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Abstract

:

Genetic diversity enrichment is urgently necessary to develop climate-resilient faba bean cultivars. The present study aimed to measure the enrichment of genetic diversity and changes in the population structure of faba bean, following induced mutagenesis. 120 samples, including 116 M2 mutant plants, generated by exposing the ILB4347 accession to four mutagen treatments (25 and 50 Gray gamma radiation and 0.01%, and 0.05% diethyl sulfate) and four reference genotypes were characterized using 11 amplified fragment length polymorphism (AFLP) primer combinations. The AFLP markers generated 1687 polymorphic alleles, including 756 alleles (45%) that were detected infrequently (f ≤ 0.1). The total allele count of the mutant plants ranged from 117 to 545. We observed a wide range of banding patterns and counts among the mutant plants, showing the high genetic diversity induced by mutation. Mutations also changed the population structure, by altering 31.78% of the total membership coefficient (Q). Although mutations changed the population structure, Nei’s genetic distance showed that the mutant population remained closely related to its control parent. This is the first report examining genetic diversity and population changes in faba bean mutant populations and, thus, could facilitate the application of induced mutagenesis during faba bean breeding.
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1. Introduction


Modern plant breeding and agronomic techniques have increased global food production by an average of 32 million metric tons per year, between 1961 to 2007. However, the Food and Agriculture Organization (FAO) has predicted more than an additional 70% of food will be necessary to feed nine billion people in 2050, which will require an increase in food production of 44 million metric tons per year, annual incremental increases of 37% [1,2]. Future crop production is likely to face other challenges, such as the impacts of climate change. Therefore, crops that are resilient to changes in the environment, including biotic and abiotic stresses, are urgently necessary to adequately feed the growing population.



The development of climate-resilient crops depends on the availability of genetic diversity. However, many studies have reported that crop improvements have been accompanied by reductions in genetic diversity [3,4,5,6]. Liu et al. [7] explained that domestication, the oldest breeding method recognized by human history, has reduced genetic diversity by changing the pattern of gene expression. Another breeding method that has been associated with reduced crop genetic diversity is intraspecific hybridization, through the utilization of similar parents [8]. For example, Fu et al. [3] explained that the reduction in the average genetic diversity among Canadian oat genotypes that have been released since 1950 may due to the utilization of the same resistant parental lines, which was supported by the finding of allelic reduction, as revealed by simple sequence repeat (SSR) markers. Although the reductions in genetic diversity at the genomic level that are caused by plant breeding practices are minor, high allelic reductions among chromosomal segments have been recorded at the individual level [6].



Faba beans represent the seventh most produced legume crop, worldwide, but have been recorded with the lowest yield-growth rate among legume crops, with only a 0.8% increase in yields between 1994 to 2010 [9]. These limited yield increases are due to the yield instability of faba beans, often associated with abiotic and biotic stresses [10]. Although no comprehensive study has demonstrated the declining genetic diversity of faba beans associated with crop improvements, a study conducted by Gong et al. [11], using 11 expressed sequence tag “EST-SSR” markers on faba bean accessions from China and Europe, revealed that faba bean accessions from China, which is the largest faba bean producer, presented narrow genetic diversity. Recently, Babay et al. [12] found that narrow genetic changes have occurred in Tunisian faba beans during the past 50 years. Therefore, enriching faba bean genetic diversity remains necessary for the development of faba bean varieties that are resistant and tolerant to biotic and abiotic stresses.



Mba [13] suggested that induced mutagenesis can be used to generate new alleles that are important for crop improvements. Many studies have been performed to increase faba bean genetic diversity, using induced mutagenesis [14,15,16,17]. However, most of these studies have examined morphology-based diversity. Studies examining genetic diversity and the population structures of faba beans have been conducted on several population types, using various molecular markers. Genetic diversity and population structure studies have been performed among accessions within the same geographical region, among genotypes/cultivars from different geographical regions and cultivated and wild relatives of faba bean. However, to the best of our knowledge, no studies have examined the genetic diversity and population structures of faba bean mutant populations. The genetic diversity assessments of these populations have used various molecular markers, such as restriction fragment length polymorphism (RFLP) [18], random amplified polymorphic DNA (RAPD) [19], sequence-specific amplification polymorphism (SSAP) [20], amplified fragment length polymorphism (AFLP) [21], inter simple sequence repeat (ISSR) [22], sequence-related amplified polymorphism (SRAP) [23], single-nucleotide polymorphism (SNP) [24], and SSR [25].



However, AFLP-based molecular markers have several advantages over other molecular markers, including high reproducibility and the capacity to generate high-polymorphism bands, without prior knowledge of the DNA sequence. Automated analysis, using a sequencer and software, to compare banding patterns facilitates rapid analysis [26]. Moreover, Kurowska et al. [27] stated that AFLP can be used for genome-wide mutation screening, due to the distribution/high coverage of AFLP markers across the genome. The authors sequenced the AFLP products of barley mutant plants, induced by gamma radiation and N-methyl-N-nitrosourea (MNU), and found that the produced AFLP alleles reflect the organization of the barley genome. This result was strengthened by an in silico restriction analysis, conducted by Caballero et al. [28], which found the high coverage of AFLP markers throughout the genomes of nine eukaryotic species. Due to these advantages, AFLP-based molecular markers are preferred for genetic diversity assessments.



Our previous study [16,17] presented various phenotypic variations as well as novel mutants from faba bean M2 generations that were treated with gamma radiation and diethyl sulfate (DES). A total of 32 mutant types were generated based on 12 qualitative traits. However, these findings did not represent the effectiveness of mutagen on inducing mutation due to the limited number of observed morphological traits. The molecular data could contribute to a more comprehensive picture of genetic diversity induced by mutation. Therefore, the present study aimed to measure the enrichment of genetic diversity and changes in population structures associated with the faba bean population, at the molecular level, following induced mutagenesis. AFLP markers were used to study genetic diversity and population structures of faba bean M2 populations. Moreover, the relationship between molecular and phenotypic data was also studied.




2. Materials and Methods


2.1. Plant Materials, Phenotypic Characterization, and DNA Extraction


Four M2 mutant populations were developed from an M1 generation of the ILB4347 accession. The M1 generation was generated by exposing separate 120 dry seeds to four treatments: two doses of gamma radiation (25 and 50 Gray) and two concentrations of DES (0.01% and 0.05%) [29]. A total of 116 out of 1324 mutant plants, representing 116 mutant families, were chosen from the mutant populations. Selection criteria of selected mutants were based on survival rates at the M1 and M2 generations followed by phenotypic differences as described by our previous study [17]. The phenotypic characterization was based on 12 qualitative traits that include growth habit, standard petal color, wing petal color, the intensity of streak, streak color, and anthocyanin coloration at standard petal, seed coat color, seed shape, hilum color, leaf shape, leaf size, and stem pigmentation. The leaves of 116 M2 mutant plants and four non-mutated reference plants, which served as a genetic diversity baseline, were collected and stored at −80 °C until DNA isolation was performed. DNA isolation was performed using a modified sodium dodecyl sulfate (SDS) protocol, as described by Alghamdi et al. [23]. The four reference genotypes were ILB4347, Hassawi 2, Hassawi 3, and Misr 3, which represented three different regions with wide genetic diversity. ILB4347 is an inbred line from the International Center for Agricultural Research in the Dry Areas (ICARDA), Syria; Hassawi 2 and 3 are landraces from Saudi Arabia; and Misr 3 is a cultivar from Egypt.




2.2. AFLP


The AFLP plant mapping protocol from Applied Bio-systems (ABI, Waltham, MA, USA) was adopted for this study, with some modifications. Samples containing 500 ng genomic DNA were added to 0.2 mL tubes, 5.5 µL of the digestion-ligation mix was added to each sample, and the samples were incubated overnight, at room temperature. TE0.1 (90 mL) was added to each tube and stored at 4 °C. Pre-selective amplification was performed using primers that matched the adapter sequence and included one additional ‘selective’ base (EcoRI + G and MseI + C). In a 96-well PCR plate, the PCR mix was formulated with 10 µL 2× PCR Master Mix (Promega, Madison, WI, USA), 0.5 µL each of EcoRI-G and MseI-C, 2 µL diluted digestion-ligation product, and 7 µL double-distilled water, for a final volume of 20 µL. The PCR parameters were as follows: 72 °C for 2 min, 30 cycles of 94 °C for 30 s, 56 °C for 30 s, 72 °C for 2 min, followed by 60 °C for 10 min, before holding at 4 °C until use. The product was diluted 10 times with TE buffer.



Selective amplification uses the diluted, pre-selective amplification product as the new template. The primers for this reaction had the same sequences as the pre-selective primers, with two and three additional selective bases in EcoRI and MseI primers, respectively. The EcoRI +2 primers were labeled with a fluorescent dye (6-FAM) that could be detected with the ABI 3130xl Genetic Analyzer. In a 96-well PCR plate, the PCR mix was formulated, containing 10 µL 2× PCR Master Mix (Promega, Madison, WI, USA), 1 µL each of the EcoRI +2 and MseI +3 primers, 2 µL diluted pre-selective amplification product, and 6 µL double-distilled water, for a final volume of 20 µL. The PCR parameters were as follows: initial denaturation at 94 °C for 2 min, followed by 10 cycles of 94 °C for 30 s, 66 °C for 30 s, decreasing by 1 °C per cycle, and 72 °C for 2 min, followed by 20 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 2 min, and then 60 °C for 30 min, followed by holding at 4 °C until further use.




2.3. Running the AFLP Gel on the ABI 3130xl Genetic Analyzer


Two microliters of the selective amplification product were mixed with 0.15 µL GeneScan 500 LIZ size standard (Applied Biosystems P/N 4322682) and 14.85 µL Hi-Di Formamide (Applied Biosystems P/N 4311320). The mixture was denatured at 94 °C for 5 min and directly placed on ice, prior to loading into the 16-capillary system of the Applied Biosystems 3130xl Genetic Analyzer. A 36 cm capillary array (Applied Biosystems P/N 4315931) and 3130 POP-7 polymers (Applied Biosystems P/N 4352759) were used.




2.4. AFLP-Fragment Analysis


Eleven out of 36 selective combination primers were selected to assess the genetic diversity among the mutant populations. The primer combinations were selected based on gel electrophoresis observations. The AFLP adapter/primer names and sequences used are shown in Supplementary Table S1. AFLP fragment analysis was performed using GeneMapper Analysis Software v3.7 (ABI), and the data were assembled in binary format, with 1 representing the presence of an allele and 0 representing the absence of an allele. The threshold for allele calling was set to 100 relative fluorescence units (rfu). Peaks at 100 rfu or higher were assigned a value of 1 and those with lower rfu values were assigned value of 0. Fragment analysis was performed for allele sizes in the range of 100–500 bp, as recommended by Paris et al. [30]. To avoid biased parameter estimates, the loci or alleles generated from all primers in all samples were checked and corrected, based on Lynch and Milligan’s [31] critical value of (1+    3 / N    )/(2    3 / N    ), where N = the number of individuals sampled. Based on this estimation, loci with fewer than four total fragments across all samples were deleted from the analysis. The total number of alleles, total number of bands, average bands per sample, and average bands per allele for each primer were calculated to evaluate the primer combinations. The discrimination power (DP) was calculated by dividing the total number of polymorphic alleles amplified by each primer by the total number of polymorphic alleles obtained for all primers [32].




2.5. Genetic Diversity Parameters and Analysis of Molecular Variance (AMOVA)


The binary matrix displaying the presence/absence of each allele was analyzed further, using the GenAlEx 6.503 complement for MS Excel [33]. The total number of different alleles (Na), the total number of effective alleles (Ne), Shannon’s information index (I), the expected heterozygosity (He), the percentage of polymorphic loci (%P), and the number of private alleles per population were calculated using this approach. The PAST (Paleontological Statistics) v. 3.20 program [34] was used to evaluate pairwise Jaccard genetic similarity, to assess the genetic diversity among the 116 mutant plants and the four reference genotypes. An analysis of molecular variance (AMOVA) was performed, using GenAlEx 6.503 [33], with 9999 permutations. AMOVA was performed by partitioning the genetic variations between five populations which were the reference genotypes and four mutant populations, based on the mutation treatment applied (25 or 50 Gy of gamma radiation or 0.01% or 0.05% of DES).




2.6. Population Structure


The mutant population structure was evaluated using the STRUCTURE 2.3.4 program [35,36,37,38]. The STRUCTURE analysis was performed using an admixture model, with 10,000 burn-in periods and 20,000 Monte Carlo Markov Chain (MCMC) simulations. Ten independent runs were performed for each K value, ranging from 1 to 10, to evaluate the best K. The K value was determined using Evanno’s ΔK, based on Structure Harvester software [39]. Nei’s genetic distance among the mutant populations was calculated, using GenAlEx [33]. Cluster analysis was performed based on the unweighted pair group method, with arithmetic averaging (UPGMA) and principal component analysis (PCA), using the Euclidean similarity index, in the PAST (Paleontological Statistics) v. 3.20 program [34].





3. Results


3.1. AFLP Polymorphism


Eleven AFLP primer combinations were used to assess the genetic diversity among the mutant plants. The characteristics of 11 AFLP primer combinations are presented in Table 1. A total of 1687 polymorphic alleles were generated from 120 samples (116 mutant and four reference genotypes). The number of alleles ranged from 78, for primer combination (EcoRI/MseI) TT/CTT, to 268, for primer combination TG/CTT. The 11 AFLP primer combinations generated 39,362 bands, with an average of 3578.36 bands per primer combination. The average bands per allele ranged from 16.21 to 28.17, with an average of 23.33 bands. All primer combinations exhibited 100% polymorphism, with DP values ranging from 4.62%, for TT/CTT, to 15.89%, for TG/CTT.




3.2. AFLP Band Abundance


The frequencies of the 1687 alleles detected from among the mutant plants and reference genotypes are presented in Figure 1. The allelic frequency ranged from 0.01 to 0.99, with an average frequency of 0.18. A total of 756 alleles, or 45% of the total alleles detected, were detected at a low frequency (f ≤ 0.1), whereas only 15 alleles, or 1%, were detected at a high frequency (f > 0.9), which indicated that allelic abundance and richness were generated by mutations. ILB4347, the control parent, generated 195 alleles across 11 AFLP primer combinations, whereas the total number of alleles detected in mutant plants ranged from 117 to 545, which revealed that mutations could both generate new alleles and reduce or lose alleles. The mean number of AFLP bands observed throughout the mutant plants was 327.79. Whereas the mean number of AFLP bands observed on reference genotypes was 334.50. The standard deviation of mutant plants and reference genotypes were 108.22 and 161.21, respectively. A wide range of standard deviation on mutant plants and reference genotypes indicated high variation of banding pattern among individuals. Moreover, increasing the level of mutagen treatments increased the mean performance, standard deviation, and range of AFLP bands observed as shown in Table 2.




3.3. Genetic Diversity Parameters and Analysis of Molecular Variance (AMOVA)


The genetic diversity parameter analysis is presented in Table 3. The comparison analysis was divided into three groups. The first group compared the genetic diversity between the mutant population and the reference genotypes. The second group compared the genetic diversity among the reference genotypes and two mutant populations, divided based on the mutagen used (gamma radiation or DES). The third group compared the genetic diversity among the reference genotypes and four mutant populations, divided based on the levels of mutagen used (25 or 50 Gy gamma radiation or 0.01% or 0.05% DES). The genetic diversity parameters revealed that the mutant population generated from ILB4347 was more diverse than the reference genotypes, as indicated by the higher values observed for all the genetic diversity parameters. The number of alleles (Na) and the number of effective alleles (Ne) of mutants and the reference genotypes were 2.000 and 1.008, respectively. The mean values of Shannon’s information index (I) were 0.283 and 0.234, respectively. The expected heterozygosity (He) values were 0.164 and 0.150, and the percentages of polymorphic loci (%P) were 100% and 49.38%, respectively. A total of 820 private alleles were associated with ILB4347 mutant plants, whereas the reference genotypes did not have any private alleles.



Two subpopulations were analyzed, according to the mutagen used, which revealed that the highest genetic diversity was identified in the mutant population induced by DES (Na = 1.697, Ne = 1.256, I = 0.284, He = 0.171). The lowest genetic diversity was recorded for the reference genotypes. The %P ranged from 49.38%, for the reference genotypes, to 99.84%, for ILB4347 mutations induced by gamma radiation. The number of private alleles ranged from 0 to 164. Based on the levels of mutagenic treatments, the highest and lowest genetic diversity values were recorded in the mutant population induced by 50 Gy gamma radiation and the mutant population induced by 25 Gy gamma radiation, respectively. The %P ranged from 49.38%, for the reference genotypes, to 93.06% for the mutant population induced by 25 Gy gamma radiation. The number of private alleles ranged from 0 to 30. These results also revealed that when higher doses or levels of mutagenic treatments were used, broader genetic diversity was generated, regardless of the type of mutagen used. The AMOVA result revealed that 89% of the variation was concentrated within populations, whereas the variation among populations contributed to the remaining 11% of the variation (Table 4). The pairwise Jaccard’s genetic similarity among the 116 mutant plants and the four reference genotypes ranged from 0.06 to 0.67, with an average value of 0.23 (Supplementary Table S2).




3.4. Population Structure


The population structure analysis indicated that the faba bean mutant population could be divided into five groups, based on the highest Evanno’s ΔK value of K = 5 (Figure 2A). Figure 2B shows the results of the STRUCTURE analysis for the ILB4347 mutant populations. The group or cluster assignment was based on the proportion of admixture within a single mutant plant. In this study, a 70% probability value was used to group the mutant plants. Mutant plants with a probability value below 70% were considered to be intermixed. The grouping distribution of mutant plants, based on results from the STRUCTURE software analysis, is presented in Supplementary Table S3. Based on this grouping, none of the mutant plants were assigned to a group, except for group 1 (red).



The degree of population change induced by mutagens was analyzed by averaging the grouping proportions or the membership coefficient (Q) of the mutant populations. The Q values of each individual mutant plant are shown in Supplementary Table S3. Figure 3 shows that the red portion, which coincides with the genetic background, of all mutant plants was 68.22%, indicating that 31.78% of the population structure changed due to the mutation process. The mutant population induced by 0.05% DES displayed the largest change to the population structure, followed by the mutant population induced by 50 Gy gamma radiation, 0.01% DES, and 25 Gy gamma radiation, in that order. The color or group proportions affected by population change also differed among the mutant populations. In the mutant populations induced by 0.01% DES and 25 Gy gamma radiation, the green portion of the population structure greatly changed compared with the other colors. Whereas in the mutant population induced by 50 Gy gamma radiation, the pink and the blue portions of the population structure were affected more strongly. In the mutant population induced by 0.05% DES, the green and the pink portions showed greater population structure changes.




3.5. Genetic Relatedness


Four reference genotypes, representing three different regions, were selected to provide the genetic diversity baseline. A total of 867 polymorphic alleles from 11 AFLP primer combinations were recorded across these reference genotypes. Hassawi 3 had the highest total alleles count, with 515 alleles, or 59.4% of the total alleles, followed by Misr 3, with 426 alleles, Hassawi 2, with 202 alleles, and ILB4347, with 195 alleles. The wide range of the selected genetic diversity baseline is shown in the scatter biplot in Figure 4A. The two principal coordinates, based on Jaccard’s similarity index, distributed four genotypes into three quarters, supported by the value of Jaccard’s genetic similarity index, which ranged from 0.14 to 0.26.



The matrix of Nei genetic distance and identity shows the relatedness among mutant population and the four reference genotypes (Supplementary Table 4). The values showed that the mutant population closely related with its parent genotypes, ILB 4347, followed by Hassawi 2, Misr 3, and Hassawi 3. It illustrated by principle component analysis (PCA) of Nei’s genetic distance (Figure 4A). Further investigation was conducted among four mutant populations and four reference genotypes based on Nei’s genetic distance. The analysis showed that the mutant populations gathered in one cluster near to the ILB 4347 and Hassawi 2 and far from Misr 3 and Hassawi 3 (Figure 4B).




3.6. Relationship between Molecular and Phenotypic Data


The previous study [17] was conducted to assess genetic diversity of M2 population at the morphological level based on 12 qualitative traits, including inflorescence, flower, seed, leaf, and stem traits. The summary of mutant variation on different populations is presented in Table 5. Table 5 showed that increasing the level of mutagen treatments increased the number of phenotypic variation per sample. The highest phenotypic variation was recorded in 50 Gy gamma radiation-induced mutant population with 2.76 variations per sample, followed by the mutant population induced by 25 Gy gamma radiation, 0.05%, and 0.01% DES with 1.87, 1.80, 1.27 variations per sample, respectively. The correlation between phenotypic and molecular variation showed positive and no significant correlation with r = 0.801.





4. Discussion


The present study was conducted to examine genetic diversity and population structure changes in faba bean M2 populations. The study used 11 AFLP primer combinations to evaluate 116 M2 mutant plants, representing 116 mutant families that were generated by four treatments (two kinds of mutagen and two kinds of intensity), using four reference genotypes as a genetic diversity baseline. AFLP was used due to the high reproducibility of this technique and the power to detect point mutations throughout the genome. The high reproducibility was demonstrated by the average number of polymorphism alleles detected, which generated 153.36 alleles. In total, the 11 AFLP primer combinations generated 1687 polymorphic alleles from 120 sample plants. The number of alleles obtained exceeded those described by previous studies examining genetic diversity in faba bean populations, such as the 302 alleles in 255 samples identified using SSR [25], the 104 alleles in 187 samples identified using nuclear SSR [40], the 657 SNPs identified in 45 samples [24], the 1036 alleles detected in 58 samples using SRAP [23], the 209 alleles detected in 802 samples using ISSR [22], the 71 alleles identified in 34 samples using ISSR [41], and the 289 alleles examined in 28 samples using RAPD [19].



A total of 39,362 bands (data points) were obtained, with an average of 23.33 bands per sample, per primer combination. These results returned more bands than those obtained using SRAP markers, during which 10,700 data points were obtained, with an average of 13.17 bands per sample per primer combination [23]. These results validate the power of the AFLP technique to assess genetic diversity, due to the high reproducibility of this technique compared with other types of molecular markers. The efficiency and effectiveness of AFLP markers for the evaluation of genetic diversity can be explained by the high polymorphism rate and polymorphism information content (PIC) values. All of the primer combinations utilized in this study exhibited 100% polymorphism, with an average PIC value of 0.99%.



Enriching genetic diversity, in terms of molecular-based diversity, simply increases the number of polymorphic bands or new alleles detected. Our study identified many new alleles within the mutant population, in which greater than 88% of the alleles detected were classified as new alleles compare with the control plant. Moreover, various banding patterns were also identified in every mutant plant. The total allele count in mutant plants ranged from 117 to 545, whereas 195 alleles were detected in the control plant, which indicated that induced mutagenesis resulted in random mutations that both generated new alleles and resulted in the loss of existing alleles. These results agree with the sequencing data for 1504 rice mutants, in which a wide range of mutations was observed across the mutant plants [42]. Moreover, genome-wide comparisons using resequencing was performed by Yang et al. [43], to compare four mutant rice plants induced by 250 Gy gamma radiation. The results showed that the individual mutants had different total numbers of mutations and proportions of mutation types. The banding pattern analysis also revealed that the higher doses of mutagens resulted in a larger range of banding patterns, which were detected as shown in Table 2. Comparisons among mutant populations, according to the treatment used, showed that increasing the dose or concentration of mutagen treatments also increased the mean performance, standard deviation, and range of AFLP bands observed, indicating that higher mutagen doses can result in larger changes in the DNA arrangement and structure.



Genetic diversity analysis comparing between the mutant populations and the reference genotypes revealed that the mutant populations were more diverse than the reference genotypes, due to the high AFLP band polymorphism rate found in the mutant populations. The mutant population induced by DES at selected doses showed higher genetic diversity than the mutant population induced by gamma radiation. Similar results have previously been reported, when Kurowska et al. [27] reported that N-methyl-N-nitrosourea (MNU) at doses of 0.5–1.5 mM was more efficient for inducing point mutations in barley than gamma radiation at doses of 150–210 Gy. The AMOVA model compared four mutant populations and the reference genotypes. The AMOVA showed that the maximum genetic variation was found within the populations. These results are in line with the results of other studies performed in faba beans [44,45]. A total of 89% of the variation was concentrated within populations, and only 11% of the variation was observed between the populations. The 11% variation between populations may be due to the different genetic makeup relative to the reference genotype or differences in the mutagen used to generate different mutation types.



The population structure analysis showed that a total of 62% of the mutant plants were characterized as intermixed. This high proportion of intermix far exceeds the population structure analysis of faba bean accessions, based on several geographical areas. Gӧl et al. [25] evaluated 255 accessions from 30 different countries, using SSR, and reported that only 3.9% of the accessions were intermixed. Previously, Wang et al. [22] evaluated 802 faba bean accessions, worldwide, using ISSR markers, and were able to separate Chinese accessions from non-Chinese accessions. They concluded that China was an independent center of diversity for faba beans, due to being reproductively isolated from the rest of the Asian, African, and European gene pools. Furthermore, population structure analyses between cultivated and wild relatives of faba beans, conducted by Oliveira et al. [40], showed grouping between the two populations, indicating a very limited amount of gene flow between cultivated and wild faba beans. Therefore, the high proportion of intermixed populations indicated by the population structure analysis in the present study demonstrated the effects of random mutations induced by gamma radiation and DES.



The Evanno test showed that the mutant population could be divided into five groups (K = 5). However, only one group had members with coefficient memberships greater than 0.70. The other mutant plants had coefficient memberships lower than 0.70, explained by the high mutation effects on individual mutant plants, which indicated that ILB4347 mutant population belonged to a single genetic background, which is represented by the red portion in Figure 2. The portions represented by the other colors of each plant genome in the population structure analysis could be attributed to the diversity generated by the different types of mutations or to the locations of mutations within the genome. Unassigned members to inferred groups, generated by the STRUCTURE program, were also identified in a population structure study examining Tunisian faba bean landraces, conducted by Babay et al. [12]. The authors tested 29 faba bean landraces and determined that these populations could be divided into three groups/subpopulations, as inferred by the STRUCTURE program. However, none of the landraces belonged to these subpopulations, due to high levels of cross-pollination and human-mediated seed flow. Altogether, mutation, cross-pollination, and gene flow due to human-mediated seed flow can influence population structures.



The coefficient membership means of the mutant populations suggested that higher doses of mutagenic treatments caused higher changes in the coefficient membership proportion. Mutant populations induced by 0.05% DES presented larger changes in the coefficient membership proportion, with a 40.59% alteration, compared with the 36.53% alteration observed in the 0.01% DES-induced mutant population. Whereas, the 50 Gy gamma radiation-induced mutant population modified 40.09% of the coefficient membership proportion, which was 15.07% higher than that of the 25 Gy gamma radiation-induced mutant population. Interestingly, the changes in the coefficient membership of these mutant populations were significantly and positively correlated (r = 0.953) with the value of Nei’s unbiased genetic distance (Supplementary Table S5).



Genetic relatedness among the mutant populations and the four reference genotypes showed a close relationship between the mutant population and its control parent. The four reference genotypes represented three different regions. The PCA analysis separated the reference genotypes into three out of four quarters, indicating wide variations among the four reference genotypes. Cluster analysis, based on Nei’s genetic distance, showed a distinct cluster, consisting of the four mutant populations. This mutant cluster was near ILB4347, which was the control parent, and far from the other reference genotypes, indicating that although induced mutagenesis changes the banding pattern of the individual mutant plant, it is not sufficient to completely alter the identity relative to the control parent.



The relationship between phenotypic and molecular variation showed that the higher level of mutagen treatment increased both phenotypic and molecular variations. However, there is no significant correlation between phenotypic and molecular data due to the different order of treatment that gave higher variation. The order of phenotypic variation was 50 Gy > 25 Gy > 0.05% DES > 0.01%, whereas the order of molecular variation was 50 Gy > 0.05% DES > 0.01% > 25 Gy. The difference can be explained due to the difference between the number of alleles screened and morphological traits evaluated. A total of 1687 alleles were screened in 116 mutant plants compare to 12 morphological traits evaluated. Moreover, any mutation at the DNA level did not express at the morphological level as mutation could be changed at non-coding DNA sequences.




5. Conclusions


The present study revealed that induced mutagenesis enriched genetic diversity and changed the population structure of faba beans. The abundance of new AFLP bands and the high number of infrequent alleles (f ≤ 0.1) that were observed in the mutant population reflects the high degree of genetic diversity induced by gamma radiation and DES. Higher doses of mutagens generated increased genetic diversity; thus, high doses of mutagenic agents could be further applied to faba bean mutation breeding. The structure of the mutant population changed with increased mutagen levels; however, a close genetic relationship continued to be observed between the mutant population and its control parent, relative to the other reference genotypes.
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Figure 1. The frequency of occurrence of 1687 AFLP bands in 116 mutant plants and reference plants. 
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Figure 2. Population structure of the ILB4347 mutant populations. (A) Evanno’s ΔK value, with K = 1–10, showing peak at K = 5. (B) Genetic structure inferred by STRUCTURE program, with K = 5. Each sample is represented by a vertical bar segmented into K colored parts. The length of each colored part is proportional to the membership of coefficient (Q). The black vertical lines separate different mutant populations. 
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Figure 3. Membership coefficient (Q) means of mutated faba bean plants, inferred by the STRUCTURE program. 
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Figure 4. Relatedness among mutant populations and the four reference genotypes. (A) Two-dimensional principal component analysis (PCA) of mutant population and the four reference genotypes. (B) PCA of the four mutant populations and the four reference genotypes, for the first and second components, based on Nei’s genetic distance data. Mutant: All mutant plants, ILB-G1: mutant population treated by 25 Gy gamma radiation, ILB-G2: mutant population treated by 50 Gy gamma radiation, ILB-C1: mutant population treated by 0.01% DES, ILB-C2: mutant population treated by 0.05% DES. 
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Table 1. Characteristics of 11 amplified fragment length polymorphism (AFLP) primers selected from 120 samples.
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	Primer Combination Eco R1/Mse 1
	Total Alleles
	Total No. of Bands
	Average Bands per Allele (Range)
	Polymorphism Rate (%)
	DP (%)





	TG/CTT
	268
	7549
	28.17 (4–118)
	100
	15.89



	TA/CCA
	185
	4182
	22.61 (4–105)
	100
	10.97



	TC/CCA
	175
	3993
	22.82 (4–110)
	100
	10.37



	AA/CCC
	168
	3968
	23.62 (4–112)
	100
	9.96



	TC/CAC
	151
	2937
	19.45 (4–116)
	100
	8.95



	AA/CCT
	149
	3584
	24.05 (4–105)
	100
	8.83



	TC/CAG
	149
	2416
	16.21 (4–100)
	100
	8.83



	TA/CAG
	137
	3575
	26.09 (4–113)
	100
	8.12



	TT/CAC
	132
	3080
	23.33 (4–137)
	100
	7.82



	CC/CCA
	95
	2127
	22.39 (4–109)
	100
	5.63



	TT/CTT
	78
	1951
	25.01 (4–112)
	100
	4.62



	Total
	1687
	
	-
	-
	-



	Average
	153.36
	3578.36
	23.33
	100
	9.09







DP: discrimination power.
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Table 2. Mean performance and range of AFLP bands among mutant populations.
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Population

	
No. of Samples

	
AFLP Band Observed




	
Mean

	
SD

	
Range

	
Lowest

	
Highest






	
Reference genotypes

	
4

	
334.50

	
161.21

	
320

	
195

	
515




	
All mutant plants

	
116

	
327.79

	
108.22

	
428

	
117

	
545




	
DES 0.01%

	
13

	
354.54

	
48.45

	
149

	
305

	
454




	
DES 0.05%

	
5

	
401.20

	
96.14

	
210

	
295

	
505




	
Gamma 25 Gy

	
61

	
271.97

	
85.84

	
352

	
117

	
469




	
Gamma 50 Gy

	
37

	
400.51

	
107.69

	
357

	
188

	
545
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Table 3. Diversity parameters of mutant populations obtained from the analysis of 1687 AFLP alleles.
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	Population
	No. of Samples
	No. of Alleles
	Na
	Ne
	I
	He
	% P
	Private Alleles





	Reference genotypes
	4
	867
	1.008
	1.232
	0.234
	0.150
	49.38
	0



	ILB4347
	116
	1687
	2.000
	1.236
	0.283
	0.164
	100.00
	820



	Mean
	60
	
	1.504
	1.234
	0.259
	0.157
	74.69
	



	Reference genotypes
	4
	867
	1.008
	1.232
	0.234
	0.150
	49.38
	0



	ILB4347 (Gamma Radiation)
	98
	1684
	1.996
	1.231
	0.277
	0.161
	99.82
	164



	ILB4347 (DES)
	18
	1437
	1.697
	1.256
	0.284
	0.171
	84.47
	1



	Mean
	40
	
	1.567
	1.240
	0.265
	0.160
	77.89
	



	Reference genotypes
	4
	867
	1.008
	1.232
	0.234
	0.150
	49.38
	0



	ILB4347 (25 Gy Gamma)
	61
	1570
	1.861
	1.195
	0.238
	0.136
	93.06
	30



	ILB4347 (50 Gy Gamma)
	37
	1504
	1.781
	1.289
	0.304
	0.186
	88.97
	26



	ILB4347 (0.01% DES)
	13
	1227
	1.434
	1.231
	0.250
	0.152
	70.66
	0



	ILB4347 (0.05% DES)
	5
	992
	1.153
	1.281
	0.272
	0.176
	56.49
	0



	Mean
	24
	
	1.447
	1.246
	0.260
	0.160
	71.71
	







Na: number of alleles, Ne: number of effective alleles, I: Shannon’s information index, He: expected heterozygosity, %P: percentage of polymorphic loci, Private alleles: number of alleles unique to a single population.
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Table 4. AMOVA of molecular variation among and within five populations.






Table 4. AMOVA of molecular variation among and within five populations.














	Source
	df
	Sum of Square
	Mean Square
	Estimated Variance
	%
	φPT





	Among populations
	4
	2457.808
	614.452
	22.530
	11%
	0.107 **



	Within populations
	115
	21,541.825
	187.320
	187.320
	89%
	



	Total
	119
	23,999.633
	
	209.850
	100%
	







** Indicates significance p < 0.001.
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Table 5. Summary of phenotypic variation on different mutant populations.
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Mutant Population

	
No. of Sample

	
No. of Phenotypic Variation

	
No. of Phenotypic Variation/Sample

	
Correlation Phenotype vs. Shannon’s Index




	
r

	
p






	
25 Gy Gamma

	
61

	
114

	
1.87

	
0.801 ns

	
0.199




	
50 Gy Gamma

	
37

	
102

	
2.76

	

	




	
0.01% DES

	
11

	
14

	
1.27

	

	




	
0.05% DES

	
5

	
9

	
1.80

	

	








ns indicates no significant difference.
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