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Grain size is one of the most important components of grain
yield and selecting large seeds has been a main target during
plant domestication. Surprisingly, the grain of African culti-
vated rice (Oryza glaberrima Steud.) typically is smaller than
that of its progenitor, Oryza barthii. Here we report the
cloning and characterization of a quantitative trait locus, GL4,
controlling the grain length on chromosome 4 in African rice,
which regulates longitudinal cell elongation of the outer and
inner glumes. Interestingly, GL4 also controls the seed shatter-
ing phenotype like its orthologue SH4 gene in Asian rice. Our
data show that a single-nucleotide polymorphism (SNP)
mutation in the GL4 gene resulted in a premature stop codon
and led to small seeds and loss of seed shattering during
African rice domestication. These results provide new insights
into diverse domestication practices in African rice, and also
pave the way for enhancing crop yield to meeting the challenge
of cereal demand in West Africa.

The population in sub-Saharan Africa is estimated to exceed
1.5 billion by 20501. It is critical to increase crop productivity to
meet the food demands of a rapidly growing population2. Native
African crops are valuable species to meet this demand: many are
fast growing, nutritious, low input and have great historical
and cultural importance. In West Africa, a locally cultivated rice
(O. glaberrima Steud.) was domesticated thousands of years ago
from its wild progenitor O. barthii3–6. Although development of
Asian rice (Oryza sativa L.) for commercial agriculture in West
Africa has greatly displaced native crops, smallholder farmers
have maintained African rice landraces and their potential as
climate-ready crops is gaining increasing attention7,8, for example
as an improvement target and for creating resilient interspecific
hybrids such as New Rice for Africa (NERICA). In areas with the
most adverse ecological conditions, O. glaberrima is favoured by
farmers for its adaptability and resistance to multiple constraints9,10.

Grain size is one of the most important factors determining grain
yield and has been proposed to be among the earliest traits selected
in the cereal crop domestication process11,12. Wheat, sorghum and
Asian rice have larger seeds than their wild relatives13–15. Thus far,
several genes for grain size, such as GW2, qSW5, GS5, GW8,

GS2/GL2, GS3 and GL7/GW7, have been identified in Asian
rice16–26. However, unlike the tendency for increased grain size in
other crops, the seed of O. glaberrima typically is shorter and
smaller than that of its progenitor O. barthii27 (Supplementary
Fig. 1). Therefore, revealing the molecular genetic basis of selection
small seeds during the domestication of O. glaberrima will contribute
to improving grain yield of O. glaberrima.

In an attempt to identify the genes controlling grain size in
African rice, we constructed a set of introgression lines using
African wild rice accession W1411 (IRGC101248, O. barthii) as a
donor, and a cultivar of African cultivated rice (IRGC102305,
O. glaberrima) as a recipient. We obtained one introgression line
(GIL25) displaying longer and larger grain size than the recipient
parent IRGC102305 (Fig. 1a), which harboured two chromosomal
segments on chromosomes 4 and 10 from O. barthii (W1411)
(Fig. 1b and Supplementary Table 1). Compared with IRGC102305,
the grain length and 1,000 grain weight of GIL25 increased by 13.6
and 16.8%, respectively, ultimately resulting in a dramatic increase
of grain yield per plant (+14.3%) (Fig. 1c–f and Supplementary
Fig. 2). Further observation of the outer and inner glumes using scan-
ning electron microscopy found that GIL25 has longer epidermal cells
than that of IRGC102305 (Fig. 1g–i), causing longer grain.

To identify genetic factors for grain size in African rice, we devel-
oped an F2 population containing 186 individuals derived from a cross
between GIL25 and IRGC102305, and detected a locus controlling
grain length (referred to as GL4) between the markers RM3335 and
RM5608 on chromosome 4, with the O. barthii-derived allele contri-
buting to increased grain length (Fig. 2a). To map the GL4 locus pre-
cisely, we assayed another 6,500 plants using newly developedmarkers
between RM3335 and RM5608. A progeny test of homozygous segre-
gates further narrowed down the GL4 locus to a 5.9 kb region between
markers M3 and M4 (Fig. 2b). In this region, there was only one
annotated gene ORGLA04G0254300 according to the annotation
information of O. glaberrima IRGC96717 (var. CG14) genome
(http://ensembl.gramene.org/Oryza_glaberrima/). Using quantitative
polymerase chain reaction with reverse transcription (RT–PCR), we
found that ORGLA04G0254300 mainly expressed in the young
panicle and weakly expressed in the stem, but did not express in the
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leaf and root (Supplementary Fig. 3). Thus, we proposed that
ORGLA04G0254300 was a candidate gene for GL4.

To verify this hypothesis, we generated a construct (pGL4) by
placing a 4.8 kb genomic fragment from GIL25, covering the
entire ORGLA04G0254300 gene, into the vector pCAMBIA1300,
and introduced this construct into IRGC102305. All 12 independent
transgenic lines showed longer and larger grains than the controls
(Fig. 2c–h), demonstrating that ORGLA04G0254300 was the
GL4 gene, and that mutation in the GL4 gene caused the small
grain size in African cultivated rice IRGC102305.

To identify the causative mutations, we uncovered five mutations
in the GL4 coding sequences between the mapping parents GIL25
and IRGC102305 (Fig. 3a and Supplementary Fig. 4). These
included three mutations in the first exon, including a 1 bp substi-
tution (SNP1, G294A), a 6 bp insertion/deletion (indel) and a 1 bp
substitution (SNP2, C760T) resulting in a premature stop codon of
the IRGC102305 allele, and two SNP mutations (SNP3 and SNP4)
in the intron. We sequenced the GL4 genes of both 16 accessions of
O. barthii and 67 diverse O. glaberrima cultivated rice from 13 West
African countries (Supplementary Table 2) and analysed their hap-
lotypes. We found that the 16 accessions of wild rice clustered in
five haplotypes (H1 to H4) and the 67 O. glaberrima accessions
only clustered in two haplotypes (H4 and H5) (Fig. 3b). An associ-
ation test with grain length and nucleotide polymorphism revealed
that the strongest signal was present at the SNP2 site (Fig. 3b,c).
A medium signal was detected at the SNP3 site, which was in
high linkage disequilibrium with the SNP2 site (r2 > 0.8) (Fig. 3d).
Further sequence comparisons demonstrated that the nucleotide
at the SNP2 site of all 16 O. barthii accessions was C, and that of
62 O. glaberrima accessions was T. In addition, a point mutation
was made at the SNP2 site in the GL4 allele of IRGC102305 to
develop another genomic construct (pGL4-2) by substituting the
nucleotide T with C, which correcting the mutation and make an
intact protein. We introduced this construct into IRGC102305.
Observation of grain size found that all 15 independent transgenic
lines showed complementation of grain length and grain weight

(Fig. 3e–g). These results reflected that the SNP2 (C760T) mutation
in GL4 might account for the difference in the grain length between
W1411 and IRGC102305.

The GL4 allele of GIL25 was predicted to encode a 387 residue
polypeptide. Analysis using the PredictNLS program found that
the GL4 protein had a nuclear localization signal (NLS) at 302–
306 amino acids. The premature stop codon caused by the SNP2
(C760T) mutation in GL4 led to truncation of 253 amino acid resi-
dues without the NLS (Supplementary Fig. 5). To verify the impact
of the deletion of NLS in the GL4 protein, we fused a green fluor-
escent protein (GFP) with GL4 alleles of GIL25 and IRGC102305
to make GL4Ob–GFP and GL4Og–GFP transient expression
vectors, respectively, under the control of the CaMV35S promoter.
The two constructs were introduced into onion epidermal cells.
Observation of fluorescence signals found that the GL4Ob–GFP
fusion protein localized to the nucleus, but the GL4Og–GFP
fusion protein localized to both the cytoplasm and nucleus
(Supplementary Fig. 6). These results suggested that the premature
stop of the GL4 protein translation in O. glaberrima might cause
dysfunction of its nuclear localization.

Notably, BLASTP analysis (http://www.ncbi.nlm.nih.gov/
BLAST) showed that the GL4 protein has a high identity with
SH4/SHA1, its orthologous gene in Asian wild rice. A domain
search of GL4 in the Pfam and PROSITE databases found a Myb-
like domain in its sequence, indicating GL4 is a Myb-like protein
like SH4/SHA1 in O. sativa. The Ensembl gene tree (http://
ensembl.gramene.org/Oryza_glaberrima/Gene/Compara_Tree?db=
core;g=ORGLA04G0254300;r=4:25150788-25152622;t=ORGLA04
G0254300.1) shows this gene is conserved in the Oryza genus and
other major crop species, indicating it has functional constraint
during evolution. SH4 was previously reported to control the tran-
sition from shattering to non-shattering during the domestication of
Asian cultivated rice O. sativa by selecting another SNP mutation
(G237T)28,29. Therefore, we further evaluated grain shattering
among GIL25, IRGC102305 and transgenic plants. The results
showed that GIL25 displayed a grain-shattering characteristic with
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Figure 1 | Characterization of the grains traits between African cultivated rice IRGC102305 and introgression line GIL25. a, Grains of the African cultivated
rice IRGC102305 and introgression line GIL25. Scale bar, 5 mm. b, Graphical genotypes of GIL25 and IRGC102305. c–f, Comparison of the grain traits
between GIL25 and IRGC102305: grain length (c); grain width (d); 1,000 grain weight (e); grain yield per plant (f). g, Scanning electron microscope images
of the outer glume (top) and inner epidermal cells of the lemma (bottom). Scale bars, 100 µm. h, Comparison of average cell number along the longitudinal
axis between IRGC102305 and GIL25 grains. i, Cell length. n = 10 in c,d,h; n = 3 in e,f,i. All data are mean ± s.d. **P < 0.01. The Student’s t-test was used.
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a complete abscission zone between the grain and the pedicel (Fig. 4a).
However, the seed of IRGC102305 stayed on the plants at maturity,
and displayed a deficiency in abscission zone development near the
vascular bundle (Fig. 4b). The transgenic plant expressing the GL4
allele from GIL25 recovered a complete abscission zone and exhibited
seed-shattering characteristics (Fig. 4c and Supplementary Figs 7 and 8).
These results indicated that GL4/ObSH4 also controlled seed shattering
in African wild rice; the SNP2 mutation in the GL4 resulted in the loss
of seed shattering in IRGC102305.

To compare the genetic effect in both grain size and shattering
between the two mutant alleles, we developed two near-isogenic lines
(NIL-GL4Or and NIL-GL4Og) under the Asian cultivated rice O. sativa
var. Teqing (NIL-GL4Os) genetic background, which contained a
very small GL4 region from Asian wild rice (Oryza rufipogon Griff.)

and African cultivated rice O. glaberrima, respectively (Supplementary
Figs 9 and 10). The NIL-GL4Or showed a grain-shattering phenotype
with a complete abscission zone between the grain and the
pedicel (Fig. 4d). Both NIL-GL4Os and NIL-GL4Og lost the shatter-
ing trait. The seed of the NIL-GL4Og was much harder to shed than
that of NIL-GL4Os, which is consistent with the dramatic deficiency
in abscission zone development in NIL-GL4Og compared with that
in NIL-GL4Os (Fig. 4e,f and Supplementary Fig. 11). At the same
time, both grain length and weight were not significantly different
between NIL-GL4Os and NIL-GL4Or, implying that the selection of
the Ossh4 mutation allele did not change grain size during Asian
rice domestication. However, the seed of NIL-GL4Og was smaller
than that of NIL-GL4Os, suggesting the Oggl4 mutant allele led to
smaller grain (Fig. 4g–k).
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To elucidate the evolutionary trajectory of GL4 during
African rice domestication, we reanalysed 93 O. glaberrima and
94 O. barthii accessions using previously published resequencing
data that span the species ranges5,6. Principal component analysis
(PCA) of genetic variations 5 kb upstream and downstream of
GL4 separates 11 O. glaberrima accessions carrying the ancestral
allele (C) at SNP2 (chromosome 4, 25152034) from O. glaberrima
accessions carrying the derived allele (T), indicating two haplotypes
of GL4 segregate in O. glaberrima (Supplementary Fig. 12 and
Supplementary Table 3). The extended haplotype homozygosity
(EHH) was calculated for both ancestral and derived alleles
upstream and downstream of SNP2 in O. glaberrima (Fig. 5a).
The decay of EHH for derived alleles is much slower than for ances-
tral alleles, suggesting that the haplotype carrying T but not the one
carrying C was selected during domestication. In addition, we
detected a reduction of nucleotide diversity (π) in O. glaberrima
accessions carrying T at SNP2 compared with O. barthii

(Supplementary Fig. 13). Together, these analyses show GL4 was
under selection during O. glaberrima domestication.

Interestingly, the variation in GL4 is spatially restricted to an area
in the southwestern (SW) forest range, which adds evidence sup-
porting deep and separate roots of domestication practices in the
west versus the eastern cultivation range5. The accessions carrying
C at SNP2 were collected from Guinea, Liberia or Sierra Leone
(Fig. 5b and Supplementary Table 4), and clustered in PCA
(Supplementary Fig. 14). The lack of fixation on GL4 in the
SW region leads to two possible explanations: either other loci
might have been involved in the selection of small grain size
during the gradual domestication process in that geographically
distinct region, or the selection for small non-shattering grains
began at that location, and the variation observed is due to the
persistence of ancestral haplotypes in landraces. Only those with
the non-shattering and small grain phenotype would have been
brought out of the region after the onset of domestication.
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Taken together, in the present study we demonstrated that
GL4/SH4 is a key domestication gene with pleiotropic effects con-
trolling both grain size and shattering in rice. During crop domes-
tication, reducing seed shattering and increasing seed size were two
main selection targets in most grains, but it appears that in West
Africa, selection proceeded in a different form leading to a decrease
in seed size. Although different mutant alleles (Ossh4 and Ogsh4)
resulting in the loss of the grain-shattering characteristic were
selected in parallel during the domestication of both African and
Asian rice, either intentionally or unconsciously, selecting the
Ossh4 mutation did not change the seed size in Asian cultivated
rice, but selecting Ogsh4 led to small seeds in African cultivated
rice. Why was this Ogsh4 allele, which reduces seed size and inevi-
tably results in lower yield, selected during the domestication of

African rice? There might be two possibilities: first, it is possible
that the high iron toxicity in much of West Africa, which can
increase lodging in the already lodging-prone O. glaberrima crop,
may have led farmers to favour smaller grains; second, there
might be no other functional mutations available for selection
that affect the SH4 gene function in the limited genetic pool in
Africa rice. Further, the genetic architecture of the seed size trait
is complex, involving over 400 genes30, and therefore should be
quite canalized, suggesting genetic mutations in other genes and
regulators such as microRNAs will only have miniscule effect31.
Further, it appears that some genes important to Asian rice seed
size may be absent or unimportant in other Oryza (for example
GS332), which limits the ability to leverage findings in one species
to catalyse discovery in another. Nonetheless, given the
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contemporary preference for larger grain size and the need to
increase crop yield, we argue that replacing the Ogsh4 allele with
the Ossh4 allele would enhance the grain yield of O. glaberrima in
breed practice and would make it a more valuable crop for future
food security.

With improvement, the yield of O. glaberrima can match or even
exceed Asian cultivated rice, and breeders can take advantage of
local trait combinations adapted to the myriad cultivation settings,
capacities and practices in West Africa33–35. To meet the food
demands of a rapidly growing population in Africa, the scaling up
of resilient native crop cultivation is one of the most important
targets for a food-secure future. We suggest selection to increase
the grain size in O. glaberrima and exploiting its low-input require-
ments and adaptations to many West African marginal landscapes.
This will improve the food security of sub-Saharan Africa, preserve
cultural heritage, and provide a more nutritious and taste-preferred
rice for the growing population.

Methods
Plant materials. The introgression line GIL25 was generated by repetitive backcross
progeny derived from a cross between W1411 (O. barthii) × IRGC102305
(O. glaberrima) with IRGC102305 as the recurrent parent using marker-assisted

selection. It harbours a segment at locus GL4 and another segment at chromosome 10.
The NIL-GL4Og and the NIL-GL4Or plants have different GL4 alleles from
O. glaberrima and YJWCR, respectively, under the same background of Teqing
(O. sativa L. ssp. indica variety). The primer sequences for the genotyping assays are
provided in Supplementary Table 1. Other cultivars and wild-rice accessions used
for haplotype tests in this study are listed in Supplementary Table 2.

Growing conditions and trait measurement. Rice plants were cultivated in
Sanya, Hainan province, China, under field conditions with an interplant spacing of
15 × 15 cm2 for transplanting. For grain yield per plant analysis, a total of 50 plants
for each line were grown in a paddy field with three completely randomized blocks.
The 1,000 grain weight, tiller numbers per plant and grain yield per plant were
measured using 30 plants from three completely randomized blocks. Grain number
per panicle was investigated using the main stem panicle. Thirty fully filled grains
were chose and measured by electronic digital-display Vernier calliper to obtain
grain length, width and thickness. The entire spikelet hull, including the lemma and
palea, was included in these measurements. Three panicles per line were measured
for rice grain-breaking tensile strength at 35 days after heading. Longitude cell
numbers of grain were observed under a stereoscope (Zeiss) when grains were
fully matured.

Histological analysis. Panicles were obtained at the flowering stage; a longitudinal
section was achieved by hand cutting through the grain and pedicel junction.
Sections were stained with acridine orange and observed under an Olympus FV1000
laser scanning microscope. A 488 nm and a 543 nm laser line were used.

Scanning electron microscopy. The outer surface and inner epidermal cells of
lemma from mature seeds were gold plated and observed using a Hitachi S-2460
scanning electron microscope at 15 K. The cell number was calculated along the
longitudinal axis. The cell length was measured using Image J software. The spikelets
at ∼35 days after heading were collected for scanning the separation section between
grain and pedicel as above.

RNA extraction, quantitative RT–PCR. Total RNAwas extracted from various rice
tissues and reverse transcribed using the M-MLV reverse transcriptase kit
(Promega). Quantitative RT–PCR was carried out using SYBR Green QPCR mix
(Bio-Rad), and the actin1 gene was used as an endogenous control to normalize
detected gene expression. The cycling conditions included incubation for 30 s at
95 °C followed by 40 cycles of amplification (95 °C for 5 s and 60 °C for 30 s).
All samples were repeated at least three times. The primers are given in
Supplementary Table 1.

Vector construction and complementation test. To generate the complementary
vector pGL4, a total length of 4.8 kb DNA fragments that contained 2.2 kb upstream
of the GL4 transcription start site and 0.5 kb downstream of its termination site were
amplified from W1411 to place into a pCAMBIA1300 vector. The 3.1 kb region
upstream of the SNP2 and 1.7 kb downstream of SNP was amplified from
IRGC102305, respectively. The SNP2 was changed in the primer and was placed into
pCAMBIA1300 by homologous recombination to construct the pGL4-2 vector. We
obtained 12 for pGL4 and 15 for pGL4-2 independent transgenic plants,
respectively. Primers used are listed in Supplementary Table 1.

Subcellular localization. The coding sequences of GL4 gene were amplified from
W1411 and IRGC102305 to generate p35S::GL4–GFP and p35S::Oggl4–GFP vectors.
The two vectors were bombarded into onion epidermal cells using a helium biolistic
device (Bio-Rad PDS-1000). 4′-6-Diamidino-2-phenylindole (DAPI) was used to
indicate the nuclei under an Olympus FV1000 fluorescence microscope.

Evolutionary analysis of GL4. Resequencing reads of 93 O. glaberrima and
94 O. barthii were downloaded from the NCBI Short Read Archive (SRA) database.
The Burrows–Wheeler Aligner (BWA) V0.7.10 (ref. 36). was used to map raw
pair-end reads onto chromosome 4 of O. glaberrima CG14 genome assembly5. SNP
calling and filtering were performed using the Genome Analysis Toolkit (GATK)
V3.4 (ref. 37). In total, 680,362 SNPs were identified and used in the following
analysis. PCA of genetic variations 5 kb upstream and downstream of GL4 was
performed using the smartpca program implemented in EIGENSOFT package
V6.0.1 (ref. 38). Genotypes of O. glaberrima accessions were phased and imputed
using Beagle 4.1 (refs 39,40). The EHH was calculated using R package REHH 2.0
(ref. 41) with SNP2 (chromosome 4, 25152034) as the focal SNP. As group V
O. barthii accessions described previously5 are genetically closed to O. glaberrima,
the ancestral state was inferred as the major allele in group I to IV O. barthii
accessions at each SNP position. The nucleotide diversity (π) of O. glaberrima
accessions carrying T at SNPs and all O. barthii accessions was calculated using
VCFtools V0.1.14 (ref. 42). The result of PCA using genome-wide genetic variations
of 93 O. glaberrima accessions was downloaded from Meyer et al.6 and plotted with
O. glaberrima accessions carrying C at the SNP2 position highlighted in red
(Supplementary Fig. 14). Two O. glaberrima accessions (IRRI_103993 and
IRRI_104573) with missing calls at the SNP2 position were excluded from
biogeographic analysis of GL4. The GPS coordinates of 91 O. glaberrima
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Figure 5 | Evolutionary analysis of GL4/SH4. a, Extended haplotype
homozygosity (EHH) analysis of GL4. The focal SNP (SNP2) of the analysis
is indicated by a dotted line. b, Biogeographic analysis of genetic variation of
SNP2. Dots on the map represent collection sites of O. glaberrima accessions
used in the analysis. O. glaberrima accessions carrying C at SNP2 are red;
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accessions were downloaded from Meyer et al.6. The map of biogeographic analysis
was drawn using R.

Data availability. The authors declare that the data supporting the findings of this
study are available within the paper and the Supplementary Information.

Gene sequences of GL4 have been deposited in the GenBank with the following
accession codes: KY427262 (GL4 in W1411), KY427263 (GL4 in IRGC102305).

Received 21 December 2016; accepted 4 April 2017;
published 8 May 2017
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