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Abstract
Utilizing the full potential of rice collections mainly depends on an in-depth explo-

ration and understanding of the vast diversity in its germplasm. The AfricaRice

genebank holds the largest collection of rice germplasm originating from the African

continent. In the present study, we comprehensively characterized a collection of

9013 accessions, including Oryza barthii A. Chev., Oryza glaberrima Steud., Oryza
longistaminata A. Chev. & Roehr., Oryza sativa L. ssp. indica, and Oryza sativa
L. ssp. japonica, for genetic diversity and population structure using genotyping-

by-sequencing through DArTseq analysis. We identified 27,718 high-quality single

nucleotide polymorphism markers after the genotypic data were filtered. Based on

the analyses, the collection has extensive genetic diversity, and the average genetic

distance of the entire set was 0.267 (range 0.001–0.469), with 45.1% of pairs of

accessions being highly distant and 40.1% moderately distant from each other.

Neighbor-joining tree, principal component, and Bayesian population structure anal-

yses clustered the 9013 accessions into six groups, based roughly on their taxonomic

and biological status. The first, second, and third groups consisted of accessions

belonging to O. glaberrima, O. barthii, and O. longistaminata, respectively. The

fourth, fifth, and sixth groups were improved-indica, japonica, and traditional-indica
accessions, respectively. The highest value of genetic variance proportion (PhiPT)

was found in the species group followed by groups based on cluster analysis and on

Bayesian population structure at K = 6. These results allow us to better understand

the genetic diversity present in 9013 rice accessions maintained in the AfricaRice

genebank and offer a valuable tool for pre breeding, breeding, and further genetic

applications.

Abbreviations: AMOVA, analysis of molecular variance; DArT, diversity array technology; IBS, identity by state; IRRI, International Rice Research

Institute; LEA, Landscape and Ecological Association; MDS, multidimensional scaling; NJ, neighbor joining; PCA, principal component analysis; SNP,

single nucleotide polymorphism.
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Plain Language Summary
To fully utilize rice collections, understanding their genetic diversity is essen-

tial. The AfricaRice genebank, which holds the largest African rice collection,

characterized 9013 accessions from Oryza barthii, Oryza glaberrima, Oryza longis-
taminata, Oryza sativa ssp. indica, and Oryza sativa ssp. japonica using DArTseq

genotyping-by-sequencing. A total of 27,718 high-quality single nucleotide poly-

morphism markers were identified, revealing significant genetic diversity with an

average genetic distance of 0.267, and 45.1% of pairs being highly distant. Six clus-

ters emerged from analyses, corresponding to species and biological classifications.

These findings enhance the understanding of genetic diversity in the AfricaRice

collection and provide valuable tools for breeding and genetic studies.

1 INTRODUCTION

Rice is primarily a staple food in Asia, the Caribbean, and
Latin America, and is becoming progressively popular in
Africa (OECD-FAO, 2021). It has superior nutrient content
compared to maize, wheat, and potatoes (Mohidem et al.,
2022). It is also recognized as a great source of vitamin E and
B5, as well as carbohydrates, thiamine, calcium, folate, and
iron (Mohidem et al., 2022). For more than 3000 years, rice
has been cultivated in parts of Africa and is grown in about
40 out of 54 African countries (Arouna et al., 2020). Despite
comprising only 13% of the global population, Africa con-
stitutes 32% of worldwide rice imports, establishing it as a
significant participant in the global rice trade. For instance,
the growth in annual demand for rice consumption is faster
than for any other staple food in sub-Saharan Africa with a rate
of about 6% (Soullier et al., 2020). However, levels of domes-
tic rice production lag behind the growth in consumption for
various reasons, including population growth, urbanization,
and changes in consumer preferences (Sekiya et al., 2020).
Thus, the continent fills the expanding gap between supply
and demand through massive imports from Asia (Falcon et al.,
2022). To ensure food and nutrition security in Africa, it is
imperative that research and breeding efforts not only focus on
developing climate-resilient rice varieties but also on enhanc-
ing yield and addressing consumer preferences in quality and
nutrition. Developing resilient varieties requires the availabil-
ity of and accessibility to diverse and ecologically adapted
germplasm with a broad genetic base (Mba & Ogbonnaya,
2022; Whitfield et al., 2021).

Genetic diversity is a basic component of biodiversity and
its conservation is essential for the long-term survival of
any species in changing environments (J. Kumar & Agrawal,
2019; Quiones-Prez et al., 2014). Large amounts of plant
genetic resources of different plant species are maintained
in various genebank collections around the world (Mohidem
et al., 2022). Genebanks play a key role in the conserva-

tion and use of untapped plant genetic diversity for crop
improvement for food and nutrition security (FAO, 2014).
They complement the conservation of genetic diversity in
farmers’ fields and in nature through long-term conservation
(Weise et al., 2020).

AfricaRice genebank holds the largest collection of African
rice in the world and the largest rice collection in Africa, with
about 20,681 rice accessions. Nearly 83.4% of the accessions
in the AfricaRice collection were collected within Africa, 14%
(3130 accessions) of them being Oryza glaberrima while 64%
(14,480 accessions) are African Oryza sativa (Ndjiondjop
et al., 2022). This rich source of genetic variation is available
and accessible to public and private plant breeding programs
as well as other interested germplasm users (Halewood et al.,
2020). The AfricaRice genebank germplasm may contain use-
ful traits that could be exploited for future crop improvement
programs. However, its deployment in rice improvement is
constrained by lack of information on its potential genetic
value due to inadequate characterization.

The value of plant genetic resources in crop genetic
improvement depends on the level of genetic variation
present in the germplasm and this can be assessed through a
variety of approaches (MacKay et al., 2009). Assessment of
genetic diversity, relationships, and structure within a given
set of germplasm is an essential tool for crop improvement
through (1) elucidating the diversity between parental lines
before hybridization and introgression of desirable genes
into elite genotypes, (2) determining the level of genetic
variability when defining core subsets selected for specific
traits, and (3) estimating possible loss of genetic diversity
during conservation or through selection (Chang et al., 2022;
Gouda et al., 2020; A. Kumar et al., 2020; Mohammadi &
Prasanna, 2003; Mommer et al., 2011; Ndjiondjop et al.,
2022; Reif et al., 2005).

Genetic diversity in rice has been investigated using mor-
phological, biochemical, and DNA markers (Vanlalsanga &
Singh, 2019). However, both morphological and biochemical
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traits are highly influenced by the environment through geno-
type × environment interactions and may not allow accurate
genetic analysis of the germplasm (Chesnokov & Koso-
lapov, 2020; S un et al., 2022). To address these challenges
and to ensure effective conservation and sustainable use,
molecular tools are excellent for analyzing and characterizing
germplasm collections. To date, molecular markers have been
extensively used to measure genetic diversity, population
structure, and phylogenetic relationships, and assess popu-
lation evolutionary history and conduct association studies
(Konishi et al., 2006; Lakew et al., 2021; Liu et al., 2021;
Montcho et al., 2021; Ndjiondjop et al., 2018a; Phung et al.,
2014; Vilayheuang et al., 2020; Wang et al., 2018). Although
molecular markers have proven effective, novel tools with
greater capacity are needed to support the conservation and
accelerated use of plant genetic diversity. Diversity arrays
technology (DArT) and single-nucleotide polymorphisms
(SNPs), based on next-generation sequencing, have been
utilized extensively in genetic diversity studies in numerous
crops including rice (Adeboye et al., 2020; Baloch et al.,
2017; Gouda et al., 2020; Ndjiondjop et al., 2018a, 2018b,
2022; Ramirez-Villegas et al., 2022; Sansaloni et al., 2020).

In the present study, we characterized released culti-
vars, improved/breeding lines, traditional/landraces, and wild
species and identified useful variations that can be efficiently
utilized in rice breeding. The main goal of this study was to
assess the genetic diversity and population structure of 9013
rice accessions maintained by AfricaRice genebank using
high-density DArTseq SNPs.

2 MATERIALS AND METHODS

2.1 Genotyping

A total of 9013 rice accessions comprising improved culti-
vars, advanced lines, landraces/ traditional cultivar, and rice
wild species were selected in a random manner from the entire
collection maintained in AfricaRice genebank and used in
this study. These included O. glaberrima (3130), O. sativa
ssp. indica (4928), O. sativa ssp. japonica (707), the wild
species Oryza barthii (163), and Oryza longistaminata (85),
with origins from 75 countries and 11 geographical regions.
They represent varied ecosystems, upland and irrigated low-
land, rainfed lowland, flooding, hydromorphic, mangrove,
and shallow and deep forest swamp (Table S1; Figure 1).
DNA was extracted according to the protocol described pre-
viously by Ndjiondjop et al. (2022). Briefly, approximately
5 mg of fresh leaf samples were harvested from a single 3- to
4-week-old seedling and placed in a 1.1 mL MicroTubes (Bio-
quote Limited). The tissue was dried at 57˚C using a Binder
FD53 E2 Drying oven (Akribis Scientific Limited), covered
with micronic sealing mats (NBS Scientific), and shipped to

Core Ideas
∙ The 9013 genotyped accessions are 42% of the

AfricaRice collection and represent four species,
six ecologies, and 76 countries.

∙ Genetic distances between pairs of accessions were
variable but 58% were highly distant, implying the
uniqueness of most accessions of the AfricaRice
collection.

∙ Single nucleotide polymorphism based cluster
analysis revealed six distinct groups corresponding
to two indica groups and one japonica group and
one individual group for each of the other species
included in the study (Oryza glaberrima, Oryza
barthii, and Oryza longistaminata).

DArT Pty Ltd (http://www.diversityarrays.com/) for genotyp-
ing. A total of 49,685 SNPs markers were generated from the
genotyping of these 9013 Oryza sp accessions.

2.2 Data filtering

Data were filtered using the procedure previously described
in Ndjiondjop et al. (2022). SNPs with unknown chromo-
some positions were removed from the dataset. The resulting
genotypic dataset of the 12 chromosomes were filtered for (1)
missingness ≤25%, (2) max heterozygosity fixed at 0.5, and
(3) minor allele frequency (MAF) ≥1%. The filtering returned
27,718 SNP markers that captured the diversity of the 9013
Oryza sp accessions.

2.3 Statistical analysis

Statistical analyses were performed as previously described
in Ndjiondjop et al. (2017, 2022). Briefly, heterozygosity,
identity by state (IBS)-based genetic distance matrices, and
principal component analysis (PCA) were computed using
TASSEL v.5.2.58 (Bradbury et al., 2007). The first three prin-
cipal components (PCs) from the PCA were plotted for visual
examination in CurlyWhirly version 1.19.09.04 (The James
Hutton Institute, Information & Computational Sciences)
using the seven categorical variables: subspecies, germplasm
type, country of origin, adapted ecology, region, continent,
and predicted group memberships from phylogenetic and
population structure analyses. The R package “poppr” ver-
sion 2.9.3 (Kamvar et al., 2014) was used to perform the
analysis of molecular variance (AMOVA) and to detect the
genetic variance within and among populations using the
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4 GOUDA ET AL.Crop Science

F I G U R E 1 World map showing in green color, the countries of origin where the 9013 Oryza sp. accessions were collected.

PhiPT value (analogue of FST fixation index). Based on con-
tinent, region, country of origin, ecology, biological status,
species, and group membership predicted from the phylo-
genetic and population structure analyses, accessions were
assigned to six groups (populations). Neighbor-joining (NJ)
trees were built using TASSEL v.5.2.58 software. The trees
were exported in the “Newick” format and further refined
in iTOL v4 online program (Letunic & Bork, 2019). The
HapMap format of each dataset was exported to PHYLIP
interleaved format using TASSEL v.5.2.57 and then converted
to Molecular Evolutionary Genetics Analysis (MEGA) X (S.
Kumar et al., 2018) format using PGDSpider v.2.1.1.3 (Lis-
cher & Excoffier, 2012). The MEGA X software was used to
measure the number of segregating sites (S), the proportion
of polymorphic sites (Ps), theta (θ), and nucleotide diversity
(π). A site (SNP) was considered segregating if it had two
or more nucleotides at that site; π refers to the average num-
ber of pairwise nucleotide differences between two sequences
(samples), while θ was used as another estimator of diversity
based on the number of segregating sites in the samples. Pop-
ulation structure was analyzed using the R package “LEA”
STRUCTURE-like method and the Admixture model (Fri-
chot & François, 2015). A plot of cross-entropy against the
number of ancestral populations was generated to determine
the optimal number of ancestral populations or the best run
for a fixed value of K. DNA samples and accessions with
membership probabilities >60% were assigned to the same
clusters (group), while those with probabilities <60% in any
group were assigned to a “mixed” group (Gouda et al., 2020;
Ndjiondjop et al., 2018a, 2022).

3 RESULTS AND DISCUSSION

3.1 Distribution of SNP markers

Genomic DNA from all 9013 rice accessions in this study
was analyzed and revealed a total of 49,685 polymorphic
SNPs. These single nucleotide variations were further sub-
jected to hard filtering and resulted in a final number of 27,718
polymorphic SNPs markers (about 56% of the 49,685 SNPs)
distributed across the 12 chromosomes (Table S2). The num-
ber of SNPs ranged from 1427 on chromosome 10 to 3196
on chromosome 1, with an overall average of 2309 SNPs per
chromosome (Table 1). The physical length of each chromo-
some ranged from 16,820 kb on chromosome 10 to 33,040 kb
on chromosome 3, with an overall genome size of 284,104
Mb. The average map length ranged from 9.3 (chromosome
12) to 11.7 kb (chromosome 10) indicating that the SNPs
provide sufficient coverage of the whole genome (Figure 2;
Table 1).

Analysis of SNPs within individual species/subspecies
indicated that O. sativa ssp. indica had the highest number of
polymorphic SNPs, 18,902, whereas O. longistaminata had
the lowest number of polymorphic SNPs, 7220 (Figure 3).
SNP markers unique to each species/subspecies were iden-
tified for O. longistaminata (466), O. glaberrima (324), O.
barthii (726), O. sativa japonica (202), and O. sativa indica
(2888) (Figure 3). The MAF values of the SNP markers
ranged from 0.010 to 0.500 with an average of 0.191 (Table
S2). These values were similar to those previously reported
in earlier studies using DArTseq SNPs markers (Ndjiondjop
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GOUDA ET AL. 5Crop Science

T A B L E 1 The chromosomal distribution of 27,718 polymorphic single nucleotide polymorphisms (SNPs) used for genotyping 9013 O. sativa
accessions, the physical length of each chromosome covered by the SNPs in kilobase (kb) pairs and average map length per SNP (kb).

Chromosome
Physical length based on
27,718 SNPs (Mb)

Number of SNPs polymorphic
in 9013 Oryza sp

Average map length
per SNP (kb)

Chr1 32,598 3196 10.1

Chr2 29,072 2984 9.7

Chr3 33,040 3023 10.9

Chr4 26,231 2526 10.3

Chr5 23,188 2045 11.3

Chr6 23,814 2356 10.1

Chr7 21,754 2225 9.7

Chr8 20,272 2101 9.6

Chr9 17,390 1625 10.7

Chr10 16,820 1427 11.7

Chr11 20,770 2167 9.5

Chr12 19,148 2043 9.3

Total 284,104 27,718 –

F I G U R E 2 Distribution of the 27,718 high-quality single nucleotide polymorphism (SNP) markers within a 1 Mb window for each of the 12

chromosomes of the Oryza sp genome.

et al., 2017, 2018b, 2022). The identified SNP markers are an
important resource to further investigate rice genetic diversity
and for genome-wide associations studies (Razak et al., 2020;
Reig-Valiente et al., 2016).

3.2 Genetic purity

Heterozygosity is one of the most popular parameters to deter-
mine the proportion of heterozygous individuals at a locus

in a population. Heterozygosity can be a useful source of
genetic variation in parental lines to develop new segregat-
ing populations (Belefant-Miller et al., 2012). Accessions
with high levels of heterozygosity are of great conserva-
tion value due to the high amount of genetic variation that
they possess. In addition, understanding of heterozygosity
is important as it helps inform conservation management
decisions. Assessing patterns of heterozygosity can, for exam-
ple, help in determining the suitability and effectiveness of
a regeneration method in maintaining genetic diversity and
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6 GOUDA ET AL.Crop Science

T A B L E 2 Observed heterozygosity calculated across the 9013 Oryza accessions using the 27,718 polymorphic single nucleotide

polymorphism (SNP) markers.

Species/subspecies
No. of
accessions Range (%) Average (%)

No. of accessions
with Het ≤5%

No. of accessions
with Het >5%

Oryza sativa spp. indica 4928 0–15.4 1.5 4593 335

Oryza sativa spp. japonica 707 0–15.4 1.5 651 56

Oryza glaberrima 3130 0–9.3 0.7 3127 3

Oryza barthii 163 0–2.6 0.6 163 0

Oryza longistaminata 85 0–2.3 0.9 85 0

F I G U R E 3 Venn diagram showing the number of unique and

common divergent single nucleotide polymorphism (SNP) markers

among the four Oryza species and two Oryza sativa subspecies. The

values in the parentheses represent the total number of polymorphic

markers for the species and subspecies used in this study.

integrity (McCouch et al., 2012). Rice is a self-pollinated
crop with an outcrossing rate of between 2% and 5% (Semon
et al., 2005). Heterozygosity analysis was performed on the
9013 accessions and is presented in Table S3 and Figure S1.
The observed heterozygosity per accession within O. sativa
ranged from 0% to 15.4%, with an average of 1.5%, and con-
firmed the recent observations published by Ndjiondjop et al.
(2022). The number of indica and japonica accessions that
exceeded the normal rate of heterozygosity were 335 (7.2%)
and 56 (7.9%), respectively (Table 2). For the O. glaber-
rima species, the observed heterozygosity was between 0%
and 9.3%, with an average of 0.7%. Three O. glaberrima
accessions were observed to have heterozygosity greater than
5% (Table 2). The average observed heterozygosity of O.
glaberrima accessions (0.7%) was lower than the 2.3% pre-

viously reported by Ndjiondjop et al. (2017). The difference
observed between the study conducted by Ndjiondjop et al.
(2017) and this study may be due to (1) the large difference
in the number of accessions genotyped in each study, with
3130 accessions (this study) compared to 2179 accessions
in Ndjiondjop et al. (2017); (2) the low heterozygosity rate
in the 951 new accessions used in the present study, thus
affecting MAF, and (3) the number of polymorphic markers
used to assess the observed heterozygosity within O. glaber-
rima accessions, with 27,560 SNPs compared to 7585 SNPs
in the previous study. The occurrence of low levels of het-
erozygosity (0.002–0.010) has also been reported in other
studies focused on rice (Choudhury et al., 2014; Nachimuthu
et al., 2015; Singh et al., 2013). Nachimuthu et al. (2015) sug-
gested that low levels of heterozygosity may be due to the
self-fertilizing nature of rice. Heterozygosity in accessions
belonging to O. barthii and O. longistaminata species ranged
from 0 to 2.6 and 0 to 2.3, respectively (Table 2). Veltman
et al. (2019) reported that O. barthii has higher heterozygos-
ity than O. glaberrima. However, the present results do not
agree with Veltman et al. (2019) and can be explained by
the low number of O. barthii accessions genotyped compared
to O. glaberrima. All O. longistaminata accessions exhib-
ited low heterozygosity and agreed with the study by Melaku
et al. (2019) on O. longistaminata collected from Ethiopia. In
sum, observed heterozygosity (Ho = 0.00–0.154) was found
to be lower than expected (He = 0.241–0.289) due to the
high inbreeding (Fis = 0.424–1) nature of rice. These findings
are consistent with the conclusions reported by Kimwemwe
et al. (2023), who assessed the genetic diversity of 94 rice
accessions, 43 of which were provided by the AfricaRice
genebank.

A genetic bottleneck occurs when a population undergoes
a significant reduction in size, resulting in the loss of genetic
diversity (Londo et al., 2006; Maruyama & Fuerst, 1985;
Zachariah Peery et al., 2012). Wild rice species typically have
restricted gene flow due to factors such as geographic iso-
lation, ecological barriers, or differences in flowering time
(Gao, 2004; Z. P. Song et al., 2003). Hence, limited gene
flow and/or genetic bottlenecks within wild rice species pop-
ulations can restrict the introduction of new genetic variants,
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GOUDA ET AL. 7Crop Science

leading to reduced heterozygosity (Veltman et al., 2019).
Additionally, wild rice populations may have experienced past
genetic bottlenecks contributing to the low heterozygosity
levels observed. These results demonstrate the urgent need
for genebanks, such as AfricaRice, to collect and preserve
more wild species worldwide to avoid/reduce loss of diver-
sity over time. About 4.4% (394 out of 9013 genotypes) of the
genotyped Oryza sp accessions had residual heterozygosity
(Table S3; Figure S1). According to previous studies, resid-
ual heterozygosity is common in many rice cultivars and can
occur because of pollen flow during germplasm regeneration
(Belefant-Miller et al., 2012; Gouda et al., 2020; McCouch
et al., 1998). The availability of genetically pure seeds is
extremely important in breeding and commercial seed pro-
duction (Ndjiondjop et al., 2018a). In genebanks, genetic
purity is essential in maintaining and preserving genetic
resources. Genetic purity in genebanks usually refers to how
an accession is maintained through time, sustaining it in its
introduced state and avoiding seed mixture and contamina-
tion. In cases where accessions are landraces, it could mean
maintaining the accession as a mixture of different genotypes
if it is mixed. Heterozygosity and seed homogeneity are both
essential for sustaining genetic purity in genebanks. Heterozy-
gosity within and across accessions provides breeders and
researchers with valuable alleles with the potential to address
a current or future stress or infection. The data generated in
the current study will help AfricaRice identify and address
segregating accessions so that genetic purity of such acces-
sions can be maintained. This process is currently in progress
at AfricaRice with the goal to have pure seeds for distribution
in the year 2024.

3.3 Genetic divergence between pairs of
accessions

The IBS values between pairs of genotypes were used to esti-
mate average genetic similarity between the 9013 Oryza sp
accessions. Genetic distance is classified as low, medium,
high, or very high when the pairwise genetic distance values
are <0.1, 0.101–0.200, 0.0201–0.3, and >0.3, respectively.
(Gouda et al., 2020; Liu et al., 2021; Ndjiondjop et al.,
2017, 2022). The minimum and maximum values of the
paired genetic distance observed were between 0.002–0.035
and 0.394–0.529, respectively, with an average of 0.180–
0.269. The 9013 Oryza accessions showed high genetic
variability, with 58% of pairs of accessions exhibiting very
high genetic distances. Pairs of genetic distance computed
from 7220 SNPs across the 85 O. longistaminata acces-
sions varied from 0.002 to 0.448 with an average distance
of 0.200 (Table 3; Figure 4a; Table S4). The majority
(79.5%) of the pairs of O. longistaminata accessions had
genetic distance values between 0.101 and 0.200 as shown

in Figure 4a. About 8.82% of pairs of accessions had genetic
distance greater than 0.300. The highest genetic distance was
observed between WABT230362 from Mali and the following
accessions from Kenya: WABTMP18013, WABTMP18006,
and WABTMP18016 (Tables S1 and S4). In wild rice,
high genetic distance can be beneficial for breeding, as
it can lead to increased genetic diversity and the intro-
gression of desirable traits into cultivated rice varieties (Z.
Song et al., 2005). Thus, these four wild accessions can
be screened under different environmental conditions for
disease resistance, drought, salinity tolerance, and iron tox-
icity and determine their fit as donor parents in breeding
programs.

The O. barthii species pairs of genetic distance ranged
between 0.035 and 0.394 with an average of 0.269 for the
8885 SNPs across the 163 accessions (Figure 4b; Table 3;
Table S4). The values are similar to those previously reported
by our team (0.01–0.34) for 115 O. barthii accessions that
were genotyped with 26,073 SNPs markers (Ndjiondjop et al.,
2019). The 3130 accessions of the African cultivated rice,
O. glaberrima, had pairs of genetic distance between 0.020
and 0.417 with an average of 0.220, using 7585 polymorphic
SNPs markers (Figure 4c; Table 3; Table S4). Unsurprisingly,
O. barthii exhibited higher diversity than O. glaberrima,
with values of 0.269 versus 0.220 (Table 3). These observa-
tions confirmed results reported in previous studies (Gouda
et al., 2020; Ndjiondjop et al., 2017, 2019). Approximately
26.2% of pairs of O. glaberrima accessions had genetic dis-
tance between 0.051 and 0.100 (Figure 4c; Table S4). The
low genetic distance observed between O. glaberrima and O.
sativa could enhance their crossability by improving genetic
compatibility, facilitating effective recombination, enabling
gene flow, and reducing barriers to hybridizations. This can
significantly benefit breeding programs aimed at incorporat-
ing beneficial traits from one species into the other, ultimately
leading to the development of new rice varieties with desirable
traits (Choi et al., 2019; Meyer et al., 2016; Ndjiondjop et al.,
1999, 2010; Sarla & Swamy, 2005; Sweeney & McCouch,
2007).

In O. sativa, the genetic distance for pairs of accessions
belonging to indica and japonica subspecies was between
0.009–0.460 and 0.012–0.529, respectively. The indica sub-
species had a higher average genetic distance, 0.231, com-
pared to subspecies japonica, 0.180. In the indica subspecies,
most of the pairs of accessions had genetic distance values that
fell between 0.401–0500 (43.33%) and 0.201–0.300 (41.20%)
(Figure 4d). However, in the japonica subspecies, most of the
pairs of accessions had genetic distance values between 0.101
and 0.200 (61.40%) (Figure 4e). In the O. sativa accessions,
53.1% of indica and 75.6% of japonica pairs were moder-
ately distant, while 46.7% of indica accessions and 12.3% of
japonica accessions pairs were highly distant (Figure 4d,e).
Overall, the 9013 Oryza sp showed high genetic variability

 14350653, 0, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/csc2.21395 by E

B
M

G
 A

C
C

E
SS - C

O
T

E
 D

'IV
O

IR
E

, W
iley O

nline L
ibrary on [08/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 GOUDA ET AL.Crop Science

T A B L E 3 Number of accessions per species/subspecies, number of polymorphic single nucleotide polymorphisms (SNPs) markers, and

minimum, maximum, and mean of the pair of identity by state (IBS) based genetic distance across the 9013 accessions.

Species/subspecies
No. of
accessions

No. of polymorphic
SNPs markers Minimum Maximum Mean

Oryza sativa spp. indica 4928 18,902 0.009 0.460 0.231

Oryza sativa spp. japonica 707 15,865 0.012 0.529 0.180

Oryza glaberrima 3,130 7585 0.020 0.417 0.220

Oryza barthii 163 8885 0.035 0.394 0.269

Oryza longistaminata 85 7220 0.002 0.448 0.200

Oryza sp. 9013 27,718 0.000 0.469 0.267
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(d) (e) (f)

F I G U R E 4 Frequency distribution of pairwise identity by state (IBS)-based genetic distance computed in (a) 85 Oryza longistaminata, (b) 163

Oryza barthii, (c) 3130 Oryza glaberrima, (d) 4928 Oryza sativa ssp indica, (e) 707 Oryza sativa ssp japonica, and (f) all 9013 accessions based on

7220; 8885; 7585; 18,902; 15,865; and 27,718 polymorphic single nucleotide polymorphisms (SNPs), respectively.

with 40.1% and 45.1% of pairs of accessions with mod-
erate and high genetic distance, respectively (Figure 4f).
The results demonstrate that the AfricaRice accessions are
genetically diverse both within and across species, making
them a valuable source for discovering novel alleles that
can be incorporated into new rice varieties through breeding
programs.

3.4 Molecular diversity indices

Molecular diversity of accessions was estimated using sev-
eral diversity estimators including the number of segregating
sites (S), proportion of polymorphic sites (Ps), theta (ϴ),

nucleotide diversity (π), and gene diversity (D) (Table S5).
The observed values of m, Ps, ϴ, and π based on species
indicated that the indica accessions, 54.67% of the overall
accessions, were more diverse (Ps = 0.911 and π = 0.147)
than the japonica accessions that represented 7.84% of the
population (Ps = 0.774 and π = 0.094) (Table S5). Oryza
longistaminata accessions were the least diverse compared to
other species with Ps = 0.251 and π = 0.045. The O. longis-
taminata accessions had the smallest number of both wild and
cultivated genotyped accessions, thus could explain the low
values observed in the present study. These observations con-
firmed those previously observed by Ndjiondjop et al. (2022),
who reported that genetic diversity estimators can be affected
by sample size.
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GOUDA ET AL. 9Crop Science

When the accessions were grouped by continent of ori-
gin, accessions from Africa were observed to be more diverse
(Ps = 1.00 and π = 0.256) than accessions from Asia
(Ps = 0.982 and π = 0.161); the Caribbean; Central, South,
and North America (Ps = 0.962 and π = 0.160); and Oceania
and the Middle East (Ps = 0.505 and π = 0.175). Accord-
ing to Ps and π, accessions that originated from Nigeria were
the most diverse (Ps = 0.999 and π = 0.254), while those
from Mozambique were the least diverse (Ps = 0.503 and
π = 0.144) (Table S5). Nigeria also had the highest number
of genotyped accessions and represented about 24.04% of the
overall accessions in this study. These observations reaffirm
that sample size influence genetic diversity indices but also
confirms that it influences measures of geographic diversity.
Thus, the high genetic diversity observed in Nigerian acces-
sions is likely attributed to the large number of genotyped
accessions. Tajima’s D test is used to distinguish a randomly
evolved DNA sequence (“neutrally”) from a non-randomly
evolved DNA sequence. This includes directional selection or
balancing selection, demographic expansion or contraction,
genetic hitchhiking, or introgression (Tajima, 1989). It mea-
sures the shift in the site frequency when an allele moves to
fixation by comparing the observed diversity to the expected
diversity if selection is absent (Cadzow et al., 2014; Lewon-
tin & Krakauer, 1973; Nielsen, 2001; Schmidt & Pool, 2002).
That is, it compares the number of segregating sites to the
number of nucleotide differences between individuals. As a
haplotype moves to fixation, it causes an initial reduction in
variation around the allele and results in negative values of
Tajima’s D statistic, giving rice to new mutations to create an
excess of rare variants as it reaches fixation (Braverman et al.,
1995; Eckshtain-Levi et al., 2018; Schmidt & Pool, 2002). In
the current study, positive Tajima’s D values were observed
for all agro-ecologies group except for floating ecology. Dif-
ferences were observed in Tajima’s D values between species,
with negative values being observed for accessions belonging
to O. longistaminata and O. sativa indica species/subspecies
(Table S5). Negative Tajima’s D values were also observed
for accessions from Ghana, Togo, Sri Lanka, United States,
China, Thailand, Bangladesh, Indonesia, Zambia, Malawi,
Benin, and India. These negative D values suggest the pres-
ence of excess rare alleles between O. longistaminata and
O. sativa indica species/subspecies, and countries of origin,
which is indicative of a recent selective sweep event, purifying
selection, population expansion after a less recent bottle-
neck, or linkage to a swept gene (Schmidt & Pool, 2002; L.
Zhang, Ma, et al., 2021). These observations suggest that the
AfricaRice germplasm is genetically diverse; however, there
remains a need to increase genetic diversity in the collection.
Acquiring additional rice accessions from underrepresented
countries and species will help to expand the genetic diversity
of the AfricaRice genebank.

3.5 Genetic relationships and population
structure

Assessment of genetic relationships and divergence of genetic
resources is important in supporting management of collec-
tions and identifying potential parents for breeding programs
(Pathaichindachote et al., 2019). This will minimize the use
of closely related accessions as parents in breeding pro-
grams, reducing inbreeding depression and increasing genetic
variation (Suvi et al., 2019). In the present study, polymor-
phic SNPs were used to assess genetic relatedness using
three clustering approaches, PCA projection, distance-based
neighbor-joining cluster, and population structure analysis
based on Bayesian cluster analysis.

The first, second, and third PCs of PCA projection
explained 48.9%, 9.0%, and 3.0% of the overall variation,
respectively. Thus, the first three PCs explained 60.0% of
the molecular variation across the 9013 accessions (Table
S6). The three PCs of the accessions were graphed and dis-
played a clear structure of the population (Figure 5). Indeed,
PC1 and PC2 alone can already provide valuable insights into
the genetic diversity among the 9013 accessions genotyped
using the DArT markers. PC1 captured most of the vari-
ance, thus revealing the most significant differences among
the accessions, particularly genetic diversity between species
and subspecies. Despite capturing a smaller proportion of the
variance, PC2 offered additional insights into other aspects
of variation, such as phenotypic differences or geographical
variations. Moreover, each additional PC captured an addi-
tional portion of the residual variance in the data, allowing for
a more comprehensive understanding of the variation struc-
ture (Greenacre et al., 2022). Based on these considerations,
the 9013 accessions were projected onto three axes, as shown
in Figure 5. NJ is an algorithm used to analyze the evolution of
species according to genetic sequences and viewed as phylo-
genetic trees. The IBS-based genetic distance matrix was used
to construct an NJ tree to understand the relationships between
the 9013 accessions and how these relationships reflect their
genetic status, agro-ecology, and geographical origin. The NJ
tree analysis clustered accessions into six groups and was sim-
ilar to the results of the PCA clustering (Figures 5 and 6).
Group membership ranged from 60 accessions in NJ-Group 2
to 3233 accessions in NJ-Group 1 (Table S1).

The first group, NJ-Group 1, contained all the O. glaber-
rima and 63.2% of the O. barthii accessions (Figure 6; Figure
S2). Approximately 96.6% of accessions in this group are tra-
ditional landraces and 3.1% are wild accessions (Figure S3).
Traditional African rice varieties such as CG14, CG 20, and
IG 10 clustered in this group. Irrigated and rainfed lowland
ecologies accounted for 39.8% and 36.4% of the total acces-
sions of NJ-Group 1, while 18.9% of the accessions were of
upland ecology (Figure S4; Table S1). For NJ-Group 1, 93.8%
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10 GOUDA ET AL.Crop Science

Oryza glaberrima (NJ-Group 1) 

Oryza barthii (NJ-Group 2) 

Oryza longistaminata (NJ-Group 3) 

Oryza sativa spp. japonica (NJ-Group 5) 

Oryza sativa spp. indica- traditional/landraces (NJ-Group 4) 

Oryza sativa spp. indica- advanced/improved cultivars (NJ-Group 6) 

Legend

Unassigned 

O. sativa spp. japonica 
(NJ-Group 5)

O. sativa spp. indica-
advanced/improved cultivars

(NJ-Group 6)

O. sativa spp. indica-
traditional/landraces

(NJ-Group 4)

O. glaberrima
(NJ-Group 1)

O. barthii
(NJ-Group 2)

O. longistaminata
(NJ-Group 3)

Unassigned

F I G U R E 5 Principal component analysis of 9013 Oryza accessions using 27,718 polymorphic single nucleotide polymorphisms (SNPs).

Accessions with the same color belong to the same group. Accessions are colored according to relationships between them. The principal component

analysis (PCA) was colored using iTOL v4 online program (Letunic & Bork, 2019).

O. glaberrima
(NJ-Group 1) Unassigned

O. barthii
(NJ-Group 2)

O. longistaminata
(NJ-Group 3)

O. sativa spp. 
japonica

(NJ-Group 5)

O. sativa spp. indica-
advanced/improved 

cultivars (NJ-Group 6)

O. sativa spp. indica-
traditional/landraces 

(NJ-Group 4)

Oryza glaberrima (NJ-Group 1) 

Oryza barthii (NJ-Group 2) 

Oryza longistaminata (NJ-Group 3) 

Oryza sativa spp. japonica (NJ-Group 5) 

Oryza sativa spp. indica- traditional/landraces (NJ-Group 4)  

Oryza sativa spp. indica- advanced/improved cultivars (NJ-Group 6) 

Legend

Unassigned

F I G U R E 6 Neighbor-joining tree of 9013 Oryza accessions created with 27,718 polymorphic SNPs. Accessions with the same color belong to

the same group. Accessions are colored according to relationships between them. The neighbor joining (NJ) tree was colored using iTOL v4 online

program (Letunic & Bork, 2019). Details on each sample are in Table S1.

of the accessions originated from West Africa and 4.1% from
Central Africa, which is not surprising since O. barthii and
O. glaberrima accessions originated from West African coun-
tries and made up much of the group (Figure S6). Accessions
in this group originated from 37 countries, with the majority

originating from Nigeria (28.3%) followed by Liberia (24.1%)
and then Mali (1.16%) (Figure S6). Of the 3130 O. glaberrima
accessions in NJ-Group, 1535 were early maturing (90–105
days) and 1555 had intermediate maturity (105–150 days)
(Table S1). These early and intermediate maturity accessions
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GOUDA ET AL. 11Crop Science

can benefit farmers who may want to plant for a second sea-
son, thereby enhancing household food security and income
generation.

The second group, NJ-Group 2, consisted of 60 African
wild rice accessions, which are all O. barthii species (Figure
S2). Out of these, 51 accessions are of upland ecology, while
seven belong to the irrigated lowland ecology (Figure S4;
Table S1). Most of the accessions in this group originated
from Chad (35%), Mali (25%), and Cameroon (25%) (Figure
S6). Oryza barthii and O. glaberrima are two closely related
species that are native to Africa and are often clustered
together in phylogenetic analyses (Gouda et al., 2021;
Ndjiondjop et al., 2017; Wambugu et al., 2019). This is
principally because available evidence suggests that O.
glaberrima was domesticated from wild populations of
O. barthii, hence these two species have closely related
seed morphological traits such as shape, size, and color.
However, we hypothesize that the 103 O. barthii accessions
that clustered with the O. glaberrima accessions in NJ-
Group 1 are intermediate or “weedy” accessions because of
hybridization between O. barthii and O. glaberrima. These
results agree with previous studies by Gouda et al. (2021)
and Orjuela et al. (2014), who found that nine O. barthii
accessions (WAB0009247, WAB0038205, WAB0038232,
WAB0028947, WAB0038229, WAB0038219,
WAB0038231, WAB0038217, and WAB0038228) that
clustered in NJ-Group 1 may be intermediate O. barthii, also
known as O. barthii weeds. Oryza barthii and O. glaberrima
are inter-fertile and hybridize readily (Sow et al., 2014a),
hence the possibility of taxonomic misclassification cannot
be ruled out (Orjuela et al., 2014; Wambugu et al., 2019). In
such cases, species specific diagnostic markers could offer a
vital tool for resolving taxonomic identity (Ndjiondjop et al.,
2018b). The re-sequencing of these accessions could also
elucidate the connection between them.

NJ-Group 3 was exclusively composed of the 85 O. longis-
taminata accessions genotyped in this study (Figure S2).

NJ-Group 4 contained 3230 accessions, 99.4% of which are
O. sativa indica subspecies (Figure S2). Traditional/landraces
and improved cultivars had the highest representation in this
group, with 58.9% and 41.1%, respectively (Figure S3). GIZA
178, a known indica from Africa (Ni et al., 2002), was also
a member of NJ-Group 4. Eight accessions in NJ-Group 4
were previously reported to cluster with indica accessions in
a study by Agrama et al. (2010). Many of the accessions are
from rainfed lowland (52.0%), irrigated lowland (43.5%) and
mangrove swamp (3.0%) agro-ecologies (Table S1; Figure
S4). In this group, 1868 accessions originated from West
Africa, 454 from South-eastern Asia, and 391 accessions from
Central America (Figure S6). The accessions in this group
originate from 64 countries, with the majority from Nigeria
(18.6%), followed by the Philippines (11.9%) and Colombia
(10.8%) (Table S1). Eighty-five of the 1403 accessions in this

group were of early maturity (90–105 days) and 661 were of
intermediate maturity (105–150 days) (Table S1).

NJ-Group 5 consisted of 686 accessions of the japonica
subspecies and was 97.1% of the japonica accessions geno-
typed. The group also consisted of 135 indica accessions that
were mostly landraces/traditional cultivars (63.2%) (Table
S1; Figures S2 and S3). Three tropical japonica accessions,
Moroberekan, IRAT 104, and WAB56-104, and one temper-
ate japonica, GIZA 172, were previously reported to cluster
with japonica accessions by Agrama et al. (2010), thus con-
firming this group as subspecies japonica. Similarly, several
traditional upland japonica accessions, Danane, Kleminsin,
OS 6 (Faro 11), and Iguape cateto were also members of
this group. Most of the accessions in this group, ∼83.3%,
were from upland ecology, while the remainder were of low-
land and mangrove swamp agro-ecologies (Figure S4). These
accessions originate from 55 countries, with the largest per-
centage from Nigeria (22.8%), Cote d’Ivoire (15.0%), and
Liberia (11.8%) (Table S1; Figure S6). Only 9.5% and 7.3% of
the accessions in this group were from Asia and the Americas
(Figure S5).

NJ-Group 6 contained 1450 accessions of O. sativa
indica subspecies. This group was made up of tradi-
tional/landraces cultivars (47.8%), while the remaining 52.1%
were advanced/improved rice cultivars. The traditional low-
land indica accessions Cisadane, BW311-9, Seberang, and
IR36 were members of this group. Most accessions in this
group were of rainfed, irrigated, and mangrove ecologies,
47.6%, 30.5%, and 22%, respectively (Figure S3). Addi-
tionally, 308 of 457 (67%) mangrove ecologies accessions
were part of this group. (Figure S4). The accessions in this
group originate from 46 countries, with the majority from
the African (84.4%) and Asian (13.0%) continents (Figure
S5). The accessions in this group share some genetic relation
due to their appearance in the group and the landraces may
possess valuable alleles to develop improved varieties. How-
ever, further research is needed to help elucidate the genetic
connections between these landraces and advanced cultivars
(Table S1; Figures S2 and S3).

There were 135 accessions that were not assigned to a
group, the “unassigned” group, which accounted for 1.4%
of the total genotyped accessions. The accessions in this
group may be admixed based on their position in the NJ
tree (Figures 2, 5 and 6) (Garris et al., 2005; Huggins et al.,
2019; Wang et al., 2018). Thus, we hypothesize that these
accessions were derived from crosses between Indica and
Japonica cultivars or hybridization between O. barthii and O.
glaberrima.

Population structure analysis is essential for understanding
the genetic diversity, distribution, and evolutionary dynamics
of populations, which have significant implications for con-
servation, management, and breeding strategies (Kimwemwe
et al., 2023; Schierenbeck, 2017). In the present study,
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K= 6
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Pop1 Pop2

Pop3
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Pop 1 - Oryza glaberrima Steud

Pop 3 - Oryza barthii

Pop 2- Oryza longistaminata 

Pop 5- Oryza sativa spp. japonica 

Pop 4 - Oryza sativa spp. indica-landraces

Pop 6 - Oryza sativa spp. indica- improved cultivars 

Legend

(a) (b) 

F I G U R E 7 Population structure of 90,133 accessions constructed with 27,718 polymorphic single nucleotide polymorphisms (SNPs) markers.

(a) A plot of cross-entropy versus the number of ancestral populations, K, where K = 1–10, to determine the number of populations using the R

package LEA (Landscape and Ecological Association); (b) graphical display of the population structure of 9013 Oryza accessions at K = 6.

Probability of membership >60% was assigned to the same group, while those with <60% probability in any group were assigned to a “mixed”

group. (Details on each sample belonging in each group are in Table S1.

population structure analyses were also performed among
the 9013 accessions using 27,718 SNPs. Before performing
population structure analyses, a curve of cross-entropy
versus number of ancestral populations was performed.
The entropy criterion is a cross-validation technique that
assesses the quality of fit of the model. The membership of
each accession was run from K = 1 to K = 10 for the 9013
accessions. The optimal number of ancestral populations was
determined to be six according to K (K = 6) (Figure 7a),
hereafter referred to as Pop1 to Pop6 (Figure 7b). The
genetic population structure at K = 6 was illustrated using
a multidimensional scaling (MDS) plot in Figure S7a. An
NJ phylogenetic tree was also constructed to represent the
genetic distances among these genetic groups (Figure S7b).
Of the 9013 Oryza sp accessions studied, 8592 (95.3%) of
the total accessions were assigned into one of the six genetic
populations, referred here as population (Pop). The remaining
421 accessions (4.7%) were assigned to a mixed group. The
number of accessions in the six populations ranged from 52
to 3307 accessions. Pop1 was composed of 3130 accessions
that were exclusively classified as O. glaberrima. Pop2
consisted of 85 accessions, all of which were classified as
O. longistaminata. The 85 accessions in this population were
the exact same accessions in NJ-Group 3 (Figure 6; Table S1;
Figure S7). Pop3 consisted of 60 accessions, 52 of which were
considered as O. barthii and the remaining eight as admixed.
About 32.5% of the genotyped O. barthii clustered in this
population. According to population structure analysis where
K = 6, the remaining 111 genotyped O. barthii accessions

were admixed. However, NJ tree analysis grouped 103 of the
O. barthii accessions in NJ-Group 1 as O. glaberrima and
the other eight in NJ-Group 2 as O. barthii (Figures 6 and 7;
Table S1). The traditional/landraces indica accessions clus-
tered in Pop4 and consisted of 3307 accessions (Table S1).
Approximately 93.9% of accessions from Pop4 (3108 of 3307
accessions) also grouped in NJ-Group 4. Of the remaining
accessions in Pop4, 94 clustered as japonica (NJ-Group 5)
and 134 were unassigned according to NJ tree analysis (Table
S1). A total of 663 of the 707 genotyped japonica accessions
clustered to form Pop5, 661 of which were also members
of NJ-Group 5. The last population, Pop6, contained 1355
accessions that were also members of NJ-Group 6, the
improved-indica group (Table S1; Figure S7; Figure 7).

In summary, about 507 and 1856 japonica and indica
accessions were classified as traditional/landraces, based on
NJ tree and Bayesian cluster analysis, respectively (Table
S1). These landraces/traditional rice accessions are valuable
germplasm to Africa since they are genetically diverse and
locally adapted and were developed by farmers over many
years. These traditional varieties could possess unique alleles
for resistance to pests and diseases, tolerance to environmen-
tal stresses like drought, and the ability to grow in low-input
agricultural systems. A total of 421 of the 9013 accessions,
4.7%, were classified as admixtures indicating shared genetics
between some of the Oryza species in this study. Approxi-
mately, 4.8%, 26.4%, and 68.8% of the admixed accessions
were O. sativa ssp. japonica, O. sativa ssp. indica, and
O. barthii subspecies/species, respectively (Table S1; Figure
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GOUDA ET AL. 13Crop Science

S7). Similar cases of admixture have been reported in other
genebanks such as the International Rice Research Institute
(IRRI) genebank (Wang et al., 2018).

3.6 Features of AfricaRice genebank
accessions

In previous studies, population structure analysis suggested
the existence of several subpopulation in rice (Agrama et al.,
2009; Garris et al., 2005; Yan et al., 2010). In this study, PCA,
phylogenic trees, and population structure analysis separated
these accessions into six possible genetic groups. Although
it is well documented that geographical distribution is an
important factor that influences genetic diversity of species
(Gutaker et al., 2020; Phillips et al., 2018; F. Zhang, Wang,
et al., 2021), the PCA and NJ tree analysis of geographical
regions or continents in this study did not show any clear
clustering patterns (Figures S5 and S6). This is in contrast to
findings of a study by Wang et al. (2018) where genomic anal-
ysis of 3010 rice accessions, majority of which were obtained
from the IRRI, gave a clustering pattern that was largely asso-
ciated with geographical origin. This observation may be due
to the movement or introduction of rice into new regions
for cultivation, thus leading to a mixture of genetic diversity
across continents.

To understand patterns of genetic relationship among the
9013 accessions in NJ tree and PCA, multiple plots were con-
structed using five categorical variables (species/subspecies,
group membership from continents, ecologies, regions of
origin, and biological status). PCA and the NJ tree iden-
tified six clusters that largely correspond to the various
species/subspecies, O. barthii, O. glaberrima, O. sativa
indica, O. sativa japonica, and O. longistaminata, although
there were notable overlaps (Figure S2). The observed clusters
were consistent with the Bayesian cluster analysis for K = 6
(Figure S1). The O. glaberrima accessions clustered close
to the O. barthii group, confirming observations of previous
studies. Noteworthy was the high number of intermediate O.
barthii accessions observed, 103 and 111 accessions of the
163 genotyped depending on the clustering method (Figures 6
and 7). This could be attributed to the sympatric distribution
of these two species, thus providing opportunities for gene
flow between them. In Mali, for example, the wild relative O.
barthii tends to occur in fields where cultivated O. glaberrima
rice is grown. Additionally, as previously stated, the ances-
tral progenitor of O. glaberrima is O. barthii, so there is an
expectation of high relatedness between them. These obser-
vations and hypothesis agree with observations reported by
earlier studies (Gouda et al., 2020; Ndjiondjop et al., 2017;
Orjuela et al., 2014; Sow et al., 2014b).

The biological status, whether an accession was improved,
traditional/landrace or wild, was assessed using multidimen-

sional scaling and NJ tree. Three clusters with varying degrees
of admixture were identified (Figure S3). This method was
also applied to ecologies and place of origin/collection, but no
distinct pattern was observed (Figures S4–S6). These analy-
ses support the hypothesis that rice accessions moved freely
across regions and habitats leading to genotype similarity.

3.7 Genetic differentiation in AfricaRice
genebank accessions

To understand the extent of genetic differentiation between
the four rice species, genetic distances among pairs of acces-
sions were analyzed (Table S7). In practice, Nei’s GST test is
analogous to FST test where 0 indicates identical populations.
An FST of 0.01–0.05 indicates low differentiation, 0.05–0.15
indicates moderate differentiation, FST of >0.15 indicates a
high level of differentiation (Govindaraju, 1989), and an FST

value of 1 indicates complete isolation, suggesting that the
populations have different fixed alleles (Pemberton, 2004).

Estimates of the coefficient of gene differentiation (Nei’s
GST test) determined that the highest divergence (0.656)
occurred between the Asian rice, O. sativa japonica, and
African rice, O. glaberrima (Table S7a). High divergence
(0.651) was also observed between O. glaberrima and
the wild species O. longistaminata. The lowest divergence
(0.068) identified occurred between O. glaberrima and its
wild progenitor O. barthii, indicating low genetic differ-
entiation between the two species. Japonica accessions
showed more divergence with other species compared to
indica accessions (Table S7a). Interestingly, wild species and
advanced/breeding lines also showed high divergence (0.323)
(Table S7b). This could be a result of different evolutionary
processes experienced by wild rice and advanced/breeding
lines. Wild rice populations have been subjected to natural
selection and have adapted to their specific environments over
many generations, leading to high genetic diversity, whereas
advanced/breeding lines have undergone artificial selection
for specific traits, resulting in a narrower gene pool.

The genetic differentiation among the predicted six group
was analyzed according to NJ tree using Nei’s GST test
(Table S7c). The pairwise estimates of the Nei’s GST val-
ues between pairs of clusters ranged from 0.018 to 0.649,
indicating that they expressed low to high genetic differenti-
ation. The largest genetic differentiation (0.634) was detected
between NJ-Group 1 (O. glaberrima group) and NJ-Group
3 (O. longistaminata group), while the lowest genetic dif-
ferentiation (0.018) was detected between the two indica
groups, NJ-Group 4 and NJ-Group 6. High genetic differ-
entiation (0.332) was observed between indica and japonica
groups, which is slightly similar to that observed in these
same subspecies by Hour et al. (2020) (0.308) in 136 O.
sativa germplasm collected from the National Plant Genetic
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T A B L E 4 Analysis of molecular variance (AMOVA) for single nucleotide polymorphism (SNP) variation among and within groups

(populations) based on 9013 genotyped Oryza accessions with 27,718 polymorphic SNPs for the categories continents, regions, country of origin,

ecologies germplasm types, species, and Bayesian population structure at k = 6.

Category Source of variation df Sum of squares
Variance
components

Percentage of
variation PhiPT

Continentsa Among populations 4 3,998,531 1519.980 18.25 –

Within populations 9008 61,340,773 6809.588 81.75 –

Total 9012 65,339,303 8329.568 100.00 0.182

Regionsa Among populations 10 5,700,410 1282.809 16.23 –

Within populations 9002 59,638,893 6625.071 83.77 –

Total 9012 65,339,303 7907.881 100.00 0.162

Country of origina Among populations 74 14,689,289 1747.200 23.56 –

Within populations 8938 50,650,014 5666.817 76.44 –

Total 9012 65,339,303 7414.018 100.00 0.235

Ecologya Among populations 7 5,090,906 827.2517 11.01 –

Within populations 9005 60,248,397 6690.5494 88.99 –

Total 9012 65,339,303 7517.8011 100.00 0.110

Germplasm typesa Among populations 2 7,881,424 2016.687 24.03 –

Within populations 9010 57,457,880 6377.123 75.97 –

Total 9012 65,339,303 8393.810 100.00 0.240

Speciesa Among populations 4 36,730,757 7098.903 69.10 –

Within populations 9008 28,608,546 3175.904 30.90 –

Total 9012 65,339,303 10,274.808 100.00 0.690

Groups based on
cluster analysis

Among populations 6 37,483,773 5869.111 65.48 –

Within populations 9006 27,855,531 3092.997 34.52 –

Total 65,339,303 8962.108 100.00 0.654

Bayesian population
structure at k = 6

Among populations 6 36,294,115 5633.258 63.59 –

Within populations 9006 29,045,189 3225.093 36.41 –

Total 9012 65,339,303 8858.351 100.00 0.635

Abbreviation: df, degree of freedom.
aDetails regarding the composition of each of the eight groups used to run AMOVA analysis were compilated in Table S1.

Resource Center, Taiwan. When accession ecologies were
considered, the largest genetic differentiation (0.565) was
detected between accessions adapted to shallow/forest and
mangrove swamp ecologies, while the lowest genetic differ-
entiation (0.005) was between hydromorphic and irrigated
lowland ecologies (Table S7d). Accessions that originated
from West African countries showed moderate genetic dif-
ferentiation from those from the other regions stated in the
present study (Table S7e). Surprisingly, accessions with ori-
gin in the Caribbean showed low genetic differentiation with
accessions from Oceania (0.004). The genetic differentiation
(Nei’s GST analogue of FST) between the six predicted popu-
lations based on population structure at K = 6 was calculated.
The resulting pairwise estimates of Nei’s GST values ranged
from 0.016 to 0.688 (Table S7f). The largest genetic differen-
tiation (0.688) was observed between Pop1 and Pop5, while
the lowest genetic differentiation was observed between Pop4
and Pop6 (0.016). Interestingly, high genetic differentiation
was observed between Pop1 and the other five populations

as well as the admixed group. Our results highlight that the
species/subspecies and accessions biological status are major
factors influencing their genetic structure, with Pop1 and Pop5
showing a higher genetic differentiation (0.688). This finding
contrasts with Kimwemwe et al. (2023), Salem and Sallam
(2016), and Xu et al. (2016) studies, which reported that the
source of the rice genotypes was the major factor influencing
their genetic makeup.

The distribution of genetic diversity between and within
groups (populations) was analyzed using an AMOVA on
the 9013 rice accessions genotyped with 27,718 polymor-
phic SNPs (Table 4). The results showed that more genetic
variation exists within populations than across populations
when looking at continents, regions, country of origin, ecol-
ogy, and germplasm type (75.9%–88.9%). However, genetic
differentiation was greater across populations for species,
based on cluster analysis and Bayesian clustering analy-
sis (63.5%–69.1%). The maximum genetic diversity (69.1%)
across populations was observed for species, while the
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GOUDA ET AL. 15Crop Science

lowest diversity (11.0%) was observed for ecology. Addition-
ally, the highest level of diversity within populations was
observed for ecology (88.9%) and the lowest diversity was
observed in species (30.9%). When the rice accessions were
grouped based on their geographic origin, a large proportion
of the genetic variation was within regions (83.7%) and a
smaller proportion across regions (16.3%).

The genetic variation for cluster analysis and Bayesian
analysis groups was similar for across and within accession
groups. Within rice accessions, variation for continents and
germplasm type accounted for 81.7% and 75.9% of the total
genetic variation, respectively. The most important differen-
tiation was observed for species followed by groups based on
cluster analysis and on Bayesian population structure at K= 6,
with AMOVA values of 0.690, 0.654, and 0.635, respectively
(Table 4). These results suggest that 27,718 molecular mark-
ers improved the classification of AfricaRice accessions. The
results also confirm observations reported in previous stud-
ies (Gouda et al., 2021; Ndjiondjop et al., 2017, 2018b). By
effectively capturing genetic variation and revealing popula-
tion structure, our results contribute to a deeper understanding
of the relationships between the four Oryza species genotyped
in the present study compared to what was previously known.

3.8 Ascertainment bias in SNP genotyping
for germplasm management

The procedure used to select SNPs for SNP genotyping may
create ascertainment bias in the data (Clark et al., 2005;
Nielsen, 2004; Semon et al., 2005). Ascertainment bias is
described as a systematic deviation from a theoretical pop-
ulation genetics statistic that can arise through non-random
sampling, biased SNP discovery, or unequal distribution
of genetic diversity across populations (Clark et al., 2005;
Lachance & Tishkoff, 2013; Nielsen, 2000, 2004). The small
sample size used to discover SNPs tends to favor common
alleles or high frequency SNPs, which inherently causes
ascertainment bias unless the genome of every individual is
sequenced (Gravel et al., 2011; Nielsen, 2004). An excess
of rare alleles in a population is an indicator of population
growth. However, the preference for high-frequency SNPs in
genotyping may reduce the detection of rare alleles in a popu-
lation, thus reducing evidence of population growth (Nielsen,
2000). The use of these SNP arrays can lead to overesti-
mation of population genetic measures such as nucleotide
diversity, linkage disequilibrium, fixation, and recombination,
possibly leading to compromised inferences and erroneous
conclusions (Lachance & Tishkoff, 2013; Moragues et al.,
2010; Nielsen, 2004). Although SNP arrays such as DArT
have implicit ascertainment bias, they can still be useful in
germplasm management, characterization, and curation. As
most of the accessions in the Oryza species populations of

this study originate in Africa, any private alleles detected in
each population may not be present outside of Africa due
to the small sample size of accessions from other countries.
While the private alleles associated with individual Oryza
species populations may not be present in accessions out-
side of Africa, they can be used to fingerprint accessions in
the AfricaRice collection to determine their degree of relat-
edness. The alleles can also be used to genotype African
accessions in genebanks and breeding programs outside of
Africa or track allele movement from African germplasm in
modern cultivars. The SNPs may also be a valuable tool to
identify selective sweeps in landraces of a species and genetic
duplication. One approach that can be taken to reduce ascer-
tainment bias specifically for germplasm management is the
DNA pooled-sampling method (Arca et al., 2021). DNA from
individuals in a species is bulked and genotyped together. This
method can still result in ascertainment bias due to design of
the SNP array and the subset of SNPs selected for the array.
However, there are steps that can be taken to reduce ascertain-
ment bias. A two-step model approach, using controlled pools
of 1000 SNPs to calibrate a logistic regression, was employed
to test polymorphism and allele frequency (Arca et al., 2021).
This method was able to detect little or no ascertainment bias
and reliably estimated genetic relatedness among populations
with a large range of genetic divergence (Arca et al., 2021).

4 CONCLUSION

The results of this study indicate that the 27,718 DArT SNP
markers identified were able to separate the 9013 accessions
into six groups, including the indica and japonica sub-
species. DArTseq SNP markers have once again demonstrated
their pivotal role in characterizing, assessing genetic diver-
sity, and elucidating population structure within an extensive
collection of rice accessions. These data are invaluable for ini-
tiatives aimed at crop enhancement and conservation. This
study indicated that high genetic variation exists between
the O. longistaminata, O. barthii, O. glaberrima, O. sativa
ssp. indica, and O. sativa ssp. Japonica accessions. Find-
ings of this study indicate the rich genetic landscape within
these accessions, which can potentially be harnessed for crop
improvement and breeding strategies. Researchers and breed-
ers should recognize the importance of these diverse genetic
resources in their efforts to improve rice varieties to enhance
food security and sustainability in Africa and worldwide.
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