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Abstract
Researchers stand at the vanguard of advancement and application of next-generation sequencing
technology for creating opportunities to guide more realistic and applicable strategies for the sustainable
management of genetically diverse rice resources. This study is a pioneering effort where GBS-SNP
markers were employed to assess the tremendous genetic diversity and structure of rice landrace
collections from northern Kerala. Kerala holds an immense diversity of rice landraces that encountered
selection pressures of environmental heterogeneity, biotic and abiotic stresses, however competent rather
provide good yields, whereby drawing the attention of the rice breeding sector. The population structure
and diversity analyses separated the accessions into three distinct subpopulations with a huge amount
of genetic variation within subpopulations. Nei’s genetic distance analysis con�rmed the existence of
strong genetic differentiation among rice landrace populations. The values of FST and Nm established the
farmers’ effort to preserve the genetic purity of rice landraces despite the extensive seed exchange
programs across the states of India. Moreover, this low level of gene �ow among subpopulations could
provide the opportunity for well-adapted combinations of genes to be established by natural selection.
The clustering pattern based on SNP markers furnished su�cient knowledge in identifying rice genotypes
that eliminates the likelihood of duplication among indigenous cultivars. Similar clustering patterns of
genotypes revealed shared genetic characters among them. Collectively these analyses can be used to
completely understand the population of rice landraces in Kerala while contributing insights toward the
evolution and selective pressures underlying these unique landraces.

Introduction
Rice (Oryza sativa L.) is one of the most widely cultivated crops globally, covers an area of 162 million
hectares and produces nearly 755 million tonnes in 2019 (http://www.fao.org/faostat). Considering
about 13,500 political units, the present global average rate of annual yield increase of rice is 1%.
However, doubling crop production by 2050 requires an average yield increase of 2.4% per annum,
indicating the inadequacy of current yield trends (Ray et al. 2013). The present incompetence can only be
vanquished by producing high-yielding rice varieties with minimum land and water resource utilization
and resistance to biotic and abiotic stresses. The underpinning of the constant improvement of rice
cultivars is the abundant phenotypic and genetic diversity that resides within domesticated populations
and wild relatives. The classical approach of intentional interbreeding of closely related individuals to
create new cultivars with desirable traits require great effort and long duration to produce several
generations, which serves as a barrier to meet the increasing requirements of food needs and maintaining
global food security (He et al. 2014; Liu et al. 2020). Therefore, an application of molecular plant breeding
known as marker-assisted breeding, capable of discovering phenotypic variation by deploying markers
linked to QTLs responsible for desirable traits, became popular. The mining of amount and distribution of
genetic diversity from domesticated rice accessions preceding molecular plant breeding methods is of
great value for guaranteeing a su�cient, safe, interminable supply of nutritious food to the world
population.
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Rice landraces are domesticated populations of rice that have been cultivated since ancient times along
with the traditional farming practices that retain high genetic diversity and distinctive identity through
local adaptation. It is reported that Kerala state had an estimated 2000 rice landraces (Devi et al. 2017).
Though Kerala had such a signi�cant number of genetic resources, reported research works are less
comparatively. The area of rice research in Kerala is actively involved in characterization (Sreejayan et al.
2003; Joseph et al. 2007; Aiswariya and Thomas 2016; Manjunatha et al. 2018), simple documentation
(Latha et al. 2013; Karunakaran 2014) and in the discussion of conservation of traditional rice varieties
(Devi et al. 2017; Gopi and Manjula 2018; Blakeney et al. 2020). Population genetic research has been
limited to genetic variability studies using molecular markers such as SSR (Vanaja et al. 2007; Vanaja et
al. 2010; Thomas and Dominic 2016), RAPD (Thomas et al. 2001; Raj et al. 2010; Kumar et al. 2010;
Skaria et al. 2011; Rekha et al. 2011; Rajani et al. 2013) and AFLP (Sreejayan et al. 2011). Collectively in
all these studies, the existence of genetic differentiation between the cultivars of Oryza sativa and their
relationships with geographical distance has been discussed. However, the genetic diversity contained
within our germplasm holds signi�cant potential for both Kerala and beyond. Therefore considerable
work is required to characterize these samples completely.

Genotyping by sequencing (GBS) is a fast, powerful and cost-effective platform of next-generation
sequencing (NGS) technology that uses enzyme-based complexity reduction to discover polymorphisms
and genotypic information across the population of interest (Poland and Rife 2012). This method has
been successfully used for assessing genetic diversity and population structure in several crops like large
and complex genome of wheat (Manickavelu et al. 2014; Alipour et al. 2017; Eltaher et al. 2018; Yang et
al. 2020), rice (Mgonja et al. 2017), maize (Leng et al. 2019; Yu et al. 2021), rye (Schreiber et al. 2019),
pearl millet (Serba et al. 2019), �nger millet (Kumar et al. 2016) etc., which demonstrated the power of
GBS-SNP genotyping as an appropriate technology for high throughput genotyping in cereal crops. GBS
is valued as a rapid and cost-effective high throughput genotyping to depict genomic diversity and
population structure in non-referenced neglected orphan species (Peterson et al. 2014; Hu et al. 2015;
D’Agostino et al. 2018). In addition to genetic diversity analyses, we have demonstrated the functional
annotation of unmapped sequences and haplotype analysis of desirable genes as an application of this
NGS technology (Vasumathy et al. 2020). GBS has been used to construct high-density linkage maps to
identify the QTL for rice grain yield under various drought conditions (Yadav et al. 2019). It is also
frequently used as an excellent genotyping approach for genotyping diverse set for genome-wide
association studies (GWAS) (Nimmakayala et al. 2014; Begum et al. 2015; Manickavelu et al. 2016;
Crowell et al. 2016; Descalsota et al. 2018; Girma et al. 2019; Hoang et al. 2019). GWAS has been used as
a powerful strategy for understanding the genetic background underlying complex traits. Undetected or
cryptic population structure in populations is a signi�cant problem that causes false positives in
association analyses (Pritchard et al. 2000). Therefore, it is imperious to appreciate the genetic structure,
not only to acquire historical insights but also to apply a proper strategy of association studies to escape
from the population strati�cation on GWAS.

This study investigates genetic diversity and population structure of rice landrace populations collected
from the north Malabar region of Kerala, employing SNPs discovered from genotyping by sequencing.
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Detailed analysis on population structure and genetic diversity using the GBS-SNP platform in rice
landraces of Kerala is still lacking. Towards our understanding, the present work is the �rst and foremost
reported study of its kind in rice landraces of Kerala.

Materials And Methods
Plant Material and DNA Extraction

A diversity panel of 96 Oryza sativa accessions was collected from different regions of northern Kerala
(Supplementary Material 1). Included among them, 78 are rice landraces from Kerala, 15 are from other
states and three elite varieties. Rice landraces from other states of India are collected by farmers through
seed exchange programs of indigenous rice cultivars and have been cultivating in Kerala for a long time.
Collections of germplasm were cultivated at a �eld in Kerala (12.186687°N latitude and 75.222666°E
longitude). Approximately 50 mg of leaf tissue from seedlings for each accession were collected after 15
days of emergence. Total genomic DNA from leaf tissues of each sample was isolated using CTAB and
Phenol: Chloroform DNA extraction method followed by RNase A treatment and puri�cation (Doyle and
Doyle 1990). The quantity of the isolated DNA was estimated using a Nanodrop Spectrophotometer.
Furthermore, purity was substantiated by running the DNA in 0.8% agarose gel electrophoresis.

GBS library preparation and sequencing

GBS libraries were prepared using the protocol adapted from Poland and Rife (2012). For GBS library
preparation, 10-20 µg of genomic DNA was digested using restriction enzymes ApK 1 and Pst 1, followed
by ligation of barcoded adapters to the sticky ends of digested DNA. Adaptor ligated products were then
pooled and PCR enriched with speci�c primers enabling them to hybridize Illumina �ow cell primers and
priming subsequent DNA sequencing reactions. The QC of prepared libraries was then checked with
Agilent Tape Station. These libraries were sequenced on Illumina NextSeq 500 platform with 2x 150 bp v2
chemistry. The adaptors and barcodes of the sequenced reads were trimmed using trimmomatic v 0.36
and checked the sequence quality using FASTQC using Phred quality score >= 30.  These high-quality tag
sequences were aligned to the reference genome Oryza sativa ssp. indica (BioProject: PRJNA361) using
Burrows-Wheeler Alignment (BWA) tool (Li and Durbin 2009). The SAM �les were piled up and converted
to BAM �les using SAM tools. Individual Single Nucleotide Polymorphisms (SNPs) were detected using
SAM tools with the following parameter: ‘mpileup -m 2 -F 0.002 -d 2000’. For reducing the error rate in
SNP detection, results were �ltered with the following criteria: (1) The number of support reads for each
SNP should be more than 4. (2) The mapping quality (MQ) of each SNP should be higher than 20. (3) The
SNPs with minor allele frequency (MAF) MAF > 0.05 were retained. (4) SNPs having more than 20%
missing information were removed using vcftools.

Genetic Properties of Markers

The number of alleles and allele frequencies for the selected SNPs were calculated using a custom-made
Perl script. The GenAlEx v6.503 (Peakall and Smouse 2012) was used to convert various �le formats for
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different analyses and to calculate genetic diversity parameters, including observed heterozygosity (Ho)
and expected heterozygosity (He). The polymorphism information content (PIC) values were calculated
using the following formula (Botstein et al. 1980), where Pi and Pj are the frequencies of ith and jth alleles
for the selected marker, respectively.

Analysis of population structure and genetic relationships

The population genetic structure of the 96 genotypes was estimated using a Bayesian Markov Chain
Monte Carlo (MCMC) algorithm implemented in STRUCTURE v2.3.4 (Pritchard et al. 2000) software. The
population structure was analyzed employing K-values (an assumed �xed number of subpopulations)
from 1 to 10 in the population. Five independent analyses were used for each K-value, and the program
was set on 100,000 as burn-in iteration, followed by 100,000 Markov chain Monte Carlo (MCMC)
replications (Chen et al. 2012; Zori´c et al. 2012). The best number of K was determined by STRUCTURE
HARVESTER (Earl and Vonholdt 2012), applying the log probability of the data [LnP(D)] and delta K (ΔK)
based on the rate of change in [LnP(D)] between consecutive K-values. For the optimal K-value,
membership coe�cient matrices of �ve replicates from STRUCTURE were fed to CLUMPP v1.1.2
(Jakobsson and Rosenberg 2007) to generate a single Q-matrix. Accessions with membership
probabilities greater than 0.5 were assigned to a subgroup, while those with lower probabilities (< 0.50)
were assigned to the “mixed” subgroup. Genetic distances between pairs of accessions were calculated
using GenAlEx v6.503, from which a principal coordinate analysis (PCoA) was conducted. An unrooted
neighbor-joining phylogenetic tree without the assumption of an evolutionary hierarchy was then
constructed using the MEGA X program v10.2.2 (Kumar et al. 2018) based on the obtained distance
matrix, with 1,000 bootstrap replicates. The number of subpopulations determined with STRUCTURE was
used for AMOVA to test the structure of the genetic diversity of the genotypes. The AMOVA and
calculation of genetic diversity indices were performed in GenAlEx v6.503. From AMOVA, the �xation
index (FST) and Nm (haploid number of migrants) within the population were obtained.

Results
Distribution of SNPs in the Oryza sativa genome and genetic properties of markers

A total of 96 rice accessions were genotyped using GBS. After sequencing, data processing and SNP
�ltering, a total of 5,993 SNPs were identi�ed. A sum of 5,856 high-quality SNPs was physically mapped
across 12 chromosomes with an average marker density of 64.86 kb per chromosome, and the remaining
137 SNPs were identi�ed as present in unclassi�ed chromosomes. A genome-wide SNP density plot (Fig.
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1) revealed that the highest number of SNPs were physically mapped to chromosome 1 (12.89%, 755
SNPs), and the lowest number of SNPs were mapped to chromosome 9 (4.76%, 279 SNPs). The highest
and lower marker densities were observed on chromosome 2 (103.32 kb) and chromosome 12 (35.11 kb),
respectively (Fig. 1, Table 1). Transition SNPs (4120, 68.75%) were more frequent than transversions
(1873, 31.25%), with a ratio of 2.20. The frequencies of A/G and C/T transitions were almost similar (i.e.,
A/G 34.47% and C/T 34.27%). The A/G transitions (34.47%) accounted for the highest frequency, while
G/C transversions (5.67%) occurred at the lowest frequency among all six SNP scenarios. The
frequencies of the four transversion types ranked as follows: A/T (9.14%), A/C (8.28%), G/T (8.16%) and
G/C (5.67%) (Table 2). The expected heterozygosity (He) in the population varied from 0.1 (93 SNPs) to
0.5 (161 SNPs) with an average of 0.25. The Polymorphic Information Content (PIC) values varied from
0.1 (154 SNPs) to 0.4 (822 SNPs) with an average of 0.22 (Fig. 2A). A total of 4238 (70.7%) SNPs had a
minor allele frequency less than 0.2 (Fig. 2B).

Population Structure and Genetic Relationships

The STRUCTURE v2.3.4 was used to study the population structure and genetic relations among 96 rice
accessions. K- value was employed to estimate the number of clusters in the rice landrace germplasm
based on genotypic data. The optimal K-value can be determined by plotting the number of clusters (K)
against ΔK, which showed a sharp peak at K=3 (Fig. 3). The optimal K value indicates that three
subpopulations (SP1, SP2, SP3) showed the highest probability for population clustering, and these three
subpopulations consisted of 19, 18 and 57 genotypes, respectively (Table 3). Among the accessions, two
landraces, ‘Garudachampa’ (KS 72) and ‘Kavungin poothada’ (KS 107), were classi�ed as admixed
(Supplementary Material 2). Estimating the �xation index (FST) for each of the subpopulations from the
STRUCTURE results suggested a signi�cant divergence within the three populations (Table 3). An FST

value of 0.52706, 0.43268 and 0.55714 was obtained for subpopulation 1 (SP1), subpopulation 2 (SP2)
and subpopulation 3 (SP3) (Table 3). The principal coordinates analysis (PCoA) was performed based on
the pairwise genetic distance matrix to investigate the population cluster among all the 96 O. sativa
accessions. The �rst two components from PCoA contributed 29.74% and 48.29% variation, respectively.
 Following the STRUCTURE results, PCoA also showed three groups clustered separately (Fig. 4).
Moreover, the distribution of three subpopulations was relatively concentrated.

A neighbor-joining phylogenetic tree was constructed to represent the genetic distances among the
population (Fig. 5). ‘Gandhakasala’ and ‘Jeerakasala’, the two well-known aromatic rice landraces of
Kerala, were grouped in subpopulation 1 (SP1). The landraces from other states such as Assam black,
Basmati, Burma black, Ramla, Manipur black, White jasmine, Black jasmine and Red jasmine were
clustered together subpopulation 2 (SP2). The two elite varieties Jaya and Athira, were grouped
separately, as expected, in subpopulation 2. The other elite one, IR 20 (KS 120), had a different grouping
in subpopulation 3. The phylogenetic tree showed IR 20 with Ponnaryan (KS 2) and Poonaran (KS 21).
Photosensitive landraces like Velleriyan, Arikarai, Chitteni, Punchakazhama were clustered in
subpopulation 3 (SP3). The landraces such as Allikkannan, Ponnaryan, Malakkaran, Rajakazhama
(Rajkayama), Poonaran, Palliyaral, Thonnuran, Undakkazhama, Vachan, Kothambarikazhama were
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grouped in SP3. Medicinal rice genotypes of Kerala such as Chennellu (KS 49), Chennellu 2 (KS 99),
Kannichennellu (KS 29), Valiyachennellu (KS 41), Karachennellu (KS 126), Rakthasali (KS 35), Chuvanna
Navara (KS 16), Manja Navara (KS 8), Karutha Navara (KS 20) were clustered together in SP3. However,
Navara (KS 70) and Kunjinellu (KS 67) clustered in Subpopulation 1. The germplasm Rakthasali (KS 35)
and Choman (KS 33) were shown the closest genetic relationship. Similarly, Koyyala (KS 32) and
Karinchan (KS 78) showed the closest genetic relationship.

Genetic Differentiation of Populations

For identifying the distribution of genetic diversity between and within the populations of rice landraces,
an Analysis of Molecular Variance (AMOVA) was performed. The three subpopulations identi�ed in
STRUCTURE were then applied in GenAlEx v6.503 to calculate the AMOVA. The AMOVA, FST and Nm are
provided in Table 4. The results from AMOVA corroborated the existence of population genetic structure
revealed by STRUCTURE. The AMOVA revealed that 27% of the total variation was found among the three
subpopulations, while the remaining 73% was within subpopulations. Among the 73% variance within
subpopulations, 36% was recorded among individuals and 37% variance within individuals. In addition, a
high FST (0.266) and a low Nm (0.692) were obtained according to Nei’s genetic distance analysis which
con�rmed the existence of strong genetic differentiation among rice landrace populations.

Discussion
Kerala is a major part of the Western Ghats-Sri Lanka biodiversity hotspot, enriched with diverse �ora and
fauna (Pradheep et al. 2021). The versatility in climate, topography, soil, farming methods, cultural and
culinary preferences has made the state a source of diversity in rice. Inspite of introduction of many high
yielding elite rice varieties, landraces are still popular in some farmers’ �elds due to their deliberate seed
exchange programs of indigenous rice cultivars and awareness of conservation. Rice landraces included
in this study such as Chennellu, Kannichennellu, Valiyachennellu, Karachennellu, Rakthasali, Chuvanna
Navara, Manja Navara, Karutha Navara possess valuable medicinal properties. Chitteni, Arikarai, Mundon,
kalladiyaran are drought tolerant landraces. Landraces like Thavalakannan, Karutha allikkanan, Choman,
Chomala can survive in �elds saturated with water (Vasumathy et al., 2020). These are important
reservoirs of bene�cial characteristics and need special attention for future conservation. In this study,
using Genotyping by sequencing technology, a diversity panel of 96 rice germplasm from northern Kerala
was genotyped and obtained 79,273 genome-wide SNPs. A sum of 5,993 high-quality SNPs was retrieved
when �ltered by keeping only bi-allelic sites with 20% missing data. Subsequently, analysis of SNPs
distribution in the genome, the genetic diversity and population structure of rice population was done,
which may encourage future breeding efforts like GWAS, MAS, etc., in Oryza sativa.

A higher frequency of transitions than transversions was observed (Ts/Tv= 2.20). Similar
transition/transversion bias has been published in other plant species (Manickavelu et al. 2014; Taranto
et al. 2016; Alipour et al. 2017; Eltaher et al. 2018; Luo et al. 2019). Therefore, it suggests that transition is
more conservative than transversions because it is less likely to bring amino acid substitutions (Stoltzfus
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et al. 2016; Luo et al. 2019). The frequencies of A/G and C/T transitions were almost similar (i.e., A/G
34.47% and C/T 34.27%), which contradicts the increased frequency of C/T transition due to deamination
of cytosine (Beletskii et al. 1996; Bashir et al. 2014).

Polymorphic information content provides information about the marker loci. When PIC > 0.5 the marker
loci can be interpreted as highly informative, when PIC value lies in between 0.5 and 0.25 (0.5 > PIC >
0.25) the markers can be assumed as reasonably informative and when PIC value falls below 0.25 (PIC <
0.25) they are slightly informative. In the present study,  most SNP markers (80%) have a PIC value
between 0.2-0.3, suggesting that these SNPs were reasonably informative markers. Gene diversity
estimates the average heterozygosity and genetic distance among individuals in a population. In our
study, the overall GD value (0.25) was slightly greater than the PIC value. This agrees with Luo et al.
(2019), who stated that the PIC value should be less than or near GD when there are more alleles or an
increase in the uniformity of allele frequencies in non-identical heterozygote individuals. The genotype
panel with minor allele frequency (MAF) > 0.1 is desirable for genome-wide association mapping
(Sharma et al. 2018), which shows that our marker density is good enough to perform genome-wide
association studies.

The results of both STRUCTURE analysis and PCoA indicated that the 96 rice accessions could be
clustered into three subgroups. The clustering of the rice landrace population into three subpopulations
agrees with the genetic diversity analysis of rice landraces from Kerala using InDel markers (Vasumathy
et al. 2020). The presence of population structure in our population may have arisen for several reasons:
Although all genotypes have been cultivated in the same place for years, they were collected originally
from different geographical regions. Therefore, it is impossible to establish whether the structure revealed
through the present study is formed due to geographic distance. However, as rice landraces are
domesticated rice populations, they might have undergone speci�c natural and arti�cial selection
pressures, leading to population structure.

In the present study, the aromatic landraces ‘Gandhakasala’ and ‘Jeerakasala’ were clustered in the same
group. This �nding coincides with the earlier report of Rekha et al. (2011), which showed similar
phylogenetic grouping of landraces using RAPD �ngerprinting. In contrast, Vanaja et al. (2010) reported
using SSR markers that these two landraces were clustered differently. The grouping of IR 20 with
landraces indicates that it may have shared genetic characters with these landraces. The landraces such
as ‘Allikkannan’, ‘Ponnaryan’, ‘Malakkaran’, ‘Rajakazhama’ (Rajkayama), ‘Poonaran’, ‘Palliyaral’,
‘Thonnuran’, ‘Undakkazhama’, ‘Vachan’, ‘Kothambarikazhama’ were grouped in SP3. A similar clustering
pattern of landraces was observed in genetic diversity analysis using SSR markers (Vanaja et al. 2010).
The germplasm ‘Rakthasali’ (KS 35) and ‘Choman’ (KS 33) were shown the closest genetic relationships
when studied with molecular and morphological data. Farmers consider these two landraces different,
but no evidence has been found in this study to differentiate them.

FST is the most relevant F-statistic used to study the amount of genetic differentiation between
populations and within populations (Mohammadi and Prasanna 2003). An FST value equals 0 indicates
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identical populations, above 0 implies a reduction in genetic exchange between populations, and a value
of 1 indicates complete isolation, referring that the populations have different alleles that are �xed
(Mohammadi and Prasanna 2003; Soorni et al. 2017). If the FST value is greater than 0.15, it can be
considered signi�cant in differentiating populations (Huang et al. 2010; Luo et al. 2019). An FST value of
0.266 was found between the three subpopulations, indicating moderate genetic differentiation between
these three subpopulations. This result corresponded with AMOVA results, where 27% of the total
variation was accounted for among subpopulations. Cheng et al. (2020) discussed three grades of Nm
value and their biological signi�cances. If the Nm (haploid) value is equal to or greater than one, high
gene �ow; if it is between 0.250-0.99, moderate gene �ow; and between 0.0-0.249 signi�es limited gene
exchange between subpopulations. In the current study, the Nm value was 0.692, indicating modest gene
�ow among subpopulations. This result could prove the farmers’ effort to maintain the genetic purity of
rice landraces despite the extensive seed exchange programs across different states of India. Slatkin
(1985) discussed signi�cant evolutionary roles of gene �ow in natural populations and reported that low
levels of gene �ow among subpopulations could furnish the opportunity for well-adapted combinations
of genes to be established through natural selection.

The lack of genetic and genomic information of resources has been a major limiting factor for the genetic
improvement of rice worldwide. This study is the �rst attempt wherein GBS-SNP markers have been used
to assess the genetic potential of the untapped rice landrace gene pool in northern Kerala. The results of
the contemporaneous study demonstrated that GBS is an effective tool for determining genetic diversity
and the population structure of rice landraces. The clustering pattern based on SNP markers furnished
su�cient knowledge in identifying and authenticating rice genotypes that eliminate the possibility of
duplication among indigenous varieties. Since these rice landraces were originally gathered from
different geographical regions, many of these genotypes should be precious reservoirs of genes to be
used in breeding to address the challenges of biotic and abiotic stresses. Besides, the present study
serves as a background for further progress in deciphering the genetics of nutritional and therapeutic
properties of rice landraces that may lead the whole world to adopt a salubrious lifestyle.
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Tables
Table 1 Genomic distribution of 5,856 SNPs mapped on 12 Oryza sativa chromosomes

Chromosomes No. of
SNPs

%
SNPs

Start
position

End
position

Length
(Mb)

Density
(Kb)

Chr1 755 12.89 5,18,806 4,68,93,994 46.38 61.42

Chr2 361 6.16 1,36,547 3,74,36,783 37.30 103.32

Chr3 578 9.87 4,85,344 4,18,27,641 41.34 71.53

Chr4 599 10.23 3,43,975 3,36,28,723 33.28 55.57

Chr5 522 8.91 2,03,926 3,11,23,849 30.92 59.23

Chr6 455 7.77 5,65,885 3,21,29,220 31.56 69.37

Chr7 413 7.05 12,112 2,78,93,648 27.88 67.51

Chr8 416 7.10 44,611 3,01,75,628 30.13 72.43

Chr9 279 4.76 1,23,747 2,13,21,043 21.20 75.98

Chr10 415 7.09 1,29,896 2,21,34,477 22.00 53.02

Chr11 423 7.22 17,127 2,28,15,347 22.80 53.90

Chr12 640 10.93 44,851 2,25,13,172 22.47 35.11

Table 2 Percentage of transition and transversion SNPs across the Oryza sativa genome

SNP Type Transitions Transversions

A/G C/T A/T A/C G/T G/C

Number of allelic sites 2,066 2,054 548 496 489 340

Frequencies 34.47% 34.27% 9.14% 8.28% 8.16% 5.67%

Total (Percentage) 4,120 (68.75%) 1,873 (31.25%)
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Table 3  The STRUCTURE results of 96 Oryza sativa accessions for the fixation index (FST),

observed heterozygosity, expected heterozygosity and number of genotypes assigned to each

subpopulation

Population Inferred clusters  Mean FST Obs. Het Exp. Het No. of Genotypes

SP1 0.277 0.52706 0.10081 0.21316 19

SP2 0.368 0.43268 0.13280 0.23408 18

SP3 0.355 0.55714 0.08240 0.18606 57

Table 4  Analysis of molecular variance (AMOVA) using  5,993 SNPs of the genetic variation

among and within three subpopulations of 96 Oryza sativa accessions

Source df SS MS Est. Var. %
Among Pops 2 26911.039 13455.520 239.094 27%
Among individuals 91 89819.902 987.032 325.660 36%
Within individuals 94 31557.000 335.713 335.713 37%
Total 187 148287.941   900.466 100%
Fixation index (FST) 0.266     
Nm 0.692        

*P value 0.001

Figures



Page 18/21

Figure 1

Genomic distributions of 5,856 SNPs mapped on 12 Oryza sativa chromosomes and the corresponding
SNP density

Figure 2

Distribution of genetic diversity for 5,993 SNP markers in 96 Oryza sativa accessions. (A) Gene diversity/
expected heterozygosity (He); (B) Polymorphic Information Content (PIC); (C) Minor Allele Frequency
(MAF)
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Figure 3

Delta K (ΔK) for different numbers of subpopulations (K)

Figure 4
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Principal Coordinates Analysis (PCoA) based on genetic distance showing three clustered subpopulations
within studies Oryza sativa accessions

Figure 5

The neighbor-joining phylogenetic tree based on genetic distance matrix representing the grouping of 96
Oryza sativa accessions
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