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1. Introduction
  

	 Rice (Oryza sativa L.) is one of the most widely 
cultivated and consumed staple crops globally, sustaining 
the livelihood and food security of more than half of the 
world’s population. Its domestication dates back more 
than 9,000 years, primarily in the Yangtze River Valley 
for Japonica and in the Ganges basin for Indica, resulting 
in two major subspecies that differ in morphology, 
physiology, and ecological adaptation (Kovach et 
al. 2007; Choi & Purugganan 2018). The process of 
domestication and human-mediated selection has led to 

significant genetic bottlenecks, particularly in modern 
elite cultivars (Sweeney & McCouch 2007). However, 
traditional landraces, often cultivated by smallholder 
farmers under diverse environmental conditions, retain 
considerable genetic diversity and represent reservoirs 
of unique alleles that may be absent in modern varieties 
(Civáň & Brown 2017; Kou et al. 2020). These landraces 
are essential for understanding the evolutionary history 
of rice and for identifying novel traits such as stress 
tolerance, grain quality, and disease resistance (Chen et 
al. 2019). In the era of climate change and increasing 
food demands, the conservation and utilization of 
such genetic resources have become a global priority 
(Fornasiero et al. 2022). Therefore, characterizing 
the genetic diversity and population structure of rice 

Single Nucleotide Polymorphism (SNP) markers are essential tools for the genetic 
management and breeding of rice, enabling precise characterization of genetic diversity. 
However, SNP datasets specifically developed for analyzing the population structure 
of Indonesian local rice remain limited. This study aimed to identify polymorphic SNP 
markers and analyze the lineage and population structure of 244 Indonesian local rice 
accessions. BAM files of these accessions were obtained from the 3K Rice Genome 
Project via the International Rice Informatics Consortium. High-quality SNPs were 
generated through variant calling and stringent filtering, followed by annotation 
and population analyses using IR64, DJ123, and Nipponbare as references. A total 
of 3,839,961 high-quality SNP loci were identified across the 12 rice chromosomes. 
Hierarchical clustering and principal coordinate analysis consistently grouped the 
accessions into three major clusters, corresponding to Indica, Japonica, and admixed 
groups. Population structure analysis confirmed two main subpopulations: Indica 
and Japonica, with Japonica further divided into Temperate and Tropical subgroups. 
Eleven accessions showed admixed ancestry. This study provides essential insights 
into the genetic diversity and population structure of Indonesian local rice, supporting 
genetic resource conservation, trait discovery, and breeding efforts.
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landraces is a critical step for both in situ conservation 
and targeted breeding.
	 Indonesia, a megadiverse archipelago situated within 
the center of rice domestication and diversification in 
Southeast Asia, possesses a rich repository of local rice 
accessions that are poorly characterized at the genomic 
level. These local varieties have been cultivated across 
highly heterogeneous agroecological zones, ranging from 
terraced uplands in Java and Bali to flood-prone lowlands 
in Kalimantan and Papua, each posing unique selection 
pressures (Mursyidin et al. 2018). As a result, Indonesian 
landraces exhibit tremendous phenotypic and genotypic 
variation that is valuable for dissecting complex traits 
and for developing climate-resilient cultivars (Muhamad 
et al. 2017; Karimah et al. 2021). Unfortunately, many 
of these accessions remain underrepresented in global 
genomic databases, and few studies have explored their 
population structure in detail. Most of the research 
has focused on phenotypic characterization or limited 
molecular markers such as SSRs (Thomson et al. 2007), 
which offer lower resolution compared to high-density 
SNP markers. Given the rapid development of high-
throughput sequencing technologies, it is now feasible 
to comprehensively analyze these local genomes using 
robust bioinformatics pipelines. A population-scale 
genomic investigation of Indonesian rice landraces is 
therefore both timely and necessary.
	 The 3K Rice Genome Project (3K-RGP), launched 
by the International Rice Research Institute (IRRI) and 
partners, has revolutionized rice genomics by sequencing 
of and releasing high-quality data over 3,000 diverse rice 
accessions worldwide (Project 2014; Sun et al. 2017). 
This project has produced a unified reference SNP dataset 
and extensive genotype information, enabling detailed 
studies on phylogenetics, domestication history, and 
genomic selection (Alexandrov et al. 2015; Mansueto 
et al. 2016). The dataset includes accessions from major 
rice-growing regions, but representation from Indonesia 
remains limited or fragmented. Nevertheless, the 
availability of aligned sequencing data (e.g., BAM files) 
through the International Rice Informatics Consortium 
(IRIC) allows researchers to reanalyze and extract 
population-specific SNPs for focused regional studies. 
With proper variant calling and stringent filtering, high-
confidence SNP datasets can be developed to assess 
diversity, ancestry, and gene flow within and across rice 
populations (Li et al. 2014). This capacity has led to 
novel insights into subpopulation structures in regions 
like South Asia, East Asia, and Africa, but has yet to be 
fully applied to Indonesian landraces. Thus, the 3K-RGP 

provides an underutilized but powerful platform to 
explore the evolutionary and breeding potential of 
Indonesian rice.
	 Analyzing the population structure of local rice 
accessions is crucial for understanding genetic 
differentiation, migration events, and admixture that have 
shaped current genotypic landscapes. Recent advances 
in population genomics tools—such as STRUCTURE, 
ADMIXTURE, PCA, and hierarchical clustering—allow 
researchers to detect subtle population stratifications and 
to distinguish between closely related genetic groups (Ma 
& Amos 2012; Porras-Hurtado et al. 2013 Cheng et al. 
2017; Francis 2017). These analyses help trace lineage-
specific evolution, identify founder events, and uncover 
hidden subpopulations that may be associated with 
unique traits. In rice, subpopulation classification has 
typically followed four major groups: Indica, Japonica, 
Aus, and Aromatic, each with specific adaptation zones 
and genetic signatures (Wang et al. 2018; He et al. 2021; 
Hamilton et al. 2025). However, regional studies have 
shown that local varieties often do not fit neatly into 
these categories, especially when they have undergone 
hybridization or local adaptation. Indonesian rice, with 
its long history of human cultivation and trade, may 
harbor a complex ancestry that reflects both ancient 
and recent gene flows. Therefore, a rigorous population 
structure analysis using dense SNP data is vital to reveal 
the hidden genomic architecture of these landraces.
	 Despite the richness of Indonesia’s rice germplasm, 
few studies have focused on its genome-wide diversity 
using modern population genomics approaches. 
Most previous efforts have either focused on narrow 
subsets of accessions or have used molecular markers 
with low genome coverage, limiting the resolution of 
subpopulation detection. The use of genome-wide SNP 
markers offers a more precise and reproducible method 
for evaluating genetic relationships and identifying 
distinct population clusters. SNPs are abundant, bi-
allelic, and amenable to high-throughput genotyping and 
statistical modeling, making them ideal for detecting 
fine-scale population structures. Moreover, SNP-based 
studies have the advantage of enabling downstream 
applications such as genetic mapping, marker-assisted 
selection, and genomic prediction (Satrio et al. 2021, 
2023). In Indonesia, where rice breeding efforts are 
increasingly targeting local adaptability and resilience 
traits, understanding the genomic landscape of landraces 
is becoming more urgent. Thus, genome-wide SNP 
analysis provides both a foundation for fundamental 
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research and a bridge to practical applications in breeding 
and conservation.
	 This study aims to investigate the genetic diversity, 
lineage relationships, and population structure of 244 
Indonesian local rice accessions using whole-genome 
SNP data. By leveraging BAM files from the 3K Rice 
Genome Project, we applied a robust pipeline for variant 
calling, filtering, and SNP annotation to obtain high-
quality, polymorphic markers. The reference varieties 
IR64 (Indica), DJ123 (Aus-like), and Nipponbare 
(Temperate Japonica) were included to provide context 
and serve as anchors for population clustering. We 
employed hierarchical clustering, principal coordinate 
analysis (PCoA), and population structure inference 
to elucidate genetic relationships among accessions. 
Special attention was given to identifying admixed 
individuals and detecting subgroup patterns within the 
broader Indica and Japonica categories. We also explored 
whether unique subpopulation events are evident among 
the Indonesian accessions, which may reflect adaptation 
or historical migration. Ultimately, this study contributes 
to filling the knowledge gap in Indonesian rice genomics 
and provides a valuable resource for future breeding and 
conservation efforts.

2. Materials and Methods

2.1. Data Collection
	 This study utilized whole-genome resequencing 
data of Indonesian local rice accessions obtained from 
the 3,000 Rice Genomes Project (3K-RGP), a global 
initiative hosted by the International Rice Informatics 
Consortium (IRIC) (Li et al. 2014). Specifically, we 
retrieved the Binary Alignment Map (BAM) files of 244 
Indonesian accessions from the IRIC database (https://
iris.gramene.org/rice/), representing a wide range of local 
landraces across various islands and agroecosystems 
in Indonesia. These BAM files were aligned to the 
Nipponbare reference genome (IRGSP-1.0) using the 
Burrows-Wheeler Aligner (BWA) (Li & Durbin 2009), 
as originally processed by the 3K-RGP. Three reference 
accessions—IR64 (Indica), DJ123 (Aus-like), and 
Nipponbare (Temperate Japonica)—were included in 
the dataset for comparative and lineage classification 
purposes (Schatz et al. 2014). The choice of these 
references was based on their well-established genome 
assemblies and their use in previous rice population 
studies.

2.2. Sequence Data Processing
	 Variant calling was conducted using a standardized 
pipeline to ensure the accuracy and reproducibility of 
SNP identification. First, BAM files were subjected to 
duplicate marking and indexing using SAMtools (Li et 
al. 2009), followed by base quality recalibration and 
local realignment around indels using Genome Analysis 
Toolkit (GATK) 4.2.3.0. (McKenna et al. 2010). High-
confidence single-nucleotide polymorphisms (SNPs) 
were then called across all accessions using GATK 
HaplotypeCaller in the GVCF mode and subsequently 
combined into a joint genotyping dataset. To ensure 
data quality, SNPs were filtered using stringent criteria, 
including a minimum depth (DP ≥ 15), genotype quality 
(GQ ≥ 30), and minor allele frequency (MAF ≥ 0.05). 
Variants with high levels of missing data (>10%) and 
those located in poorly aligned regions were removed. 
The resulting high-quality SNP dataset was further 
annotated using SnpEff (Cingolani et al. 2012), which 
provided information on variant effects and genomic 
context based on the Nipponbare reference genome. 
This rigorous filtering and annotation process yielded 
a total of 3,839,961 SNPs distributed across all 12 rice 
chromosomes.

2.3. Lineage and Population Structure of 
Indonesian Local Rice
	 The genetic relationships among Indonesian rice 
accessions were analyzed through a combination of 
multivariate and model-based approaches. Hierarchical 
clustering was performed using a pairwise genetic 
distance matrix computed from the filtered SNP dataset, 
employing the Neighbor Joining (NJ) to generate a 
dendrogram. Principal Coordinate Analysis (PCoA) 
was conducted using the same matrix to visualize the 
clustering patterns in reduced dimensions and to explore 
the continuity or separation among accessions. Both 
NJ and PCoA analyses were run on TASSEL software 
(Bradbury et al. 2007). To infer population structure, we 
employed ADMIXTURE 1.3.0. software (Cheng et al. 
2017), which estimates individual ancestry proportions 
assuming a predefined number of ancestral populations 
(K). The optimal number of K clusters was determined 
using cross-validation error values, tested from K = 1 
to K = 10 with 1,000 bootstrap replicates. The most 
representative number of clusters (K) for population 
structure was determined using the delta K method 
using structureHarvester (https://github.com/dentearl/

144	                                                                                                                      		            Satrio RD et al.



structureHarvester). Delta K values were calculated 
based on the rate of change in the log probability of 
data between successive K values. Each accession 
was assigned to a subpopulation based on membership 
coefficients, and those with shared ancestry across 
clusters were considered admixed. In addition to 
population structure analysis, a kinship matrix was 
constructed using the centered identity-by-state (IBS) 
method implemented in TASSEL 5.0 (Bradbury et 
al. 2007), allowing estimation of pairwise genetic 
relatedness among individuals. This matrix helped to 
quantify the degree of kinship and supported clustering 
results by identifying genetically similar groups within 
the population. The combined clustering, dimensional 
reduction, and admixture analyses provided a robust 
framework for delineating the evolutionary and 
population structure relationships of Indonesian local 
rice.

3. Results

3.1. Single Nucleotide Polymorphism Markers
	 Variant calling and stringent filtering from the 244 
Indonesian local rice accessions resulted in a total of 
3,839,961 high-quality SNP loci distributed across 
all 12 rice chromosomes (Table 1). Chromosome 
1 harbored the highest number of SNPs (410,164), 
followed by chromosome 2 (353,873) and chromosome 
11 (345,469), while chromosome 9 contained the 
fewest SNPs (243,301). The SNP density, expressed 
as the average number of base pairs per SNP, ranged 
from 84 bp/SNP on chromosome 11 to 110 bp/SNP on 
chromosome 4, with a genome-wide average of 97 bp/
SNP. This high resolution of SNP distribution reflects 

the effectiveness of the variant calling and filtering 
pipeline and highlights the rich genetic variability 
present in Indonesian rice germplasm. The even 
coverage of SNPs across all chromosomes provides 
a robust foundation for downstream genetic diversity 
and population structure analyses. These findings also 
demonstrate the capacity of resequencing-based SNP 
discovery to reveal fine-scale genomic variation across 
a wide set of local accessions. The large number and 
broad genomic distribution of SNP markers generated 
in this study surpass those used in many previous 
reports on local rice populations.
	 Functional annotation of the SNPs using SnpEff 
revealed that the majority of the variants were 
located in non-coding genomic regions, particularly 
in the upstream (31.3%), downstream (30.1%), and 
intergenic (20.0%) regions (Figure 1). A smaller 
fraction of SNPs was located within gene, including 
exons (6.6%), introns (5.7%), and untranslated regions 
(UTRs), such as the 5′UTR (0.1%) and 3′UTR (0.3%). 
Only a very small proportion of SNPs were found in 
splice site regions, including splice donors, acceptors, 
and splice site regulatory regions, each comprising less 
than 0.1% of the total SNPs. The dominance of SNPs 
in regulatory and non-coding regions is consistent with 
previous whole-genome SNP distribution patterns 
observed in rice and other plant species. Nevertheless, 
the SNPs within exons and UTRs may include 
functional variants associated with phenotypic traits 
of agronomic interest. The structural annotation also 
provides critical information for prioritizing candidate 
loci in genome-wide association studies (GWAS) or 
selection mapping. These results underscore the utility 
of high-density SNP markers not only for population-

Table 1. SNP markers generated from 244 Indonesian local rice varieties

*SNP rate (bp/SNP) indicates the average nucleotide distance between two adjacent SNPs on each chromosome, providing an estimate of 
SNP density across the rice genome. Lower SNP rate values reflect higher SNP densities, suggesting regions of greater genetic variation 
among the analyzed Indonesian local rice accessions

Chromosome

Total

Chromosome length (bp)

373,245,519

Number of SNPs

3,839,961

SNPs rate* (bp per SNP)

97

1
2
3
4
5
6
7
8
9
10
11
12

43,270,923
35,937,250
36,413,819
35,502,694
29,958,434
31,248,787
29,697,621
28,443,022
23,012,720
23,207,287
29,021,106
27,531,856

410,164
353,873
340,334
320,773
301,770
338,863
321,077
329,239
243,301
265,077
345,469
270,021

105
101
106
110
99
92
92
86
94
87
84

101
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provide strong evidence of the complex evolutionary 
trajectories and domestication processes in Indonesian 
local rice.

3.3. Population Structure and Kinship of 
Indonesian Local Rice
	 The population structure analysis of 244 Indonesian 
local rice accessions revealed clear genetic stratification 
when analyzed using ADMIXTURE software. Based 
on the cross-validation error and ΔK method, the 
most representative number of clusters was found 
to be K = 2 (Figure 4A), Indicating the primary 
genetic divergence between the Indica and Japonica 
subspecies. At K = 2, most accessions were distinctly 
assigned to either the Indica or Japonica group, with 
a few individuals showing mixed ancestry, Indicating 
possible gene flow or historical admixture between 
the groups. When the number of clusters increased 
to K = 3, an additional cluster emerged representing 
Tropical Japonica, effectively separating it from the 
temperate Japonica group and refining the structure of 
the Japonica lineage (Figure 4B). Several accessions 
showed patterns of admixture, highlighting the hybrid 
nature or introgression events in local breeding history. 
These admixtures reflect complex evolutionary 
processes in Indonesian rice domestication and 
cultivation, likely influenced by both natural gene flow 
and farmer selection. The structure plot also confirmed 
the correspondence between the genetic clustering and 
the lineage assignments previously observed in the 
phylogenetic tree and PCoA.
	 The kinship analysis using the centered IBS method 
implemented in TASSEL provided a detailed view of 
genetic relatedness among the accessions. The kinship 
heatmap revealed distinct blocks of strong relatedness 
(Figure 5), with Indica and Japonica accessions forming 
two major kinship groups showing high internal genetic 

level analysis but also for identifying potential genetic 
elements underlying adaptation and domestication.

3.2. Lineage of Indonesian Local Rice
	 The lineage analysis of the 244 Indonesian local rice 
accessions was carried out using hierarchical clustering 
and principal coordinate analysis (PCoA), both of which 
revealed consistent grouping patterns. The hierarchical 
tree showed three major clusters (Figure 2), each 
aligning with known rice subspecies: Indica, Japonica, 
and Tropical Japonica, with reference accessions IR64, 
Nipponbare, and DJ123 clearly marking these groups. 
The largest cluster was dominated by accessions grouped 
with IR64, Indicating a predominance of Indica-
type rice in Indonesian local varieties. The Japonica 
group, anchored by Nipponbare, formed a separate 
cluster, while a distinct third cluster represented the 
Tropical Japonica subgroup. PCoA further confirmed 
this structure (Figure 3), where the first principal 
component (PC1) explained 91.38% of the genetic 
variance, distinctly separating Indica and Japonica 
accessions. The second component (PC2), accounting 
for 4.42% of the variance, helped to differentiate 
Tropical Japonica from temperate Japonica. Eleven 
accessions, such as 'Gogo Rajapan’, ‘Sukamandi 
1005’, ‘Sukaradja’, ‘Andel Welut’, ‘Pare Maromba’, 
and ‘Telurikan’, ‘Poenoet Hitam’, ‘Tjantajan’, 
‘Ketan Urang’, ‘Kwatik Putih’, ‘Larondjawi’, were 
positioned between the main clusters, along with 
DJ123, suggesting admixed ancestry resulting from 
gene flow or historical hybridization. These admixed 
accessions likely represent transitional genotypes with 
alleles from both Indica and Japonica lineages. This 
evolutionary pattern underscores the influence of both 
natural selection and farmer-mediated selection in 
shaping the genetic structure of local rice germplasm. 
Together, the phylogenetic and multivariate analyses 

Figure 1. Structural annotation of 3,839,961 SNPs derived from 244 Indonesian local rice varieties
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Figure 2. Hierarchical clustering tree of 244 Indonesian local rice accessions and three reference genomes (IR64, Nipponbare, and DJ123) 
showing three major lineages: Indica (red), Japonica (green), and Tropical Japonica (blue).

Figure 3. Principal Coordinate Analysis (PCoA) of 244 Indonesian local rice accessions based on SNP data, illustrating genetic clustering 
into Indica, Japonica, Tropical Japonica, and admixed groups
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similarity. The Indica group, where most accessions 
were densely clustered, exhibited stronger kinship 
coefficients, Indicating a more homogenous genetic 
background likely due to shared ancestry or directional 
selection. In contrast, Japonica accessions showed 
a more diverse kinship pattern, consistent with their 
broader geographical origin and genetic variability. 

Some admixed accessions occupied intermediate 
positions in the kinship matrix, supporting their hybrid 
ancestry as inferred from the structure analysis. This 
combined interpretation of ancestry and kinship 
confirmed that Indonesian local rice varieties comprise 
at least two primary genetic pools with varying degrees 
of admixture. These results underscore the importance 

Figure 4. Population structure of 244 Indonesian local rice accessions based on ADMIXTURE analysis. (A) ΔK values indicating the most 
probable number of clusters (K), (B) ancestry proportions of each accession at K = 2 and K = 3.

Figure 5. Kinship matrix based on centered Identity-by-State (IBS) analysis among 244 Indonesian local rice accessions

A B
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of both population structure and kinship information in 
informing future conservation, breeding, and genetic 
studies of rice in Indonesia.

4. Discussion

	 The present study generated a comprehensive 
set of 3,839,961 high-quality SNP markers from 
244 Indonesian local rice accessions, offering a 
valuable genomic resource for understanding the 
genetic structure of rice in the region. These markers, 
distributed across all 12 chromosomes, demonstrated 
dense and uniform coverage with an average SNP 
density of one SNP every 97 bp, which reflects a high 
degree of polymorphism in the germplasm analyzed 
(Table 1). Hierarchical clustering, principal coordinate 
analysis (PCoA), and population structure analysis 
consistently revealed three major genetic groupings 
within Indonesian local rice: Indica, Japonica (divided 
into Temperate and Tropical subgroups), and a group of 
admixed individuals (Figures 2-4). The identification 
of 11 accessions with admixed ancestry highlights 
the complex historical gene flow and breeding events 
within the Indonesian archipelago. The use of IR64, 
DJ123, and Nipponbare as reference genotypes 
enabled accurate lineage classification. Furthermore, 
the kinship matrix derived from centered Identity-by-
State (IBS) analysis provided additional support for the 
population structure observed, showing clear genetic 
relatedness patterns corresponding to the ancestry 
groups (Figure 5). These findings not only validate the 
SNP dataset but also emphasize the rich and diverse 
genetic legacy preserved in Indonesia’s local rice 
varieties, representing a significant contribution to the 
current understanding of rice population genomics.
	 The grouping results of Indonesian local rice 
accessions in this study (Figures 2 and 3) are largely 
consistent with global classification schemes such as 
those proposed by the 3K RGP (Wang et al. 2018). 
The majority of accessions fell into the Indica group, 
with possible correspondence to subgroups like ind1a, 
ind1b, and ind2, which are known to represent lowland 
tropical varieties widely cultivated in South and 
Southeast Asia. A smaller subset of accessions was 
clustered into groups similar to trop (tropical Japonica) 
and temp, suggesting that some Indonesian varieties 
share ancestry with upland and temperate Japonica 
ecotypes. Interestingly, no clear representatives of aus, 
aro, or subtrop were observed, reinforcing the notion 
that these subpopulations have limited distribution in 

the Indonesian archipelago. Some accessions showing 
admixture patterns might correspond to the admix group 
described in 3K RGP (Sun et al. 2017), particularly 
in areas where Japonica and Indica varieties have 
historically coexisted and exchanged genetic material 
(Londo et al. 2006). This pattern of genetic blending 
is consistent with Indonesia’s geographical position 
as a biodiversity hotspot and a corridor for rice 
domestication and dispersal (Von Rintelen et al. 2017; 
Deng et al. 2020). Thus, the lineage structure observed 
in this study reflects both historical introduction 
events and local adaptation processes that have shaped 
Indonesian rice diversity.
	 Compared to previous studies, which employed 
genome-wide SNP data to explore rice population 
structure at continental or regional levels (Lu et al. 2005; 
Zhang et al. 2011; Courtois et al. 2012), our findings 
underscore the importance of high-resolution analysis 
within specific ecological and cultural contexts. While 
global studies often prioritize broad categorizations, 
this study reveals intricate genetic subdivisions and 
admixture patterns within a single country, pointing 
to the complex interplay between traditional farming 
systems, environmental gradients, and human cultural 
practices. In this context, the Indonesian archipelago 
offers a unique evolutionary landscape due to its 
geographic fragmentation, ecological and ethnological 
diversity (Geertz 1963; Iskandar et al. 2018). The SNP 
dataset used in our study provides a level of granularity 
that enables the detection of substructure even within 
Japonica groups—distinguishing between Tropical 
and Temperate Japonica types (Figures 2 and 3). These 
results are not only consistent with the proposed origins 
and dispersal of rice as outlined by Fuller (Fuller 
2011) but also suggest that Indonesia may harbor 
intermediate forms or transitional genotypes resulting 
from ancient introgressions. The identification of 
distinct genetic patterns within widely cultivated and 
culturally significant varieties further demonstrates the 
relevance of local adaptation and selection in shaping 
rice diversity at the population level.
	 The findings of this study have important 
implications for rice breeding, conservation, and 
genetic resource management in Indonesia and beyond. 
The availability of a high-density, genome-wide SNP 
dataset specific to Indonesian rice opens opportunities 
for trait mapping, marker-assisted selection, and 
genomic prediction in local breeding programs 
(Miftahudin et al. 2021a; Satrio et al. 2024). We also 
used the SNP data obtained in the study for association 
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mapping on seed characteristics, and have successfully 
revealed two QTL hotspots, specifically related to the 
size, shape, weight, and color of rice seeds (Satrio 
et al. 2025). In the future, these SNP markers could 
be utilised to map traits associated with productivity 
and environmental stress tolerance, as previously 
demonstrated with aluminium toxicity (Miftahudin 
et al. 2007; Fendiyanto et al. 2019; Miftahudin et al. 
2021b). Furthermore, understanding the population 
structure and kinship among these accessions can help 
breeders avoid inbreeding depression, exploit heterosis, 
and design effective crossing strategies. In addition, the 
genomic characterization of these accessions supports 
the development of rice varieties tailored to diverse 
agroecological zones and farmer preferences, thereby 
enhancing their agricultural utility and adaptability. 
From a conservation perspective, our results provide 
a framework for prioritizing accessions for in situ and 
ex situ preservation based on their genetic uniqueness 
and ancestral background. At a broader scale, this study 
contributes to the global effort of characterizing rice 
diversity by filling a significant geographic and genetic 
gap in current rice genomics datasets, specifically 
at the country level (Yamasaki & Ideta 2013; Islam 
et al. 2018; Peringottillam et al. 2022). The insights 
gained here may also inform evolutionary studies on 
rice domestication and adaptation, particularly in 
tropical island ecosystems. Finally, the identification of 
admixed individuals highlights the ongoing dynamics 
of gene flow and offers a unique model system for 
studying hybridization and genome evolution in crops. 
Taken together, this research demonstrates the scientific 
and practical value of exploring rice genetic diversity 
at both local and global scales.
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