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Genetic Diversity of Sweet Sorghum [Sorghum bicolor (L.) Moench] Accessions from 

Ethiopia using Simple Sequence Repeat Markers 

 

Melkamu Genet Worku 

June 2024, Jimma University, Jimma, Ethiopia 

ABSTRACT 

Sweet sorghum is a cereal crop that can grow for multiple purpose uses. Despite its global 

significance and potential, it faced genetic erosion, due to its low productivity and low 

farmers’ preferences over grain sorghum, which is not considered as one of the most 

important cereal crops in Ethiopia. To utilize and popularize this crop, understanding the 

genetic diversity and population structure is a pre-request. Therefore, this study aimed to 

assess the genetic diversity and population structure of 82 Ethiopian sweet sorghum 

accessions that represents seven geographic regions of Ethiopia using 15 simple sequence 

repeat markers. The study revealed a total of 116 alleles with a mean of 11.6 alleles per locus 

being amplified. Ten microsatellite loci were highly polymorphic with polymorphic 

information content (PIC) ranging from 0.75 to 0.90 and an average of 0.82. They showed 

high gene diversity ranged from 0.59 to 0.81 with a mean of 0.70. There was moderate 

genetic differentiation (FST = 0.21), showing the presence of high gene flow where 90% of 

the total variation was accounted for among accessions and 5% accounted for genetic 

variability between populations. The clustering, principal coordinate analysis (PCoA) and 

population structure did not cluster the studied populations into separate groups according 

to their geographical origin due to the presence of high gene flow (Nm = 5.033). In 

conclusion, from the evaluated loci the highest private alleles were observed among 

populations in North Wollo and Kaffa, and hence these areas can be considered hot spots for 

the development of improved varieties with unique traits that are well-suited to the local 

agricultural practices. 

Keywords: Ethiopia, Genetic Differentiation, Gene Flow, Population Structure, Sweet 

Sorghum 
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1. INTRODUCTION 

Sorghum (Sorghum bicolor (L.) Moench) belongs to the grass family Poaceae (Venkateswaran et al., 

2019). It is a diploid (2n = 20) self-pollinating crop with a genome size of 730 Mb (Ciampitti and 

Prasad, 2020). It is a short-growing day and a C4 crop that better tolerates diverse agroecology’s. It 

can be easily grown in tropical, subtropical, temperate, and semi-arid regions with poor soil 

quality (Mathur et al., 2017). It has both cultivated and wild races and it has a high genetic 

variation for traits of agronomic importance (Hart et al., 2001). Sweet sorghum was 

originally proposed by Clayton in 1961 as cultivated Sorghum bicolor (L.) Moench, which is 

at present more selective due to the high production of biomass and sugar in stem juice 

(Srinivasa et al., 2013; López-Sandin et al., 2021). Like grain sorghum, it is cultivated by 

seeds. But it is taller than grain sorghum and known by the name tinkish in Ethiopia. 

 

Sweet sorghum is both a grain and stalk crop that can be used to make alcohol, syrup, 

jaggery, fodder, fuel, bedding, roofing, gardens, paper, and chewing (Ratnavathi et al., 2011; 

Jemal et al., 2019). In addition, it produces more fermentable raw sugar under marginal 

conditions that are unsuitable for sugar cane or beet production (Whitfield et al., 2012).  It 

accumulates these edible sugars up to 20–30% in its stalk juice (Waniska et al., 2004). The 

cultivation costs are also three times less than those of sugarcane (Reddy et al., 2005), 

making it an ideal raw material for bioenergy. In Ethiopia, sorghum is used for making injera, 

bread, feed, local beer production, and animal fodder, but sweet sorghum is mostly chewed 

for pleasure and nutrition (Disasa, 2016). Its leaves and stalks are used for animal feed, 

composting, and the building of houses.  

 

According to Jiang et al. (2019), the global marginal land suitable for sweet sorghum 

cultivation is 4 .8 billion hectares. It is grown in all regions of the world and in a variety of 

climate conditions, making it a very adaptable and tolerant plant (Smith and Frederiksen, 

2000; Srinivasa et al., 2013; Bruinsma, 2017). But it is widely cultivated in America, Brazil, 

India, China, Mexico, Sudan, Argentina, Asia, Europe, and Ethiopia (Mathur et al., 2017). 

Depending on cultivar, climate, location, and production practices, sweet sorghum yields can 

range from 32 to 112 Mg/ha of fresh biomass and from 15 to 25 Mg/ha of dry biomass 

annually (Ekefre et al., 2017). According to Yali and Began (2022), Ethiopia is the center of 

sweet sorghum origin and diversity, like grain sorghum. Grain sorghum is the third largest in 

area coverage next to maize and teff, and fourth in production after maize, teff and wheat 

(Welderufael, 2024). Its total area coverage was estimated to be around 1.66 million hectares, 
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whereas the estimated annual national production is about 4.2 million tons (FAOSTAT, 

2022). However, the precise hectares of sweet sorghum covering the area have not been 

determined in Ethiopia, even if in the world. 

 

Despite the importance of this crop, it produces low grain yields (Aruna et al., 2018), which 

discourage farmers interest in planting sweet sorghum. Moreover, sweet sorghum stems are 

more susceptible to insect attacks than grain sorghum due to sugar accumulation (Nasidi et 

al., 2019) and the diversity of sweet sorghum in Ethiopia is poorly understood. This leads 

severe yield and diversity losses. Sweet sorghum improvement is one of the alternative ways 

to overcome these constraints. Genetic diversity study for sweet sorghum is a critical step for 

improving sweet sorghum and conservation (Bouargalne et al., 2022). It can be determined 

using morphological and molecular differences existing among the populations (Enyew et al., 

2021). Morphological assessment is a simple method and a relatively straightforward process 

that evaluates the physical characteristics of organisms. However, it can be labor-intensive, 

time-consuming, highly affected by environmental factor, subject to temporary phenotypic 

changes, reveals only limited polymorphism and also it is difficult to assess at any stage of 

plant development (Hillis, 1987; Govindarajet et al., 2015; Chen et al., 2020; Mamo et al., 

2023). On the other hand, molecular assessment is the analysis of genetic information at the 

molecular level. It is unaffected by environmental factors, can be applied at any stage of plant 

development, and is also effective in distinguishing very closely related genotypes (Garcia et 

al., 2004; Rao et al., 2013). Therefore, it is more selective than the morphological method. 

Ritter 

 

Earlier investigations on the sweet and grain sorghum genetic diversity were conducted using 

random amplified polymorphism DNA (RAPD) analysis (Ruiz-Chután et al., 2019), 

Amplified fragment length polymorphism (AFLP) markers (Ritter et al., 2007), simple 

sequence repeat (SSR) markers (Disasa et al., 2016), express sequence tags (EST) SSR 

markers (Ramu et al., 2013), and SNP markers (Wondimu et al., 2021). From those types of 

markers, SSR markers are well-suited for assessing the genetic diversity of sorghum because 

they are reproducible, require a small DNA sample, exhibit high polymorphism, and can 

provide additional genetic information even for closely related cultivars, multi allelic nature, 

co-dominant nature, large number, and presence throughout the genome (Mangena et al., 

2018; Mamo et al., 2023). In addition, it is available or less costly, which makes it more 

selectable. 
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In Ethiopia, the Ethiopian Biodiversity Institute (EBI) has conserved 11,353 sorghum 

accessions collected from diverse agro-ecologies across the country (Tesfaye, 2017). 

However, sweet sorghum is not well characterized, and is currently difficult to distinguish 

from the grain sorghum in EBI. Therefore, it is difficult to utilize (Disasa et al., 2016), and 

the genetic diversity of most of its accessions in the collection remains molecularly 

uncharacterized. The diversity of sweet sorghum is also threatened by genetic erosion 

because of the limited of targeted conservation efforts and increase in grain sorghum 

production. Farmers prefer the production of grain sorghum due to its low productivity, and 

sweet sorghum was not considered to be among the important crops in Ethiopia. In addition, 

most studies in Ethiopia have focused on grain sorghum diversity, and no intensive study of 

sweet sorghum germplasm collected in Ethiopia has been reported. Furthermore, the genetic 

relationships and diversity of sweet sorghum are poorly studied under Ethiopian condition. 

Therefore, this study was aimed to quantify the genetic diversity present among 82 sweet 

sorghum accessions collected from different parts of Ethiopia using SSR molecular markers 

for breeding and conservation. 

 

Objective: 

 To quantify the genetic diversity and population structure of sweet sorghum accessions 

collected from different parts of Ethiopia using SSR molecular markers  
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2. LTERATURE REVIEW 

2.1. Taxonomy of Sorghum 

Sorghum [Sorghum bicolor (L.) Moench] belongs to the grass family Poaceae (Gramineae), 

subfamily Panicoideae, tribe Andropogoneae, and subtrbe Sorghinae (Kowal, 2017). The 

genus Sorghum was thought to have 20–30 known species so far, divided into five sections: 

Stiposorghum, Chaetosorghum, Eusorghum, Heterosorghum and Parasorghum. Three species 

are known in the section Eu-sorghum: S. propinquum (Kunth) Hitchc, S. halepense (L.) Pers, 

and S. bicolor (L.) Moench (Olani et al., 2021). Sweet sorghum belongs to the domesticated 

species [Sorghum bicolor (L.) Moench], and their chromosome numbers are 2n = 2x = 20 in 

diploids and 2n = 4x = 40 in tetraploids (Mathur et al., 2017; Bednářová et al., 2021). 

Wild Sorghum bicolor is diverse in its morphology and ecology. It could serve as a source of 

new genes and offer an untapped wealth of novel traits against new pests or changing abiotic 

conditions. In addition, S. bicolor has three subspecies, including Subsp. Bicolor (all 

cultivated sorghums), S. bicolor verticilliflorum (cultivated sorghum-wild stem cells), and S. 

bicolor drummondii (Murray, 2009; Mathur et al., 2017). Furthermore, based on the grain 

shape, glume, and panicle, cultivated varieties of Sorghum bicolor have been classified into 

five basic races, including bicolor, guinea, caudatum, kafir, and durra (Mathur et al., 2017). 

Except Kaffir, all other sorghum races are found in Ethiopia (Olani et al., 2021). Farmers in 

Ethiopia use several folk names to differentiate the many types of sorghum growing there. 

The name system is based on their physical appearance (Regasa, 2021).  

2.2. Origin and Distribution of Sorghum   

The wild sorghum used as food/domestication was started around 4000–3000 BC in Ethiopia 

and surrounding countries (Dillon et al., 2007). It is believed that Ethiopia is the primary and 

India is the secondary centre of its diversity. But it was notorious and controversial to know 

and point out the exact regions for sorghum domestication and cultivation (Venkateswaran et 

al., 2019). Moreover, the presence of a wide range of wild sorghum relatives in Sudan and 

Ethiopia is further strengthening their centers of origin (Reddy et al., 2006). Sorghum was 

distributed throughout Africa and the globe, mostly by trade routes. Human migration also 

helped spread sorghum from east Africa to southern and eastern Africa (Ananda et al., 2020). 

Sorghum has gained popularity and economic importance in Indian agriculture (Kleih et al., 
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2000), leading to India being identified as the second hub for sorghum diversity (Misganaw 

et al., 2023). 

Sweet sorghum has a multiphylum origin (more than one ancestor) and is known to be 

present in all the five major races of Sorghum bicolor [L.] Moench: bicolor, guinea, 

caudatum, kafir, and durra (Ritter et al., 2007; Dube and Maphosa, 2022). Due to this, its 

emergence as a specific variety of S. bicolor is not clear and cannot be clearly separated from 

grain sorghum lines.  Moreover, sweet sorghum was mostly grouped in the race bicolor 

(Mathur et al., 2017). Similarly to grain sorghum, sweet sorghum originated in Africa but is 

more known in Ethiopia (Srinivasa et al., 2013). Then, it was distributed along the trade and 

shipping routes around the African continent and elsewhere in the world (Dicko et al., 2006; 

Mathur et al., 2017). The ecological distribution and major growing regions/zones of 

Ethiopian sorghum races are presented in Table 1. 

Table 1: Ethiopian sorghum races presented according to their ecological distribution 

(modified from Olani et al., 2021). 

Ethiopian  

sorghum races 

Ecological distribution Major growing 

regions/zones 

DURRA Eastern highland regions and mid-

elevation terraces of       the north 

North Wollo, South Wollo, 

and East Harergie 

CAUDATUM Hot, dry valleys and lowland savannas 

in north and west Ethiopia 

Metekel, Central and South      

Tigray, and Gambella  

GUINEA Rift Valley regions of Ethiopia North Shewa 

BICOLOR Rift Valley regions of Ethiopia  West Showa 

2.3.  Production and Constraints of Sweet Sorghum in Ethiopia 

In Ethiopia, sorghum is the third most important food cereal after maize and teff in terms of 

the total number of farmers, area, and grain production (Yali and Began, 2022). Sweet 

sorghum was cultivated in Ethiopia as early as 200 AD. However, large-scale cultivation of 

sweet sorghum is not common in most regions of Ethiopia. In most cases, a small amount of 

seed is mixed with grain sorghum or maize and planted on a limited plot of land (Gerrano et 

al., 2014; Disasa et al., 2017).  
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In Ethiopia, biotic and abiotic factors, primarily drought and a parasitic weed called Striga 

(Striga spp.) in the lowland climate, have hampered the yield and quality of sorghum 

productivity. Drought stress is a common occurrence that poses serious challenges to 

sorghum productivity; in particular, late-maturing sorghum landraces suffer as a result of the 

prolonged dry spell during the early stages of plant growth. In lowland ecosystems, the 

increasing prevalence of Striga spp., combined with extreme moisture stress, complicates 

varietal growth and sorghum production (Derese et al., 2018; Degebasa et al., 2022). 

Moreover, the lack of study on the genetic diversity and population structure of sweet 

sorghum as one of the main problem in sorghum production in Ethiopia to overcome the 

above constraints and to make sweet sorghum as popular production by farmers. 

2.4.   Importance of Sweet Sorghum 

Sweet sorghum Known as a "camel crop" and also known as a "smart" crop by many farmers 

and researchers due to its well-adapted to the arid and semi-arid tropics (Mokariya and 

Malam, 2020).  It tolerates drought and uses water very efficiently. It is a multipurpose crop 

that produces food, animal feed, fodder, chewing, syrup production, and biofuel (Mathur et 

al., 2017; Roger and Willis, 2019; Dube and Maphosa, 2022). It can be an alternative 

feedstock for biofuels because of its high sugar content in the stalks and low input 

requirements without affecting food or feed security (Srinivasa et al., 2013; Mathur et al., 

2017). Its grains can also be used as a gluten-free substitute for wheat or corn flour. Its whole 

part of the crop has economic importance (Mathur et al., 2017).   

Sweet sorghum is a sustainable cereal crop due to its rapid growth, higher biomass 

production, sugar accumulation, adaptation to wider abiotic conditions, and cheaper 

production costs compared to other energy and cereal food sources (Reddy and Reddy, 2003). 

It can also be used to remove cadmium from polluted soil due to its heavy metal tolerance, 

offering phytoremediation potential (Xiao et al., 2021). Due to its versatility, adaptability, 

biofuel potential, economic benefits, and sustainability, it is an important crop, particularly 

for Sub-Saharan Africa, where it can promote resilience in rural livelihoods (Dube and 

Maphosa, 2022). It is mostly used for chewing in Ethiopia. 

2.5. Genetic Diversity of Sweet Sorghum  

Sweet sorghum is predominantly self-pollinated C4 grass and possesses extraordinary 

germplasm diversity (Sudhakar et al., 2016; Hazarika et al., 2021; Herniwati et al., 2024). 

But it can also accept pollen from other sweet sorghum plants (cross-pollination) by means of 
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wind or insect transfer in ranges from 5% to 15% with an average of about 6% (Prabhakar et 

al., 2022).  

Genetic diversity refers to the genetic variation that exists within a population or species. 

There is a broad diversity of landraces mainly grown by farmers and used for sorghum 

improvement in the region in response to different constraints. Landraces are important 

genetic resources and possess stress tolerance genes that can be used in sorghum breeding 

programs because they are adapted to harsh conditions (Disasa et al., 2016). The germplasm 

collection is a priceless genetic resource for various breeding programs. Plant breeders must 

study genetic diversity within and between collections and accessions to fully utilize these 

genetic resources in gene banks. This is important for the efficient use and allocation of 

genetic resources in breeding projects and to minimize the handling of duplicated or closely 

related accessions (Yahaya et al., 2023). 

The wide diversity is found within and among the sorghum genotypes at both the phenotypic 

and genotypic levels. The genetic diversity of crop species is a gift of nature and arises due to 

geographical separation, genetic barriers to interbreeding, and human-mediated effects (Sinha 

and Kumaravadivel, 2016; Khalsa, 2013). Progress in plant breeding depends on variation 

because superior genotypes cannot be obviously selected from homogenous populations, but 

homogeneity is desirable in the end product of the agricultural variety. Success in improving 

adaptation requires that the selected population be genetically diverse (Disasa et al., 2016). 

The pattern of genetic variation is an important part of the collection and conservation of 

genetic resources and the process of crop improvement, including the selection of parents to 

generate new genetic recombination (Desmae et al., 2016).  

Assessment of genetic diversity within and between plant populations is performed using 

various techniques, such as morphological and molecular marker analysis (Govindaraj et al., 

2015). Any type of marker to be applied in assessing diversity among accessions will depend 

on the crop species, lab infrastructure and cost, technical expertise, suitability for the specific 

study, and the desired results (Ebraheim, 2016). 

2.5.1. Morphological marker 

Morphological marker analysis involves evaluating the physical characteristics of sweet 

sorghum plants, such as plant height, leaf shape, panicle size, and seed color, and is generally 

scored visually. It is the easiest and cheapest method for estimating genetic diversity 



 

8  
 

(Prajapati et al., 2018). There are several undesirable factors that are associated with 

morphological markers. The first is the high dependency on environmental factors. Often, the 

conditions in which a plant is grown can influence the expression of these markers and lead 

to false determination (Dido et al., 2020). Second, these mutant traits often have undesirable 

features such as dwarfism or albinism. And lastly, performing breeding experiments with 

these markers is time-consuming, labor-intensive, and the large populations of plants require 

large plots of land and/or greenhouse space in which to be grown (Stuber et al., 1999).  

2.5.2. Molecular Marker  

Molecular markers play an important role in the conservation and utilization of sorghum 

genetic resources and have been used in many sorghum breeding programs. These markers 

aid in the identification of distinct lines and the mapping of genetic regions that govern 

desirable traits, enabling marker-assisted breeding. They provide more reliable and consistent 

information about the genetic diversity of closely related genotypes as compared to 

morphological and biochemical markers. This is due to their ability to directly assess 

variations at the DNA level (Disasa et al., 2016).  

There are different types of DNA markers, such as amplified fragment length polymorphism 

(AFLP), restriction fragment length polymorphism (RFLP), simple sequence repeats (SSRs), 

and single-nucleotide polymorphism (SNP). Simple sequence repeats (SSRs) are the most 

widely used marker for plant variety characterization and diversity analysis, especially in 

cultivated species that have low levels of polymorphism (Dhaliwal et al., 2014). They are 

short tandem repeat motifs, usually consisting of 1–6 bp of nucleotides. Forward primers 

amplify exon regions, while reverse primers amplify intron and promoter regions. Their 

polymorphisms result from variation in the length of their exons, introns, promoters, and 

spacers, both between individuals and between species (Lekgari and Dweikat, 2014). Most 

researchers have reported SSR markers to be very useful to analyze the structure of 

germplasm collection due to the following advantages: ease of detection through polymerase 

chain reaction (PCR), being reasonably inexpensive, abundant, codominant, multiallelic, 

highly polymorphic, and chromosome-specific (locus-specific), being easily detected without 

the use of radioisotope techniques needed with RFLPs, being highly discriminative compared 

to AFLPs and RFLPs, being highly reproducible, and being highly informative (Schloss et 

al., 2002; Ali et al., 2008; Mason, 2015). 
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2.6.  Genetic Diversity of Grain and sweet Sorghum using SSR Markers  

Due to the ease of detection through polymerase chain reaction (PCR), it’s reasonably cost, 

and the high level of polymorphism, most researchers have adopted the SSR marker 

polymorphism (Mangena et al., 2018). Up to know a number of studies have confirmed the 

effectiveness of SSR for the genetic diversity of grain sorghum. The study conducted by 

Nemera et al. (2022) has shown the genetic diversity of eighty sorghum accessions by using 

11 SSR markers. The result generates 70 alleles across 80 sorghum accessions with an 

average of 6.36 alleles per marker. The PIC ranges from 0.50 to 0.86, and the genetic 

diversity values range from 0.51 to 0.77. Analysis of Molecular Variance (AMOVA) 

revealed 93.26% of the total genetic variation within populations and 6.74% among 

populations. Cluster analyses did not show clear grouping of accessions according to their 

geographical origins, confirming gene flow (Nm =6.65) among populations. In conclusion, 

the SSR markers used were polymorphic and highly informative, suggesting possible target 

populations for breeding and conservation. 

 

According to Regasa (2021), Mamo et al. (2023), and Misganaw et al. (2023), they studied 

the genetic diversity of 81,100 and 92 Ethiopian sorghum accessions by using 13, 15 and 12 

microsatellite loci, respectively. All the used SSR markers were polymorphic and resulted in 

a total of 70, 10 and 77 alleles with a mean of 5.4, 7.2 and 0.76 alleles per locus and a PIC 

ranging from 0.49 to 0.78 with an overall mean value of 0.69, from 0.68 to 0.89 with a mean 

of 0.80, and similarly from 0.66 to 0.82 with a mean of 0.76 on the respective author’s order. 

At the same time, Regasa (2021) reported the presence of moderate genetic differentiation 

(FST = 0.10) in which 90.46% of the genetic variation was accounted for within populations 

and only 9.54% was contributed by among populations. And also, Misganaw et al. (2023) 

reported the existence of large genetic differentiation (FST = 0.21), where 90% of the total 

variation was accounted for within population, leaving only 10% for among population 

variation. Similarly, Regasa (2021), UPGMA-based clustering, PcoA and structure analysis 

did not group the individuals sharply into genetically distinct clusters according to their 

geographical areas, indicating the presence of a higher gene flow (Nm = 2.37). Together, 

these results provide important insights into the importance of SSR for genetic diversity 

studies in sorghum improvement programs and conservation measures. Disasa et al. (2016) 

studied the genetic diversity between 202 Ethiopian sweet sorghum accessions and improved 

accessions from eastern and southern Africa by using 13 SSR markers. A total of 159 alleles 
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were identified with an average of 12.23 alleles per marker, ranging from 5 alleles to 17 

alleles. The mean of the PIC value over the 13 SSR markers averaged 0.69, ranging from 

0.37 to 0.85. Ethiopian accessions revealed a higher average number of alleles (9.5) than 

improved sweet sorghum (7.1). Ethiopian accessions were also significantly richer in private 

and rare alleles. The 202 accessions from both weighted neighbor joining-based clustering 

and hierarchical clustering were grouped into three major clusters based on geographical 

origin. Ethiopian accessions from the north (south Tigray and north Wollo) not only clustered 

separately from accessions from eastern and western central Ethiopia, but were also distinct 

from most of the improved genotypes. 

Zheng et al. (2021) and Tiendrebéogo et al. (2022) studied the genetic diversity of 32 sweet 

sorghum and 34 both sorghum type accessions by using phenotypic and 43 and 15 SSR 

markers. Average 1.7 and 3 alleles were detected per locus, and PIC varied from 0.06 to 0.49 

and 0.12 to 0.63 with a mean of 0.43, respectively). At the same time, the germplasm 

resources were divided into 4 groups, and group IV exhibited a wide distribution of spike 

type high grain yields, and a high brix rate.  

Nerbewende et al. (2018) studied the genetic diversity of 93 Burkina Faso sweet grain 

sorghum accessions by using 15 polymorphic microsatellite markers. This authors reports a 

total of 49 alleles were detected with an average of 3 alleles per locus, a moderate Nei 

diversity of 0.474, a low level of heterozygosity (0.031) in the collection, and a very high 

Wright's fixation index (Fis) of 0.934. The accessions were organized into three genetic 

groups: A, B and C. Groups A and B was the farthest, with an Fst and a genetic distance of 

0.37 and 0.22, respectively, whereas Groups B and C were the closest, with an Fst (genetic 

differentiation) of 0.279 and a genetic distance of 0.142. 

According to Olweny et al. (2014), Lekgari and Dweikat (2014), and Mangena et al. (2018), 

they studied the genetic diversity of 86,142 and 18 sweet sorghum accessions by using 11, 33 

and 25 SSR markers. A total of 86, 84 and 106 alleles were detected with a mean of 8, 2.90 

and 4.46 per locus, respectively. The mean PIC values of SSR markers were 0.53, 0.52 and 

0.56, ranging from 0.09 to 0.89, 0.22 to 0.75 and 0.00 to 0.39, respectively. Neighbor joining 

clusters of 142 sweet sorghum accessions into five major groups using SSR based on their 

origin (Lekgari and Dweikat, 2014). Clustering analysis of sweet sorghum genotypes into two 

distinct clusters based on the genetic similarity (GS) group (Olweny et al., 2014) and cluster 
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analysis using UWPGM grouped the 18 genotypes into three distinct clusters (Mangena et 

al., 2018). 

Wang et al. (2009), Ali et al. (2008) and Nerbewende et al. (2018) studied the genetic 

diversity of 96, 68 and 93 sweet sorghum accessions by using 95, 41 and 15 SSR markers. A 

total of 705, 132 and 49 alleles were detected with an average of 7.6, 3.22 and 3 alleles per 

locus with the mean PIC value was 0.54, 0.40 and, respectively. The sorghums were 

generally clustered by geographic origin using both population structure and nMDS methods 

into four branches (Wang et al. (2009)). 

In addition, Ali et al. (2008), infers that the genetic similarity coefficient was estimated based 

on the segregation alleles with clustering analysis based on genetic similarity (GS) grouped 

the 72 sorghum accessions into 10 distinct clusters. 
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3. MATERIALS AND METHODS 

3.1. Plant Material  

A total of 82 sweet sorghum accessions were used in this study. From the total 82 accessions, 

six were cultivars released in 2019 and obtained from Melkassa Agricultural Research Center 

(MARC). The rest were collected from different sweet sorghum growing areas of Ethiopian 

farmers field (Table 2). They were distinguished from grain sorghum based on the sweetness 

of the stalk. Based on their source of geographic origin, they were categorized into seven 

populations, such as: North-Wollo, South-Wollo, Oromo special zone, Melkassa, Asossa, 

Metekel and Kaffa populations.  

Table 2: Lists of Sweet sorghum accessions used in diversity study, collection areas and 

regions 

Entry Accession 

Code 

Collection  

year 

District Geographic zone Region 

1 G001 2023 Gubalafito North Wollo Amhara 

2 K002 2023 Kobo North Wollo Amhara 

3 G003 2023 Gubalafito North Wollo Amhara 

4 H004 2023 Habiru North Wollo Amhara 

5 K006 2023 Kobo North Wollo Amhara 

6 H007 2023 Habiru North Wollo Amhara 

7 HOO8 2023 Habiru North Wollo Amhara 

8 G0010 2023 Gubalafito North Wollo Amhara 

9 K0012 2023 Kobo North Wollo Amhara 

10 K0013 2023 Kobo North Wollo Amhara 

11 G0074 2023 Gubalafito North Wollo Amhara 

12 H0015 2023 Habiru North Wollo Amhara 

13 K0016 2023 Kobo North Wollo Amhara 

14 H0076 2023 Habiru North Wollo Amhara 

15 RK0019 2023 Kobo North Wollo Amhara 

16 K0022 2023 Kobo North Wollo Amhara 

17 H0023 2023 Habiru North Wollo Amhara 

18 

19 

KOO24 

GOO52 

2023 

2023 

 

Kobo North Wollo Amhara 

Gubalafito North Wollo Amhara 
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20 G0033 2023 Gubalafito North Wollo Amhara 

21 K0072 2023 Kobo North Wollo Amhara 

22 H0034 2023 Habiru North Wollo Amhara 

23 H005 2023 Habiru North Wollo Amhara 

24 G0040 2023 Gubalafito North Wollo Amhara 

25 H0042 2023 Habiru North Wollo Amhara 

26 K0044 2023 Kobo North Wollo Amhara 

27 G0047 2023 Gubalafito North Wollo Amhara 

28 K0048 2023 Kobo North Wollo Amhara 

29 H0053 2023 Habiru North Wollo Amhara 

30 H0055 2023 Habiru North Wollo Amhara 

31 K0056 2023 Kobo North Wollo Amhara 

32 G0059 2023 Gubalafito North Wollo Amhara 

33 H0062 2023 Habiru North Wollo Amhara 

34 G0064 2023 Gubalafito North Wollo Amhara 

35 K009 2023 Kalu South Wollo  Amhara 

36 K0011 2023 Kalu South Wollo  Amhara 

37 K0017 2023 Kalu South Wollo  Amhara 

38 K0020 2023 Kalu South Wollo  Amhara 

39 AM0025 2023 Ambasel South Wollo  Amhara 

40 AM0073 2023 Ambasel South Wollo  Amhara 

41 K0031 2023 Kalu South Wollo  Amhara 

42 K0032 2023 Kalu South Wollo  Amhara 

43 K0068 2023 Kalu South Wollo  Amhara 

44 H0035 2023 Kalu South Wollo  Amhara 

45 K0043 2023 Kalu South Wollo  Amhara 

46 AM0045 2023 Ambasel South Wollo  Amhara 

47 AM0046 2023 Ambasel South Wollo  Amhara 

48 K0049 2023 Kalu South Wollo  Amhara 

49 AM0051 2023 Ambasel South Wollo  Amhara 

50 K0054 2023 Kalu South Wollo  Amhara 

51 AM0063 2023 Ambasel South Wollo  Amhara 

52 AM0066 2023 Ambasel South Wollo  Amhara 
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53 D0067 2023 Dawachefa Oromo special zone  Amhara 

54 Da0021 2023 Dawachefa Oromo special zone  Amhara 

55 Da 0028 2023 Dawachefa Oromo special zone  Amhara 

56 Da0050 2023 Dawachefa Oromo special zone Amhara 

57 Da0057 2023 Dawachefa Oromo special zone  Amhara 

58 D0058 2023 Dawachefa Oromo special zone  Amhara 

59 Da0060 2023 Dawachefa Oromo special zone  Amhara 

60 Da0065 2023 Dawachefa Oromo special zone  Amhara 

61 A-2267-2 2022 Melkassa Melkassa Oromia 

62 Chelenko 2022 Melkassa Melkassa Oromia 

63 Gamballa 1107 2022 Melkassa Melkassa Oromia 

64 chiro 2022 Melkassa Melkassa Oromia 

65 Tilhun 2022 Melkassa Melkassa Oromia 

66 NTJ-2 2022 Melkassa Melkassa Oromia 

67 AA0069 2023  Abirham Asossa Benishangul-Gumuz 

68 AA001 2023 Abirham Asossa Benishangul-Gumuz 

69 AB002 2023 Bambasi Asossa Benishangul-Gumuz 

70 AS003 2023 saleg  Asossa Benishangul-Gumuz 

71 AS004 2023 saleg  Asossa Benishangul-Gumuz 

72 MD005 2023 Dangur Metekel Benishangul-Gumuz 

73 MD006 2023 Dangur Metekel Benishangul-Gumuz 

74 MD007 2023 Dangur Metekel Benishangul-Gumuz 

75 MP008 2023 Pawi Metekel Benishangul-Gumuz 

76 MD009 2023 Dangur Metekel Benishangul-Gumuz 

77 MD0010 2023 Dangur Metekel Benishangul-Gumuz 

78 B0070 2023 Bonga Kaffa  South West Ethiopia 

79 B0071 2023 Bonga Kaffa  South West Ethiopia 

80 B0011 2023 Bonga Kaffa  South West Ethiopia 

81 B0012 2023 Bonga Kaffa  South West Ethiopia 

82 B0013 2023 Bonga Kaffa  South West Ethiopia 
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3.2. Genomic DNA Extraction 

Ten seedlings from each sweet sorghum accession were grown in a pot at the greenhouse of 

Addis Ababa University. From each accession, healthy young 100 mg leaf samples were 

collected from two to three week-old plants. The collected leaves were rinsed with distilled 

water, blot dried, cut into 2cm length and placed in sterile mortar. It was quickly ground 

using a mortar and pestle in the presence of liquid nitrogen and transferred into a sterile 2ml 

Eppendorf tube using a sterile spatula. Then, the genomic DNA was extracted following 

cetyltrimethyl ammonium bromide (CTAB) protocol (Doyle and Dyle, 1987), with some 

modifications (Mekonnen et al., 2017). The 700μl pre-warmed (65°C) mix of 2% CTAB 

extraction buffer with 0.2 vol% β-mercaptoethanol was added in sample containing tube and 

incubated in a water bath at 65°C for 40 min. The samples were then centrifuged at 12000 

rpm for 10 minutes at room temperature and supernatant was transferred into a new 1.5ml 

centrifuge tube. Then 800μl of chloroform/iso-amayl alcohol (24:1) was added and shake 

vigorously and centrifuged at 12000 rpm for 10 min 26°C. After that, the 600μl of the 

supernatant was transferred into a new 1.5ml centrifuge tube and 60μl of 3M sodium acetate 

and 600μl of ice-cold isopropanol were added, then mixed by inverting the tubes 3-5 times 

and incubated at -20°C refrigerator for 1 hour. Then the solution was centrifuged at 12,000 

rpm for 10 min to pellet down DNA at 4°C. The Supernatant was discarded and the pellet 

was washed with 1ml of cold 75% ethanol with subsequent centrifugation at 12,000 rpm for 

10 min 4
o
c. The supernatant was discarded and the pellet was washed again with 1ml of 

absolute (100%) ethanol and centrifuged at 12000 rpm for 10 minutes 4°C.These alcohols 

were discarded and the pellet was air dried for 1:00 to 1:30 hours (inclined the tubes on clean 

tissue paper) and then the pellet was suspended in 100μl of 1X TE buffer for 1 hour at room 

temperature.  

3.3. Measuring of Genomic DNA Quality and Quantity  

The genomic DNA quality and quantity were evaluated on a 1% agarose gel by 

electrophoresis at 100 voltages (which was primarily mixed about 3 µl of DNA with 2 µl of 

loading dye) and with a Nanodrop spectrophotometer, respectively. The A260/A280 ratio 

was used to provide an estimate of DNA purity. The DNA sample with high band intensity 

and purity with 1.8 was used for further PCR analysis. Prior to PCR the genomic DNA was 

normalized by diluting the DNA concentration into 100ng/μl. 
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3.4. Selection of Microsatellite Markers 

Fifteen simple sequence repeats (SSRs) used in this study, which were previously mapped by 

Tirfessa et al. (2020), were selected based on their polymorphism and consistent 

amplification across accessions and genome coverage observed. The list of SSR markers, 

including primer sequences, information on repeat motif and length are given in Table 3.  

3.5. Polymerase Chain Reaction and Fragment Analyses 

All primers of annealing temperature were optimized by using gradient PCR. PCR 

amplification was performed in 11 µl reaction containing 4 μl of Master Mix (supplemented 

with all PCR reaction components such as MgCl2, PCR buffer, dNTPs, and TaqDNA 

polymerase, loading dye), 1 μl DNA, 0.5 μl of each of forward and reverse primer and 5 μl of 

double distilled water. The reaction was carried out using Prima-96™ Thermal Cycler 

(Applied Biosystems, USA) programmed at an initial denaturation of 94 °C for 4 minutes, 

followed by denaturation at 94 °C for 30 seconds, annealing at 54 °C up to 60°C (depending 

on the primer used) for 30 seconds, initial extension at 72 °C for 30 seconds and final 

elongation at 72 °C for 10 minutes.  After amplification, the 100 DNA marker ladder with a 

known reference band was mixed with 2μl of loading dye loaded in the first well and the PCR 

product loaded in  each remaining well of the PCR plate of 2% (w/v) agarose gel and 

electrophoresis was run for three hours at 100 volts. The DNA was documented and viewed 

with a UV transilluminator (Bio-Doc) after staining with ethidium bromide. 
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Table 3: SSR markers used for study of genetic diversity in Ethiopian sweet sorghum 

No Marker 

names 

Repeat motif Forward primer
 

Reverse primer Expected 

band size(bp) sequence TM
0
 GC% sequence TM

0
 GC% 

1 Xcup53 (TTTA)5 GCAGGAGTATAGGCAGAGG

C 

62.8 60 CGACATGACAAGCTCAAAC

G 

64.5 50 182-202 

2 Xtxp015 (TC)16 CACAAACACTAGTGCCTTAT

C 

56.4 42.8 CATAGACACCTAGGCCATC 57 52.6 197-273 

3 Xisep031

0 

(CCAAT)4 TGCCTTGTGCCTTGTTTATCT 63.4 42.8 GGATCGATGCCTATCTCGT

C 

63.5 55 158-219 

4 Xcup61 (CAG)7 TTAGCATGTCCACCACAACC 63.5 50 AAAGCAACTCGTCTGATCC

C 

63.2 50 189-204 

5 Xtxp012 (CT)22 AGATCTGGCGGCAACG 63.9 62.5 AGTCACCCATCGATCATC 58.3 50 143-215 

6 Xtxp321 (GT)4+(AT)6

+(CT)21 

TAACCCAAGCCTGAGCATAA

GA 

64.6 45.4 CCCATTCACACATGAGACG

AG 

65.6 52.3 180-252 

 

7 Xtxp057  (GT)21 GGAACTTTTGACGGGTAGTG

C 

64.5 52.3 CGATCGTGATGTCCCAATC 64.1 52.6 213-285 

8 Xtxp265 (GAA)19 GTCTACAGGCGTGCAAATAA

AA 

62.8 40.9 TTACCATGCTACCCCTAAA

AGTGG 

65.6 45.8 163-246 

9 Xtxp12 (CT)22 AGATCTGGCGGCAACG 63.9 62.5 AGTCACCCATCGATCATC 58.3 50 159-234 

10 Xtxp3 (CT)8+(CT)3

6 

AGCAGGCGTTTATGGAAG 60.4 50 ATCCTCATACTGCAGGAC C 59.1 52.6 170-236 

11 Xtxp114 (AGG)8 CGTCTTCTACCGCGTCCT 63.1 61.1 CATAATCCCACTCAACAAT

CC 

60.7 42.8 196-245 

12 Xtxp145 (AG)22 GTTCCTCCTGCCATTACT 56.5 50 CTTCCGCACATCCAC 56.6 60 148-243 

13 Xtxp273 (TTG)20 GTACCCATTTAAATTGTTTG

CAGTAG 

62.4 34.6 CAGAGGAGGAGGAAGAGA

AGG 

63.3 57.1 148-243 

14 Xtxp320 (AAG)20 TAAACTAGACCATATACTGC

CATGATAA 

61.6 32.1 GTGCAAATAAGGGCTAGA

GTGTT 

60.3 43.4 180-252 

15 mSbCIR

262 

(CATG)3.  GCACCAAAATCAGCGTCT 61.5 50 CCATTTACCCGTGGATTAG

T 

60.1 45 208-446 

NB: TM
0
, melting temperature in centigrade 
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3.6. Scoring 

Amplified products will be scored based on fragment band size compared with 100 DNA 

ladders (Wang and Hiruki 2001) by using Image Lab 6.1 software (https://www.bio-

rad.com/en-et/product/image-lab-software?ID=KRE6P5E8Z). Fragments with the same 

mobility were considered as identical fragments and treated as a unit character. DNA-

fragments that result in different gel patterns between samples or individuals are called 

polymorphic markers. The visible differences on the gel result from differences at the DNA 

level. 

3.7. Diversity Parameters and Analysis 

Analyses of genetic diversity and population structure were performed based on scored 

bands. Locus based diversity indices including the number of alleles (Na),  major allele 

frequency (MAF) and polymorphic information contents (PIC) were analyzed using Power 

marker version 3.25 (Liu and Muse, 2005). Effective number of alleles (Ne), Shannon’s 

information index (I), population differentiation (Fst), gene flow (Nm), observed 

heterozygosity (Ho) and expected heterozygosity (He) were analyzed using GenAlex version 

6.5 (Peakall and Smouse, 2015).  

3.7.1. Number of observed alleles  

Observed number of alleles is a measure of genetic diversity that simply counts the total of 

different alleles present at a specific locus within a population. It may be affected by the size 

of the sample.  With a larger sample size, there is a higher chance of observing a greater 

number of alleles. The average number of alleles per locus is the sum of all detected alleles in 

all loci, divided by the total number of loci. It was calculated as: 

      ⁄ ∑  

 

   

 

Where, 

K = the number of loci 

ni = the number of alleles detected per locus (De Vicente et al., 2004). 

3.7.2.  Effective number of alleles  

The effective number of alleles (Ne) is a crucial parameter to measure genetic diversity. It 

represents the number of equally frequent alleles required to achieve a specific level of gene 
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diversity. It allows for the comparison of populations with varying numbers and distributions 

of alleles. The formula to calculate the effective number of alleles is: 

          ⁄  

Where, Ne is the effective number of alleles and He is expected heterozygosity or gene 

diversity (De Vicente et al., 2004).  

The effective number of alleles (Ne) with high values indicates a high level of genetic 

diversity, and low values suggest a low level of diversity. The mean Ne is affected by various 

factors, such as the genetic markers used, the population under study, and the level of genetic 

diversity present in the samples analyzed (De Vicente et al., 2004; Kanaka et al., 2023). 

3.7.3.  Heterozygosity 

Heterozygosity refers to the condition of having two different alleles at a locus. It is a 

common way of measuring genetic diversity (Allendorf, 2014). 

The expected heterozygosity (He) or gene diversity (D) is the probability that an individual 

will be heterozygous at a given locus. It ranges from 0 to 1. It can be calculated as: 

Gene diversity (excepted heterozygosity) was estimated using the following formula 

(Höglund, 2009): 

     ∑      

Where, pi is the frequency of the i
th

 allele at a locus. 

The observed heterozygosity (Ho) is the fraction of heterozygous individuals in a population. 

It is calculated as the number of homozygotes divided by the number of individuals without 

missing data. It is represented as: 

             
           

                      
 

Where, Ho is observed heterozygosity. He is less susceptible to sample size than observed 

heterozygosity, and it is estimated to characterize genetic diversity in crops (De Vicente et 

al., 2004). 

3.7.4. Wright’s F-statistics 

F-statistics, also known as fixation indices, are widely used measures in population genetics 

to characterize population structure in natural populations. F-statistics provide information 
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about the distribution of genetic variation within and among populations. They quantify the 

degree of genetic differentiation or subdivision among populations, as well as the extent of 

inbreeding or relatedness within populations (Wright, 1951).  

There are several F-statistics, including FST, FIS, and FIT, which are commonly used in 

population genetics studies. (1) FST measures the proportion of genetic variation that is due 

to differences among populations relative to the total genetic variation. It indicates the degree 

of genetic differentiation among populations. A high FST value suggests significant genetic 

differentiation, while a low value indicates genetic similarity among populations. (2) The 

inbreeding coefficient (Fis) is a measure that represents the probability that two alleles, 

randomly selected from an individual, are identical by descent (IBD) relative to a base 

population. It quantifies the level of inbreeding within a population or an individual. A higher 

inbreeding coefficient indicates a higher probability of inheriting identical alleles from 

common ancestors, which can increase the risk of deleterious traits and homozygosity but 

reduce genetic diversity (Zhang et al., 2015; Villanueva et al., 2021; Kanaka et al., 2023). (3) 

FIT (Global Inbreeding Coefficient): FIT represents the overall levels of inbreeding in a 

population, taking into account both within-population inbreeding (FIS) and among-

population differentiation (FST). It measures the reduction in heterozygosity compared to the 

expected heterozygosity under random mating. 

According to Wright (1951), the F statistics parameters were performed as follows: 

                        

Where, 

Fst is the fixation index that describes the correlation of genes among different individuals in 

the same population. 

Fis is the inbreeding coefficient, which describes the correlation of genes within individuals 

in the population. 

FIT is the overall inbreeding coefficient, describing the correlation of genes within 

individuals relative to the total population. If Fis is 0, it implies there is neither inbreeding nor 

outbreeding, i.e., random mating exists, but 1 indicates that it is completely inbred, and FIS = 

− 1 indicates completely outbred. Fst = 0 indicates no structure, thus no differentiation of the 

population, while FST = 1 indicates that it is complete differentiation of the population 

(Wright, 1965). The Fst value between 0 and 0.05 implies the existence of small genetic 

differentiation; 0.05 to 0.15 indicates the presence of moderate genetic differentiation; and 

0.15 to 0.25 indicates the presence of large genetic differentiation (Wright, 1951). 
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3.7.5.  Shannon’s information indices  

Shannon information index is a measure of diversity that quantifies the uncertainty in 

predicting the species identity of an individual taken at random from a dataset. It is calculated 

as follows: 

  ∑          

Where, 

 I is Shannon information index, and  

pi is the frequency of a marker. As the Shannon information index value increases, the 

diversity also increases. But it depends on the sample size (Kanaka et al., 2023).  

3.7.6. Gene flow 

Gene flow (Nm) is a genetic diversity parameter that represents the amount of genetic 

exchange between populations. It is calculated by multiplying the effective population size 

(Ne) by the rate of migration (m). The effective population size refers to the size of an 

idealized population that experiences the same amount of genetic drift as the actual 

population under consideration. The rate of migration represents the movement of individuals 

between populations, which can facilitate gene flow. Directly measuring the rate of gene flow 

by tracking individuals can be challenging. Instead, often gene flow is estimated indirectly by 

assessing the level of genetic differentiation among populations using F-statistics, such as 

FST. Gene flow can be calculated as: 

           ⁄  

Where, 

Nm is gene flow. 

Fst is measures the genetic variation between populations relative to the total genetic 

variation within populations. It takes into account both genetic diversity within populations 

and genetic differences between populations (McDermott and McDonald, 1993). A lower Fst 

value indicates higher gene flow, while a higher Fst value suggests lower gene flow. 

Generally, higher levels of gene flow between sub-populations indicate a greater exchange of 

genetic material, suggesting a lower level of population isolation and higher dispersion 
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capacity. Conversely, lower levels of gene flow suggest limited genetic exchange, indicating 

a higher level of population isolation and reduced dispersion capacity (Kanaka et al., 2023). 

According to Slatkin (1985) and Waples (1987), the Nm values are between 0.000–0.249 

low, 0.25–0.99 intermediate, and Nm > 1.00 high.   

3.7.7. Polymorphic information content  

Polymorphic information content (PIC) measures the ability of a marker to detect 

polymorphisms and is used to select markers for genetic studies (Serrote et al., 2020). It was 

calculated using the method of Botstein et al. (1980) with a formula: 

      (∑  

 

   

)  ∑ ∑        
 

     

   

   

 

Where, 

 PIC is polymorphic information content. 

 n is the number of alleles. 

 pi and pj are the frequencies of alleles i and j, respectively. 

PIC values range from 0 (monomorphic) to 1 (very highly informative). The markers with 

PIC values greater than 0.5 are very informative, between 0.25-0.50 are informative, and 

<0.25 are uninformative. 

3.8. Analysis of Molecular Variance  

Analysis of molecular variance (AMOVA) is a statistical method used to study molecular 

variation within and among populations (De Vicente et al., 2004). The AMOVA approach 

compares the genetic variation observed within and between populations to determine the 

proportion of genetic variation that can be attributed to different factors, such as geographic 

distance, migration rates, or environmental factors. It is performed by calculating pairwise 

genetic distances or similarities between individuals or populations and then using statistical 

methods (De Vicente et al., 2004; Kanaka et al., 2023). AMOVA uses estimated F-statistics 

such as genetic differentiation (Fst), fixation index or an overall fixation index (Fis) to 

compare the genetic structure among and within populations. The AMOVA procedures were 

done using GeneAlex version 6.5 (Peakall and Smouse, 2015) software package. 
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3.9. Genetic Distance and clusters  

 Genetic distance is the basic measure of genetic diversity. It measures genetic differences 

(allelic variation) between two populations or closely related species (Mohammadi and 

Prasanna, 2003). It is often expressed as a dissimilarity measure because it captures the 

differences or discrepancies in the genetic makeup of populations or individuals. It takes into 

account the changes that have occurred over time and due to various evolutionary processes 

such as mutation, migration, and genetic drift. If the distance between two individuals is 

scored as 0, it indicates there is a match, and if it is scored as 1, there is a mismatch between 

the individuals. A large genetic distance indicates a distant relationship, whereas a small 

genetic distance indicates a close relationship (Beaumont et al., 1998; Mohammadi and 

Prasanna, 2003).The commonly used distance metrics are Rogers’ distance, Bhattacharyya’s 

distance, FST distance, and Nei’s distance. But Nei’s distance is mostly used as a standard 

genetic distance, it takes account of the effects of mutation and genetic drift, and its estimated 

value is proportional to evolutionary time. It is given as:  

  
       

√    
 

Where,  

x and y are two populations and Jx and Jy are the mean of allele frequencies in these 

populations (Kanaka et al., 2023). 

Genetic diversity can be assessed by clustering individuals or populations based on their 

genetic profiles. There are several methods commonly used for clustering genetic data, 

including: neighbor-joining (NJ) or UPGMA clustering, principal coordinate analysis 

(PCoA), and population structure.  

3.9.1. Neighbor-joining (NJ) and UPGMA clustering  

The NJ and UPGMA clustering methods are commonly used for genetic diversity analysis. 

These methods are based on constructing phylogenetic trees or dendrograms, using genetic 

distances between individuals or populations. UPGMA is the technique of constructing a 

rooted phylogenetic tree while neighbor joining tree is the technique of constructing an 

unrooted phylogenetic tree (Dega and Ercal, 2015).The resulting distance matrix is clustered 
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by the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) based Neighbor-

Joining tree implemented in PowerMarker v3.25 and visualized in MEGA11. 

3.9.2. Principal Coordinate Analysis (PCoA) 

Principal Coordinate Analysis (PCoA) is a technique used for visualizing and studying the 

similarity or difference of data by mapping the relative similarities or differences between 

samples onto a two-dimensional plane. It projects the distances among samples onto a set of 

coordinate axes, selecting the first two axes that best preserve the original distribution of 

distances for data representation. PCoA is based on distances other than Euclidean distance 

and finds the potential principal components of the overall difference through dimensionality 

reduction. It is a non-binding data dimensionality reduction analysis method that can be used 

to study the similarity or difference of sample composition and observe the differences 

between individuals or groups (Morrissey et al., 2017). It was performed using the genetic 

distance indices to confirm the complementarity of the clustering pattern revealed by the 

dendrogram using the software package GenAlex version 6.5 (Peakall and Smouse, 2015). 

3.9.3. Population structure 

Population structure refers to the non-random distribution of genotypes among individuals 

within a population, i.e., mating does not occur randomly in a structured population. This is 

due to the unequal distribution of alleles between different ancestral subpopulations. 

Correction of population structure is critical in genotype collection, especially in a breeding 

program, where genetic relationships among breeding lines are highly variable (Sukumaran 

and Yu, 2014). The population structure of S. bicolor was studied using SSR (Wang et al., 

2009; Billot et al., 2013, Mamo et al., 2023). It was computed using STRUCTURE 2.1 

software program, an admixture model with correlated allele frequencies was used (Pritchard 

et al., 2000). Estimated proportions of each individual’s genotype originating from each of 

the K ancestral populations are set between 1 and 12 ancestral populations, with fifteen runs/ 

iterations for each value [50,000 burn-in periods and 10,000 Monte Carlo Markov Chain 

(MCMC)] (Disasa et al., 2016). The optimal K value was calculated using the online 

STRUCTURE HARVESTER ver. 0.6.92 http://taylor0.biology.ucla.edu/structureHarvester 

(Earl and vonHoldt, 2012). 
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4. RESULTS AND DISCUSSION 

4.1. SSR Markers Polymorphism and Level of Diversity  

Among the 15 simple sequence repeat markers, five (Xtxp114, Xtxp145, Xtxp273, Xtxp320, 

and mSbCIR262) showed a monomorphic pattern and were hence excluded from the 

analysis, while the rest of the 10 simple sequence repeat markers showed a polymorphic 

pattern and were retained in the analysis. The polymorphic markers revealed a total of 116 

alleles (Table 4). The numbers of alleles per locus generated by each marker varied from 

eight (Xcup53 and Xtxp015) to seventeen (Xtxp012) with a mean of 11.6 alleles. The mean 

number of alleles per SSR locus (Na = 11.6) detected on 82 sweet sorghum accessions was 

similar to the report of Disasa et al. (2016) on 202 sweet sorghum by using 13 SSR markers 

(12.23 alleles per marker). The levels observed in this investigation are far below those 

observed in sweet sorghum by Zhang et al. (2011) and sorghum by Cuevas and Prom (2013), 

who reported a mean of 15 and 14 alleles per locus, respectively. But our study has greater 

mean numbers of alleles than Wang et al. (2009); Pei et al. (2010); Lekgari and Dweikat 

(2014); Nerbewende et al. (2018), who reported 7.6, 2.90, 4.96 and 3, respectively on same 

crop. These variations could be due to the diverse nature of the sweet sorghum accessions, 

the number of accessions used in the study, the level of difference in the polymorphism and 

numbers of the SSR markers used.  

The number of effective alleles (Ne) detected varied from 2.91 to 5.67 with a mean of 4.02 

(Table 4). Markers Xtxp012 and Xtxp015 showed the highest and the lowest number of 

effective alleles, respectively. A higher number of effective alleles indicate greater genetic 

diversity within the population at that locus. A possible explanation for this might be that 

these multiple alleles are contributing to the genetic variation, with a more even distribution 

across different alleles. This can be beneficial for the long-term survival and adaptability of a 

population, as it provides a larger pool of genetic variation for natural selection to act upon, 

but a lower number of effective alleles indicates reduced genetic diversity at that locus. It 

suggests that a smaller subset of alleles is contributing to the observed genetic variation, 

potentially due to genetic drift, selection, or other factors limiting the introduction or 

maintenance of new alleles within the population (De Vicente et al., 2004; Kanaka et al., 

2023). 
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Sweet sorghum is a self-pollinating species that is expected to show a high level of 

homozygosity but a low level of heterozygosity. The results, as shown in Table 4, indicate 

that the overall observed heterozygosity (Ho) over loci varied from 0.00 (Xtxp015, Xtxp057, 

and Xtxp3) to 0.12 (Xtxp321) with an average of 0.05. The mean observed heterozygosity of 

82 sweet sorghum accessions was 0.05, signifying that 95% of the loci attained an acceptable 

level of homozygosity (Mangena et al., 2018). However, the gene diversity index (expected 

heterozygosity, He) ranged from 0.59 (Xtxp015) to 0.81 (Xtxp012) with a mean of 0.70. The 

mean value of He (0.70) in these studies indicates the presence of high allelic variation in the 

marker loci and their distribution in the sweet sorghum. The gene diversity or expected 

heterozygosity observed in this study was consistent with that of Regasa (2021) in sorghum, 

who reported that the He value ranged from 0.61 to 0.82 with a mean of 0.73. In accordance 

with the present results, previous studies have demonstrated that Pei et al. (2010) and Disasa 

et al. (2016) reported similar average values of expected heterozygosity (0.73 and 0.72, 

respectively).  Moreover, the average gene diversity of this study was greater than most of the 

previously reported values of sweet sorghum by Ali et al. (2008), Olweny et al. (2014), and 

Mangena et al. (2018), who reported 0.58, 0.4 and 0.56, respectively. However, these 

comparisons were not fair as the number of samples and the sampling strategy were different. 

Inbreeding coefficient (Fis) varied from 0.84 to 1.00. The overview of the inbreeding 

coefficient was observed highest value (1) from markers Xtxp015, Xtxp057 and Xtxp3, and 

the lower value (0.84) from marker Xtxp321with a mean value of 0.94. The presence of a 

high degree of inbreeding coefficient of alleles with low heterozygosity is indicated as a result 

of successive selfing and the presence of appreciable levels of homozygosity among the 

accessions that were used in the present study (Zhang et al., 2015; Villanueva et al., 2021; 

Kanaka et al., 2023). 

Another important finding is that the Shannon’s information (I) index ranged from 1.04 to 

1.78. The highest value of Shannon’s information (I) index was recorded for marker 

Xtxp012, whereas the lowest value of Shannon's information index was noted for marker 

Xtxp015 with a mean value of 1.40. A higher value of Shannon's information index indicates 

a greater diversity of alleles within the population. A value closer to 1.78 suggests a higher 

level of genetic diversity, meaning that the population contains a wide range of different 

alleles at the studied loci. These results have implications for a higher degree of variation and 

potential for adaptation within the population, but the lower value (1.04) suggests reduced 

genetic diversity. 
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Table 4 provides an overview of the results of the PIC values for the SSR loci, which ranged 

from 0.75 to 0.90 with an average of 0.82 (Table 4). The highest PIC value of 0.90 was 

obtained for marker Xtxp012, whereas the lowest PIC value of 0.75 was recorded for marker 

Xtxp3. According to Botstein et al. (1980), all of the SSR markers used in the present study 

revealed PIC value > 0.5 imply markers had a strong discriminative and informative potential 

for detecting genetic diversity in sweet sorghum. These markers are highly applicable in the 

genetic diversity study of sweet sorghum in the future. Over all, marker Xtxp012 showed the 

highest Na, Ne, He and PIC values, implying more significant and high genetic diversity in 

the present study accessions at Xtxp012 locus. The average PIC value observed in the present 

study was comparable similar to recent study on sorghum by Mamo et al. (2023), who 

reported average PIC value of 0.8 in 100 sorghum using 15 SSR markers; Adugna et al. 

(2013) who reported an average PIC value of 0.81 and Ceuvas and Prom, (2013), who 

reported 0.78. Overall, the average PIC value of the present study (0.82) was higher than the 

previously reported values using both grain and sweet sorghum (Agrama and Tuinstra, 2003; 

Caniato et al., 2007; Ali et al., 2008; Wang et al., 2009; Ramu et al., 2013; Lekgari and 

Dweikat, 2014; Zheng et al., 2021 and Tiendrebéogo et al., 2022). This difference could be 

due to the selection of molecular markers, the number and type of the study populations, and 

the statistical methods used to analyze the PIC values. 
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Table 4: Genetic parameters of the 10 SSR markers used in the study of 82 sweet sorghum accessions obtained from seven sources (populations 

 

No 

 

locus 

Genetic diversity parameters 

MAF Na Ne He Ho I Fis PIC  

1 Xcup53 0.32 8 2.96 0.60 0.03 1.10 0.95 0.76 

2 Xtxp015 0.28 8 2.91 0.59 0.00 1.04 1.00 0.79 

3 Xisep0310 0.15 14 4.07 0.70 0.05 1.40 0.93 0.88 

4 Xcup61 0.31 10 4.05 0.74 0.10 1.49 0.86 0.80 

5 Xtxp012 0.16 17 5.67 0.81 0.07 1.78 0.92 0.90 

0.80 6 Xtxp321 0.33 10 3.57 0.71 0.12 1.37 0.84 

7 Xtxp057 0.24 9 3.50 0.66 0.00 1.27 1.00 0.80 

8 Xtxp265 0.17 13 4.93 0.77 0.03 1.64 0.96 0.88 

9 Xtxp12 0.20 13 4.65 0.74 0.05 1.55 0.94 0.87 

10 Xtxp3 0.39 14 3.86 0.72 0.00 1.40 1.00 0.75 

Mean 0.25 11.6 4.02 0.70 0.05 1.40 0.94 0.82 

MAF, major allele frequency; Na, number of observed alleles; Ne, number of effective alleles; I, Shannon’s information index or Shannon’s 

diversity index; Ho, observed heterozygosity; He, expected heterozygosity or gene diversity; FIS, inbreeding coefficient; PIC, polymorphic 

information content (%) 
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4.2. Genetic Diversity within the Populations  

A summary of the different genetic diversity estimates over all the loci across populations is 

presented in Table 5. The overall genetic diversity estimates within the populations showed a 

mean number of alleles (Na) of 5.16 with a range of 3.6 to 9, a mean number of effective 

alleles (Ne) of 4.02 with a range of 2.97 to 5.75, a mean number of private alleles (number of 

alleles unique to a single population) (NPA) of 0.39 with a range of 0.1 to 0.8, a mean 

Shannon’s information index (I) of 1.40 ranging from 1.10 to 1.88 and a gene diversity (He) 

value of 0.70 ranging from 0.61 to 0.81. The population of North Wollo showed the highest 

Na, Ne, NPA, I, and genetic diversity (Table 5), while the populations of South Wollo  

ranked second in terms of Na, Ne, He and I. The lowest mean of Na, Ne, I, and genetic 

diversity were detected in the Metekel populations. This might be happening due to the 

different number of samples incorporated or considered in the seven population’s viz., North 

Wollo population contains 34, South Wollo contains 18, Oromo special zone contains 8, 

Melkassa contains 6, Asossa contains 5, Metekel contains 6 and Kaffa contains 5 samples and 

also due to the selection of different SSR markers and the difference in the genetic diversity 

level of the experimental material. This result is supported by Adugna (2014), who reported 

the lower genetic diversity indices of the Metekel populations than those of the North and 

South Wollo populations and these might be due to some level of genetic drift. Tesfaye et al. 

(2016) also reports same results, who reports north wollo population was high genetic dversty 

next to southern Tigray.  This might be due to environmental factors in North Wollo and 

South Wollo that contribute to high gene diversity include: (1) diverse Climatic Conditions: 

The regions experience variations in temperature, rainfall patterns, and elevation, which can 

influence the adaptation and survival of different plant species. (2) Topography: The diverse 

topography of these regions provides different ecological niches and habitats, which further 

promotes gene diversity by providing opportunities for natural selection and genetic 

exchange. (3) Soil Characteristics: The varied soil characteristics in these regions also 

contribute to gene diversity by providing different environments that favor the growth and 

survival of different plant species (Kemal and Hailu, 2019). The comparison between almost 

similar sample size populations such as Melkassa, Asossa, Metekel and Kaffa, Kaffa 

population is highest Na, Ne, NPA, NLCA, I, and He but Metekel population was lowest Na, 

Ne, I, He and high fixation index. This supports above comparison that showed Metekel 

population have low genetic variation than other population used in the present study. This 

indicates that Metekel populations are limited gene flow due to low climate divergence and 
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almost same soil properties in Metekel. Its high fixation index further implies the Metekel 

populations high inbreeding/selfing and homozygous. On other hand, Kaffa showed highest 

genetic variation than Melkassa, Asossa, Metekel. This might be due to low fixation index or 

inbreeding within Kaffa population than Metekel population. 

The highest number of different allele frequency > = 5% (Table 5) was noted in the sweet 

sorghum accessions of North Wollo (6.4) and South Wollo (6.5). It indicates the existence of 

multiple common alleles present in the population, which implies a larger pool of genetic 

variation within the population. This can help to increase the population's overall genetic 

flexibility and resilience. The lowest (3.5) number of different allele frequency >= 5% was 

observed in Metekel, which indicates the presence of minor or less common alleles in the 

population. 

 North Wollo populations showed the highest number (0.8) of private alleles (Table 5), 

indicates the populations have relatively high numbers of alleles that are unique to them and 

not shared with other populations. The observation of a high number of private alleles (NPA) 

may indicate gene flow from wild to cultivated sorghum (Regasa, 2021). These populations 

could be used as a source of important traits in future sweet sorghum breeding programs in 

Ethiopia because the private alleles provide unique genetic variability in certain loci. It 

implies that the North Wollo region is very appropriate for further assessments of the genetic 

variability of sweet sorghum, germplasm conservation and source of useful alleles for 

breeding purposes. Kaffa was also ranked secondly based on highest NPA next to North 

Wollo. The smallest number (0.10) of private alleles was observed in the Oromo special zone 

and Melkassa. Ethiopia was a center of sweet sorghum diversity, which contains abundant 

wild accessions that grow side by side with cultivated accessions, resulting in regular 

hybridization between the different gene pools. It might be expected that unimproved sweet 

sorghum collections from the different region would have a high proportion of private alleles 

when compared with improved ones in Melkassa. 

The important results in Table 5 is the numbers of local common allele frequency (NLCA) < 

= 50%, which ranged from 0.5 to 3.30. The North Wollo populations possessed the highest 

(3.30) local common allele frequency <= 50, which indicates the existence of common allele 

frequency in the populations. It leads to the presence of genetic variation in the populations, 

while the Asossa population exhibited the lowest (0.5) local number of allele frequency < = 

50%. These findings are somewhat surprising given the fact that other research shows that 
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North Wollo populations showed an observable variation in loci carrying private alleles, 

implying the existence of high genetic uniqueness. In this study, the polymorphic loci per 

population showed high polymorphism across all populations (North Wollo, South Wollo, 

Melkassa, Asossa, Metekel, Oromo special zone and Kaffa). It indicates high genetic 

variation across populations.  

Table 5: Allelic patterns and diversity indices across populations averaged over the 10 SSR 

loci 

Diversity indices NW SW Om.S Mk Asos Met Kaf Mk 

Number of accession 34 18 8 6 5 6 5 11.7 

Number of alleles 9 7.2 5 3.6 3.6 3.5 4.2 5.16 

Number of effective alleles 5.75 5.2 4.15 3.05 3.25 2.97 3.75 4.02 

Na Freq. >= 5% 6.4 6.5 5 3.6 3.6 3.5 4.2 4.69 

Number of Private Alleles 0.8 0.4 0.1 0.1 0.3 0.4 0.6 0.39 

NLCA < = 50% 3.3 3 1.4 0.6 0.5 0.7 0.9 1.49 

Shannon’s information index(I) 1.88 1.74 1.49 1.13 1.17 1.1 1.32 1.4 

Observed heterozygosity(Ho) 0.04 0.06 0.06 0.03 0.02 0.02 0.08 0.04 

Nei’s genetic diversity (He) 0.81 0.79 0.75 0.63 0.64 0.61 0.69 0.7 

Fixation index(F) 0.96 0.93 0.92 0.96 0.97 0.98 0.9 0.94 

NW = North Wollo, SW = South Wollo, Om.S = Oromo special zone, Mk = Melkassa, Asos = Asossa, 

Met = Metekel, Kaf = Kaffa, M = mean, Na Freq. >= 5% = number of different allele frequency > = 

5%, NLCA < = 50% = numbers of local common allele frequency (NLCA) < = 50%. 

 

In this experiment, sweet sorghum from Kaffa exhibited the highest number of observed 

heterozygosity (0.08), while the lowest mean number (0.02) of observed heterozygosity was 

observed from Asossa and Metekel. The differences might be due to inbreeding, non-random 

mating, low gene flow or seed exchange and number of self-generated generations from 

Asossa and Metekel sources, but sweet sorghum accessions from Kaffa might be due to high 

seed exchange and few cross-pollination events. The overall mean value of observed 

heterozygosity (Ho) of 0.04 was lower than the corresponding average of expected 

heterozygosity of 0.7, indicating a high amount of homozygosity. According to Robotham 

and Chapman (2017), the low observed heterozygosity shows the inbreeding index 

characteristic of a predominantly self-fertilizing crop with little outcrossing. Moreover, 

differences existed in the populations, indicating the presence of genetic variation. Similar 
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results have been previously reported in sorghum (Adugna, 2014; Nemera et al., 2022), who 

report an overall mean of expected heterozygosity of 0.67.  

4.3. Genetic Distance between Populations 

The pairwise Nei’s standard genetic distance of each population from the other populations 

ranged from 0.18 to 1.12 (Table 6). Pair-wise population genetic distance analysis confirmed 

the existence of relatively low genetic distances among the various sweet sorghum 

populations likely due to the presence of higher gene flow among the populations. The 

relatively highest genetic distance (1.12) was observed between sweet sorghum collections 

from Melkassa and Metekel, which was followed by the relationship between Asossa and 

Kaffa and Metekel and South Wollo populations that scored a distance of 1.09 and 1.05, 

respectively. The greatest genetic dissimilarity was recorded between Melkassa and Metekel, 

likely due to geographical isolation that hindered or limited the gene flow (Nm = 0.84) 

between these two places (Gemechu, 2017). There appears to have been limited sharing or 

exchange of sweet sorghum germplasm between the two regions historically. This lack of 

germplasm mixing allowed the genetic differences between the populations to accumulate 

over generations. According to Asfaw (2014), over the last four decades, over 40 varieties 

have been introduced for various agroecologies, with the exception of Ethiopia's rainy 

lowlands, especially the Metekel zone. But Melkassa verities are improved one; this makes 

both Melkassa and Metekel populations have high distant populations. The smallest genetic 

distance (0.18) was observed between sweet sorghum collections from South Wollo and 

North Wollo. This may be due to the geographical closeness of the two zones where high 

possibility to exchange the seed between farmers, get the seeds from Market, migration or 

through river and the high gene flow (Nm = 12.20). The current investigation found the 

existence of a wider genetic distance between sweet sorghum accessions obtained from 

Melkassa and Metekel populations. Therefore, it could be important for the genetic 

improvement of the crop by selecting parental lines from these two distant populations 

(Adugna, 2014). 
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Table 6: Pair-wise Nei’s genetic distances among the seven sweet sorghum populations from 

Ethiopia 

Populations North 

 Wollo 

South 

Wollo  

Oromo  

special 

zone  

Melkassa  Asossa Metekel Kaffa  

North Wollo -       

South Wollo  0.18 -      

Oromo  special 

zone  

0.35 0.434 -     

Melkassa  0.64 0.68 0.51 -    

Asossa  0.84 0.88 0.64 0.45 -   

Metekel 0.99 1.05 0.95 1.12 0.85 -  

Kaffa  0.82 0.82 0.70 0.63 1.09 0.88 - 

4.4. Population Genetic Differentiation 

The results of pair-wise genetic differentiation (below diagonal) and gene flow (Nm) (above 

diagonal) was presented in (Table 7). The pair-wise genetic differentiation of each population 

from the other populations ranged from 0.02 to 0.23 (Table 7). The highest population 

genetic differentiation was observed between sweet sorghum collections from Melkassa and 

Metekel population (Fst: 0.23) with lowest gene flow (Nm = 0.84), which was followed by 

Asossa and Metekel populations that scored Fst of 0.18 and gene flow of 1.14. The highest 

population genetic differentiation might be due to low gene flow between these two 

populations. Because, gene flow can influences genetic diversity, which encompasses several 

mechanisms of gene exchange among populations (Slatkin, 1987). The lowest population 

genetic differentiation was between South Wollo and North Wollo (Fst: 0.02). This low 

genetic differentiation among populations may be due to high gene flow (Nm = 12.20) that 

resulted from seed exchange practices between communities, marketing and the closest 

geographic region between two populations. According to Seboka and Hintum (2006), 

sorghum accession of farmer's seed systems are characterized by widespread germplasm 

sharing and gene flow dynamics in Ethiopia. So, high gene flow causes the presence of 

identical alleles and reduces genetic differentiation between these two populations. In this 

study, there was gene flow between in all seven populations. This implies there was seed 

exchange between population by different factors, such as water, animals, human activities or 

migration of human and market (Wichmann et al., 2009; Nazareno et al., 2021). 
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Table 7: Pair-wise genetic differentiation (FST) below the diagonal and pair-wise estimates 

of gene flow (Nm) above the diagonal among 82 sweet sorghum populations from 

Ethiopia 

 Population North 

Wollo 

South 

Wollo  

Oromo 

special 

zone  

Melkassa  Asossa Metekel Kaffa  

North Wollo - 12.20 5.82 1.97 1.75 1.33 2.11 

South Wollo  0.02 - 4.43 1.84 1.64 1.23 2.06 

Oromo 

special zone  

0.04 0.05 - 2.59 2.27 1.28 2.53 

Melkassa  0.11 0.12 0.09 - 2.57 0.84 1.93 

Asossa  0.13 0.13 0.10 0.09 - 1.14 1.25 

Metekel 0.16 0.17 0.16 0.23 0.18 - 1.27 

Kaffa  0.11 0.11 0.09 0.11 0.17 0.17 - 

4.5. Analysis of Molecular Variance 

The analysis of molecular variance was used to determine the extent of overall variation 

among populations, within accession and among accession (Table 8). Analysis of molecular 

variance revealed that there were highly significant molecular variances (P<0.001) among 

populations and within populations. Further analysis showed that the highest genetic 

variability (90%) was attributable to variation among accession, while 5% was attributed to 

variation among populations and 5% was attributed to variation within accession. This result 

is in agreement with Regasa (2021) and Nemera et al. (2022), who reported 6.74% and 

9.54% variation among sorghum population and 93.26% and 90.46% variation within 

population, respectively, in Ethiopia. The lowest variation among sorghum population was 

also reported in Kenya (Muui et al., 2016), Ethiopia (Mamo et al., 2023), and South Africa 

(Motlhaodi et al., 2017), who reported 2.75%, 2.32% and 9.56% variation among population, 

respectively. 

According to Wright (1951), this analysis revealed the presence of moderate genetic 

differentiation (Fst = 0.093) with high gene flow (Nm = 5.033) between populations in the 

present study (Table 8). This moderate genetic differentiation might be due to gene flow 

through continuous gene exchange due to sharing seeds from different populations have been 

collected, this cause increase of gene flow. The high variation among accession observed in 

this study could be due to seed exchange in breeding programs, sexual recombination and 

spontaneous mutation (Nemera et al., 2022; Mamo et al., 2023).   
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The overall observed gene flow (Nm) in this study was 5.033, which showed high gene flow 

from one population to the other. Seed exchange among sweet sorghum growing regions and 

high gene flow (Nm = 5.033) could also contribute to the observed low variation among 

populations. The sweet sorghum accessions in the current study revealed high genetic 

diversity and low population divergence. Generally, it is very important that the variation can 

be used to increase the genetic improvement of the crop in the future. 

 Table 8: Analysis of molecular variance of seven population using 10 polymorphic SSR 

markers  

Source df SS MS Est. % of variation Fst P 

Among Pops 6 73.162 12.194 0.204 5% 0.09 0.001 

Among accession 75 599.814 7.998 3.889 91%   

Within accession 82 18.000 0.220 0.220 5%   

Total 163 690.976 20.411 4.313 100%   

NM 5.033 

df = degree of freedom, SS=sum of squares and MS=mean squares, Fst = the coefficient 

genetic differentiation, Est.var- estimated variance, Nm = [(1 / Fst) - 1]/ 4. 

4.6. Clustering Analysis 

The Unweighted Neighbor-joining analysis divided the 82 accessions into three major 

clusters (I, II and III) (Figure 2). The first cluster (I) consists of 35.37% from different 

populations (14.64% from North Wollo, 17.07% from South Wollo, 2.44% from Oromo 

special zone and 1.22% from Kaffa). The second cluster (II) consists of 21.95% from 

different populations (12.19% from North Wollo, 6.10% from South Wollo, 2.44% from 

Oromia special zone, 1.22% from Kaffa). Both the first cluster and second clusters do not 

contain sweet sorghum accession from Metekel, Asossa and Melkassa.  The third cluster (III) 

consists of 42.68% (10.97% from North Wollo, 2.44% from South Wollo , 4.88% from 

Oromia special zone, 7.32% from Metekel, 6.10 from Asossa, 7.32% from Melkassa , 3.65% 

from Kaffa). This cluster contains accessions from all 7 populations, but the number of 

accessions in the distribution was not homogeneous from each population. All Melkassa and 

Asossa accessions are also found in 3
rd

 clusters. 
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This study has been unable to demonstrate that the studied accessions clearly cluster 

according to their geographical location, but it has revealed admixture. Several factors could 

explain this observation, Firstly, this might be due to the presence of higher gene flow 

through the extensive seed exchange existing between sweet sorghum farmers of different 

regions through marketing and migration of people; second, contentious introduction of new 

seeds into the respective sweet sorghum growing regions; third, animals movement and other 

means leading low to moderate genetic differentiation (Regasa, 2021 and Abtew, 2020). This 

result is consistent and similar to the reports of Motlhaodi et al. (2014); Tirfessa et al. (2020); 

Regasa (2021) and Mamo et al. (2023), who inferred clustering of Ethiopian sorghum 

accessions are not reveal clear grouping based on either altitude or geographical origin. 

Another source of uncertainty is that Sorghums collected from Ethiopia and Eritrea also 

failed to form clusters according to their adaptation and ecological zones as analyzed by 

RAPD (Ayana et al., 2000). The cluster analysis in the present study is independent of the 

effect of geographical distribution and low population differentiation with higher genetic 

diversity.  

       

Figure 1.  Dendrogram for 82 Ethiopian sweet sorghum accessions  based on UWNJ with the 

pair group method 

North Wollo 
South Wollo 
Oromo special 
zone 
Metekel 
Asossa 
Melkassa 
Kaffa 
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4.7. Principal Coordinates Analysis  

Principal coordinate analysis (PCoA) results showed that the three most informative principal 

coordinates accounted for about 20.35% of the genetic variation in the SSR molecular 

data obtained from sweet sorghum in the study (Figure 3). The first, second and third 

principal coordinates explained about 7.51%, 6.96% and 5.89% of the total variation. The 

present study revealed a scatter plot with poor population clustering. It did not cluster the 

individuals into distinct groups according to their geographic sampling areas. In this analysis, 

sweet sorghum accessions scattered in the same coordinate showed the presence of a closer 

genetic relationship and narrow genetic distance between them, while accessions scattered in 

different coordinates showed the presence of a wider genetic variation. Based on these, the 

present study of the principal coordinate analysis result indicated the existence of high 

genetic variation in the sweet sorghum accessions and importance for further genetic 

improvement and breeding programs. All the Metekel and Asossa accessions were scattered 

in the first quadrants. 

The presence of greater genetic variability within populations than between them suggested a 

PCoA, where individuals from different groups did not form distinct clusters (Pandian et al., 

2020), but it has revealed admixture.  This could be due to the presence of a high seed 

exchange rate among sweet sorghum growing regions of the Ethiopia and high gene flow. 

This PCoA result supports dendogram clustering (Fig 3) that did not form a distinct cluster 

based on geographic origin. 
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Figure 2. PCoA of the 82 sweet sorghum accessions as revealed by 10 microsatellite loci. Samples 

coded with the same symbol and color belongs to the same population 

4.8. Population Structure 

The 82 sweet sorghum accessions collected from different geographic locations were further 

classified into three distinct sub-populations (delta K = 3) using STRUCTURE 2.1 software 

program (Figure 4). The sub-populations generated were complementary to the Neighbor-

Joining (NJ) tree analysis that also classified 82 sweet sorghum accessions into three clusters. 

This further validates the representative nature of the markers selected for this study. The 

present study on genetic diversity was in line with the reports of Disasa et al. (2017); Mamo 

et al. (2023); Regasa (2021); Misganaw et al. (2023). The structure analysis further 

substantiated the presence of three sub-populations with significant admixture in the study 

populations. It revealed the existence of weak sub-structuring (K = 3) of the seven 

populations of sweet sorghum. This finding may indicate seed exchange between farmers, 

leading to high gene flow across adjoining populations. 
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B. 

 

Figure 3: Population structure of 82 sweet Sorghum accessions representing Sven 

populations in Ethiopia. A) Evanno's K Statistics K=1 to K=12, and B) Bar plot display of 

STRUCTRE output of the 82 individuals from administrative regions formed three sub-

populations (K =3). The x-axis represents individual samples and y-axis represents the 

proportion of ancestry to each cluster. 
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5. CONCLUSION AND RECOMMENDATIONS 
 

Sweet sorghum (Sorghum bicolor L.) is types of sorghum with a sugar-rich stalk. Its sweet 

stalks and juice make it suitable for sugar production and biofuel production, while its 

drought tolerance and adaptability to diverse environments contribute to its agricultural 

significance. But sweet sorghum production is limited due to low productivity and not 

considered as an important crop in Ethiopia. Successful molecular characterization of this 

crop can help breeders to focus on the available genetic resources and implement 

improvement programs. The abundance of different alleles observed among the populations 

provides evidence for novel alleles that can be efficiently exploited through future breeding 

programs for the trait(s) of interest. The current study showed the presence of high genetic 

diversity among Ethiopian sweet sorghum accessions with lowest population differentiation 

due to high gene flow. This indicates that there is a wide range of genetic variation present 

among the sweet sorghum accessions in Ethiopia. So, focus conservation efforts within 

populations, not between them. Among tested populations, Metekel sweet sorghum 

collections showed the highest genetic distance with sweet sorghum collections from 

Melkassa. These populations could be useful for the appropriate selection of diversified 

parental lines for further improvement through breeding. On the other hand, sweet sorghum 

populations from North Wollo and Kaffa showed the highest private allele and thus, this 

region suggests their potential value for future breeding programs and the development of 

improved varieties with unique traits that are well-suited to the local agricultural conditions. 

Further studies need to focus on the following points: Genetic diversity study should be 

supported by SNP markers is recommended, and Considering other sweet sorghum growing 

areas and taking equal numbers of samples would increase the resolution and accuracy of the 

diversity analysis for breeders to exploit the genetic potential of the crop to improve its 

production and productivity through breeding. 
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7. APPENDIX 

Appendix 1. Solution preparation for DNA extraction 

1. Tris-HCl (1 M, pH 8,0) 100 ml (Store @ RT) 

 Dissolve 12.1 g Tris in approx. 70 ml demineralized water 

 Adjust the pH to 8.0 with concentrated HCl 

 Mix well and add demineralized water up to 100 ml 

 Autoclave at 121°C 

2. EDTA (0.5 M, pH 8.0) 100 ml (Store @ RT) 

 Dissolve 18.6 g EDTA in approx. 70 ml demineralized water 

 Adjust the pH to 8.0 with NaOH (e.g. 1M solution) EDTA dissolves only after the adjustment 

of the pH 

 Mix well and add demineralized water up to 100 ml 

 Autoclave at 121°C 

3. 10 x TE-buffer (pH 8.0) 100 ml (Store @ 4°C) 

 Mix 1 ml Tris-HCl 1M (Stock solution 1) and 200 µl EDTA 0.5M (Stock solution 2) 

 Mix well and add demineralized water up to 100 ml 

 Autoclave at 121°C 

4. 10 x TBE buffer 1 Liter (Store @ RT) 

 Dissolve 108 g Tris and 55 g Boric acid in approx. 700 ml sterile demineralized water 

 Add 40 ml 0.5 M Na-EDTA (Stock solution 2) 

 Adjust pH to 8.57 with 5M NaOH 

 Mix well and add demineralized water up to 1 Liter 

5. 25 x TAE buffer 1 Liter (Store @ 4°C) 

 Dissolve 121 g Tris in approx. 700 ml sterile demineralized water 

 Carefully add 57.1 ml glacial acetic acid in a fume hood 

 Add 50 ml 0.5 M Na-EDTA (Stock solution 2) 

 Mix well and add demineralized water up to 1 Liter 

6. 6x Loading Dye without Xylencyanol 50 ml (Store @ 4°C) 

 0.125 g Brome phenol blue 

 1 ml Tris-HCl (Stock solution 1) 

 Dissolve in 34 ml demineralized water 

 Add 15 ml Glycerol (= 1.26 * 15 = 18.9 g) 

 Make aliquots in Sterile Eppendorf caps 
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7. 5 M NaCl 100 ml (Store @ RT) 

 Dissolve 29.22 g NaCl in 100 demineralized water 

 Autoclave at 121°C 

8. CTAB 2%, medium salt 100 ml (Store @ RT) 

 Add in a 100 ml Flask 

 10 ml 1 M Tris-HCl (Stock solution 1) 

 28 ml 5M NaCl (Stock solution 7) 

 4 ml 0.5 M EDTA (Stock solution 2) 

 2 g CTAB 

 1 g PVP 

 Add sterile demineralized water up to 100 ml 

 (It is possible to warm the solution up to 50 °C to speed up the process) 

 DO NOT AUTOCLAVE THIS SOLUTION!!! 

9. 3 M NaAc-solution 250 ml (Store @ RT) 

 Use a sterile 500 ml flask 

 61.5 g CH3CO2Na (MW 82,03) 

 Add sterile demineralized water up to 250 ml 

10. Decontamination Solution (For Ethidium Bromide) 

 Weigh in 0.7 g Sodium Nitrite 

 Add 3.3 ml Hypo Phosphorous Acid (50%) 

 Add demineralized water up to 50 ml 
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Appendix  2.   Allelic Patterns across Populations 
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Appendix  3 samples of visualized PCR products and DNA ladder using gel documentation UV trans 

illuminator at 2% agarose gel (Xisep0310 primer with Samples from 16 -39) 

A. 

 

 

 


