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Abstract

:

India is blessed with an abundance of diverse rice landraces in its traditional cultivated areas. Two marker systems (simple sequence repeats (SSR) and single nucleotide polymorphism (SNP)) were used to study a set of 298 rice landrace accessions collected from six different regions of India (Andaman and Nicobar Islands, Chhattisgarh, Jharkhand, Uttar Pradesh, Uttarakhand, and West Bengal). Thirty hyper-variable simple sequence repeats (HvSSRs) and 32,782 single nucleotide polymorphisms (SNPs) were used in inferring genetic structure and geographical isolation. Rice landraces from Uttar Pradesh were the most diverse, with a gene diversity value of 0.42 and 0.49 with SSR and SNP markers, respectively. Neighbor-joining trees classified the rice landraces into two major groups with SSR and SNP markers, and complete geographical isolation was observed with SSR markers. Fast STRUCTURE analysis revealed four populations for SSR markers and three populations for SNP markers. The population structure with SSR markers showed that few individuals from Uttarakhand and Andaman and Nicobar Islands were grouped in small clusters. Population structure analysis with SNP markers showed not very distinct region-wise clustering among the rice landraces. Discriminant analysis of principal components (DAPC) and minimum spanning network (MSN) using SSR markers showed region-wise grouping of landraces with some intermixing, but DAPC and MSN with SNP markers showed very clear region-wise clustering. Genetic differentiation of rice landraces between the regions was significant with both SSR (Fst 0.094–0.487) and SNP markers (Fst 0.047–0.285). A Mantel test revealed a positive correlation between the genetic and geographic distance of rice landraces. The present study concludes that rice landraces investigated in this study were very diverse, and unlinked SSR markers show better geographical isolation than a large set of SNP markers.
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1. Introduction


Population growth, disordered environmental conditions, and declining agricultural resources have a profound impact on world agricultural resources. The current global yield in major crops such as rice, wheat, and maize is not sufficient to meet the food demand for the next few years [1]. In the current scenario, the genetic improvement of rice plays a very important role [2]. Landraces exhibit vast genetic diversity as elite cultivars (or commercial cultivars), and they represent an intermediary stage in domestication between wild rice and the elite [3,4]. Landraces are defined as geographically distinct populations which are very diverse in their genetic composition, and they are identifiable by their unique morphologies [5]. Landraces are a rich source of genetic variation in attributes such as high grain quality, strong environmental tolerance, wide adaptability, and disease and insect resistance. They form a repository of gene pools which can be useful if brought into domestication. Characterization of rice landraces has shown good genetic differentiation and local adaptation [6,7,8]. The genetic diversity of improved varieties has been shaped due to breeding, but insights into the genetic diversity of landraces remain unfulfilled [3,9]. Displacement of landraces by improved varieties has threatened their conservation. This rich diversity has been declining in phases due to the use of high-yielding varieties. Social and demographic forces have added to this declining trend [7]. The need to characterize available landraces has therefore become very important for further utilization and conservation.



Molecular markers allow accurate and fast varietal identification and have proven to be an efficient tool for crop germplasm characterization and studying population structure. Among the available molecular marker systems, simple sequence repeats (SSRs) and single nucleotide polymorphisms (SNPs) display high allelic variance between organisms. Studies of SSRs have been reported in many crops showing high genetic variability, e.g., maize [10], wheat [11], grape [12], potato [13], rape [14], and rice [15]. SSR markers are low in price, easy to use, and provide high degrees of polymorphism, but for high throughput genotyping, assays of SNPs are found to be useful. This is because SNPs are found in abundance and have a bi-allelic nature, which makes them a basis for superior and highly informative genotyping assays. The two main high-multiplexing SNP genotyping systems being utilized today are genotyping by sequencing (GBS) and high-density array-based SNP detection [16]. Although GBS is highly efficient and cost-effective, its experimental operation involves extensive data analysis that is beyond the capabilities of an average rice breeding group. High-density arrays, however, can be utilized to quickly genotype several common SNPs across samples with relatively easy data analysis, but they are expensive [17]. Molecular makers have been applied in crops such as cotton, and multiplex marker-assisted assays have been developed for the early detection of pathogens [18]. Similarly, using informative biomarkers, useful volatiles have been identified in bananas [19]. This shows the potential and application of molecular markers.



In the present study, Indian rice landraces collected from six different states were used to study the genetic diversity, population structure, and geographical isolation using SSR and SNP markers.



Here, we have addressed the following objectives: (1) to decipher the genetic diversity and population structure of rice landraces of different geographical regions and (2) to provide useful information regarding the differences in outputs obtained with SSRs and SNPs while studying genetic variance.




2. Materials and Methods


2.1. Plant Materials


A panel of 298 rice landraces collected from five different states and one union territory of India was constituted for this study. These five states comprise Chhattisgarh (44 landraces), Jharkhand (23 landraces), Uttar Pradesh (47 landraces), Uttarakhand (138 landraces), West Bengal (34 landraces), and one union territory, i.e., Andaman and Nicobar Islands (12 landraces). Information regarding the locations from where the sample was collected, its latitude, and longitude are listed in Supplementary Table S1 (five accessions were in replicates). These locations have been depicted in the Indian subcontinent map as shown in Figure 1. These landraces were collected independently from the abovementioned geographical locations and were assigned indigenous collection numbers by the National gene bank, ICAR-NBPGR (New Delhi, India).




2.2. DNA Extraction


Seeds were collected from different regions and placed in separate packets and stored in a 4 °C refrigerator. Eight to ten seeds were carefully placed on seed germination paper of size 30 × 45 cm with a gap of 2 to 3 cm. The germination paper was folded properly and kept in a germination tray with a water level of up to three centimeters. These trays were placed in a growth chamber at 28 °C and 90% relative humidity. Rice landraces were grown in batches of six for two weeks, taking each region’s accessions at a time to avoid confusion. Fresh leaves were collected, and DNA isolation was conducted simultaneously. Storing leaf samples in deep freezers was avoided to get maximum yield and good-quality DNA. DNA isolation was conducted using the CTAB method [20]. DNA quality was assessed on a 0.8% agarose gel and quantified using a nanodrop spectrophotometer (NanoDrop Thermo Scientific, Waltham, MA, USA).




2.3. Genotyping of Rice Landraces Using SSR Markers


For initial screening and profiling, 120 highly variable simple sequence repeat markers (HvSSR) [21] with repeat lengths of 51–70 bp were chosen from all twelve rice chromosomes. With a few rice samples, gradient PCR (polymerase chain reaction) was used to set each primer’s amplification temperature (Ta). Out of 120 HvSSR primers, thirty primers exhibiting good amplification were chosen for the final study. To create working stocks of 10 ng/µL, the genomic DNA of all 298 rice landraces was diluted. The PCR reaction was run in a total volume of 10 µL, containing 2 µL of genomic DNA (10 ng/µL), 1 µL of 10X buffer, 0.8 µL of 25 mM MgCl2, 0.2 µL of 10 mM dNTPs, 0.2 µL of each primer (10 nmol), 0.2 µL of Taq DNA polymerase (Thermo Scientific), and 5.6 µL of distilled water. The following procedure was used for amplification in a thermocycler: initial denaturation at 94 °C for 5 min, followed by 36 cycles of 94 °C for 30 s, Ta for 45 s, 72 °C for 1 min, and final extension at 72 °C for 10 min. PCR products were checked on 4% metaphor agarose. The gel was run for 3–4 h, and gel pictures were recorded using a Gel Documentation System.




2.4. Genotyping of Rice Landraces Using SNP Markers


Axiom OsSNPnks 96 array was used to genotype the same set of 298 rice DNA samples. A specially created 50 K SNP chip was used for high-throughput genotyping. The chip was based on single-copy genes and covered all 12 rice chromosomes with an average distance of less than 1 kb between adjacent SNP markers. The procedures for DNA amplification, fragmentation, chip hybridization, single-base extension through DNA ligation, and signal amplification were carried out as described by Singh et al. [16].




2.5. Genetic Diversity Indices and Population Differentiation Using SSR Markers


PowerMarker (V3.25) [22] was used to analyze the results of SSR data to calculate major allele frequency, observed heterozygosity, gene diversity, and PIC (polymorphic information content). Genetic distances [23] of each genotype were computed, and a neighbor-joining (NJ) tree was generated and visualized using iTOL v3 (http://itol.embl.de, accessed on 17 November 2022) [24]. To infer historical origin, fastSTRUCTURE [25] was used, which provides clusters of related genotypes. In fastSTRUCTURE, each individual was run from K = 1 to K = 10 with ten iterations being used for each run. The best K was estimated using an online available tool Structure Selector [26]. Here, the method of cluster determination by Puechmaille 2016 [27] was used, which has four alternative K estimators: the MaxMedK (the maximum of medians), the MaxMeaK (the maximum of means), the MedMedK (the median of medians), and the MedMeaK (the median of means). The analysis was carried out regardless of the individuals’ geographical origin.




2.6. SNP Filtering, Genetic Diversity Indices, and Population Differentiation Using SNP Markers


The results obtained from 50,051 SNP markers were filtered for minor allele frequency (MAF) <5% and maximum missing sites per SNP >20%. After filtration, 32,782 markers were obtained, and further analysis was conducted with the same set of markers. These 32,782 markers comprised 14,454 CSCWR (conserved single-copy genes common to wheat and rice)-based SNP markers, 17,011 SCR (single-copy genes unique to rice)-based SNP markers, 987 AGCR (agronomically important cloned rice genes)-based SNP markers, and 330 MCR (multi-copy rice genes)-based SNP markers. The extent of polymorphism, observed heterozygosity, nucleotide diversity, and PIC for the SNP markers were computed using the R package Poppr [28]. The neighbor-joining tree was constructed using Tassel v5 [29], and the tree was visualized using iTOL v3 (http://itol.embl.de, accessed on 17 November 2022) [24]. To infer historical origin, fastSTRUCTURE [25] was used, and several genetic clusters (K) were identified; each individual was run from K = 1 to K = 10 with 10 iterations for each population. The best K was estimated using an online available tool Structure Selector [26].




2.7. Discriminant Analysis of Principal Components (DAPC)


Discriminant analysis of principal components (DAPC) was used to analyze population differentiation of 298 rice landraces using both SSR and SNP markers. DAPC uses K-means clustering based on the genetic distance to identify the groups to which each individual belongs. The optimum number of clusters was estimated using Bayesian information criterion (BIC). The DAPC analysis was conducted using the R package Adegenet [30].




2.8. Analysis of Molecular Variance of 298 Rice Landraces Using SSR and SNP Markers


Analysis of molecular variance (AMOVA) between the fastSTRUCTURE populations and between the original geographic populations was performed using R packages. The data set was sorted according to populations obtained in fastSTRUCTURE, converted to Hap Map, and then converted to vcf format using PLINK. AMOVA was conducted using the “Poppr” package [28]. “Poppr” was also used to construct the minimum spanning network (MSN) based on a simple dissimilarity coefficient without assuming any evolutionary hierarchy.




2.9. Study of the Index of Differentiation (Fst) and Mantel Test


Genetic differentiation between the regions with SSR markers was assessed using GenAlex 6.501 [30], and Vcf tools [31,32] were used to test genetic differentiation using SNP markers. To evaluate the relationship between geographic distance and genetic distance, a Mantel test was conducted using GenAlex 6.501 [30] with both marker systems.





3. Results


3.1. Study of Genetic Diversity Parameters of 298 Rice Landraces


The genetic diversity of rice landraces was assessed using thirty HvSSR markers and 32,782 SNP markers distributed across the genome. The values of diversity parameters of the total collection using SSR markers are summarized in Supplementary Table S2, and SNP markers are summarized in Supplementary Table S3. SSR marker HvSSR11-21 on chromosome 11 gave the highest gene diversity value of 0.842. SNP marker AX-95952669 on chromosome 5 gave the highest Shannon diversity value of 0.909. SSR marker HvSSR11-58 on chromosome 11 gave the highest heterozygosity value of 0.77, and SSR marker HvSSR11-25 on chromosome 11 gave the highest PIC of 0.82. The highest PIC of 0.624 and the highest heterozygosity of 0.499 with SNP markers were given by five and three different markers, respectively, listed in Supplementary Table S3. Region-wise average diversity parameters, i.e., major allele frequency, gene diversity, Shannon diversity, heterozygosity, and PIC, were calculated and summarized in Table 1. With SSR markers, the highest value of major allele frequency was 0.80 (Uttarakhand) and the lowest was 0.67 (Uttar Pradesh). The highest value of gene diversity was 0.42 (Uttar Pradesh), and the lowest value was 0.26 (Uttarakhand). The highest value of heterozygosity was 0.30 (Chhattisgarh) and the lowest was 0.10 (West Bengal). The highest value of PIC was 0.38 (Uttar Pradesh) and the lowest was 0.21 (Uttarakhand). With SNP markers, the highest value of major allele frequency was 0.45 (Andaman) and the lowest was 0.42 (Chhattisgarh and Jharkhand). The highest value of Shannon diversity was 0.49 (Uttar Pradesh, Uttarakhand, and West Bengal), and the lowest value was 0.47 (Jharkhand). The highest value of heterozygosity was 0.81 (Andaman) and the lowest was 0.67 (West Bengal). The highest value of PIC was 0.37 (Andaman, Uttar Pradesh, West Bengal, and Uttarakhand) and the lowest was 0.36 (Chhattisgarh and Jharkhand). Landraces from Uttar Pradesh seemed to be the most diverse, as they had the highest diversity value with both SSR and SNP markers. The lowest diversity was observed with landraces from Uttarakhand (0.26 with SSR markers) and Jharkhand (0.47 with SNP markers). The observed PIC values showed both sets of markers to be informative regarding the genetic diversity of the landraces. Genetic differentiation or pairwise Fst values for six geographic populations ranged from 0.094 (Chhattisgarh/Jharkhand) to 0.487 (Chhattisgarh/Uttarakhand) with SSR markers (Supplementary Table S4). Pairwise Fst values ranged from 0.047 (Chhattisgarh/UP) to 0.285 (Andaman/Jharkhand) with SNP markers (Supplementary Table S5). Genetic differentiation is an important indicator of differences between individuals of two different populations; here the values indicate substantial differences between populations, indicating that the individuals from the different regions are different from each other.




3.2. Genetic Relatedness Study of Rice Landraces Using SSR Markers


The unrooted NJ tree of rice landraces with SSR markers showed two major groups (Figure 2). In group 1, all landraces were from Jharkhand and Chhattisgarh. For group 2, after being further divided into subgroups, it was observed that landraces were being grouped according to their respective geographical locations. Group 2a had landraces from Uttar Pradesh. Group 2b had landraces from West Bengal. Group 2c had landraces from Uttarakhand, and group 2d had landraces from Andaman. There was no intermixing among landraces of different regions except for landraces from Chhattisgarh and Jharkhand, which came in the same group possibly due to the close proximity of these two regions (Figure 1). Therefore, SSR markers were able to make a distinction between landraces according to their geographical location.




3.3. Study of Genetic Relatedness of Rice Landraces Using SNP Markers


The unrooted NJ tree of 298 rice landraces using SNP markers formed two major groups and one ungrouped landrace from Uttarakhand (Figure 3). Group 1 had 33 landraces, which are from Uttarakhand and West Bengal, and group 2 had 264 landraces from all other regions. Individuals from Uttarakhand, Andaman, Jharkhand, and Uttar Pradesh were found to make small, scattered clusters in group 2. To study the grouping pattern of individuals with 32,782 SNP markers and with their four categorically divided SNP markers, the NJ tree was constructed using (i) 14,454 CSCWR (conserved single-copy genes conserved to wheat and rice) (Supplementary Figure S1), (ii) 987 AGCR (agronomically important cloned rice genes) (Supplementary Figure S2), (iii) 17,011 SCR (single copy genes unique to rice) (Supplementary Figure S3), and (iv) 330 MCR (multi-copy rice genes)-based markers (Supplementary Figure S4). Phylogenetic analysis with CSCWR SNP markers showed three groups. Group 1 and group 2 comprised landraces from Uttarakhand. In group 3, landraces from Uttarakhand were found in scattered clusters having few to a large number of individuals in one cluster. An AGCR SNP-based tree showed three groups. Group 1 and group 2 comprised landraces from Uttarakhand (except one landrace from West Bengal). Group 3 had landraces from all the regions. Individuals from Uttarakhand, i.e., IC-566809, IC-566811, IC-566813, IC-566823, IC-566814, and IC-566824, were common in group 1 of the AGCR SNP-based NJ tree and group 2 of the CSCWR SNP-based NJ tree. All these individuals were from the Pithoragarh district of Uttarakhand. Major individuals from Uttarakhand of group 3 of the CSCWR SNP-based NJ tree and AGCR SNP-based NJ tree showed a similar pattern of grouping. A few landraces (IC-622640, IC-622657, IC-623262, IC-622664, IC-623271, IC-622650, IC-622661, and IC-622662) from Uttar Pradesh in group 3 of the CSCWR SNP-based NJ tree, the AGCR SNP-based NJ tree, and in group 2 of the SCR SNP-based NJ tree were found to make a small cluster. The clustering pattern of Uttarakhand landraces reveals genetic similarity among them.



Phylogenetic analysis of SCR SNP-based markers and MCR SNP-based markers showed two groups and one ungrouped individual (IC-566784 from Uttarakhand). Group 1 of the SCR-based NJ tree and group 2 of the MCR-based NJ tree had few landraces from Uttarakhand in common (IC-566823, IC-566813, IC-566824, IC-566814, IC-566811, IC566809, IC-556554, IC582494, IC-566804, IC-582490, IC-582411, IC-566801, IC-566799, IC-582489, IC-566798, IC-566797, IC-566832, and IC-566856). These landraces were from Pithoragarh, Bageshwar, Uttarkashi, Champawat, and Tehri districts. Few individuals from Jharkhand (IC-613824, IC-613828, IC-613820, IC-613823, IC-617758, IC-613822, IC-613825, IC-613826, IC-613829, and IC-613821) were found to group in CSCWR, AGCR, SCR, and MCR SNP-based NJ trees. Additionally, individuals from Andaman (IC-584311, IC-636815, IC-636816, IC-0638781, IC-0638783, and IC-296768) were found to group in CSCWR, AGCR, SCR, and MCR SNP-based NJ trees. Some Uttar Pradesh rice germplasm (IC-622640, IC-622657, IC-623262, IC-623271, IC-622650, IC-623265, IC-622658, IC-554656, IC-622661, IC-622662, IC-623264, and IC-622665) were found to group in CSCWR, AGCR, SCR SNP-based trees.



Phylogenetic analysis showed that SSR markers were better at differentiating landraces according to their geographical locations, although SNP markers also showed region-wise clustering to a lesser extent. However, the relative utility of both SSRs and SNPs depends on the goals of the study, the availability of genetic resources, and the number of individuals sampled.




3.4. Population Structure Differentiation Using SSR Markers


To determine the genetic link between individual rice landraces, fastSTRUCTURE analysis was conducted. Optimal genetic clusters were visualized in Structure Selector, which suggested four clusters (populations) within the set rice landraces (Figure 4). In the fastSTRUCTURE bar plot, population 1 (individuals in red) had 45 landraces with 44 pure and 1 admix among them. It had 9 landraces from UP, 35 landraces from Chhattisgarh, and 1 from Jharkhand. It was observed that 79.5% (35 out of 44) of the landraces from Chhattisgarh were found in population 1. In population 2 (individuals in green), there were 33 landraces; 28 were pure and 5 were admixed. There were 9 landraces from Uttarakhand, 17 landraces from Jharkhand, and 5 landraces from Chhattisgarh. A total of 73.9% (17 out of 23) of the landraces from Jharkhand were grouped in population 2. Population 3 (individuals in blue) had 40 landraces, and all were pure with no admixture. There were 3 landraces from Chhattisgarh, 21 landraces from UP, 10 landraces from West Bengal, 4 landraces from Uttarakhand, and 2 landraces from Jharkhand confined to this population. This population formed a mixture of individuals from all regions. Population 4 (individuals in yellow) had the highest number of landraces, with a total of 181. Of these, 180 were pure and 1 was admixed. There were 125 landraces from Uttarakhand, 3 landraces from Jharkhand, 16 landraces from Uttar Pradesh, 24 landraces from West Bengal, 12 landraces from Andaman, and 1 from Chhattisgarh grouped in this population. A total of 90.5% (125 out of 138) of landraces from Uttarakhand and 100% (12 out of 12) of landraces from Andaman were grouped in population 4 (IC numbers with their corresponding regions are listed in Supplementary Table S1). It was observed that the landraces from six different regions were grouped into four populations, whereby major individuals from Chhattisgarh and Jharkhand, though located closely to one another, were grouped into different populations, unlike in the NJ tree, where they were grouped together (Figure 2). Major individuals from Uttarakhand and Andaman were grouped in population 4 even though Uttarakhand and Andaman are distantly located (Figure 1). Population structure in the case of SSR markers did not completely demarcate landraces according to their geographical location, but it showed some grouping of landraces from Chhattisgarh, Jharkhand, and Uttarakhand.




3.5. Discriminant Analysis of Principal Components (DAPC) Using SSR Markers


The results of the DAPC analysis showed five clusters (Figure 5). Landraces from Uttarakhand were found mixed with landraces from West Bengal and a few Uttar Pradesh landraces (first cluster). Landraces from Uttar Pradesh, Andaman, Jharkhand, and Chhattisgarh formed four different clusters. The results of DAPC and fastSTRUCTURE showed some similarities between the grouping patterns of landraces. fastSTRUCTURE (Figure 4) showed that 79% of the landraces from Chhattisgarh were grouped in population 1, while in the DAPC analysis, Chhattisgarh landraces formed a distinct cluster (Figure 5). A total of 73.9% of the landraces from Jharkhand were found in population 2, whereas DAPC analysis also showed a distinct cluster of Jharkhand landraces. More than 90% of the landraces from Uttarakhand were grouped in population 4 along with 70% of landraces from West Bengal and 34% of landraces from Uttar Pradesh. Landraces from Uttarakhand were seen overlapping with landraces of West Bengal and Uttar Pradesh in the DAPC plot as well. The results of the fastSTRUCTURE and DAPC analysis showed somewhat distinct clusters with overlapping results among landraces from different geographical regions. The minimum spanning network (MSN) (Supplementary Figure S5) showed a closed cluster of Chhattisgarh landraces, but landraces from other regions showed mixing.




3.6. Population Structure Differentiation Using SNP Markers


fastSTRUCTURE outputs revealed three populations (clusters) among the 298 rice landraces. The fastSTRUCTURE bar plot (Figure 6) with three populations showed that population 1 (individuals in red) had 32 landraces with 17 pure and 15 admixes. A total of 10% (5 out of 47) of Uttar Pradesh landraces, 10% of Uttarakhand landraces (14 out of 138), 14% of West Bengal landraces (5 out of 34), 2% of Chhattisgarh landraces (1 out of 44), and 30% of Jharkhand landraces (7 out of 23) were confined to population 1. Population 2 (individuals in green) had 108 landraces with 91 pure and 17 admixes. There were 57% (27 out of 47) of Uttar Pradesh landraces, 100 % (12 out of 12) of Andaman landraces, 21% (29 out of 138) of Uttarakhand landraces, 50% (22 out of 44) of Chhattisgarh landraces, 44% (15 out of 34) of West Bengal landraces, and 13% (3 out of 23) of the Jharkhand landraces in this population. Population 3 (individuals in blue) had 158 landraces with 145 pure and 13 admixes. A total of 68% (95 out of 138) of Uttarakhand landraces, 47% (21 out of 44) of Chhattisgarh landraces, 56% (13 out of 23) of Jharkhand landraces, 31% (15 out of 47) of Uttar Pradesh, and 41% (14 out of 34) of West Bengal landraces were confined to population 3. Here complete geographical distinction was not observed. This depicted weak clustering and more mixing among the landraces in population structure analysis with SNP markers.




3.7. Discriminant Analysis of Principal Components (DAPC) Using SNP Markers


The results of the DAPC analysis (Figure 7) showed landraces from Uttar Pradesh, Chhattisgarh, Andaman, and Jharkhand forming clusters with few overlapping individuals. A small cluster of Uttarakhand landraces was found mixed with individuals of West Bengal, Uttar Pradesh, Chhattisgarh, and Jharkhand, which was similar to the one found in population 3 of fastSTRUCTURE. Apart from this, not much similarity was observed in DAPC and fastSTRUCTURE outputs, but SNP markers were able to demarcate the landraces of Uttar Pradesh, Chhattisgarh, Andaman, and Jharkhand, depicting isolation in these populations with less mixing and high molecular variance. To summarize, SNP marker-based NJ tree (Figure 3), fastSTRUCTURE (Figure 6), and MSN (Supplementary Figure S6) all showed loose region-wise clustering of rice landraces. Though entire geographic discrimination was not seen in the case of SNP markers, they were able to detect a sufficient amount of genetic diversity among the individual geographic landraces.




3.8. Analysis of Molecular Variance (AMOVA) from fastSTRUCTURE Populations Using SSR and SNP Markers


The distribution of genetic diversity between populations and within the populations obtained following fastSTRUCTURE analysis showed 24.7% variation between populations and 75.3% variation within populations with SSR markers (Figure 8A). For SNP markers, there was an 11.6% variation between populations and an 88.4% variation within populations (Figure 8B). It was observed that greater within-population variation contributed more to the genetic diversity of the landraces.




3.9. Region-Wise Analysis of Molecular Variance (AMOVA) of 298 Rice Landraces Using SSR and SNP Markers


AMOVA analysis using landraces’ geographical location was considered to see how SSR markers and SNP markers differentiate individuals of different geographical locations. Each region was considered as a population, and altogether there were six populations (Chhattisgarh, Jharkhand, Uttar Pradesh, Uttarakhand, West Bengal, and Andaman). Region-wise analysis of molecular variance showed 27.8% variation between populations and 72.2% variation within the population with SSR markers (Figure 8C). With SNP markers, there was a 9.7% variation between populations and a 90.3% variation within a population (Figure 8D). Greater variations between populations (27.8%) with SSR markers than with SNP markers (9.7%) show a better geographic distinction as seen in the NJ tree and DAPC plot. There is low genetic variability between the populations (9.7%) as assessed by SNP markers, which means populations are less distinct and more mixed. This was evident from the NJ tree, fastSTRUCTURE analysis, and MSN.



In both cases (Figure 8C,D), it was observed that variation within the population was higher, which is likely due to the smaller geographical area from which these landraces were derived and greater genetic diversity prevailing in the selected geographical areas.




3.10. Mantel Test


A mantel test was performed to obtain a correlation coefficient between genetic distance and geographic distance of rice landraces. Overall, a correlation coefficient of Rxy 0.525 (Supplementary Figure S7) was observed with SSR markers, indicating a high value for correlation and less gene flow. This correlation further supports the idea that the rice landraces studied are geographically isolated when SSR marker-based analysis was conducted. The SNP marker-based correlation coefficient was Rxy 0.173 (Supplementary Figure S8), indicating a moderate correlation and a small amount of gene flow, and this may be the reason for the poor geographical isolation observed.





4. Discussion


Previous studies have reported genetic diversity analysis using SSR markers in various crops such as rice [33,34], olives [35], maize [10], etc. There are some recent studies where genetic diversity was assessed using SNP markers in wheat [36,37,38], rutabaga [39], and soybean [40]. There are studies where comparative patterns of diversity analysis between the two marker systems have been reported, such as Courtois et al. [41], who showed characterization of ERGC (Europian Rice Germplasm Collection) accessions using SSR and SNP markers, and Van Inghelandt et al. [42], who reported genetic diversity and population structure in elite breeding maize germplasm based on 359 SSRs and 8244 SNPs. To the best of our knowledge, none of the previous studies reported the characterization of rice landraces using SSR and SNP markers. SSR and SNP marker-based studies revealed that rice landraces are very diverse, and they are geographically isolated. This study also showed comparative genetic diversity statistics between a smaller number of SSRs and a large set of SNPs. Previous studies [43,44,45,46] have suggested SSRs would do better in performing population genetic structure analysis than a large set of genome-wide distributed SNPs. However, SNPs provide a better view in terms of demographic inferences, as suggested by Garcia et al. [44]. DNA amplification using SSR markers may produce artifacts because of Taq polymerase. The production of artifacts can cause difficulty in allele sizing; hence, it can affect the quality of data. Because point mutations, SNPs lead to greater accuracy in genotyping. However, these SNP arrays require extensive validation to confirm their usefulness in general diversity analyses. Hence, SSRs will do better in such cases [39]. Our study also showed better region-wise grouping with SSRs than with SNPs markers.



Geographically, we found that Uttar Pradesh landraces were highly diverse, having the highest gene diversity value with both SSR (0.42) and SNP (0.49) markers. A lower value of gene diversity (0.3) was observed by Singh et al. [47] with SSR markers while studying rice varieties, and a higher value (0.7) was observed by Hour et al. [3] when studying 47 rice cultivars and 59 landraces from Taiwan using SSR and STS markers. High genetic diversity is important in the case of landraces, as they would provide useful alleles for further study [3]. In this study, individuals from West Bengal showed low PIC values of 0.34 and 0.37 with SSR and SNP markers, respectively, depicting low genetic variance. In a similar study, Das et.al. [33] reported a PIC value of 0.5 with another set of rice landraces from West Bengal. Umakanth et. al. [48] reported a higher PIC value (0.44) with rice landraces from northeast India [48]. The highest pairwise fixation index (Fst) obtained in the current study was 0.487 (Chhattisgarh/Uttarakhand) with SSR markers and 0.285 (Andaman/Jharkhand) with SNP markers. The results confirm a substantial amount of differentiation with SNPs and strong differentiation with SSRs, showing low genetic exchange within rice landraces collected from different geographical locations. In contrast, low genetic differentiation (Fst 0.133) was observed in Brassica accessions using SNP markers, suggesting a high degree of genetic exchange [39]. According to Chen et al. [49], values over 0.15 are considered to indicate moderate genetic differentiation, and values over 0.4 indicate strong genetic differentiation. In our case, a value of 0.487 was observed with SSR markers in Chhattisgarh/Uttarakhand rice landraces.



The neighbor-joining tree revealed two groups with SSR markers. Group 1 was mixed with landraces from Jharkhand and Chhattisgarh. This could be due to nearby areas forming a close cluster. Group 2, after being further divided into subgroups, gave a higher resolution geographically. Such region-wise grouping was observed by Das et al. [33] while studying landraces from northeast India. SNP markers, on the other hand, did not completely differentiate individuals according to their geographic location. The polymorphisms of SSRs and SNPs are generated via different mechanisms, (replication slippage in the case of SSR and point mutation in the case of SNP [41]). Thus, the two marker types can provide different views on phylogenetic analysis, as seen in this case. Results regarding the differences in the outcome of SSRs and SNPs for different types of evolutionary analyses might also depend on the availability of resources, sample size, and goal of the study.



Population structure analysis with SSR markers showed four populations, and analysis with SNP markers showed three populations. At the population level, no clear population structure according to geographical regions for the rice landraces was observed with both marker systems. This could be due to large genetic variation among landraces of different geographical regions. Similar outputs were observed in 600 bread wheat landraces from eight different countries showing common ancestries and high admixture [50].



In our study, DAPC analysis showed small region-wise clusters among landraces from Uttar Pradesh, Chhattisgarh, Andaman, and Jharkhand with both marker types. The extent of heterogeneous clustering showing high molecular variance was more in the case of SNP markers. Larger and older populations tend to have higher genetic variance than small and newly established populations due to high levels of maintained genetic diversity [51]. The landraces included in this study were collected from large populations towards the interiors of districts and villages of India. Hence, a large amount of variation could be seen. A similar result showing high genetic variance was obtained by Tehseen et al. [50] while studying wheat landraces. Based on AMOVA analysis, it was observed that variation within the population was higher. Thus, the vast majority of the genetic variability could be attributed to within-population differences due to smaller geographic areas and high genetic diversity. This could be due to the cultivation of cultivars restricted to that particular geographic region and that are less used in traditional breeding. Results showing high within-population variation were observed in rice and wheat [50,52].



From the Mantel test, based on genetic distance and geographical distance, a positive correlation between genetic and geographic distance using SSR markers (R 0.525) indicated isolation among rice populations. The correlation coefficient with SNP markers (R 0.173) also showed a positive trend with a moderate amount of isolation. A low level of correlation was seen while studying the genetic diversity of Thai rice landraces with SNP markers [53], indicating that gene flow between Indian landraces is lower in comparison to Thai landraces.




5. Conclusions


SSR and SNP markers used for genetic diversity and population structure study of rice landraces collected from six different states of India exhibited wider genetic diversity and showed different population structures. SSR markers showed better geographical isolation between the rice landraces collected from different geographical locations than SNP markers. Fst values with SSR markers depicted good genetic differentiation and isolation between the individual landraces. A positive correlation between genetic distance and geographical location with both the marker systems was observed, and a high R-value with SSRs indicated distinct geographical isolation between the landraces. The rice landraces used in the present study had vast genetic diversity and were geographically isolated with almost no gene flow, and they may be an ideal material for the rice breeding program. Since rice landraces are known to harbor many novel genes for various biotic, abiotic, and nutritional traits, these unique landraces collected from different states of India may be utilized for rice improvement programs.
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Figure 1. Map of India showing the locations where rice collection was conducted. 
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Figure 2. Neighbor-joining tree of 298 rice landraces using SSR markers. 
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Figure 3. Neighbor-joining tree of 298 rice landraces using SNP markers. 
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Figure 4. fastSTRUCTURE bar plot showing the population number (K = 4) of 298 rice landraces using SSR markers. 
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Figure 5. Discriminant analysis of principal components (DAPC) plot of 298 rice landraces showing five clusters with SSR markers. 
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Figure 6. fastSTRUCTURE bar plot showing the number of population (K = 3) of 298 rice landraces using SNP markers. 
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Figure 7. Discriminant analysis of principal components (DAPC) plot of 298 rice landraces showing five clusters with SNP markers. 
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Figure 8. Analysis of molecular variance (AMOVA) of 298 rice landraces using SSR and SNP markers. 
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Table 1. Average values of major allele frequency, gene diversity, observed heterozygosity, and pic according to landraces’ geographical location.
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	SSR Marker
	
	
	
	
	



	
	Andaman
	West Bengal
	Chhattisgarh
	Jharkhand
	UP
	Uttarakhand



	Major Allele Frequency
	0.78
	0.70
	0.69
	0.71
	0.67
	0.80



	Gene Diversity
	0.27
	0.39
	0.38
	0.38
	0.42
	0.26



	Heterozygosity
	0.19
	0.10
	0.30
	0.27
	0.21
	0.13



	PIC
	0.22
	0.34
	0.31
	0.32
	0.38
	0.21



	
	SNP Marker
	
	
	
	
	



	
	Andaman
	West Bengal
	Chhattisgarh
	Jharkhand
	UP
	Uttarakhand



	Major Allele frequency
	0.45
	0.44
	0.42
	0.42
	0.44
	0.44



	Shannon Diversity
	0.48
	0.49
	0.48
	0.47
	0.49
	0.49



	Heterozygosity
	0.81
	0.67
	0.74
	0. 76
	0.7
	0.75



	PIC
	0.37
	0.37
	0.36
	0.36
	0.37
	0.37
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