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A B S T R A C T   

Traditional rice varieties grown by the farmers serve as valuable genetic resources for future rice improvement. 
These varieties are highly adapted to varied agro-ecological conditions. However, they are rapidly lost because of 
the adoption of high-yielding varieties. The extent of allelic and genetic diversity present in the germplasm is a 
prerequisite for the improvement of any crop and conservation strategies under adverse impacts of climate. 
Farmers' rice varieties are usually poor yielders but are allelic treasurer for different traits, especially biotic and 
abiotic stresses, grain qualities, early seedling vigor, input use efficiency, etc. Therefore, the present study was 
aimed for a detailed understanding of allelic and genetic diversity, and population structure of 607 farmers' rice 
varieties using 36 fluorescently labeled microsatellite markers and 53 morphological traits. A total of 363 alleles 
was detected with an average of 10.33 alleles per locus and moderately high Nei's allelic/gene diversity (0.502) 
was detected. Polymorphic information content ranged from 0.685 to 0.987 with an average of 0.901. 34 unique, 
236 rare, 84 low-frequency and 44 high-frequency alleles were detected. 53 morphological traits harbored a total 
of 195 variables with an average of 4.217 variables per trait. 50 out of 53 morphological traits showed poly-
morphism and highly significant differences among varieties. High genetic diversity was observed among 607 
farmers' rice varieties both at molecular (0.653) and phenotypic (0.656) levels. The dendrogram based on both 
microsatellite markers and morphological traits grouped the 607 farmers' rice varieties into three major groups. 
A moderate population structure was observed with two independent subpopulations SP1 and SP2, which have 
membership percentages of 82.6 % and 17.4 %, fixation index values of 0.19 and 0.194, respectively. The 
AMOVA could explain 63 % of the total variation among varieties and 34 % within varieties. Our results showed 
that the farmers' rice varieties of Odisha harbored higher levels of both allelic and genetic diversity. Hence, these 
varieties would be useful for the identification of novel and elite alleles, and serve as a source of donors for the 
development of climate-smart varieties with improved grain yield and qualities, and input use efficiency, which 
would be sustainable in changing climate scenario conditions and improve farmers' income.   
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1. Introduction 

Rice (Oryza sativa L) is the staple food for >50 % of the world pop-
ulation. It is one of the most important crops, which has potential to-
wards achieving global food demand and food security in upcoming 
years (FAO (Food and Agriculture Organization), 2004). There has been 
a notable yield plateau and rice production after the green revolution era 
(Barker and Dawe, 2002). However, to address the issue of yield stag-
nation, attention must be taken for both large farmers cultivating high 
yielding modern varieties as well as small and marginal farmers who 
rely on local landraces. Landraces are being grown for decades with on- 
farm management practices and are being selected by farmers to suit 
their local environmental conditions and needs (Zeven, 1998). More-
over, the genetic diversity available in rice landraces is comparatively 
higher than other crop species. Such landraces cultivated, maintained by 
farmers associated with traditional knowledge are being named as 
‘farmers’ varieties under the PPV&FR Act, 2001 (Nagarajan et al., 2010). 
These varieties are disappearing fast due to their low yield and intro-
duction of high-yielding varieties over the years (Rauf et al., 2010). 
According to Nagarajan (2007), farmers' varieties are almost uniform, 
homogenous populations, distinct among themselves for various traits 
and are highly accepted by consumers. Since, the landraces are an in-
termediate group between cultivated rice and wild ancestors (Pusadee 
et al., 2009), they are in the state of evolution and are adapted to varied 
agro-ecological conditions (Singh and Singh, 2003). In fact, various 
useful genes for different valuable and complex traits are available in 
these landraces; they could be successfully utilized for crop improve-
ment programs (Hanamaratti et al., 2008; Lisa et al., 2011; Amegan 
et al., 2020). The decline in cultivation leading to genetic erosion and a 
huge bottleneck of these rice accessions is a major concern prioritizing 
their collection, cultivation, characterization, and commercialization. 

Rice is the predominant crop in Asian countries and Southern part of 
Asia linked to the major rice domestication center is known as ‘food 
basket’ (Callaway, 2014). Asia in general and India have an ample 
number of farmers' varieties, but many of them are still uncharacterized. 
Though, India is one of the largest exporters of rice, most of the popu-
lation depends on local varieties for internal consumption. These vari-
eties have enormous potential for wide adaptability, stress tolerance/ 
resistance, cooking quality, nutritional values and medicinal properties 
(Taguchi-Shiobara et al., 2013; Lai, 1995; Frei and Becker, 2004; García 
Montecinos et al., 2011; Chang et al., 2010; Behera et al., 2012; Das and 
Das, 2014). Many of these varieties hold significance for their unique 
properties for the preparation of various value added products and 
hence are highly preferred in domestic markets (Rijal, 2010; Dela Cruz 
and Khush, 2000). Rice cultivation in the eastern Indian state, i.e., 
Odisha is primarily covered by tribal communities and small farmers 
who have their own sets of native rice varieties in almost all the districts 
(Das, 2012). These farmers have tremendous socio-religious belief for 
their traditional rice varieties and are reluctant to adapt to modern high- 
yielding varieties. Moreover, these farmers' varieties are named tradi-
tionally according to farmers perception and preference mostly linked to 
the local area. Due to lack of sufficient research attention, genetic 
background and potential of these valuable resources are still untapped 
and are on the verge of extinction. A large number of indigenous vari-
eties available in Jeypore tract of Odisha is associated with the sec-
ondary center of origin of rice (Arunachalam et al., 2006) and are not 
characterized properly. Further, farmers' varieties of Odisha are culti-
vated in varied agro-climatic conditions, from extreme saline of the 
coastal region to drought affected western Odisha, different soil condi-
tions and nine different agro-ecological zones (Das, 2012). Therefore, 
conservation, maintenance, legal protection and genetic enhancement 
of these farmers' varieties are prerequisite for economic upliftment of 
the poor farmers of Odisha. 

Characterization of these farmers' varieties, both at molecular and 
morphological level could be of high significance to elucidate their 
relationship and domestication process, which would be further useful 

for their genetic enhancement and successful use in crop improvement 
programs. The farmers' varieties available in the natural population 
could serve as valuable material for broadening the narrow genetic base 
present in improved high yielding cultivars, thereby overcoming the 
yield gap. 

The establishment of polymerase chain reaction strategy for several 
crops and wide adoption of biotechnology and bioinformatics tech-
niques has supported characterization and assessment of genetic di-
versity within and among closely related crop species. Molecular 
markers have proven to be useful tools for varietal discrimination and 
investigation of genetic structure available within the germplasm set. In 
rice, out of many PCR markers, SSR markers are highly preferred as they 
are robust, co-dominant, highly informative, hyper variable, highly 
polymorphic, abundant, and cost effective (Chambers and Avoy, 2000). 
Moreover, with the generation of complete genetic map of rice and 
availability of abundance of saturated SSR markers throughout the 
genome (McCouch et al., 2002; International Rice Genome Sequencing 
Project, 2005), understanding the potential genetic variation and 
development of conservation strategies for elite, but endangered rice 
landraces have become quite feasible. Rice is the model plant for the 
study of grass genetics (Causse et al., 1994; Kurata et al., 1994). Several 
studies have been undertaken for identification and fingerprinting of 
rice varieties, characterization of genetic diversity in landraces and 
cultivated rices (Jain et al., 2004; Bhuyan et al., 2007; Kumar et al., 
2010; Behera et al., 2012, 2013; Choudhury et al., 2013, 2014; Das et al., 
2013; Singh et al., 2016b; Aljumaili et al., 2018; Pathaichidachote et al., 
2019; Nilthong et al., 2020; Mohanty et al., 2021). 

Genetic diversity of indigenous rice collections of North-Eastern re-
gions of India, the region known for primary domestication of rice, have 
carried out by many researchers both by agro-morphological (Vairavan 
et al., 1973; Borkakati et al., 2000; Sarma and Pattanayak, 2009) and 
molecular markers (Glaszmann et al., 1989; Sarma and Bahar, 2005; 
Bhuyan et al., 2007; Singh et al., 2016a; Anupam et al., 2017; Vanlal-
sanga et al., 2019). But the potential of rice germplasm available in the 
eastern part of India has not been studied extensively. Therefore, we 
have characterized a set of under-exploited 607 farmers' varieties 
collected from different parts of Odisha at the molecular and phenotypic 
levels using 36 fluorescently labeled microsatellite markers and 53 
morphological traits with 195 morphometric descriptors. Their charac-
terization led to the understanding of their genetic structure providing a 
platform for their protection, addressing intellectual property rights 
(IPR), and their rational use as genetic resources for crop improvement. 

2. Materials and methods 

2.1. Plant materials 

A total of 607 locally cultivated farmers' varieties of rice (Oryza sativa 
L.) were collected from different regions of Odisha (Fig. 1). Further, 
these collected rice varieties were categorized according to their 28 
districts of collection and nine agro-climatic zones of Odisha. The vari-
ety name, locality and their agro-ecological area of cultivation are 
indicated in Supplementary Table S1. These 607 farmers' varieties are 
indica land races with varied agro-morphological, yield and quality 
traits, adaptions, etc., and were used for assessment of allelic and genetic 
diversity, and population structure using microsatellite markers and 
morphological traits. 

2.2. Isolation of genomic DNAs and genotyping using fluorescently labeled 
microsatellite markers 

Fresh leaf samples were harvested from one-month young seedlings 
and genomic DNAs were extracted from each farmer's rice variety 
following a modified cetyltrimethylammonium bromide (CTAB) 
extraction protocol (Dellaporta et al., 1983). Thirty-six SSR loci, three 
from each of 12 chromosomes of rice were selected for the genetic 
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diversity analyses. Details of the SSR loci used in the present study are 
given in Supplementary Table S2. For multiplexing, primers were fluo-
rescently labeled with four different dyes (FAM, VIC, NED, and PET) and 
the PCR amplification was performed according to the procedure 
described by Chen et al. (1997). The PCR amplifications were performed 
in a total reaction volume of 10 μl containing 20 ng genomic DNA, 2.0 
picomoles of each forward and reverse primer, 1 μl of 10× buffer (0.1 M 
Tris, pH 9, 0.5 M KCl, 15 mM MgCl2, 0.1 % gelatine), 200 μM each of 
dNTPs and 0.3 U of Taq DNA polymerase. The PCR condition was an 
initial denaturation at 94 ◦C for 5 min followed by 35 cycles of dena-
turation at 94 ◦C for 30 s, annealing (depending on the TM value of 
primer) at 50◦-60 ◦C for 30 s, extension at 72 ◦C for 1 min and a final 
extension of 20 min at 72 ◦C. However, a reference blank was used in 
individual PCR reaction to avoid any unambiguous amplification due to 
contamination. The PCR products were mixed with the fluorescent dyes 
at 1:1:2:4 ration for FAM: VIC: NED: PET, respectively (Tiwari et al., 
2015). Further, 8.9 μl of Hi di formamide and 0.2 μl of an internal size 
standard ROX500 (Applied Biosystems, USA) were mixed with 1.0 μl of 
mixed microsatellite sample, the samples were denatured at 95 ◦C for 5 
min and run in ABI3730xl 96 capillary automated fragment analyzer 
system (ABI, Model 373xl) and the results were analyzed with GENE 
MAPPER 4.1 (Applied Biosystems 2009). 

2.3. Allele scoring 

The size of each intense amplified fragment for all SSR loci was 
determined by comparison with the size standard (100 bp DNA ladder) 
and scored by incremental numbering from the lowest molecular weight 
band to the progressively higher molecular weight bands to prepare the 
genotype matrix. 

2.4. Molecular data analysis 

The amplified bands/alleles were scored as present (1) or absent (0) 

for each genotype and primer combination. The data were entered into a 
binary matrix and subsequently analyzed using different computer 
software packages. The total number alleles, number of polymorphic 
alleles, number of unique alleles, number of rare alleles, number of low 
frequency alleles, number of high frequency alleles, number of multiple 
alleles and polymorphism information content (PIC) were calculated to 
assess the diversity of alleles of each marker locus. An allele that was 
observed in >30 % of the 607 rice varieties was a high frequency/ 
abundant/common allele, while an allele having a frequency between 5 
% and 30 % is called as a low frequency/intermediate allele. An allele 
that was observed in <5 % was considered to be rare allele. The poly-
morphism information content (PIC) for each SSR marker locus was 
calculated using the formula: PICi = 1 −

∑n
j=1 (Pij)2, where n is the 

number of marker alleles for marker i and Pij is the frequency of the jth 

allele of marker I (Anderson et al., 1993). Gene/allelic diversity pa-
rameters viz., number of alleles (Na), effective number of alleles (Ne), 
expected homozygosity (Ho), expected heterozygosity (He) (Nei, 1973) 
and Shannon Index (I) were evaluated using POPGENE V1.32 (htt 
p://www.ualberta.ca/fyeh) with 1000 permutations. The allelic rich-
ness (Rs) for each SSR locus was measured using FSTAT 2.9.3 (Goudet, 
2005). The Bayesian model-based clustering analysis of the varieties was 
used for determining the optimal number of genetic clusters found 
among rice varieties using the STRUCTURE software (Pritchard et al., 
2000) with 1,00,000 burn in periods and 1,00,000 Markov Chain Monte 
Carlo (MCMC) replicates with ten independent runs (K) ranging from 1 
to 10. The ΔK based on the change in the log probability of the data 
between successive K values was estimated using the parameters 
described by Evanno et al. (2005) using the software program Structure 
Harvester v6.0 (Earl and von Holdt, 2012) and population clusters were 
produced by the software Structure Plot developed by Ramasamy et al. 
(2014) (http://btismysore.in/strplot). Moreover, varieties were further 
grouped based on their collection by geographical location (28 districts) 
and the genetic diversity parameters of the varieties within each district 
were determined using POPGENE V1.32. The genetic variation within 

Fig. 1. Sampling sites of farmers rice varieties from twenty-eight districts of Odisha, India and information on their distribution by agro-climatic zones.  
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and among the populations was calculated by the procedure of AMOVA 
(Analysis of Molecular Variance) using the software GeneALEx6 (Peakall 
and Smouse, 2006). Isolation by distance was evaluated by assessing the 
correlation matrix between pairwise genetic distance (Nei's) and 
geographic distance between districts matrices using a Mantel's test in 
the program IBD (Bohonak, 2002) with 1, 00,000 random permutations. 
In order to know the genetic relationship among 607 rice varieties, 
Jacquard's genetic dissimilarity coefficients among varieties were 
computed using NTSYS-pc(V2.02)(Rolf, 1998) while the neighbour- 
joining (NJ) tree was constructed based on the Nei's genetic distance 
using DARwin 6.0.9 (Perrier and Jacquemoud-Collet, 2006). The prin-
cipal component analysis (PCA) and principal co-ordinate analysis 
(PCoA) were performed using PAST4.2 statistical package and XL-STAT, 
respectively. 

2.5. Morphological characterization 

The seeds of each of 607 rice farmers' varieties were sown in the 
nursery. 21 days old seedlings were transplanted in the experimental 
field of ICAR-NRRI, Cuttack, Odisha, India research farm at a spacing of 
20 cm × 20 cm following Augmented design. Recommended agronomic 
practices such as manual weeding and fertilizer applications were 
adopted. Fertilizer doses of 80 kg N, 40 kg P2O5, and 40 kg K2O per 
hectare were applied. 50 % N, 100 % P2O5, and 50 % of K2O were 
applied as a basal dose. The remaining nitrogen was applied in equal two 
splits, one at active tillering and the second at the booting stage, while 
the remaining K2O was applied at the booting stage. Pest control and 
water management were paid attention every day. 

2.6. Data recording morphological traits and statistical analysis 

All the 607 farmers' varieties were characterized for 195 morpho-
metric descriptors of 53 DUS morphological traits from the early vege-
tative stage to post-harvest stage following descriptors for rice (IRRI- 
IBGR, 1980) (Supplementary Table S3). Data were recorded on 10 plants 
per variety. These phenotypic traits of all the varieties were subjected to 
statistical analysis, i.e., mean, standard deviation, standard error, vari-
ance, test for significance of each trait, and correlation among traits 
using SPSS (v. 23). In order to know the genetic relationship among 607 
rice varieties, Jacquard's genetic dissimilarity coefficients among vari-
eties were computed using NTSYS-pc(V2.02)(Rolf, 1998) while the 
neighbour-joining (NJ) tree was constructed based on the Nei's genetic 
distance using DARwin 6.0.9 (Perrier and Jacquemoud-Collet, 2006). 
The principal component analysis (PCA) and principal co-ordinate 
analysis (PCoA) were performed using PAST4.2 statistical package and 
XL-STAT, respectively. 

3. Results 

3.1. Allelic/gene diversity at microsatellite loci  

a) Number of alleles 

All the 36 rice microsatellite markers including 20 rice microsatellite 
(RM) and 16 rice genic non-coding microsatellite (RGNMS) markers 
revealed polymorphism between 607 farmers' rice varieties. A total of 
363 alleles were amplified, all being polymorphic. The number of alleles 

Table 1 
Diversity parameters of microsatellite markers used in the study.  

Microsatellite locus Na Ne PIC Ho He I FIS FST Rs 

RM259  16  5.712  0.984  0.174  0.825  2.063  0.711  0.859  3.679 
RM5  9  3.145  0.948  0.317  0.682  1.340  0.651  0.827  2.873 
RGNMS135  18  3.365  0.975  0.297  0.703  1.696  0.584  0.793  3.025 
RGNMS13  11  3.474  0.971  0.287  0.712  1.447  0.889  0.945  2.816 
RGNMS249  10  3.769  0.953  0.265  0.735  1.528  0.540  0.772  3.093 
RGNMS169  21  6.307  0.987  0.158  0.842  2.385  0.579  0.792  3.995 
RM489  10  1.316  0.919  0.760  0.240  0.594  0.698  0.849  1.604 
RM338  3  1.154  0.696  0.867  0.133  0.266  0.666  0.833  1.277 
RGNMS1  3  1.106  0.706  0.904  0.096  0.215  1.000  1.000  1.179 
RGNMS20  27  3.467  0.979  0.288  0.712  1.784  0.725  0.864  3.060 
RM307  6  1.177  0.857  0.849  0.150  0.374  0.721  0.886  1.395 
RM237  11  1.808  0.939  0.553  0.447  1.042  0.581  0.801  2.182 
RM507  3  1.297  0.709  0.771  0.229  0.398  0.458  0.736  1.463 
RGNMS190  3  1.083  0.685  0.923  0.077  0.179  0.265  0.705  1.160 
RM433  11  5.026  0.974  0.198  0.801  1.889  0.648  0.827  3.503 
RM133  5  1.751  0.885  0.571  0.429  0.696  0.965  0.983  1.893 
RGNMS141  5  1.055  0.838  0.947  0.053  0.155  0.932  0.991  1.142 
RGNMS167  18  4.016  0.981  0.248  0.751  1.779  0.754  0.877  3.107 
RM125  5  1.536  0.837  0.651  0.349  0.718  0.481  0.740  1.782 
RM11  11  2.131  0.948  0.469  0.531  1.147  0.701  0.856  2.350 
RM118  4  2.151  0.874  0.464  0.535  0.972  0.880  0.940  2.281 
RM25  11  5.484  0.973  0.182  0.818  1.841  0.640  0.821  3.499 
RGNMS165  7  1.403  0.887  0.712  0.287  0.656  0.642  0.829  1.651 
RM284  8  1.530  0.900  0.653  0.347  0.797  0.497  0.758  1.942 
RM316  11  3.004  0.963  0.332  0.667  1.450  0.726  0.868  2.894 
RGNMS198  8  1.789  0.916  0.559  0.441  0.914  0.628  0.818  2.157 
RM552  23  4.384  0.983  0.227  0.772  1.987  0.426  0.721  3.414 
RGNMS27  15  2.133  0.963  0.468  0.531  1.211  0.570  0.824  2.341 
RGNMS23  11  4.249  0.971  0.235  0.765  1.727  0.639  0.829  3.308 
RM171  6  1.883  0.877  0.531  0.469  0.927  0.437  0.736  2.175 
RGNMS29  4  2.022  0.876  0.494  0.505  0.882  0.971  0.986  2.155 
RM287  13  2.911  0.962  0.343  0.656  1.546  0.497  0.774  2.799 
RM144  18  3.279  0.973  0.304  0.695  1.680  0.404  0.707  3.114 
RGNMS38  3  1.370  0.760  0.730  0.270  0.471  1.000  1.000  1.602 
RGNMS175  7  2.709  0.913  0.369  0.631  1.190  0.528  0.766  2.513 
RM277  8  1.241  0.891  0.806  0.194  0.414  0.624  0.821  1.429 
Mean  10.083  2.646  0.901  0.497  0.502  1.121  0.657  0.829  2.385 

Na: Number of alleles, Ne: Number of effective alleles, PIC: Polymorphism information content, Ho: Expected homozygosity, He: Expected allelic/gene diversity, I: 
Shannon's information index, FIS: Inbreeding coefficient, FST: Fixation index, Rs: Allelic richness. 
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per locus ranged from 3 (RM338, RGNMS1, RM507 and RGNMS190) to 
27 (RGNMS20) with an average of 10.08 alleles (Table 1). Besides, 
RGNMS20, six of the markers were found to be amplifying >15 alleles, 
of which, RM522 amplified 23 alleles followed by RGNMS169, RM144, 
RGNMS167, RGNMS135 and RM259 with 21, 18, 18, 18 and 16 alleles, 
respectively. The number of effective alleles detected varied from 1.055 
(RGNMS141) to 6.307 (RGNMS169) with an average of 2.65. 

The SSR loci with simple tri-nucleotide repeat motifs amplified the 
highest number of alleles (average = 11.80, n = 5, Na = 59) followed by 
di-nucleotide repeat motifs (average = 10.58, n = 26, Na = 275), mixed- 
nucleotide repeat motifs (average = 8.50, n = 2, Na = 17) and tetra- 
nucleotide repeat motifs (average = 4.00, n = 3, Na = 12) (Supple-
mentary Table S4). On an average, the RGNMS markers tended to be 
detected with higher number of alleles (average = 10.68, n = 16, Na =
171) over RM markers (average = 9.60, n = 20, Na = 192). The size of 
alleles varied from 80 bp (RM287, RGNMS23) to 348 bp (RM171). The 
size difference between the smallest allele and the largest allele varied 
from 2 bp (RGNMS38) to 89 bp (RM489) (Supplementary Table S5). A 
positive correlation (r = 0.38, P = 0.027) was found between number of 
alleles amplified per locus and number of repeats in simple motif of an 
SSR locus (Supplementary Table S6).  

b) Allelic/gene diversity 

The allele richness (Rs) varied from 1.142 (RGNMS141) to 3.995 
(RGNMS169) with an average of 2.385. Moderately high Nei's allelic/ 
gene diversity (Ne) was detected, which varied from 0.053 (RGNMS141) 
to 0.825 (RM259) with an average of 0.502 (Table 1). Rice varieties of 
similar names collected from same or different areas showed variability 
for one or more locus. For instance, three accessions of Akul collected 
from three different areas, i.e., Bargarh, Sambalpur and Bolangir showed 
allelic variation for RM259, RGNMS20, RM433 and RGNMS141. Simi-
larly, four accessions of Jhilli collected from Bolangir showed allelic 
difference for 29 of the 36 tested loci. The expected heterozygosity (He) 
varied from 0.053 (RGNMS141) to 0.842 (RGNMS169) with an average 
of 0.502 per locus (Table 1). Similar results were detected for Shannon's 
information index (I). The inbreeding coefficient value (FIS) was in line 
with a fixation index for the tested markers. The highest value of 
inbreeding coefficient (i.e., 1.0) was observed at RGNMS1 and 
RGNMS38 loci whereas, the lowest value (i.e., 0.265) was observed at 
RGNMS190 locus. Though, no significant difference was detected be-
tween the two sets of RGNMS markers for polymorphism information 
content, expected homozygosity and allele richness values, RGNMS 
markers were comparatively higher than RM markers for contributing 
Nei's gene diversity and Shannon's information index values in these 
varieties. The diversity parameters like polymorphism information 
content, Nei's allelic/gene diversity, Shannon's information index and 
allele richness were recorded high for di-nucleotide repeat motifs, 
whereas these were lowest for tetra-nucleotide repeat motifs.  

c) Types of alleles (Unique, rare, low frequency, high frequency and 
multiple alleles) 

A total of 236 (65.01 %) rare alleles (average = 6.56), ranging from 1 
(RM118, RM338, RM507, RGNMS29 and RGNMS38) to 24 (RGNMS20) 
were observed. Moreover, 84 (23.14 %) low-frequency alleles and 44 
(12.12 %) high-frequency alleles were recorded in our study. On an 
average, the RM markers amplified high number (53) of low frequency 
alleles as compared to RGNMS markers (31). All SSR locus amplified 
atleast one rare and one high-frequency allele, while 33 SSR loci 
amplified one low-frequency allele (Supplementary Table S5). A positive 
correlation was found between number of alleles amplified per locus and 
number of rare alleles (r = 0.969, P < 0.0000001) and also with number 
low frequency allele (r = 0.666, P = 0.000009) (Supplementary 
Table S6). 

An allele which was detected only in one variety for any given locus 

was considered as a unique allele. A total of 34 (9.37 %) unique alleles 
were observed at 19 (52.78 %) SSR loci (Supplementary Table S5). A 
positive correlation was found between number of alleles amplified per 
locus and number of unique alleles (r = 0.704, P = 0.000002). The loci, 
RGNMS20 detected a maximum of 4 unique alleles and one in each 
variety, namely, Sunakhadi, Akul, Rangahajari, Haladi Sapuru (Table 2). 
Ten SSR loci RM5, RM11, RM144, RM171, RM259, RM316, RM433, 
RM507, RGNMS169 and RGNMS249 amplified one unique allele each in 
the farmers' varieties, Ramakrushna Bilasha, Damodar Bhoga, Patini, 
Machhakanta, Kalakrushna, Karpurmoti Mahipal, Abhirman, Kapa 
Anthi and Kalkati, respectively (Table 2). Three unique alleles each were 
detected by four microsatellite loci, RM552 (in Jaifulla, Jayaphula and 
Dhobgaini), RGNMS27 (in Basa Bhog, Luchai and Abhirman), 
RGNMS135 (in Bada Champa, Karpurjira and Kalkati) and RGNMS167 
(in Magur Manji, Krushana Bhog and Haladi Sapuru). Further, two 
unique alleles were amplified by each of RM237 (in Bhasa Manik and 
Bunde), RM277 (in Pimpudi Basha and Parbat Jeera), RM284 (in Lal-
gundi and Ratan Mali) and RGNMS198 (in Kunda Dhan and Sathia) 
(Table 2). Both the marker sets, i.e., RGNMS and RM, each detected 17 
unique alleles. 

Thirty-three of 36 microsatellite loci amplified multiple alleles 
(Supplementary Table S5). Three markers RGNMS1, RGNMS141 and 
RGNMS190 did not amplify any multiple alleles. 597 out of 607 farmers' 
varieties showed the presence of multiple alleles at least at one of 33 
loci. For any given marker locus, multiple alleles were detected in an 
average of 19 % varieties per locus, indicating the presence of high level 
of heterogeneity in the varieties. The number of varieties with multiple 
alleles varied from two (0.3 %) at RGNMS141 locus to 264 (43.5 %) at 
RM552 locus. A positive correlation (r = 0.712, P < 0.000001) was 
found between total number of alleles and frequency of varieties 
showing multiple alleles (Supplementary Table S6). Ten varieties, 
Basudha-R, Basudha, Bhogi, Bodo, Haldi Ropa, Kalakrushana, Kusuma, 
Patini, Ranga Luchai, Ranisaheband and Ratanchudi did not show 
multiple alleles at any of 36 SSR loci. 

3.2. PIC values 

The PIC value varied from 0.685 (RGNMS190) to 0.987 
(RGNMS169) with an average of 0.901. Twenty-one loci showed the PIC 
value of >0.9. Microsatellite markers with simple di-nucleotide repeat 
motifs detected higher polymorphism (Mean: 0.918; n = 26) than those 
with tri-nucleotide repeat motifs (Mean: 0.882, n = 5) and tetra- 

Table 2 
Unique alleles amplified in farmers' rice varieties by microsatellite markers.  

Sl. 
no. 

Chrom# Locus UA Name of farmers' rice varieties  

1  1 RM259  1 Kalakrushna  
2  1 RM5  1 Ramakrushna Bilasha  
3  1 RGNMS135  3 Bada Champa, Karpurjira, Kalkati  
4  2 RGNMS249  1 Kalkati  
5  2 RGNMS169  1 Kapa Anthi  
6  4 RGNMS20  4 Sunakhadi, Akul, Rangahajari, Haladi 

Sapuru  
7  4 RM237  2 Bhasa Manik, Bunde  
8  5 RM507  1 Abhirman  
9  5 RM433  1 Mahipal  
10  6 RGNMS167  3 Magur Manji, Krushana Bhog, Haladi 

Sapuru  
11  7 RM11  1 Damodar Bhoga  
12  8 RM284  2 Lalgundi, Ratan Mali  
13  9 RM316  1 Karpurmoti  
14  9 RGNMS198  2 Kunda Dhan, Sathia  
15  9 RM552  3 Jaifulla, Jayaphula, Dhobgaini  
16  10 RGNMS27  3 Basa Bhog, Luchai, Abhirman  
17  10 RM171  1 Machhakanta  
18  11 RM144  1 Patini  
19  12 RM277  2 Pimpudi Basha, Parbat Jeera   

Total  34   
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nucleotide (Mean: 0.782, n = 3) (Supplementary Table S4). A positive 
correlation was observed between the number of alleles amplified and 
PIC values (r = 0.755, P < 0.0000001) as well as the between number of 
repeats of simple motif and PIC value (r = 0.397, P = 0.0165) (Sup-
plementary Table S6). 

3.3. Homozygosity, heterozygosity and heterogeneity 

The automated fragment analyzer system utilized in this study rec-
ognizes the fluorescence emission wavelength and provides different 
peaks for different amplicons of a given product. Since, rice is diploid; 
allele calling was opted for 2. For any given loci when a particular 
sample produced one peak was understood as homozygous for that 
locus. However, when two peaks were available and of (i) similar height, 
those were taken as heterozygous but (ii) peaks with highly different 
height were treated as heterogeneous. 

The complete set of 607 farmers' varieties amplified a total of 25,396 
alleles with an average of 41.84 alleles per variety. Two varieties Bhulo 
(Bargarh) and Ranisaheb (Bolangir) amplified lowest number (i.e., 31) 
alleles, whereas Parbat Jira (Kalahandi) amplified highest number al-
leles (i.e., 60 alleles). Five out of 607 varieties, i.e., FV-064, FV-345, FV- 
465, FV-513 and FV-517 were homozygous for all the 36 SSR loci. 
Further, 22 varieties showed heterozygosity at one or more loci. One 
variety, FV-147 showed heterozygosity for 9 loci (maximum) whereas 
another variety, FV-573 was heterozygous for only one locus. As ex-
pected in case of farmers' varieties, 580 varieties were detected to be 
heterogeneous from the difference of peaks generated by the tested set of 
markers. FV-509 was identified to be highly heterogeneous with an 
average difference in the peak of 1.31. Further, a total of 296 varieties 
were identified to be in a high heterogeneous group with an average 
difference in their peaks of >0.500. FV-482 showed heterogeneity for a 
maximum of 24 loci followed by FV-340 and FV-556, which were het-
erogeneous at 23 loci. Moreover, 82 varieties were identified to be 
heterogeneous with 50 % of the tested markers. RM552 could detect 
heterogeneity in maximum (269) number of varieties. However, 
markers like RGNMS1, RGNMS190 and RGNMS38 could not detect 
heterogeneity in any of the varieties. 

3.4. Genetic diversity, cluster and population structure analysis 

High genetic diversity was found among 607 farmers' varieties, 
which varied from 0.021 (FV180-FV185) to 0.988 (FV297-FV028, 
FV297-FV131) with an average of 0.653 based on the SSR data (Sup-
plementary Table S7). The pair-wise genetic distance ranged from 1.000 
(FV002-FV003, FV157-FV158, FV268-FV271, FV269-FV270, and 
FV269-FV271) to 6.000 (FV494-FV297, FV561-FV297, and FV593- 
FV297) with an average of 4.576 (Supplementary Table S8). The 
unrooted neighbour-joining dendrogram constructed based on Nei's 
genetic distance grouped these varieties into different three major 
clusters. Further, each major cluster is sub-grouped into a different 
number of sub-clusters (Fig. 2a). PCA analysis also grouped all the 607 
varieties into 3 major clusters (Fig. 2b). 

STRUCTURE analysis identified two subpopulations, SP1 and SP2 at 
K = 2 (Fig. 2c) among 607 farmers' rice varieties. The highest log like-
lihood value (K) calculated based on Evanno et al. (2005) was K = 2 
(Supplementary Fig. 1). This indicated that the entire population could 
be divided into two sub-populations, i.e., SP 1 with a membership per-
centage of 82.6 %, while SP 2 with 17.4 %. The fixation index (FST) 
values of sub-populations were 0.190 and 0.194 for SP1 and SP2, 
respectively, with an average of 0.192 (allele frequency divergence =
0.211), indicating the existence of a moderate population structure in 
our population (Supplementary Table S9). However, an average genetic 
diversity of 0.422 and 0.552 were recorded between the varieties of 
subpopulation SP1 and SP2, respectively. Further, 486 out of 607 vari-
eties were assigned to the subpopulation 1 with a membership proba-
bility of >0.8. 79 varieties were retained in subpopulation 2, while 42 

varieties were detected to be admixtures with a membership probability 
of <0.8 (Fig. 2c). A relatively higher number of admixtures were 
detected in the sub-population 1 due to presence of higher number of 
varieties in this group. However, the AMOVA revealed significant mo-
lecular variation (P < 0.001) within the subpopulations identified from 
population structure analysis (for K = 2) of 607 landraces. Of the total 
variation, 25 %, 47 % and 28 % were recorded among the sub-
populations, among the varieties of each subpopulation and within the 
entire set of varieties, respectively (Supplementary Table S10). When we 
increased the K value of STRUCTURE to 3, and 3 sub-populations were 
found (Fig. 2a), which was consistent with the NJ tree and PCA (Fig. 2a, 
b). 17.87 %, 2.27 %, 1.26 %, and 1.04 % of the molecular variances were 
explained by first, second, third, and fourth coordinates, respectively 
(Supplementary Table S11). 

3.5. Genetic diversity based on geographical location 

All the 607 farmers' varieties collected across different regions of 
Odisha were grouped into 28 districts (administrative geographical 
units) and 9 different agro-climatic zones (Gangopadhyay, 1991). Our 
collection represents 93 % of the total districts (i.e., 30) of Odisha. We 
separated the varieties according to their region of the collection to 
estimate the genetic diversity available within a particular district. We 
had the highest collection from Bolangir district (97 varieties) as 
compared to Jharsuguda and Deogarh (3 varieties)), and Malkangiri (2 
varieties)). The total number of alleles, the number of effective alleles 
and the number of private alleles were positively related to the number 
of varieties collected from each district. On an average, the number of 
locally common alleles found in <25 % of the population ranged from 
0.056 in Deogarh district to 2.028 in Malkangiri district (Supplementary 
Table S12). Since, only 2 varieties were available from Malkangiri dis-
trict, a low level of genetic diversity (He = 0.257) was detected in the 
germplasm collection. However, despite having only 13 varieties, 
Khurdha district has maximum gene diversity (He = 0.563) followed by 
Rayagada (He = 0.555, 11 varieties) and Kalahandi (He = 0.553, 55 
varieties). The Eastern Ghats zone comprising of Ganjam, Kalahandi, 
Kandhamal, Nuapada and Rayagada districts with an average possessed 
a highest gene diversity (He = 0.519) for the farmers' rice varieties 
grown in these regions. The gene flow within the set of varieties was 
recorded high (Nm = 0.167) in Nuapada and Jharsuguda district, while 
Jajpur district showed a low (Nm = 0.036) proportion of gene flow 
(Table 3). The fixation index was inversely related to gene flow within 
the varieties of a district (range: 0.87 in Jajpur to 0.60 in Jharsuguda). 
Further, varieties collected from three districts, i.e. Kalahandi, Bolangir 
and Sambalpur showed a 100 % polymorphism in the 36 SSR loci. 
However, in Nuapada district, a significantly lower percentage (P =
0.944) of polymorphism was detected. The analysis of molecular vari-
ance (AMOVA) could detect only 1 % and 2 % variation among 9 zones 
and 28 districts at P > 0.001, respectively (Table 4). Further, 63 % of the 
total variation was explained among individuals and 34 % was 
explained within individuals. 

The pairwise Nei's unbiased genetic distance among districts ranged 
from 0.018 (Kalahandi and Bolangir) to 0.389 (Malkangiri and Raya-
gada) with an average of 0.100 (Supplementary Table S12). The 
neighbour-joining dendrogram broadly grouped the 28 districts in two 
clusters, i.e., I and II. Cluster I contained 15 districts, namely, Deogarh, 
Anugul, Bargarh, Koraput, Bolangir, Sundargarh, Nuapada, Kanhdha-
mal, Sambalpur, Boudh, Sonepur, Khurda, Rayagada, Kalahandi and 
Ganjam, whereas, 13 districts (Nayagarh, Cuttack, Dhenkanal, Keonj-
har, Nabrangpur, Jharsuguda, Mayurbhanj, Balasore, Jajpur, Malkan-
giri, Kendrapada and Bhadrak) were grouped in Cluster II (Fig. 3). 
Cluster II was mainly comprised of North-Eastern districts of Odisha. 
Most of the districts situated in Southern and Western part of Odisha 
were clustered in Cluster I. 

When we assigned STRUCTURE population to the varieties of indi-
vidual district, 17 out of 28 districts were having varieties from both SP1 
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Fig. 2. Population structure and genetic relationship among 607 farmers' rice varieties based on the 36 microsatellite data. 
a) NJ tree based on pairwise Nei's unbiased genetic distance; b) Two dimensional PCA analysis; and c) Bayesian model-based population STRUCTURE analysis. 
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and SP2 (Supplementary Fig. 2). All the varieties from Balasore, Cuttack, 
Deogarh, Jharsuguda, Keonjhar, Malkangiri, Nabrangpur and Nayagarh 
belong to SP1. Varieties from Puri, Kendrapada and Bhadrak also rep-
resented SP1 with a 2, 1 and 1 admixture, respectively. None of the 
districts were detected to be having varieties of both the STRUCTURE 
population in an equal proportion. Population 1 was predominant in all 
the districts while Raigada district contained a maximum percentage 
(36.4 %) of varieties from SP2 group followed by Khurda district (33.3 
%). The percentage of admixture varieties ranged between 2.3 % in 
Mayurbhanj and 16.7 % in Khurda. On an average, mostly the Southern 
and Western districts were having most varieties from SP2 in compari-
son to the Eastern and Northern districts. The isolation by distance based 
on Nei's genetic distance and geographical distance could not establish 
any significant co-relation (r = 0.257, p < 0.021) (Fig. 4). Further, when 
we removed a few of the out layers (districts not being separated from 
their nearby districts with a distinct geographical distance), it followed 
an isolation by distance pattern with r = 0.512 and p < 0.001. 

3.6. Phenotypic diversity 

The basic statistics for all the 53 phenotypic traits like minimum, 
maximum, mean, median, standard deviation, standard error, variance, 
and coefficient of variation (CV) and significance were calculated and 
were given in Table 5. The frequency distributions of all the traits were 
classified based on Descriptors for Rice (IRRI-IBGR 1980). 53 traits 
harbored a total of 195 variables with an average of 4.217 per trait. 50 
(94.34 %) out of 53 traits showed variations among 607 farmers' rice 
varieties. Three traits, leaf ligule, male sterility, and presence of amylose 
in endosperm did not reveal any difference among farmers' rice vari-
eties. In the polymorphic traits, the number of variables within a trait 
studied varied from 2 (anthocyanin colouration, anthocyanin colour-
ation of leaf sheath, leaf auricle, leaf collar, anthocyanin colouration of 
leaf, leaf ligule, male sterility, anthocyanin colouration of nodes, 
anthocyanin colouration of internodes, awn of panicle, presence of 
secondary branching in panicle, phenol reaction of lemma, presence of 
amylose in endosperm and aroma in decorticated grain) to 9 (colour of 
lemma and palea and colour of decorticated grain) (Table 5). Co-
efficients of variance (CV) varied from 0.0 (leaf ligule, male sterility and 
presence of amylose in endosperm) to 131.19 (decorticated grain: 
Aroma) with an average of 49.51. The median indicates the predomi-
nant phenotypic traits among 607 genotypes (Table 5, Supplementary 
Table 13). For example, green (median:1) was the dominant sheath 
colour while dark (median: 7) was the dominant leaf colour. Similarly, 
the absence of anthocyanin in the leaf and leaf sheath, the presence of 
pubescence strongly in the leaf blade, the presence of auricles in the leaf, 
etc. are dominant phenotypes (Table 5, Supplementary Table 13). 
Supplementary Table 13 shows the number and percentage of genotypes 
showing different morphological/phenotypic traits. High variations 
(0–100 %) were observed in phenotypic traits. 100.00 % of genotypes 
showed the presence of ligule in the leaf and amylose in endosperm 
while all the 607 genotypes showed the absence of male sterility (Sup-
plementary Table 13). Fifteen phenotypic traits were exhibited by 
>80.00 % and <99.99 % of 607 genotypes. These traits are the absence 

Table 3 
Genetic diversity parameters of 607 farmers' rice varieties based on 28 geographical districts of collection.  

Districts Co-ordinates Na NaF NPA NCA He FST Nm %P 

Deogarh 21.53◦N 84.73◦E  65  1.81  0.00  0.06  0.30  0.85  0.05  61.11 
Sundargarh 21.47◦N 83.97◦E  161  3.06  0.03  0.83  0.45  0.80  0.06  97.22 
Keonjhar 21.63◦N 85.58◦E  112  2.53  0.03  0.42  0.38  0.80  0.06  75.00 
Mayurbhanja 21.933◦N 86.733◦E  213  2.83  0.06  1.39  0.44  0.82  0.06  97.22 
Balasore 21.49◦N 86.93◦E  139  2.61  0.03  0.58  0.39  0.80  0.06  86.11 
Bhadrak 21.06◦N 86.50◦E  129  2.86  0.00  0.58  0.39  0.86  0.04  77.78 
Jajpur 20.85◦N 86.333◦E  173  3.94  0.14  1.14  0.48  0.87  0.04  94.44 
Kendrapada 20.525◦N 86.475◦E  117  3.25  0.00  0.50  0.40  0.73  0.09  83.33 
Khurdha 20.18◦N 85.62◦E  156  3.36  0.06  0.97  0.56  0.82  0.06  97.22 
Nayagarh 20.116◦N 85.01◦E  118  2.67  0.00  0.25  0.38  0.76  0.08  77.78 
Puri 20.47◦N 84.23◦E  158  2.72  0.03  0.94  0.40  0.81  0.06  88.89 
Ganjam 19.38◦N 85.07◦E  166  3.08  0.03  0.89  0.52  0.76  0.08  94.44 
Kalahandi 20.083◦N 83.2◦E  232  3.61  0.06  1.86  0.55  0.84  0.05  100.00 
Kandhamal 20.47◦N 84.23◦E  179  3.28  0.03  0.97  0.50  0.86  0.04  97.22 
Nuapada 20.8167◦N 82.5333◦E  141  3.28  0.03  0.64  0.46  0.60  0.17  0.94 
Raigada 19.17◦N 83.42◦E  150  3.44  0.00  1.08  0.56  0.83  0.05  97.22 
Koraput 18.8083◦N 82.7083◦E  187  3.33  0.14  1.17  0.49  0.82  0.06  94.44 
Nabarangpur 19.23◦N 82.55◦E  84  2.33  0.00  0.22  0.32  0.78  0.07  66.67 
Malkangiri 18.35◦N 81.90◦E  58  1.61  0.00  0.25  0.26  0.81  0.06  52.78 
Baragarh 21◦20′N 83◦37′E  173  2.92  0.08  0.89  0.46  0.80  0.06  97.22 
Boalngir 20.72◦N 83.48◦E  260  3.53  0.19  2.03  0.52  0.82  0.06  100.00 
Boudh 20.84◦N 84.32◦E  107  2.97  0.00  0.39  0.46  0.77  0.07  88.89 
Jharsuguda 21.85◦N 84.03◦E  69  1.92  0.00  0.11  0.29  0.60  0.17  61.11 
Sambalpur 19.48◦N 85.49◦E  201  3.22  0.08  1.36  0.50  0.78  0.07  100.00 
Sonepur 20.83◦N 83.92◦E  160  3.17  0.08  0.86  0.50  0.80  0.06  97.22 
Angul 20◦47′50′′N 85◦1′26′′E  123  3.42  0.03  0.56  0.48  0.78  0.07  88.89 
Cuttack 20.27◦N 85.52◦E  129  2.89  0.00  0.64  0.39  0.78  0.07  83.33 
Dhenkanal 20.67◦N 85.6◦E  181  2.89  0.03  1.03  0.42  0.84  0.05  88.89 

Na: Number of alleles, NaF: No. of different alleles with a frequency ≥ 5 %, NPA: No. of private alleles unique to a single population, NCA: No. of locally common alleles 
(Freq. ≥ 5 %) found in 25 % or fewer populations, He: Unbiased Nei's genetic diversity, FST: Fixation index, Nm: Gene flow estimated from Fst = 0.25(1 − Fst) / Fst., % 
P: Percent of polymorphic alleles. 

Table 4 
Analysis of molecular variance (AMOVA) based on 28 districts and 9 agro- 
ecological zones.  

Source df SS MS Est. 
Var. 

% F- 
statistics 

Among zones  8 284.675 35.584  0.100 1 % Frt =
0.011 

Among 
districts  

19 402.048 21.160  0.161 2 % Fsr =
0.017 

Among 
individuals  

579 8662.159 14.961  5.904 63 % Fst =
0.028 

Within 
individuals  

607 1913.000 3.152  3.152 34 % Fis =
0.652 

Total  1213 11,261.882 –  9.317 100 
% 

Fit =
0.662 

df: Degree of freedom, SS: Sum of squares, MS: Mean of squares, Est. Var.: 
Estimated variation. 
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of anthocyanin colour in leaf (80.23 %), presence of auricles in the leaf 
(99.84 %), presence of collar in the leaf (99.44 %), split ligule in the leaf 
(84.02 %), white ligule colour in the leaf (81.55 %), long (>45 cm) leaf 
blade (88.30 %), absence of anthocyanin colour in keel lemma (90.77 
%), absence of anthocyanin colour in apex lemma (90.77 %), presence of 
thick (>0.55 cm) stem (86.99 %), panicle (11− 20) number per plant 
(85.67 %), absence of awn in the panicle (85.50 %), presence of sec-
ondary branching (99.84 %), straw colour of sterile lemma (82.21 %), 
amylose content (20–25 %) in the endosperm, and absence of aroma in 
grains (85.97 %)(Supplementary Table 13). Analysis of variance showed 
highly significant differences (p < 0.001) among 607 farmers' rice va-
rieties for all the 50 polymorphic agro-morphological traits. 

All the 50 polymorphic morphological traits showed either signifi-
cantly positive or negative Pearson's correlation coefficient with the few 
other traits except three non-polymorphic traits (leaf ligule, male ste-
rility, and presence of amylose in endosperm) (Supplementary 
Table S14). For example, the sheath colour of basal leaf showed a sig-
nificant positive correlation with nine traits while a significant negative 
correlation with five traits. No correlation was found in leaf ligule, male 
sterility, and presence of amylose in endosperm with other traits. In the 

present study, 53 morphological traits were measured among the 
farmers' varieties and analyzed for correlation to know the relationship 
among these traits. The correlation analysis revealed a significant rela-
tionship between grain weight, grain length, grain width, panicle length, 
and panicle branching with most of the leaf, stem, panicle, and grain 
traits (Supplementary Table S14). 

High genetic diversity was detected among 607 farmers' varieties, 
which varied from 0.035 (FV167-FV475) to 0.991 (FV400-FV404) with 
an average of 0.656 (Supplementary Table S15). The Nei's genetic dis-
tance between varieties varied from 3.0 (FV123-FV273) to 41.01 
(FV199-FV202, and FV404-FV408) with an average of 18.43 (Supple-
mentary Table S16). The neighbour-joining tree constructed based on 
Nei's genetic distance grouped the 607 varieties into 3 major clusters (I, 
II and III). Cluster III was highly diverse with 5 sub-clusters (Ia, Ib, Ic, Id, 
Ie) followed by cluster I having 3 sub-clusters (IIa, IIb, IIc), and cluster III 
having 3 sub-clusters (IIa, IIb, IIc) (Fig. 5a). The principal component 
analysis also grouped varieties into 3 major clusters (Fig. 5b). Each of 
the first, second, third, and fourth principal components explained about 
68.71 %, 4.22 %, 1.54 %, and 0.63 % of the total variance, respectively 
(Supplementary Table S17). The first four principal components 

Fig. 3. Unrooted neighbour-joining dendrogram showing genetic relationship among 28 geographical districts based on Nei's pairwise unbiased genetic distance 
based on the 36 microsatellite data. 
Numbers in parenthesis indicates nine agro-climatic zones (Z1 to Z9): Z1-North Western Platetue Zone, Z2-Mild Central Table Land Zone, Z3-North Central Plaetau 
Zone, Z4-North Eastern Coastal Zone, Z5-East and South Eastern Coastal Plain Zone, Z6-North Eastern Ghat Zone, Z7-South Eastern Ghat Zone, Z8-Eastern Ghat High 
Land Zone, Z9-West Central Table Land Zone. 
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explained about 75.1 % of the total phenotypic variance. The two- 
dimensional diagram of 53 morphological traits resulting from prin-
cipal co-ordinate analysis (PCoA) based on the 607 rice farmers varieties 
indicated that 4, 19, 24, and 6 traits are dominant in coordinate I, II, II, 
and IV, respectively (Fig. 6). 

4. Discussion 

Farmers' rice varieties constitute the intermediate gene pool and are 
under recent evolution process (Kumar et al., 2010). These have proved 
to be the most suitable material for mining of novel allele(s) for different 
traits over years. However, one needs to have a diverse set of landraces 
to fulfill the aforesaid purpose. Genetic drift, gene flow, natural and 
artificial selection have resulted in a huge bottleneck in rice over 
thousands of years of domestication. This has a profound effect on the 
loss of valuable traits which is a major threat for future crop improve-
ment (Zhu et al., 2007; Caicedo et al., 2007). However, genetic variation 
has been limited into a certain geographical entity due to genetic 
isolation. Since landraces are best adapted and perform well in their 
native area of cultivation, their characterization is of potential use 
leading to genetic enhancement and strengthening their conservation 
strategies (Parzies et al., 2004; Roy et al., 2015). In fact, the molecular 
and morphological level differentiations of farmers' varieties from a 
particular state like Odisha, India, of which Jeypore tract is associated 
with the secondary center of origin for rice, would provide insights into 
their genetic makeup and population structure. Odisha, itself represents 
9 different agro-climatic zones and farmers from each of the areas have 
their own choice set of germplasm according to their preferences and 
ethnic values (Pachauri et al., 2010; Das, 2012). Therefore, landraces of 
Odisha maintained by the farmers over decades hold tremendous 
importance for their characterization. 

4.1. Allelic/gene diversity 

A total of 363 alleles was detected with 36 SSR loci with an average 
of 10.08 per locus, which is significantly higher than reported by others 
(Jain et al., 2006; Ram et al., 2007; Behera et al., 2012, 2013; 
Choudhary et al., 2013; Zhang et al., 2013; Das et al., 2013; Roy et al., 

2015; Salgotra et al., 2015; Shankar et al., 2015; Ahmed et al., 2016; 
Chandra et al., 2017; Aljumaili et al., 2018; Islam et al., 2018; Jasim 
et al., 2018; Kumar et al., 2018; Dwivedi et al., 2019; Pathaichidachote 
et al., 2019; Vanlalsanga et al., 2019; Amegan et al., 2020; Nilthong 
et al., 2020; Yogi et al., 2020; Embate et al., 2021). Ali et al. (2011) 
detected a similar number of alleles per locus in the diverse collection of 
409 Asian rice accessions using fluorescently labeled 36 SSR markers 
and ABI Prism DNA Analyzer. Courtois et al. (2012) reported 189 alleles 
in 425 European rice germplasm collection using 25 SSR markers with 
an average of 7.56 alleles per locus. Jain et al. (2004) detected 3 to 22 
alleles at microsatellite locus in Basmati and non-Basmati varieties using 
fluorescent techniques in their study. Tiwari et al. (2015) detected 3 to 
29 alleles with an average of 12.4 in Indian mini-core rice germplasm 
using the same panel of fluorescently labeled microsatellite markers. 
Park et al. (2019) detected 11 to 47 alleles with an average of 25.6 allele 
per SSR locus in 548 coloured rice germplasm collected from Korea and 
other countries using fluorescent technique and HAD-GT12™ Genetic 
Analyzer System. Prasad et al. (2020) observed 2 to 5 alleles with an 
average of 3.04 per locus in 208 non-Basmati aromatic rice accessions of 
India using 55 SSR markers. Naaz et al. (2022) evaluated 25 rice ac-
cessions including basmati and non-basmati aromatic and non-aromatic 
popular rice genotypes using 30 SSR markers. The number of alleles 
varied from 2 to 9 with an average of 4.14. The number of alleles 
detected by a single microsatellite locus varied from 1 to 31 depending 
upon the techniques and rice accession used in the studies (Blair et al., 
2002; Jain et al., 2004; Garris et al., 2005; Jayamani et al., 2007; 
Thomson et al., 2009; Kaushik et al., 2011; Behera et al., 2012, 2013; 
Roy et al., 2015; Ahmed et al., 2016; Aljumaili et al., 2018; Islam et al., 
2018; Pathaichidachote et al., 2019; Vanlalsanga et al., 2019; Amegan 
et al., 2020; Nilthong et al., 2020; Embate et al., 2021; Andarini et al., 
2022). This reflects that high allelic diversity present in our collection 
and demonstrated the potential of the selected set of SSR markers for 
molecular dissection of rice. The sequence level alteration during the 
process of domestication resulting in insertion and deletion could be the 
primary factor for the huge difference in the number of alleles per 
marker (3 to 27) detected in our study (Gross et al., 2010; Sang and Ge, 
2013). We found a positive correlation between number of alleles 
amplified per locus and number of repeats in simple motif of an SSR 

Fig. 4. Genetic isolation by distance for correlation between Nei's genetic distance and geographic distance (km) from 10,0000 randomizations based on the 36 
microsatellite data. 
A: non-significant correlation with r = 0.2567, P < 0.0210; B: significant correlation with r = 0.5122, P < 0.0010. 
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locus. Similar to our observation, Ni et al. (2002) and Yu et al. (2003) 
found a positive correlation between number of alleles amplified and 
number of repeats within a microsatellite marker. However, Nagaraju 
et al. (2002), Juneja et al. (2006) and Behera et al. (2012, 2013) found 
no direct correlation between the number of repeats and the number of 
alleles detected in aromatic and wild rice materials, respectively. 

Thirty-four (9.36 %) unique alleles were identified from 607 farmers' 
varieties. Unique alleles are important because they may be diagnostic 
of a particular variety and useful for breeding purposes. Behera et al. 
(2012) identified 11 unique alleles (6.51 %) among medicinal rice cul-
tivars at 25 of 30 SSR loci. Davierwala et al. (2000) identified many 
alleles specific to elite cultivars of India using microsatellite markers. 
Islam et al. (2018) identified 11 (7.86 %) unique alleles at 11 out of 45 
SSR loci in 113 aromatic rice germplasm of Bangladesh. Dwivedi et al. 

(2019) identified two unique/genotype-specific alleles amplified by two 
SSR markers RM7173 and RM101 in HPR 2761 and Vasumati, respec-
tively while assessing genetic diversity in basmati and non-basmati ar-
omatic rice genotypes of the northern hill region. Similarly, others also 
detected unique alleles both in cultivated and wild rices (Davierwala 
et al., 2000; Saini et al., 2004; Giarrocco et al., 2003; Wong et al., 2009; 
Behera et al., 2013; Gour et al., 2017). Rare and low frequency alleles 
are an important source of genetic diversity. Occurrence of rare alleles in 
rice cultivars may have resulted from the unequal crossing over, trans-
locations or other type mutations. We observed high proportion of rare 
alleles (65.01 %) and low frequency alleles (23.14 %) in farmers' rice 
varieties. Similar results were obtained by others (Behera et al., 2012, 
2013; Aljumaili et al., 2018; Islam et al., 2018). Tiwari et al. (2015) 
detected 41.38 % rare alleles in Indian mini-core rice germplasm using 

Table 5 
Descriptive statistics for 53 morphological traits in 607 farmers' rice varieties.  

Sl no Traits Min Max Mean Median SDa SEa Variance CVa P value  

1 Basal leaf: Sheath colour:  q  4.00  1.590  1.00  1.089  0.044  1.186  68.509 0.000  
2 Leaf: Intensity of green colour  3.00  7.00  6.245  7.00  1.004  0.041  1.007  16.070 0.000  
3 Anthocyanin colouration  1.00  9.00  2.582  1.00  3.189  0.129  10.168  123.519 0.000  
4 Leaf Sheath: Anthocyanin colouration  1.00  9.00  3.109  1.00  3.528  0.143  12.436  113.319 0.000  
5 Leaf: Pubescence of blade surface  3.00  9.00  6.759  7.00  1.002  0.041  1.005  14.829 0.000  
6 Leaf: Auricles  1.00  9.00  8.987  9.00  0.325  0.013  0.105  3.613 0.000  
7 Leaf: Anthocyanin colouration of auricles  1.00  3.00  1.376  1.00  0.743  0.030  0.552  53.997 0.000  
8 Leaf: Collar  1.00  9.00  8.987  9.00  0.325  0.013  0.105  3.613 0.000  
9 Leaf: Anthocyanin colouration of collar  1.00  9.00  2.806  1.00  3.347  0.136  11.203  119.301 0.000  
10 Leaf: Ligule  9.00  9.00  9.000  9.00  0.000  0.000  0.000  0.000 –  
11 Leaf: Shape of Ligule  2.00  3.00  2.840  3.00  0.367  0.015  0.134  12.912 0.000  
12 Leaf: Colour of Ligule  1.00  3.00  1.259  1.00  0.584  0.024  0.341  46.367 0.000  
13 Leaf: Length of blade  3.00  7.00  6.759  7.00  0.671  0.027  0.450  9.927 0.000  
14 Leaf: Width of blade  1.00  7.00  4.012  5.00  1.007  0.041  1.028  25.295 0.000  
15 Culm: Attitude  1.00  7.00  2.717  3.00  1.065  0.043  1.134  39.201 0.000  
16 Time of heading (50 % of plants with panicles)  1.00  9.00  7.738  9.00  1.611  0.065  2.596  20.823 0.000  
17 Flag leaf: Attitude of blade (early observation)  1.00  5.00  1.623  1.00  0.975  0.040  0.951  60.111 0.000  
18 Spikelet: Density of pubescence of lemma  1.00  9.00  5.824  5.00  1.313  0.053  1.723  22.539 0.000  
19 Male sterility  1.00  1.00  1.000  1.00  0.000  0.000  0.000  0.000 –  
20 Lemma: Anthocyanin colouration of keel  1.00  9.00  1.494  1.00  1.643  0.067  2.699  109.951 0.000  
21 Lemma: Anthocyanin colouration of area below apex  1.00  9.00  1.652  1.00  1.949  0.079  3.798  117.943 0.000  
22 Lemma: Anthocyanin colouration of apex  1.00  9.00  3.211  1.00  3.297  0.134  10.873  102.695 0.000  
23 Spikelet: Colour of stigma  1.00  5.00  2.071  1.00  1.765  0.072  3.115  85.234 0.000  
24 Stem: Thickness  3.00  7.00  6.651  7.00  0.966  0.039  0.943  14.592 0.000  
25 Stem: Length (excluding panicle; excluding floating rice)  1.00  9.00  5.626  7.00  2.150  0.088  4.673  38.502 0.000  
26 Stem: Anthocyanin colouration of nodes  1.00  9.00  3.056  1.00  3.499  0.142  12.208  114.207 0.000  
27 Stem: Anthocyanin colouration of internodes  1.00  9.00  3.096  1.00  3.520  0.143  12.394  113.726 0.000  
28 Panicle: Length of main axis  3.00  9.00  6.766  7.00  1.074  0.044  1.153  15.871 0.000  
29 Flag leaf: Attitude of blade (late observation)  1.00  7.00  3.154  3.00  0.985  0.043  1.115  34.038 0.000  
30 Panicle: Curvature of main axis  1.00  7.00  2.974  3.00  1.114  0.045  1.240  37.451 0.000  
31 Panicle: Number per plant  3.00  7.00  4.799  5.00  0.731  0.031  0.571  15.763 0.000  
32 Spikelet: Colour of tip of lemma  1.00  6.00  2.265  1.00  1.805  0.074  3.310  80.137 0.000  
33 Lemma and Palea: Colour  1.00  9.00  2.439  1.00  2.058  0.084  4.263  86.079 0.000  
34 Panicle: Awns  1.00  9.00  2.160  1.00  2.819  0.114  7.946  130.518 0.000  
35 Panicle: Presence of secondary branching  1.00  9.00  8.987  9.00  0.325  0.013  0.105  3.613 0.000  
36 Panicle: Secondary branching  1.00  3.00  1.817  2.00  0.461  0.019  0.212  25.361 0.000  
37 Panicle: Attitude of branches  1.00  9.00  3.626  3.00  1.597  0.065  2.551  44.051 0.000  
38 Panicle: Exertion  3.00  7.00  5.965  7.00  1.193  0.048  1.423  19.996 0.000  
39 Time maturity (days)  1.00  9.00  7.738  9.00  1.611  0.065  2.596  20.823 0.000  
40 Leaf: Senescence  3.00  7.00  4.477  5.00  1.298  0.054  1.793  30.078 0.000  
41 Sterile lemma: Colour  1.00  5.00  1.325  1.00  0.839  0.034  0.705  63.379 0.000  
42 Grain: Weight of fully developed grains 1000  1.00  9.00  4.891  5.00  2.000  0.082  4.034  41.133 0.000  
43 Grain: Length  1.00  9.00  3.807  3.00  1.096  0.045  1.202  28.797 0.000  
44 Grain: Width  1.00  9.00  4.855  5.00  1.539  0.062  2.368  31.698 0.000  
45 Grain: Phenol reaction of lemma  1.00  9.00  3.544  1.00  3.729  0.151  13.902  105.217 0.000  
46 Decorticated grain: Length  1.00  9.00  4.239  5.00  2.265  0.092  5.129  53.429 0.000  
47 Decorticated grain: Width  3.00  7.00  5.369  5.00  1.181  0.048  1.395  21.998 0.000  
48 Decorticated grain: Shape (in lateral view)  1.00  6.00  3.614  4.00  1.201  0.049  1.442  33.222 0.000  
49 Decorticated grain: Colour  1.00  6.00  3.094  2.00  2.223  0.090  4.940  71.838 0.000  
50 Endosperm: Presence of amylose  9.00  9.00  9.000  9.00  0.000  0.000  0.000  0.000 –  
51 Endosperm: Content of amylose  3.00  7.00  4.838  5.00  0.704  0.030  0.534  15.127 0.000  
52 Gelatinization temperature through alkali spreading value  1.00  7.00  3.722  3.00  1.200  0.049  1.439  32.232 0.000  
53 Decorticated grain: Aroma  1.00  9.00  2.122  1.00  2.780  0.113  7.725  131.190 0.000  

Total  90.00  393.00  223.657  206.00  78.762  3.206  169.92  2623.834 0.000  
Mean  1.70  7.42  4.22  3.89  1.486  0.06  3.206  49.51 0.000  

a SD-Standard deviation, SE-Standard error, CV-Coefficient of variation. 
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Fig. 5. Genetic relationship among 607 farmers' rice varieties based on the 53 morphological traits. 
a: NJ tree based on pairwise Nei's unbiased genetic distance; b: Two dimensional PCA analysis. The neighbour-joining tree constructed based on Nei's genetic distance 
grouped the 607 farmers' rice varieties into 3 major clusters (I, II and III). Cluster III was highly diverse with 5 sub clusters (Ia, Ib, Ic, Id, Ie) followed by cluster I 
having 3 sub clusters (IIa, IIb, IIc), and cluster III having 3 sub clusters (IIa, IIb, IIc). The numbers in the plot correspond to the rice varieties given in Table 1. b: 
Principal component analysis also shows 3 clusters. 
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same panel of fluorescently labeled microsatellite markers. Islam et al. 
(2018) detected 52 (37.14) rare alleles at 35 out of 45 SSR loci in 113 
aromatic rice germplasm of Bangladesh. Kumar et al. (2018) identified 
six (9.84 %) rare alleles in 24 aromatic rice genotypes (both basmati and 
non-basmati) using 25 SSR markers. 597 out of 607 farmers' rice vari-
eties showed the presence of multiple alleles at least at one SSR locus. 
Rice is a self-pollinated, diploid crop species. The microsatellites usually 
reveal the single copy and allelic heterogeneity is rare in respect of pure 
line varieties. Hence, the presence of multiple alleles in cultivars is 
generally an indication of seed mixtures, mixture of pure lines or re-
sidual heterozygosity (Jain et al., 2004). This phenomenon is quite 
common in landraces that contribute to their broad genetic plasticity to 
adapt themselves to different agro-climatic conditions in traditional 
farming systems (Olufowote et al., 1997). Similar to our observation 
others obtained multiple alleles both in cultivated and wild rices 
(Garland et al., 1999; Giarrocco et al., 2003; Yu et al., 2003; Lu et al., 
2005; Jain et al., 2006; Juneja et al., 2006; Jayamani et al., 2007: Behera 
et al., 2012, 2013). Further, varieties having similar names collected 
from same or different areas were detected with allelic variation. This 
could be possibly due to seed exchange and further selection of base 
material conducted by farmers to suit their local practices (Roy et al., 
2015). 

The polymorphism information content (PIC) value reflects the 
discriminating or resolving power of the marker. The average PIC value 
of our study for the 36 tested loci, i.e., 0.901 is relatively higher than the 
reports of Das et al. (2013), who observed an average PIC of 0.75 with 23 
microsatellite loci in Eastern and North Eastern rice landraces of India. 
Naaz et al. (2022) evaluated 25 rice accessions including Basmati and 
non-Basmati aromatic and non-aromatic popular rice genotypes using 
30 SSR markers. They observed lower PIC values which ranged from 
0.07 (RM507) to 0.83 (RM514) with an average of 0.46. Similarly, 
Prasad et al. (2020) observed lower PIC values, which ranged from 
0.171(RM477) to 0.721(RM276) with an average of 0.54 in 208 non- 
basmati aromatic rice accessions of India using 55 SSR markers. The 
PIC value was also significantly higher than the previous reports (i.e., 
0.46: Lu et al., 2005; 0.64: Juneja et al., 2006; 0.64: Joshi et al., 2010; 
0.49: Courtois et al., 2012; 0.811: Behera et al., 2012; 0.66: Behera et al., 
2013; 0.62: Roy et al., 2015; 0.405: Salgotra et al., 2015; 0.54: Shankar 
et al., 2015; 0.74: Tiwari et al., 2015; 0.671; Ahmed et al., 2016; 0.62: 

Ashraf et al., 2016; 0.63: Aljumaili et al., 2018; 0.291: Islam et al., 2018; 
0.63: Jasim et al., 2018; 0.465: Kumar et al., 2018; 0.348: Dwivedi et al., 
2019; 0.36: Mishra et al., 2019; 0.56: Pathaichidachote et al., 2019; 
0.59: Vanlalsanga et al., 2019; 0.53: Amegan et al., 2020; 0.605: 
Nilthong et al., 2020; 0.479: Yogi et al., 2020; 0. 31: Embate et al., 2021; 
0.62: Andarini et al., 2022). However, Park et al. (2019) observed higher 
PIC values (i.e., 0.913) in 548 coloured rice germplasm collected from 
Korea and other countries using fluorescent technique. Similarly, 
Chandra et al. (2017) detected higher PIC values (i.e., 0.946) in 30 rice 
genotypes including basmati, non-basmati aromatic, and non-aromatic 
elite cultivars using 20 SSR markers. The high PIC value detected in 
our study could be due to the inclusion of fluorescently labeled RGNMS 
markers along with RM markers and the presence of high genetic di-
versity. We detected a positive correlation between the total number of 
alleles/loci and their PIC values, which agrees with Jain et al. (2006) 
and Behera et al. (2012, 2013). The total number of alleles and PIC 
values of microsatellite markers with different repeat motifs varies in 
different germplasm set used. SSR loci having mixed repeats showed 
higher rates of polymorphism as compared to that of trinucleotide, di- 
nucleotide and tetra-nucleotide repeat motifs (Kaushik et al., 2011; 
Behera et al., 2013). In contrast, we detected higher polymorphism for 
di-nucleotide repeats than tri, tetra and mixed motif repeats, which is 
similar to the results of Cho et al. (2000) and Jain et al. (2004). 

Ecological and evolutionary impacts have led to the accumulation of 
rich genetic diversity in the farmers' rice varieties over years of selection 
(Hamrick and Godt, 1996; Choudhury et al., 2013). The allelic/gene 
diversity (He = 0.502) detected with all the 36 loci is higher than the 
Thai rice collection (N = 101, He = 0.476, Chakhonkaen et al., 2012), 
Taiwan rice varieties (N = 34, He = 0.41, Lin et al., 2012), North-East 
Indian rice core collection (N = 701, He = 0.382, Choudhury et al., 
2014), Assam upland rice collection (N = 100, He = 0.393, Rathi et al., 
2014), aromatic rice accessions of Malaysia (N = 53, He = 0.36, Ahmed 
et al., 2016), Korean rice germplasm (N = 130, He = 0.08, Amegan et al., 
2020), but lower than aromatic and quality rice accessions of North- 
eastern regions of India (N = 107, He = 0.67, Roy et al., 2015), Indian 
rice mini-core rice germplasm (N = 98, He = 0.758, Tiwari et al., 2015). 
Thai and exotic rice accessions (N = 167, He = 0.59, Pathaichidachote 
et al., 2019), and the upland rice varieties of Thailand ((N = 98, He =
0.664, Nilthong et al., 2020). Roy et al. (2015) assessed allelic and 

Fig. 6. Two-dimensional diagram of 53 morphological traits resulting from principal co-ordinate analysis (PCoA) in the 607 rice farmers' rice varieties. 
Co-ordinate I: decorated grain shape, grain length, flag leaf: attitude of blade(early observation) and leaf collar (4 traits). 
Co-ordinate II: decorated grain length, grain: weight of fully developed grains 1000, grain width, etc. (19 traits). 
Co-odinate III: sterile lemma colour, spikelet: colour of tip of lemma, spikelet: density of pubescence of lemma, etc. (24 traits). 
Co-ordinate IV: decorated grain aroma, leaf: length of blade, panicle: attitude of branches, etc. (6 traits). 
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genetic diversity among 107 aromatic/quality rice accessions collected 
from north-eastern states of India and a set of 67 structured global rice 
accessions representing indica, aus, aromatic, temperate japonica, tropical 
japonica, and admixed cultivars originating from India and its neigh-
bouring countries using 30 microsatellite markers. Because of inclusion 
of different subspecies and ecotypes, moderately high allelic/gene di-
versity (0.67) was observed. Tiwari et al. (2015) developed mini-core 
rice germplasm containing 98 varieties from a core set of 6912 rice ac-
cessions collected from the National Gene Bank of India based on the 
genotypic data of the same set of 36 fluorescently labeled microsatellite 
markers. Mini-core retained 94 % of alleles present in the core set. 
Hence, higher allelic/gene diversity was observed. Pathaichidachote 
et al. (2019) evaluated gene and genetic diversity among 167 Thai and 
exotic rice accessions which included both indica and japonica subspe-
cies with 49 SSR markers. The inclusion rice accession of indica and 
japonica subspecies might be responsible for moderately high gene di-
versity (0.59). The indica group of rice is reported to be more diverse 
than the japonica group (Yonemaru et al., 2012). However, the gene 
diversity in our collection was comparable with the worldwide indica 
collection (He = 0.55) (Garris et al., 2005). In our study, also these 
markers were validated as highly informative, which could serve as a 
reference set of markers for the assessment of genetic diversity in Indian 
rice germplasm. Though the diversity values detected with RGNMS 
markers were higher than that of RM marker, there was no significant 
difference between the two sets of markers. However, higher genetic 
diversity detected in the genic non-coding regions provides insights into 
the functional genetic alteration in farmers' rice varieties and un-
derstands their evolutionary adaptation potential to various agro- 
ecological conditions (Parida et al., 2009). Markers with tri-nucleotide 
repeats amplified the higher number of alleles (average: 12) but a 
high level of genetic diversity was detected with the di-nucleotide repeat 
markers. 

The remarkable size difference between smallest and largest allele 
detected with the tested loci supports the idea that microsatellite 
markers are highly heterogeneous in nature and are therefore widely 
used in plant characterization (Agarwal et al., 2008; Grover and Sharma, 
2011). Gene flow and cross-pollination even in the self-pollinated crop 
are the major aspects of evolution, which often leads to a heterozygous 
nature of plant (Chen et al., 2004). The varieties like Parbat Jira 
(Kalahandi), Krushna Bhog (Sundargarh) and Sapur (Koraput) were 
highly heterozygous at 22 loci and could possibly be the products of such 
events. Most the farmers' rice varieties screened in this study were in 
heterogeneous (580 varieties) state followed by heterozygous (22 var-
sities) and only a few were homozygous (5 varieties) for the tested loci. 
These varieties being selected and maintained by traditional farmers 
over the ages accumulate heterogeneity due to their natural phenome-
non of evolution and constitute major gene pool of rice (Deb, 2005). 

The allelic comparison of farmers' varieties with Indian mini-core 
collection highlighted that genetic variation available in the present 
farmers' variety collection is quite comparable with the mini-core 
collection (Tiwari et al., 2015). This is important in the context that 
these heritages should be conserved and exploited to harness different 
valuable genes possibly available within them. 

4.2. Genetic diversity and cluster analysis among farmers' rice varieties 

A higher degree of genetic diversity was observed among 607 
farmers' rice varieties both at molecular (0.653) and phenotypic (0.656) 
levels. The estimated genetic diversity among 607 farmers at molecular 
is higher than the report of Kim et al. (2014), revealing the rich genetic 
diversity that exists in farmers' rice varieties. Embate et al. (2021) 
observed higher genetic diversity (i.e., 0.88) in 43 pigmented traditional 
rice varieties of Philippines using 47 agro-morphological (22 qualitative 
and 25 quantitative) traits, grain chemical properties, reaction to dis-
eases and insects, and 64 SSR markers. Amegan et al. (2020) revealed 
lower (0.58) genetic diversity in 130 Korean rice germplasm using SSR 

markers. 53 morphological traits harbored a total of 195 variables with 
an average of 4.217 variables per trait. However, Ahmed et al. (2016) 
identified higher (0.77) genetic diversity in 31 farmers' varieties of 
Bangladesh using 45 SSR markers. Similarly, Tiwari et al. (2015) iden-
tified a higher level of genetic diversity (0.76) in the Indian mini-core 
rice germplasm. Few studies are available, where farmers' grown land-
races/traditional rice varieties have been studied extensively both at 
molecular and phenotypic levels. In our study, 50 out of 53 morpho-
logical traits showed polymorphism and significant differences among 
607 farmers' rice varieties. Ahmad et al. (2015) studied genetic diversity 
among 42 coloured rice genotypes using 25 microsatellite markers and 
15 agro-morphological traits. All the 15 agro-morphological traits 
showed significant differences at p = 0.05 and p = 0.01, indicating the 
presence of diversity among the 42 coloured rice genotypes. Hien et al. 
(2007) assessed genetic diversity among 36 aromatic rice cultivars 
collected from Asia using 22 morphological characters with 101 
morphometric descriptors. Except for ligule colour, the rests of the traits 
were polymorphic. Ray et al. (2013) indicated the presence of immense 
phenotypic diversity among 414 farmers' landraces based on the 29 
phenotypic traits. Barhate et al. (2021) assessed genetic diversity among 
45 aromatic genotypes based on 13 quantitative and three cooking 
quality traits. All the phenotypic traits showed highly significant dif-
ferences among genotypes. 

The neighbour-joining tree constructed based on Nei's genetic dis-
tance grouped the 607 farmers' varieties into 3 major clusters (I, II and 
III) based on the both molecular and phenotypic data. All the rice va-
rieties could be clearly differentiated. Rice varieties of similar names 
collected from same or different areas showed variability for one or 
more locus. For instance, three accessions of Akul collected from three 
different areas, i.e., Bargarh, Sambalpur and Bolangir showed allelic 
variation at four microsatellite loci, RM259, RGNMS20, RM433 and 
RGNMS141. Principal component analysis also grouped varieties into 3 
major clusters based on both molecular and phenotypic data. First four 
principal components explained about 30.55 % and 75.1 % of the total 
variance at molecular and phenotypic levels, respectively. Ahmed et al. 
(2016) studied genetic diversity among 31 rice genotypes with similar 
names of Bangladesh using 45 microsatellite markers, and 14 agro- 
morphological and physico-chemical traits. The analysis revealed that 
no duplicate genotype was existed. The PCA analysis indicated that the 
first five components accounted for 82.9 % of the total variations. 
Ahmad et al. (2015) studied genetic diversity among 42 coloured rice 
genotypes using SSRs and agro-morphological traits. Clustered analysis 
grouped the 42 coloured rice genotypes into 7 and 4 clusters, respec-
tively based on the molecular and agro-morphological data. Further, 
first three principle components of PCA explained 75.28 % of total 
variations at molecular level while 83.76 % of total variation was 
explained by first four components of PCA at phenotypic level. Islam 
et al. (2018) assessed the genetic diversity of 113 aromatic rice germ-
plasm of Bangladesh based on the 12 phenotypic traits and molecular 
data (45 SSR). Similar to our result, cluster analysis classified into three 
major groups both at molecular and phenotypic levels which was further 
confirmed by STRUCTURE and PCA analysis. Prasad et al. (2020) 
evaluated the genetic diversity of 208 non-Basmati aromatic rice ac-
cessions of India using 46 morphological, agronomical, grain quality 
traits, reaction to pests, and 55 SSR markers. Cluster analysis based on \ 
Jaccard's similarity coefficients grouped these genotypes into three main 
clusters. Six, 81, and 121 genotypes were included in clusters I, II, and 
III, respectively. Cluster II was further grouped into nine sub-clusters 
while cluster III was grouped into eight sub-clusters. Further, based on 
the molecular, morphological, agronomical, and quality traits data, all 
208 aromatic genotypes were grouped into 20 clusters using Gowers' 
similarity index. 45 aromatic genotypes could be grouped into 10 clus-
ters based on the 13 quantitative and three cooking quality traits (Bar-
hate et al., 2021). Manjunath et al. (2021) assessed the genetic diversity 
among 16 aromatic landraces of the Wayanad district of Kerala, one 
Basmati and two non-aromatic (Aathira and Uma) genotypes using 86 
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SSR markers. Cluster analysis could differentiate Basmati, Gandhakasal, 
Jeerakasala, Aathira, and Uma from each other and grouped into five 
clusters. All the 12 Gandhakasala morphotypes belonged to Cluster III 
while all three Jeerakasala morphotypes belonged to Cluster IV. Aathira, 
Uma, and Basmati belonged to Cluster I, II, and V, respectively. 

4.3. Population structure 

Based on population STRUCTURE analysis, we could differentiate 
the entire collection into 2 sub-populations which is similar to the re-
ports of Zhang et al. (2011) in the rice core collection from 20 different 
provinces and Choudhury et al. (2013) in NE Indian rice collection. 
However, Tiwari et al. (2015) have identified 3 sub-populations in a 
mini core of Indian rice collections. Varieties from SP1 group were 
predominant with a membership percentage of 82.6, which might be 
due to common origin and single domestication process for the varieties 
of this group. Moreover, 42 admixtures were identified that represented 
a higher rate of cross-pollination among the varieties of separate sub- 
populations. A significant molecular variation of 47 % was recorded 
among individuals, which is in agreement with the earlier studies of 
Choudhury et al. (2014) who could detect 48 % variation among in-
dividuals of NE India. Roy et al. (2015) identified three populations in 
107 aromatic and quality rice accessions of North-eastern regions of 
India. Salgotra et al. (2015) identified 5 subpopulations (A, B, C, D, and 
E) in 142 basmati rice genotypes consisting of landraces, farmer's cul-
tivars, elite cultivars, and advanced breeding lines from Basmati 
growing regions of India using 40 SSR markers. Similarly, Islam et al. 
(2018) revealed the existence of population structure in 113 aromatic 
rice germplasm of Bangladesh. They identified three populations (P1, P2 
and P3) with a majority of germplasm in P1. This grouping agreed with 
genetic distance-based clustering and PCA. Pathaichidachote et al. 
(2019) and Vanlalsanga et al. (2019) identified two sub-populations (P1 
and P2) in 167 Thai and exotic rice accessions, and 65 local rice cultivars 
of North-eastern regions of India, respectively. Nilthong et al. (2020) 
observed two sub-populations (P1 and P2) in 98 upland rice varieties of 
Thailand. However, Park et al. (2019) detected 7 subpopulations among 
548 coloured rice germplasm collected from Korea and other countries. 
The sub-population identified in our study was in agreement with 
distance-based clustering and was validated by principal co-ordinate 
analysis. However, varieties from SP2 were separated into two distinct 
groups when K value was increased from 2 to 3 in population STRUC-
TURE. Yogi et al. (2020) evaluated 13 rice genotypes including 4 aer-
obic, 6 low-land basmati, and three high-yielding indica rice genotypes 
using 129 SSR markers. They identified two groups/subpopulations 
through both PCA and STRUCTURE analysis. Mishra et al. (2019) 
assessed the genetic diversity of 35 rice accessions including 34 aromatic 
rice from different parts of India, 10 nonaromatic and one aus (N22) rice 
genotypes using 55 SSR markers and 17 agro-morphological and yield- 
related traits. STRUCTURE analysis identified three distinct groups; 
indica (nonaromatic), aus (Nagina 22), and aromatic. 

4.4. Genetic diversity of farmers' rice varieties associated with a particular 
district 

Every district of a particular state has its own set of rice landraces 
according to the farmers' preference to suit the agro-ecological condi-
tions and cultural practices (Das, 2012). Estimation of genetic diversity 
of a particular district could provide insights into the genetic potential of 
that area. Moreover, this would lead to understanding the seed exchange 
and spread of rice germplasm. Out of 28 districts, Bolangir rice collec-
tion had the highest number of private alleles followed by Koraput and 
Jajpur. Bargarh, the nearby district of Bolangir is known as the rice bowl 
of Odisha. Rapid globalization and the introduction of high-yielding rice 
varieties have resulted in huge genetic erosion in many parts of Odisha 
(Deb, 2005). Since, Bolangir district is mainly comprised of rural com-
munities who are much dependent on their local varieties, the highest 

number of farmers' varieties (97) was available from Bolangir. The va-
rieties collected from Khurdha, Rayagada, Kalahandi, Ganjam, Bolangir, 
Sambalpur, Sonepur and Koraput were highly diverse with higher ge-
netic diversity value suggesting the need for further exploitation of rice 
landraces in these regions. Since, Eastern Ghats regions of Odisha are the 
major biodiversity hot spot (Nayak et al., 2013; Panda et al., 2013), a 
higher level of diversity for farmers' rice varieties was detected in 
Eastern-Ghats belt. The western part of Odisha is mainly comprised of 
tribal communities. Therefore, the impact and adoption of high yielding 
varieties are comparatively less in these areas (Das, 2012; Padhi and 
Panigrahi, 2011). Rice landraces cultivated in these parts have under-
gone a higher rate of artificial selection leading to many alternative 
forms of a particular variety and hence farmers' varieties collected from 
Kalahandi, Bolangir and Sambalpur showed 100 % polymorphism for all 
the 36 markers. We could detect a very less percentage of variation 
among zones and districts, which could be due to frequent seed ex-
change between the farmers of Odisha (Pusadee et al., 2009). However, 
the farmers' varieties of Odisha are highly differentiated which was 
supported by AMOVA, where 63 % of the total variation was due to 
differences among varieties. Many of these varieties and the knowledge 
related to their cultural practices are being spread from one area to the 
nearby area (Sirabanchongkran et al., 2004; Poudel et al., 2015) which 
was justified in our study also as a lowest genetic distance was detected 
between Kalahandi and Bolangir. Both districts share common 
geographical boundaries. Further, the NJ dendrogram clustered the 
coastal and eastern districts together. Most of the districts present in 
western Odisha and close to nearby state Chhattisgarh were grouped in a 
separate cluster. Considering Jeypore tract as the Secondary Centre for 
Origin of rice and the regions of western Odisha, Jharkhand and 
Chhattisgarh as the Centre of origin of aus ecotypes of rice (Sharma 
et al., 2000), the evolution of rice in the western belt of Odisha and then 
their spread to other parts could be possible. Similar results were 
recorded by Roy et al. (2015) for the evolution and spread of aromatic 
short grain rice landraces in Odisha. Moreover, a significant isolation by 
distance pattern was also detected which justified the probable spread 
pattern of farmers' varieties in Odisha which were genetically isolated 
during their spread over the time of domestication. Similar to our study, 
Singh et al. (2016b) observed 63 % of the total variation among 729 
Indian rice varieties using 36 HvSSR markers. Pusadee et al. (2009) also 
reported isolation by distance in a Thai local rice variety, Bue Chomee. 
The assignment of STRUCTURE population demonstrated that varieties 
of 17 districts represented both the identified sub-populations in 
different proportion and the majority of them were western and south-
ern of Odisha. Further, a higher number of admixed individuals were 
detected in the western region of the state, suggesting higher rate of 
introgression in these regions. Therefore, western Odisha having a 
comparatively higher genetic diversity of farmers' varieties of rice holds 
enormous potential for their characterization, conservation and utili-
zation in crop improvement. 

The grain yield in rice is significantly attributed to panicle and grain 
traits such as grain weight (Anilkumar et al., 2022), grain length (Nayak 
et al., 2022), grain width, panicle length (Sah et al., 2022), and panicle 
branching (Sah et al., 2022), etc. Yield-attributing traits had correlations 
with other morphological traits due to the multigenic nature of the traits 
with small and cumulative variance. The significant correlations be-
tween grain weight, grain length, grain width, panicle length, and 
panicle branching with most of the leaf, stem, panicle, and grain traits 
indicate relationships among the traits for their expression. This is a 
favorable relation for a plant breeder for selective mating and the se-
lection of segregants for targeted traits. Besides, the selection of traits 
such as relationships also helps the indirect selection of the favorable 
traits in breeding pipelines. Such multi-traits correlation helps in finding 
the best donor and favorable alleles for yield and yield-attributing traits 
in the population for breeding use. The farmers' varieties that could be 
used as potential donors for yield improvement are Akula Jalgudi, 
Jangali Jata, Kakudi Manji, Suantuti. These varieties had high grain 
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weight, medium grain length, narrow to broad grain width, bear of 
secondary branches in panicles, strong to cluster secondary branches, 
medium to long panicle axis length, and medium to high number of 
panicles per plant. 

Presently, we are evaluating these farmers' varieties (FV) against 
different biotic and abiotic stresses, grain qualities, and nutrient use 
efficiency. Recently, a research group from our institute evaluated these 
600 farmers' rice varieties against brown planthopper using the standard 
seed box screening method at the seedling stage. Based on the initial 
screening result, a panel of 106 FV was selected for further evaluation 
following different parameters of BPH resistance. These varieties were 
genotyped with 87 gene-linked markers associated with 34 BPH resis-
tance genes. 18 varieties were identified as highly resistant (SES score 
1), while 22 were moderately resistant (SES score 3). 10 markers were 
found to be associated with BPH resistance genes. Bph6 and Bph30 
exhibited strong resistance to BPH by having a significant association 
with different phenotypic parameters of BPH resistance (Anant et al., 
2021). Further, 600 farmers' rice varieties were tested for the presence of 
endophytes. A total of 141 endophytes were identified. Some of them 
enhanced the rice plant growth significantly. Two endophytes were 
found to be highly effective against the causal organisms of sheath blight 
(Rhizoctonia solani) and seedling blight (Fusarium sp.). About 90–100 % 
inhibition of growth of these pathogens was observed (data not sown). 
These varieties are being presently used in different breeding and allele 
mining programs to improve yield, grain quality, and climate resiliency, 
which is required for sustainable production. 

5. Future prospects 

Genetic diversity is a prerequisite for breeding plants for desirable 
traits. Traditional and extinct varieties have ancestry genes that spon-
taneously mutate throughout the course of long-term cultivation. These 
mutations are random and cause a huge genetic variation both at the 
morphological and molecular levels. In this study, the variation 
observed in the farmers' varieties both at molecular and morphological 
levels is obvious. This spontaneous variation or mutation has the 
advantage of allowing the plant to endure the current climatic situation 
for the long term for survival. Thus, only those mutated plants survived 
which were coping with the climate vulnerability. As a result, these 
plants serve as a repository for many unique genes needed for the 
development of commercial cultivars with increased productivity and 
climatic resilience. The presence of variation among the farmers' vari-
eties would serve as a source of donors for different traits contributing to 
yield and survivability under stress. Because, states like Odisha have 
diverse rice ecology including irrigated to rainfed food-prone ecology, 
thus bear several kinds of genetic variation in germplasm collected over 
the states. Besides, it reveals the nature of variation and farmers' varietal 
dynamics cultivated over a region. 

6. Conclusion 

The present study provides a better understanding of allelic and 
genetic diversity and population structure of 607 farmers' rice varieties. 
Higher genetic diversity among 607 farmers' rice varieties was detected 
both at molecular (0.653) and phenotypic (0.656) levels, revealing the 
rich genetic diversity that exists within farmers' rice varieties. Moder-
ately high allelic/gene diversity (0.507) was detected. The number of 
alleles varied from 3 to 27 alleles with an average of 10.2 per locus. 34 
unique, 236 rare, 84 low-frequency, and 44 high-frequency alleles were 
detected. Based on the Nei genetic distance, all the 607 varieties were 
grouped into three major clusters, which were also validated by PCA 
analysis both at molecular and phenotypic levels. Further, based on 
population STRUCTURE analysis, we could differentiate the entire 
collection into three subpopulations at K = 3. These varieties are highly 
differentiated, where 63 % of the total variation was because of differ-
ences among varieties. Hence, these varieties should be conserved and 

exploited to harness different valuable genes/alleles available within 
them. Since landraces are best adapted to different climatic conditions, 
their characterization is of potential use for strengthening their con-
servation strategies and genetic enhancement, and use them as donors in 
breeding programs for the development of climate-resilient rice varieties 
with a higher yield to cope with climatic changing scenario conditions 
and improve farmers' income. 
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