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Abstract 

Fungal diseases, such as anthracnose and grain mold pose significant challenges to the 

production and productivity of sorghum. Favored by warm and humid conditions, sorghum 

Anthracnose (Colletotrichum sublineolum) is among the most devastating diseases of sorghum 

that can cause yield losses of up to 50% in susceptible cultivars. It can attack all above-ground 

parts including foliage, stalk, panicle, and grain. The severity of infection depends on the genotype, 

the pathotype, and the environment. Grain mold is another major sorghum disease that is prevalent 

under warm and wet conditions that occur during grain development. This disease is caused by 

one or more genera of fungi of which Aspergillus and Fusarium are the most common.  Breeding 

efforts have focused on the development of resistant varieties that can reduce the impact of these 

diseases. Conventional breeding supported by genomic tools may enhance this effort and 

accelerate the release of new resistant cultivars. To contribute to this endeavor three experiments 

were initiated and executed. This dissertation thus presents the results of a comprehensive 

investigation into enhancing resistance to sorghum anthracnose and grain mold diseases through 

genomic selection, genome-wide association studies (GWAS), and combining ability analysis. 

The first chapter explores the utilization of genomic selection techniques to improve 

anthracnose and grain mold resistance in sorghum through prediction using genomic estimated 

breeding values (GEBVs). Through the integration of advanced genomic tools and phenotypic 

data, we demonstrated the potential for accurately predicting resistance levels in sorghum lines, 

that may facilitate the development of more resilient cultivars. During the 2015 and 2016 cropping 

seasons, a study was conducted in Bako, Ethiopia, involving 946 sorghum accessions obtained 

from the gene bank. These accessions were examined for resistance to sorghum leaf anthracnose 

(Colletotrichum sublineolum) and grain mold. Genotyping of these accessions was performed 



  

using the genotype-by-sequencing (GBS) method, resulting in the generation of 410,717 high-

quality SNP markers. To investigate the impact of SNP density on prediction accuracy, the markers 

were pruned using TASSEL software, maintaining marker distances of 1,000 bp, 50,000 bp, 

75,000 bp, and 100,000 bp between them. The analysis involved varying the size of the training 

population from 10% to 90% at intervals of 10%. Principal component analysis was carried out to 

assess the genetic relatedness patterns among the sorghum accessions. For anthracnose resistance, 

we obtained a prediction accuracy of 0.38 and 0.45 for the 10% and 90% training population sizes 

respectively for the 2016 data. A prediction accuracy of 0.38 and 0.41 were recorded for grain 

mold at 10% and 80% training population sizes.  

In the second experiment, a GWAS study was conducted to identify key genomic regions 

and candidate genes associated with sorghum anthracnose resistance. Our analysis unveiled the 

presence of Single Nucleotide Polymorphisms (SNPs) on several chromosomes, specifically 

chromosomes 1, 2, 3, 4, 6, 8, and 10. Notably, chromosomes 8 and 1 exhibited a higher abundance 

of significant SNPs. Chromosome 8 displayed the most pronounced genetic associations, with nine 

specific loci (S8_16230498, S8_16389715, S8_37466666, S8_39664335, S8_42468301, 

S8_42983043, S8_43776246, S8_7908407, and S8_570182) having significant associations with 

anthracnose disease reaction. Similarly, we identified multiple loci on chromosome 1 

(S1_20098885, S1_49271328, S1_49271328, S1_49454848, S1_50111275, S1_50294000, 

S1_50533418, S1_30455882, and S1_50721682) that also have significant association with the 

disease. Chromosome 2 revealed two significant loci (S2_55407842 and S2_69275221), while 

only one locus on chromosome 3 (S3_53970498) showed significant association. Two loci each 

on chromosomes 4 (S4_62789639, S4_7538383) and chromosome 6, (S6_25755784, and 

S6_55783758) were shown to have significant association with the disease. By leveraging high-



  

throughput genotyping data and extensive phenotypic evaluations, this research provides valuable 

insights into the genetics of anthracnose resistance, offering a foundation for marker-assisted 

breeding efforts. 

The third experiment explored the combining ability of sorghum lines for anthracnose 

resistance. By assessing the genetic interactions among different sorghum parental lines, this study 

elucidated the potential for breeding strategies that harness the complementary genetic 

contributions of parental lines to enhance resistance traits in the progeny. We conducted the 

experiment across five different environments and collected data on various agronomic traits, 

including flowering time (DTF), plant height (PTH), panicle weight (PKW), grain yield per panicle 

(GYP), hundred-grain weight (HGW), and resistance to anthracnose (ANT). Our findings 

indicated that there were significant variations in trait reactions across different replicates and 

environmental conditions, particularly for PTH, GYP, and ANT due to notable environmental 

effects. The entry effect, which represents the contributions of different parental lines and hybrid 

combinations, was highly significant for all traits we examined. Additionally, the interaction 

between male and female parents (M vs. F) showed a high level of significance specifically for 

ANT. A negative significant correlation was observed between panicle weight and anthracnose 

and grain yield per panicle and anthracnose. Through our combining ability analysis, we were able 

to identify the genetic contributions of various genotypes. Notably, certain parents such as R245, 

R604, R633, A539, and A553 exhibited high general combining ability (GCA) for anthracnose 

resistance. Furthermore, some hybrid combinations like A539 × R669, A527 × R672, A531 × 

R672, A539 × R588 demonstrated highly significant specific combining ability (SCA) effects for 

anthracnose resistance. These findings provide valuable insights for breeders, enabling them to 

make well-informed decisions when designing breeding strategies.  



  

Collectively, this thesis represents a multidisciplinary approach to addressing the pressing 

issue of anthracnose and grain mold resistance in sorghum. The findings contribute to the 

development of more resilient sorghum cultivars, thus supporting global food security and 

sustainable agriculture practices.  
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Abstract 

Fungal diseases, such as anthracnose and grain mold pose significant challenges to the 

production and productivity of sorghum. Favored by warm and humid conditions, sorghum 

Anthracnose (Colletotrichum sublineolum) is among the most devastating diseases of sorghum 

that can cause yield losses of up to 50% in susceptible cultivars. It can attack all above-ground 

parts including foliage, stalk, panicle, and grain. The severity of infection depends on the genotype, 

the pathotype, and the environment. Grain mold is another major sorghum disease that is prevalent 

under warm and wet conditions that occur during grain development. This disease is caused by 

one or more genera of fungi of which Aspergillus and Fusarium are the most common.  Breeding 

efforts have focused on the development of resistant varieties that can reduce the impact of these 

diseases. Conventional breeding supported by genomic tools may enhance this effort and 

accelerate the release of new resistant cultivars. To contribute to this endeavor three experiments 

were initiated and executed. This dissertation thus presents the results of a comprehensive 

investigation into enhancing resistance to sorghum anthracnose and grain mold diseases through 

genomic selection, genome-wide association studies (GWAS), and combining ability analysis. 

The first chapter explores the utilization of genomic selection techniques to improve 

anthracnose and grain mold resistance in sorghum through prediction using genomic estimated 

breeding values (GEBVs). Through the integration of advanced genomic tools and phenotypic 

data, we demonstrated the potential for accurately predicting resistance levels in sorghum lines, 

that may facilitate the development of more resilient cultivars. During the 2015 and 2016 cropping 

seasons, a study was conducted in Bako, Ethiopia, involving 946 sorghum accessions obtained 

from the gene bank. These accessions were examined for resistance to sorghum leaf anthracnose 

(Colletotrichum sublineolum) and grain mold. Genotyping of these accessions was performed 



  

using the genotype-by-sequencing (GBS) method, resulting in the generation of 410,717 high-

quality SNP markers. To investigate the impact of SNP density on prediction accuracy, the markers 

were pruned using TASSEL software, maintaining marker distances of 1,000 bp, 50,000 bp, 

75,000 bp, and 100,000 bp between them. The analysis involved varying the size of the training 

population from 10% to 90% at intervals of 10%. Principal component analysis was carried out to 

assess the genetic relatedness patterns among the sorghum accessions. For anthracnose resistance, 

we obtained a prediction accuracy of 0.38 and 0.45 for the 10% and 90% training population sizes 

respectively for the 2016 data. A prediction accuracy of 0.38 and 0.41 were recorded for grain 

mold at 10% and 80% training population sizes.  

In the second experiment, a GWAS study was conducted to identify key genomic regions 

and candidate genes associated with sorghum anthracnose resistance. Our analysis unveiled the 

presence of Single Nucleotide Polymorphisms (SNPs) on several chromosomes, specifically 

chromosomes 1, 2, 3, 4, 6, 8, and 10. Notably, chromosomes 8 and 1 exhibited a higher abundance 

of significant SNPs. Chromosome 8 displayed the most pronounced genetic associations, with nine 

specific loci (S8_16230498, S8_16389715, S8_37466666, S8_39664335, S8_42468301, 

S8_42983043, S8_43776246, S8_7908407, and S8_570182) having significant associations with 

anthracnose disease reaction. Similarly, we identified multiple loci on chromosome 1 

(S1_20098885, S1_49271328, S1_49271328, S1_49454848, S1_50111275, S1_50294000, 

S1_50533418, S1_30455882, and S1_50721682) that also have significant association with the 

disease. Chromosome 2 revealed two significant loci (S2_55407842 and S2_69275221), while 

only one locus on chromosome 3 (S3_53970498) showed significant association. Two loci each 

on chromosomes 4 (S4_62789639, S4_7538383) and chromosome 6, (S6_25755784, and 

S6_55783758) were shown to have significant association with the disease. By leveraging high-



  

throughput genotyping data and extensive phenotypic evaluations, this research provides valuable 

insights into the genetics of anthracnose resistance, offering a foundation for marker-assisted 

breeding efforts. 

The third experiment explored the combining ability of sorghum lines for anthracnose 

resistance. By assessing the genetic interactions among different sorghum parental lines, this study 

elucidated the potential for breeding strategies that harness the complementary genetic 

contributions of parental lines to enhance resistance traits in the progeny. We conducted the 

experiment across five different environments and collected data on various agronomic traits, 

including flowering time (DTF), plant height (PTH), panicle weight (PKW), grain yield per panicle 

(GYP), hundred-grain weight (HGW), and resistance to anthracnose (ANT). Our findings 

indicated that there were significant variations in trait reactions across different replicates and 

environmental conditions, particularly for PTH, GYP, and ANT due to notable environmental 

effects. The entry effect, which represents the contributions of different parental lines and hybrid 

combinations, was highly significant for all traits we examined. Additionally, the interaction 

between male and female parents (M vs. F) showed a high level of significance specifically for 

ANT. A negative significant correlation was observed between panicle weight and anthracnose 

and grain yield per panicle and anthracnose. Through our combining ability analysis, we were able 

to identify the genetic contributions of various genotypes. Notably, certain parents such as R245, 

R604, R633, A539, and A553 exhibited high general combining ability (GCA) for anthracnose 

resistance. Furthermore, some hybrid combinations like A539 × R669, A527 × R672, A531 × 

R672, A539 × R588 demonstrated highly significant specific combining ability (SCA) effects for 

anthracnose resistance. These findings provide valuable insights for breeders, enabling them to 

make well-informed decisions when designing breeding strategies.  



  

Collectively, this thesis represents a multidisciplinary approach to addressing the pressing 

issue of anthracnose and grain mold resistance in sorghum. The findings contribute to the 

development of more resilient sorghum cultivars, thus supporting global food security and 

sustainable agriculture practices.  
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Chapter 1 - Literature Review   

Sorghum is a C4 plant known to efficiently utilize solar energy and hence adapted to warm 

tropical environments (Sage and Zhu, 2011). It belongs to the grass family Poaceae, tribe 

Andropogoneae, subtribe Sorghinae, and genus Sorghum Moench (Clayton and Renvoize, 1986). 

The name Sorghum bicolor (L.) Moench was first proposed by Clayton in 1961 and remains the 

preferred name for cultivated sorghum.   

Globally, sorghum [Sorghum bicolor (L.) Moench] ranks fifth in total production after 

maize, wheat, rice, and barley (Figure 1.1). It is a staple food for over 500 million people 

worldwide (Lindsay, 2010). Almost 89 million tons of sorghum was produced on about 40 million 

ha in 2020, the average yield being 1.45 t ha-1 (FAO, 2020).  

 

 

Figure 1.1. Average production of major cereal crop for the year 2010-2021. 
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The United States of America is the leading producer of sorghum with 9.47 million tons 

produced in 2020. Sorghum ranks third in Africa, after maize and rice (FAO, 2020). Ethiopia and 

Nigeria are two major producers in Africa and the second and third largest producers in the world 

with a production of 6.36 and 5.05 million tons, respectively (Figure 1.2). 

 

 
 

Figure 1.2.  Average production of sorghum by the top ten producers from 2015-2020 (Source: 

FAOSTAT, 2020). 

 

1.1 Origin, domestication, and diversity of Sorghum 

Sorghum is believed to have been domesticated in Africa some 7000 years ago (Doggett and 

Prasada Rao, 1995), and hence most of the diversity is found there (Reddy et al., 2006). This 

variability can be observed both in cultivated and wild species (Gebrekidan, 1982). The northeast 

Africa region is recognized as the center of origin and diversity for sorghum and the region still 

harbors novel accessions that have immense potential for improvement of the crop. The varied 

climate, geography, and impact of human and natural selections led to the evolution and adaptation 

of diverse types of the crop in the region (Doggett, 1988).     
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Cultivated sorghum is grouped into five basic races: Bicolor, Kafir, Guinea, Caudatum, and 

Durra (Harlan and de Wet, 1972). Each of these has specific adaptation regions and distinct 

features that help in identification. Bicolor is the most primitive form widely distributed in Africa 

and Asia and is characterized by its open inflorescences with long clasping glumes that cover the 

grain at maturity. Kafir, grown in subequatorial Africa, is characterized by its symmetrical grains 

that are spherical, and the glumes, unlike that of the bicolor race, do not enclose the grain. Another 

race, Guinea, which is characterized by long obliquely twisted glumes, is predominant in West 

Africa. Caudatum originated recently in central Africa and has an asymmetrical grain. Durra races 

are predominant in Near East, India, and Pakistan. In Africa, it is distributed in the mid-altitude 

areas of Ethiopia, the Nile valley of Egypt, and Sudan. It exists in a belt between 10-15° north 

latitude extending from Ethiopia in the east to Mauritania to the west (Mann et al., 1983). These 

races are interfertile and thus led to ten intermediate races that exhibit the characteristics of their 

parents.  

Sorghum is one of the major crops represented by many germplasm collected across the world. 

The centralized collection to conserve and make the germplasm resources available to users started 

in Ethiopia between 1958 and 1960 (Rosenow and Dahlberg, 2000). This effort continued in the 

early 1970s by the Ethiopian sorghum improvement project.  Among the Ethiopian collection zera 

zera, durra, and durra-bicolor are distinct forms.  Zera zera is an important group that has been 

used extensively in the U.S. and India to develop a disease resistant, high yielding and good grain 

quality varieties (Rosenow and Dahlberg, 2000).  

1.2 Sorghum in Ethiopia 

 Sorghum is one of the staple foods in the most food-insecure dryland area of Ethiopia 

where other cereals totally fail or poorly perform. Out of a total of about 10 million hectares under 
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cereals in 2020/21 crop season, sorghum was planted to 1.79 million hectares representing over 

17% of the acreage under cereals (CSA, 2021).  The average yield of the crop is 2.8 tons ha-1. In 

2021, a total of 5.1million tons of grain were harvested which represents 18% of total cereal grain 

output (CSA, 2021). Over the last two decades, area under sorghum has increased by 78% from 

about 1 million ha in 2000 to 1.79 million ha in 2020 (FAO, 2020).  

 Sorghum is mainly grown by subsistence farmers who process the grain into a fermented 

bread called ‘Budena’ in Afaan Oromo, and ‘Injera’ in Amharic. The crop is also used to make 

porridge and traditional homemade beverages. Sorghum tolerates harsh environmental conditions, 

and this ability makes it an important crop in these environments. Sorghum has served as a primary 

source of food for people living in the semi-arid tropics of Africa and Asia.  In Ethiopia, sorghum 

is grown under diverse environmental conditions from highland, mid-altitude to lowlands, and 

different races tend to occur in different agroecologies although there is evidence of occurrence of 

multiple races in each area. For example, race bicolor dominates the west banks of the Rift Valley 

while durra sorghums are grown in the eastern high and lowlands of the country (Stemler et al., 

1977).  

1.3 Sorghum production challenges 

Among cereals, sorghum is known to suffer the most from biotic and abiotic stresses such 

as parasitic weed Striga, fungi, bacteria, viruses, nematodes, armyworms, shoot fly, local and 

migratory birds, and drought and nutrient deficiency. Although sorghum seem to fair well with 

regards to diseases, several fungal pathogens cause serious diseases to the crop including grain 

mold, anthracnose, leaf blight, downy mildew, charcoal rot, rust, ergot, and smut (Thakur et al., 

2007). This study is focused on two major fungal diseases (anthracnose and grain mold) that are 

most destructive in the humid western part of Ethiopia. 
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1.3.1 Sorghum foliar anthracnose 

   Anthracnose diseases in cereals and grasses are caused by four distinct Colletotrichum 

species. Sorghum foliar anthracnose (Colletotrichum sublineolum), which was previously referred 

to as Colletotrichum graminicola, and believed to cause anthracnose both in maize and sorghum, 

is one of the major diseases. Even though Colletotrichum graminicola and Colletotrichum 

sublineolum have morphological similarities and close evolutionary relationship, studies on 

appressorial morphology, rDNA sequence analysis, mating, and restriction fragment length 

polymorphism (RFLP) have confirmed that they are reproductively isolated and belonged to two 

separate species (Vaillancourt and Hanau, 1992; Sherriff et al., 1995; Wharton and Julian, 1996). 

C. graminicola causes anthracnose disease in maize while C. sublineolum (Crouch et al., 2006) is 

responsible for sorghum anthracnose disease (Vaillancourt and Hanau, 1992; Sherriff et al. 1995). 

C. sublineolum is favored by warm and humid climatic conditions and is known to have high 

variability resulting in the presence of several pathotypes (Rosewich et al., 1998; Marley et al., 

2001; Valèrio et al., 2005). More than 40 races or pathotypes of the pathogen were reported in 

different environments. The major diseases caused by these pathogens are seedling blight, stalk 

rot, leaf blight, head blight, and grain mold. These diseases limit both grain and forage production 

causing yield losses as high as 50%, with susceptible varieties even suffering more (Harris et al., 

1964; Cota et al., 2017a). Affected leaves experience a reduction in photosynthetic area, while 

stem infection reduces transportation. When grain is infected, it will have a direct effect on yield 

and quality.   

Sorghum foliar anthracnose is typified by a small circular lesion with red, purple, tan, or 

black discoloration depending on the host pigmentation (Frederiksen, 1986; TeBeest et al., 2004; 

and Mathur, 2000). The lesions may enlarge under conditions that favor the pathogen and the 
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plants eventually become defoliated because of the pathogen. C. sublineola is a hemibiotrophic 

pathogen; it begins infection as biotrophic and later transitions to a necrotrophic lifestyle (Münch 

et al., 2008; Wharton et al., 2001; Wharton and Julian, 1996). Soil, seeds, and decomposing plant 

residues all serve as potential media on which the pathogen can overwinter in the form of 

mycelium, acervuli and sclerotia (Casela and Frederiksen, 1993). It is one of the most 

economically devastating diseases of sorghum, causing yield losses of up to 50% mainly by 

reducing kernel size and kernel numbers per head (Ali and Warren, 1992; Thakur and Mathur, 

2000).  

1.3.2 Sorghum grain mold  

Most sorghum growing regions of the tropics and subtropics are hot and dry thus have less 

disease problems. However, there are also major sorghum growing areas such as in western 

Ethiopia that are hot and humid that provides ideal condition for disease development. Favored by 

high humidity and warm temperature, grain mold is the major yield and quality limiting disease of 

sorghum. The disease can cause yield losses of 30-100% depending on the cultivar and the 

prevailing environmental conditions (Singh and Bandyopadhyay, 2000). Grain mold pathogens 

exhibit various trophic behaviors including necrotrophic, saprophytic, and hemibiotrophic. 

Hemibiotrophic pathogens start as biotrophic (parasitism on living hosts) and shift to the 

necrotrophic phase later. Necrotrophic fungi kill the host tissue and thrive on dead plant tissues 

while saprophytic fungi feed on decaying organic matter (Cooke and Rayner, 1984). The disease 

is caused by a multitude of fungi of various species including Fusarium spp., Alternaria spp., 

Aspergillus spp., Curvularia spp., Colletotrichum spp., Phoma spp., Bipolaris spp., Aspergillus 

and Exserohilum spp. (Forbes, 1986; Reddy et al., 2000; Thakur and Indira, 2006; Little et al., 

2012). These fungal complexes act at various points during the vegetative growth stage of the 
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sorghum plant as well as during the grain filling. The infection starts at anthesis and progresses 

until physiological maturity. The disease results in reduction of caryopsis formation, arrest of 

kernel development, and decrease in grain mass and grain density may occur when the infection 

starts early (Little and Magill, 2009). The disease doesn’t cease to cause damage at maturity; it 

continues to deteriorate grain quality at which stage it is referred to as grain weathering (Das et 

al., 2020). Grain weathering is the discoloration of grains and damage of tissues caused by fungal 

colonization under wet conditions (Thakur and Indira, 2006). Different fungal species act under 

different conditions and growth stages. Fusarium verticillioides predominantly occur under field 

condition. It exhibits both biotrophic and necrotrophic lifestyles, and it infects the developing 

panicles through areal spores (Williams and Rao, 1981). Aspergillus spp. is a dominant post-

harvest pathogen (Cuevas et al., 2019). It is soil-borne and exhibits a saprophytic lifestyle and 

infect the developing caryopsis through wounds inflicted by insects (Pfliegler et al., 2020). 

Curvularia lunata is common in drier areas and is known to cause damage during germination 

(Prom et al., 2016). F. moniliforme sensu lato and C. lunata infections interfere with carbohydrate 

translocation and cause reduction in seed size. Colletotrichum sublineolum, which also causes 

anthracnose disease in sorghum, is another grain mold pathogen prevalent in humid and warmer 

environments.   

Different fungal species develop different mold colors: Fusarium moniliforme produces 

mold colors ranging from pinkish white to orange-white. On the other hand, Curvularia develops 

shiny, velvety black, fluffy growth, and Phoma spp. produces black discoloration 

(Bandyopadhyay, 1986).  
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1.4 Foliar anthracnose and sorghum grain mold diseases in Ethiopia 

Several studies in Ethiopia reported high incidence and severity of anthracnose in the 

southern and western parts of the country where higher humidity and warmer temperatures prevail 

(Chala et al., 2011; Tsedaley et al., 2016). A survey on anthracnose incidence in the southern and 

Southwestern parts of the country reported severe occurrence of the diseases in all surveyed areas 

(Chala et al., 2010b).  A separate study conducted in Southern Tigray reported anthracnose 

infection in about 98% of the fields with 53% severity (Teklay, 2015). Another study reported 

rainfall as the significant factor aggravating anthracnose incidence while temperature had less 

significance (Chala et al., 2010a) . However, a greenhouse study conducted in India showed a high 

anthracnose severity at 25°C in both susceptible and resistant lines (Pande et al., 1994).  

Sorghum grain mold is another economically important disease in Ethiopia. Terefe, (2002) 

reported Fusarium proliferatum as the most frequently isolated species in Ethiopia while 

Alternaria alternata had the highest incidence in almost all sorghum growing regions.  

1.5 Resistance mechanisms to foliar anthracnose and grain mold diseases 

Several factors contribute to resistance to grain mold. Some of these are morphological 

characters, distribution and quantity of secondary metabolites, and presence, type, and quantity of 

antifungal proteins in the seed endosperm (Ambekar et al., 2011). Plant morphological and 

biochemical characteristics such as panicle compactness, grain pigmentation, presence of a 

pigmented testa, glume coverage, grain hardness, pericarp thickness, and endosperm texture have 

all been reported to contribute to grain mold resistance (Brown et al., 2006; Menkir et al., 1996; 

Williams and Rao, 1981). A more recent study attributed resistance to grain mold disease mainly 

to panicle compactness and grain pigmentation (Sharma et al., 2010). Sorghums with open panicle 

structures tend to be more resistant to grain mold than those with compact panicle structures. This 
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appears to be resulted from better air circulation and less moisture retention in open panicles. 

However, not all cultivars with open panicles are resistant to grain mold or vice versa. Hence, 

resistance based on panicle structure is elicited more from the morphological attribute than the 

resistance genetics. Another important trait for grain mold resistance is grain pigmentation. It is 

reported that sorghums with pigmented grains are less affected by grain mold (Sharma et al., 

2010). This type of resistance is governed by dominance and epistatic interaction (Audilakshmi et 

al., 2000). On the other hand, polygenes with a significant additive by additive interaction and 

genotype by environment (G x E) interaction effects have been reported to be associated with grain 

mold resistance in the white-grain sorghums (Rodriguez-Herrera et al., 2000). The use of grain 

pigmentation is prone to bias as grain mold can be easily recognized on white seeds as opposed to 

pigmented pericarps. Therefore, disease scoring of multi-colored test genotypes needs a great deal 

of care and attention (Ackerman et al., 2021).  

Grain mold resistance is polygenic in nature, and it involves up to 10 major and minor 

genes with additive and epistatic effects. The effect of G  E interaction is also highly significant 

(Audilakshmi et al., 2000; Rodriguez-Herrera et al., 2000).  

Studies on foliar anthracnose disease resistant also reported both dominant and recessive 

mechanisms. Earlier study conducted by Coleman and Stokes, (1954) reported anthracnose 

resistance to be controlled by the action of two closely linked loci with dominant effects. More 

recent studies on sorghum lines SC112-14, BTx378, and SC748-5 reported anthracnose disease 

response as conditioned by dominant genes (Mehta et al., 2005; Erpelding, 2007; Cuevas et al., 

2014). On the other hand, a recessive response has also been reported in the sorghum line SC326-

6 (Boora et al., 1998). Preliminary studies conducted in our program also show that different 
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resistance mechanisms come in to play with resistance in different backgrounds seeming to be 

under the control of dominant, partially dominant, and recessive genes.  

1.6 Screening techniques for anthracnose and grain mold resistance 

Screening for anthracnose and grain mold can be conducted in the field under natural 

infection condition or through artificial inoculation. For grain mold, the occurrence of frequent 

rainfall during grain development stage is important (Forbes et al., 1992; Williams and Rao, 1981).  

To obtain best results, the screening needs to be carried out at physiological maturity as this can 

help capture late colonizers (Forbes et al., 1992). Grain mold disease can be scored either by 

qualitative or quantitative methods. The qualitative method simply categorizes the genotypes as 

immune, resistant, moderately resistant, susceptible, and highly susceptible.  On the other hand, 

the quantitative method utilizes a scale of 1-5 or 1-9 to score disease reaction where a scale of ‘1’ 

means resistant and ‘5’ or ‘9’ means highly susceptible depending on the scale employed 

(Bandyopadhyay and Mughogho, 1988).  

Like grain mold, anthracnose disease is also favored by warm and humid environments. 

Disease symptoms may start to appear 30-40 days after emergence and well extend through grain 

filling stage (Thakur et al., 2007). The inoculums from crop residue are the primary source of 

infection for seedlings.  

Sorghum anthracnose screening can also be conducted both in the field and under 

greenhouse conditions. For field screening, the test materials can be planted in an environment that 

is a hotspot for the disease. The screening can also be done by artificial inoculation. In this case, a 

known susceptible line that serves as a spreader is planted in combination with test genotypes. The 

susceptible genotypes are planted on designated rows (spreader rows) at a pre-determined interval, 

often every nine rows of the test genotypes. Two to three sorghum grains inoculated with the 
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desired pathogen strain is placed in the whorl of the spreader plants to facilitate infection (Thakur 

et al., 2007; Prom et al., 2009). Five to ten plants of the test genotypes are then tagged, and the 

disease data recorded on them. Qualitative disease scores are rated as highly resistant (HR), 

resistant (R), moderately resistant (MR), susceptible (S), and highly susceptible (HS) depending 

on the symptoms observed (Thakur et al., 2007; Prom et al., 2009). Anthracnose severity can also 

be scored based on a scale of 1-9 or 1-5. A scale of ‘1’ represents highly resistant genotypes in 

both scale categories. A rating of ‘2’ or ‘3’ is assigned to indicate resistance in the 1-9 scale while 

‘4’ and ‘5’ are given to moderately resistant genotypes. Susceptible entries will be scored as ‘6’ or 

‘7’ depending on the severity. Those which are highly susceptible will be given a score of ‘8’ or 

‘9’. On the 1-5 scale, the moderately resistant genotypes are scored ‘3’ while those susceptible are 

assigned a score of ‘4’. Those found to be highly susceptible are given a score of ‘5’ (Thakur et 

al., 2007; Prom et al., 2009). 

1.7 Genomic selection 

Marker-assisted selection has a valuable use for improving traits controlled by one or few 

genes (qualitative traits) (Ragot et al., 1994). But its application is limited when it comes to traits 

controlled by several genes that have small effects (quantitative genes). Polygenic traits affected 

by several genes of minor effect are better targeted through genomic selection (GS). Genomic 

selection is a marker-based method used to determine associations between markers across the 

genome and a trait phenotype (Meuwissen et al., 2001). Genomic selection involves two sets of 

populations: the training population, a set that has both phenotypic and genotypic information, and 

the testing population, one that has genotypic information but no phenotypic data (Meuwissen et 

al., 2001). GS is a technique that utilizes associations between several markers across the whole 
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genome and the trait values from the training set for calculating genomic estimated breeding values 

(GEBVs) of untested genotypes.  

The accuracy of genomic prediction model depends on the size of the training and testing 

(breeding) population. In addition, the heritability of the traits, the effect of the environment (G x 

E interaction), genetic diversity and marker density, and the relationship between the training and 

the testing set are crucial factors affecting the accuracy of the genomic prediction (De Roos et al., 

2009; Howard et al., 2014; Wang et al., 2018; Zhang et al., 2019).  

The accuracy of genomic selection also heavily depends on the choice of models. Several 

prediction models have been made available and among them are, Ridge Regression–Best Linear 

Unbiased Prediction (RR-BLUP), Genomic Best linear unbiased prediction (GBLUB) (VanRaden, 

2008), BayesA, BayesB, BayesC, and least absolute shrinkage selection operator (LASSO) 

(Tibshiranit, 1996; Kukreja et al., 2006) with BLUP being the most widely used.  

The model used for genomic selection as outlined by Heslot et al., 2012 is: 

Y = μ + Xβ + ε 

Where Y represents the trait value, μ is the population mean, X represents the marker 

design matrix, β is the vector of marker effect, and ε is the error term, 𝜀~𝑁(0, 𝜎𝜀
2).  

Prediction accuracy is calculated as the Pearson’s correlation between the GEBV and the 

true breeding value as: 

𝑟𝐴 = √
ℎ2

ℎ2+
𝑀𝑒
𝑁𝑝

     where 𝑟𝐴 denotes the prediction accuracy, ℎ2 is the narrow sense 

heritability, 𝑀𝑒 is the number of independent chromosome segments and 𝑁𝑝 is the number of 

individuals in a training population (Daetwyler et al., 2008, 2010).  
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Higher prediction accuracies were reported with higher marker densities with the GBLUP 

(Zhang et al., 2019). For traits with high or medium heritability, BayesR model was found to be 

better than the GBLUP in predicting accuracy (Zhang et al., 2019).  

Since its introduction in 2001 (Meuwissen et al., 2001), genomic selection has been 

successfully applied in animal breeding and is slowly gaining momentum in crop research through 

works on a few crops such as maize (Bernardo and Yu, 2007; Beyene et al., 2021; Riedelsheimer 

et al., 2012; Shikha et al., 2017; Zhao et al., 2012), rice (Spindel et al., 2015; Cui et al., 2020; Xu 

et al., 2021), barley and sorghum (Habyarimana and Lopez-Cruz, 2019; Hunt et al., 2018a; Muleta 

et al., 2019; Puglisi et al., 2021; Velazco et al., 2020; Zhong et al., 2009).  

In a study conducted on a doubled haploid (DH) maize, genomic selection improved 

response over marker-assisted recurrent selection (MARS) by 18-43% (Bernardo and Yu, 2007). 

In a separate study, prediction accuracy of 0.19 to 0.31 was obtained for grain yield under different 

conditions using 3,068 tropical maize DH lines (Beyene et al., 2021). In the same study, a 

prediction value of 0.53-0.71 was reported by including breeding data from the previous year and 

by including 30% of the testing population in the training set (Beyene et al., 2021). In rice, a 

predictive value of 0.31 was reported for grain yield in a panel of 363 elite breeding lines. For 

plant height and flowering time, the values were 0.34 and 0.63, respectively (Spindel et al., 2015). 

Genomic prediction studies in sorghum mainly focused on bioenergy sorghums and on genomic 

prediction model comparisons (Table 1.1). 
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Table 1.1. Previous works on genomic selection in sorghum 

Population 

 

SNPs Statistical model Trait  predictive 

value 

Reference 

 

Multi-parental 

random 

mating 

population 

146,306 

SNPs  

GBLUP  Grain yield 0.28 (Bernardino et al., 

2021) 

Plant height  0.53 

Al tolerance  0.45 

869 biomass 

sorghum lines 

100,435 SNP 

markers 

Bayesian network, 

Pleiotropic 

Bayesian network, 

Dynamic Bayesian 

network, multi-trait 

GBLUP (MTr-

GBLUP), and 

multi-time GBLUP 

plant height 0.47-0.75 (Dos Santos et al., 

2020) 

 

dry biomass 

yield 

0.46-0.49 

Pre-breeding 

population of 

biomass 

sorghum 

59,264 SNPs GBLUP biomass yield 0.40 (Fernandes et al., 

2018) 

 

Sorghum 

diversity panel 

and landraces 

and S. bicolor 

× S. halepense 

RILs 

61,976 SNPs GBLUP, BRR, 

Bayesian LASSO 

and BayesB 

polyphenol, 

flavonoids, 

condensed 

tannins, total 

antioxidant 

concentrations 

0.49- 0.58 (Habyarimana 

and Lopez-Cruz, 

2019) 

 

180 Sorghum 

bicolor 

landraces and 

lines and 189 

S. bicolor × S. 

halepense 

advanced 

recombinant  

61,976 SNPs BLUP aboveground  

biomass yield, 

plant height, 

and dry mass 

fraction 

0.36-0.59 (Habyarimana et 

al., 2020) 
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Population 

 

SNPs Statistical model Trait  predictive 

value 

Reference 

 

inbred lines 

Preliminary 

yield  

Trials sets  

581 DArT 

markers 

 Grain yield 0.12-0.59 (Hunt et al., 

2018b) 

 

400 hybrids  6,619 

markers 

GBLUP, GBLUP-

AD, GK,  

Brix, culm 

length, and 

fresh weight 

 (Ishimori et al., 

2020) 

 

238 Chibas 

training set 

and 2,736 

other 

individuals  

  height, brix, 

juice weight, 

leaf weight, 

earliness, stem 

weight, and 

grain yield 

0.57–0.73 (Jensen et al., 

2020) 

 

200 sorghum 

landraces and 

breeding lines 

258,220 

markers 

rrBLUP days  

to flowering, 

plant height, 

fresh and dry 

matter yield,  

and fiber, 

cellulose, 

hemicellulose, 

and lignin 

proportion 

0.66-0.85 (de Oliveira et al., 

2018) 

 

281 maize 

inbred  

Lines and 320 

sorghum 

inbred lines  

51,742 SNP 

Maize,  

90,441 SNPs 

sorghum 

rrBLUP   (Rice and Lipka, 

2019) 

 

389 diverse 

sorghum 

accessions 

224,007  

SNPs 

GBLUP panicle branch 

length, days to 

anthesis, flag 

leaf height, 

0.52–0.69 (Sapkota et al., 

2020) 
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Population 

 

SNPs Statistical model Trait  predictive 

value 

Reference 

 

grain number 

per primary 

panicle, 

thousand grain 

weight, grain 

yield per 

primary 

panicle, plant 

height, panicle 

length 

2645 testcross 

hybrids and 

their female 

parents  

4781 SNPs GBLUP grain yield, 

stay-green, 

plant height,  

and flowering 

time 

0.35-0.48 (Velazco et al., 

2019) 

 

Testcross 

evaluations of 

603 female 

parental lines 

 KBLUP   (Velazco et al., 

2020) 

 

1.8 Genome-Wide Association Study (GWAS) 

Marker-trait associations in disease resistance study are detected by examining the co-

segregation of disease phenotype and alleles at marker loci. Nevertheless, this method has its own 

limitations in addressing complex diseases which are influenced by genetic variations at several 

loci in the genome. Hence, studying diseases at population level by linkage disequilibrium (LD) 

mapping helps in detecting and locating quantitative trait loci (QTL) based on the strength of the 

correlation between a marker and a trait (Mackay and Powell, 2007). The concept of linkage 

disequilibrium is based on studies by (Geiringer, 1944; Lewontin and Kojima, 1960) and refers to 
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non-random association between alleles at different loci. Linkage disequilibrium occurs when 

alleles at separate loci on the same chromosome are inherited together more frequently than 

anticipated by chance.  

LD mapping, also known as association mapping, exploits historical recombination events 

at population level for dissecting complex traits (Lewontin and Kojima, 1960; Nordborg and 

Tavaré, 2002). Variants or single-nucleotide polymorphisms (SNPs) that are associated with these 

complex traits can be detected with genome-wide association analysis.  

The following linear regression model is used in GWAS analysis (Yu et al., 2006): 

𝑦 = 𝑋𝛽  +  𝑍𝑔  +  𝑆𝜏  +  𝜀  

where 𝑦 is a vector of phenotypic observation; 𝑋𝛽 is fixed effects; 𝑔  models the genetic 

background of each line as a random effect; 𝜏 is a vector of additive SNP effects as a fixed effect; 

𝜀 a vector of residual effects. 𝑋 , 𝑍 and 𝑆 are incidence matrices of 1s and 0s relating 𝑦  to 𝛽 , 𝑔  

and 𝜏 , respectively. 

Linkage disequilibrium undergoes gradual deterioration over successive generations due 

to recombination events. Recombination occurs as alleles from different parental chromosomes 

are rearranged during the formation of gametes. The associations between alleles disrupt when 

recombination occurs between loci in proximity leading to linkage disequilibrium decay.  Factors 

that influence linkage disequilibrium decay are population type, recombination hotspots, physical 

distance, mutation rate and natural selection. In maize, LD decay was reported within 1 kb in 

landraces, in approximately 2 kb in diverse inbred lines, and up to 100 kb in commercial elite 

inbred lines (Remington et al., 2001; Tenaillon et al., 2001; Ching et al., 2002).  
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In sorghum, LD over short distances was reported to be more extensive than in maize 

(Hamblin and Mitchell, 2014). This may favor LD mapping of genes responsible for complex 

traits.   

1.9 Combining ability analysis 

The use of combining ability as a measure of potential of an individual as breeding parent 

has taken root in breeding programs. The concept was first introduced by Sprague and Tatum,  

(1942). The relative performance of a line when crossed with several other lines is referred to as 

its general combining ability (GCA), while the specific combining ability (SCA) refers to the 

performance of a hybrid relative to the performance of its parents in other crosses (Sprague and 

Tatum, 1942). Various mating designs and analysis methods have been developed to allow 

estimation of GCA, SCA or both. Breeders utilize one or more of these designs and methods that 

best suit the specific crops they work with. Because GCA measures the average performance of 

an individual based on the performance of its progenies, it directly reflects the impacts of alleles 

shared by the individual regardless of the impact of alleles coming from the other parent. Since 

only additive genes are transferred from parents to offspring, then GCA can be ascribed as the 

measure of additive genetic effect. On the other hand, SCA is a measure of the performance of a 

given cross relative to the parents’ performance in other crosses. The cross can be superior to either 

of the parents, hence the performance is not only because of the combined effects of genes from 

the parents but also because of interaction between genes contributed by the parents. This 

interaction occurs at each locus affecting a trait which in genetics terms is called dominance. Hence 

SCA is simply a measure of dominance genetic effect. Both additive and dominance genetic effects 

can contribute to a given trait and one may have bigger contribution than the other. Hence, the 

gene action responsible for GCA is additive and additive x additive epistasis and is considered 
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fixable while that of SCA is due to non-additive gene action, dominance, and epistasis, or both and 

is non-fixable (Falconer, 1989). Likewise, variance estimates due to GCA can be considered as 

additive genetic variance while those due to SCA as dominance variance. Thus, to run a successful 

breeding program, information regarding GCA of parental genotypes and SCA of a cross from 

certain parental genotypes is essential. In hybrid breeding programs, it is part of a routine practice 

to determine the GCA of new breeding lines as soon as they are developed. Even in self-pollinated 

crops, knowledge of the GCA of potential parents is useful.  

A higher variance of SCA than GCA were reported in rice for yield and yield-related traits 

except for plant height stipulating preponderance of non-additive gene action over that of additive 

action (Bagheri and Jelodar, 2010). In a study on 15 sorghum restorer lines (male) and 5 male-

sterile A-lines, Kenga et al. (2004) reported highly significant GCA effects for males in all the 

traits considered: grain yield, days to anthesis, plant height, inflorescence length, threshing 

percentage, and seed mass. All traits except inflorescence length also showed a significant SCA. 

This result is in line with what (Mengistu et al., 2010) reported on Ethiopian sorghum genotypes 

for agronomic traits. Inheritance of grain mold resistance in sorghum was reported to be majorly 

due to additive gene action (Rao et al., 2016).   
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Chapter 2 - Application of genomic selection for the prediction of 

foliar anthracnose and grain mold disease resistance in sorghum 

Abstract 

 Crop genetic resources held in gene banks are sources of genetic diversity for numerous 

traits that are essential for crop improvement. The Ethiopian sorghum germplasm collection 

comprises over 9000 accessions collected from different parts of the country. These genetic 

resources have been underexploited in current breeding programs mainly due to limitations of both 

financial and intellectual predicament. However, a rapid decline in genotyping cost and 

improvement in bioinformatic resources are enabling the implementation of genomic approaches 

for efficient utilization of these resources. Here, we evaluate the potential of genomic prediction 

for facilitating the utilization of sorghum germplasm collection in crop improvement. A total of 

946 sorghum accessions were sampled from the gene bank and evaluated for Sorghum leaf 

Anthracnose (Colletotrichum sublineolum) and grain mold resistance in Bako, Ethiopia during the 

2015 and 2016 cropping seasons. The accessions were genotyped using genotype-by-sequencing 

(GBS) method that generated a total of 410,717 high quality SNP markers. The markers were 

thinned in TASSEL software maintaining distances of 1,000bp, 50,000bp, 75,000bp, and 

100,000bp between markers to see the effects of SNP density on prediction accuracy. The analysis 

was conducted by varying the training population size from 10% to 90% at an interval of 10%. 

Principal component analysis was conducted to assess the pattern of genetic relatedness among the 

accessions and to optimize kinship between the training and validation population, thereby 

improving the accuracy of predicting breeding values of the selection population.  
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2.1 Introduction 

Despite its wide adaptability and resilience, sorghum suffers from various stress factors 

either due to less attention paid to the management of the crop or because it is often grown in 

environments where these factors are rampant. Whenever encountered, these stresses cause yield 

losses and grain quality deterioration affecting productivity, market value and nutritional attributes 

of the crop. The major biotic stressors affecting sorghum are parasitic weed Striga, foliar and 

panicle diseases caused by an assortment of fungal pathogens, sporadic occurrence of armyworms, 

shoot fly and migratory birds. Sorghum foliar anthracnose and grain mold are the two major 

diseases of sorghum and more than 50% of sorghum yield losses that occur in warm and humid 

environments are attributable to these diseases. Anthracnose affects almost all aboveground parts 

including leaves, stems, and grains while grain mold affects the sorghum panicle. The yield loss 

caused by these diseases have been reported to range from 50% to 86% depending on severity (Ali 

and Warren, 1992; Thakur and Mathur, 2000). Sorghum is endowed with vast genetic variability 

which can be exploited in breeding programs to enhance adaptation to these stresses. The whole 

genome of sorghum has been sequenced (Paterson et al., 2009) and available for public use.  

Knowledge of the extent of genetic variation, the pattern of inheritance of traits in working 

populations, and marker-trait associations are of paramount importance for charting the way for 

genetic improvement. The application of genomics becomes imperative for unlocking the potential 

of genetic diversity. The declining genotyping cost in recent years is permitting whole genome 

sequencing of novel germplasm for gene discovery and the application of genomic selection to aid 

breeding efforts (Jannink et al., 2010).  

 Genomic selection is a revolutionary tool that involves high-throughput genotyping and 

phenotyping to predict the genetic potential of individuals for complex traits. This approach 
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exploits the information embedded in the entire genome, enabling the selection of superior 

materials without the time-consuming and resource-intensive field phenotyping. By combining 

genomic data with precise phenotypic information, genomic selection facilitates the identification 

of genetic markers associated with disease resistance, enabling breeders to efficiently develop 

resistant sorghum varieties.  

Genomic selection has been implemented to predict grain yield and its attributes such as 

number of grains per panicle, thousand-grain weight, number of productive tillers by utilizing 

different training population types and models. The type of prediction model, t heritability of the 

trait, the type of population and training population sizes were found to affect the prediction 

accuracy. A genomic prediction of 0.28 was reported for complex traits such as the distribution of 

weight to the individual grains in the panicle of rice (Yabe et al., 2018). On the other hand, a 

prediction of 0.78 was reported for grain yield in maize (Rio et al., 2019). A prediction accuracy 

of 0.6 was reported in populations developed using mating design II while only 0.1 was reported 

from random test cross populations (Fristche-Neto et al., 2018). The size of the training population 

and genetic relationships between the training and breeding populations were shown to influence 

the accuracy of genomic selection for grain yield (Lozada et al., 2019, 2020). 

Marker-assisted selection (MAS) has been demonstrated to be effective in enhancing 

breeding efforts for qualitative resistance. However, its efficacy diminishes when applied to 

diseases with quantitative resistance that is influenced by numerous genes with minor effects. 

Hence, genomic selection steps in and fills the gap by serving as a vital tool for the improvement 

of resistance controlled by quantitative genes. The technique has been successfully implemented 

for disease resistance in wheat, rice, maize, and barley. Genomic prediction accuracies ranging 

from 0.14 to 0.85 were reported for wheat diseases including Fusarium head blight, rust, powdery 
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mildew Septoria tritici blotch, Stagonospora nodorum blotch and tan spot. GS has also been 

applied in rice to identify blast-tolerant lines; and it has been used to select for tolerance to 

Stenocarpella maydis and Striga in maize. For barley, GS has been used to predict Fusarium head 

blight severity achieving accuracy of up to 0.72 (Lorenz et al., 2012; Daetwyler et al., 2014; 

Mirdita et al., 2015; dos Santos et al., 2016; Sallam and Smith, 2016; Juliana et al., 2017; Sarinelli 

et al., 2019; Badu-Apraku et al., 2019; Huang et al., 2019). However, due to the change in 

environmental conditions, pathogens are continuously evolving and as a result, new races and 

biotypes are being reported. Thus, identifying and incorporating resistance genes into germplasms 

is a continuous process and has to mirror the evolution of new pathogen strains (Váry et al., 2015; 

Fones et al., 2020).  

On the other hand, only little information is available on the prospect of genomic selection 

to enhance disease resistance in sorghum. Thus, the current work was aimed at determining the 

potential of genomic prediction for genetic improvement of resistance to sorghum foliar 

anthracnose and grain mold diseases.  
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2.2 Materials and methods 

2.2.1 Germplasm and Phenotyping 

A set of 946 sorghum accessions were utilized in this experiment. These are subset of the 

2000 accessions sampled from the over 9000 national sorghum collections maintained by the 

Ethiopian Biodiversity Institute (EBI). The Ethiopian sorghum collections serve as the genetic 

resource for local variety development efforts such as by the Ethiopian Institute of Agricultural 

Research and regional agricultural research institutes. Representing about 17% of the USDA 

sorghum germplasm collection and of the international gene banks, Ethiopian sorghums have been 

the primary sources of novel genes in global sorghum improvement. The accessions were collected 

from diverse agroecological zones of Ethiopia at various elevations ranging from below 500 m to 

over 3200 meters above sea level  as well as from different parts of the country with a range of 

soil type, moisture condition, and accessions of unique utilization attributes (Figure 2.1 and Figure 

2.2).  

 

 

Figure 2.1.  Number of accessions by collection area/region. 
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Figure 2.2.  Distribution and magnitude of accessions collected from different parts of Ethiopia 

(dot size represents the relative number of accessions collected). 

 

The accessions were planted at Bako (9°08’N,37°03’E), western Ethiopia in 2015 and 2016 

seasons. The station is located at an elevation of 1642 m a.s.l. and has a mean annual temperature 

of 19.7°C and a mean annual rainfall of 1281 mm. The accessions were grown on 5-meters long 

single row plots spaced 0.75 meters apart. The spacing between plants was 20 cm. Fertilizer 

phosphorus was applied in the form of Diammonium phosphate (DAP) at the rate of 100 kg/ha 

DAP at planting. Nitrogen was applied in the form of Urea at the rate of 50 kg/ha when the plants 

reached knee height. Other agronomic management practices were employed based on the 

recommendations for the area. Five plants per row (accession) were selected and tagged for data 

collection on disease response. Disease reactions were scored using a 1-5 scale for both leaf 



37 

anthracnose and grain mold diseases based on descriptions provided by (Thakur et al., (2007 and 

Prom et al. (, 2009).  

For anthracnose, a score of ‘1’ was assigned to accessions with leaves showing no sign of 

infection, score ‘2’ was assigned to accessions showing hypersensitive reactions with local lesions 

but no visible acervuli. Accessions with infected bottom leaves with acervuli were assigned score 

of ‘3’; and a score of ‘4’ was assigned to accessions where middle to bottom leaves were infected 

and acervuli were visible, while score ‘5’ was given to accessions where infections reached up to 

the flag leaf and acervuli were observed (Thakur et al., 2007; Prom et al., 2009).  

For grain mold, a score of ‘1’ was assigned for highly resistant accessions showing less 

than 1% grain mold on a panicle. A rating of ‘2’ was assigned where the percentage of grains 

molded on a panicle was between 1 and 10%. A score of ‘3’ was assigned to those showing 11% 

and 25% (moderate resistance), and ‘4’ to those with grain mod incidence of 26-50%. Accessions 

with >50% molded grains on a panicle were assigned a score of ‘5’ (Thakur et al., 2007).  

2.2.2  DNA isolation, library preparation and sequencing 

DNA was extracted from freeze-dried tissue collected from week-old seedlings by use of 

the acetyl trimethylammonium bromide (CTAB) DNA extraction protocol modified for 96 well 

plates (Mace et al., 2003). Ten libraries were constructed for the 946 accessions, using the 

restriction enzyme ApeKI (recognition cite: 5’...G|CWGC...3’) for digestion. The libraries were 

sent to the University of Wisconsin, Biotechnology Center DNA Sequencing Facility for 

genotyping. The accessions were genotyped by the genotyping-by-sequencing (GBS) platform 

(Elshire et al., 2011) on an Illumina HiSeq 2500 lane sequencing machine.  
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2.2.3 SNP calling, data filtering and missing data imputation.  

After obtaining the genotype data, sequence reads were aligned to the most recent BTx623 

sorghum reference genome version 3 and SNP calling was conducted using TASSEL-GBS 5.0 

(Glaubitz et al., 2014). The genotypes generated were filtered for minor allele frequency (MAFs) 

of (> 0.01) and percent of missing SNPs (< 20%) resulting in 410,727 SNPs for analysis.  

Afterward, the remaining missing data were imputed using BEAGLE 4.1 software package 

(Browning & Browning, 2016). Imputation involves inferring the ungenotyped variants of the 

target samples based off the available data from the reference genome (Marchini and Howie, 

2010). Further thinning of the SNPs was conducted in TASSEL-GBS 5.0 by maintaining minimum 

distances of 1000 bp, 50,000 bp and 100,000 bp to see its effect on prediction accuracy. 

Accordingly, 90,074 SNPs, 10,458 SNPs and 5,731 SNPs, respectively, were obtained after 

thinning. Analysis was conducted based on these three SNP categories.  

2.2.4 Genomic-estimated breeding values  

The Genomic estimated breeding values (GEBVs) for individuals in the test/validation sets 

were calculated based on the marker effects estimated from the training population. GEBVs were 

computed using ridge regression best linear unbiased perdition (rrBLUP) package (Endelman, 

2011) in the R programming language (Newell and Jannink, 2014). The values were estimated 

based on cross-validation tests using two sets of populations.  The first set consisted of the training 

set while the other set was the testing set. For the training set, samples of 10% (95 accessions), 

20% (189 accessions), 30% (284 accessions), 40% (378 accessions), 50% (473 accessions), 60% 

(567 accessions), 70% (662 accessions), and 80% (757 accessions) were considered and the 

remaining proportions were used as the testing sets in each case. Tests were run for 500 iterations 

and the means were used for analysis.   
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Prediction accuracy estimate 

The prediction accuracy was calculated using the following formula: 

r(GEBV:PEBV)

√ℎ2
, 

where r is the Pearson’s correlation between the GEBVs and the phenotypic estimated 

breeding values (PEBVs) in the test population, h2 is the broad-sense heritability on a line-mean 

basis.   
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2.3 Results 

The analysis of disease data revealed remarkable variation among the accessions both for 

anthracnose and grain mold resistance. Genomic prediction of disease reaction for the accessions 

demonstrated prospect for application of genomic selection in genetic improvement of sorghum.  

2.3.1 Variation for anthracnose resistance  

There was remarkable variation between the accessions for resistance to foliar anthracnose. 

Taking into account the average of the two years, 187 accessions were found to be resistant or 

highly resistant (mean disease score of 2 or lower), while 208 were rated as 3 or above and were 

susceptible to foliar anthracnose (Figure 2.3). The bulk of the entries (551) were shown to have 

moderate reaction (score 2.1-3) to the disease. Looking at the two years separately, 202 accessions 

were rated 2 or below, 570 were rated to be between 2 and 3 while 214 were rated above 3 for the 

year 2015. On the other hand, 264 accessions were rated 2 or below, 417 were rated between 2 and 

three while 265 were rated above 3 for the year 2016 (Figure 2.3B). 
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Figure 2.3.  Frequency distribution of anthracnose resistance rating (mean of two years) (A), and 

the two years separately (B). Reactions of sorghum accessions to anthracnose disease and grain 

mold (C).  

Five plants were scored for each accession and the means were used. The scoring scale was based 

on 1-5 with 1, plants with no sign of infection; 2, plants with hypersensitive reactions, local lesions 

without acervuli; 3, plants showing infected bottom leaves with acervuli; 4, plants with middle to 

bottom leaves infected and visible acervuli; and 5, plants with infections reaching flag leaf and 

acervuli visible). 

 

2.3.2 Variation in grain mold resistance 

Unlike the anthracnose, the bulk of the accessions showed resistance reaction to infection 

by grain mold pathogens. Based on the two-year mean, four hundred forty-three accessions (47%) 

were shown to be highly resistant with a score of < 2. Further, another 298 accessions fall in 

resistant category with mean disease score of 2.0 and 2.9, while 186 accessions only moderately 

resistant/susceptible with a score of 3-3.9. Only 19 accessions had disease score of 4 and above 

(Figure 2.4A). For 2015, 697 accessions were rated 3 or below and the remaining were rated above 

3. On the other hand, 836 accessions were rated below 3 and 110 were rated above 3 for the year 

2016 (Figure 2.4B).  
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Figure 2.4.  Frequency distribution for grain mold resistance for mean of the two years(A) and for 

2015 and 2016 (B). Reactions of sorghum accessions to anthracnose disease and grain mold (C).  

Five plants were scored for each accession and the means were used. The scoring scale was based 

on 1-5 (1 – highly resistant with less than 1% grain mold on a panicle. 2 – only 1 to 10% of grains 

on a panicle molded, 3 – moderate resistance (11% and 25%), 4 – susceptible (26%-50% of the 

grains on a panicle molded), 5 – highly susceptible (>50% grains on a panicle had molds). 
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2.3.3 Marker distribution and genomic prediction accuracy  

The 410,717 SNP markers were uniformly distributed across all the ten sorghum 

chromosomes. Marker density for the 1 Mb region ranged from 0 to over 1,665 showing a general 

pattern of denser SNPs towards the telomer and less dense towards the centromere (Figure 2.5).  

Prediction accuracy estimates for both anthracnose and grain mold reactions were 

conducted by considering combinations of different population sizes for training set and different 

SNP marker densities. These were considered to observe the effect that different population sizes 

have on the prediction accuracy and how the number of SNPs affect prediction accuracy. 

 

Figure 2.5. Genome-wide density of 410,717 single-nucleotide polymorphism (SNP) markers 

across the ten chromosomes of sorghum. 

 

 

 

 

  



44 

2.3.3.1 Effects of training population size on GEBV accuracy for anthracnose and grain 

mold disease resistance  

The training population size was shown to have marked effect of prediction accuracy of 

foliar anthracnose reaction. For the 10% (95 accessions) training set, the mean prediction accuracy 

for the 2016 data was about 0.39 whereas it was 0.44 for the highest training set (90%, 851 

accessions). For the 2015 data, prediction accuracy for 10% training population size was 0.33 and 

was increased to 0.39 when the training set was increased to 90%. The predication accuracy for 

different iterations for each training set was different with the range being highest for 90% training 

set (Figure 2.6).  

Increasing the training population size from 10% to 60% raised the prediction accuracy by 

9% in 2016 and 13% in 2015 data. For the 2016 data, prediction accuracy was increased by 18% 

when training population size was increased from 10% to 90% and only by 7% when it was 

increased from 30% to 90%.  
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Figure 2.6.  Prediction accuracy for anthracnose resistance for the year 2015 and 2016. 

 

Similarly, marker density had moderate effect on prediction accuracy of foliar anthracnose 

disease reaction. The highest and lowest prediction accuracies of 0.44 and 0.33 were obtained for 
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the highest marker density (90,074 SNPS) and the lowest marker density (5,731 SNPs), 

respectively. Prediction accuracy slightly increased for increase in marker densities (Figure 2.7), 

and this was true for both 2015 and 2016 data at all training population sizes. Marker densities 

5731 and 10458 had similar prediction accuracy at all training population sizes for both 2015 and 

2016 data. The highest marker density, however, gave better accuracy across different training 

population sizes.  

 

Figure 2.7. Prediction accuracy for anthracnose resistance as affected by number of SNPs for the 

years 2015 and 2016.  

M10458SNPs = 10458 SNPs, M5734SNPs = 5731 SNPs, and M90kSNPs = 90074 SNPs 
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2.3.3.2 The effect of training population size and marker density on GEBV accuracy for 

grain mold resistance.  

Genomic estimated breeding values for grain mold resistance were conducted using 

different training population size to observe its effect on prediction accuracy. The study also 

considered different marker densities to see its effect on perdition accuracy.  

These populations were considered to determine the effect of the training population sizes 

on prediction accuracy. Like for the foliar anthracnose, the training population size was shown to 

have impact on prediction accuracy of grain mold reaction. Accordingly, the mean prediction 

accuracy of 0.38, 0.39, 0.40, 0.40, 0.40, 0.40, 0.40, 0.41, and 0.41 were obtained for training 

population sizes of 95 (10%), 189 (20%), 284 (30%), 378 (40%), 473 (50%), 567 (60%), 662 

(70%), 757 (80%), and 851 (90%), respectively, at the lowest marker density (5731). The 

prediction accuracy increased as training population size increased for all marker densities. The 

prediction accuracies for the highest marker density (90,074 markers) ranged from 0.16 to 0.64 for 

the 200 iterations. With 10,458 markers and the same number of iterations, a prediction accuracy 

ranged from 0.16 to 0.59 the lowest being when 95 (10%) accessions were included in training set 

and the highest was for 757 (90%) accession in the training set (Figure 2.8 and      Figure 2.9).  
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Figure 2.8.  Prediction accuracy for grain mold resistance for the year 2015 

 

     Figure 2.9.  Prediction accuracy for grain mold for the year 2016. 
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The effects of marker densities on prediction accuracy of grain mold reaction were not as 

evident as the anthracnose for both 2015 and 2016 data. This was different for training population 

sizes with the effect of marker density being more evident when training population of about 30% 

was considered (  Figure 2.10). 

 

  Figure 2.10. Prediction accuracy with different marker densities for grain mold 

resistance. 
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2.4 Discussion 

Sorghum is endowed with diverse genetic resources that are of enormous value for 

improvement of the crop. However, they are not adequately exploited in breeding programs either 

due to limited access to the resources or due to lack of funding to dissect the traits harbored in 

them. The advent of marker technology has added new breeding tools to support the conventional 

breeding effort. Marker assisted breeding has enabled breeders to rapidly incorporate traits of 

economic value to breeding lines. But the application of MAS was limited to quantitative trait 

locus (QTLs) with large effect and hence has limited use for genes with smaller effects. Thus, 

genomic selection, based on next generation sequencing, has allowed exploitation of markers 

which were otherwise difficult to capture with MAS techniques. Breakthroughs in genomic 

research, advances in bioinformatic tools and a rapid decline in genotyping cost in recent years has 

created an enabling environment for the use of genomic approaches to exploit minor effect alleles 

to meet the ever-increasing human needs. 

Genomic selection covers the whole genome and accounts for all loci with major and minor 

effects.  GS exploits the population by dividing them into two sets, the training and testing set. The 

training set consists of individuals that have both phenotypic and genotypic data while the testing 

set only has genotypic data. Genomic selection thus utilizes phenotypic and genotypic data from 

the training set to predict the performance of the entire population based on their genotype only 

and thus eliminates the need for phenotyping the whole population.  

In this study, the potential of genomic selection to enhance the utilization of sorghum 

germplasm in crop improvement was assessed. The effect of different training population sizes 

and different marker densities on prediction accuracy in genomic selection were evaluated. A total 
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of 946 sorghum accessions sampled from the Ethiopian Biodiversity Institute were evaluated for 

resistance to leaf anthracnose and grain mold diseases.   

The results showed that the training population sizes, and marker densities have marked 

effect on prediction accuracy substantiating previous reports (Howard et al., 2014; Wang et al., 

2018). The overall prediction accuracies for both leaf anthracnose and grain mold were fairly low, 

only about 0.4 at higher training population sizes. This may be attributable to various factors 

including the nature of the population. The accessions used in this study come from diverse 

geographic regions where their structure is shaped by combination of geophysical conditions of 

the regions and the unique social and cultural backgrounds of the native population in these regions 

that may have resulted in the emergence of unique set of germplasm, especially in isolated regions 

and communities. Both grain mold and anthracnose are complex diseases caused by multitudes of 

pathogens that thrive under different environments, hence there is high chance that certain genes 

and pathogen strains may be unique to certain environments and thus resistance alleles to those 

pathogens may be found only in that or similar environments.  

We expect the prediction accuracies to be higher if the population were gathered from 

geographies where traditional seed exchange was common or if they were derived from same 

founding parents and then subjected to random mating. In such situations training populations set 

of any size might better represent the testing population and provide higher prediction accuracy 

compared to population of accessions collected from distant environments that had little or no 

history of genetic recombination. Nevertheless, though the prediction accuracy of this level may 

be considered low and do not allow to effectively hand pick the best accessions, it may allow to 

sieve through and remove a chunk of accessions of low prospect from future testing activities thus 

significantly reducing cost and time.  
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Considering 90,074 markers, the average prediction accuracies of leaf anthracnose 

incidence for the training population sizes of 95, 189, 284, 378, 473, 567, 662, and 757 were 0.40, 

0.42, 0.42, 0.43, 0.43, 044, 0.44 and 0.44, respectively. With 10,458 markers, the prediction 

accuracies for the same population sizes were 0.39, 040, 0.41, 0.42, 0.42, 0.43, 0.43, and 0.43, 

respectively, and was 0.39, 0.41, 0.42, 0.42, 0.43, 0.43 and 0.43 when 5,731 markers were used 

for the same training population sizes. The study shows that marker density for the specified range 

did not significantly alter prediction accuracy. It is also important to note that increasing the 

training population size beyond 60% (567 accessions) did not increase the prediction accuracy 

indicating that the prediction accuracy reached a plateau at 60%. In a similar study conducted on 

canola, the prediction accuracy reached plateau when 70% training population was considered (Jan 

et al., 2016).  

The accuracy of genomic estimated breeding value for grain mold resistance had the same 

trend as that of the anthracnose. For training populations sizes 95, 189, 284, 378, 473, 567, 662, 

and 757, and 90,074 markers, the prediction accuracies were 0.39, 0.40, 0.40, 0.40, 0.41 0.41, 0.42, 

and 0.42. Whereas for the 5,731 markers, prediction accuracies were 0.38, 0.39, 0.40, 0.40, 0.40, 

0.41, 0.41, and 0.41 for the respective training population sizes. This revealed that training 

population sizes 189, 284, and 378 had no significate difference for prediction accuracy. Thus, the 

result demonstrates that, for populations of this nature, increasing marker numbers and training 

population sizes beyond 30% doesn’t necessarily increase prediction accuracy and thus lower 

number of markers and modest size training set can be used for genomic prediction which saves 

cost and time for testing and data analysis.   
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2.5 Conclusion 

The result indicated that genomic prediction has potential to estimate the performance of sorghum 

germplasm resources based on their genetic information per se without going through the rigors of 

field evaluation for all the available germplasm. This is true even for distant accessions with little 

or no opportunity for genetic recombination. This makes genomic prediction a powerful tool not 

only in breeding programs but also for germplasm characterization by the gene banks for 

cataloguing them for specific uses. This new tool will be of significant practical application for 

cryptic traits such as nutritional quality that are difficult to track in the field as well as for polygenic 

traits such as grain yield that are getting expensive to generate enough data from conventional field 

testing.  
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Chapter 3 - Genome-wide association study of sorghum anthracnose 

disease (Colletotrichum sublineolum): Unraveling genetic 

variations and disease associations 

Abstract 

Like all other crops, sorghum also suffers from various biotic agents to a variable degree.  

Among the major biotic constraints in humid and sub-humid agroecologies of Ethiopia are foliar 

anthracnose and grain mold. In this study, we investigated the degree of SNP marker trait 

association for reaction to sorghum anthracnose. The study revealed significant associations on 

chromosomes 1, 2, 3, 4, 6, 8, and 10. Notably, chromosome 8 presented the most substantial 

genetic associations, with nine loci (S8_16230498, S8_16389715, S8_37466666, S8_39664335, 

S8_42468301, S8_42983043, S8_43776246, S8_7908407, and S8_570182) showing significant 

association with the anthracnose disease. Likewise, on chromosome 1, several loci (S1_20098885, 

S1_49271328, S1_49271328, S1_49454848, S1_50111275, S1_50294000, S1_50533418, 

S1_30455882, and S1_50721682) were significantly associated with the disease. Chromosome 2 

also revealed two significant loci (S2_55407842 and S2_69275221) while only one locus 

(S3_53970498) on chromosome 3 displayed a significant association. Chromosomes 4 and 6 had 

two loci each (S4_62789639, S4_7538383, S6_25755784, and S6_55783758) that were 

significantly associated with the disease. The GWAS results shed light on the genetics of sorghum 

anthracnose disease reaction and highlight potential genomic regions influencing disease 

outcomes. Further investigation may be needed to validate the results and understand the 

underlying molecular mechanisms to facilitate the development of genetic tools for use in 

resistance breeding.  
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3.1 Introduction  

Sorghum (Sorghum bicolor) is an important cereal crop grown worldwide for food, fodder, 

and as feedstock for industrial products. Millions of people in the semi-arid tropics of Africa and 

Asia rely on sorghum as a staple food.  Ethiopia is among the largest producers and consumers of 

sorghum with a large proportion of the produce used for local consumption by primary producers. 

The crop is grown in almost all agroecological zones of the country with the semi-arid mid and 

low-altitude zones being the major sorghum belt primarily because other crops do not do so well 

under such conditions. Sorghum is also grown in several other milder agroecological zones along 

with other crops such as in the west and southwestern parts of the country. Despite the conducive 

weather and rich soils, sorghum production in these areas face peculiar challenges and one such 

challenge is a massive infection by the fungal pathogen Colletotrichum sublineolum. The disease 

often called leaf anthracnose is responsible for substantial loss of grain yield, and forage value 

leading to significant economic losses and food security concerns.  

Because meager research funds are allocated for the most pressing problems, not much 

attention has been paid to solving the disease problem in sorghum. Breeding efforts by the 

Ethiopian national program have focused mainly on enhancing yield, drought tolerance, and 

resistance to the parasitic weed Striga and have registered modest success.  Globally, conventional 

breeding has resulted in consistent genetic improvement contributing to an average yield increase 

of 27kg ha-1 yr-1 between 1963 and 2017 (Demarco et al., 2023). Recent discoveries in DNA 

technology have enhanced the understanding of plant genome architecture and provided additional 

tools for exploring genetic factors associated with traits of economic importance including host 

plant resistance to a variety of diseases such as anthracnose.  
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The advancements in genomics, matched with the rapid decline in genotyping cost, have 

opened new avenues to explore the genetic construct of complex traits, including disease resistance 

in plants. One important area where the application of genomic technology contributed to crop 

improvement is genome-wide association studies (GWAS). This approach has emerged as a 

valuable tool to uncover associations between genetic markers and specific phenotypic traits in 

diverse germplasm populations. While GWAS was developed and widely used in human genetics 

to uncover genetic factors associated with various human diseases, it has also gained popularity in 

plant genetics (Kumari et al., 2022).  

Over the years, there has been a substantial body of research, delving into the broader 

application of GWAS. These studies have been conducted to uncover links between allelic or 

genotypic frequencies and a diverse range of plant traits, including biotic and abiotic stress 

resistance, yield-associated traits, and metabolic composition in annual and perennial crop species 

(Kumari et al., 2022).   

Most GWAS studies conducted on crop biotic and abiotic stress resistance focused on 

wheat and rice ((Zhu et al., 2008; Muleta et al., 2017; Xiao et al., 2018; Galagedara et al., 2020; 

Satturu et al., 2020; Liu et al., 2021). More than 200 GWAS works have been published for 

different agronomic traits in wheat alone (Sehgal and Dreisigacker, 2022). Fungal diseases 

including stripe rust and fusarium head blight in wheat and rice blast were among the well-studied 

(Muleta et al., 2017; Li et al., 2019; Zeng et al., 2020; Ruan et al., 2020).  In a study on 190 

Ethiopian bread wheat lines, Muleta et al. (2017) identified 15 and 9 loci associated with stripe 

rust and stem rust resistance, respectively, that were mapped close to the already identified rust 

resistance genes.  A total of thirty associated loci were identified for a rice blast disease in a study 

that involved 366 indica rice (Wang et al., 2014).  
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Some of the GWAS works conducted on sorghum include grain yield components, traits 

related to forage, fodder quality and biofuel, agroclimatic traits, anthracnose response in sorghum 

association panel, stalk rot, grain mold, striga resistance, and starch content. GWAS study 

conducted on sorghum diversity panel (390 entries) identified significant marker trait associations 

for yield per panicle, grain number per panicle and thousand grain weight (Boyles et al., 2016).  

Significant associations were also detected for panicle architecture and biomass traits (Spindel et 

al., 2018; Zhang et al., 2019). The study on 163 Senegalese sorghum accessions for sorghum 

anthracnose response has not identified any significant association for this trait (Ahn et al., 2021) 

while Cruet-Burgos et al. (2020) were able to detect two loci associated with anthracnose response 

in 114 recombinant inbred lines (RILs) derived from sorghum line SC 112-14.   

In this study, we attempted to apply GWAS to unravel the genetic variations in Ethiopian 

sorghum landraces and discover marker-trait association for anthracnose resistance to identify 

candidate sources of resistance for use in breeding programs. Because the disease is caused by a 

complex of pathogens and our source germplasm consisted of diverse materials collected from 

different agroecologies, the GWAS approach was thought a good fit to identify multiple resistance 

sources at the same time. Hence, the objective of the study was to characterize the genetic 

architecture of sorghum landraces of Ethiopian origin, identify sources of resistance and map 

genomic regions underlying resistance to sorghum anthracnose.  
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3.2 Materials and methods 

3.2.1 Genetic materials 

The study was conducted using a large set of diverse local sorghum germplasm (946 

accessions) collected from different parts of Ethiopia. The accessions were selected from the 

sorghum collections maintained by the Ethiopian Biodiversity Institute, the Ethiopian Institute of 

Agricultural Research, and other research institutions in the country. The materials also included 

local cultivars widely grown by farmers in different regions, released varieties as well as cultivars 

known for their unique attributes such as nutritional value, Striga resistance, and utilization. 

3.2.2 The field experimental site 

The accessions were evaluated for two consecutive seasons in 2015 and 2016 at Bako 

(9°08’N, 37°03’E), Oromia, Ethiopia. The study site was located at an elevation of 1642 m a.s.l. 

with a mean annual rainfall of 1281 mm and annual temperature of 19.7°C. Most of the 

precipitation comes during the growing period (June to September) when the temperature is milder 

than the annual average. The precipitation subsides after September, the temperature rises, and 

relative humidity remains high through the grain-filling period creating a uniquely favorable 

environment for leaf disease and grain mold development. 

3.2.3 Experimental design and field management 

The accessions were planted in a single-row plot of 3 m length. The distance between rows 

was 80cm while the between plant distance was 20 cm (Girma et al., 2019; Nida et al., 2019). The 

plots were fertilized according to the recommendation for the area. Phosphorus fertilizer was 

applied at planting at the rate of 100 kg/ha (DAP) (Diammonium phosphate) and nitrogen was 

applied at 50 kg/ha (urea) when the plants were at a knee height. Weeds were controlled manually. 
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3.2.4 Field data collection 

In every row, five plants representing the accession were selected and tagged at flowering 

and all data were collected on those plants. Disease ratings were conducted as described by (Prom 

et al., 2009). In this method, a rating scale of 1 to 5 was used where 1 represents no signs of 

infection. A rating of 2 was assigned to accessions where hypersensitive reactions were visible 

with localized lesions and no acervuli were noticeable. A score of 3 was assigned to accessions 

with infected lower leaves and acervuli were present. Those accessions with infections progressed 

to middle leaves and visible acervuli were assigned a score of 4. A score of 5 was given to those 

with infections reaching up to the flag leaf with visible acervuli.  

3.2.5 DNA extraction, genotyping, SNP calling and filtering, and data imputation.  

DNA was extracted from a week-old seedling using cetyltrimethylammonium bromide 

(CTAB) DNA extraction protocol modified for 96 well plates (Mace et al., 2003). The DNA 

samples were digested with restriction enzyme ApeKI (recognition cite: 5’...G|CWGC...3’) and 10 

libraries were constructed for the 946 accessions (Girma et al., 2019; Nida et al., 2019). 

Genotyping of the libraries was conducted at the DNA Sequencing Facility of the University of 

Wisconsin with the Illumina HiSeq 2500 lane sequencing machine (Illumina Inc., San Diego, CA, 

USA). Sequence reads were aligned to the BTx623 sorghum reference genome version 3. Poorly 

performing SNPs and genotypes were removed by implementing quality control procedures. 

TASSEL-GBS 5.0 (Glaubitz et al., 2014) was used to call and filter SNP markers. The data was 

filtered to remove markers missing in more than 80% of the accessions and those with minor allele 

frequencies of < 1%. After filtering, a total of 410,727 SNPs were obtained. The remaining SNPs 

were imputed for missing data with BEAGLE V 4.1 (Browning and Browning, 2016). Finally, 

33,981 SNPs were retained and used for GWAS analysis.  
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3.2.6 Genome-wide association studies (GWAS) 

GWAS was conducted on 33,981 SNPs from 946 sorghum accessions evaluated for 

reaction to anthracnose disease. The mixed linear model (MLM) in the genome association and 

prediction integrated tool (GAPIT) with kinship matrix K + Q was used for the analysis (Lipka et 

al., 2012). The rrBLUP package was used in R statistical software (Endelman, 2011), by applying 

the following model (Yu et al., 2006). 

𝑦 = 𝑥𝛽  +  𝑍𝑢  + 𝑆𝜏  +  𝑒  

where 𝑦 is the vector of observed values of phenotypes (BLUEs), 𝑥,  𝑍, 𝑎𝑛𝑑 𝑆 are design 

matrices (observations of the variables in the linear model), 𝛽 is a vector of levels of fixed effects, 

𝑢 is a vector of levels of random effects (genetic marker effects), 𝜏 models the additive SNP effect 

as a fixed effect, and 𝑒 is the residual effect. For association analysis, the disease score was used 

as the quantitative trait. The genome-wide significance threshold for 2015 data was set at a p-value 

of < 6 x 10-5 and < 2 x 10-5 for Benjamini-Hochberg values of 0.1 and 0.05 respectively. For the 

2016 data, P-values of 3 x 10-5 and 1.3 x 10-5 respectively were used.  

3.2.7 Candidate gene identification  

SNPs significantly associated with anthracnose resistance were annotated by aligning to 

the sorghum bicolor reference genome version 3.11 in Phytozome 13 (Goodstein et al., 2012). 

Genes within 100kb of the significant SNP were considered candidates. A literature search was 

conducted to validate the identified candidate genes for known functions or putative functions in 

disease resistance/susceptibility in sorghum or other crops.   
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3.3 Results  

3.3.1 Anthracnose resistance in the Ethiopian sorghum germplasm collection 

A substantial number of the accessions were shown to have resistance to foliar anthracnose 

disease.  Of the 946 accessions included in the study, 187 had a score of 1 or 2 on a scale of 1-5 

with 1 representing resistance. Whereas the bulk of the accessions (551) had a mean disease score 

rating of 2 to 3 and only 14 were rated 4 and above (Figure 3.1). So, nearly 20% of the accessions 

expressed resistance to the disease. No attempts were made to identify the strains or other foliar 

disease-causing pathogens other than Colletotrichum sublineolum. Broad-sense heritability was 

estimated to be 0.63.  

 

  

Figure 3.1. Frequency distribution of anthracnose score. 

 (1 = represents no signs of infection, 2 = the plants show hypersensitive reactions with local 

lesions and no acervuli, 3 = the bottom leaves were infected and acervuli were present, 4 = 

infections that progressed to middle leaves and with visible acervuli, 5 = infections reaching up to 

the flag leaf with visible acervuli). 

 

3.3.2 Population structure  

We noted that different sorghum accessions show different levels of resistance to fungal 

pathogens such as Colletotrichum sublineolum. This variation may mirror the genetic diversity 

present in the population. The co-evolutionary dynamics between sorghum and the pathogens may 
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be revealed by the genetic structure of accessions.  We conducted ADMIXTURE analysis in R 

software using a hypothetical clusters/subpopulation size of K=20. The results indicated a 

continuous sharp decrease in cross-validation error as K was dropped and reached its lowest point 

at K=13 and then a slight increase at K=14 which was then followed by a continuous decrease 

(Figure 3.2). Thus, K=13 was considered the optimum number of clusters (Figure 3.3).   

 

 

Figure 3.2. Cross-validation error rates and K values 
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Figure 3.3. Population genetic structure of 946 sorghum accessions (C1 to C13 represent cluster 

1 to cluster 13) 

 

3.3.3 Identification of significant SNPs associated with sorghum anthracnose 

resistance. 

A genome-wide association study (GWAS) was conducted to identify significant marker 

trait associations for resistance to anthracnose disease. In total, 23 SNPs strongly associated with 

anthracnose resistance were discovered (Bonferroni p-value < 0.05). However, results between the 

two test environments were not consistent.  In 2015, most of the significant SNPs occurred on 

chromosome 1 with chromosomes 2, 4, 6, 8, and 10 also having 1-2 significant SNPs. Whereas in 

2016 season, most of the significant SNPs were on chromosome 8 with chromosome 3 also 

harboring two significant SNPs. Overall, chromosomes 1, 2, 3, 4, 6, 8, and 10 carried SNPs 

significantly associated with leaf anthracnose in 2015 and 2016 seasons (Figure 3.4). 
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Figure 3.4. Manhattan and QQ plots for 2015, 2016, and the mean of the two years.  

(A) and (B), Manhattan plots showing the significant SNPs of the genome-wide association of 

sorghum anthracnose resistance for 2015 and 2016, respectively. (C) and (D) QQ-plot (2015 and 

2016 respectively). (E) and (F) represent the Manhattan plot and the QQ plot for the mean of the 

two years respectively. The horizontal red and green lines represent the FDR-adjusted p-values of 

<0.01 and <0.05 respectively.  

 

 

(C) 

(A) 

(B) 

(D) 

(E) 
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The significant SNP loci on chromosome 1 are S1_20098885, S1_49271328, 

S1_49271328, S1_49454848, S1_50111275, S1_50294000, S1_50533418, S1_30455882, and 

S1_50721682. Two SNPs on chromosome 2, S2_55407842 and S2_69275221 were also 

significant at P < 0.05 but only one significant locus (S3_53970498) was identified on 

chromosome 3. Two SNPs on chromosome 4, S4_62789639 and S4_7538383, and another two on 

chromosome 6, S6_25755784 and S6_55783758, were identified. We also found significant 

associations at 9 loci on chromosome 8 (S8_16230498, S8_16389715, S8_37466666, 

S8_39664335, S8_42468301, S8_42983043, S8_43776246, S8_7908407, and S8_570182). 

Sixteen of these loci were known to have a significant role in plant response to pathogens. These  

are six loci on chromosome 1 (S1_30455882, S1_30455882, S1_30787810, S1_31259197, 

S1_50294000, S1_50721682), two on chromosome 2 (S2_55407842, S2_69275221) one each on 

chromosomes 3 and 4 (S3_53970498, S4_7538383), two on chromosome 6 (S6_55783758, 

S6_25755784), and 4 on chromosome 8 (S8_16230498, S8_16389715, S8_39664335, 

S8_570182) (Table 3.1). 
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Table 3.1. Genome-wide significant markers for anthracnose resistance in sorghum (p < 0.05). 

Chr Position Genes p-value Annotated function Distance (bp)  

1 S1_30455882 Sobic.001G257300 2.04E-05 F-Box proteins in plants 72485 

1 S1_30455882 Sobic.001G257800 2.04E-05 Myosin 18243 

1 S1_30787810 Sobic.001G258500 2.75E-05 Zinc Finger FYVE Domain Containing Protein 36217 

1 S1_31259197 Sobic.001G259700 3.99E-05 Jasmonate ZIM domain-containing protein (JAZ), 85867 

1 S1_50294000 Sobic.001G265900 1.23E-05 Protein kinase domain (Pkinase) // Leucine Rich Repeat (LRR_1) // Leucine-rich repeat (LRR_8), 

like Proline-rich protein precursor 

2000 

1 S1_50721682 Sobic.001G266500 1.44E-06 Probable lipid transfer (LTP_2) 64535 

2 S2_55407842 Sobic.002G175700 3.22E-05 Mitogen-Activated Kinase Kinase, Cascades in Plant Disease Resistance Signaling 69101 

2 S2_69275221 Sobic.002G321100 2.38E-05 Leucine-rich repeat-containing Protein, Ras GTPases 0 

2 S2_69275221 Sobic.002G320700 2.38E-05 Ankyrin Repeat Domain-Containing Protein 50 57499 

3 S3_53970498 Sobic.003G207600 8.15E-06 F-box domain 92873 

4 S4_7538383 Sobic.004G087750 1.4E-06 Zinc-binding in reverse transcriptase (zf-RVT),  105184 

6 S6_55783758 Sobic.006G208400 6.1E-06 Nuclear pore complex protein Nup88 33204 

6 S6_25755784 Sobic.006G040550 4.55E-06 Zinc Finger CCHC Domain Containing Protein, 99928 

8 S8_16230498 Sobic.008G084600 3.7E-06 Nucleotide Kinase/like Adenylate kinase B, F-box protein 11983 

8 S8_16389715 Sobic.008G084900 1.26E-06 Like D-mannose binding lectin family protein 46115 

8 S8_39664335 Sobic.008G092300 8.22E-06 Zinc Finger CCCH Domain-Containing Protein 43,  4166 

8 S8_570182 Sobic.008G006800 1.58E-06 Like Leucine Rich Repeat family protein, expressed 163 

8 S8_570182 

 

Sobic.008G007400 1.59E-06 Protein tyrosine kinase (Pkinase_Tyr) // Leucine-rich repeat N-terminal domain (LRRNT_2) // 

Leucine-rich repeat (LRR_8): like bacterial blight resistance protein XA26 

23037 

8 S8_570182 Sobic.008G007500 1.59E-06 Zinc Finger HIT Domain Containing Protein 1 26702 

8 S8_570182 Sobic.008G008100 1.59E-06 Kelch motif (Kelch_1) // Development and cell death domain (Dev_Cell_Death) 50485 

8 S8_570182 Sobic.008G008500 1.59E-06 Like Protein phosphatase 2c, putative, expressed 86663 
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Further analysis of the candidate genes within these regions indicated several putative 

genes that might have a role in anthracnose resistance. These genes include the zinc finger protein 

domains found near S1_20098885, S1_30455882, S4_62789639, S8_43776246, and 

S8_39664335, F-box domains located close to S1_20098885 and S1_30455882. Jasmonate ZIM 

domain-containing protein (JAZ), myosin, Ras GTPases, and Serine Protease Family S10 Serine 

Carboxypeptidase near S1_30455882. Leucine-rich repeat (LRR) was identified near 

S1_50294000 and S8_43776246 and Probable lipid transfer (LTP_2) near S1_50294000. B3 DNA 

binding domain (B3) // Auxin response factor (Auxin_resp), eukaryote-specific dsRNA binding 

protein, non-specific serine/threonine protein kinase/ threonine-specific protein kinase, nucleotide 

kinase, and salt stress response/antifungal (Stress-antifung) // protein tyrosine kinase 

(Pkinase_Tyr) were identified near S1_20098885. ADP-ribosylation factor 3, Kelch motif 

(Kelch_1) Development and cell death domain (Dev_Cell_Death), and protein phosphatase 2C 65-

related were detected near S8_43776246.  
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3.4 Discussion  

Under natural environments, plants are always exposed to a multitude of biotic and abiotic 

stresses which through time resulted in the evolution of complex defense systems against these 

stresses (Dixon and Lamb, 1990; Dangl and Jones, 2001). An important component of crop 

improvement is the manipulation of this natural defense system to understand these mechanisms 

and identify the underlying genes for use to develop disease and pest-resistant crop cultivars. 

Results from our current study revealed multiple putative genes associated with 

anthracnose resistance in sorghum. The loci for the significant associations on chromosome 1 are 

S1_20098885, S1_49271328, S1_49271328, S1_49454848, S1_50111275, S1_50294000, 

S1_50533418, S1_30455882, and S1_50721682. Also, S2_55407842 and S2_69275221 on 

chromosome 2, S3_53970498 on chromosome 3, S4_62789639 and S4_7538383, on chromosome 

4, and S6_25755784 and S6_55783758 on chromosome 6 were identified. We also found 

significant associations at 9 loci on chromosome 8 (S8_16230498, S8_16389715, S8_37466666, 

S8_39664335, S8_42468301, S8_42983043, S8_43776246, S8_7908407, and S8_570182). 

Previous studies on sorghum identified sites associated with anthracnose resistance on 

chromosomes 1, 4, 5, 6, 8, and 9 (Cuevas et al., 2018; Prom et al., 2019; Mengistu et al., 2021).   

This finding indicates that anthracnose is a truly complex disease with resistance genes found on 

almost all chromosomes suggesting significant variability among anthracnose-causing pathogens. 

A controlled study based on artificial inoculations might narrow down the complexity and allow 

pinpointing of specific genes/genomic regions associated with resistance to a specific pathogen 

species/strain.  

The identification of candidate genes for each SNP was conducted in the Phytozome 

database (Goodstein et al., 2012). The putative genes identified in this study include leucine-rich 
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repeat (LRR),  leucine-rich repeat receptor-like protein kinase, zinc finger protein domains, F-box 

domains, Jasmonate ZIM domain-containing protein (JAZ), myosin, Ras GTPases, and Serine 

Protease Family S10 Serine Carboxypeptidase, Probable lipid transfer (LTP_2), B3 DNA binding 

domain (B3) // Auxin response factor (Auxin_resp), eukaryote specific dsRNA binding protein, 

non-specific serine/threonine protein kinase/threonine-specific protein kinase, nucleotide kinase, 

salt stress response/antifungal (Stress-antifung) // protein tyrosine kinase (Pkinase_Tyr), ADP-

ribosylation factor 3, Kelch motif (Kelch_1) // Development and cell death domain 

(Dev_Cell_Death), protein phosphatase 2C 65-related, and protein kinase domains (Pkinase). 

These genes may be too many to work with for breeding programs. The structure of the population 

and the fact that the study was carried out under natural infection conditions where numerous 

pathogens and pathogen strains may be involved in causing the disease might have contributed to 

the large number of significant SNPs.  The working population are accessions of diverse genetic 

background with limited chance of recombination as revealed by structure analysis (Figure 3.3). 

Besides the likelihood of multiple accessions within the working population having unique 

resistance alleles and the possibility of several pathogen involved, the multiple layers of interaction 

between the host and pathogens before and after infection may have contributed to the detection 

of relatively large number significant SNPs. Plants have evolved mechanisms for recognizing 

potentially dangerous pathogens and responding to them before they cause damage. These 

mechanisms are of multiple layers and are deployed in phases.  The first layer is innate immunity, 

also called basal resistance, and is responsible for protecting plants against most pathogens 

(Freeman and Beattie, 2008). Plants induce innate immunity when they detect microbe-associated 

molecular patterns (MAMPs). Chitin in fungi, and flagellin in bacteria, represent these highly 

conserved molecular patterns (Freeman and Beattie, 2008; Boller and Felix, 2009). Microbes 
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develop effector proteins that act to suppress these defenses in plants (Bittel and Robatzek, 2007; 

Newman et al., 2013; Ye and Murata, 2016). To tackle this, plants have evolved R proteins that 

help them detect the pathogen effectors and hence activate stronger defenses (Bent and Mackey, 

2007). Common features of most of the disease resistance genes (R-genes) cloned so far are that 

they contain an amino-terminal domain, a nucleotide-binding site (NBS), and a leucine-rich-repeat 

(LRR) domain (Bent and Mackey, 2007). Other domains such as F-box domains (as in Arabidopsis 

suppressor of nim1-1 (SON1), and the ankyrin (ANK) domain-containing proteins also play a vital 

role in plant disease resistance (Kim and Delaney, 2002; Wu et al., 2009; Mou et al., 2013).  

Leucine-rich repeat (LRR) proteins are involved in specific protein–protein interactions 

and are known to have a significant role in plant defenses. The SNPs (genes) that were associated 

with LRR were S1_50294000 (Sobic.001G265900), S2_69275221 (Sobic.002G321100), 

S8_570182 (Sobic.008G006800), S8_570182 (Sobic.008G007400). Nucleotide-binding leucine-

rich repeat immune receptors (NLR) play an important role in protecting plants against pathogens. 

Here plants trigger programmed cell death (PCD) also called hypersensitive response (HR) to 

cease the spread of the infection (Heath, 2000; Caplan et al., 2008; Deng et al., 2018). Three types 

of NLRs were identified in plants based on their N-terminal domains. There are the TIR 

(Toll/interleukin-1 receptor) _NLRs (TNLs) and two non-TNLs: (coiled-coil (CC) motif, and a 

resistance to powdery mildew 8 (RPW8) domain (Shao et al., 2016; Zhong and Cheng, 2016; 

Maruta et al., 2022).  

First described in animals as a protein-protein interaction model, the Toll/interleukin-1 

receptor (TIR) is known to function in the immunity response of all forms of life (Essuman et al., 

2022; Li et al., 2023).   
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F-box domains have been reported to play a significant role in plants’ response to biotic 

and abiotic stresses. The Arabidopsis F-box protein MAX2 is known to contribute to resistance 

against bacterial infection (Piisilä et al., 2015). In our study, S3_53970498 located on chromosome 

3 emerged as a significant gene contributing to resistance against one or more fungal pathogens 

causing anthracnose.  

The ANK protein domain is reported to play important roles in biotic and abiotic responses 

in pepper (Capsicum), Arabidopsis, rice (Oryza sativa L.), potato (Solanum tuberosum L.), and 

maize (Zea mays L.) (Yan et al., 2002; Seong et al., 2007; Sakamoto et al., 2008; Wu et al., 2009; 

Mou et al., 2013; Jiang et al., 2013).  

SNP S2_69275221is 57499 bp away from Sobic.002G320700, which is Ankyrin Repeat 

Domain-Containing Protein 50. ANK protein groups may be involved in antioxidant metabolism 

regulation when pathogens attack and in the presence of other stresses as in the case of Arabidopsis 

AKR2 protein ((Yan et al., 2002; Sakamoto et al., 2008).  CaKR1 (Capsicum annuum ankyrin-

repeat domain C3H1 zinc finger protein (CaKR1)), ANK protein in pepper, is reported to play an 

important role in biotic and abiotic stress responses (Seong et al., 2007).  Accelerated cell death6-

1 (acd6-1), a novel ANK protein, leads to spontaneous cell death and increased disease resistance. 

Responsiveness to salicylic acid, a major defense signal, is known to increase in the presence of 

acd6-1 (Lu et al., 2003). Ankyrin-repeat proteins have also been reported in maize. These proteins 

were also reported to regulate the jasmonic and salicylic acid pathways which play an important 

role in basal defense against Magnaporthe oryzae in rice and late blight in potatoes (Wu et al., 

2009; Mou et al., 2013; Jiang et al., 2013).  

The genes Sobic.001G257300, Sobic.003G207600 and Sobic.004G088300 associated with 

GBS SNPs S1_30455882, S3_53970498 and S4_7538383, respectively, were known to be F-
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box/LRR-Repeat Protein 15-related. These proteins are one of the largest protein superfamilies in 

plants (Xu et al., 2009). A study on sorghum anthracnose in the US sorghum association panel also 

reported F-box domains as putative genes (Cuevas et al., 2018). F-box proteins target specific 

pathogen effectors or host proteins involved in pathogen virulence for degradation and hence act 

as key regulators of immune responses (Göhre et al., 2008). The pathogen is prevented from 

manipulating the host immunity by this degradation. On the other hand, these proteins can also 

enhance the ability of plants to recognize and respond to pathogens. In a study on Arabidopsis 

thaliana, F-box protein 22 (FBP22) was reported to be involved in plant defense by targeting the 

bacterial effector protein AVrPtoB, known to suppress plant immune responses (Göhre et al., 

2008).  

The other domains identified in this study as putative genes were the zinc finger protein 

domains. This is a superfamily involved in plant growth and development. OH et al. (2005) were 

able to identify genes encoding putative EPF-type zinc-finger proteins that were expressed in hot 

pepper in the presence of Xanthomonas axonopodis pv. glycines. EPF-type zinc-finger proteins 

are reported to be important in plant defense and the expression of pathogenesis-related (PR) and 

defense-related genes (OH et al., 2005). WRKY zinc-finger families are among families that 

constitute transcription factors associated with plant defense response (Chen and Chen, 2002; 

Robatzek and Somssich, 2002).  
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3.5 Conclusion 

The GWAS study highlights several specific loci on different chromosomes associated 

with sorghum anthracnose resistance with chromosomes 1 and 8 containing the largest number of 

significant loci. These findings provide valuable insights into the genetic basis of sorghum 

anthracnose resistance and could potentially contribute to sorghum breeding endeavors.  

Understanding these molecular mechanisms can pave the way for further research to improve the 

resistance of sorghum and other crops to anthracnose and other diseases, thus contributing to 

agricultural sustainability and food security. 
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Chapter 4 - Unlocking genetic synergy for sorghum anthracnose 

resistance: A combining ability perspective 

Abstract 

Sorghum anthracnose, caused by the fungal pathogen Colletotrichum sublineolum, poses a 

significant threat to sorghum production worldwide. Anthracnose can lead to a devastating yield 

loss, rendering it imperative to enhance anthracnose resistance in sorghum varieties. The objective 

of the current study was to identify stable sources of resistance to the disease and determine their 

potential as parental sources to breed resistant varieties/hybrids. Four seed parents and ten 

pollinators of variable disease reaction were intercrossed using a Design II mating scheme. The 

resulting hybrids and the inbred parents were evaluated under five environments. Data were 

collected on various agronomic traits, including flowering time (DTF), plant height (PTH), panicle 

weight (PKW), grain yield per panicle (GYP), hundred-grain weight (HGW), and resistance to 

anthracnose (ANT). The disease was initiated using both artificial inoculation at one of the 

locations and natural infection in others. Disease rating was performed using a scale of 1 to 5 (1 

representing resistant and 5 susceptible). The results showed significant effect of genotypes and 

its components for all traits except inbred effect for HGW and M vs F inbred effect for DTF and 

HGW. The environment also had a significant effect on all traits except HGW.  The interaction of 

environment with genotypes and its components were also significant for all traits except male vs. 

F × E, F × E and I vs. H × E for GYP, PTH and PKW, respectively. Combining ability analysis 

identified pollinator parents, R245, R604, and R633 and seed parents B539, and B553 as having 

significant GCA for anthracnose resistance. Likewise, hybrids A539 × R669, A527 × R672, A531 

× R672 and A539 × R588 had highly significant specific combining ability (SCA) for the trait. 

This study provides useful insight on resistance and combining ability of elite sorghum parental 
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lines. These lines are currently being used by seed industries for commercial hybrid development 

and the study provides additional resources for seed producers and growers on potential adaptation 

of hybrids derived from these lines to high foliar disease environments.  

4.1 Introduction 

Sorghum (Sorghum bicolor L. Moench) is the main food for more than half a billion people 

in tropical and subtropical regions of Africaand Asia. As the center of origin and diversity for the 

crop, numerous forms of cultivated sorghum and their wild relatives occur in sympatry across the 

sub-Saharan Africa (De Wet, 1978; Ananda et al., 2020). Sorghum is also a major source of feed 

and biofuel feedstock. In the United States, animal feed and biofuel production are the two major 

sectors where sorghum is mostly utilized. Moreover, its gluten-free attribute has been gaining 

momentum and sorghum is poised to become an important food grain especially with the growing 

concern of sustainability due to climate change (Taylor et al., 2006; Stefoska-Needham et al., 

2015). 

Globally, about sixty-one million tons of sorghum was produced on 40 million hectares in 

2021 with an average productivity of 1.5 tons per hectare (FAO, 2021). It is cultivated in more 

than one hundred countries, with the top 10 producers being the USA, Nigeria, India, Ethiopia, 

Mexico, Sudan, Argentina, China, Brazil, and Australia (FAO, 2021). These countries together 

contribute about 77% of world sorghum production  (Aruna and Cheruku, 2018; Upadhyaya et al., 

2019; Hao et al., 2021). The United States is the largest producer of grain sorghum with 11.4 

million tons produced on 2.6 million hectares in 2021 (FAO, 2021). Sorghum ranks as the fourth 

most important grain crop in the United States, trailing behind the primary agricultural staples corn 

(Zea mays L.), soybean [Glycine max (L.) Merr.], and wheat (Triticum aestivum L.). Kansas is the 

top sorghum-producing state accounting for 64% of the total grain volume produced in the nation. 
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Other major states producing sorghum in the order of total production are Texas, Colorado, South 

Dakota, Nebraska, Oklahoma, Missouri, New Mexico, Illinois, and Georgia.  

Although sorghum is known for its relative resistance/tolerance to pests and diseases and 

wide ecological adaptability, various biotic and abiotic stresses constantly challenge its cultivation 

(Tesso et al., 2012; Huang, 2018; Zhang et al., 2019). Anthracnose caused by the fungal pathogen 

Colletotrichum sublineolum is a significant threat for sorghum production in environments where 

warm weather and high rainfall converge (Chala et al., 2011). Yield losses due to anthracnose is 

significant and losses of up to 70% or more have been reported in Malawi and Brazil (Thomas et 

al., 1996; Cota et al., 2017). This yield loss can be mitigated by implementing proper management 

practices including the use of resistant varieties, cultural practices, and fungicides (Hess, 2002; 

Mofokeng et al., 2017). The use of fungicide as a control option has significant economic 

implications and poses risk to environment and human health. Host-plant resistance is deemed 

most effective, sustainable, and environmentally friendly management option (Abreha et al., 

2021). Thus, development of resistant cultivars has always been an important breeding target for 

this and other economic diseases affecting crop plants.  

Resistance breeding involves identification of stable sources of resistance, preferably in 

agronomically superior background, and evaluation of the sources for their suitability as breeding 

parent. Resistance sources that combine well with series of other lines are often preferred as 

breeding parents. The Kansas State sorghum breeding program has developed a series of parental 

lines that produce outstanding hybrids. Many of these lines have superior grain quality and 

moderate resistance to the emerging insect pest, sugar cane aphid (sorghum aphid). Several years 

of observations under high disease environment in Puerto Rico revealed that some of these lines 

also possess strong resistance to foliar diseases. Thus, the objective of the current study was to 
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identify stable sources of resistance among the existing elite parental lines and determine their 

potential as parental sources for breeding resistant varieties/hybrids. In other words, it was to 

confirm the disease reaction of selected parental lines and evaluate their combining ability for the 

trait. Sources with significant general combining ability (GCA) are considered stable as the 

resistance is likely under additive genetic control and the trait is heritable, hence, are preferred as 

breeding parents. Provided they have the desired agronomic merit, such lines can be directly used 

as a parent for production of disease resistant hybrids for use by farmers.  

Past studies on combining ability for anthracnose resistance identified lines and hybrids 

with good GCA and SCA for the trait (Kenga et al., 2004b; Mengistu et al., 2010, 2020; Jane Da 

Rocha et al., 2018). We anticipate the current study to generate useful information on anthracnose 

disease reaction of the current releases from Kansas State University and determine the mode of 

inheritance of the resistance trait.  

4.2 Material and methods 

4.2.1 Plant materials  

The experiment comprised four female parental lines (B527, B531, B539, and B553) and 

ten pollinator lines (R-lines) which included R245, R588, R604, R611, R618, R633, R651, R653, 

R669, and R672. The materials were selected depending on their varied responses to anthracnose 

when grown under disease pressure in tropical winter nursery in Puerto Rico. The materials were 

developed by Kansas State University from diverse pedigrees at different times, tested in hybrid 

combination across seasons and locations, and selected and released based on the combined data 

on agronomic performance. The parental lines were intercrossed in Design II mating scheme to 

generate a total of 40 hybrids. The hybrids along with the parents, altogether 54 entries, were 

evaluated across locations under natural and artificial disease pressure. 
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4.2.2 Experimental design and field management  

The experiment was laid out in a randomized complete block design (RCBD). The 

evaluation was carried out under five disease environments: the 2018/2019 winter nursery and 

2019 spring nursery at Yela Farms, Guayanilla, and USDA-ARS, Tropical Agriculture Research 

Station in Isabela, Puerto Rico, and summer 2020 at Tifton, Georgia. The tests were conducted in 

three replications using a 5m long single row plot. The plots were spaced 0.75m apart and the 

average distance between plants was 20 cm. Standard sorghum agronomic procedures were 

followed for seed preparation, planting, and other managements throughout the cropping seasons.  

Disease initiation and development at Guayanilla and Isabella locations in Puerto Rico 

were left for nature to take course. Whereas at Tifton, Georgia, the plots were artificially inoculated 

using C. sublineolum-infected grains following the procedures described by Prom et al. (2009). 

The inoculum was prepared from a mixture of local isolates collected by the USDA-ARS-Tifton. 

4.2.3 Data collection and statistical analysis  

Data were collected on common agronomic parameters including days to flowering (DTF), 

plant height (PTH), and yield components such as panicle weight (PKW), grain yield per panicle 

(GYP) and hundred-grain weight (HGW) and anthracnose disease severity (ANT). Plant height 

and days to flowering were recorded on plot basis whereas yield components and ANT were 

recorded on five randomly tagged main tillers in a plot and taking their average. Individual 

parameters were measured as follow: 

DTF was recorded as the number of days from planting to when 50% of the plants in a plot reached 

half bloom. 

PTH the length (cm) of the plant measured from the base (soil surface level) to the top of the 

panicle.  
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PKW was estimated as the mean weight (g) of five panicles harvested from the tagged plants.  

GYP is the average weight (g) of grains harvested from the five random panicles in a plot.   

HGW is the weight (g) of 100 grain samples taken from the bulk seeds of five random panicles 

harvested in a plot.   

ANT is the anthracnose disease severity scored using a standardized rating system on a scale of 1 

to 5 indicating the level of anthracnose infection and disease severity. Accessions with leaves 

showing no sign of infection were assigned a score of 1. Score 2 was assigned to accessions 

showing hypersensitive reactions with local lesions but no visible acervuli. A score of 3 were 

assigned to accessions with infected bottom leaves with acervuli and a score of 4 was assigned to 

accessions where middle to bottom leaves were infected and acervuli were visible, while score 5 

was given to accessions where infections reached up to the flag leaf and acervuli were observed 

Prom et al. (2009). All tagged plants were bagged after flowering to prevent bird attack in Puerto 

Rico field experiments (Figure 4.1). 
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Figure 4.1. Tags (orange) and sorghum heads covered with mesh bags at the Yela Farm, Puerto 

Rico field experiment. 

The data were then subjected to a comprehensive statistical analysis using SAS software 

version 9.4 for Windows (SAS Institute Inc.) and R statistical software. Environments and 

replications were treated as random effects whereas the entry and its components (inbreds, hybrids, 

male, female, and male × female) were considered fixed. The interactions of entry and its 

components with the environment were treated as random.  Estimates for GCA and SCA were 

calculated following the methods described in (Griffing, 1956; Hallauer and Miranda, 1988; 

Bernardo, 2020). The following model was used to calculate combining ability. 

𝑌𝑖𝑗𝑘 = 𝜇 + 𝐺𝑖 + 𝐺𝑗 + 𝑆𝑖𝑗 + 𝑒𝑖𝑗𝑘, where: 

Yijk is the observed trait value for the kth hybrid resulting from the cross between the ith and 

jth parental lines, µ is the population mean, Gi is the general combining ability effect of the ith 

parental line, Gj is the general combining ability effect of the jth parental line, Sij is the specific 
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combining ability effect between the cross of the ith and the jth parental lines, and eijk is the random 

error term associated with the observation.  

Statistical analysis was performed on individual environment and combined dataset to 

assess the effects of the entry. Entry effects were further partitioned into components related to 

inbred and hybrid characteristics, as well as inbred versus hybrid distinctions.  In the same way, 

the hybrid effect was disaggregated into male, female, and male × female interaction effects 

corresponding to the general combining ability (GCA) for males and females as well as the specific 

combining ability (SCA) effects. The difference between the grand mean and the marginal means 

of the lines was used to compute the GCA estimates of each parental line. A two-tailed t-test was 

used to determine the significance of the effects.  Pearson correlation coefficients and graphs were 

generated using R statistical software using combined data from all environments. 

4.3 Results 

4.3.1 Analysis of variance  

The combined analysis of variance for agronomic traits and yield components is presented 

in Table 4.1. The ANOVA shows that the environment effect was significant for all traits measured 

except the HGW. Similarly, the entry effect was significant for all traits studied while its inbred 

component was significant only for PHT, PKW, GYP and ANT. The hybrid component, on the 

other hand, was significant for all traits except DTF (Table 4.1). The inbred vs. hybrid effect was 

also significant for all traits except the ANT.  

The male, female, and male vs. female components of the inbred were significant for all 

traits except DTF and HGW. The male, female and M x F components of the hybrid were also 

significant for all traits except the female effect was not significant for HGW. 
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The interaction between entry and its inbred and hybrid components was significant for all 

traits. The interaction of the inbred male with environment was also significant for all traits. 

However, the inbred female by environment interaction was significant only for PHT and ANT 

and the inbred male vs. female by environment interaction was significant only for DTF and PKW. 

On the other hand, the hybrid by environment interaction effect and the interaction between 

environment and all components of the hybrid were significant for all traits. The inbred vs. hybrid 

by environment interaction effect was also significant for all traits except PHT and PKW (Table 

4.1).  

4.3.2 Performance of genotypes 

As presented in the ANOVA, the entry, inbred parent, and hybrid effects were significant 

for majority of the traits studied (Table 4.1). Days to flowering among inbred parents ranged from 

about 63 to 69 d with the mean of 66.5 d (Table 4.2). The range was from 63 to 67 d among the 

female inbreds and 65 to 69 d among the male inbreds. Similarly, there was significant variation 

for plant height with the shortest line R669 being 82 cm tall and the tallest line R604 measuring 

106 cm. The female parents were in the range of 83 to 91 cm.  

Yield components, panicle weight and panicle yield, were also significantly different 

among the inbreds with lines R245 being the top followed by R618 and R633 as having the second 

and third largest scores for both traits, in that order. Whereas lines B531 followed by B539 and 

B553 have the least scores (Table 4.2). For anthracnose disease rating, those lines show the reverse 

trend. 
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Table 4.1. Combined analysis of variance for agronomic parameters. 

Source of 

variation 
DF 

Mean Squares  

DTF PTH PKW GYP HGW ANT 

Environment (E) 4 3523.6** 25931.3** 6925.4** 1836.0** 0.9ns 41.0** 

Replication  2 33.5** 350.5** 86.5ns 2520.7** 0.3ns 1.3** 

Entry 53 62.3** 1430.7** 2607.6** 1382.6** 1.1** 6.1** 

  Inbred (I) 13 75.4ns 871.3** 4452.7** 2306.9** 0.6ns 9.5** 

          Male (M) 9 62.6ns 852.9** 2219.6** 1189.3** 0.5ns 8.9** 

          Female (F) 3 36.7ns 285.9ns 199.7* 140.2* 0.1ns 4.6** 

          M vs. F  1 317.4ns 2789.2* 37291** 18735** 3.2ns 29.6** 

   Hybrid  39 21.0ns 900.7** 1818.0** 984.2** 1.2** 4.9** 

       Male 9 30.1** 2281.6** 4051.8** 2213.3** 2.3** 4.7* 

       Female 3 52.4** 1182.7** 4722.2** 1774.3** 3.5ns 40.0** 

       M × F 27 14.0** 412.3** 699.5** 476.2** 0.5** 1.1** 

   I vs. H 1 1530.2* 29418** 9347.7* 4761.3* 2.3* 5.1ns 

Entry × E 212 22.4** 159.1** 226.2** 138.7** 0.4** 0.7** 

   Inbred × E 52 40.2** 93.5** 231.9** 145.8** 0.5** 0.7** 

       M × E 36 40.5** 79.5** 261** 169.0** 0.6** 0.7** 

       F × E 12 14.7ns 120.6** 41.8ns 34.9ns 0.3ns 0.6** 

       M vs. F × E 4 115.0** 138.5ns 548.6* 260.6ns 0.4ns 0.2ns 

   H × E  156 14.3** 176.2** 211.0** 126.5** 0.4** 0.7** 

       M × E 36 19.0** 430.0** 439.0** 231.9** 0.4** 0.8** 

       F × E 12 14.0** 187.0ns 327.9** 199* 1.6** 3.4** 

       M × F × E 108 13** 90.4** 119.1** 84.2** 0.2** 0.3** 

    I vs. H × E  4 106.7** 347.9ns 683.8ns 490.6* 2.7** 3.7** 

Error 530 4.82 22.1 57.7 44.4 0.2 0.1 

DTF = Days to flowering, PTH = Plant height, PKW = Panicle weight, GYP = Grain yield per 

panicle, HGW = Hundred grain weight, ANT = Anthracnose score. *** significant at p<0.001, 

** significant at p<0.01 and * significant at p<0.05.  

 

Those R-lines that had the highest panicle weight and panicle yield had the lowest disease 

score and the B-lines with the least yield components were more susceptible to the disease and 

hence had among the highest anthracnose disease score. Those other lines with intermediate 

panicle yield and panicle weight also had intermediate disease scores. Lines R245 clearly stood 
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out as the most resistant line with disease rating of 1.73 followed by R604 and R633 with disease 

ratings of 2.11 and 2.14, respectively. This was consistent with visual field observation in Figure 

2 obtained from artificially inoculated field in Tifton Georgia where R245 stood green in the 

middle of highly devastated field. Although R604 was resistant to the disease, its hybrid A531 x 

R604 appeared highly susceptible to the disease (Figure 2). Hundred grain weight, on the other 

hand, does not seem to have been affected by disease reaction of the lines. All the lines, regardless 

of their disease reaction, had above average grain weight with the overall mean of 3.4 g.  

Table 4.2. Mean performance of the parents evaluated across environments for each trait. 

Genotypes DTF PTH (cm) PKW (g) GYP (g) HGW (g) ANT (1-5) 

B527 66.80 91.60 43.85 31.85 3.64 3.91 

B531 64.47 91.03 33.97 23.83 3.57 4.37 

B539 63.64 91.75 38.29 27.57 3.57 3.65 

B553 63.21 82.76 37.20 29.01 3.70 3.04 

R245 69.47 95.22 92.11 66.76 3.39 1.73 

R588 67.07 91.70 51.06 35.40 3.63 3.63 

R604 69.36 106.14 71.24 51.95 3.37 2.11 

R611 64.93 105.47 56.21 39.53 3.01 3.65 

R618 64.53 104.30 80.29 56.64 3.43 2.71 

R633 65.07 97.71 74.27 53.61 3.19 2.14 

R651 65.80 102.06 61.03 45.87 3.18 3.53 

R653 69.27 93.85 63.75 44.75 3.15 3.47 

R669 69.13 81.68 69.87 48.57 3.35 2.41 

R672 68.67 95.38 60.65 46.33 3.54 3.75 

Mean 66.53 95.05 59.56 42.98 3.41 3.15 

CV 9.3 14.2 19.4 23.3 16.5 18 

LSD 4.5 9.7 14.8 7.2 0.4 0.4 
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Figure 4.2. Field experiment at Tifton, Georgia. Resistant male parental line, R245 (middle) and 

susceptible hybrid, A531 × R604 (left). 

 

Data shown in Tables 4.2 and 4.3 seem to be strongly supported by a photoshoot of the 

field in Tifton Georgia (Figure 4.2) demonstrating the variation in disease reaction of the entries. 

This could have been even more discernable had there been shots from aerial view. The pollinator 

line R45 that had a mean disease score of 1.73, stands almost clean amid other entries that appear 

to have suffered various degrees of foliar damage by the infection. There is evidence of premature 

death of plants for susceptible entries such as A531 x R604 hybrid (Figure 4.2). R604 has been 

among the least disease score as inbred per se but was not able to hold up the resistance when 

crossed to some of the susceptible females. 
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Table 4.3. Mean performance of the hybrids across environments for each trait 

Genotypes DTF PTH (cm) PKW (g) GYP (g) HGW (g) ANT (1-5) 

A527xR245 63.53 103.64 83.01 60.41 3.03 3.25 

A527xR588 62.71 107.09 52.38 36.29 3.33 4.01 

A527xR604 63.07 98.73 68.45 50.58 3.16 3.62 

A527xR611 63.73 118.86 68.27 50.59 3.05 3.87 

A527xR618 63.53 117.32 43.87 33.19 3.54 3.26 

A527xR633 63.80 111.78 48.67 32.97 3.49 3.67 

A527xR651 63.87 102.41 46.14 33.87 2.95 4.11 

A527xR653 63.53 102.64 56.79 39.74 3.15 3.93 

A527xR669 64.00 113.18 68.40 50.91 3.07 3.97 

A527xR672 65.60 91.24 66.96 53.01 3.27 3.57 

A531xR245 62.93 123.17 89.45 62.10 3.09 3.39 

A531xR588 61.93 109.48 57.71 40.23 3.34 4.11 

A531xR604 63.64 117.87 77.50 58.08 3.01 3.63 

A531xR611 61.13 108.35 74.96 54.21 3.07 3.98 

A531xR618 61.87 122.62 66.03 46.67 3.34 3.72 

A531xR633 63.29 109.76 72.84 49.59 3.24 3.40 

A531xR651 62.21 105.78 63.81 45.27 2.92 4.15 

A531xR653 61.00 103.87 69.15 51.65 3.46 3.97 

A531xR669 63.21 120.18 63.80 44.59 2.95 4.14 

A531xR672 62.71 106.79 65.89 45.49 3.44 3.68 

A539xR245 64.60 110.84 76.83 56.26 3.27 2.48 

A539xR588 63.87 102.30 59.59 44.09 3.40 2.89 

A539xR604 64.87 112.51 73.74 52.71 2.94 2.57 

A539xR611 63.20 114.49 67.87 50.83 3.06 3.17 

A539xR618 62.27 121.34 61.37 45.19 3.68 3.43 

A539xR633 61.64 105.34 75.82 51.73 3.61 2.69 

A539xR651 64.87 115.64 64.81 48.07 3.05 3.25 

A539xR653 63.73 96.30 66.85 46.25 2.91 3.17 

A539xR669 62.93 111.41 59.52 43.38 3.11 2.60 

A539xR672 63.07 101.72 54.05 39.39 3.17 3.76 

A553xR245 62.07 108.93 90.65 63.78 3.12 2.37 

A553xR588 63.93 107.31 64.14 44.87 3.52 2.80 

A553xR604 65.80 100.55 87.56 65.79 3.61 2.31 

A553xR611 63.27 114.71 72.15 52.25 3.05 3.31 

A553xR618 61.47 118.64 78.96 55.35 3.74 2.69 

A553xR633 62.67 108.19 78.21 53.63 3.58 2.33 

A553xR651 64.07 108.75 69.49 50.75 3.27 3.61 

A553xR653 63.33 102.10 75.41 55.48 4.00 2.72 

A553xR669 63.73 103.88 60.15 42.87 3.24 3.03 

A553xR672 66.67 94.01 57.77    

Mean 63.33 108.84 67.48 48.77 3.26 3.35 

CV 8.0 13.3 17.9 19.7 13.8 23.2 

LSD 3.7 10.4 8.7 6.9 0.3 0.6 

 

4.3.3 Correlation among agronomic traits and anthracnose  

As one can see from the correlation coefficients, there was a high degree of association between 

two or more of the traits, some of which were highly significant. Plant height was significantly 

correlated with all yield components, panicle weight (r=0.33), panicle yield (r=0.31) and HGW 
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(r=-0.31). Anthracnose disease severity did not have any correlation with plant height. As 

expected, there was strong and positive correlation between panicle weight and panicle yield 

(r=0.99) but neither trait was correlated with HGW.  

The correlation between anthracnose disease severity and other traits was significant only 

for panicle weight (r=-0.54) and panicle yield (r=-0.53) (Figure 4.3). This observation was already 

noted from Tables 4.2 and 4.3 where inbreds and hybrids with higher panicle weight and panicle 

yield clearly stood out as having the least disease score and vice versa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Correlation between traits.  

The numbers shown are for significant correlations between the traits. Days to flowering (DTF), 

plant height (PTH), panicle weight (PKW), hundred-grain weight (HGW), grain yield per panicle 

(GYP), and anthracnose rating (ANT). 

 

4.3.4 Combining ability analysis 

Parental lines B531, B539, R588, R611, R618, R633, R653, R245 and R669 exhibited 

significant negative GCA effects for DTF. The highest negative GCA was for R618 (-1.88) 
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followed by A531 (-1.68). No significant positive GCAs were recorded for any of the genotypes 

for DTF. All the parents showed either a positive or negative significant GCA effect for PTH 

where significant negative GCA were observed for R653 and R672 while B527, B531, B539, 

B553, R245, R604, R611, R618, R633, R651, and R669 exhibited significant positive GCA 

effects.  

The GCA effect of male and female parents were shown in. For PKW, parental lines B531, 

B553, R245, R604, R611 and R633, showed significant positive GCA effects with the highest 

being R245 (19.5) followed by R604 (11.33) and B553 (7.97). Parental lines B527, R588, R651, 

and R672 showed significant negative GCA. B527 and R588 had the highest negative GCA for 

PKW. For GYP, R245 recorded significant GCA with the highest effect of 13.51. Parental lines 

B531, B553, R604, and R611 had significant GCA followed by R245. On the contrary, B527, 

R588, R651, and R672 had significant negative GCA for GYP. 

For HGW, R618 (0.26), B553 (0.19), R633 (0.17) and R672 (0.15) showed significant 

GCA while R651 (-0.26), R611 (-0.25), R245 (-0.18), R604 (-0.12), B531 (-0.12), and B527 (-0.1) 

recorded significant negative GCA. For anthracnose rating, parents A553 (-0.5), R245 (-0.41), 

A539 (-0.29), R633 (-0.26), and R604 (-0.25) exhibited significant negative GCA, indicative of 

the resistance of these lines to anthracnose. Whereas A531 (0.52), R651 (0.48), A527 (0.43), R611 

(0.29), and R588 (0.16) exhibited significant positive GCA for anthracnose rating. 
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Table 4.4. Mean for male and female parents and general combining ability (GCA) estimates. 

  DTF PTH PKW GYP HGW ANT 

Genotype Mean GCA Mean GCA Mean GCA Mean GCA Mean GCA Mean GCA 

B527 63.76 -0.41* 106.69 1.43*** 60.3 -5.18*** 44.26 -2.85*** 3.21 -0.1*** 3.73 0.43*** 

B531 62.48 -1.68*** 112.65 7.39*** 70.18 4.7*** 49.81 2.68*** 3.19 -0.12*** 3.82 0.52*** 

B539 63.55 -0.62*** 109.19 3.94*** 66.04 0.56 47.79 0.66 3.22 -0.09 3 -0.29*** 

B553 63.74 -0.43* 106.71 1.45*** 73.45 7.97*** 52.45 5.32*** 3.51 0.19*** 2.78 -0.5*** 

R245 63.44 -0.72** 111.65 6.39*** 84.98 19.5*** 60.64 13.51*** 3.13 -0.18*** 2.88 -0.41*** 

R588 63.15 -1.01*** 106.54 1.29* 58.46 -7.02*** 41.37 -5.75*** 3.4 0.08 3.45 0.16*** 

R604 64.39 0.21 107.42 2.16*** 76.81 11.33*** 56.79 9.67*** 3.18 -0.12** 3.03 -0.25*** 

R611 62.83 -1.33*** 114.1 8.85*** 70.81 5.33*** 51.97 4.84*** 3.06 -0.25*** 3.58 0.29*** 

R618 62.28 -1.88*** 119.98 14.72*** 62.56 -2.92** 45.1 -2.01* 3.58 0.26*** 3.27 -0.01 

R633 63.02 -1.15*** 108.77 3.51*** 68.89 3.4*** 46.98 -0.14 3.48 0.17*** 3.02 -0.26*** 

R651 63.8 -0.37 108.15 2.89*** 61.06 -4.41*** 44.49 -2.63** 3.05 -0.26*** 3.78 0.48*** 

R653 62.9 -1.27*** 101.23 -4.02*** 67.05 1.57 48.28 1.15 3.38 0.06 3.45 0.15** 

R669 63.4 -0.77** 111.82 6.57*** 63.14 -2.33* 45.48 -1.64 3.1 -0.21*** 3.43 0.14** 

R672 64.6 0.42 98.44 -6.81*** 61.18 -4.29*** 44.67 -2.44** 3.47 0.15** 3.43 0.13** 

***significant at p<0.001, ** significant at p<0.01, * significant at p<0.05, DTF = Days to flowering, PTH = plant height, PKW = panicle weight, HGW = 

hundred-grain weight, GYP = grain yield per panicle, and ANT = Anthracnose rating.  
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Table 4.5. Specific Combining ability (SCA) estimates for hybrid combinations for the traits studied. 

Female Male DTF PTH PKW HGW GYP ANT 

A527 R245 0.49 -9.45 3.20*** 0.01** 2.63*** -0.06 

A527 R588 0.13** -0.9 -0.89*** 0.03 -2.23*** 0.12*** 

A527 R604 -0.90** -10.12*** -3.18 0.08 -3.35* 0.15** 

A527 R611 1.3 3.32*** 2.64 0.09** 1.48* -0.14*** 

A527 R618 1.65 -4.10*** -13.51*** 0.07* -9.05*** -0.45 

A527 R633 1.19 1.57*** -15.03*** 0.11 -11.15*** 0.21*** 

A527 R651 0.48 -7.17* -9.74*** 0.00** -7.77*** -0.11*** 

A527 R653 1.04 -0.03* -5.08*** -0.13 -5.68*** 0.04*** 

A527 R669 1.01 -0.08*** 10.44 0.08* 8.28* 0.10*** 

A527 R672 1.42*** -8.64*** 11.02 -0.05 12.29*** -0.29** 

A531 R245 1.41 4.12*** -0.24*** 0.09* -1.22*** -0.01 

A531 R588 0.45*** -4.47*** -5.45*** 0.07 -3.82*** 0.13*** 

A531 R604 1.12 3.06*** -4.02*** -0.05** -1.40*** 0.07*** 

A531 R611 -0.03*** -13.15* -0.56*** 0.13** -0.45*** -0.13*** 

A531 R618 1.261*** -4.76*** -1.23 -0.11 -1.12 -0.08*** 

A531 R633 2.21 -6.41*** -0.75*** -0.12 -0.08 -0.15 

A531 R651 0.26*** -9.76 -1.96 -0.01*** -1.9 -0.15*** 

A531 R653 -0.22*** -4.76 -2.6 0.2 0.68** -0.01*** 

A531 R669 1.19** -0.41*** -3.34 -0.01*** -3.4 0.18*** 

A531 R672 0.14** 0.95 0 0.09 -1.87 -0.27*** 

A539 R245 1.77 -4.75*** -8.72*** 0.23 -5.05*** -0.11*** 

A539 R588 1.33 -8.18* 0.57** 0.09 2.05 -0.27*** 

A539 R604 1.11 1.15*** -3.64*** -0.15*** -4.75** -0.18*** 

A539 R611 0.98* -3.55*** -3.5 0.09** -1.81* -0.13 

A539 R618 0.60*** -2.58*** -1.75** 0.20*** -0.58 0.44 

A539 R633 -0.35*** -7.37 6.37*** 0.22** 4.08** -0.04*** 

A539 R651 1.69 3.56*** 3.18 0.10** 2.91 -0.24 

A539 R653 1.45 -8.86*** -0.76 -0.38*** -2.7 0.02 

A539 R669 0.15** -4.35*** -4.19** 0.10* -2.77* -0.54*** 

A539 R672 -0.90** -0.66** -7.70*** -0.21 -5.95*** 0.63*** 

A553 R245 -0.57*** -4.17** -2.30*** -0.21* -2.18*** 0.00*** 

A553 R588 1.2 -0.69 -2.29 -0.08* -1.83 -0.14*** 

A553 R604 1.85*** -8.32*** 2.78*** 0.23** 3.68*** -0.21*** 

A553 R611 0.86* -0.85*** -6.64*** -0.20** -5.05** 0.23 

A553 R618 -0.39*** -2.80*** 8.43*** -0.03*** 4.92*** -0.08*** 

A553 R633 0.08*** -2.03* 1.36*** -0.10** 1.32*** -0.19*** 

A553 R651 0.7 -0.85** 0.46* 0.03 0.93* 0.33** 

A553 R653 0.86 -0.58* 0.39*** 0.42*** 1.88*** -0.22*** 

A553 R669 0.76 -9.4 -10.96** -0.06 -7.94* 0.10** 

A553 R672 2.51*** -5.89*** -11.38*** 0.28*** -10.30*** -0.23*** 

***significant at p<0.001, ** significant at p<0.01, * significant at p<0.05, DTF = Days to flowering, PTH = plant 

height, PKW = panicle weight, HGW = hundred-grain weight, GYP = grain yield per panicle, and ANT = 

Anthracnose rating.  
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The SCA effect for the different crosses is presented in (Table 4.5). Significant positive 

SCA were observed for HGW in crosses A539 × R618, A553 × R653, A553 × R672, A527 × 

R245, A527 × R611, A527 × R651, A531 × R611, A539 × R611, A539 × R633, A539 × R651, 

and A553 × R604. On the contrary, crosses A531 × R651, A531 × R669, A539 × R604, A539 × 

R653, and A553 × R618, A531 × R604, A553 × R604, A553 × R611, and A553 × R633 had 

significant negative SCA for the trait. 

Crosses A527 × R245, A527 × R672, A553 × R604, A553 × R618, A553 × R633, A553 × 

R653 A531 × R653 and A539 × R633 had a positive significant SCA for GYP. Negative significant 

SCA were observed for A527 × R588, A527 × R618, A527 × R633, A527 × R651, A527 × R653, 

A531 × R245, A531 ×  R588, A531 × R604, A531 × R611, A539 × R245, A539 × R672, A553 × 

R245, A553 × R672, A539 × R604 and A553 × R611.  

Eighteen crosses, A527 × R611, A527 × R651, A531 × R611, A5531 × R618, A531 × 

R651, A531 × R653, A531 × R672, A539 × R245, A539 × R588, A539 × R604, A539 × R633, 

A539 × R669, A553 × R588, A553 × R604, A553 × R618, A553 × R633, A553 × R653, A553 

× R672, and A527 × R672 exhibited negative significant SCA (p<0.001) for anthracnose disease 

rating showing that the hybrid combinations had resistance reaction. Positive significant SCA 

(p<0.001) were observed for crosses A527 × R588, A527 × R633, A527 × R653, A527 × R669, 

A531 × R588, A531 × R604, A531 × R669, A539 × R672, A553 × R245, A527 × R640, A553 

× R651, and A553 × R669.  
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4.4 Discussion 

Sorghum (Sorghum bicolor) faces a persistent challenge from biotic and abiotic stressors. 

Sorghum anthracnose, a devastating fungal disease caused by Colletotrichum sublineolum, is a 

major pathogen causing a significant yield loss of up to 50% (Harris et al., 1964; Thakur and 

Mathur, 2000; Cota et al., 2017). The current study comprised a diverse set of sorghum genotypes 

involving four female parents, ten male parents and the hybrids resulting from intercrossing of 

these parents. The parents were selected based on visual observations of foliar disease reactions in 

Puerto Rico in the preceding seasons. The hybrids and their parents were evaluated across five 

distinct environments, including three locations known to be hotspot areas for anthracnose and two 

others.  

The ANOVA run on data collected from these environments revealed significant effects of 

genotype, environment, and their interaction for all traits studied. The results agree with similar 

findings reported earlier (Kenga et al., 2004; Mateo, 2007; Mengistu et al., 2010; and Kanbar et 

al., 2011). Given the differences in pedigree, yield potential and adaptation among the parents and 

hybrids, the results thus observed are expected. The significant entry effect and its components for 

yield related traits and the significant interaction of these components with environment highlights 

the impact of environment on overall crop performance and specific agronomic components. 

Moreover, analysis of the disease data corroborates the visual observation noted in the parental 

lines and the differences in disease environment.  

The performance of the parental lines and their hybrids for yield components and reaction 

to anthracnose were variable. Lines R245, R604, R633, R618 and R669 had resistance reaction to 

foliar disease with disease ratings ranging from 1.73 in R245 to 2.71 in R618. Among the females, 

B527 and B531 had susceptible reaction to the disease while the other two females, B539 and 
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B553, were moderately resistant. This agrees with multiple years of observation we made in 

tropical winter nursery. The lines had similar grain weight with other lines but had significantly 

higher panicle weight and panicle yield. It is not clear if the higher yield components were 

functionally associated with improved disease resistance in these lines. But given that the potential 

number of grains per panicle were set long before the anthracnose infection occurred, (Roozeboom 

and Prasad, 2019), and that grain weight was not affected casts doubt on whether the higher yield 

components in the resistant lines has anything to do with the resistance reaction. These lines had 

larger stature (taller height or higher biomass) and/or longer maturity that are perhaps the main 

drivers for higher yield components.  

The resistant R-lines when crossed to both susceptible and resistant females produced 

hybrids that are again higher in yield components than the rest of the lines. The overall mean 

panicle weight and yield per panicle of the entire hybrids was 67.48 and 48.77 g, respectively. 

Hybrids involving the resistant line R245 had panicle weight and yield per panicle ranging from 

76.8 to 90.65 g and 56.26 to 63.78 g, respectively. However, the mean grain weight for these 

hybrids was not any different from the overall mean of the hybrids. The disease reaction of the 

hybrids, on the other hand, was significantly different. The reaction of hybrids involving resistant 

lines was not consistent across all females. The hybrids of the resistant lines with susceptible 

females (A527 and A531) were as susceptible as any other hybrids but these lines produced 

resistant hybrids when crossed with the moderately resistant females (A539 and A553).  

For instance, R604 had resistant reaction similar to R245 when evaluated as inbred per se 

but it produced susceptible hybrid with A531. The field performance of the hybrid A531 x R604 

was captured in Figure 4.2 where it was growing next to R245 showing a great contrast in 

performance with respect to disease reaction. All other resistant lines produced the same 
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susceptible hybrids when crossed to susceptible females, but they all produced fairly resistant 

hybrids when crossed with the moderately resistant females. All the susceptible R lines, however, 

produced susceptible hybrids with all females. Female A553 produced resistant hybrids (more 

resistant than the B553 per se) when crossed with all R-lines (Table 4.3) whereas female A539 

produced resistant hybrids only with the resistant males.  This shows that the resistant reaction is 

occurring at multiple levels with different genes acting together or independently. Such complexity 

may have to do with random nature of the pathogens and differential reaction of genotypes under 

different environments. Both additive and dominant genes at multiple loci may be responsible for 

the observed reactions while the likelihood of epistatic interaction contributing to resistance is also 

high. The result generally shows that there is a significant genetic component to reaction of 

sorghum genotypes to the disease; and a more controlled study that allows monitoring of the 

pathogen strain could provide better understanding of the genetic effect.  

Nevertheless, the variable disease reaction of the resistant R-lines when evaluated in hybrid 

combination with resistant and susceptible females but a higher yield component regardless of 

disease reaction confirms that the higher yield components in the resistant hybrids and lines had 

less to do with disease reaction. This, however, doesn’t mean that the foliar disease does not have 

impact on grain yield, but in this particular experiment, disease severity did not seem to have 

affected yield components except perhaps in artificially inoculated plots where the extent of foliar 

damage was remarkable (Figure 4.2). The significant association between disease reaction and 

yield components does not reflect the cause-and-effect relationship.  

Individual lines have different GCA for the different traits considered. Almost all lines 

except R618 have significant GCA for resistance to anthracnose. Lines A527 and A531 had 

significant positive GCA indicating susceptibility, and this was true from the performance of 
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individual hybrids involving these females. Whereas both A539 and A553 had significant negative 

GCA indicating resistance to the disease. Among the R-lines, R245 had the highest negative GCA 

followed by R633 and R604. Line R651 had the highest GCA for susceptibility. The highest 

significant GCA for yield per panicle was observed for R245 followed by R604 and the least in 

R588. Among the females the highest positive GCA was noted in A533 followed by A531 with 

A527 being the least. The yield per panicle followed similar trend. Although their reaction in 

different crosses differ, lines that combine high GCA for the desired traits (yield components and 

disease reaction) have potential for use as breeding materials or directly as parents for producing 

resistant hybrids. Accordingly, lines R245, R604 and A553 stood out as the most desirable genetic 

materials for sorghum improvement. 
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4.5 Conclusion 

This study evaluated the agronomic performance and disease reaction of a set of hybrid 

combinations with the aim of determining the potential of the lines as breeding materials. The 

result showed that a number of lines included in the cross have superior agronomic characteristics 

that can be utilized in breeding programs to enhance agronomic traits. Many of the lines have been 

previously evaluated for hybrid performance, and the current study confirmed this potential, and 

those lines can be directly used for commercial hybrid development. Those same elite lines also 

had remarkable disease resistance. In cross combination with parents with moderate resistance, the 

lines can produce hybrids with acceptable yield potential that also has the desired disease reaction. 

Because the disease rating was performed under natural infection condition, further study may be 

needed to understand which pathogen species and strains these lines react to and in what way. But 

the current study makes practical sense in that it tested the performance of hybrids under natural 

infection where multitudes of pathogens act at the same time.  In conclusion, sources such R245, 

R604 and A/B553 hold great promise for developing hybrids with improved resistance to foliar 

diseases. 
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Appendix A Reactions of some genotypes for anthracnose disease. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


