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Abstract 19 

Northeast India is a hotspot of rice diversity, harbouring traditional rice genotypes with distinct 20 

grain-quality traits and adaptation to diverse agroecological conditions. In the present study, 21 

we investigated the genome-wide diversity, population structure, and trait-associated 22 

divergence among indigenous rice genotypes from Assam, Northeast India using 9,714 high-23 

quality DArTseq SNP markers. Genome-wide analyses revealed extensive genetic variation 24 

and strong population subdivision, with phylogenetic, Bayesian clustering, and principal 25 

component analyses (PCA) consistently identifying three major genetic clusters and six 26 

ancestral subpopulations. Genetic structuring was driven predominantly by grain-quality traits, 27 

particularly aroma, stickiness (glutinous grain), and pigmentation, rather than geographic 28 

origin alone. Trait-specific identity-by-state analyses and chromosome-level investigations 29 

further revealed distinct patterns of allele sharing around genomic regions associated with 30 

fragrance, grain stickiness, and pigmentation, reflecting the influence of long-term farmer-31 

mediated selection and local adaptation. Analysis of molecular variance showed that 60.49% 32 

of total genetic variation was distributed among subpopulations, accompanied by high levels 33 

of private allelic diversity, indicating restricted gene flow and independent evolutionary 34 

trajectories among rice groups. Aromatic Joha, glutinous Bora, and pigmented rice lineages 35 

emerged as genetically distinct reservoirs of unique variation. These findings provide new 36 

insights into the evolutionary diversification of Northeast Indian rice and establish a 37 
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comprehensive genomic framework for germplasm conservation, genetic resource 38 

management, and the deployment of valuable alleles for grain quality, speciality rice markets, 39 

and climate-resilient rice breeding. 40 

Keywords: Joha rice, Black rice, DArTseq SNP, Genetic diversity, Indigenous, Genotyping 41 

1. Introduction 42 

Asian rice (Oryza sativa) is one of the world’s oldest domesticated crops, with its primary 43 

origin traced to the Yangtze River basin in China. Over the years, as rice expanded beyond its 44 

centre of origin, the crop encountered diverse ecological niches and farming systems across 45 

Asia, leading to extensive genetic diversification. The primary domestication event, followed 46 

by subsequent adaptation to heterogeneous environments, led to the formation of distinct 47 

subpopulations such as indica, japonica, and aus type, each shaped by region-specific selection 48 

pressures and cultural preferences (Molina et al. 2011: Huang et al. 2012). Recent genomic 49 

investigations have revealed that rice domestication was considerably more complex than a 50 

single-origin model, involving multiple domestication events, contributions from diverse wild 51 

progenitors, and extensive introgression among cultivated and wild rice lineages (Civáň and 52 

Brown, 2018; He et al. 2021; Zhao et al. 2025). Although genome-wide differentiation among 53 

rice groups is well established, several key agronomic and domestication-related genomic 54 

regions exhibit signatures of allele sharing and adaptive introgression across subpopulations 55 

(Civáň and Brown, 2017, Civáň and Brown. 2018; Zhou et al. 2025). These patterns indicate 56 

that both natural and human-mediated selection have facilitated the retention and movement of 57 

favourable alleles associated with adaptation, grain quality, and agronomic performance across 58 

diverse genetic backgrounds. 59 

 60 

Northeast India, part of the Indo-Burma biodiversity hotspot, is widely recognized as the 61 

secondary center of rice diversification. Rice occupies nearly 72% of the total cultivated area 62 

in the region and it is grown under diverse production systems, including upland, lowland, 63 

flood-prone and deep-water ecosystems (Roy et al. 2015). More than 10,000 indigenous rice 64 

cultivars have been documented from the region, representing centuries of farmer-led selection, 65 

adaptation, and conservation (Hore 2005; Chakraborty and Ray 2019). The remarkable agro-66 

ecological heterogeneity of Northeast India, characterized by diverse topography, climatic 67 

variability, and hydrological regimes, has promoted the evolution of genetically distinct rice 68 

populations adapted to drought-prone uplands, flood-prone lowlands, deep-water ecosystems, 69 

and hill cultivation systems (Choudhury et al. 2014; Durai et al. 2015; Vanalsanga et al. 2019). 70 

This ecological distinctness and diversity have made Northeast Indian rice landraces an 71 



3 

 

invaluable reservoir of genetic variation that can contribute to future breeding efforts targeting 72 

climate resilience, nutritional enhancement, grain quality, and adaptation to marginal 73 

production environments (Roy et al. 2015; Umakanth et al. 2017; Vanlalsanga et al. 2019; 74 

Lazaridi et al. 2024; Chettri et al. 2026). 75 

 76 

The uniqueness of Northeast Indian rice diversity is reflected not only in its ecological 77 

adaptation but also in the remarkable diversity of grain-quality traits preserved by local farming 78 

communities (Roy et al. 2015; Umakanth et al. 2017; Vanlalsanga et al. 2019; Chettri et al. 79 

2026). Traditional landraces of Northeast India encompassing distinct types such as Joha 80 

(aromatic), Bora Saul (glutinous), Chak-Hao (black), Bao-dhan (red), and Chokuwa (semi-81 

glutinous/instant) reflect a wide spectrum of speciality rice types strongly associated with local 82 

cultural practices and consumer preferences (Vanlalsanga et al. 2019; Roy et al. 2024). 83 

Previous molecular studies have consistently demonstrated high levels of genetic diversity and 84 

significant population structuring within these landraces, underscoring the region as a unique 85 

reservoir of rice genetic resources (Olsen and Purugganan, 2007; Durai et al. 2015; Roy et al. 86 

2015). Many of the distinctive grain quality attributes found in these landraces are controlled 87 

by key functional genes, including Waxy (Wx) controlling amylose content and grain stickiness, 88 

BADH2 governing grain fragrance, Rc responsible for red pericarp pigmentation, and Kala4 89 

associated with black grain pigmentation (Brooks et al. 2008; Oikawa et al. 2015; Singh et al. 90 

2022; Lv et al. 2025). The continued cultivation and preference for these nutritionally, 91 

culturally important and climate-adaptive traits have likely contributed to the retention of 92 

distinct allelic combinations and genomic backgrounds within the specific rice groups of the 93 

region (Roy et al. 2024). 94 

 95 

Beyond local adaptation and trait-based selection, recent population genomic studies have 96 

highlighted the complex evolutionary history of Northeast Indian rice (Choudhury et al. 2014; 97 

Roy et al. 2016). Evidence of adaptive introgression and allele exchange among indica, 98 

japonica, and aus gene pools has suggested that both historical gene flow and selection have 99 

played an important role in the emergence of unique regional landrace groups (Chakraborty 100 

and Ray, 2019; Zhou et al., 2025). Despite the recognized significance of Northeast Indian rice 101 

diversity, the relative contributions of ecological adaptation, farmer-mediated selection, and 102 

grain-quality traits to genome-wide population structure remain insufficiently understood. 103 

Furthermore, most previous studies have relied on limited marker sets or focused primarily on 104 

specific trait groups, leaving a significant knowledge gap regarding the genomic processes 105 
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underlying diversification across the broader spectrum of indigenous rice germplasm of the 106 

region. 107 

 108 

Against this broader background of rice diversity in Northeast India, the present study 109 

investigated traditional rice genotypes collected primarily from different agro-climatic regions 110 

of Assam, Northeast India encompassing diverse grain-quality characteristics, collection 111 

regions and ecosystems (Fig. 1 and Fig. S1). Three additional cultivars- Kalanamak from Uttar 112 

Pradesh, and Protezin and CG Dev Bhog from Chhattisgarh were also included to broaden the 113 

geographical and genetic representation of the diversity panel. We hypothesized that ecological 114 

adaptation, farmer-mediated selection, and historical germplasm exchange have shaped 115 

genomic diversity among the sampled genotypes, with grain-quality traits such as aroma, 116 

stickiness, and pigmentation potentially contributing to genetic differentiation alongside 117 

geographical origin. To test this hypothesis, we used genome-wide DArTseq SNP markers to 118 

(i) assess genome-wide genetic diversity, (ii) characterize population structure and genetic 119 

differentiation, and (iii) determine the extent to which grain-quality traits and agroecological 120 

adaptation influence genomic variation. These findings provide insights into the genomic 121 

diversity and grain-quality-associated genetic relationships of the sampled rice genotypes, with 122 

implications for the conservation and utilization of traditional rice genetic resources and the 123 

improvement of specialty rice varieties from the region.  124 

 125 
2. Results 126 

2.1. SNP distribution and genome-wide genetic diversity 127 

After quality filtering, 9,714 high-quality SNPs were retained from the initial 61,957 DArTseq 128 

markers across 88 samples, representing 15.68% of the original marker set. The filtered SNP 129 

markers were distributed across all 12 chromosomes with an average density of 25.99 130 

SNPs/Mb. Marker density varied moderately among the chromosomes, ranging from 21.9 131 

SNPs/Mb on chromosome 11 to 31.8 SNPs/Mb on chromosome 2 (Fig. 2A). Marker coverage 132 

was generally distributed across the genome, although several genomic intervals showed 133 

relatively sparse marker representation (Fig. 2C).  134 

 135 

Genome-wide genetic diversity analysis revealed moderate genetic variation within the panel. 136 

Per marker expected heterozygosity (He) ranged from 0.076 to 0.500, with a mean of 0.341, 137 

while polymorphic information content (PIC) values ranged from 0.073 to 0.375, with a mean 138 

of 0.275. Observed heterozygosity (Ho) was low (mean 0.039), consistent with the 139 
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predominantly self-pollinating nature of rice. Diversity estimates revealed only minor variation 140 

among chromosomes, however, chromosome 7 exhibited the highest allelic diversity (He = 141 

0.355) and marker informativeness (PIC = 0.285), whereas chromosome 11 showed the lowest 142 

diversity values (Fig. 2B). Collectively, the marker density, genome-wide coverage, and 143 

polymorphism levels support the suitability of the SNP dataset for downstream analyses, 144 

including population structure and genetic diversity assessments. 145 

 146 

2.2. Genetic relationship among rice genotypes 147 

Pairwise genetic distance analysis revealed a substantial genome-wide variation among the 88 148 

samples, with a mean bitwise distance of 0.335. The highest genetic divergence was observed 149 

between Sital Seni Joha and Kalavati (0.575), indicating highly distinct genetic backgrounds. 150 

To avoid bias arising from comparison among the biological samples of the same genotype, 151 

within-genotype comparisons were excluded when identifying the most similar genotype pairs. 152 

Among distinct genotypes, the lowest genetic distance was observed between Beroi and 153 

Padumani (0.025), followed by Chokuwa and Bora Chokuwa (0.035), indicating a high degree 154 

of genetic similarity between these genotypes (Table S2). 155 

 156 

2.3. Phylogenetic analysis 157 

The phylogenetic distance-based clustering grouped the 88 samples into three major genetic 158 

groups (Fig. 2). Group I (green clade) formed a distinct lineage characterized by varying branch 159 

lengths, indicating different levels of genetic divergence among the constituent samples. This 160 

group encompassed samples from traditional lowland and upland ecosystems and from diverse 161 

agro-climatic regions, including the Brahmaputra Valley Zone (BVZ), Upper Brahmaputra 162 

Valley Zone (UBVZ), and North Bank Plain Zone (NBPZ) of Assam, Northeast India. Within 163 

this group, samples Moynagiri, Defa Bao, and Basudev formed separate sub-branches, 164 

indicating relatively greater genetic divergence from the main group I cluster. A second set of 165 

upland samples (Derso-Karbianglong, Barza-Karbianglong, and Chingdon-Karbianglon) 166 

formed distinct branches with comparatively long terminal lengths, reflecting greater genome-167 

wide divergence from the remaining samples and suggesting the accumulation of unique 168 

variants. Towards the distal end of the clade, a dense collection of aromatics, non-sticky, core 169 

Joha samples was observed, with short branch lengths indicating high similarity and a shared 170 

genomic background. Following these, Lal jeera, and Chudamani from BVZ and Kola Joha 171 

from NBPZ occupied intermediate positions between the divergent set and the core Joha group. 172 
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Group II (orange) comprised predominantly lowland and deep-water rice samples from NBPZ 173 

and UBVZ, encompassing diverse grain-quality characteristics, including sticky and non-174 

sticky types and red-grained genotypes. This group exhibited substantial intra-group diversity, 175 

as reflected by the relatively long internal branches. Despite their contrasting grain 176 

characteristics, Beroi (sticky) and Padumani (non-sticky), both from NBPZ, clustered closely, 177 

suggesting a shared genetic background and possible adaptation to similar agroecological 178 

conditions. This clustering pattern was consistent with the pairwise genetic distance analysis 179 

(Table S2), which identified Beroi and Padumani as the most genetically similar pair of distinct 180 

genotypes. Similarly, Chokuwa and Bora Chokuwa clustered closely within Group II, 181 

consistent with their pairwise distance estimates, despite being maintained as distinct landraces. 182 

However, given the collection of Chokuwa and Bora Chokuwa from the same geographical 183 

region and with similar morphological similarities (Table S1). Chokuwa and Bora Chokuwa 184 

may represent the same or closely related genotype maintained under different local names; 185 

however, further characterization would be required to confirm this possibility. 186 

Group III (blue clade) formed a compact lineage characterized by short branch lengths and 187 

tight clustering, indicating strong genetic relatedness among the samples. This group 188 

comprised primarily the sticky (glutinous) rice from different agro-climatic regions of Assam, 189 

Northeast India. Within the blue clade, sticky black rice (Upendra black rice 1, Upendra black 190 

rice 2, Manipuri black rice and Kalavati) formed a distinct and tight sub-cluster indicating 191 

shared allelic states and high overall genomic similarity. In addition to the sticky-black rice 192 

group, the blue clade also included a few smaller, distinct sub-lineages of non-glutinous rice 193 

(like Protezin and CG Dev Bhog, which are non-sticky rice cultivars from Raichur, 194 

Chhattisgarh state, India and also samples from other agro-climatic regions of Assam), 195 

suggesting possible partial shared ancestry. Furthermore, the clustering within group III 196 

highlights a genetically similar assemblage dominated by glutinous rice types, with a distinct 197 

sub-group of sticky/glutinous black rice, within the broader diversity panel. (Fig. 2). 198 

2.4 Population structure analysis 199 

Population structure of the 88 retained samples was inferred using a Bayesian clustering 200 

approach, with ancestry coefficients across K values ranging from 1 to 10. Cross-entropy 201 

analysis revealed a sharp decline between K=1 and K=2, followed by a gradual decline up to 202 

K=7, after which the values plateaued (Fig. 3). Although K = 7 exhibited a marginally lower 203 

cross-entropy value, K = 6 provided the most biologically meaningful and interpretable 204 

clustering pattern. Therefore, six subpopulations were defined, samples with ancestry 205 
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coefficients ≥80% were assigned to a specific subpopulation, whereas those with lower 206 

membership proportions were classified as admixed (Table S3, Fig. 3).  207 

At K = 6, the 88 samples (49 genotypes) can be separated into six distinct subpopulations, with 208 

varying levels of admixtures (Fig. 3). Subpopulation 1 consisted solely of Moynagiri, 209 

indicating its unique genetic background. Subpopulation 2 represented most lowland non-210 

aromatic types from NBPZ and UBVZ, suggesting shared ancestry among ecologically adapted 211 

types. Subpopulation 3 grouped mostly the sticky glutinous rice, including the black-rice such 212 

as Upendra black rice 1, Upendra black rice 2, Kalavati, and Manipuri black rice, suggesting 213 

that grain type and pigmentation contributed strongly to genetic differentiation. Subpopulation 214 

4 comprised the upland-adapted types (Derso, Barza, Chingdon from Karbi Anglong), forming 215 

a distinct upland genetic cluster consistent with their separation in the phylogenetic analysis 216 

(Fig. 2). Subpopulation 5 represented the major aromatic rice group, including Kunkuni Joha, 217 

Bokul Joha, Kon Joha, Black Joha, Sital Seni Joha, and Kalanamak. Despite their diverse 218 

geographic origins, the aromatic types clustered together, and the results indicate that aroma- 219 

and grain quality-related selection has played a greater role in shaping genetic structure than 220 

geographic distribution. Subpopulation 6, comprising Kola Joha, Lal jeera, and Chudamani, 221 

formed a separate aromatic lineage, suggesting the existence of a genetically differentiated 222 

aromatic rice group within the broader diversity panel. 223 

2.5 Principal component analysis (PCA) 224 

Principal component analysis (PCA) further validated the population structure inferred from 225 

phylogenetic and Bayesian clustering analyses. The first two principal components explained 226 

46.65% of total genetic variation, with PC1 and PC2 accounting for 42.63% and 4.02%, 227 

respectively (Fig. 4). The substantial contribution of PC1 indicates that a large proportion of 228 

genomic variation was captured along a single axis of differentiation. The PC1 component 229 

distinctly separated glutinous (sticky) rice samples from diverse agro-climatic regions as a 230 

separate group (Fig. 4c), indicating that genomic variation associated with grain quality traits 231 

contributed substantially to the observed genetic structure. PC2 further resolved genetic 232 

variation associated with ecological adaptation (upland vs. lowland), pigmentation, aroma and 233 

geographic distribution (Fig. 4 and Fig. S3). Notably, sticky black rice samples formed a tight 234 

cluster distinct from the aromatic Joha group (Fig. 4d), while the upland samples from HZ were 235 

clearly differentiated along PC2, reflecting their unique genetic background. Overall, the PCA 236 

revealed a strong genetic differentiation based on grain quality and aroma, together with 237 

ecological adaptation (Fig. 4 and Fig. S3), corroborating the patterns observed in genetic 238 
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distance, phylogenetic clustering, and population structure analyses supporting the presence of 239 

substantial genetic diversity within the sampled rice from Assam, Northeast India. 240 

2.6 Whole-genome and chromosome-specific IBS analysis  241 

Whole-genome IBS analysis using trait-specific reference sample revealed clear differences in 242 

genetic similarity patterns. Using Manipuri black rice as the reference for sticky/glutinous and 243 

pigmented type, mean IBS values ranged from 0.44 to 1.00, with black and glutinous rice 244 

samples generally exhibiting high allele sharing (IBS ≥0.78), (Table S4, Fig. 5a), including 245 

Upendra black rice 1, Upendra black rice 2, Kalavati, Naina, Khamtilahi, and Jaymati showed 246 

high levels of similarity to Manipuri black rice. In contrast, aromatic Joha and several non-247 

pigmented rice samples exhibited substantially lower IBS values (<0.55), reflecting marked 248 

genetic divergence. These patterns were consistent with the phylogenetic, STRUCTURE, and 249 

PCA analyses, which collectively separated black and glutinous (sticky) rice samples from the 250 

aromatic Joha group (Fig. 2-5). Using Ketekhi Joha as the aromatic reference, mean values 251 

ranged from 0.48 to 1.00 for the Joha group and exhibited high genome-wide allele sharing, 252 

whereas most non-aromatic and pigmented rice samples showed substantially lower IBS values 253 

(Table S5, Fig. 5b). The concordance between IBS, population structure, phylogenetic, and 254 

genetic distance analyses indicates that genetic relationships within the panel are shaped 255 

predominantly by grain-quality attributes, including aroma, stickiness, and pigmentation, 256 

rather than geographic origin alone (Table S2-S3; Fig. 2 and 5). 257 

Chromosome-specific IBS analysis further reinforced trait-based differentiation. On 258 

chromosomes 4 and 8, which harbor the aroma-associated genes BADH1 and BADH2, most 259 

Joha samples exhibited high similarity to Ketekhi Joha, whereas non-aromatic and pigmented 260 

samples showed substantially lower IBS values (Table S6). Likewise, chromosome 6 analysis 261 

using Manipuri black rice as the reference revealed high IBS values among glutinous rice 262 

samples, particularly Upendra black rice 1, Aghuni Bora, Kalavati, Gomiri, and Naina, 263 

reflecting extensive allele sharing around the Wx locus associated with grain stickiness (Table 264 

S7). In contrast, aromatic Joha genotypes consistently displayed low IBS values for 265 

chromosome 6 (Wx locus) (Table S7). Compared with chromosome 6, chromosome 4 for Kala4 266 

locus exhibited a broader distribution of IBS values, with elevated similarity observed in both 267 

black/glutinous and several non-pigmented samples (Table S7). Nevertheless, aromatic Joha 268 

samples remained the most divergent group in both the chromosome 6 (Wx) and chromosome 269 

4 (Kala4) analyses for the sticky/glutinous and pigmented trait. Together, these results indicate 270 

stronger genomic differentiation of aromatic and glutinous rice groups than among 271 
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pigmentation classes and highlight the contribution of trait-associated genomic regions to the 272 

genetic differentiation of rice genotypes from Assam, Northeast India. 273 

2.7 Population divergence and genetic diversity 274 

Analysis of molecular variance (AMOVA) revealed strong hierarchical genetic structure 275 

among the rice samples. A total of 60.49% of the genetic variation was attributable to 276 

differences among subpopulations, resulting in an AMOVA-derived FST of 0.605 (Table 1). 277 

Variation among individuals within subpopulations accounted for 29.86% of total variation, 278 

while only 9.65% originated from within-individual variation, consistent with the 279 

predominantly self-pollinating nature of rice. The overall SNP-based FST of 0.48 further 280 

confirmed strong genomic differentiation among genetic groups. Pairwise FST estimates 281 

ranged from 0.08 to 0.81 (Table 2), indicating varying degrees of genetic divergence among 282 

subpopulations. The lowest differentiation was observed between subpopulations 2 and 3, 283 

suggesting substantial genetic affinity and shared ancestry. In contrast, the aromatic Joha of 284 

subpopulation 5 exhibited the highest differentiation from all other groups, highlighting its 285 

distinct genetic identity (Table S8). Mean within-subpopulation genetic distances ranged from 286 

0.009 (subpopulation 1) to 0.214 (subpopulation 6) (Table 3), whereas between-subpopulation 287 

distances varied from 0.220 to 0.540 (Table S8). Consistently, Nei's genetic distance ranged 288 

from 0.071 to 0.643, with value observed between subpopulations 2 and 3 and highest 289 

involving subpopulation 5 (Table 2). Subpopulation 6 showed moderate divergence from all 290 

other and the highest within-group genetic distance. 291 

Population diversity analysis revealed substantial variation among subpopulations (Table 3). 292 

Subpopulations 2, 3, and 5 exhibited the highest genotypic diversity, as reflected by their high 293 

Shannon-Wiener diversity indices and Simpson’s diversity indices and expected 294 

heterozygosity. In contrast, diversity estimates were lower for subpopulations 1, 4, and 6, 295 

largely due to their smaller sample size. Analysis of private alleles further highlighted genetic 296 

differentiation, with subpopulation 3 possessing the highest number of unique alleles, followed 297 

by subpopulation 5, 2, and 4 and this corroborates with the strong population structure 298 

identified by STRUCTURE, AMOVA, and genetic distance analyses, and demonstrating the 299 

presence of distinct reservoirs of unique genetic variation within specific rice groups from 300 

Assam, Northeast India. 301 

 302 

3 Discussion 303 

The present study provides a comprehensive assessment of genetic diversity and population 304 

structure within a representative panel of rice genotypes from Assam, Northeast India using 305 
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genome-wide SNP markers. The high-density marker dataset provided broad genome coverage 306 

and revealed substantial genetic variation, enabling robust characterization of relationships 307 

among traditional rice landraces differing in grain quality, cultivation ecology, and geographic 308 

origin. The relatively uniform distribution of SNPs across all 12 chromosomes, coupled with 309 

moderate levels of heterozygosity and marker informativeness, confirms the suitability of the 310 

marker set for investigating population structure and trait-associated genetic differentiation. 311 

3.1 Genome-wide diversity and strong population subdivision  312 

The genome-wide SNP dataset revealed substantial genetic variation together with pronounced 313 

population structure among traditional rice samples from Assam, Northeast India (Fig. 2). 314 

Despite broad genomic coverage, observed heterozygosity was consistently lower than 315 

expected heterozygosity across chromosomes, reflecting rice's predominantly self-pollinating 316 

nature and the consequent reduction in heterozygous loci. Similar patterns have been reported 317 

in rice landraces and global rice collections, where prolonged selfing and local selection reduce 318 

within-population heterozygosity while maintaining high divergence among populations 319 

(Huang et al. 2012). 320 

The strong genetic subdivision detected in the present study (Fig. 2-4; Table 1-3 and Table S3) 321 

was higher compared with large Asian rice panels, where most variation lies between the major 322 

varietal groups (indica, japonica, aus, aromatic) (Garris et al. 2005 and Wang et al. 2018). It 323 

is interesting to note that the panel included in the study falls within the regional gene pool of 324 

Northeast India yet shows stronger differentiation. This reflects the unique evolutionary history 325 

of Northeast Indian rice, where cultivation across contrasting ecosystems, including upland, 326 

lowland, flood-prone, and deep-water environments, has facilitated the maintenance of distinct 327 

allele pools. Similar patterns of localized genetic differentiation have been documented in 328 

traditional rice landraces maintained through farmer-led seed systems and region-specific 329 

selection practices (Pusadee et al. 2019; Cui et al. 2019). Together, these findings indicate that 330 

Northeast Indian rice genotypes represents a highly structured gene pool shaped by both 331 

ecological adaptation and long-term on-farm conservation. However, these estimates should 332 

nevertheless be interpreted with caution. As subpopulations defined by STRUCTURE were 333 

used for AMOVA and FST, similarly sample size within certain groups, marker ascertainment, 334 

and the analyses statistical power may overstate true differentiation. For example, 335 

subpopulation 1 contains a single genotype and cannot support population-level inference. We 336 

therefore treat our estimates as relative contrasts among groups rather than absolute measures 337 

of gene-flow. 338 

3.2 Grain-quality traits as major drivers of population structure 339 
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Phylogenetic, STRUCTURE, and PCA analyses consistently revealed genetic differentiation 340 

among rice samples associated with grain-quality characteristics, particularly aroma, 341 

stickiness, and pigmentation. Although Assam, encompasses diverse agro-climatic regions, 342 

genotypes sharing similar grain-quality attributes clustered together irrespective of their 343 

geographical regions (Fig. 2 and 3), suggesting that farmer-mediated selection and the 344 

maintenance of preferred grain characteristics may have contributed to the observed population 345 

structure. 346 

Aromatic Joha types formed a highly cohesive genetic group characterized by limited 347 

admixture and short phylogenetic branch lengths, indicating a shared genetic background 348 

maintained through continued selection for aroma and cooking quality. Notably, Kalanamak 349 

clustered closely with the Joha group despite its distinct geographical origin, indicating a close 350 

genetic affinity among aromatic rice groups from geographically separated regions. This 351 

pattern is consistent with previous reports of genetic affinity between Joha rice and aromatic 352 

landraces from the Himalayan foothill region (Gayacharan et al. 2018). The phylogenetic and 353 

STRUCTURE based clustering of glutinous and pigmented rice genotypes (Fig. 2 and Table 354 

S3) further suggests an association between grain-quality characteristics and genetic 355 

differentiation. Sticky/glutinous black rice genotypes clustered with other glutinous genotypes 356 

despite differences in pigmentation (Fig. 2-3 and Table S3), highlighting genetic affinity 357 

among rice types sharing glutinous grain texture. This finding complements previous reports 358 

of genetic differentiation among Northeast Indian rice landraces in relation to grain and 359 

cooking-quality characteristics (Roy et al. 2015). The presence of non-glutinous cultivars 360 

Protezin and CG Dev Bhog, originating from geographically distant locations, within the same 361 

major clade (Fig. 2) indicates that this genetic group encompasses variation beyond grain 362 

texture and geographical origin. Nevertheless, the clustering of glutinous and pigmented 363 

genotypes underscores the relevance of grain-quality characteristics in interpreting the genetic 364 

structure of Northeast Indian rice. 365 

3.3 Chromosome level allele sharing among aromatic and glutinous rice  366 

Trait-based IBS analysis provided additional insights into genomic similarities among rice 367 

samples grouped by grain quality characteristics. Glutinous rice samples showed extensive 368 

allele sharing across chromosome 6 (Table S7), which harbors the Waxy (Wx) gene, a major 369 

determinant of amylose content and grain stickiness (Shao et al. 2013; Roy et al. 2015; Zhang 370 

et al. 2019). The aromatic samples also showed high chromosome-level IBS across 371 

chromosomes 4 and 8; and aromatic rice genotypes are strongly associated with loss-of-372 

function variants of BADH1 and BADH2 genes on chromosome 4 and 8 respectively (Kovach 373 
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et al. 2009). Similar genetic differentiation among rice groups has been reported in Asian rice, 374 

where strong selection around loci controlling starch composition and grain quality promotes 375 

distinct genetic groups (Glaszmann et al. 2010). 376 

In contrast, allele sharing among black rice samples was less pronounced than that observed 377 

for the glutinous and aromatic groups. Black pericarp pigmentation has been linked to 378 

regulatory changes involving Kala4 (Oikawa et al. 2015), while rice pigmentation is also 379 

reported to be influenced by other genetic factors. Thus, genotypes sharing pigmentation 380 

characteristics may not exhibit the same degree of broader genomic similarity as those grouped 381 

by aroma or grain texture. However, the present analysis assesses allele sharing rather than 382 

directly resolving haplotypes or causal variants at Wx, BADH2, or Kala4. These chromosome-383 

level patterns therefore should be interpreted as evidence of genomic similarity rather than 384 

direct confirmation of trait-associated genetic variation. 385 

3.4 Ecological contribution to diversification within groups: 386 

Upland rice samples from the HV region formed a relatively distinct subpopulation, whereas 387 

lowland non-aromatic samples exhibited greater internal genetic divergence and formed a 388 

separate subpopulation (Fig. 3; Table S3). This pattern suggests that ecological differentiation 389 

may contribute to genetic structuring within broader quality- or trait-defined groups. Similar 390 

patterns have been reported in rice, where dispersal into diverse environments further 391 

differentiated local populations after the establishment of major varietal groups (Gutaker et 392 

al. 2020). Thus, the distinct clustering of the upland and lowland genotypes may reflect 393 

genetic differentiation associated with their geographic and ecological background.  394 

Similarly, lowland non-aromatic genotypes exhibited greater internal divergence (orange clade 395 

Fig. 2), forming multiple genetic lineages likely shaped by adaptation to distinct production 396 

environments and farmer selection for agronomic traits. The coexistence of upland and deep-397 

water ecotypes (subpopulation 3) within related genetic backgrounds (Fig. 2 and 3) further 398 

suggests that adaptive divergence may have occurred through selection at a relatively limited 399 

number of genomic regions associated with drought tolerance, water-use efficiency, and 400 

flooding response (Xia et al. 2019). Thus, ecological adaptation has contributed to 401 

diversification within broader genetic groups, whereas grain-quality traits have largely 402 

determined the major population subdivisions. 403 

3.5 Conservation and breeding implications 404 

The strong agreement among various analytical approaches indicates that the observed 405 

population structure reflects a combination of historical divergence, ecological adaptation, and 406 

persistent farmer-mediated selection. The aromatic and glutinous groups carried the highest 407 
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numbers of private alleles and diversity indices (Table 3), which makes them priority targets 408 

for conservation and potential donors of grain-quality alleles. Such enrichment of unique allelic 409 

variants suggests long-term independent evolutionary trajectories and limited genetic exchange 410 

with other rice groups. 411 

The distinct genetic differentiation observed among aromatic, sticky/glutinous, pigmented, and 412 

ecologically adapted rice groups has implications for both germplasm conservation and rice 413 

improvement. The enrichment of private alleles in the aromatic Joha and sticky-pigmented 414 

groups identifies these landraces as potentially valuable reservoirs of genetic variation for grain 415 

quality and adaptation-related traits. Their distinct genomic backgrounds may also provide 416 

useful diversity for parental selection and targeted introgression, particularly where specific 417 

grain-quality or adaptive traits are desired. However, functional validation of candidate 418 

genomic regions and associated alleles will be required to establish their direct contributions 419 

to these phenotypes. 420 

Overall, the present study demonstrates that rice genotypes from Assam, Northeast India 421 

harbors highly structured and evolutionarily distinct genetic groups shaped by both quality 422 

traits and ecological adaptation. The differentiation of aromatic Joha and glutinous-pigmented 423 

rice lineages, together with their rich reservoir of private alleles, underscores their significance 424 

for germplasm conservation and future rice improvement. These findings provide important 425 

insights into the evolutionary dynamics of Northeast Indian rice and establish a valuable 426 

genomic framework for the discovery and utilization of adaptive and grain-quality-associated 427 

alleles in breeding programs. 428 

 429 

4. Methods 430 

4.1 Plant materials 431 

The study comprised a panel of 49 rice genotypes, including 46 traditional landraces collected 432 

from diverse agroclimatic regions of Assam, Northeast India (Fig. 1) and three reference 433 

genotypes from other rice-growing regions of India. The reference set included Protezin, a 434 

released-high protein rice variety, and CG Dev Bhog, an aromatic cultivar from Raichur, 435 

Chhattisgarh, India (Krishna et al. 2025), together with Kalanamak, a renowned aromatic 436 

landrace originating from the Himalayan foothills of Northern India (Singh et al. 2021) (Fig. 437 

1). Inclusion of these reference genotypes provided a broader comparative framework for 438 

evaluating the genetic distinctiveness and population structure of rice from Assam, Northeast 439 

India. Details of genotype origin, agroecological adaptation, and key phenotypic characteristics 440 

are presented in Figure 1, Table S1 and Supplementary Figure 1. 441 
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To minimize genetic heterogeneity within the sampled materials and ensure representative 442 

sampling for genome-wide genotyping, all genotypes were established under uniform field 443 

conditions at the KVK research farm, Nagaon, Assam. Each genotype was grown in five rows 444 

of 10 plants at a spacing of 20 × 20 cm. At the active tillering stage, ten phenotypically uniform 445 

plants were selected from each genotype and subjected to preliminary quality-control (QC) 446 

genotyping using the IRRI Indica QC 10-SNP panel (https://isl.irri.org/services/genotyping/qc-447 

snp-panels#h.69rgvnkyf10f; Ndjiondjop et al. 2018). This screening enabled the identification 448 

of genetically uniform plants and the detection of residual heterogeneity within farmer-449 

maintained landraces. We then selected one or two representative plants with identical QC-450 

SNP profiles from each genotype for genotyping. This strategy ensured robust representation 451 

of genotype-specific genetic diversity while reducing artefacts associated with intra-accession 452 

variation. A total of 94 leaf samples each from an individual QC controlled plant were 453 

collected, dried in silica gel, and stored until DNA extraction. 454 

4.2 DNA extraction and DArTseq genotyping 455 

Genomic DNA was extracted from dried leaf tissue using the CTAB protocol of Doyle and 456 

Doyle (1987). DNA quantity and quality were assessed using a NanoDrop spectrophotometer 457 

(Thermo Fisher Scientific, USA), and only high-quality DNA samples were advanced for 458 

genotyping. Genome-wide SNP genotyping was performed by Diversity Arrays Technology 459 

Pty. Ltd. (DArT, Bruce, Australia) using the medium density Rice DArTseq™ 1.0 platform 460 

(https://www.diversityarrays.com). This genotyping-by-sequencing approach enables 461 

simultaneous SNP discovery and genotyping across the rice genome, providing dense marker 462 

coverage suitable for population genetic and diversity analyses. 463 

4.3 SNP filtering and quality control 464 

Raw DArTseq data obtained were processed using the proprietary DArT analytical pipeline 465 

(https://www.diversityarrays.com/services/dartseq/). SNP-containing sequences were aligned 466 

against the Oryza sativa reference genome (Rice RGAP v7) using BLAST with stringent 467 

filtering criteria, including an E-value threshold of 5 × 10⁻⁷ and a minimum sequence identity 468 

of 70%, to ensure high-confidence genomic assignment of marker loci. Initial genotyping 469 

generated 61,957 SNP markers across the 94 samples. Subsequent quality filtering was 470 

performed in R version 4.4.2 (R Core Team, 2024) to retain high-confidence markers for 471 

downstream analyses. SNPs with more than 10% missing data, minor allele frequency (MAF) 472 

below 0.05, reproducibility less than 0.95, or monomorphic loci were also removed. Following 473 

quality filtering, six samples representing biological replicates of six genotypes were excluded. 474 

The remaining 88 samples represented all 49 genotypes, as the exclusion of individual replicate 475 
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samples did not result in the loss of any genotype. The final filtered dataset comprised 9,714 476 

high-quality SNP markers, representing 15.68% of the 61,957 SNP markers. All retained 477 

markers exhibited a minimum call rate of 90% and were subsequently used for analyses of 478 

genome-wide diversity, population structure, genetic differentiation, and trait-associated 479 

genomic relationships. 480 

4.4 Data analysis 481 

4.4.1 Genetic diversity and population structure  482 

Genetic diversity parameters, including observed heterozygosity (Ho), expected heterozygosity 483 

(He), minor allele frequency (MAF), and polymorphic information content (PIC), were 484 

computed using the filtered SNP dataset with adegenet package in R (Jombart 2008). Pairwise 485 

genetic distances were estimated using the bitwise distance implemented in poppr (Kamvar et 486 

al. 2014) where biological samples of the same genotype were excluded in identifying the most 487 

genetically similar genotype pairs. These analyses provided an overview of genetic variation 488 

and relatedness among the rice genotypes. Population structure was inferred using the LEA 489 

package in R, evaluating K values from 1 to 10 based on the cross-entropy criterion (Frichot et 490 

al. 2014). Samples with ancestry coefficients ≥80% were assigned to a specific subpopulation, 491 

whereas others were classified as admixed. To further quantify genetic differentiation at the 492 

subpopulation level, Nei's genetic distance was used to assess genetic divergence within and 493 

among inferred subpopulations. 494 

To complement model-based clustering, phylogenetic relationships among samples were 495 

reconstructed using the Neighbor-Joining method based on the bitwise genetic distance matrix. 496 

Tree construction and visualization were performed using the ape package in R. Genetic 497 

relationships were further explored through Principal Component Analysis (PCA) using 498 

TASSEL 5. PCA was conducted on the filtered SNP dataset (MAF ≥ 0.05; missing data ≤10%), 499 

and eigenvectors were exported to R for visualization. Clustering patterns were examined in 500 

relation to inferred genetic groups, grain-quality traits, grain pigmentation, agroecological 501 

adaptation, and geographical origin. 502 

4.4.2 Identity-by-State (IBS) analysis of trait-associated genomic relationships 503 

To investigate genome-wide and trait-specific allele-sharing patterns, Identity-by-State (IBS) 504 

analysis was performed using the SNPRelate package in R (Zheng et al. 2012). Two 505 

representative landraces from the study were selected as reference based on their distinctive 506 

grain-quality characteristics (i.e. Ketekhi Joha, for the aromatic rice group, and Manipuri black 507 

rice for the pigmented and glutinous rice group). Genome-wide IBS values were calculated 508 

using non-overlapping sliding windows of 50 SNPs, generating approximately 200 windows 509 
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across the genome. Window-wise IBS values for each sample were calculated relative to the 510 

reference selected and summarized to obtain overall genome-wide similarity profiles. 511 

Integration of IBS estimates with physical marker positions enabled visualization of genomic 512 

regions exhibiting elevated allele sharing or divergence. 513 

To determine whether population differentiation was associated with major grain-quality loci, 514 

chromosome-specific IBS analyses were performed for chromosomes harbouring key 515 

candidate genes. For the aromatic trait, analyses focused on chromosome 8, which contains the 516 

fragrance-associated BADH2 gene, and chromosome 4, which harbours the putative aroma-517 

associated BADH1 region (Shao et al. 2013; Roy et al. 2015). For grain stickiness and 518 

pigmentation, analyses focused on chromosome 6, containing the Waxy (Wx) locus involved in 519 

amylose synthesis and grain texture, and chromosome 4, harbouring the Kala4 locus associated 520 

with black pericarp pigmentation (Oikawa et al. 2015; Zhang et al. 2019; Lv et al. 2025). IBS 521 

estimates were calculated across the entire length of each target chromosome rather than being 522 

restricted to the specific candidate-gene regions because the number of SNP markers available 523 

within some of these regions was insufficient for reliable locus-specific comparisons. The 524 

chromosome-wide analysis therefore provided a broader assessment of genetic similarity and 525 

allele sharing among rice samples on chromosomes containing these candidate genes, and the 526 

observed patterns were interpreted as chromosome-level evidence 527 

4.4.3 Analysis of molecular variance and population differentiation 528 

The distribution of genetic variation within and among inferred subpopulations was quantified 529 

using Analysis of Molecular Variance (AMOVA) implemented in the pegas package in R 530 

(Paradis 2010). Pairwise genetic differentiation among subpopulations was estimated using 531 

fixation index (FST) statistics. To characterize genetic diversity within each inferred 532 

subpopulation, several population genetic parameters were calculated using the poppr package 533 

in R, including the number of multilocus genotypes (MLG), expected multilocus genotypes 534 

(eMLG), Shannon-Wiener diversity index (H), Simpson's genotypic diversity index (λ), 535 

expected heterozygosity (Hexp), index of association (Ia), and standardized index of 536 

association (r̄D). In addition, private alleles were identified for each subpopulation to identify 537 

unique genetic variation and assess their potential value for conservation and breeding. This 538 

integrated analytical framework enabled comprehensive evaluation of genome-wide diversity, 539 

population structure, genetic differentiation, and trait-associated genomic relationships among 540 

rice samples from Assam, Northeast India. 541 

Conclusion 542 
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This study demonstrates that traditional rice genotypes from Assam, Northeast India 543 

harbour substantial genome-wide diversity, pronounced population structure, and clear trait-544 

associated differentiation shaped by long-term farmer selection and ecological adaptation. 545 

Genome-wide SNP analysis identified distinct genetic groups associated with aromatic Joha, 546 

sticky/glutinous, pigmented, upland, and lowland rice types, highlighting the contribution of 547 

both grain-quality traits and agro-ecological specialization to population divergence. The high 548 

levels of private allelic variation observed in several groups, particularly aromatic and sticky-549 

pigmented rice, underscore the unique genetic resources preserved within these traditional 550 

germplasm pools. These findings provide a valuable genomic framework for the conservation 551 

and utilization of Northeast Indian rice diversity and support their potential use in breeding 552 

programmes targeting grain quality, specialty traits, and climate resilience. Future studies 553 

integrating whole-genome resequencing, haplotype-based analyses, and functional 554 

characterization of unique adaptive and trait-associated loci will further enhance the 555 

identification and deployment of beneficial alleles for rice improvement while strengthening 556 

strategies for the long-term conservation of these important genetic resources. 557 
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 772 
 773 

 774 

Figure 1. Geographic distribution and collection sites of the rice genotypes included in the 775 

study. (A) Map of India showing the geographic regions represented in the study, with Assam, 776 

Uttar Pradesh, and Chhattisgarh states of India highlighted. (B) Enlarged map of Assam 777 

showing the agro-climatic regions and the number of unique rice genotypes collected from 778 

each agro-climatic region. (C) Geographic locations of the reference genotypes from Uttar 779 

Pradesh and Chhattisgarh. The 49 unique rice genotypes included in the study were represented 780 

as 88 biological samples in the study. 781 

 782 
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 783 
Figure 2. Phylogenetic relationships among rice samples from Assam, Northeast India inferred from 9,714 784 
genome-wide DArTseq SNP markers. (A) Radial phylogenetic tree showing overall clustering patterns and 785 
major genetic groups. (B) Expanded circular phylogram of the same dataset highlighting relative branch-length 786 
variation within and between clusters. 787 
 788 
 789 
 790 
 791 
 792 
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 793 
Figure 3. Population structure analysis of rice samples from Assam, Northeast India. (A) Cross-entropy-based 794 
estimation of the optimal number of ancestral populations (K). (B) Population structure of the rice samples is 795 
based on inferred ancestry at the optimal K. Samples with a membership probability ≥80% were assigned to the 796 
corresponding inferred subgroup, while those with membership probabilities below 80% were categorized as 797 
admixed. 798 
 799 
 800 
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 801 
 802 
 803 
Figure 4. Principal component analysis (PCA) of rice samples from Assam, Northeast India genotyped using 804 
9,714 genome-wide SNP markers. Samples are coloured according to (a) STRUCTURE-defined 805 
subpopulations, (b) grain colour, (c) stickiness phenotype, and (d) aroma phenotype. PC1 and PC2 explain the 806 
major axes of genetic variation and reveal clustering associated with population structure and grain-quality 807 
traits.  808 
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 809 
 810 
Figure 5. Identity-by-state (IBS) analysis of rice samples from Assam, Northeast India using trait-specific 811 
reference. (a) Genome-wide IBS values of rice samples relative to sticky- pigmented rice- Manipuri black rice as 812 
reference. (b) Genome-wide IBS values of rice samples relative to aromatic rice- Ketekhi Joha as reference. Each 813 
row represents a sample and each column represents genome-wide IBS estimates. Warmer colours indicate higher 814 
allele sharing with the reference. 815 
 816 
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 817 
Supplement Figure 1. Morphological diversity and trait distribution across structure-based 818 
subpopulation groups of rice samples. (A) Heatmap showing variation in pericarp color, grain color, 819 
awn status, ecosystem, grain stickiness, and fragrance among the rice samples from Assam, with 820 
structure-based population assignments (1–6 and admixed) indicated alongside. (B) Stacked bar plots 821 
showing the frequency of trait categories within each structure-based population group, highlighting 822 
phenotypic variation associated with genetic structure. 823 
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 830 

Supplement Figure 2. Chromosome-wise distribution of SNP markers and genetic diversity 831 

parameters. (A) Number of SNPs (bars) and SNP density (line; SNPs/Mb) across the 12 rice 832 

chromosomes. (B) Mean expected heterozygosity (He), polymorphic information content 833 

(PIC), and observed heterozygosity (Ho) estimated from chromosome-specific SNP datasets. 834 

(C) Chromosome-wise distribution of SNP density across the 12 rice chromosomes, shown as 835 

a genomic-position heatmap. Together, the panels illustrate genome-wide marker coverage and 836 

the distribution of genetic diversity across the rice genome. 837 

 838 

 839 

 840 

 841 

 842 
Supplement Figure 3: Principal component analysis (PCA) of rice samples from Assam, 843 

Northeast India coloured according to (a) ecosystem (upland and lowland) and (b) geographic 844 

region of origin. These plots illustrate the contribution of ecological adaptation and regional 845 

distribution to the observed genomic variation846 
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Table 1 847 
 Analysis of molecular variance (AMOVA) of the six STRUCTURE defined subpopulations 848 

Source of Variation Df Sum of Squares 

Mean 

Square 

Variance 

Components 

% 

Variation 

Among populations 5 1,38,082.92 27,616.58 1,345.90 60.4 

Among individuals within 

populations 59 91,055.28 1,543.31 664.35 29.86 

Within individuals 65 13,950.09 214.62 214.62 9.65 

Total 129 2,43,088.28 — 2,224.87 100 

Note: Population assignments were based on STRUCTURE analysis (K = 6). AMOVA was conducted using the 849 
65 non-admixed samples assigned to the six inferred subpopulations, whereas admixed samples (n = 23) were 850 
excluded from variance partitioning. AMOVA-derived FST = 0.605. 851 
 852 
 853 
 854 
 855 
Table 2 856 
Pairwise FST (below diagonal) and Nei's genetic distance (above diagonal) among STRUCTURE-defined 857 
subpopulations 858 

Subpopulation Subpop1 Subpop2 Subpop3 Subpop4 Subpop5 Subpop6 

1 - 0.157 0.173 0.356 0.609 0.31 

2 0.190   - 0.071 0.296 0.643 0.251 

3 0.216 0.079 - 0.278 0.632 0.249 

4 0.354 0.293 0.267 - 0.493 0.32 

5 0.777 0.814 0.774 0.593 - 0.211 

6 0.389 0.375 0.353 0.373 0.366 - 

 859 
 860 
Table 3: Genotypic diversity metrics and mean within-subpopulation genetic distance of STRUCTURE-861 
defined subpopulations 862 

Sub 

population 
N MLG eMLG H λ Hexp Ia rbarD 

Mean within 

subpopulatio

n distance 

No. of 

private 

alleles 

1 2 2 2 0.693 0.5 0.78 NA NA 0.009 23 

2 18 18 10 2.89 0.944 0.665 225.4 0.0472 0.160 122 

3 18 18 10 2.89 0.944 0.675 210.6 0.0394 0.186 359 

4 3 3 3 1.099 0.667 0.761 26.4 0.0162 0.107 67 

5 20 20 10 2.996 0.95 0.662 382.6 0.0878 0.121 214 

6 4 4 4 1.386 0.75 0.776 1807.4 0.2863 0.214 22 

Total 65 65 10 4.174 0.985 0.687 1384.9 0.1456 - - 

 863 

N: Number of individuals; MLG: Number of unique multilocus genotypes; eMLG: Expected MLG at smallest 864 
population size; H: Shannon–Wiener genotypic diversity; λ: Simpson’s index of genotypic diversity; Hexp: 865 
Expected heterozygosity; Ia: Index of association; rbarD: Standardized index of association 866 
 867 
 868 
  869 
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