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from our sample in three populations for O. barthii, related 
to geography, and two populations in O. glaberrima; these 
two last populations cannot be linked however to any cur-
rently phenotyped trait. Moreover, we were also able to 
identify misclassification in O. glaberrima as well as in O. 
barthii and identified new form of O. sativa from the set of 
African varieties.

Introduction

In the modern agriculture, two species from the Oryza 
genus were independently domesticated: the Asian rice 
Oryza sativa L., and the African rice Oryza glaberrima 
Steud. (Vaughan et  al. 2008). The Asian rice was domes-
ticated from the wild rice O. rufipogon more than 10, 
000 years ago, in Southern Asia (Huang et al. 2012). The 
cultivated African rice derived from the wild species O. 
barthii probably originated from the Niger River delta, 
around 1,000 BC (Portères 1962; Linares 2002; Murray 
2004). The two ancestors of Asian and African cultivated 
species probably diverged between one and two million 
years ago (Ma and Bennetzen 2004; Vaughan et al. 2008). 
This divergence is associated with an important reduction 
of the genetic diversity of the African wild species com-
pared to the Asian one (Vaughan et al. 2008).

O. sativa was introduced in West Africa by European 
navigators in sixteenth century (Bezançon 1993), and this 
introduction endangered the conservation of local genetic 
resources (Barry et al. 2007). Despite its status of endemic 
and cultivated species, O. glaberrima was progressively 
replaced by modern, more yield-efficient O. sativa varie-
ties. In the second half of the twentieth century, African rice 
culture was based in a parceled system where some varie-
ties of O. sativa and O. glaberrima were cultivated together 
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in mixtures by farmers in upland and rainfed lowland envi-
ronments (Linares 2002). Moreover, O. sativa is sometimes 
cultivated close to the wild African rice O. barthii.

O. glaberrima is nowadays generally grown in West 
Africa, in small surfaces, because of its lower yield com-
pared to O. sativa. Yet, it is more adapted to rustic Afri-
can conditions than O. sativa (Linares 2002) and presents 
resistance or tolerance to viruses (Albar et  al. 2003), 
nematodes, bacteria, drought, iron toxicity and high salin-
ity (Linares 2002). Thus, despite its supposed low level of 
genetic diversity, O. glaberrima is a very valuable tool for 
O. sativa improvement, through interspecific hybridization. 
However, a strong sterility barrier, mainly driven by the S1 
locus (Sano, 1990; Garavito et  al. 2010), exists between 
these two recently diverged species, which complicates the 
use of O. glaberrima in O. sativa breeding. Still, it is pos-
sible to obtain fertile “hybrid” varieties through embryo 
rescue or manual fertilization and backcrossing, as it was 
performed in production of NERICA varieties (NEw RICe 
for Africa, Gridley et  al. 2002). Despite this well-known 
reproductive barrier, several unexpected natural hybrid 
forms were reported in collections obtained through sys-
tematic prospections in Africa, with intermediate genotypes 
between O. sativa and O. glaberrima (Semon et al. 2005; 
Barry et al. 2007; Nuijten et al. 2009; Dramé et al. 2011).

One other factor, which complicates the introgression of 
African traits into cultivated Asian rice, is the lack of stud-
ies about African local genetic resources. One of the most 
extensive studies so far (Semon et al. 2005) found a genetic 
structure of O. glaberrima accessions in five different 
groups using O. sativa SSR markers. Two of these groups 
clustered with O. sativa, suggesting that some O. glaber-
rima accessions represent some degree of admixtures. The 
remaining three O. glaberrima subpopulations were asso-
ciated with phenotypic traits, which might reflect some 
form of ecological adaptation. A more recent study, using 
14 nuclear loci (Li et al. 2011), showed that O. glaberrima 
accessions do not exhibit such a clear structure. This last 
study also suggest a single domestication origin of African 
rice in areas of the Upper Niger and Sahelian Rivers (Li 
et al. 2011). Results of these two studies must be however 
considered with caution as the wild species sample number 
is very limited.

The objective of the current study is to understand the 
genetic diversity of a large sample of the two African spe-
cies, O. glaberrima and O. barthii, using a unique collec-
tion covering the whole West African range of O. glaber-
rima and O. barthii. To evaluate this diversity, we designed 
a set of SNPs specific for wild and cultivated African rice 
species. We also added to our samples Asian rice varieties 
and lab-made hybrids between African and Asian rices.

Our study clearly separates O. sativa from the African 
rice species (O. barthii and O. glaberrima). We clarify the 

status of various accessions previously identified as hybrids 
between O. sativa and O. glaberrima. More importantly, 
we find clear differentiation between wild and cultivated 
rice in Africa and evidence a geographical population 
structure in the wild African species only. Finally, we pro-
vide highly valuable information on the most genotyped 
and curated African rice collection available so far.

Materials and methods

SNP design and selection

Four sets of sequencing data were used for the Illumina 
VeraCode chip design. First, we sequenced two O. gla-
berrima individual plants using 76 bases pair-ended (PE) 
Illumina sequences (Tog5307 and Tog5681, 18  ×  and 
25 × depth, respectively) on a GaIIx machine (Integragen, 
Evry, France). Second, we obtained two bulks of 100 bases 
PE Illumina sequences at 37× depth each (HiSeq  2000 
machine, Fasteris, Geneva, Switzerland) using nine indi-
viduals from O. glaberrima and nine from O. barthii 
(the same as in Nabholz et  al. 2014; see Supplemen-
tal Table  1). The quality and potential contamination for 
each dataset were checked using FASTQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Reads 
were cleaned using CutAdapt (Martin 2011) with the appro-
priate adapter sequences (QUAL threshold =  20, minimal 
length =  20, overlap =  7), and were mapped using BWA 
(Li and Durbin 2009). We used as reference the MSU 6.1 
assembly of O. sativa ssp japonica cv Nipponbare (http://
rice.plantbiology.msu.edu/index.shtml), allowing three mis-
matches and one gap (n = 3 and e = 1, respectively). The 
resulting SAM files were cleaned to conserve only correctly 
mapped pairs (samtools view filter f = 0 × 02), and optical 
duplicates removed, using SAMtools (Li et al. 2009).

Using the GATK framework (McKenna et  al. 2010), 
after realignment of BAM files as recommended, the pol-
ymorphic positions between NipponBare and at least one 
of the four African datasets were called (through Uni-
fiedGenotyper), using standard criteria: min QUAL =  20, 
max cov = 250, min cov = 10. More than 9 millions of raw 
SNPs and InDels were recovered at this step. We performed 
a second filter using VariantFiltrator, with classical condi-
tions (QUAL = 50; SNP only; MQ0 < 10 % or MQ0 < 4; 
clusterWindowsize = 60; clusterSize = 2); around 365 000 
SNPs succeeded this initial filtering.

We then use a set of home-made Perl scripts (available 
on request) to continue to filter the VCF file using as main 
criteria a 10× coverage for each of the four African data-
sets, and a polymorphism in at least one of the bulk sam-
ple (homozygous reference or alternate for the individual 
sequences, heterozygous for the bulk sequences). 23,307 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://rice.plantbiology.msu.edu/index.shtml
http://rice.plantbiology.msu.edu/index.shtml
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SNPs were still valid at this step, being polymorphic 
within the African rice species. We then split the reference 
genome in 1 Mbases bin, obtaining 384 bins, in which we 
choose 10 SNPs centered around the middle 500 kb posi-
tion (−250/+ 250 kb) in each bin.

We then added 153 SNPs from the 44 k Chipset (Zhao 
et al. 2011) that are potentially polymorphic in African rice 
species (based on our sequencing data, as described earlier) 
and that are not clustered (60bases window), to obtain a set 
of almost 4,000 SNPs of high quality. Those 4000 SNPs 
were tested for VeraCode efficiency, and a final set of 384 
SNPs was selected for the analysis, including 49 SNPs 
from the 44 k chip (Supplemental Table 2). All the SNPs 
we selected here are not only polymorphic between Nip-
ponBare and the African rice species, but also polymorphic 
within the African rice species, and thus cannot be used as 
markers for introgression of one compartment within the 
other (Asian vs African); as for each point the two alleles 
are present in the African rice pool.

Plant materials

A reference set of O. glaberrima was established jointly 
between IRD and Africa Rice, to gather all important 
accessions identified during previous field and greenhouse 
evaluations: parents of the NERICA varieties, important 
reference populations, donors of important traits for adap-
tation to biotic and abiotic stresses (Linares 2002; Albar 
et al. 2003; Vaughan et al. 2008; Thiémélé et al. 2010), and 
other cultivars. They represent as much as possible the geo-
graphical distribution of the species in West Africa before 
1950, and before its progressive replacement by O. sativa 
as supposed by Portères (1962).

Regarding O. barthii, a special effort was made to rep-
resent actual, true wild forms of this species, which are 
poorly represented in current rice collections and docu-
mentations. The accessions correspond to population sam-
ples collected in remote areas and characterized, within 
other traits, by large coarse grains, as described by Sec-
ond (1982). As a result, 102 accessions were selected from 
the complete set of IRD collection (formerly known as 
ORSTOM collection), built between 1974 and 1982 during 
prospection missions supported by IBPGR (International 
Board of Plant Genetic Resources, now Biodiversity) and 
the CGIAR Generation Challenge Program (Consultative 
Group on International Agricultural Research).

In total, our African Rice collection is made of 86 wild 
and 16 weedy O. barthii and of 279 O. glaberrima acces-
sions from 18 different recorded origins (see Table  1). 
Geographical distribution is shown in Fig.  1, and corre-
spondences to others collection names are given in the Sup-
plemental Table 3. Fourteen of those accessions are com-
mon with the ones used in Li et al. (2011).

We completed this set with 53 accessions that well rep-
resent the O. sativa diversity (from HaplOryza project; 
Billot et  al. 2007), also called “mini-core collection”, 4 
O. longistaminata as outgroup, 24 CSSLs (Chromosome 
Segment Substitution Lines), BC3DH plants between O. 
glaberrima and O. sativa as recurrent parent from CIAT 
(Gutiérrez et al. 2010), and five laboratory-created hybrids 
in BC1 (with O. sativa as recurrent parent) stages. The total 
number of studied materials is 467.

All the descent from the here-tested African rice plants 
are available on request at the Genetic Resources Unit from 
the AfricaRice Center.

DNA extraction, target probe preparation and array 
hybridization

Total genomic DNA from a single plant per accession 
was extracted for all the genotypes using standard CTAB 
method, diluted in pure water and standardized at 50 ng/µl 
at ADNid (Clapiers, France). Genotyping assays were car-
ried out following the manufacturer’s instructions and pro-
tocols for the GoldenGate Genotyping Assay for VeraCode 
Manual Protocol (Illumina Part # 11275211) at ADNid 
(Clapiers, France). Ten artificial DNA mix (O sativa 
ssp japonica cv NipponBare and O. sativa ssp indica cv 

Table 1   Type and geographical origin of African rice accessions 
used in the current study

a  Total not including 9 O. glaberrima and 4 off-type accessions 
reclassified in this study

Origin O. barthii O. glaberrima

Weedy Wild

Botswana 2

Burkina Faso 7

Cameroon 2 15 15

Yvory Coast 28

Gambia 4

Ghana 9

Guinea 1 41

Guinea Bissau 1 1 1

Chad 8

Lake Chad 44

Liberia 18

Mali 12 17 34

Nigeria 3 55

Senegal 1 30

Sierra Leone 8

Tanzania 1 5

Zambia 1

Zimbabwe 3

Total 16 85 266a
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IR64) were introduced in the plates as positive controls for 
hybridization detection, as well as five pure-water negative 
controls.

SNP allele calling

The SNP data from each plate were recorded, and allele 
calls manually curated using the Genotyping module (v 
1.6.3) of the Illumina GenomeStudio software package v 
2010.1 (more details can be found in Thomson et al. 2011). 
Allele recoding for SNP visualization was also performed 
using FLAPJACK graphical genotyping software (Milne 
et  al. 2010). The SNP data were loaded with an initial 

GenCall Threshold of 0.25. GenomeStudio was able to 
identify the heterozygous clusters (CSSL and artificial het-
erozygous mix controls).

Analysis of genetic relatedness between accessions

As part of the diversity analysis, STRUCTURE v 2 soft-
ware (Pritchard et  al. 2000) was used to determine geno-
type assignments to subpopulations, with increasing K 
(population number) values from 2 to 14 and running with 
100,000 burn-ins and 1,000,000 iterations. The K value 
with the highest Ln P(D) values was retained, as described 
by Evanno et al. (2005). Plants with an arbitrary ancestry 

Fig. 1   Geographical distribution of the African Rice accessions used in this study. The number of accessions of O. glaberrima (triangles) and of 
O. barthii (circles) are shown for each country
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percentage of min. 70 % were assigned to each cluster. In 
addition, PCA analyses and Neighbor-Joining trees were 
constructed for population sets with the software Darwin v 
5.0 software (Perrier and Flori 2003). All graphics and trees 
were edited using the MEGA v 5.0 software (Tamura et al. 
2011).

Genetic diversity analysis

Genetic diversity indexes were compared among the clus-
ters identified by STRUCTURE, using only those plants 
that were assigned to each cluster. Observed heterozygo-
sity (Ho), expected heterozygosity (He), genetic differen-
tiation between populations (FST) and molecular variance 
analysis (AMOVA; Excoffier et al. 2005) including fixation 
indexes such as FIS and FIT were performed using the pro-
gram Arlequin (Excoffier et  al. 2005) and Genepop v 4.2 
(Rousset and Raymond 1995); statistical significance of 
each variance component was assessed based upon 1,023 
permutations of the data and a significance level of 0.05.

Results

SNP set validation

Of the 384 SNPs designed using the in silico approach, 
235 were polymorphic and retained for used in subsequent 
analysis. Of the 149 negative points, three were negative 
(no results), 18 were of low quality (high levels of miss-
ing data—20 % or more—GenTrain value lower than 0.5, 
ClusterSet value lower than 0.21) and the remaining 128 
points were monomorphic among all samples. After poste-
rior analyses, 74 % (110/128) of those monomorphic SNPs 
were identified as SNP mostly associated with a transver-
sion mutation type (Transition/Transversion ratio of 0.35), 
while only 34  % (80/235) was transversion in polymor-
phic SNPs (transition/transversion ratio of 1.9). For further 
analyses following such a protocol, we thus recommend to 
select preferentially transition-type SNPs, as described in 
Liu et al. (2012).

A 235-SNP set (see Supplemental Table 2) was used to 
genotype 467 accessions (Supplemental Table 3). Our set of 
235 polymorphic markers consists of 188 African-specific 
variants (polymorphic in cultivated and wild African rice 
species, monomorphic in Asian rice species) and 47 Oryza 
variants (polymorphic within Asian as well as in African 
rice species). These Oryza variants are composed of 13 
SNPs from our own set and of 34 SNPs transferred from 
the 44  k O. sativa chip (Zhao et  al. 2011). These Oryza 
variants allowed to validate the methodological choice of 
our SNP set, as we obtained for O. sativa accessions the 
expected genetic described in Garris et al. (2005) (Fig. 2).

Artificial hybrids exist, not natural

Artificial control hybrids as well as CSSL controls have an 
intermediate position between the O. sativa and O. glaber-
rima groups in the PCA (Principal Component Analysis; 
Fig. 3), as expected. We also noted that none of the acces-
sions from our collection clusters with the hybrid controls, 
suggesting that none of the individuals in our sample can be 
classified as hybrid. Although we cannot exclude old intro-
gression events, we do not observe on the set of the tested 
accessions any plant with a balanced sativa/glaberrima 
genome composition, except for the CSSL and lab-made 
hybrid plants. Thirteen accessions classified as O. glaber-
rima species were clustered with O. sativa; among these, 
four (ID # 144, 145, 148 and 149) correspond to previously 
reported hybrids (Semon et al. 2005; Barry et al. 2007), the 
nine remaining being ID # 1, 224, 420, 421, 422, 493, 494, 
499 and 510. Those 13 accessions were analyzed together 
with the O. sativa accessions using distance-based meth-
ods, to clarify their nature. PCA and NJ showed the clas-
sical structure of O. sativa accessions, with 144, 145, 148, 
149, 224 and 510 accessions clustered with the group III 
of O. sativa. The second set of these O. glaberrima acces-
sions (1, 420, 421, 422, 493, 494 and 499) clustered with 
the indica group (Fig.  4). In the STRUCTURE analysis, 
whatever is the number of populations (K), all those 13 
individuals always clustered with O. sativa lines (Supple-
mentary Fig. 1). These 13 accessions previously identified 
as O. glaberrima or of hybrid origin rather belong to the O. 
sativa species.

In addition, one weedy O. barthii accession (520A) clus-
tered with the O. sativa/O. longistaminata group on the PCA. 
After having carefully checked its phenotype, this accession 
was reclassified as an O. longistaminata. In the following, 
we thus will refer to 101 barthii and no more to 102.

Genetic structure of cultivated rices

The O. sativa group is clearly separated from O. glaber-
rima and O. barthii using the PCA (Fig.  3) and on the 
Bayesian analysis using STRUCTURE (Supplemental 
Fig. 1; Supplemental Fig. 2a, b). In the PCA analyses, O. 
sativa accession distribution is rather limited (Fig.  3). In 
other words, their genetic variances were smaller in the 
first two axes than the variance from O. glaberrima. This 
is explained by the nature of the SNPs we used, designed 
to be more variable within O. glaberrima and O. barthii, 
than within O.  sativa. This obviously does not mean that 
the African species are more variable than O. sativa.

The genetic differentiation index FST between these 
three species were of 0.212 (p < 0.05) between O. barthii 
and O. glaberrima, 0.435 (p < 0.05) between O. barthii and 
O. sativa, and 0.539 (p < 0.05) between O. glaberrima and 
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O. sativa. As expected, O. glaberrima and O. barthii are 
closer together than any of them compared to O. sativa. 
The closer relationship between O. barthii and O. sativa 
compared to O. glaberrima vs O. sativa can be explained 
as the wild African rice being closer in terms of origin to 
Asian cultivated rice (Vaughan et al. 2005, 2008).

The observed heterozygosity (Ho) was 0.019, 0.014 and 
0.080 for O. barthii, O. glaberrima and O. sativa, respec-
tively, and the expected heterozygosity (He) 0.399, 0.317 
and 0.346, respectively. These diversity indexes were sig-
nificantly different between O. barthii and O. glaberrima 
(p < 0.001 and p < 0.001, respectively), indicating a high 
level of inbreeding. Genetic diversity values (Hs) were 
0.379 (s.d 0.141), 0.288 (s.d 0.172) and 0.073 (s.d 0.161) 
for O. barthii, O. glaberrima and O. sativa, respectively. 
The low level of variability in O. sativa observed here is 
linked to the SNP choice (see the previous part). Fixa-
tion values between these three species were FIS = 0.953, 
FST = 0.383 and FIT = 0.971.

African rice diversity and genetic structure

Distance-based methods and genetic indexes confirmed, as 
expected for a wild species, that O. barthii is more diverse 

than O. glaberrima (Li et  al. 2011). Even if O. glaber-
rima and its ancestor O. barthii are closely clustered and 
slightly overlapping, these two species are nevertheless 
well separated (Fig. 5; Supplemental Fig. 3; FST = 0.212). 
Overlapping of O. barthii in O. glaberrima distribution 
could be explained by the presence of 15 weedy forms of 
O. barthii within the O. glaberrima cloud (512A1, 514G1, 
515A1, 517A1, 518G1, 521A1, 528A1, 530A1, 531A1, 
532A1, 534A1, 535A1, 536A1, 557A1 and 559A1). These 
weedy O. barthii accessions are phenotypically different 
from true wild forms of O. barthii (data not shown). Only 
one weedy accession of O. barthii clustered with the wild 
forms (513A1) and only one accession of true wild O. bar-
thii clustered with O. glaberrima (521W1). We were able 
to confirm the higher variability of O. barthii wild forms 
when comparing with weedy forms included in the O. gla-
berrima variability (Fig. 5; Supplemental Fig. 3). STRUC-
TURE analyses, using the method described in Evanno 
et  al. (2005), confirmed the PCA and NJ results, with a 
maximal ΔK occurred at K = 2, followed by K = 3 (Sup-
plemental Fig.  2c, d). When K  =  2, O. glaberrima and 
O. barthii are well separated. When K =  3, groups were 
formed as follows: one group containing the wild O. bar-
thii accessions, and two O. glaberrima groups (Ogla_I and 

Fig. 2   Genetic structure of O. sativa varieties using the SNP set from the current study. O. sativa ssp indica and japonica as well as groups II, 
III and V are shown
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Ogla_II) containing each one 5 and 11 O. barthii weedy 
accessions, respectively (see below).

Geographical structure of O. barthii

In the STRUCTURE analysis for the 101 O. barthii, we 
found that the maximal ΔK occurred at K = 2, with the next 
largest peak at K = 3 (Supplemental Fig. 2e, f; Supplemental 
Fig. 4a). At K = 2, O. barthii was divided based on its geo-
graphic distribution in Obar_I containing Niger River Delta 
region and West Africa accessions, and Obar_II group con-
taining Chad Lake region, Central and Austral Africa vari-
eties. At K =  3, O. barthii was divided into pop1 (Central 
Africa), pop2 (Delta of Niger River and West Africa) and 
pop3 (Chad Lake region and Austral Africa varieties; Supple-
mental Fig. 4a). Using an arbitrary cut-off value of 70 % of 
ancestry for assignment, 19, 31 and 28 plants were attributed 
to the pop 1, 2 and 3, respectively; 6, 6 and 11 intermediate 

varieties were detected between 1–2, 1–3 and 2–3 groups, 
respectively. The relationship based on STRUCTURE ances-
try analysis is shown in the Supplemental Fig. 4b.

The clusters identified in the STRUCTURE analysis were 
used to compare the genetic diversity of O. barthii. When 
K = 2, the population pairwise FST value between Obar_I 
and Obar_II was of 0.315 (p  <  0.05). The observed het-
erozygosity (Ho) was of 0.013 and of 0.005 for Obar_I 
and Obar_II (p  <  0.001). These values were lower than 
the expected heterozygosity (He), 0.365 and 0.338, respec-
tively (p < 0.001). Similarly, when K = 3, the observed het-
erozygosity (Ho) was of 0.001, 0.021 and 0.008 for pop1, 
pop2 and pop3, respectively. The expected heterozygosi-
ties (He) were 0.371, 0.332 and 0.324, respectively. All the 
pairwise diversity comparisons were significantly differ-
ent at p < 0.05, except for the He between pop2 and pop3 
(p = 0.74). The inbreeding index FIS for these three clusters 
were 0.941, 0.996 and 0.974, respectively, confirming the 

Fig. 3   Principal component analysis (PCA) of 279 O. glaberrima 
(green) (including four reported hybrids), 101 O. barthii (red), 53 O. 
sativa (blue), 29 O. sativa × O. glaberrima controls (gray) and 5 O. 
longistaminata (yellow; 4 initially known plus the O. barthii 520A 

accession, see text), based on 235 SNPs. The first eigenvector (x axis) 
explained 25.4 % and the second (y axis) explained 8.2 % of variation 
(color figure online)
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high level of selfing (0.87 for the whole species, Nabholz 
et al., 2014). FST value between pop1 and pop2 was of 0.306 
(p < 0.001), between pop1 and pop3 of 0.244 (p < 0.001), 
and between pop2 and pop3 of 0.311 (p < 0.001), showing a 
good separation with limited outcrossing.

No ecological structure observed for O. glaberrima

The structure of O. glaberrima was then assessed using 
STRUCTURE (Fig.  6b). The maximal ΔK suggested two 
groups (Supplemental Fig. 2g, h; Supplemental Fig. 5). At 
K = 2, O. glaberrima is composed of Ogla_I and Ogla_II 
groups, representing 111 and 155 varieties (Fig.  6b), 
respectively. A total of 52 intermediates between groups I 
and II were detected when the arbitrary ancestry percentage 

of 70  % was applied. Similar to O. barthii, the clusters 
identified in the STRUCTURE analysis were used to com-
pare the genetic diversity of O. glaberrima. Population 
pairwise FST value between Ogla_I and Ogla_II was of 
0.282 (p < 0.05), suggesting that these two groups are mod-
erately different and that a large fraction of their genetic 
diversity is shared. The observed heterozygoty (Ho) was of 
0.009 and of 0.019 for Ogla_I and Ogla_II, respectively, 
with a significant difference (p < 0.001). The expected het-
erozygoty (He) are also significantly different (p < 0.001): 
0.338 and 0.287 for Ogla_I and Ogla_II. The inbreeding 
index FIS was 0.970 and 0.932 for Ogla_I and Ogla_II, 
respectively (no significant difference). However, unlike 
O. barthii, O. glaberrima structure did not translate into a 
clear geographical pattern, or a clear ecological one.

Fig. 4   Neighbor-Joining (NJ) tree including the complete set of O. sativa accessions and 13 African varieties (4 varieties reported as natural 
hybrids and 9 accessions firstly classified as O. glaberrima)
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Discussion

O. glaberrima presents several key advantageous traits for 
O. sativa improvement, such as virus and bacteria resistance, 
salt and iron tolerance, and so on (Linares 2002). However, 
to be really efficient in such breeding programs, we first 
need a comprehensive picture of the diversity in O. glaber-
rima, and of its wild ancestor O. barthii. Our study allows 
a large analysis of these species by testing the diversity of a 
collection of individuals from various origins and ecologies 

as well as the largest O. barthii sample set to date. Moreo-
ver, we included individuals of interest in current breeding 
programs, e.g. Tog10434/Og_161, IRGC112577/Og_87 
and Tog7291/Og_172, that show high levels of resistance 
to RYMV (Thiémélé et  al. 2010; Orjuela et  al. 2013). To 
analyze African rice diversity, we built a fast and low-cost 
384 SNP VeraCode Chip designed to maximize African rice 
diversity. We did not directly used the O. sativa 44 k chip 
(Zhao et  al. 2011), since it was developed for the Asian 
species and consequently presents specific bias. Using an 

A

Fig. 5   a NJ tree of O. glaberrima (green) and O. barthii (red). b PCA for the same O. glaberrima (green) and O. barthii (red). The two analyses 
are based on the 235 SNP sets (color figure online)
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efficient bioinformatic methodology based on affordable 
sequencing cost, we were able to identify enough SNP loci 
for our specific purpose, leading the way for the one-shot 
chip design at low cost. The way we selected the SNPs lead 
itself to a biased estimation of the Asian Rice variability, 
rending it lower than the true level. However, as we focused 
on African rices, the current biases are not relevant.

As expected, we were able to easily separate the three 
genetic pools (O. sativa, O. glaberrima and O. barthii) 
using this set of markers. The 47 polymorphic markers 
within Asian and within African rice plants (Oryza variants) 
were even enough powerful in the highly variant Asian rice 
to separate the five already known groups of sativa (Glasz-
mann, 1988; Garris et al. 2005). These markers should rep-
resent ancient polymorphism shared between the Asian and 
African branches of the AA genomes. They are not specific 
for Asian vs African, however, as they are polymorphic in 
the two pools. At the opposite, the remaining 188 mark-
ers are monomorphic in Asian only, and polymorphic in 

the two African species. These markers are fixed either in 
the whole O. sativa species or only in the subset of Asian 
rice varieties we tested. Nevertheless, none of the 47 or 188 
SNPs can be used to individually separate Asian and Afri-
can species, as they are all polymorphic within the African 
species. However, used in global, they can help us to sepa-
rate the two groups: Asian and African.

Previous studies (Semon et al. 2005; Barry et al. 2007; 
Nuijten et  al. 2009) reported natural hybrids between O. 
sativa and O. glaberrima; although all the artificial hybrids 
were clearly located between Asian and African areas, these 
reported natural hybrids did not. In our assay, these hybrids 
are tightly linked to the O. sativa control varieties, close to 
group III plants (Garris et al. 2005). After more phenotypic 
and genetic controls, it appeared that they are not interspe-
cific hybrids, but rather true O. sativa varieties. They do not 
clearly fit in as O. sativa ssp indica or O. sativa ssp japon-
ica varieties, and we hypothesized that they were probably 
introduced a long time ago in Africa, through Western Asia.

B

Fig. 5   continued
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Fig. 6   a NJ tree for the 101 
accessions of O. barthii. The 
dark red line represents the 
Obar_I group, including 40 
varieties; the light red one 
represents the Obar_II group, 
containing 61 accessions. The 
blue dot, yellow triangle and red 
square correspond to the three 
genetic groups found by the 
Evanno method as the second 
maximal ΔK = 3 (Supplemen-
tal Fig. 2). b NJ tree for the 266 
O. glaberrima accessions. The 
dark green curve represents the 
Ogla_I group, including 111 
varieties; the light green curve 
represents the Ogla_II acces-
sions containing 155 accessions 
(color figure online)

A

B
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However, because of the medium resolution (1 locus per 
1.6 M on average, higher than any of the previous studies) 
and the type of polymorphism of our markers (SNP), small 
introgressions resulting from old hybridization might be 
missed. Such strong ancient, complex hybridization events 
result in very small alien introgressions and are by nature dif-
ficult to detect with medium-coverage biallelic marker sets.

Moreover, bias created by markers’ design strongly 
impacts the genetic level of detail one can have on intra-spe-
cific variation. Previous studies’ (Semon et al. 2005; Barry 
et al. 2007) experiments used, respectively 93 and 11 spe-
cific indica/japonica polymorphic SSR markers to study O. 
glaberrima. Consequently, a weak resolution of the diver-
sity of the O. glaberrima/O. barthii group was achieved. 
In our study, we use 235 markers specifically designed for 
the study of the O. glaberrima/O. barthii group, which led 
to a better intra-specific resolution of the diversity for this 
specific group. It is noteworthy that analyses using DNA 
sequence do not have the same bias problem (Li et al. 2011), 
as well as studies using specifically chosen molecular mark-
ers (Dramé et al. 2011). In the same way, our choice of SNP 
polymorphic within the two African rice species leads to a 
reduction of the observed Asian Rice diversity, as only 47 
SNPs upon 235 are polymorphic within this species.

As for the diversity of the African rices only, we found 
some intermediate plants between the cultivated and wild 
compartment. Weedy O. barthii could result from interspe-
cific crosses between O. barthii and O. glaberrima, known 
these two species are inter-fertile. These weedy accessions 
were collected in Delta Niger River (mainly Cameroon 
and Mali) and present a genetic mix between the wild and 
the cultivated species. The presence of wild O. barthii in 
the vicinity of O. glaberrima fields probably favored gene 
flows, in the same way as described for O. sativa and O. 
rufipogon (Zhu et al. 2007; He et al. 2011). We also found 
that 14 of the 20 O. barthii tested in Li et  al. (2011) are 
detected as intermediate (maybe weedy) type in our 
analysis (individuals bar_ZAM1, bar_TAN, bar_CAM1, 
bar_MAL1, bar_SIE2, bar_SIE1, bar_MAU, bar_NIG, 
bar_GUI2, bar_GUI1, bar_BUR, bar_MAL2, bar_SEN, 
bar_GAM1). The presence of these intermediate individu-
als might hamper inferences about domestication. How-
ever, even with these weedy forms, the FST value between 
wild and cultivated species indicates a clear genetic differ-
entiation between the two genetic pools.

The structure of O. barthii shows a clear geographical 
pattern, with two main diversity regions are identified: the 
Chad Lake and the Delta Niger River (plus Austral and 
East African samples), with an additional minor one cov-
ering Central Africa. Few admixtures are observed in our 
collection between the three groups. We also found a high 
level of inbreeding in this species, as in Nabholz et  al. 
(2014), as well as limited gene flows between these three 

groups, and a higher general diversity in the wild species 
compared to the cultivated one, as expected. Such radiation 
could have different origins, to be investigated: ecological 
or geographical barriers, human spreading, sampling miss-
ing in some regions, etc.

In O. glaberrima, we could not decipher a clear geo-
graphical pattern, but we detect two genetically separated 
groups: Oglab_I and Oglab_II (Fig.  6b). No correlation 
between these two groups and any phenotypic feature 
assayed so far (grain shape, pericarp color, panicle structure, 
etc.; data not shown) could be established. Nevertheless, 
we can observe that the two NERICA parents, TOG5681 
and CG14, belong to two different groups: Oglab_I and 
Oglab_II, respectively. As they represent two extreme dif-
ferent ecotypes, irrigated and upland, these two groups 
might harbor some particular ecological adaptation found 
through the geographic distribution of O. glaberrima. To 
reach more precision, the use of higher density marker set of 
complete genome sequencing might be necessary, as well as 
more phenotyping. Such approaches could certainly refine 
the analysis presented here and would also allow genome-
wide association studies.

The knowledge generated by our present results and the 
following genomic investigations will open the way to an 
efficient use of O. glaberrima and O. barthii in Asian and 
African rice breeding programs. Indeed, in regard of the 
lower variability of O. glaberrima compared to O. barthii, 
the wild relative of the African rice might be worth to be 
investigated for the Asian rice improvement. It is thus of high 
importance to more deeply analyze the diversity of O. bar-
thii, to fully unravel the potentiality of African rice species.
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