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Abstract
Sorghum is one of the most important cereal grains in Africa's Sub-Saharan region, used for human consumption and animal feed, but its production is
hampered by biotic and abiotic constraints, necessitating genetic improvement of sorghum. The goal of this experiment was to use the ethyl methane
sulfonate induced mutation technique to develop superior genotypes for sorghum production and quality for food and industry in order to achieve food
security. The concentration of EMS was initially optimized by calculating LD50. Both Argity and Dekeba genotypes were treated with six different
concentrations of EMS (0.10, 0.25, 0.30, 0.50, 0.75 and 1.00 %) and three different soaking periods (7, 8 and 9 hrs). The 0.25% EMS concentration at 8 hrs was
chosen because it had a 50% seed survival rate and the highest frequency of mutations to generate M1 seeds. From M2 and M3, about 4000 and 2000 mutant
populations were screened, respectively. For trait characterization, 190 mutated lines were selected from a mutant population of 2000M2. The 190 mutant
populations and two parents were evaluated for genetic diversity, character association, and genetic divergence. For the observed quantitative phenotypic
traits, analyses of variance showed substantial inter-population difference. When compared to their parent cultivars, the study mean of six treatment
populations in each cultivar showed signi�cantly superior quantitative phenotypic traits. Plant height, �owering date, maturity date, stem diameter, grain
weight, and thousand seed weight varied with 81.48, 77, 42.03, 56.11, 11.44, and 96.68 % heritability in the mutant lines, according to agro-morphological
characterization. The elite mutants were identi�ed using principal component analysis based on their agro-morphological traits, while Pearson's correlation
�ndings showed a positive correlation between yield component traits. Finally, our research allowed the identi�cation of new promising mutant genotypes that
could be tested in multi-local trials to assess their agronomic e�ciency.

Introduction
Sorghum (Sorghum bicolor (L.) Moench) is a high-yielding grain that thrives in arid and semi-arid climates ( Mwadalu and Mwangi, 2013; Eldeen et al., 2020).
Sorghum is a C4 crop with chromosome 2n = 20 and 7.35x108 bp of DNA per 1C nucleus (Biswas et al., 2020). It is the �fth most important cereal crop in the
world, after maize (Zea mays L.), wheat (Triticum aestivum L.), rice (Oryza sativa L.), and barley (Hordeum vulgare L.), based on total grain production and
subsistence crops, for more than 500 million people in over 90 countries, especially in Africa, Asia, and Latin America, where drought and pests are the main
constraints (Deng, 2020; Hiloidhari et al., 2020). Sorghum is one of the most important stable cereal crops in Ethiopia, after Tef (Eragrostis tef (Zucc.) Trotter.)
and maize (Zea mays L.) (Barretto et al., 2020; Belete, 2020; Mahilet, 2020). After Sudan, it is Africa's second-largest sorghum producer ( Tonapi et al., 2020;
Iseki et al., 2021). Sorghum is a multipurpose crop because the grain is used to make food, beverages, and animal feed as well as industrial raw materials (
Parmar et al., 2018; Aleme Asrate, 2020; Velmurugan et al., 2020).

Despite its enormous economic value, sorghum productivity in Ethiopia and thrsoughout Africa remains poor (Taylor, 2019). The national average sorghum
productivity in Ethiopia is estimated to be 2.74 tons per hectare, compared to global 3.5 tons per hectare. The poor productivity is due to a variety of biotic and
abiotic constraints (Daigaku et al., 2004). Drought and soil acidity are the most common abiotic factors that cause yield loss in sorghum production around
the world (Horn and Shimelis, 2020). Diseases, insects, and weeds are the most common abiotic stresses that cause of yield loss in sorghum. Pest
resistance/tolerance, especially to stalk borer, weevils, and striga weed, is thus desirable in sorghum to ensure the survival of the millions of people who rely
on it ( Mahuku et al., 2017; Abeje et al., 2020). Traditional breeding has its own drawbacks due to the small number of markers that are affected by the
climate. As a result of the faster breeding process, sorghum varieties with multiple resistance and desirable traits such as biotic and abiotic resistance can be
produced (Gienapp et al., 2019; Oladosu et al., 2019). The recent advances in molecular biology, mutation breeding, genomics, gene mapping, and
bioinformatics offer an excellent opportunity to support the sorghum development program in this regard (Sahu et al., 2020; Sedlazeck et al., 2018).

Ethyl Methane Sulphonate (EMS) is a potent chemical mutagen capable of inducing high-density mutations in the genomes of a wide range of species
(Kumar et al., 2021; Taheri et al., 2017). EMS mutagenesis is a workhorse technique for the study of recalcitrant metabolic and signal in disorders. TILLING
has found a few mutated genes in sorghum based on individual amplicons. EMS-induced mutations can now be cataloged on a wide scale as a result of
recent developments in high-thrsoughput next-generation sequencing (Irshad et al., 2020; Martinez et al., 2020).

Ethiopian sorghum has been used in a variety of traditional and molecular studies for various purposes (Belay and Wale, 2021; Tirfessa et al., 2020). The
majority of this research, however, concentrated on grain sorghums or their wild relatives, and there is an extensive study of sweet sorghum germplasm
selection and genotypes from Ethiopia. Furthermore, no effort has been made to develop novel sorghum genotypes based on mutation breeding with some
biotic and abiotic resistance/tolerance and QTL from currently screened resistant materials of lines that are initially screened and resulted from mutation
breeding. Therefore, using a mutation breeding strategy, it is critical to conduct sorghum breeding to recognize novel genes that could encode traits of interest.
Such work will contribute to and solve the problem of food security and nutrition through the use of innovative solution tools, technology, policies, and
methods to improve and maintain food security and nutrition. Therefore, the objective of the present study is to develop superior genotypes for sorghum
production and quality for food and industry in order to achieve food security.

Materials And Methods

Experimental materials and EMS treatment optimization
M0 seeds of two sorghum varieties, Argity and Dekeba, were obtained from Melkasa Agricultural Research Center, Ethiopia which are improved varieties, for
this analysis. The chemical mutagen ethyl methane sulfonate (EMS) was obtained from the National Agricultural Biotechnology Research Center, Ethiopia.
The concentration of EMS was initially optimized by calculating LD50 values depending on germination rate and survival percentage (Ndung'u, 2009). The
research was carried out in a lab setting under controlled conditions with three replications. For each replication, one hundred seeds of each genotype were
presoaked in double distilled water overnight. Then both genotypes were treated with six different concentrations of EMS (0.10, 0.25, 0.30, 0.50, 0.75 and 1.00
%) and three different soaking periods (7, 8 and 9 hrs) at 25oC with continuous shaking at 100 rpm. To remove residual EMS from the treated seeds, they were
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thoroughly washed 3–4 times under running tap water. The seeds were kept in Petri plates on Whatmann paper disks that had been soaked in distilled water.
Only distilled water was used to treat the control seeds. To keep the paper moist, distilled water was added three times a day with an 8-hour gap between
applications. All sprouted seeds were considered germinated, regardless of whether the seedlings that resulted were normal or abnormal. On the 9th day after
treatment (DAT), the germinated seeds from each Petri plate were counted. The average of the three replications was used to measure the percent seed
germination, and the data was analyzed to determine the LD50.

Generating mutant lines
A total of about 20,000 M0 seeds (10,000 Argity and 10,000 Dekeba seeds) were presoaked in double distilled water for 12 hrs. The seeds were then treated

with 0.25 % (v/v) EMS solution for 8 hrs at 25oC. The concentration was chosen because it had a 50% seed survival rate and the highest frequency of
mutations to generate M1 seeds. Before sowing in the �eld, all treated seeds was thoroughly washed three times under tap water to remove any excess
mutagen adhered to the seed surface. Seeds that had been mutagenized were air-dried and prepared for planting.

Experimental design and development of mutagenized populations
The air-dried sorghum seeds were planted at a density of 120,000 seeds per hectare at the Ambo University, Guder campus, which is located at an altitude of
1900 meters above sea level with 37o46'E and 8o 58'N. The net �eld size was 22 x 40 meters, with 13 blocks (each 3 x 1.8 meters), 0.6 meters (row to row) and
0.3 meters (seed to seed) width. During 2018 and 2019, mutagenized M1 seeds were sown in an alpha lattice design and self-fertilized to produce M1 plants,
along with respective controls. After seed sowing, the �eld was irrigated at regular intervals, and weeding was done at the seedling and �owering stages. To
avoid cross pollination, each panicle was covered with a 400-weight rain-proof pollination bag (Lawson Bags) before anthesis. Each bag was injected with
5ml Chlorpyrifos (Dow Agro Sciences) to control earworms. At maturity stage, all M1 plants were manually harvested and thrseshed individually to collect M2

seeds. Plants with the best appearance and minimal stunting and other mutagenic treatment-related plant deformities were selected. M2 seeds were planted in
one row per head from 2018 to 2019. Only panicles that set 10% or fewer seeds were allowed to proliferate to ensure high mutagenesis. M3 progenies were
produced from one fertile M2 plant from each M2 head chain. A total of 2000 M3 lines were collected from a 4000 M2 population and stored for further
analysis.

Seed germination
After 21 days of seed sowing, the number of germinated seeds was counted and the percentage of seed germination was determined.

Chlorophyll mutations
After 24 days of seed sowing in the �eld, chlorophyll mutants were recorded in the M2 and M3 generation and mutation frequency was calculated.

Agro-morphological characterization of mutants
In the M2 generation of both varieties, data on twenty three qualitative and quantitative traits were reported (Table 1). For the mutants of the Argity and Dekeba
varieties, pedigree methods were used to advance the mutant populations from M1 to M3, with selection criteria based on plant height, maturity date, stem
diameter, plant yield, and related factors. Grain yield and growth parameters were used to select mutants of two varieties in M3. Traits that were analyzed and
updated using sorghum descriptors from the International Union for the Protection of New Varieties of Plants and the International Board for Plant Genetic
Resource (IBPGR, 1993 ). Plant height variations, growth habit, leaf �ower, and seed morphological mutant features were registered, and analyzed in the �eld.

Statistical analysis
Since different traits were calculated on different scales, the data were standardized to zero mean and unit variance before study. Microsoft Excel 2003 was
used to measure descriptive statistics, analysis of variance, and correlation coe�cients for all six quantitative traits. The percentage contribution of each trait
to total genetic variation was determined using principal component analysis of the traits. Ward's linkage approach was used to conduct agglomerative
hierarchical clustering on the Euclidean distance matrix. MINITAB software version 19 was used for this analysis (Minitab, 2013). Phenotypic coe�cient of
variation (PCV), genotypic coe�cient of variation (GCV), genetic advance (GA), and wide sense heritability (h2) (R Development Core Team, 2011, version
3.6.1) were calculated.

Results

3.1 EMS treatment optimization
The EMS concentrations and soaking time were found to have a signi�cant impact on germination rate. As the soaking time and EMS concentration
increased, the germination rate decreased (Fig. 1). ANOVA revealed that soaking time had an impact on germination. The effect of EMS concentrations on
germination for three soaking times (7, 8, and 9 hrs) revealed that treatment with 0.10 % is not signi�cantly different from the control. Treatment with 0.25 %,
on the other hand, differed signi�cantly from 0 to 0.10 % and 0.30 to 1.00 %, and resulted in a 50% survival rate. Based on these �ndings, 0.25 % and exposure
for 8 hour was found to be the best condition for the bulk EMS sorghum mutagenesis.

Generating mutant populations
From 20,000 mutagenized seeds, 4000 M2 progenies were produced. Continuously, from 4000M2 mutant populations of Argity (2,040) and Dekeba (1,960)
varieties were developed using the optimized treatment protocol.
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Frequency of M2 and M3 families for speci�c mutation observed in the �eld
All of the 4000 M2 mutant lines were monitored from seedling to full maturity, with special attention paid to altered seedling phenotypes (Table 1). Plant height
variations of up to 19.39% and 11.76% of all observable phenotypes were recorded for Dekeba and Argity, respectively, and mostly resulted in dwar�sm and
semi dwar�sm. Albinism was the second most common form of mutation, accounting for 17.34% for Dekeba and 17.34% for Argity. Tiny plants, which differ
from dwarf plants in that they have smaller organs, made up 8.87% (Argity) and 4.6% (Dekeba) of all phenotypic mutants, and these mutants were always
related to a later heading date and lower fertility (Table 1).

Table 1. Frequency of M2 and M3 families segregating for speci�c mutation observed in the �eld

   

Phenotype description

 

Sym

M2 generation from 4000 mutant lines M3 generation from 2000 mutant lines

Argity variety   Dekeba variety Argity variety Dekeba variety

No. Mutant Freq. (%) No. Mutant Freq. (%) No. Mutant Freq. (%) No. Mutant Freq. (%)

1 Dwarf and semi-dwarf dw 424 11.76   380 19.39 24 2.4 80 8

2 Albino w 271 13.3   340 17.34 27 2.7 40 4

3 Narrow leaf nrl 107 5.25   97 4.95 7              0.7 0 0

4 Multiple tillers mtl 86 4.2   112 5.7 19 1.9 12 1.2

5 Tiny plants tny 181 8.87   90 4.6 8 0.8 9 0.9

6 Spot leaf lesion spl 121 5.9   209 10.66 10 1 9 0.9

7 Leaf rolling lr 66 3.24   72 3.67 0 0 0 0

8 Erect leaf erl 44 2.16   104 5.3 5 0.5 5 0.5

9 Short leaf shl 84 4.12   150 7.65 0 0 0 0

10 Chlorotic leaf chl 40 1.96   54 2.76 4 0.4 5 0.5

11 Adherent leaf adl 35 1.71   19 0.97 0 0 0 0

12 Wide leaf wdl 132 6.47   201 10.26 12 1.2 23 2.3

13 Yellow splotch leaf ysp 33 1.62   25 1.28 6 0.6 5 0.5

14 Undeveloped panicle udp 46 2.25   22 1.12 0 0 0 0

15 Brown mid rib bmr 28 1.37   21 1.07 30 3 29 2.9

16 Hair-ness hrsn 18 0.92   87 4.44 11 1.1 31 3.1

17 Early maturity ema 68 3.33   92 4.5 80 8 102 10.2

18 Late maturity lma 189 9.26   240 12.24 29 2.9 35 3.5

19 Zebra cross bands zeb 51 2.5   69 3.52 0 0 0 0

20 Early �owering e� 72 3.53   36 1.84 80 8 100 10

21 Late �owering l� 123 6.03   168 8.57 23 2.3 33 3.3

22 Variegated leaf var 19 0.93   24 1.22 0 0 0 0

23 Lodging ldg 7 0.34   7 0.73 0 0 0 0

 
Phenotypes were named according to Rooney et al. (2009) wherever possible new phenotypes are named using three letter codes according to Brasier et al.
(2003).
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Table 2
Analysis of the mean yield and yield components of mutant lines

Traits Controls Argity Mutant lines Dekeba Mutant lines

Argity Dekeba Mean Var. StDev MSE Min Max CV Mean Var. StDev MSE Min Max CV

PH 210 85 198.24 4177 64.63 6.60 39.00 343.00 1.88 127.20 3008 54.84 5.60 40.00 290.00 7

FD 95 86.66 88.15 154 12.42 1.27 60.00 110.00 5.36 88.51 116 10.78 1.10 70.00 113.33 12

MD 141.6 121.67 115.21 163 12.77 1.30 91.00 141.66 3.84 117.97 223 14.93 1.52 83.33 160.00 9

SD 13.15 14.49 12.945 3.05 1.745 0.178 9.133 18.847 12.10 13.351 4.28 2.070 0.211 9.227 19.32 18

GW 60 62 62.49 173 13.15 1.34 32.33 93.00 5.26 63.07 386 19.64 2.00 22.00 122.00 5.

TSW 35.23 34 31.962 23.1 4.808 0.491 22.727 44.743 7.08 30.497 15.8 3.975 0.406 21.620 39.843 20

PH: Plant height, FD: Flowering date, MD: Maturity date, SD: Stem diameter, GW: Grain weight, TSW: Thousand seed weight, MSE: Mean square error, StDev:
Standard deviation, CV: Coe�cient of variation

Quantitative traits among M3 mutants
Across generations, the average plant height of Argity and Dekeba control was 210 cm and 85cm, respectively, while the values of the mutants ranged from 39
to 343 cm for Argity mutants and 40 to 290 cm for Dekeba mutants (Table 3). The average stem diameter for Argity and Dekeba control was 13.15 mm and
13.35 mm, respectively. The stem diameter of Argity mutant lines ranged from 9.13 mm to 18.85 mm, while Dekeba mutant lines ranged from 9.3 mm to 19.32
mm. The average grain weight per head for Argity mutant lines and Dekeba mutant lines was 62.49 g and 63.07 g, respectively, and 60 g and 62 g for Argity
and Dekeba parents. The Argity mutant lines had seed weights ranging from 22.73 g to 44.7 g, while the Dekeba mutant lines had seed weights ranging from
21.62 g to 39.84 g. The Argity and Dekeba control lines had seed weights of 35.23 g and 34 g, respectively. Regardless of generation, twelve Argity mutant
lines produced more seeds (92 to 122 g) per plant. Similarly, Dekeba mutants (90 to 125 g) seeds per head showed similar results.

Table 3
Estimation of mean values of phenotypic and genotypic coe�cient of variation in M3 sorghum mutant lines

Traits Mean Ems Gms Pms GV PV GCV PCV H2 GA GAM CV%

PH 162.41 9.3 91.15 81.85 40.925 50.22 3.94 4.36 81.48 11.91 7.34 1.88

FD 88.33 22.4 172.41 150.01 75.005 97.40 9.80 11.17 77.00 15.68 17.75 5.36

MD 116.41 20 49 29 14.5 34.5 3.27 5.05 42.03 5.09 4.37 3.84

SD 13.15 2.53 9 6.47 3.235 5.76 13.67 18.26 56.11 2.78 21.14 12.10

GW 61.79 10.57 13.3 2.73 12.365 11.93 1.89 5.59 11.44 0.82 1.32 5.26

TSW 31.23 4.89 289.29 284.4 89.2 98.09 38.18 38.83 96.68 24.19 77.45 7.08

Ems: Error mean square, Gms: Genotype mean square, Pms: Phenotype mean square, GV: Genotype variation, PV; Phenotype variation, GCV: Genotypic
coe�cient of variation, PCV: Phenotypic coe�cient of variation, h2bs: broad sense heritability, GA: genetic advance as % of the mean, GAM: genetic
advance as % of mean.

Heritability of agro morphological traits in the mutants
The PV ranged from 98.09% for thousand seed weight to 5.76% for stem diameter. Flowering date had the highest PV values (97.40%), while plant height,
maturity date, and grain weight per head had 50.22, 34.5, and 11.93%, respectively. The recorded GV values for thousand seed weight and stem diameter
ranged from 89.2–3.25%, respectively. A PCV and a GCV were found in all of the traits tested. In the mutants, the GA as a percentage of the mean ranged from
0.82% (GW) to 24.19% for TSW. The heritability of TSW (96.48%), PH (81.48%), FD (77%) and SD (56%) were scored. All had high heritability values, while the
remaining traits had values below 50% (Table 3).

Genotype clustering based on principal components analysis
Table 4 shows the agronomic character correlation coe�cients with yield and yield component traits in M3 mutants. PH was highly signi�cant and positively
associated to FD, MD, and SD with r = 0.970, r = 0.551, and r = 0.795, respectively, according to the Pearson's coe�cient between agro-morphological characters
across the generations (from M1 to M3). The TSW and FD were also positively correlated with grain weight per plant (r = 0.39 and r = 0.573, respectively). PH
and MD were both signi�cantly and negatively correlated (r = 0.507 and 0.879, respectively) (Table 4).
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Table 4
Estimation of Pearson’s correlation between the agro morphological traits in the M3 of the mutant lines screened at Gudar,

2018–2020.
Correlation PH FD MD SD GW TSW

PH 1          

FD 0.970 1        

MD 0.551 0.001 1      

SD 0.795 0.783 0.078 1    

GW 0.008 0.573 0.424 0.103 1  

TSW -0.507 0.279 -0.879 0.807 0.390 1

PH: Plant height, FD: Flowering date, MD: Maturity date, SD: Stem diameter, GW: Grain weight, TSW: Thousand seed weight

Cluster analysis
Based on the six quantitative phenotypic traits recorded, the 190 mutated lines and two control populations from Argity and Dekeba were clustered. Four
clusters in all mutant lines and two controls were observed (Fig. 2). For all mutant lines, the phylogenetic relationships were represented in a Dendrogram
(complete linkage, Euclidian distance) (Fig. 3). In the dendrogram, the clustering pattern of different mutant lines revealed differences in cluster number and
similarity within clusters, as well as hierarchical categorization within and among clusters. The two sorghum varieties' mutant lines formed four clusters, with
cluster numbers 84, 65, 29, and 14 for C1, C2, C3, and C4 respectively (Fig. 2). It was noteworthy that the control population formed an independent cluster in
all mutant lines, indicating that mutagenic treatments caused signi�cant genetic variations in the quantitative phenotypic traits of the mutants. The inter-
population dissimilarity matrix showed that the C2 and C4 in all mutant lines have the highest squared Euclidean distance (219.9), while the C2 and C3 in all
mutant lines have the lowest (36.9) (Table 5).

Table 5
Distances between Cluster Centroids

  Cluster1 Cluster2 Cluster3 Cluster4

Cluster 1 0.000      

Cluster 2 118.822 0.000    

Cluster 3 82.975 36.933 0.000  

Cluster 4 101.360 219.912 183.650 0.000

In both mutant lines, the highest inter-cluster gap (219.9) was found between Cluster two and Cluster four, while the lowest was found between Cluster two
and Cluster three (36.9). Table 5 shows the cluster mean of the three distant clusters for the six quantitative phenotypic traits. Cluster four had the highest
mean plant height (308.85 cm), and Cluster three had the highest mean stem diameter, grain weight per head, and thousand seed weight (13.6 cm, 61.3 g, and
31.25 g, respectively). As a result, the mutant line that belongs to this cluster could be screened for the selection of high yielding sorghum plants (Table 6).

Table 6
Cluster Centroids

Traits Cluster 1 Cluster 2 Cluster 3 Cluster 4 Grand centroid

PH 207.952 89.435 125.400 308.857 162.718

FD 88.563 87.487 90.057 87.262 88.330

MD 113.983 116.515 121.897 121.548 116.587

SD 13.114 12.982 13.606 13.173 13.148

GW 59.155 67.185 61.299 53.452 61.781

TSW 31.254 31.363 31.252 30.416 31.230

PH: Plant height, FD: Flowering date, MD: Maturity date, SD: Stem diameter, GW: Grain weight, TSW: Thousand seed weight

Principle component analysis (PCS)
Table 7 shows the traits that helped to distinguish the different treated mutant populations. Plant height is the largest group with negative loading on PC1,
while grain weight per head (0.665) is the largest group with positive loading on PC1 (-0.397). In mutant lines, the maturity date (0.709) showed positive
loading. For plant height PC3 and PC4 are the main groups with positive loading 0.52 and 0.668 %, respectively. The latent roots (Eigen value) of the six
derived principal components PC1, PC2, PC3, PC4, PC5 and PC6 from the original data were more than one, accounting for 21.1, 65.3, 17.1, 52.8, 11.8, 10.8 %
of the total variation in the mutant population, respectively. As a result, the original data set's overall variance is broken down into independent components,
with their combined variation of 53.1, 54.4, 61.5, 77.4, 89.2, and 98 %, respectively. The loading plots of the biometrical traits in PC2 and PC4 clearly
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demonstrated that yield-related traits had made a signi�cant contribution to the overall genetic variance. For the observed quantitative traits, the distribution
pattern also showed that there was a large amount of heterogeneity among the mutant populations.

Table 7
Principal components analysis showing the contribution of six quantitative traits among the sorghum mutant lines
Traits Principal components (PCS)

PC1 PC2 PC3 PC4 PC5 PC6

Plant height (cm) -0.397 -0.013 0.512 0.668 -0.132 -0.343

Flowering date 0.227 0.569 0.472 -0.087 0.628 0.010

Maturity date 0.052 0.709 0.005 -0.141 -0.683 -0.093

Stem diameter (mm) -0.151 0.370 -0.717 0.399 0.319 -0.254

Grain weight (gm) 0.665 -0.192 -0.001 0.013 -0.053 -0.719

1000 seed weight (gm) 0.568 0.022 -0.022 0.606 -0.134 0.540

Eigen value 2.389 1.2764 1.0261 0.9508 0.7084 0.6494

Proportion (%) 0.231 0.653 0.171 0.528 0.118 0.108

Cumulative (%) 0.531 0.544 0.615 0.774 0.892 0.980

In bold and italic fonts, the group traits with the highest positive and negative loading were displayed, respectively.

 

Discussion
Plant breeders use mutation induction, a powerful technique to establish genetic diversity in any crop with a higher frequency than random mutations
(Roychowdhury and Tah, 2013). This variability can be used to pick desired characteristics. Mutagens may affect all parts of the plant, either decreasing or
increasing plant traits in comparison to their parents. Their impact may either shorten or lengthen the plant's life cycle. The best concentration for high
frequency mutations has been calculated to be LD50 for arti�cially induced mutations using physical or chemical mutagens (Mohamed et al., 2020). The LD50

was determined in the current studies based on seed germination at various EMS concentrations and treatment times. The LD50 of two sorghum varieties,
Argity and Dekeba, was determined to be 0.25% EMS in both cases. Similarly, Wanga et al. (2020) reported that the optimum EMS concentration in sorghum
was 0.20–0.3% with an 8-hour treatment period. The variation in EMS LD50 for two varieties of the same species was found to be very different, implying that
it may vary from genotype to genotype (Table 1). It may be due to the fact that their genetic makeup is different. Thange et al. (2021) reported 0.2% EMS and 8
hour exposure time to be optimum (LD50) for sorghum species, which is lower than our �ndings. In general, 0.25% and 8 hrs exposure time were found to be
the best conditions for our bulk EMS sorghum mutagenesis. Higher mutagen concentrations, on the other hand, were associated with a higher mutation
frequency. When lower concentration of EMS (0.10%) was used, the survival rate of treated plants was higher, but the mutation rate was low as also reported
by Sohail et al. (2020). The �ndings of this study may be used in the development of sorghum mutation breeding programs.

The lethal doses of mutagens were discarded to ensure a high prevalence of desirable mutations since the aim of this study was to grow a large mutagenized
population to allow successful screening of high yielding, biotic and abiotic stress resistant mutants. The seed germination inhibition may be due to mutagen
interaction with auxin synthesizing enzymes (Kamali, 2020). Pollen grain structure and physiology are genetically regulated, and any abnormal meiotic cycle
can cause signi�cant changes in pollen properties. Pollen fertility has been con�rmed to be reduced after mutagen treatments in sorghum (Dhaka et al., 2020).
The pollen sterility percentage was found to be signi�cantly lower in the M3 generation than in the M2 generation, which explains how the recovery mechanism
works between the two generations. In both sorghum types, the survival rate at maturity decreased as the mutagen dose was increased. These results back up
previous sorghum research (Hao et al., 2021). Plant survival at maturity can be reduced as a result of disrupted physiological processes or cytological damage
(Oliver et al.,

2020).

Increased mutation frequency is needed for crop improvement in mutation breeding. The selection of the best mutagen and concentration is crucial for
obtaining desired mutations at the highest rates. Both sorghum varieties had a deferential response to EMS treatment. The different chlorophyll-de�cient
mutants found in M2 generation, such as albino, chlorine, xantha, tigrina, and xanthavirids, were classi�ed (Fig. 4). Sorghum showed similar patterns of higher
chlorophyll mutation frequency with increasing EMS mutagen dose (Ramkumar et al., 2019; Shi et al., 2020). The decrease in chlorophyll frequency from M1

to M3 may be due to mutation saturation, resulting in the exclusion of mutant cells during plant growth and generation. Albino and chlorina mutants were
found more frequently in both sorghum varieties in this study. The increased incidence of chlorophyll mutations demonstrates the synergistic effects of EMS
(Raina, 2018).

Several morphological mutants with altered �owering date, plant height, maturity date, stem diameter, grain per head, and thousand seed weight were
obtained in the M3 generation of sorghum in the current study. Despite the fact that the majority of the induced morphological mutants were uneconomical,
they can be used as a source of useful genes in hybridization program. The morphological mutants are useful in gene mapping and phylogenetic studies of
crops (Jiao et al., 2018). The induction of morphological mutants may be due to mutagen-induced chrsomosomal irregularity or the pleiotropic effects of
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mutated genes (Raina and Khan, 2020). The latest study of morphological mutants found a wide range of frequency and spectrum both between and within
varieties. Some of the morphological mutants screened in this study (early maturity, dwarf, bold seeded, and seed color) can be used as a source of useful
genes or as parents in cross breeding programs. Dwarf mutants, such as those found in this study, have previously been documented in sorghum (Sohail et
al., 2020). The morphological mutants generated in this study were stable, non-segregating and true breeding. The strength of a linear relationship between
two traits that is considered a function of selection, gene linkage, and pleiotropy (Sohail et al., 2020). The correlation coe�cient of six quantitative traits was
used to characterize the 192 mutant populations of the two sorghum cultivars. The yield was found to have a strong positive and important correlation value.
Seeds per head are found to have the highest trait association with yield. The number of grains per head and the �owering date were also positively and
substantially related to yield. The associated traits may have a direct effect on yield by adding to the amount of food synthesized by the plant during
photosynthesis or plant physiological activities. As a result, during the mutation breeding experiment on sorghum, selection for these traits should be given
equal weight to yield (Mengistu et al., 2020).

The phenotypic characterization of the mutant population in relation to the parents is a critical part of the mutation breeding program, and a thorough
evaluation of the various interrelated traits, especially quantitative traits, is essential for successful selection. It was also proposed that statistical grouping
methods be used to identify and classify mutants that came from the same parents (Huong et al., 2020). Multivariate analytical techniques such as cluster
analysis and principal component analysis analyze several measurements on each population in order to determine genetic diversity, regardless of
morphological data. Many authors have identi�ed cluster analysis and principal component analysis as valuable statistical tools for sorting out multiple
interrelated populations in plant breeding (Silva and Vermerris, 2020). Multivariate analysis was used in this study to estimate the induced diversity produced
in the mutagenized population as compared to the control population. To con�rm the probability of selection on the basis of yield traits, the percentage of
variation explained by the yield trait is calculated. Cluster analysis and principal component analysis were used to simplify data for selection, as multivariate
analysis is essentially a data reduction technique to increase breeding accuracy. To group the population based on their responsiveness to the six phenotypic
markers, cluster analysis was performed on the treated and control populations. The principal component analysis was used to construct a community of
phenotypic markers based on the responses of various populations to correlation.

In mutation breeding, the cluster that is the most distinct from the parental cluster can be used to select mutants in subsequent generations. The current
breeding experiment used cluster analysis to split the mutant population into separate clusters that differed greatly from the respective controls. The
mutagenic treatments resulted in heterogeneous populations in the two parental lines studied. In addition, members within clusters are genetically closer, while
members in different clusters are separated by a greater distance. Principal component analysis of yield-related traits in M3 populations was used in this study
to categorize representative traits for phenotypic characterization of mutated sorghum populations and, as a result, to identify superior high-yielding plants for
breeding in the next M4 generation. The major contributors to the genetic divergence were discovered to be yield per plant and plant height. Therefore, further
selection on these traits in the following generation which lead to the isolation of more diverse yield trait mutants is important. Eniyih (2021) also indicated
that the PCA could be very useful in identifying suitable lines for breeding purposes. According to the �ndings, quantitative phenotypic markers can be used to
make a preliminary assessment of genetic diversity. The high GCV, high heritability, and genetic advance in the selected mutagenised population compared to
respective parents showed the wide possibility of selection for improving yield traits in sorghum cultivars. Flowering date, grain yield per plant, and thousand
seed weight (g) all have a strong and positive correlation with yield, according to character association studies. In the sorghum cultivars Argity and Dekeba,
hierarchical cluster analysis divided the population of treatments and controls into four primary clusters. As a result, mutants must be selected based on a
larger inter-cluster distance compared to controls and superior mean yield and yield portion e�ciency. The results of the induced mutation evaluation for yield
traits revealed that the various mutagenic treatments resulted in substantial inter-population divergence. The PCA showed that the yield trait contributed the
most to divergence in mutant populations, indicating that the yield trait reacted well to mutagenic treatments and could be used to select high-yielding
mutants. As a result, prospective breeding programs for creating elite mutant cultivars should expect high yielding mutant selection from these populations.
Because of the high prevalence and wide variety of phenotypic mutations present in this population, it may be a useful source for screening desired sorghum
mutants for forward and reverse genetic studies. In addition, the divergent populations could be used in a hybridization program to produce desirable
segregants in future generations.
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Figures

Figure 1

Germination rate plotted against EMS concentration and treatment time.
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Figure 2

Clustering of mutant lines and control

Figure 3

Dendrogram complete linkage, Euclidian distance of mutant lines
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Figure 4

Phenotypic variation on plant architecture observed in M2 mutants: (A) Yelow zebra bands (B) Yellow leaf (C) White zebra cross bands (D) Spot leaf lesion (E)
Yellow splotch leaf (F) Narrow leaf (G) Leaf rolling (H) Death before �owering (I) Control (J) Albino at seedling stage


