
12
13
7
9
132
15
5
20
7
7
18
13
10
54
206

83.3
75.0
79.2
66.7
66.7
91.7
79.2
91.7
58.3
70.8
76.7
95.8
79.2
87.5
62.5
75.0
87.5
87.5
66.7
75.8
77.5

0.037
0.010
0.079
0.014
0.042
0.066
0.090
0.035
0.086
0.106
0.049
0.043
0.075
0.077
0.124
0.077
0.113
0.052
0.051
0.086
0.065

0.377
0.379
0.383
0.299
0.324
0.404
0.368
0.411
0.250
0.301
0.402
0.483
0.397
0.469
0.312
0.384
0.475
0.371
0.333
0.408
0.368

2.135
2.318
2.296
1.859
1.972
2.343
2.219
2.417
1.673
1.937
3.133
2.726
2.236
3.689
2.102
2.280
2.721
2.233
2.120
3.535
3.456

25
16
18

70.8
95.8
100.0

0.033
0.011
0.332

0.085
0.620
0.738

1.351
3.952
4.992

MA

3
2
9
1
2
8
3
2
3
0
10
3
3
1
16
9
2

4
34
58

I

0.676
0.643
0.701
0.496
0.550
0.741
0.658
0.749
0.387
0.506
0.818
0.909
0.644
0.923
0.531
0.654
0.905
0.662
0.588
0.807
0.647
0.169
1.249
1.599

Abbreviations of genetic diversity parameters are as follows: P, percentage of polymorphic loci; Ho, observed heterozygosity; He,
expected heterozygosity; Rs, average allelic richness per population over 24 loci; MA, number of population-specific (private) alleles;
I, Shannon diversity index.
N, number of accessions.

awnless accessions (BRA: He = 0.384, RS = 2.679; mSH:
He = 0.413, RS = 2.588; Table S5, Supporting information) and lowest in strawhull awnless (SH) accessions
(He = 0.231, RS = 1.952). Collectively, the gene diversity
of weed populations was approximately half that of the
wild species, O. rufipogon (He = 0.368 and 0.738 for
weedy and wild populations, respectively). Among cultivated rice samples, genetic diversity was very low in
elite cultivars (He = 0.085), consistent with their narrow
genetic background. Malaysian landraces, by contrast,
showed a high level of diversity (He = 0.620), reflecting
the fact that these comprise an assemblage of both
indica and japonica rice.
Observed heterozygosities (Ho) were low in weedy
rice populations, with an average value of 0.065 across
all populations (Table 1). This is consistent with a high
selfing rate for the weeds, as has been observed for
weedy rice in the USA (Ho = 0.02; see Table S5, Supporting information) and other world regions (e.g. Cao
et al. 2006; Jiang et al. 2012). Similarly, low Ho values

for cultivated rice (0.033 and 0.011 for elite cultivars
and landraces, respectively) are consistent with the
domesticate’s high selfing rate. By comparison,
observed heterozygosity was an order of magnitude
higher for the outcrossing wild progenitor, O. rufipogon
(Ho = 0.332). Compared with weedy rice in other world
regions, overall genetic diversity in the Malaysian
weeds (He = 0.368; Table 1) was higher than that of US
strains (He = 0.270; reanalysed SSR data set of Gealy
et al. 2009) and weeds in northeastern China (He = 0.31,
Cao et al. 2006), but lower than values reported for
weedy rice from northern Italy (He = 0.48, Jiang et al.
2012) and Thailand (He = 0.46; Pusadee et al. 2012).

Genetic differentiation among populations and
morphotypes
Malaysian weed populations showed an overall low level
of genetic differentiation among geographical sampling
locations, with 96% of the total variance attributable to
© 2014 John Wiley & Sons Ltd
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are genetically highly differentiated from them
(FST = 0.700 between US and Malaysian SH weeds;
FST = 0.637 between US and Malaysian BHA weeds;
Table 2). This pattern suggests independent origins of
these morphologically similar North American and
Southeast Asian weed strains.
In a STRUCTURE analysis of merged Malaysian and US
data, DK indicated maximum support for K = 2 genetic
subpopulations (DK = 867.71; Fig. S3, Supporting information; Fig. 2a). However, considering the maximal DK
at K = 2 may mostly be an artefact of extremely low
likelihoods for K = 1 (Vigouroux et al. 2008), the second
highest DK value at K = 5 was chosen (DK = 5.86; Fig.
S3, Supporting information). Three of the subpopulations at K = 5 are present in Malaysian weeds, and two
of these are present in morphotypes that span the phenotypic spectrum from SH through BH (Fig. 2a). In a
pattern that parallels pairwise FST measures among
morphotypes, the relative contribution of these two
genetic subpopulations shows a gradient across morphotypes, with one genetic subpopulation predominating in lighter-hulled weeds (SH, SHA; coloured green
in Fig. 2a) and the other in weeds with darker hull coloration (BR, BRA, BH; coloured brown in Fig. 2a) (see
also membership coefficient values, Table S3, Supporting information). Among nonweed accessions, the green
population component predominates in elite Malaysian
cultivars, while the brown component is represented in
indica Malaysian landraces and some O. rufipogon accessions. These distributions suggest a role for elite cultivars and either landraces or wild populations in the

within-population variation; only 2% of the total variation was distributed between the three geographical
regions sampled (Table S6, Supporting information). All
FST values between pairs of populations were < 0.10,
and none of them were statistically significant after
Bonferroni correction (Table S7, Supporting information). Nonetheless, a global estimate revealed statistically significant population differentiation (FST = 0.106,
P < 0.001; Table S6, Supporting information). A test of
geographical isolation by distance using a pairwise
matrix of Chord distances among populations (Table
S8, Supporting information) was also statistically significant, indicating a moderate correlation between genetic
and geographical distances among populations
(r = 0.425, P < 0.0034; Fig. S2, Supporting information).
Differentiation was high and significant when weed
accessions were compared by morphotype. Nearly all
pairwise FST comparisons between Malaysian weed
morphotypes were significant at P < 0.05, and most
remained statistically significant following Bonferroni
correction (Table 2). Pairwise FST values ranged
between 0.0073 and 0.494. Interestingly, a general trend
is apparent across the weed morphotypes, with levels
of genetic differentiation correlated with phenotypic
divergence: strawhull awnless (SH) accessions (the
weeds most closely resembling cultivated rice) fall at
one end of this phenotypic gradient, and blackhull
awned (BHA) accessions (most resembling O. rufipogon)
fall at the other end (see Table 2, column 1). Another
notable pattern is that US weed strains, while phenotypically very similar to Malaysian SH and BHA weeds,

Table 2 Pairwise FST among Malaysian weed morphotypes and other Oryza samples

SH
SHA
mSH
mSHA
BR
BRA
BH
BHA
BHA-US
SH-US
CV_Mal
Lr_Mal
OR_Mal

SH

SHA

mSH

mSHA

BR

BRA

BH

BHA

BHA-US

SH-US

CV_Mal

Lr_Mal

OR_Mal

—
0.073*
0.165*
0.247*
0.380*
0.353*
0.475*
0.494*
0.637*
0.700*
0.058*
0.437*
0.348*

—
0.095*
0.135
0.3*
0.23*
0.314*
0.356*
0.512*
0.628*
0.182*
0.28*
0.224*

—
0.011
0.093*
0.059*
0.106
0.351*
0.45*
0.52*
0.304*
0.228*
0.154*

—
0.088*
0.021
0.078
0.352*
0.4428*
0.5469*
0.4117*
0.2059*
0.140 *

—
0.045
0.025
0.4794*
0.54*
0.567*
0.501*
0.336*
0.260*

—
0.036
0.377*
0.449*
0.509*
0.479*
0.243*
0.154*

—
0.456
0.478*
0.663*
0.724*
0.209
0.154

—
0.522*
0.698*
0.643*
0.33*
0.255*

—
0.599*
0.725*
0.282*
0.247*

—
0.826*
0.47*
0.371*

—
0.519*
0.41*

—
0.105*

—

SH, strawhulled awnless; SHA, strawhulled awned; mSH, intermediate-strawhulled-awnless; mSHA, intermediate-strawhulledawned; BR, brown-striped-hulled awnless; BRA, brown-striped-hulled awned; BH, blackhulled awnless; BHA, blackhulled awned;
BHA-US, US blackhulled awned; US-SH, US strawhulled awnless; CV_Mal, Malaysian elite cultivars; Lr_Mal, Malaysian landraces;
OR_Mal, Malaysian O. rufipogon.
Bold font indicates significant differentiation at P < 0.05. Asterisks indicate significant differentiation after Bonferroni correction for
multiple comparisons (adjusted P = 0.000641).
© 2014 John Wiley & Sons Ltd
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(a)
K=2

K=5

(b)

SH-US

Coord. 2 (22.36%)

CV-Mal

BHA-US

Malaysian O. rufipogon,
BHA
worldwide O. rufipogon,
worldwide indica
Malaysian japonica landrace,
worldwide japonica
SH, SHA, mSH, mSHA, BR, BRA, BH, BHA,
Malaysian O. rufipogon, worldwide O. rufipogon,
Malaysian indica landrace, Malaysian culvars

SH
SHA
mSH
mSHA
BR
BRA
BH
BHA
OR_Mal
Oruﬁ
Lr_Mal
BHA-US
SH-US
Os-ind
Os-tempjap
Os-tropjap

Coord. 1 (37.28%)

Fig. 2 (a) STRUCTURE analysis of the Malaysian and US weedy rice samples categorized by weed morphotype (K = 2 and 5). Abbreviations are as follows: CV-Mal, Malaysian Oryza sativa elite cultivars; OR_Mal, Malaysian O. rufipogon; Orufi, O. rufipogon from other
countries; Oniv, O. nivara from other countries; Lr_Mal, Malaysian landrace rice; BHA-US, US blackhull awned weedy rice; SH-US,
US strawhull awnless weedy rice; Os-ind, O. sativa indica; Os-tempjap, O. sativa temperate japonica; Os-tropjap, O. sativa tropical japonica. (b) Principal coordinate analysis (PCoA) showing genetic distances among Malaysian rice samples and worldwide Oryza collections. SH, strawhull awnless Malaysian weeds; SHA, strawhull awned Malaysian weeds; BR, brown-striped hull, awnless Malaysian
weeds; BRA, brown-striped hull, awned Malaysian weeds; BH, blackhull awnless Malaysian weeds; BHA, blackhull awned Malaysian weeds; mSH, morphologically intermediate weed form between SH and BR; mSHA, morphologically intermediate weed form
between SHA and BRA; SH-US, US strawhull awnless weeds; BHA-US, US blackhull awned weeds; CV-Mal, Malaysian O. sativa
elite cultivars; OR_Mal, Malaysian O. rufipogon; Oruf, O. rufipogon accession collected from other Asian countries. Names of other
sampled Oryza species are indicated within the figure.

evolution of Malaysian weeds. The BHA weed morphotype is unique in that accessions appear to be a genetic
admixture of a subpopulation present in O. rufipogon
(coloured red in Fig. 2a) and the subpopulation characteristic of strawhull weeds and elite cultivars. This
could indicate an origin for BHA weeds through
hybridization of O. rufipogon with SH weeds and/or
elite lines. Consistent with FST-based analyses, SH and
BHA weeds in the USA are genetically distinct from all
Malaysian weeds in the STRUCTURE analysis, again suggesting independent origins of the SH and BHA strains
found in the two world regions.

PCoA clustering results are congruent with the STRUCanalysis. In a PCoA using all Malaysian and US
samples, Malaysian weeds in the SH-to-BH morphotype
spectrum are arrayed along a gradient: SH morphotypes are closely grouped with elite cultivars, and BR,
BRA and BH weeds are grouped at the other end of the
gradient with indica Malaysian landraces and some
O. rufipogon accessions (Fig. 2b). The morphologically
intermediate mSH and mSHA weeds fall midway along
the gradient. BHA weeds, which in the STRUCTURE analysis appear to be genetic admixtures between O. rufipogon and cultivated or weedy rice, show a distribution
TURE
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consistent with that result; accessions are arrayed
between wild accessions and a cluster containing SH
weeds and elite cultivars (Fig. 2b). A second PCoA, performed using Malaysian samples only, suggests that the
BHA weeds are closer to SH weeds than to elite cultivars (Fig. S4, Supporting information), possibly indicating a more direct role for the former in BHA weed
evolution. As in the FST and STRUCTURE analyses, US
weed strains are clearly genetically distinct from all
Malaysian accessions (Fig. 2b).

Distributions of functional mutations in sh4 and Bh4
genes
In contrast to previous surveys of sh4 variation in
weedy rice worldwide (Thurber et al. 2010; Zhu et al.
2012), weed samples in Malaysia were not fixed for the
reduced-shattering ‘T’ allele that is fixed in all domesticated rice. Of 178 accessions surveyed, 104 (58.4%) were

T homozygotes, while 63 (35.4%) were homozygous for
the ancestral ‘G’ allele characteristic of wild Oryzas and
11 (6.2%) were G/T heterozygotes (Table S9, Supporting
information). This distribution suggests that, unlike previously examined weedy rice populations, genetic variation in domesticated rice cannot alone account for the
variation present in weed strains. Instead, wild O. rufipogon populations have apparently played a role in
their evolution.
When sh4 functional variation is examined across
morphotype classes, a gradient in allele frequencies is
apparent, with the phenotypic gradient from SH to
BHA morphotypes closely matched by an increasing
frequency of the ancestral G allele (Fig. 3a, b). This gradient closely parallels the genetic contribution of the
‘brown’ subpopulation identified through STRUCTURE
analysis. As noted above, the brown genetic subpopulation is present in both O. rufipogon and indica Malaysian landraces. Given that Malaysian landraces are

(a)

(b)

(c)

Fig. 3 Association of population structure with genotypic variation at the sh4 and Bh4 functional nucleotide polymorphisms. (a)
STRUCTURE analysis of the Malaysian rice samples categorized by morphotypes (K = 3). (b) Percentage of rice individuals in each of
phenotypic category possessing G, G/T and T genotypes at the sh4 FNP. (c) Percentage of rice individuals in each of phenotypic category possessing, lacking or heterozygous for the 22-bp Bh4 deletion. Numbers of accessions tested are indicated with labels (N).
Data for individual accessions are listed in Table S5 (Supporting information). CV_Mal, Malaysian O. sativa elite cultivars; SH, strawhull awnless Malaysian weeds; SHA, strawhull awned Malaysian weeds; mSH, morphologically intermediate weed form between SH
and BR; mSHA, morphologically intermediate weed form between SHA and BRA; BR, brown-striped hull, awnless Malaysian weeds;
BRA, brown-striped hull, awned Malaysian weeds; BH, blackhull awnless Malaysian weeds; BHA, blackhull awned Malaysian
weeds; OR_Mal, O. rufipogon accession collected from Malaysia; Oruf, O. rufipogon accession from other Asian countries (marked with
asterisk * in Fig. 3b and Fig. 3c; STRUCTURE analysis results of these non-Malaysian samples are not included in Fig. 3a); Lr_Mal,
Malaysian landrace rice.
© 2014 John Wiley & Sons Ltd
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completely fixed for the T domestication allele at sh4
(Fig. 3b; Table S9, Supporting information) – and therefore could not be contributors of the G allele – these parallel distributions are most consistent with a direct role
for O. rufipogon in the evolution of Malaysian weedy rice.
Curiously, two elite cultivar accessions (MR219-TRJH01
and MR219-TRJH02) were found to be G/T heterozygotes; this could suggest recent admixture with wild populations, although no obvious signature of introgression
is apparent in the STRUCTURE analysis (Fig. 2a).
Weedy rice strains worldwide are typically highly
shattering despite carrying the sh4 reduced-shattering
allele (Thurber et al. 2010; Zhu et al. 2012). To determine
whether sh4 variation in Malaysian weeds shows any
correlation with the shattering phenotype, we assessed
shattering levels as related to the G/T FNP. For weeds
classified as having the lowest level of shattering, 93.3%
were homozygous for the domestication allele; in contrast, less than half (49.2%) of the weeds classified as
the most highly shattering were T homozygotes (Table
S10, Supporting information). Across all five phenotypic
classes, there was a weak but statistically significant
positive correlation between degree of shattering and
frequency of the ancestral G allele (r = 0.387, P < 0.01;
Table S11, Supporting information). Thus, while not the
sole determinant of the shattering phenotype, the sh4
FNP appears to play some role in shattering variation
among the weeds. Given that high levels of shattering
are likely to be adaptive in weed populations, this phenotypic association suggests that adaptive introgression
of the G allele from O. rufipogon could be selectively
favoured in Malaysian weed populations.
Like sh4, functional variation at the Bh4 hull colour
gene shows a clear correlation with phenotypic variation in Malaysian weedy rice. Nearly all weeds classified as strawhull (SH, SHA) or intermediate strawhull
(mSH, mSHA) were homozygous for the 22-bp frameshift deletion found in most domesticated rice (95.6%;
Fig. 3c; Table S12, Supporting information). Weeds classified as black hull (BH, BHA) were completely fixed
for the functional ancestral allele. Bh4 heterozygosity
was very low in all weed morphotypes (1.6% overall)
and played no apparent role in hull phenotype variation across the strawhull-to-blackhull spectrum. Weeds
classified as brown-striped hull (BR, BRA) were genotypically indistinguishable from strawhull weeds at
Bh4, with 95% homozygous for the frameshift mutation.
This finding parallels observations for Bh4 variation in
US weeds, where weeds classified as brownhull have
also been reported to be fixed for the 22-bp deletion
(Vigueira et al. 2013a). Thus, as with US weed strains,
genetic factors other than this Bh4 polymorphism
apparently contribute to hull colour variation in Malaysian weed populations.

Discussion
As the primary weed of direct-seeded rice fields worldwide (Chauhan et al. 2013), weedy rice has commanded
considerable attention from researchers seeking to
understand its origin and ongoing evolution. While
much of this research has focused on weed strains
found in temperate regions that fall outside the viable
habitat range of reproductively compatible wild species
(e.g. North America, Europe, Japan, Korea and northern
China) (Cao et al. 2006; Akasaka et al. 2009; Chung &
Park 2010; Reagon et al. 2010; Zhu et al. 2012; Grimm
et al. 2013), the present study has specifically examined
weedy rice in a region where it has the potential to be
influenced by contemporary gene flow from wild populations. We find that, in comparison with previously
studied US weed strains, those in Malaysia are clearly
shaped by genetic contributions from local wild O. rufipogon populations, with this pattern manifested both at
neutral SSR loci and at the sh4 and Bh4 domestication
genes (Figs 3 and 4). We find a clear correlation
between a gradient in grain phenotypes in the Malaysian weeds, which range from very croplike SH strains
to wildlike BHA strains, and the degree of apparent
introgression from wild populations. Moreover, correlations between O. rufipogon sh4 alleles and the shattering
phenotype in weed populations point to a role for
adaptive introgression in this process. Our data also
provide evidence for independent evolutionary origins
of SH and BHA weed strains in Malaysia from phenotypically similar SH and BHA strains in North America
(Table 2 and Fig. 2), with an apparent role for Malaysian elite cultivars in SH weed origins. Below, we discuss these findings in the context of weedy rice
evolution in Southeast Asia and broader implications
for agricultural weed dynamics.

Contributors to Malaysian weedy rice evolution
Elite cultivars and landraces. Major changes in Malaysian
rice-farming practices over the last four decades have
likely contributed to the recent proliferation of the
weedy rice populations examined here. It was not until
the late 1970s that large-scale cultivation of elite Malaysian cultivars came into widespread practice. Directseeded, mechanized planting practices eliminated the
opportunities for hand-weeding that occurred with traditional hand-transplanting of rice seedlings into fields.
Coupled with cross-contamination of fields through
shared farm machinery and replanting of fields with
self-supplied, weed-contaminated seed stocks, these
agricultural shifts strongly negatively impacted weed
control efforts (Azmi & Baki 2002; Azmi & Karim 2008).
Following initial reports of weedy rice in the late 1980s
© 2014 John Wiley & Sons Ltd
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(Wahab & Suhaimi 1991), weedy rice had become widespread across rice-growing regions of Peninsular Malaysia by the early 2000s (Azmi & Baki 2002; Azmi &
Karim 2008). This rapid spread is reflected in the general absence of any strong geographical structuring of
genetic variation across Peninsular Malaysia (Tables S6
and S7, Supporting information).
While Malaysian weeds show substantial genetic heterogeneity, they are clearly more closely related to
indica rice (and some O. rufipogon accessions) than to
japonica crop varieties (Fig. 2a, b). Malaysian SH weeds
(the weed morphotype most similar to cultivated rice in
grain characteristics) show a particularly close relationship to elite Malaysian cultivars (FST = 0.058; Table 2;
see also Fig. 2a, b), suggesting a direct role for these
modern cultivars in weedy rice evolution. Elite Malaysian cultivars were bred from exotic indica germplasm
developed at the International Rice Research Institute
(e.g. IR22, IR8) (Dalrymple 1986). Given that the SH
weeds possess greater genetic diversity than the cultivars (He = 0.231 and 0.085, respectively; Table 1 and
Table S5, Supporting information), it is reasonable to
suggest that the modern cultivars have contributed to
SH weed proliferation through a process of hybridization with weedy and/or wild populations, rather than
solely through cultivar dedomestication. The relatively
short time frame during which elite cultivars have been
widely grown in Malaysia also argues against the evolution of weediness phenotypes directly from this narrow genetic stock.
Unlike elite cultivars, traditional Malaysian landraces
have long been present in the areas examined in this
study. Indica landraces share the ‘brown’ subpopulation
component predominant in BR, BRA and BH weed
strains (see Fig. 2) and so may have contributed to
weedy rice evolution. However, as with elite cultivars
and SH weeds, these landraces cannot be the sole
ancestors of the weed morphotypes. Most notably,
Malaysian landraces, like all domesticated rice, are
fixed for the sh4 reduced-shattering ‘T’ allele, whereas
the weeds carry moderate frequencies of the ancestral
‘G’ allele found in O. rufipogon (Fig. 3b; Table S3, Supporting information) (Li et al. 2006; Zhang et al. 2009).
Similarly, whereas all sampled landraces are fixed for
the Bh4 22-bp deletion allele that is characteristic of
strawhull domesticated rice, BH and BHA weeds carry
functional Bh4 alleles typical of wild Oryza species
(Fig. 3c). Thus, while all Malaysian weeds show a close
genetic similarity to domesticated rice (Fig. 2a), their
origin is more complex than one of simple dedomestication from local crop varieties.
Oryza rufipogon. The clear role of O. rufipogon in Malaysian weed evolution detected in this study differs from
© 2014 John Wiley & Sons Ltd

previous findings, both for Malaysia and for other geographical regions. In Malaysia, two previous studies,
based on 23 random amplified polymorphic DNA
(RAPD) markers (Vaughan et al. 2003) and 10 SSR loci
plus morphological characters (Zainudin et al. 2011),
have examined relationships between weedy, cultivated
and wild rice in two planting areas of Peninsular
Malaysia (Selangor and Penang; see Fig. 1). Both studies
supported a closer relationship of weedy rice to cultivated rice than to wild samples. Similarly, a study of
weedy rice in China, including samples from Guangdong province where O. rufipogon occurs, detected no
role for the wild species in local weed origins (Zhang
et al. 2012). These findings stand in contrast to the very
close relationship we observe between O. rufipogon and
some BR, BRA and BH accessions based on SSR analyses (e.g. overlapping accessions in Fig. 2b; see also
Table 2).
Similarly, the moderate-to-high frequency of the sh4
ancestral ‘G’ allele we detect in Malaysian BR, BRA and
BH and BHA weed morphotypes (Fig. 3b) stands in
marked contrast to previous studies of sh4 variation in
weedy rice. Thurber et al. (2010) examined G/T allelic
variation in 58 US weedy rice samples and found that
these weeds all carry the ‘T’ allele fixed by selection
during domestication. Zhu et al. (2012), in a worldwide
survey of 165 weedy rice accessions (including samples
from several countries where O. rufipogon occurs, e.g.
India, Vietnam, Cambodia, Laos, Malaysia, Myanmar
and Bangladesh), also found all weeds to be fixed for
the domestication allele. It is possible that the very different pattern we observe in the present study is a
reflection of the rapidly changing dynamics of weed
evolution in Malaysia, where widespread weed proliferation has been so recent. Consistent with this hypothesis, sh4 G/T heterozygote frequencies in Malaysian
weedy rice accessions are relatively high for a predominantly selfing species (6.2%, N = 178; Table S3, Supporting information), suggesting recent descent from
weed–wild hybrids. In Thailand, which, like Malaysia,
has recently shifted to industrialized rice farming, SSR
allele sharing between weedy rice and local O. rufipogon
populations also points to recent wild-to-weed introgression associated with the weed’s proliferation (Pusadee
et al. 2012).
Our observations that the ancestral sh4 ‘G’ allele facilitates the shattering phenotype in weedy rice (Tables
S10 and S11, Supporting information) suggest that introgression of this O. rufipogon allelic variation could be
adaptive in weed populations, where a highly shattering, wildlike phenotype is generally considered to be
advantageous for seed dispersal (Thurber et al. 2010). A
number of other O. rufipogon predomestication traits
with well-characterized candidate genes might also be
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expected to undergo adaptive introgression into weedy
rice populations. These include seed dormancy (conferred in part by ancestral, functional alleles at the Rc
gene; Gu et al. 2011), open panicle architecture that
facilitates freely shattering seed (conferred in part by
ancestral, functional alleles of the OsLG1 gene; Ishii
et al. 2013) and the presence of awns that facilitate postshattering seed dispersal (controlled in part by ancestral, functional alleles of the An-1 gene; Luo et al. 2013).
In contrast, other O. rufipogon traits would likely be
maladaptive in agricultural fields and would be predicted to be selected against in weed populations. In
particular, prostrate growth (conferred in part by ancestral, functional alleles at the PROG1 gene; Jin et al. 2008;
Tan et al. 2008) and perennial life history would both be
expected to be strongly disadvantageous in the densely
planted, seasonally harvested environment of rice production areas. It will be interesting to examine the fates
of these potentially adaptive and maladaptive O. rufipogon alleles in Malaysian weed populations.

Weedy rice in Southeast Asia and other world regions
Our comparative analysis of Malaysian samples with
previously analysed US weedy rice accessions permits
several conclusions on the evolution of weedy rice in
different world regions. Most strikingly, we find that
the two common weed strains in southern US rice
fields, SH and BHA morphotypes, have altogether different evolutionary origins from the phenotypically
very similar strains found in Malaysia. US-SH strains,
like those in Malaysia, are closely related to indica
domesticated rice; however, they are derived from a
genetically distinct subset of indica germplasm (Fig. 2a,
b). Similarly, Malaysian BHA strains are altogether distinct from US strains, which evolved from aus rice, a
domesticated variety not included in the present study.
These findings contribute to a growing body of evidence for the independent, convergent evolution of
weedy rice in different world regions. Besides the independent weed origins documented in the present study,
studies in northeastern China, Korea and Japan indicate
evidence for weed origins from japonica rice (Cao et al.
2006; Akasaka et al. 2009; Chung & Park 2010), a pattern
not detected in either Malaysia (Figs 3 and 4) or the
USA (Londo & Schaal 2007; Reagon et al. 2010).
Another key difference detected between US and
Malaysian weedy rices is in the far greater genetic heterogeneity and phenotypic complexity of the Southeast
Asian weeds. US weeds fall into two largely discrete
phenotypic and genetic classes (SH, BHA), with only
low levels of hybridization between them and little evidence that US crop varieties have contributed to their
evolution (Reagon et al. 2010). Malaysian weeds, by

contrast, are characterized by gradations in both phenotypic and genetic variations (Figs 3 and 4; Fig. S1, Supporting information). This greater complexity is likely a
reflection of greater reproductive compatibility among
Malaysian weed strains, as well as the hybridization
discussed above between weeds and locally occurring
wild and domesticated rice. To the extent that phenotypic and genetic heterogeneity can be taken as an indicator of adaptive flexibility, weed control efforts in
Malaysia and other Southeast Asian countries will likely
be especially challenging as weedy rice populations
adapt to ongoing weed control efforts.

Conclusions
Crop domestication has long served as a model for
understanding evolution (Darwin 1859; Larson et al.
2014), and weedy crop relatives are increasingly recognized as an important component of evolution in the
agricultural context (Kane & Rieseberg 2008; Ellstrand
et al. 2010; Vigueira et al. 2013b). The same capacity for
rapid adaptation that makes weedy relatives so problematic for crop production also makes them especially
interesting systems for exploring the mechanisms
underlying their origin and ongoing evolution. In the
case of weedy rice, our combined analysis of neutral
markers and domestication genes has provided definitive evidence that wild Oryza populations contribute to
the evolution of Malaysian weed strains, with introgression of weed-adaptive alleles a likely a component of
this process. Moreover, we detect potentially troubling
evidence of a major role for widely farmed, modernbred elite cultivars in the evolution of these weeds.
Taken together with our evidence for high genetic heterogeneity in Malaysian weeds, and of independent
weed origins in different world regions, these findings
suggest that current shifts towards industrialized rice
farming worldwide will favour the continued proliferation of weedy rice. In the USA and elsewhere, weedy
rice control efforts in the last decade have come to rely
heavily on the use of herbicide-resistant crop varieties,
a strategy that is now being adopted worldwide (Sudianto et al. 2013). We predict that as herbicide-resistant
rice farming comes into widespread practice in Malaysia, the high reproductive compatibility of cultivars,
weeds and wild populations will lead to the very rapid
dissemination of resistance alleles into weedy and wild
populations.
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