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Eleusine coracana (L.) Gaertn., commonly known as finger millet, is a multipurpose crop used for food and feed. Genomic tools are required for the characterization of crop gene pools and their genomics-led breeding. High-throughput sequencing-based characterization of finger millet germplasm representing diverse agro-ecologies was considered an effective method for determining its genetic diversity, thereby suggesting potential candidates for breeding. In this study, the genotyping-by-sequencing (GBS) method was used to simultaneously identify novel single nucleotide polymorphism (SNP) markers and genotype 288 finger millet accessions collected from Ethiopia and Zimbabwe. The accessions were characterized at individual and group levels using 5,226 bi-allelic SNPs, with a minimum allele frequency (MAF) of above 0.05, distributed across 2,500 scaffolds of the finger millet reference genome. The polymorphism information content (PIC) of the SNPs was 0.23 on average, and a quarter of them have PIC values over 0.32, making them highly informative. The grouping of the 288 accessions into seven populations based on geographic proximity and the potential for germplasm exchange revealed a narrow range of observed heterozygosity (Ho; 0.09–0.11) and expected heterozygosity (He) that ranged over twofold, from 0.11 to 0.26. Alleles unique to the different groups were also identified, which merit further investigation for their potential association with desirable traits. The analysis of molecular variance (AMOVA) revealed a highly significant genetic differentiation among groups of accessions classified based on the geographic region, country of origin, days to flowering, panicle type, and Al tolerance (p < 0.01). The high genetic differentiation between Ethiopian and Zimbabwean accessions was evident in the AMOVA, cluster, principal coordinate, and population structure analyses. The level of genetic diversity of finger millet accessions varies moderately among locations within Ethiopia, with accessions from the northern region having the lowest level. In the neighbor-joining cluster analysis, most of the improved cultivars included in this study were closely clustered, probably because they were developed using genetically less diverse germplasm and/or selected for similar traits, such as grain yield. The recombination of alleles via crossbreeding genetically distinct accessions from different regions of the two countries can potentially lead to the development of superior cultivars.
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INTRODUCTION
Eleusine coracana (L.) Gaertn. (finger millet) is an annual crop that belongs to the Chloridoideae subfamily of the Poaceae grass family. There are nine species under the genus Eleusine Gaertn., among which E. coracana is the only domesticated species (Bisht and Mukai, 2001, 2002). According to archeological records, finger millet was first cultivated in Ethiopia and Uganda (Hilu and De Wet, 1976). Thereafter, the crop was distributed to other African and Asian countries (Hilu and De Wet, 1976; Fakrudin et al., 2004; Goron and Raizada, 2015). Finger millet is an important cereal crop cultivated for its nutritious grains. In Africa, it is mainly grown in Ethiopia, Zimbabwe, Tanzania, Malawi, Zaire, Zambia, and Kenya (National Research Council, 1996). In Ethiopia, it is commonly grown across the whole Tigray, in parts of Amhara (Gonder and Gojjam), Oromia (Wellega, IIluababora, and Hararghe), and Southern Nations and Nationalities and People’s region (Gamo-Gofa) (Admassu et al., 2009). More than 2000 diverse finger millet accessions collected from its major cultivation areas in Ethiopia and abroad are conserved ex situ at the Ethiopian Biodiversity Institute (EBI; https://www.ebi.gov.et/) and used for research and breeding purposes. In Zimbabwe, it is a major crop in regions IV and V, which are the driest agro-ecological regions in the country (Mukarumbwa and Mushunje, 2010). The climatic conditions of these regions are similar to those of areas in Ethiopia where finger millet is widely cultivated.
Finger millet is a disomic tetraploid (2n = 4x = 36; AABB genome) crop. The diploid species E. indica (L.) Gaertn. (2n = 2x = 18; AA genome) and E. floccifolia (Forssk.) Spreng (2n = 2x = 18; BB genome) are considered the genome donors of E. coracana (Bisht and Mukai, 2001). It exhibits a great deal of phenotypic diversity for different traits. These include diversity in grain color (dark brown, light brown, radish brown, and white), growth habit (erect, recumbent, and prostrate), panicle shape (open, semi-curved, and curved), and flowering time (Upadhyaya et al., 2007). About 33 million hectares are estimated to be devoted to the production of different millet crops globally, with an estimated production quantity of 32.7 million tons of millet grains (FAOSTAT, 2020). About 4.5 million hectares of finger millet is produced globally every year (Antony Ceasar et al., 2018), and hence finger millet accounts for about 13.6% of the production of all millets. Ethiopia’s total finger millet harvested area is 480,511 ha (FAOSTAT, 2020), which produced an estimated 1.2 million tons of grains (FAOSTAT, 2020). Finger millet is consumed as porridge, pancake, injera, and traditional alcoholic beverages in Ethiopia (Bezaweletaw et al., 2006). It is favored because it is rich in nutrients (e.g., calcium, iron, thiamine, riboflavin, and nicotinic acid) and health-promoting components (tackle bone-related diseases, anemia, and cholesterol) and has better performance under stressful conditions (such as drought, disease, pest, salt, and soil acidity) (Barbeau and Hilu, 1993; Chethan and Malleshi, 2007; Sri et al., 2007; Nakarani et al., 2021a). It is a multipurpose crop because the grains are used for food, and its straw serves as a preferred animal feed (Chethan and Malleshi, 2007; Nakarani et al., 2021a).
Even though finger millet is an important food security, health-promoting, and climate-resilient crop, its productivity in Ethiopia is low due to various factors. The attention given to finger millet research and breeding has been insufficient and modern technologies were not well adopted to increase the efficiency of its production. Due to the highly limited availability of improved cultivars or their potential limitations, farmers are widely using local landraces. Consequently, major factors such as threshing difficulty, weeds, lodging, soil acidity, and blast disease caused by Magnaporthe grisea are limiting finger millet production and productivity, especially in Ethiopia (Erenso et al., 2007; Molla, 2010; Kebede et al., 2019). Aluminum is phytotoxic to plants through disrupting their root system, increasing the rigidity of cell wall and cell membrane, interrupting cell division, inducing oxidative stress, and blocking the influx of essential nutrients (Delhaize and Ryan, 1995; Zhang et al., 2014; Eekhout et al., 2017). Hence developing widely adaptable stable cultivars tolerant to the aforementioned biotic and abiotic factors to promote its production and productivity.
Plant breeding relies on the selection of diverse germplasm with desirable characteristics to develop new cultivars, achieved through the understanding of the genetic differences between germplasm used for breeding. Hence, the development and use of genome-wide markers are highly desirable to reveal the genetic diversity within a crop gene pool, followed by efficient use in conservation and plant breeding. Quantifying the genetic diversity of finger millet using such genome-wide DNA markers provides valuable information to breeders who assist in developing cultivars with various desirable traits, such as high yield and stress tolerance. Genotyping-by-sequencing (GBS) is a widely used next-generation sequencing (NGS) method developed for the simultaneous discovery of new markers and genotyping of target germplasm (Elshire et al., 2011). It is a high-throughput and cost-effective method used in various crops for different applications (Elshire et al., 2011; Poland and Rife, 2012; Huang et al., 2014; Alipour et al., 2017; Geleta et al., 2020; Hammenhag et al., 2020). The most popular DNA markers generated through the GBS method are single nucleotide polymorphism (SNP) markers. SNP markers are the most abundant sequence variation across crop genomes, which are suitable for analysis of genetic variation, population structure, marker-trait association, genomic selection, mapping quantitative trait loci (QTL), map-based cloning, and other plant breeding applications that need genome-wide scanning (Batley and Edwards, 2007; Kumar et al., 2012; Tsehay et al., 2020). The genetic diversity analysis of finger millet using GBS-derived SNP markers has received insufficient attention, despite its potential for providing markers useful for genetic improvement of the crop. The present study aimed at genotyping genetically diverse finger millet germplasm sampled from diverse agro-ecologies in Ethiopia and Zimbabwe using the GBS method as a means to develop new genomic resources for finger millet and molecular characterization of the germplasm.
MATERIALS AND METHODS
Plant Material
This study used two hundred eighty-eight finger millet accessions composed of 274 landrace accessions (228 from Ethiopia and 46 from Zimbabwe) and 14 improved cultivars released in Ethiopia. The 228 Ethiopian landrace accessions were originally collected from Amhara (130), Benishangul-Gumuz (2), Oromia (51), Southern Nations, Nationalities and Peoples’ Region (SNNPR) (4), Tigray (32), and unknown locations in Ethiopia (9) (Supplementary Table S1). Landraces were obtained from the Ethiopian Biodiversity Institute (EBI), whereas the improved cultivars were obtained from Bako Agricultural Research Center (BARC).
Testing Accessions for Aluminum Stress Tolerance
Aluminum (Al3+) stress tolerance of the accessions was initially screened using the hydroponic nutrient solution. The solution containing 500 µM KNO3, 500 µM CaCl2, 500 µM NH4NO3, 150 µM MgSO4.7H2O, 10 µM KH2PO4, 2 µM FeCl3 (III), and 75 µM Al2 (SO4)3.18H2O was prepared according to Zhou et al. (2013). The pH of the nutrient solution was adjusted to 4.3 (using 1 M HCl or NaOH) and renewed every day to maintain the pH and Al3+ concentration relatively constant. For this experiment, similar-sized seeds from each accession were selected and surface-sterilized by soaking in 3% sodium hypochlorite solution for 5 min and rinsed thoroughly with water. The sterilized seeds of each accession were then wrapped in tissue paper, moistened with distilled water, and placed in a Petri dish for 36 h under dark conditions to initiate germination. Then, the seeds of each accession were grouped into two, and one group was grown in the hydroponic nutrient solution containing 100 μM Al. In contrast, the other group was grown as a control in the nutrient solution without aluminum for 10 days. This was followed by measuring the root length of the seedlings in cm using a ruler and calculating the relative root length (RRL) in percent as follows:
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Planting, Leaf Tissue Sampling, and Phenotyping
In order to ensure at least one germinating seeds of each of the 288 accessions, five seeds were planted in a 5 L plastic pot for each accession in a greenhouse at the Swedish University of Agricultural Sciences (SLU, Alnarp, Sweden). After seed germination, extra seedlings were removed, and only a single seedling was maintained for each accession. Three weeks after planting, the leaf tissue of each accession was separately sampled using the BioArk Leaf collection kit from LGC, Biosearch Technologies (https://biosearchassets.blob.core.windows.net/assetsv6/guide_bioark-leaf-collection-kit.pdf), as described in Osterman et al. (2021). Afterward, the samples were sent to LGC, Biosearch Technologies (Berlin, Germany) for genomic DNA extraction, followed by GBS-based genotyping. The plants were hand-weeded and treated with pesticides and fertilizers during their growth in the greenhouse. Afterward, data on days to flowering and panicle shape were recorded.
DNA Extraction, Genotyping-By-Sequencing Optimization, Sequencing, and Read Pre-Processing
A high molecular weight genomic DNA of the 288 accessions was extracted using the Sbeadex plant kit (https://biosearch-cdn.azureedge.net/assetsv6/sbeadex-plant-data-sheet.pdf) for the GBS analysis. For the construction of a GBS library, Pstl (CTGCA*G, a six-base cutter) and ApeKl (G*CWGC, a four-base cutter) restriction enzymes were used following the recommendations of the experts at LGC, Biosearch Technologies, who optimized restriction enzymes for various crops. The combined use of Pstl-ApeKl produced a fragment size distribution suitable for sequencing on Illumina platforms with a mean insert size of ∼220 bp. The GBS was conducted in 2 × 150 bp (paired-end) sequencing mode using NexSeq 500/550 v2 and NovaSeq SP FC NGS platforms to generate the reads. This produced about 1.5 million read pairs per sample. The reads were then adapter clipped, and those containing Ns were discarded along with reads whose 5′ ends did not match the restriction enzyme site. This was followed by trimming the 3′-end of the remaining reads using Trimmomatic v. 0.3 (Bolger et al., 2014) to obtain an average Phred quality score of ≥20 over a window of ten bases and discarding reads with a final length <20 bp.
Read Alignment, Single Nucleotide Polymorphism Discovery and Filtering, and Genotype Calling
For this GBS analysis, Eleusine coracana subsp. coracana cultivar ML-365 scaffold-level genome assembly (Hittalmani et al., 2017; https://www.ncbi.nlm.nih.gov/assembly/GCA_002180455.1/) was used as a reference genome, as there is no chromosome-level assembly available for finger millet yet. BWA-MEM v. 0.7.12 software package (Li and Durbin, 2009) was used to align quality trimmed reads against the reference genome. The mapping rate of the GBS reads to the reference genome (containing 525,627 scaffolds with a total size of 1.3 Gb) was 99.16%. Then, Freebayes v. 1.2.0 (Garrison and Marth, 2012) was used for variant discovery and genotype calling as diploids. The alignment of the reads from the 288 finger millet genotypes resulted in the discovery of 101,889 SNPs. The SNPs were then filtered using GBS-specific criteria (minimum read count > 8, minimum allele frequency (MAF) ≥ 0.05, and percentage of samples with assigned genotype ≥66%). Out of 71,140 SNPs with average read counts of above eight, 11,120 SNPs were fully covered (2 × 150 bp reads), had MAF of ≥5%, and scored in ≥66% of the samples. The 11,120 SNPs spanned 4,729 scaffolds, with 51.4% of the scaffolds containing a single SNP, although up to 32 SNPs were recorded per scaffold (Supplementary Figure S1). The 11,120 SNPs were further filtered, and 5,226 biallelic SNPs with genotypic data across all samples (no missing data) were used for genetic diversity analyses described below.
Data Analysis
The vast majority of the finger millet accessions used in this study are landraces, originally collected from diverse agro-ecologies. Additionally, each accession was represented by a single genotype as described above. Hence, to facilitate data analysis and better understand the pattern of genetic diversity, the accessions were grouped based on different criteria prior to data analyses. First, the 288 accessions were grouped into seven groups according to their geographic origin, which will be referred to as “populations” (Pop-1 to Pop-7) from here on for the sake of simplicity. Pop-1 to Pop-5 represent Ethiopian landrace accessions, and their descriptions are as follows: Pop-1 represents accessions collected from Agew-Awi, Gojam, Bahrdar, and Metekel (northwestern accessions); Pop-2 represents accession from western Tigray and Gonder (northern accessions); Pop-3 represents accessions collected from Wellega and IIluababora (western accessions); Pop-4 represents accessions from central, eastern, and southern Tigray and northern Wello (northeastern accessions); Pop-5 represents accessions with unknown sampling location; and Pop-6 represents the 14 improved cultivars whereas the 46 Zimbabwean landrace accessions form Pop-7.
Second, the accessions were grouped based on days to flowering, as early flowering and late flowering types (Supplementary Figure S2). Third, the accessions were grouped based on their panicle shape as open (fingers straight), semi-compact (top of fingers curved inward), and compact (fingers fully curved inward) (Supplementary Figure S3). Fourth, the accessions were broadly grouped into two groups based on the performance of accessions against aluminum toxicity (Al), where accessions having relative root length (RRL) above and below 50% were grouped as Al-tolerant and Al-susceptible, respectively (Supplementary Figure S4). Finger millet production is hampered by abiotic factors such as Al toxicity, so it is necessary to use this information to group the accessions according to their level of Al tolerance.
The genetic diversity of the 288 accessions grouped based on different criteria was assessed using different statistical programs. For this data analysis, 5,226 SNPs with minor allele frequency (MAF) above 5% and no missing values were used. Polymorphism information content (PIC) of the SNPs was calculated as described by Hildebrand et al. (1994). The frequency spectrum of segregating sites of each population was analyzed using the command analysis through segregating sites option in population size changes added to a toolbar of DNASP v 6 (Rozas et al., 2003). The number of alleles (Na), effective number of alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), unbiased expected heterozygosity (uHe), Shannon’s information index (I), percentage of polymorphic loci (PPL), and number of private alleles were calculated using GeneAlEx v. 6.51b2 (Peakall and Smouse, 2006). The analysis of molecular variance (AMOVA) and Hardy–Weinberg equilibrium test were performed using Arlequine v. 3.5.2.2 (Excoffier and Lischer, 2010). The average number of pairwise differences within and among the populations and Nei’s genetic distance (Nei, 1972) were also calculated using the same software, and their graphic representation was generated using scripts of a console version of the R statistical package (Rcmd) triggered through a command button added to Arlequin’s toolbar.
Neighbor-joining (NJ) cluster analysis was done based on Nei’s genetic distance using the MEGA7 program (Kumar S. et al., 2016). GeneAlEx v. 6.51b2 was used for principal coordinate analysis (PCoA). Furthermore, the genetic structure of the accessions was evaluated using STRUCTURE 2.3.4 software (Pritchard et al., 2000). STRUCTURE analysis was run for K = 1 to K = 10 with 10 independent runs at each K using the admixture model with burn-in period length of 1,000,000 and a Markov chain Monte Carlo of 1,000,000 replications. STRUCTURESELECTOR (Li and Liu, 2018) was used to determine the optimum K based on the different approaches described by Puechmaille (2016). After the optimum K was determined, the CLUMPACK beta version (Kopelman et al., 2015) was used to display the graphical representation of the population structure.
RESULTS
Characteristics and Distribution of the Single Nucleotide Polymorphism Markers
A total of 5,226 SNP markers with MAF above 5% and without missing data were used for genetic diversity analyses of the finger millet accessions (Supplementary Table S2). The 5,226 SNPs were spread across 2,500 scaffolds, with 52.7% of these scaffolds containing only one of the SNPs although the number of SNPs per scaffold ranged from 1 to 18 (Figure 1). The mean and median of the MAF of the SNPs were 0.19 and 0.15, respectively, with 25% of the SNPs having a MAF above 0.27 (Figure 2). The polymorphism information content (PIC) of the SNPs varied from 0.09 to 0.38 with a mean and third quartile of 0.23 and 0.32, respectively. Similarly, the mean values of the effective number of alleles (Ne), Shannon information index (I), observed heterozygosity (Ho), expected heterozygosity (He), unbiased expected heterozygosity (uHe), and fixation index (F) of the SNPs were 1.43, 0.44, 0.10, 0.28, 0.28, and 0.73, respectively (Figure 2). A significant number of SNPs were outliers in terms of Ho and F. The Ho of 75% of the SNPs was below 0.03, whereas the F of the SNPs varied from −0.99 to 1.0 (Figure 2). Based on the site-frequency spectrum, it was revealed that the MAF distribution of the SNP loci varied substantially among the seven finger millet populations (Figure 3). Only 4.5% of the individuals across all populations had minor alleles at more than 10% of the SNP loci, with all individuals having minor alleles at less than 35% of the loci. At a population level, only 1.0%, 1.8%, 0%, 7.1%, 55.6%, 21.4%, and 2.2% of the individuals had minor alleles in ≥10% of the SNP loci in Pop-1 to Pop-7, respectively. A coalescent analysis based on the expected site-frequency spectrum did not match the observed frequency distributions well, with a vast majority of individuals in all populations exhibiting lower expected values than observed (Figure 3).
[image: Figure 1]FIGURE 1 | Pie chart showing the distribution of the 5,226 SNPs used for genetic diversity analysis across the scaffolds of the finger millet reference genome.
[image: Figure 2]FIGURE 2 | Box plot depicting the variation in minimum allele frequency (MAF), polymorphism information content (PIC), effective number of alleles (Ne), Shannon information index (I), observed heterozygosity (Ho), expected heterozygosity (He), unbiased expected heterozygosity (uHe), and fixation index (F) of the 5,226 SNP loci across the 288 accessions.
[image: Figure 3]FIGURE 3 | Graph depicting minor allele frequency (MAF) based site-frequency spectrum across 5,226 SNP loci in the seven finger millet populations.
The Hardy–Weinberg equilibrium (HWE) test was conducted using 1000,000 steps in the Markov chain and 100,000 steps in dememorization by assuming that the 288 accessions are random samples from a single population. This analysis revealed that 2.5% of the loci were at HWE, 11% were with excess heterozygosity, and 86.5% were with heterozygosity deficit. Interestingly, the vast majority of the loci deviated from HWE at a highly significant level (p < 0.01) with 10.7% and 86.4% of them showing heterozygosity excess and deficit, respectively (Figure 4).
[image: Figure 4]FIGURE 4 | Pie chart illustrating the number and proportion of SNP loci at Hardy–Weinberg equilibrium (HWE) and those with a significant deviation from HWE in terms of heterozygote excess and deficiency.
Genetic Diversity of the Finger Millet Accessions
As a means to facilitate data analysis and determine patterns of genetic diversity, the 288 accessions were divided into seven populations based on geographic proximity and the potential for germplasm exchange. Pop-1 to Pop-7 comprised 105, 31, 55, 28, 9, 14, and 46 accessions, respectively. Based on their flowering time under greenhouse conditions, we broadly grouped the accessions into “early” and “late” flowering types, with 115 days to flowering as the dividing point (Supplementary Figure S2). The early and late flowering types accounted for 69.4 and 30.6% of the accessions, respectively. In terms of panicle shape (Supplementary Figure S3), the majority of the accessions had open panicles (71.2%), whereas those with curved and semi-curved panicles accounted for 19.1% and 9.7% of the accessions, respectively. The Al tolerance experiment revealed that 20.8% of the accessions had RRL values above 50% and were hence considered tolerant of Al toxicity. However, the RRL values of the vast majority of accessions (77.2%) were below 50% and so were considered susceptible to Al toxicity. The results of genetic diversity analyses for the different groups of accessions are presented below.
Among the seven populations, the effective number of alleles (Ne) varied from 1.19 (Pop-4) to 1.44 (Pop-1), with an overall mean of 1.33 (Table 1). Shannon information index (I) ranged from 0.16 (Pop-4) to 0.40 (Pop-1) with an average value of 0.30. In terms of observed heterozygosity (Ho), there were slight differences between the populations, which only varied from 0.09 to 0.11. On the contrary, expected heterozygosity (He) or gene diversity ranged from 0.11 (Pop-4) to 0.26 (Pop-1) with an average value of 0.20, which were similar to the corresponding values of unbiased expected heterozygosity (uHe). The percentage of polymorphic loci (PPL) showed threefold variation among the populations, with Pop-1 having the highest (96%) and Pop-4 the lowest (32%) values, and on average 69% of the loci were polymorphic. Interestingly, the level of genetic diversity of the improved cultivars (Pop-6) was similar to the overall average values regardless of the relatively small sample size (Table 1). Pop-1, Pop-2, Pop-3, and Pop-7 were more diverse and Pop-4 and Pop-5 less diverse when compared with Pop-6 (improved cultivars).
TABLE 1 | Estimates of different genetic diversity parameters for different groups of finger millet accessions: mean values for the observed number of alleles (NA), effective number of alleles (Ne), Shannon’s information index (I), observed heterozygosity (Ho), expected heterozygosity (He), unbiased genetic diversity (uHe), percentage of polymorphic loci (PPL), and number of private alleles (NPA).
[image: Table 1]The genetic analyses of the accessions grouped based on panicle type revealed that accession with open panicle had higher mean values for most of the diversity parameters (Na = 1.99, Ne = 1.40, I = 0.38, Ho = 0.11, He = 0.25, and PPL = 100%) than semi-compact accessions (Na = 1.87, Ne = 1.34, I = 0.33, Ho = 0.11, He = 0.21, and PPL = 87%) and compact accessions (Na = 1.70, Ne = 1.38, I = 0.33, Ho = 0.09, He = 0.22, and PPL = 70%) (Table 1). The early and late flowering groups had quite similar values for the different genetic diversity estimates, with the early flowering group having Ne = 1.45, I = 0.43, Ho = 0.10, He = 0.28, and PPL = 100% and the late flowering group having Ne = 1.42, I = 0.40, Ho = 0.11, He = 0.26, and PPL = 100% (Table 1). The Al-tolerant group had slightly higher values in effective number of alleles, Shannon information index, and expected heterozygosity (Ne = 1.45, I = 0.41, and He = 0.27) than the Al-susceptible group (Ne = 1.39, I = 0.39, and He = 0.24). All loci were polymorphic in the Al-susceptible group as opposed to 93% polymorphic loci in the Al-tolerant group. Among the seven populations, private alleles were recorded only in Pop-1 (NPA = 13) and Pop-7 (NPA = 11) (Table 1). The frequency of the unique alleles in Pop-1 varied from 0.138 to 0.148, while in Pop-7, it varied from 0.315 to 0.576 (Table 2). In the case of panicle-type group, the number of unique alleles to open, semi-compact, and compact panicle groups were 111, 0, and 64, respectively. Moreover, 25 unique alleles were specific to early flowering group as opposed to only one in late flowering group. Likewise, 11 and 387 private alleles were recorded in the Al-tolerant and Al-susceptible groups, respectively (Table 1).
TABLE 2 | List of SNP loci with a private allele in Pop-1 and Pop-7 with their alleles and allele frequencies.
[image: Table 2]Genetic Variation Within and Among Different Groups of Accessions
Analysis of molecular variance (AMOVA) was conducted to estimate the genetic variation within and among different groups of finger millet accessions grouped based on different criteria. AMOVA for the seven populations revealed that the variation within and among the populations accounted for 70% and 30% of the total variation, respectively (Table 3). When accessions were grouped based on country of origin (Ethiopia vs. Zimbabwe), AMOVA revealed that the variation within and among countries accounted for 57.1% and 42.9% of the total variation, respectively. Similarly, the variation among days to flowering groups (early vs. late), panicle-type groups (open vs. semi-compact vs. compact), and aluminum tolerance groups (Al-tolerant vs. Al-susceptible) accounted for 30%, 9.3%, and 28% of the corresponding total variations, respectively (Table 3). Interestingly, the variations among the groups formed based on all criteria were highly significant (p < 0.01). The estimates for the differentiation among the groups (FST) were 0.31 (for the seven populations), 0.43 (for country of origin), 0.30 (for panicle type), 0.09 (for days to flowering), and 0.28 (for aluminum tolerance) (Table 3).
TABLE 3 | Analysis of molecular variance (AMOVA) of different groups formed from the 288 finger millet accessions based on their geographic origin, country of origin, panicle type, days to flowering, and aluminum tolerance using 5,226 SNP markers.
[image: Table 3]Pairwise Genetic Distance, Cluster, and Principal Coordinate Analyses
Pairwise Nei’s standard genetic distance among the seven finger millet populations ranged from 0.01 to 0.48. The lowest genetic distance was found between Pop-2 and Pop-5 (0.01), followed by Pop-1 vs. Pop-2 (0.04) and Pop-1 vs. Pop-5 (0.06) (Table 4), which is in agreement with the average number of pairwise differences (Figure 5). The highest genetic distance was obtained between Pop-4 and Pop-7 (0.48), followed by Pop-2 vs. Pop-7 (0.44) (Table 4). Pop-7 (representing Zimbabwean accessions) had a higher genetic distance to most of the finger millet populations from Ethiopia (0.27–0.48) when compared with the genetic distance between pairs of the Ethiopian populations (0.01–0.30). Pop-7 was more similar to Pop-6 (released cultivars) among the six populations representing the Ethiopian finger millet gene pool with a genetic distance of 0.27 (Table 4; Figure 5). The mean Nei’s genetic distance of each population from the other populations varied from 0.16 (Pop-3) to 0.40 (Pop-7). The analysis of the average number of pairwise differences within populations revealed that Pop-1 and Pop-4 had the highest and lowest differences, respectively (Figure 5). In agreement with the genetic distance data, most Zimbabwean accessions were phenotypically distinct from most Ethiopian accessions by being early flowering type and having compact panicles and shorter and stronger stems.
TABLE 4 | Pairwise Nei’s standard genetic distance between the seven populations of finger millet evaluated using 5,226 SNP markers. A diagonal value is the mean genetic distance of the corresponding populations from the other populations.
[image: Table 4][image: Figure 5]FIGURE 5 | Graphical representation of the average number of pairwise differences between the seven finger millet populations generated using 5,226 SNP markers. Below diagonal represents Nei’s genetic distance, diagonal represents pairwise differences within populations, and above diagonal represents pairwise differences between populations.
The Nei’s standard genetic distance-based neighbor-joining (NJ) cluster analysis of the 288 accessions revealed seven clusters with a good clustering pattern according to their geographic origin, except that few accessions collected from different regions were clustered together (Figure 6). Cluster-I was the largest and more diverse group comprising 36 early-flowering and 67 late-flowering accessions from Pop-1 (84), Pop-2 (13), Pop-3 (two), and Pop-5 (four). Cluster-II was also a diverse group in terms of populations containing 38 early- and 33 late-flowering accessions from Pop-1 (17), Pop-2 (15), Pop-3 (four), Pop-4 (29), Pop-5 (four), Pop-6 (one), and Pop-7 (one). Cluster-III comprised one accession of Pop-1 and six accessions of Pop-3, all of which were a late flowering type. Cluster-IV is composed of 14 early-flowering and 15 late-flowering type, of which 26 accessions were from Pop-3, and the remaining three accessions were from Pop-5, Pop-6, and Pop-7. Cluster-V comprised 10 accessions (two early- and eight late-flowering type) from Pop-3 (nine) and Pop-6 (one). Cluster-VI was the smallest cluster with four late-flowering accessions from Pop-3 (three) and Pop-4 (one). Another large and heterogeneous group was Cluster-VII comprising 46 early- and 17 late-flowering accessions from Pop-1 (three), Pop-3 (four), Pop-6 (12), and Pop-7 (44) (Figure 6).
[image: Figure 6]FIGURE 6 | Nei’s standard genetic distance-based neighbor-joining tree showing the clustering pattern of the 288 finger millet accessions. Accessions sharing a symbol with the same shape and color belong to the same population.
Principal coordinate analysis (PCoA) was used to visualize the differentiation among the 288 accessions (Figure 7). The analysis revealed that the first and second coordinates together explained 58% of the total variation. In spite of the lack of distinct clustering, the 288 accessions could be broadly categorized into four clusters, mainly based on the first coordinate that explained 42.7% of the total variation. Cluster-I comprised almost exclusively accessions from Pop-1 and Pop-2, only with additional two accessions from Pop-3 and Pop-5. Cluster-II was the most heterogenous group comprising accessions from all the seven populations. Interestingly, all accessions of Pop-4 were tightly grouped in this cluster. Cluster-III was the smallest, comprising six accessions of Pop-3 and nine accessions of Pop-6. The vast majority of accessions from Zimbabwe (Pop-7) were placed in Cluster-IV, containing three accessions from Pop-1, one accession from Pop-3, and two accessions from Pop-6 (Figure 7).
[image: Figure 7]FIGURE 7 | Bi-plot of principal coordinate analysis (PCoA) generated using 5,226 SNP markers depicting the genetic relationship among the 288 finger millet accessions. A symbol of the same shape and color represents accessions of the same population.
Population Structure Analysis
According to the admixture model-based population genetic structure analysis conducted using the 5,226 SNP markers, three genetic populations represent the 288 accessions the best (Figure 8). This analysis revealed that Pop-1, Pop-2, Pop-3, and Pop-5 were dominated by alleles from the first two genetic populations (red and green). Population-4 was the least diverse among the Ethiopian finger millet populations, with its alleles almost entirely originating from the first genetic population (red). The improved cultivars appeared to be the results of strong admixture between the second and third genetic populations (green and blue). In agreement with the results of cluster analysis and PCoA, accessions from Zimbabwe were, in general, distinctly separated from the Ethiopian accessions by having the vast majority of their alleles from the third genetic population (blue) (Figure 8).
[image: Figure 8]FIGURE 8 | A graphical display of the genetic structure of 288 accessions of finger millet at K = 3, forming three clusters (shown by different colors) and exhibiting different levels of admixture. (A) Individual accessions were arranged according to the level of their membership in different clusters and (B) individual accessions were arranged according to their assigned populations (Pop-1 to Pop-7) comprising 105, 31, 55, 28, 9, 14, and 46 accessions, respectively.
DISCUSSION
The Single Nucleotide Polymorphism Markers
The GBS method that uses two restriction enzymes is a highly effective method for reducing genome complexity and generating high-quality SNP markers in several crops, including barley, wheat (Poland et al., 2012), and cacao (Osorio-Guarin et al., 2020), which was also demonstrated in the present study. The GBS method has been used previously for simultaneous SNP discovery and genotyping in finger millet (Kumar A. et al., 2016; Gimode et al., 2016; Qi et al., 2018; Tiwari et al., 2020). However, none of them used the Pstl/ApeKl methylation-sensitive restriction enzyme combination. Hence, the SNPs identified in this study represent a novel genomic resource for finger millet as the target genomic regions were different from those in the previous study. The final set of 5,226 SNP markers used in this study were distributed across 2,500 scaffolds with only one SNP per scaffold in most cases, indicating a wide distribution of these SNPs across the finger millet genome. Hence, the Pstl/ApeKl enzyme combination is suitable for GBS-based SNP discovery in finger millet and closely related species. The allele frequencies of most of these SNPs exceed 10%, with a quarter exceeding 27%, which makes them ideal for population genetics and genome-wide association studies (GWAS). The polymorphism information content (PIC) is a measure of the informativeness of molecular markers, and the higher the PIC value of a locus is, the more informative it is (Hildebrand et al., 1994; Shete et al., 2000). A bi-allelic SNP locus can have a maximum PIC value of 0.38, which is attained when both alleles are equally frequent. The SNP loci in the present study have an average PIC of 0.23, and a quarter have PIC values over 0.32, making them highly informative. The average PIC (0.23) obtained in this study was lower than the average PIC (0.29) value estimated for finger millet accessions in Gimode et al. (2016). The slightly higher mean PIC value in Gimode et al. (2016) could most likely be due to the use of more diverse accessions (wild and cultivated) and much fewer SNP loci (80) with more frequent alleles when compared to the present study (MAF > 0.05). Similarly, it is also lower than the average PIC of earlier studies using expressed sequence tags and genomic microsatellites (SSR) markers (Gimode et al., 2016; Krishna et al., 2018; Lule et al., 2018; Pandian et al., 2018; Brhane et al., 2021). The PIC values of SNP markers are generally lower than those of SSR markers, as the average number of alleles per locus is higher in SSRs than in bi-allelic SNPs (Chao et al., 2009).
Finger millet is a highly self-pollinating crop. Hence, the overall expected heterozygosity (He) is expected to be higher than the observed heterozygosity (Ho) if all other HWE assumptions are met. In line with the expectation, the mean He value (0.28) was higher than the mean Ho value (0.10) in the present study. A recent study in sorghum (a self-pollinating cereal crop) using 3001 SNP markers reported mean He and Ho values of 0.10 and 0.06 (Enyew et al., 2021). The lower values in the latter case are most likely because most of the SNP markers used were located within genes (Enyew et al., 2021) and hence are expected to be less diverse than GBS-based SNP markers. Similar bi-allelic SNP-based studies in noug (Guizotia abyssinica; Tsehay et al., 2020) and red clover (Trifolium pratense; Osterman et al., 2021) reported Ho values of 0.24 and 0.22, respectively. It is expected that noug and red clover have higher Ho values than finger millet and sorghum because both of these crops are strictly outcrossing, enabling a higher level of heterozygosity. According to the HWE test, 97.5% of the loci showed significant deviation from HWE, with 86.5% of loci showing heterozygote deficiency. Due to the self-pollinating nature of finger millet, there is a high likelihood of heterozygote deficiency at the vast majority of loci, although other evolutionary forces may have played a role as well. In contrast, approximately one-tenth of the SNP loci displayed excess heterozygosity, which is interesting. The result of the present study suggests that selection pressures that favor heterozygosity are at work at these loci, and further studies targeting these loci will shed more light on their significance. As indicated by Tsehay et al. (2020), loci with heterozygote excess or deficit contrary to the reproductive mechanism of a plant indicate that such loci are under various types and intensity of selection and other evolutionary forces.
Genetic Diversity Within Groups of Accessions
The genetic characterization of germplasm using codominant DNA markers is a crucial step toward developing stable and productive cultivars with various desirable traits. In the present study, 5,226 GBS-based SNP markers were used to examine the pattern and level of genetic diversity across 288 finger millet accessions representing the finger millet gene pool in Ethiopia and Zimbabwe. According to the result of site-frequency spectrum analysis, there is substantial genetic diversity among the seven finger millet populations, as evidenced by variation in minor allele frequency distributions between them. However, individual accessions in different populations generally bear minor alleles at fewer loci compared to results obtained in a similar study in sorghum (Enyew et al., 2021). More than 50% of individuals in Pop-5 and over 20% of individuals in Pop-6 had minor alleles in at least 10% of the SNP loci, as opposed to the other populations with minor alleles in less than 8% of the loci. Pop-6 represents released cultivars, and hence it is likely that minor alleles play a significant role in their improved traits. Although Pop-5 lacks passport data, it would be interesting to investigate them further to uncover their phenotypic diversity of desirable traits.
The level of genetic diversity observed across the populations in this study was comparable to that of earlier studies in finger millet based on SSR markers (Babu et al., 2014; Nirgude et al., 2014; Ramakrishnan et al., 2016; Pandian et al., 2018). Among the seven finger millet populations, Pop-1 was the most diverse as estimated based on different parameters (Ne = 1.44; I = 0.40; He = 0.26; PPL = 0.96). Because the sample size of this population is larger than that of the other populations and the accessions originated from broader areas and diverse agro-ecological environments, their genetic diversity is expected to be higher. However, sample size does not fully explain the lowest genetic diversity recorded in Pop-4 as Pop-5 and Pop-6 had a smaller sample size than Pop-4. For example, the sample size of Pop-2 (northern accessions) and Pop-4 (northeastern accessions) is quite similar, but the gene diversity of the former was twice that of the latter, clearly indicating low genetic diversity in finger millet cultivated in the northeastern part of Ethiopia. In addition to its relatively high genetic diversity, Pop-1 (northwestern accessions) came on top in terms of the private alleles it harbors (13). Hence, the region represented by Pop-1 may be considered a hotspot for finger millet genetic diversity in Ethiopia, which is appropriate for the crop’s in situ conservation because finger millet is cultivated in large quantities in this region. The average values of different estimates of genetic variation of the four Ethiopian landrace populations (Pop-1 to Pop-4) were similar to those of the Zimbabwean landrace population (Pop-7). Hence, the finger millet gene pools in the two countries can be considered equally diverse. The level of genetic diversity of the population representing the cultivars (Pop-6) was within the diversity range of the landrace populations, which suggests that at least some cultivars were developed based on different finger millet genetic resources. It is noteworthy that the observed heterozygosity (Ho) of the cultivars was quite similar to that of the landraces, indicating that the cultivars are not pure lines. This indicates that their further improvement is possible through self-pollination.
Among the three groups of accessions classified based on the panicle types, the genetic diversity of those with open panicles was slightly higher than that of the other two groups. This could be mainly because of the sample size effects as accessions with open panicles accounted for two-thirds of the 288 accessions, representing wider geographic areas. Finger millet with open panicles is preferred for cultivation in Ethiopia due to its better grain yield, drought tolerance, resistance to bird attack and shattering, and ease to thresh (Tsehaye and Kebebew, 2002; Bezaweletaw et al., 2007). Hence, their higher genetic diversity is desirable for further improvement through breeding. On the contrary, slightly higher genetic diversity was recorded in the early flowering group than in the late flowering group, regardless of the smaller sample size used. Similarly, a slightly greater genetic diversity was found in the Al-tolerant group than in the Al-susceptible group, despite a roughly fourfold larger sample size in the latter. The accessions in the late-maturing group and Al-susceptible group were exclusively Ethiopian, whereas both Ethiopia and Zimbabwe were widely represented in the early maturing group and Al-tolerant group, which may explain in part the higher diversity level in the latter groups. Private alleles were found in both the early maturing and the Al-tolerant groups, and their potential associations with desirable characteristics require further investigation. Private alleles that are strongly associated with a desirable trait can be used in marker-assisted selection (MAS) and selection of parental lines for crossbreeding based development of superior cultivars with multiple desirable traits (Park et al., 2008). Early flowering and tolerance to aluminum toxicity are desirable traits in finger millet. Hence, based on landraces that combine early flowering and Al tolerance, improved cultivars with characteristics of interest can be developed, taking advantage of their genetic diversity.
Genetic Relationships Among Accessions and Their Groups and Population Genetic Structure
Analysis of molecular variance (AMOVA) revealed highly significant genetic differentiations among groups of accessions classified based on the geographic region of origin, country of origin, flowering time, panicle shape, and Al tolerance (p < 0.01). The significant differentiation among groups of finger millet accessions was in agreement with the previously published research using EST and genomic SSR markers (Babu et al., 2014; Pandian et al., 2018; Brhane et al., 2021). In the present study, the highest level of differentiation was observed between Ethiopian and Zimbabwean accessions accounting for 43% of the total genetic variation (Table 2). The generally distinct differentiation between the two groups was also evident from the genetic distance data, average pairwise differences, cluster analysis, PCoA, and population structure (Table 3; Figures 5–8). Phenotypically, Zimbabwean accessions are dominated by early flowering plants with shorter and stronger stems, compact panicles, and better Al tolerance compared to the Ethiopian accessions. Accessions with desirable traits such as early flowering and Al tolerance exist in both groups. Hence, crossbreeding between selected finger millet genotypes from the two countries increases the likelihood of recombination of alleles that will eventually lead to superior cultivars. The Ethiopian accession 208440 and Zimbabwean accession 203347 are excellent examples in this regard as both are early flowering and Al-tolerant (Supplementary Table S1). However, the high genetic distance between them placed them separately in Cluster-II and Cluster-VII, respectively (Figure 6).
Eleven of the 14 released cultivars were clustered together in Cluster-VII, with nine of them showing tight clustering. A recent study based on SSR markers reported similar close clustering of finger millet cultivars (Brhane et al., 2021). The clustering of cultivars close together indicates that they were developed based on genetically similar germplasm and/or selected for similar traits during breeding. Because most Ethiopian cultivars clustered with the Zimbabwean landrace accessions, germplasm genetically similar to the latter may have been used in the development of the cultivars. Among the Ethiopian landrace accessions, those in Pop-3 (western accessions) appeared to be genetically closer to the cultivars, except for cultivar Diga-2 (Figure 6). Thus, finger millet cultivar development might have heavily relied on germplasm from western Ethiopia. Nevertheless, further research into the pedigrees of the cultivars and potential gene flow after their release are required to shed more light on this. The clustering pattern of accessions along the lines of days to flowering, aluminum tolerance, and panicle types did not resolve well in the cluster analysis and PCoA. However, accessions carrying the desirable characteristics of these traits are genetically diverse and can be improved through breeding due to potential transgressive segregations (Ortiz et al., 2020).
The cluster analysis and PCoA clearly showed that Pop-1 (northwestern accessions) and Pop-2 (northern accessions) were poorly differentiated, suggesting stronger gene flow between them. However, some of the accessions in these populations are different from those in other populations, as shown in Cluster-I of the PCoA (Figure 7). Pop-4 is quite unique in that most of its accessions are genetically highly similar (low genetic diversity) and show close genetic relationships with some members of all other populations, indicating its low genetic differentiation. The fact that accessions representing all populations were found within Cluster-II of PCoA strongly suggests a countrywide gene flow, albeit to a different degree. Overall, the clustering pattern of accessions generally agrees with a recent study on Ethiopian finger millet accessions based on genomic and EST-derived SSR markers (Brhane et al., 2021).
An important feature of the Bayesian statistical approach to population structure analysis is that it enables the identification of genotypes that originate purely from one genetic population or are the results of genetic admixture (Pritchard et al., 2000; Kumar A. et al., 2016). This study revealed that the 288 genotypes from diverse sources originate from three genetic populations (K = 3). Similar to the present study, population structure analyses in previous research on finger millet using SSR and SNP markers revealed three genetic groups with different levels of admixture (Dida et al., 2008; Kumar A. et al., 2016; Ramakrishnan et al., 2016; Lule et al., 2018; Pandian et al., 2018; Brhane et al., 2021). In the present study, the Zimbabwean accessions and Ethiopian accessions appeared to have originated from different genetic populations with few exceptions, which is expected due to the clear geographic separation between the two countries. In addition, it is interesting to note that the Zimbabwean accessions were much less admixed than the Ethiopian landrace accessions, except for those in Pop-4 (Figure 8). The genetic structure of Pop-1 and Pop-2 is highly similar, which indicates that gene flow is stronger between the geographic areas the accessions represent.
CONCLUSION
In the present study, over ten thousand SNP markers were detected using GBS, providing a new genomic resource for finger millet. The characterization of 5,226 of these SNPs in diverse finger millet populations from Ethiopia and Zimbabwe shows that they are highly informative and, therefore, suitable for different applications, such as genome-wide association studies and population genetics. The observed heterozygosity among landraces and cultivars is low, agreeing with the crop’s reproductive mechanism. However, there was excess heterozygosity at about one-tenth of the SNP loci, although the crop is mainly self-pollinating, suggesting evolutionary forces favoring heterozygosity may be at play at these loci. Future research focusing on these loci will provide more insight into their role. In order to determine whether private alleles found in different accession groups have potential associations with desired traits, further investigation is needed. Within Ethiopia, finger millet landrace accessions from different geographic regions differ moderately in terms of genetic diversity, with those from northeastern Ethiopia being the least diverse. The fact that some accessions from different regions clustered closely together suggests a countrywide gene flow, though to a different extent. The genetic differentiation among accessions classified by geographic region, country of origin, days to flowering, panicle type, and Al tolerance is significantly high, with differentiation among countries being the highest. In the case of improved cultivars, most of them clustered tightly together, suggesting that they were developed from similar germplasm and/or selected for the same traits, mainly grain yield. In addition, the level of their heterozygosity suggests that they can be further improved through self-pollination-based breeding. By using genetically distinct accessions from different geographic regions or countries, crossbreeding can potentially lead to the development of superior cultivars due to the recombination of alleles.
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