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ABSTRACT 

Soybean constitutes about 40% protein, 20% oil; a highly nutritious legume that has enormous 

potential to improve dietary quality for people throughout the world. To understand the genetic 

diversity and population structure of tropical soybean germplasm, 89 genotypes from diverse 

sources were analyzed using 7,962 SNP markers. The results showed low genetic diversity 

among the studied germplasm and the polymorphism information content (PIC) was 0.27. The 

phylogenetic tree and Principal Component Analysis (PCA) both showed that the 89 soybean 

genotypes were grouped into three major clusters; while population structure grouped the 

genotypes into two major subpopulations. On the other hand, the average Roger genetic distance 

within the study population was 0.34. 

The variability of different nutritional traits of 52 tropical soybean core collections from diverse 

sources, showed that traits varied significantly depending on genotypes and country of origin.  

Total protein content ranged from 35.07% to 50.4% and genotypes Sline 5.18, BSPS 48A-8 and 

BSPS 48A-27-1 had the highest protein content of 50.40%, 48.88% and 48.08% respectively. On 

the other hand, NIIXGC 17.3 and Nam II had the lowest protein content of 30.07% and 35.57% 

respectively. Total oil content ranged from 14.94% to 23.48% where genotypes G32B, Roan and 

AGS 338 significantly had the highest oil content among the others while Signal, Maksoy 5N 

and Sline 16.2 had the lowest. The relative percentage of major fatty acids ranged from 10.58% 

to 21.18% for palmitic acid (16:0), 4.93% to 16.76% for stearic acid (18:0), 22.69% to 39.95% 

for oleic acid (18:1), and 30.60% to 51.72% for linoleic acid (18:2). Total oil content varied 

significantly between origins with genotypes from Seed Co having the highest mean of 20.13% 

while those from AVRDC had the lowest mean of 18.32%. Genotypes from Uganda had the 

highest percentages of oleic acid; followed by genotypes from Japan and AVRDC. 

The GWAS based on 92 soybean genotypes revealed two significant associations (-log[P-value] 

> 5) with oil content for two SNPs, rs2291820 and rs22918919 on chromosome 7 and 10 

respectively. A significant association (-log[P-value] > 2.5) with protein content was detected for 

3 SNPs, rs 22918920, rs 22918919 and rs 1494480 located on chromosomes 7, 10 and 20 

respectively. The study found that both rs2291820 and rs22918919 located on chromosomes 7 

and 10 were associated with both oil and protein content. 
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Genotype NII X GC 20.3 had the highest mean protein content of 43.0%, and BSPS 48A-9-2 and 

BSPS 48A-28 were superior for mean grain yield (1,207 kg ha
−1

). Bulindi was the most 

discriminating and representative test environment for soybean yield. A weak and negative 

correlation (r = -0.1**, df = 29) was detected between protein content (%) and yield (Kg Ha 
-1

). 

 

The current study identified soybean genotypes that can be used to improve the nutritional traits 

of soybean in Uganda and across the East African region. The study also reported a low diversity 

in the studied germplasm pool that can lead to genetic erosion of the existing germplasm pool. 

Therefore addressing these challenges and developing soybean varieties with the desirable traits, 

requires diversification of the genetic background of the current germplasm pool by 

incorporating new genetic backgrounds from other countries. Furthermore, the study identified 

SNP markers that are associated with both total protein and oil content that will hasten the 

process for the development of soybean varieties with improved nutritional traits in Uganda and 

across the East African region. The highest yielding and stable genotypes BSPS 48A-9-2, BSPS 

48A-31 and Nam II × GC 44.2 are recommended for further evaluation under farmers‘ 

production conditions for selection and release as new soybean varieties in Uganda. 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Origin, Distribution and Diversity of Soybean 

Soybean (Glycine max (L.) Merrill) is an important crop believed to have originated from China. 

The Yellow River region in China is considered as the origin of soybean based on the existence 

of a great number of wild relatives and the earliest record of soybean in China (Hymowitz and 

Kaizuma, 1981; Wang and Wang, 1992). In an attempt to confirm the origin of soybean, Han et 

al. (2015)  sequenced more than 50,000 targeted genomic regions of Glycine max, Glycine soja 

and Glycine gracilis and observed two insights about the origin of soybean. First, Glycine 

gracilis is a transition species derived from the evolutionary process of domesticated soybean 

(Glycine max) from Glycine soja. Secondly, the Huang-Haui valley in Central China, the region 

between the Yellow river and Huai river is the most likely location where soybean originated 

from. Furthermore, the accessions from Huang-Haui valley showed greater genetic diversity than 

those from North eastern and Southern China.  

The first domestication of soybean occurred in the eleventh century in China (Lance and Garren, 

2005), from where it spread to other parts of the world (Probst and Jude, 1973). From China, the 

crop was introduced into Europe, America, and later to Africa. The movement of soybean from 

China to other parts of the world has been confirmed by several studies showing higher diversity 

of accessions from China than accessions from other countries (Cui et al., 2001; Liu et al., 2017; 

Mulato et al., 2010; Qiu et al., 1997). Soybean is believed to have reached Africa in the late 

1800s starting from Egypt in 1858; followed by Tunisia in 1873 and then Algeria in 1880. In 

East Africa, soybean was first cultivated in Tanzania in 1907 and later spread to Kenya and 

Uganda in 1909 and 1913 respectively (Bashaasha, 1992; William and Akiko, 2009). Cultivation 

of soybean in Uganda started in the central parts of the country and spread to other regions later. 

Soybean trials started in the late 1930s at Bukalasa and Serere and by the 1940s promising 

varieties were multiplied for distribution to farmers, with large-scale production initiated in 

Buganda then to Toro, Bunyoro, Busoga, and finally the Lango region (Rubaihayo and Leakey, 

1970). 
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The process of domestication from Glycine soja to Glycine max has led to the loss of soybean 

diversity. A study by Hyten et al. (2006) reported a  23% loss in nucleotide diversity and a 21% 

loss of rare alleles as a result of domestication and intense selection toward the elite varieties. 

Another study by Zhao et al. (2015) reported that genetic diversity was reduced by 37.5% in the 

early domestication process and 8.3% in later genetic improvements. Previous studies have 

shown greater diversity in wild relatives of soybean (Glycine soja and Glycine gracilis) than the 

domesticated soybean (Han et al., 2015; Keim et al., 1989). Additionally, this observed low 

diversity could among the domesticated soybean genotypes is due to selections for few traits 

desired by most soybean breeding programs (Tefera 2011; Tukamuhabwa et al., 2019) and 

sharing of parentage due to germplasm sharing among the different breeding programs 

(Halewood et al. 2020). Genetic diversity in plants is the basis for survival and crop 

improvement. High genetic diversity in the existing germplasm provides an opportunity for plant 

breeders to develop new and improved varieties with desirable traits, which include both farmer-

preferred traits like high yield potential and, large seed and breeder-preferred traits like pest and 

disease resistance (Bhandari et al. 2017). With so many tropical soybean germplasm that have 

been collected from different sources, genetic diversity among these germplasm is not known, 

hence the need for this study. 

1.2 Importance of Soybean 

Soybean constitutes about 40% protein, 20% oil; a highly nutritious legume that has enormous 

potential to improve dietary quality for people throughout the world (Liu, 1997). Soybean oil is 

the most widely consumed vegetable oil worldwide and can be used for processing several food 

products and animal feeds (Friedman and Brandon, 2001; Singh et al., 2008). Overall, during the 

last two decades, soybean oil has recorded very fast growth rates in terms of global consumption 

compared to the other oils and fats (WWF 2014). It is expected that by 2050, production will 

double (WWF 2014). Additionally, soybean oil can be used in bakery and manufactured foods 

such as baked bread, crackers, cakes, cookies, and pies, etc. More recently, with the advance of 

technology, more soybean oil is being utilized for industrial purposes (18%), at the expense of a 

decreased percent of soybean oil used for baking and frying fats (25%). Some of the newly 

developed products in the industry using soybean oil as a component include biodiesel, polyols 

(for the production of polyurethane products such as foams and resins), renewable bio-lubricants, 
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renewable plasticizers and soy-based toner. The utilization of soybean oil in these products is 

expected to create environmentally friendly alternatives to conventional products and is also very 

cost-effective. 

Around 75% of soybean worldwide is used for animal feed, especially for poultry and pigs 

(WWF 2014). The remaining soybean produced worldwide is eaten directly, mainly in Asian 

countries, and a small portion is used in the production of biodiesel (WWF 2014). Studies have 

shown that soybean and soy-based foods have numerous health benefits such as cholesterol 

reduction, improved vascular health, preserved bone mineral density, and reduction of 

menopausal symptoms in humans (Anderson et al., 1999). In animal nutrition, soybean meal is a 

major source of high-quality protein and amino acids (Drago et al. 2011). In 2019, soybean 

represented 69% of world protein meal consumption and 28% of world vegetable oil 

consumption (SoyStat, 2019). Soybean improves soil fertility by fixing atmospheric nitrogen 

through the symbiotic association with rhizobia. The Nitrogen-fixing ability of soybean makes it 

a good crop for sustainable agricultural systems of tropical Africa that is characterized by 

infertile soils due to over cultivation and leaching and low fertilizer usage (Bationo et al. 2006; 

Sanginga and Woomer 2009). Additionally, predictions of future land-use allocation and 

production show that the soybean is poised to dominate future production across Africa (Foyer et 

al. 2019). Soybean has also been used to diversify production and as a rotational crop to improve 

the productivity of other crops being grown; especially cereals and root crops (Sindelar et al. 

2015; Varvel and Wilhelm 2003). The dense canopy of soybean helps to maintain or improve 

soil fertility because it protects soil from the direct rainfall impact and extreme temperature 

fluctuations. The soybean crop disrupts the life cycle of several pests and diseases of cereals and 

cassava when grown as an intercrop (Lithourgidis et al. 2011; Pandey 1988). Soybean is also 

used to make numerous industrial products, including vegetable oil, soaps, cosmetics, resins, 

plastics, ink, crayons, solvents, and clothing (Chen et al., 2012; Guzeler and Yildirim, 2016). 

The diverse use of soybean implies more diversity is required in the existing germplasm. 

Therefore this requires understanding the genetic diversity of the existing soybean germplasm.  

 

With all the associated nutritional importance of soybean, little attention has been put on 

improving the nutritional traits of soybean in Uganda, with more emphasis on agronomic traits 
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like high yields, promiscuous nodulation, resistance to pests, and diseases. Furthermore, global 

soybean production is expected to increase rapidly as economic development leads to higher 

animal protein consumption, especially in developing and emerging countries like Uganda 

(WWF 2014). In the last decade, the economies of Argentina and Brazil have been greatly 

supported by soybean. In Argentina, soybean and soy products contributed nearly a third (a 

USD 20 billion value) of the country‘s USD 72 billion export value. This was achieved in the 

last decade when the government of Argentina made deliberate efforts to promote the crop as a 

food, an industrial and export commodity (Goldsmith 2008; Ridley and Devadoss 2015; 

Cattelan and Dall‘Agnol 2018). Several factories have been established in Uganda that are 

interested in soybean varieties with improved nutritional traits, especially elevated protein and 

oil content (Tukamuhabwa et al., 2019). This is coupled with increased interest among farmers 

in using soybean meal in animal feeds (SNV, 2011). Hence the need to understand the 

nutritional traits among the many soybean germplasm in Uganda that have been collected from 

various sources.  

1.3 Production of Soybean 

Over recent decades, soybean production has undergone the greatest expansion of any global 

crop (Agralytica 2012). The largest expansion of soybean production occurred during the second 

half of the twentieth century, where production grew tenfold from 27 million tons (MT) in 1962 

to 334 MT in 2019 (FAO 2019). It is expected that by 2050, production will double (WWF 

2014). The world‘s leading producer is Brazil which produces about 34% of the world's soybean 

(114.3 million MT). The USA is second with 29% of soybean produced (96.8 million MT) while 

Argentina is third with 17% (55.3 million MT) and China, 5% (15.7 million MT). The remaining 

countries account for 16% (51.6 million MT) of the global soybean output (FAO, 2019). In 

Africa, total soybean production rose from 1.4 million MT in 2008 to 3.1 million MT in 2019; 

representing 1.0% of the world's production. The three leading African countries in soybean 

production are South Africa (1,170,345 MT), Nigeria (630,000 MT), and Zambia (281,389 MT) 

(FAO, 2019). Uganda is ranked 1
st
 in East Africa with a production of 28,000 MT (FAO, 2019). 

In the case of Uganda, a report by the Uganda Bureau of Statistics in 2021, showed that the 

northern region produced 15,729 MT, the eastern region (5,809 MT), the western region (1,886 

MT), and the Central region (192 MT). This report also showed that the leading districts in 
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soybean production in Uganda were Oyam (8,030 MT), Apac (3,225 MT), Tororo (2,180 MT), 

and Lira (2,045 MT) (UBOS 2021). 

1.4 Constraints to soybean production 

Although soybean production has increased in Uganda, the yield has remained low; about 1,200 

kg ha
-1

. This is very low compared to yields in other major producers in Africa like South Africa 

estimated at about 2,000 kg ha
-1

 (FAO 2018). The low yields are attributed to several factors 

including poor soil fertility, inappropriate management practices, low use of improved varieties, 

and attack by pests and diseases (Lubungu et al., 2013). In the tropics, several production 

constraints such as poor adaptation and short seed longevity period have been reported (Lubungu 

et al., 2013). Soybean rust disease caused by the fungus Phakopsora pachyrhizi occurs in all 

soybean production regions in the world (Rosa et al. 2015). Soybean rust is the most destructive 

foliar disease of soybean and can cause yield losses of over 80% (Rosa et al. 2015; Godoy et al. 

2016). Sources of resistance have been reported and to date, six dominant genes have been 

identified (Rpp1 – Rpp6) (Rosa et al. 2015; Godoy et al. 2016). However these genes are not 

effective against all the populations of Phakopsora pachyrhizi and several studies have reported 

a breakdown in the resistance of soybean genotypes that were initially reported to be resistant to 

the pathogen. The situation of resistant-soybean genotypes being resistant to a few rust isolates 

implies that the soybean breeders have to rely on the few soybean genotypes with the specific 

resistance genes to develop rust-resistant soybean varieties. The breakdown of soybean rust 

resistance genes has been reported in other countries because of reliance on a few sources of 

resistance (Chander et al. 2019; Tukamuhabwa et al., 2019). Reliance on a few sources of 

resistance narrows genetic variability and limits progress in breeding for other desirable 

attributes, such as yield (Tukamuhabwa and Maphosa 2011). Therefore there is a need to assess 

the level of genetic diversity among the existing soybean germplasm to broaden the genetic base. 

Groundnut leaf miners that previously were not a major production constraint are now a major 

challenge to soybean farmers in Uganda. A study by Namara et al. (2019) reported percentage 

grain yield losses caused by groundnut leaf miner on the different soybean varieties ranging from 

37.3% to 65.7% and none of the released soybean varieties is resistant to the pest (Tukamuhabwa 

et al., 2019). This is because all six MAKSOY soybean varieties grown by more than 93% of 
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Ugandan farmers (Tukamuhabwa et al. 2016), were derived from only four parents - Nam II, 

Duiker, GC 00138-29 and TGX 1035-10E  (Tukamuhabwa et al., 2019, Appendix 1). Therefore 

understanding the genetic diversity among the existing soybean germplasm in Uganda is very 

critical for the development of more superior soybean varieties.  

1.5 Soybean Breeding in Uganda  

Soybean was introduced in Uganda between 1908 and 1913 (Bashaasha, 1992). Soybean 

breeding efforts in Uganda can be summarized in four phases; 

Phase 1 (1913-1975) 

This phase was characterized by evaluation of soybean germplasm imported from other countries 

and little or no hybridization. Additionally, yield trials were a major component of soybean 

research that resulted in the release of six varieties (S - 35, Congo 72, Clark 63, Bukalasa 4, 

No.7, and Kabanyolo 1) in 1975 (Bashaasha 1992).  

Phase 2 ( 1976 - 2000) 

In this phase germplasm importation and evalauation continued. Most of the germplasm was 

imported from IITA and the USA. By around 1990, soybean breeding and agronomic 

constraints were given first priority. At this moment two broad objectives were 

identidied. The first was to select and develop soybean varieties of medium maturity (100 

-120 days) which are high yielding; non shattering; resistant to lodging, major pests and 

diseases; free nodulating; with good pod clearance and which can store well for at least 7 

to 8 months. The second is to identify appropriate agronomic practices which will 

maximize the performance potential of commercial soybean production in Uganda. 

Variety development through hybridization also began within this phase. The outbreak of 

the soybean rust epidemic in 1996 in Uganda was a key highlight in this phase. The outbreak of 

soybean rust disease stimulated more soybean research and several crosses were generated that 

resulted in the release of three varieties (Nam 1, Nam 2, Namsoy 3) (Kawuki et al., 2003; 

Tukamuhabwa et al., 2019).  

Phase 3 (2001 – 2010) 

Selection for high yielding and rust-resistant soybean genotypes was key in this phase, that 

resulted in the release of four varieties (Namsoy 4M, Maksoy 1N, Maksoy 2N, Maksoy 3N) 



  

7 

 

(Tukamuhabwa et al., 2019). This phase was also characterized by conventional breeding 

through generation of multiple crosses and several multi locational variety trials across Uganda. 

Phase 4 (2011 – 2021) 

This phased involves use of the molecular breeding approach. For example, the use of SSR 

markers to understand rust diversity and pyramid-specific resistance genes in one genotype 

resulted in the release of three varieties (Maksoy 4N, Maksoy 5N and Maksoy 6N) (Maphosa, 

2013). Additionally, this phase also involves the use of SNP-based markers to understand 

soybean diversity and identify markers associated with nutritional traits (protein and oil content) 

in soybean (Obua et al., 2020a). 

 

Since 2001, a lot of multi environmental trials have been conducted to assess yield stability, 

different agronomic traits, pest and disease resistance among different breeding lines across 

different locations in Uganda (Obua et al., 2020b; Mukuze, 2019; Obua, 2013; Tukamuhabwa et 

al., 2012a; Tukamuhabwa et al., 2012b). However, most of these breeding lines are always 

progenies generated from crosses of a few selected parents. For example, all the MAKSOY 

soybean varieties grown by more than 94% of Ugandan farmers are progenies of only four 

parents, Nam 2, GC 00138-29, Duiker and TGX 1035-10E (Tukamuhabwa et al., 2019; 

Tukamuhabwa et al., 2016; Tukamuhabwa and Oloka 2016). This implies that released Ugandan 

soybean varieties have low genetic diversity. The low genetic diversity among the released 

varieties can lead to total elimination, especially with changes in climatic factors. For example, 

several soybean varieties that were initially resistant to soybean rust disease in Uganda 

succumbed to the disease and have became obsolete. Therefore, this calls for exploring the high 

diversity among different soybean germplasm to take care of the changes in the industry and 

climatic factors. While the multi environmental trials conducted in Uganda have emphasized 

yield stability, pest and disease resistance, and other agronomic traits like resistance to lodging, 

pod shattering resistance, and high pod clearance, very little has been done to improve nutritional 

traits of soybean in Uganda. Therefore there is need to have a clear understanding of the 

behavior of these nutritional traits in terms of profiles in the existing germplasm and genotype by 

environmental interactions.  
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1.6 Statement of the problem 

Breeding efforts have been made in soybean crop improvement in Uganda since 1976 when 

crosses between different soybean genotypes were generated that resulted in the release of the 

current ten commercial soybean varieties. However, these soybean varieties share similar 

parentage because few parents were used in generating the crosses (Appendix 1). Sharing of 

similar parentage leads to a narrow genetic base among the soybean varieties and a risk of 

susceptibility to production constraints like pests and diseases. For example, Nam 1, Nam 2, 

Nam 3, Namsoy 4M and Maksoy 1N that initially were resistant to soybean rust disease have 

succumbed to the disease. With the current changes in climate, all these varieties could be wiped 

out because of the low genetic diversity among them. Therefore there is a need to unlock the 

genetic diversity potential in the existing Ugandan soybean germplasm, collected from different 

sources has never been studied. 

Over the years, the focus in the Ugandan soybean breeding program has mainly been on the 

development of soybean varieties with improved yield, disease resistance, and other agronomic 

traits like resistance to logding, pod shattering resistance, and high pod clearance (Bashaasha 

1992; Tukamuhabwa et al., 2019). However, other traits such as nutritional properties have 

received very little attention. Moreover, the nutritional traits like protein, oil, and fatty acid 

profiles of the existing soybean germplasm are not known yet this is a requisite for the 

development of soybean varieties with improved nutritional traits. Hence the need to clearly 

understand the nutritional traits among the existing soybean germplasm in Uganda. Additionally, 

the effect of environmental factors on some of the desirable nutritional traits is not known when 

the same soybean genotypes are planted in different environments. Therefore there is a need to 

unravel the behavior of nutritional traits in soybean when grown in different environments. 

The methodology for assessment of nutritional traits like total protein, total oil and fatty acid 

profiling are quite expensive and cannot be performed using visual assessment like other 

agronomic traits; which makes it extremely hard to track these traits in the breeding pipeline. The 

use of molecular markers is viewed as a cheaper and faster option for nutritional assessment 

(Sudaric et al. 2008). However, the association between molecular markers and the nutritional 

traits has not been conducted among the Ugandan soybean germplasm collection. Therefore this 
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study aims to develop molecular markers associated with protein and oil to significantly reduce 

the time required for the development and release of soybean varieties with improved nutritional 

traits. 

1.7 Study Objectives 

1.7.1 Main objective 

To develop high yielding soybean varieties with improved nutritional traits to fight food and 

nutritional insecurity  

1.7.2 Specific objectives  

Specific objectives were to; 

I. Assess genetic diversity and population structure of tropical soybean genotypes using 

single nucleotide polymorphic markers 

II. Determine variability of nutritional traits (total protein, total oil and fatty acid content) in 

tropical soybean germplasm 

III. Identify SNP based markers that are associated with nutritional traits (total protein, total 

oil and fatty acid)  

IV. Determine protein and yield stability and protein-yield relationship in tropical soybean 

germplasm 

1.8 Hypotheses 

I. Tropical soybean germplasm have low genetic diversity and indistinct population 

structure because they share similar parentage  

II. Tropical soybean germplasm have diverse levels of nutritional traits (total protein, total 

oil and oleic fatty acid) because they are from different origins  

III. There are several SNP based markers associated with nutritional traits (total protein, 

total oil and fatty acid) in soybean 

IV. Yield and protein content in soybean are sensitive to changes in environmental 

conditions and the two traits are positively correlated 
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1.9 Justification 

Several efforts have been made to understand the genetic diversity and population structures of 

soybean germplasm; including Glycine soja (Siebold & Zucc.), the wild ancestor to the 

domesticated soybean (Glycine max (L.) Merr.). The findings from these diversity studies would 

be useful to the soybean breeders in selecting genetically distinct parents and identification of 

candidate genes for important agricultural traits that could be very important for crop 

improvement (Kofsky et al., 2018). In Uganda, several soybean genotypes have been collected 

through the years from different sources that constitute the germplasm base. This germplasm is 

expected to have high diversity in terms of genetic diversity, population structure, and nutritional 

traits.  

 

For a successful crop improvement program, a clear understanding of the level of variability of a 

trait of interest is key because it leads to a more efficient genetic manipulation process and hence 

the development of better crop varieties. For example, to develop soybean varieties with 

improved nutritional traits, it is very important to clearly understand the level of variability of 

these traits among the existing germplasm available in the breeding program. Additionally, the 

oil extraction plants established in Uganda now require soybean varieties with improved 

nutritional traits because of drastic changes in consumers‘ preferences.  

 

Several SNP-based markers have been developed to assess different nutritional traits in soybean. 

Selection for nutritional traits in soybean is physically extremely challenging compared to the 

use of SNP-based molecular markers. In the current study, the identification of SNPs associated 

with nutritional traits is expected to significantly reduce the time for of development of soybean 

varieties with improved nutritional traits. Additionally, the eventual use of the SNPs in the 

breeding program greatly increases the efficiency of selection in the breeding pipeline. Therefore 

a clear understanding of the behavior of the nutritional traits when soybean is grown in different 

environmental conditions will help the farmers and processors determine the best environmental 

conditions to obtain maximum nutritional benefits from the soybean.  
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

2.1 Assessment of Genetic Diversity and Population in Soybean 

Genetic diversity is genetic variability present among individuals within a species while 

population structure is the presence of differences in allele frequencies between subpopulations 

within a population. Knowledge of genetic diversity, population structure of a collection of 

germplasm is very important for crop improvement, effective conservation and utilization of the 

available genetic resources (Hipparagi et al., 2017). Soybean genetic diversity and relatedness 

like most plant species can be assessed by the differences in morphological traits, pedigree 

information, geographic origins, isozymes, and DNA markers. A considerable amount of 

literature has been published on the use of morphological traits as a technique of assessing 

genetic diversity and classifying existing soybean genotypes (Malek et al., 2014; Ojo et al., 

2012; Perić et al., 2014). This technique has been utilized for the preliminary grouping of 

germplasm before their characterization using more precise marker techniques. For example, 

Ningsih et al. (2019) used morphological characteristics of pods of 10 soybean germplasm and 

reported significant differences among the studied soybean genotypes. In another study 

conducted by Malek et al. (2014) to determine genetic variability, character association and 

genetic diversity of 27 soybean mutants and four mother genotypes, revealed significant 

differences among the mutants and mothers for nine morphological traits. Most scientific 

classification of plants still relies on morphological traits (Khalid et al., 2010). Additionally, this 

technique is cost-effective, easy to score, requires less time and does not require much technical 

knowledge. The major disadvantages of morphological markers are that they may be limited in 

number and are influenced by environmental factors and the developmental stage of the plant 

(Roychowdhury et al., 2014). Uncertain or incomplete data and possible errors in the pedigree 

information and origins of accessions, and the limitation of data provided by isozymes also limit 

their utilization in diversity studies (Li and Nelson, 2001; Wang et al., 2006).  

Among the different DNA markers, restriction fragment length polymorphisms (RFLPs), random 

amplified polymorphic DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs), 

simple sequence repeats (SSRs) and single nucleotide polymorphisms (SNPs)  have been used 

https://en.wikipedia.org/wiki/Allele
https://en.wikipedia.org/wiki/Allele_frequency
https://en.wikipedia.org/wiki/Population
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extensively in soybeans to determine genetic diversity and population structure; each with its 

advantages and limitations (Chauhan et al., 2015; Doldi et al., 1997; Hipparagi et al., 2017; 

Kumawat et al., 2015; Li et al., 2010; Liu et al., 2017; Satyavathi et al., 2006; Tantasawat et al., 

2011; Torres et al., 2015). However, SSR and SNPs have been widely used in studying genetic 

diversity and population structure. Many studies have reported average polymorphism 

information content (PIC) values ranging from low to moderate. For example, Gupta and 

Manjaya (2017), reported average PIC value of 0.61, Hipparagi et al. (2017) 0.36,  Liu et al. 

(2017) 0.28, Chauhan et al. (2015) 0.57, Kumawat et al. (2015) 0.48, Bisen et al. (2014) 0.20, 

Zhang et al. (2013) 0.39, Tantasawat et al. (2011) 0.60, Mulato et al. (2010) 0.63, and Satyavathi 

et al. (2006) 0.44. Being a self-fertilizing crop, soybean is expected to have low heterozygosity 

than open-pollinated crop species. Therefore most previous studies have reported low 

heterozygosity; Mulato et al. (2010) 0.03, Bisen et al. (2014) 0.05, Gupta and Manjaya (2017) 

0.06, Liu et al. (2017) 0.07, Hipparagi et al. (2017) 0.11, and Zhang et al. (2013) 0.46. Similarly, 

genetic diversity observed in several studies is always low; especially in cultivated soybean.  

Bisen et al. (2014) reported genetic diversity of 0.23, Kumawat et al. (2015) 0.35, Hipparagi et 

al. (2017) 0.43, Satyavathi et al. (2006) 0.56. The low diversity previously reported in soybean is 

probably because of domestication. Infact Hyten et al. (2006) concluded that, during soybean 

domestication, 50% of the genetic diversity was lost. Many soybean diversity studies have been 

conducted out of tropical Africa. However, for tropical Africa, very limited research has been 

conducted to reveal the level of genetic diversity among the existing soybean germplasm. 

Additionally, the existing soybean germplasm were collected from different origins for different 

breeding goals, hence possessing varying traits. Therefore, the level of genetic diversity in the 

existing germplasm in tropical soybean germplasm is not known.  

 

2.2 Nutrient Profile in Soybean  

2.2.1 Soybean seed protein content   

The soybean is the most important source of high-quality vegetable protein in the world today 

and has played an increasing role in human and livestock nutrition over the last few decades 

(Riaz 2001; Singh et al. 2008). Soybean protein is an ideal source of some of the essential amino 

acids used to complement cereal proteins. Soybean protein supplies all 9 essential amino acids 
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and provides many functional benefits to food processors and for healthy human and livestock 

nutrition (Lonnerdal, 1994). Goldflus et al. (2006) reported the following essential amino acids; 

Arginine (2.706%), Phenylalanine (1.926 %), Histidine (0.968 %), Ile (1.606%), Leucine (2.838 

%), Lysine (2.310%), Methionine (0.405 %), Threonine (1.315 %) and Valine (1.662 %) while 

assessing different soybean samples collected from different Brazilian states. Similarly, the 

percentage of these amino acids were within the same range in another study by Carrera et al. 

(2011) who assessed amino acid composition of soybean seeds from  31 multi‑environment field 

trials carried out in Argentina. At present, soybean proteins are more versatile than many other 

food proteins in various worldwide nutritional programs and the meal provides an important 

source of protein for animal feeds. Maestri et al. (1998) reported that protein content in soybean 

genotypes ranged from 33.1% to 44.8%. Qin et al. (2014) investigated the regional distribution 

of protein and oil compositions of soybean cultivars in china and found protein content ranging 

from 31.8% to 49.8%. Additionally, Akpagu et al. (2015) investigated the protein content of 

soybean samples from different states in Nigeria and reported a narrow protein range between 

36.74% to 39.23%. Similarly, Ciabotti et al. (2016) assessed the chemical composition of 

soybean grain of varieties and advanced lines with different seed coat colours and reported a 

narrow protein range of 35.35% to 39.80%. Several factors have been reported to cause the 

variation of protein content among different soybean genotypes, these include genetic and 

environmental (Patil et al., 2017; Ojo et al., 2002). Some of the environmental factors that have 

been reported to increase protein content in soybean include high nitrogen available (Vollmann 

et al., 2000), high temperatures (Ojo et al., 2002) and low rainfall (Vollmann et al., 2000) during 

the grain filling stage. 

Several methods have been suggested for the quantification of protein content in different food 

and feed samples. For example, Kjeldahl is a widely used method for determining nitrogen and 

protein contents in the food and feed industry (VELP Scientifica, 2015; Akpagu Francis et al., 

2015). This method involves three major steps; digestion, neutralization and distillation. 

However, Kjeldhal method assumes that all the Nitrogren in the food/feed sample is protein-

bound and the conversion/correction factor of 6.25 is used to determine total protein content. A 

wide range of other compounds, such as nitrate, ammonia, urea, nucleic acids, free amino acids, 

chlorophylls and alkaloids contain nitrogen that are not protein-bound (Imafidon and Sosulski, 
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1990; Maehre et al. 2018). Additionally, the conversion factor used in this method is based on an 

assumption that the general nitrogen content in food proteins is 16% (Maehre et al. 2018). 

However, these are quite rough assumptions as the relative nitrogen content varies between 

amino acids and amino acid composition varies between food proteins (Imafidon and Sosulski, 

1990; Maehre et al. 2018). Another Nitrogen-based method for quatitifcation of total protein 

content in food/feed is Dumas method. In the Dumas method, the nitrogen is liberated in a 

gaseous form and is determined with a thermal conductivity detector, after removal of carbon 

dioxide and water aerosols (Maehre et al. 2018; VELP Scientifica, 2013).  The Dumas method is 

fast and does not use chemicals, but is costly to set up and is not very accurate as it does not 

measure true protein (Hayes, 2020). More recently, UV spectrophotometric methods such as 

Lowry Methods have been applied as  powerful methods for the quantitative detection of 

proteins in a complex food/feed matrixes, including soybean (Hayes, 2020; Ippoushi et al., 2020; 

Krager, 2020; Jia et al., 2019; Ippoushi et al., 2015; Winther et al., 2009).   

2.2.2 Soybean seed oil content 

Soybean has unparalleled quality oil properties that make it one of the best sources of vegetable 

oil for different purposes in the world. The profile of soybean oil has been modified depending 

on the end products of soybean oil to meet the different demands of the markets (Fehr et al., 

1992). Soybean oil is very popular because it is rich in Omega 3 and Omega 6. These fatty acids 

regulate lipid and cholesterol metabolism and improve cardio-muscular functioning in humans. 

Besides the high content of vitamin B in soybean makes digestion easier and prevents chronic 

digestion problems and constipation. Thus, refined soybean oil is widely used all over the world 

as a highly prized vegetable oil. However, the primary limitation of soybean oil is its low 

oxidative stability which reduces shelf life, flavor and durability at high temperatures (Clemente 

and Cahoon 2009; Madhujith and Sivakanthan 2018; Medina-juárez et al., 2011). To improve 

oxidative stability and undesirable flavours, soy oil is hydrogenated to reduce double bonds 

which are sites of oxidative attack that reduce stability, shelf life and increase off-flavor 

(Berghuis et al., 2010; Pintauro et al., 2005; Singh et al., 2009; Wang et al., 2019). 

Ciabotti et al. (2019) investigated the chemical composition and lipoxygenase activity of 

soybean genotypes, with different tegument colours and found oil content ranging from 18.2% to 

21.4%. Similarly, Ciabotti et al. (2016) reported a narrow range of 18.2% to 19.5% while 
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studying the chemical composition of soybean genotypes with different seed coat colours. On the 

other hand, Lee and Chou (2006) studied five black soybean genotypes and found oil values 

ranging from 10.1% to 21.6%. Additionally, Qin et al. (2014) investigated the regional 

distribution of protein and oil compositions of soybean cultivars in china and found oil content 

ranging from 14.2% to 22.8%. However, environment, genetics, management, and their 

interactions have been reported to cause the variability in oil content among different soybean 

genotypes.  For example, Assefa et al. (2019) reported a significant increase in oil content when 

Nitrogen fertilizer was applied during the growing season.  

The major extraction methods of total oil quantification in food and feed samples include Soxhlet 

Extraction Method (Soxhlet, 1879) and Bligh and Dyer (1959). Soxhlet technique is the oldest 

and the most universally accepted protocol for determining oil and lipid content of seeds, foods, 

and feeds. The method was developed by von Soxhlet in 1879 and it has been used for more than 

a century. Numerous studies have supported the fact that Soxhlet is a standard method. 

Currently, the Soxhlet is the essential reference that the performance of other techniques are 

compared. Ullah et al. (2011) reported the Soxhlet extraction is the oldest method for performing 

solvent extraction and it is the official method used by both AOAC and American Oil Chemists' 

Society (AOCS). However, Bligh and Dyer method of extraction was developed in 1959. This 

method was developed as a simple, rapid and effective method of determining total oil content in 

food and feed samples (Iverson et al., 2001; Reis et al., 2013). This method involves the 

partitioning of lipids into a binary mixture of chloroform and methanol in different ratios. 

 

2.2.3 Soybean fatty acid profile 

Elite soybean varieties produce seed that average 8.4% to 17.0% palmitic, 2.8% to 12.6% stearic, 

19.2% to 36.8% oleic, 42.1% to 62.6% linoleic and 4.1% to 6.8% linolenic acids (Erickson et al., 

1988). However a study by Qin et al. (2014) reported small differences in these fatty acid 

profiles; palmitic (9.26–14.52%), stearic (2.63–7.12%), oleic (16.19–39.88%), linoleic (38.92–

58.99%) and linolenic acid (5.11–11.68%). Like most vegetable oil crops, soybeans contain a 

high level of linoleic acid. Additionally, one major difference between soybean oil and other 

edible vegetable oils is the high level of linolenic acid, which compromise oil flavor and stability 

(Wilcox and Cavins 1985). Oil with high oxidative stability is very desirable because when used 
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increases the shelf-life of food products. Stability of the oil refers to the amount of time before 

the oil becomes rancid due to oxidation (Mercer et al., 1990). Increasing oleic acid in soybean oil 

is important because of increased oxidative stability and health benefits. Therefore, for vegetable 

oil and food production purposes, soybean oil that is high in oleic acid content or low linolenic 

acid content is preferred. Advances have been made in the development of soybean lines that are 

inherently high in oleic acid and low in linoleic and linolenic acids to improve the oil quality. 

Increasing the oleic acid content of soybean oil would decrease the total saturated fatty acid 

content and increase the oil quality for human consumption (Hayakawa et al., 2000). 

Oleic acid is a monounsaturated fatty acid that facilitates improved health and oxidative stability 

for increased oil shelf life, flavor, durability and cold flow performance (Liu et al. 2020; Pham 

2011). Increasing oleic acid to more than 60% will improve the edible and industrial applications 

of soybean oil (Pham 2011). High oleic soy oil reduces the need for hydrogenation and 

eliminates trans-fats and would improve soy-diesel, lubricants and hydraulic oils (Fehr and 

Hammond 1998). A diet in which fat consumption is high in oleic acid, like olive oil, is 

associated with reduced cholesterol, arteriosclerosis, and heart disease. High oleic acid also 

extends the utility of soybean oil at high cooking temperatures and also increases soybean oil 

functionality in pharmaceuticals and cosmetics. The success of in the identification and 

profileing of lipids is critically dependent on the efficiency of the total oil extraction step. Fatty 

acids methyl esters (FAMES) were determined using Gas Chromatography-Mass Spectrometry 

(GC – MS). Advances in mass spectrometers including incrased sensitivity, higher mass 

accuracy, and higher scan speeds have resulted in the increased populiarity of MS as detection 

tool for fatty acids in recent years (Reis et al., 2013). 

2.2.4 Correlations for nutritional traits in Soybean 

The development of soybean varieties with improved nutritional traits has been further affected 

by the negative correlation that exists among the different traits (Maestri et al., 1998; Marega et 

al., 2001). Therefore during the selection of soybean genotypes for a particular food application 

or a particular breeding program, it is important to understand the relationships that exist among 

these quality attributes. Several studies have reported positive and negative correlations that exist 

among the different nutritional traits in soybean. For example several studies have reported 

negative correlation between protein and oil content (Chung et al. 2003; Hyten et al. 2004; 
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Panthee et al. 2005; La et al. 2014). Additionally, significant negative correlation between oleic 

acid and palmitic acid has been reported in many studies (Ahire 2012; Qin et al., 2014; Rebetzke 

et al., 2001).  Additionally, other studies have reported a positive correlation between palmitic 

acid and other long-chain fatty acids derived from it such as stearic and oleic fatty acid (Ahire 

2012; Bachlava et al., 2008; Rahman et al., 2003; Stoltzfus et al., 2000). Stearic acid is derived 

from palmitic acid through modification that results in desaturation and elongation during the 

fatty acid synthesis process. The negative correlation between oleic acid and saturated fatty acids 

like palmitic coupled with the positive correlation between palmitic acid and stearic acid offers 

the opportunity to develop soybean varieties with improved oil quality. Hence selection for 

higher oleic acid will result in lower palmitic and stearic acids hence improvement in the quality 

of the soybean oil (Pham, 2011; Qin et al., 2014). In soybean, total oil content has been reported 

to exhibit a strong negative correlation with oleic acid (Bachlava et al., 2008; Rani et al., 2007). 

The significant negative correlation between oleic acid and total oil suggests that it would be 

difficult to develop soybean varieties with high oil content as well as high oleic acid. This 

implies that it is difficult to develop a soybean variety with high oleic acid and oil content using 

conventional breeding.  

2.3 Genetic basis for nutrient content of Soybean  

Several studies have reported that most of the nutritional traits in soybean are complex, 

controlled by multiple genes/ quantitative trait loci (QTLs), and affected by the environment and 

genotype × environment interaction (Liu et al. 2020; Yao et al. 2020; Patil et al. 2017). The 

genetic control of seed oil content in soybeans was found to include primarily additive gene 

action  (Wilcox 1989; McKendry et al., 1985), but some evidence for epistatic effects have been 

reported (Wang et al. 2020; Zhaoming et al., 2017). Heritability values reported for seed oil 

content ranged from moderate (51%) to high (92%) (Sobko et al. 2020; Yao et al. 2020; Wiggins 

2012; McKendry et al., 1985). Additionally, Taliercio et al. (2017) reported non-additive 

changes in gene expression in the F1 hybrids relative to the parents for seed protein content in 

soybean seed.  

 

Heritability of soybean oil fatty acids have been reported to range from 65.8% to 91.2% that 

early generation selection can be effective (Yao et al. 2020; Li et al. 2018; Li et al. 2017; 
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Bachlava et al. 2008;  Panthee et al., 2006; Gesteira et al. 2003). Furthermore, no significant 

cytoplasmic effects have been reported for stearic acid content (Rahman et al., 1997; Bubeck et 

al., 1989) and palmitic acid content (Bubeck et al., 1989). In another study to understand the 

inheritance of elevated palmitic acid in soybean seed oil indicated no maternal effect or 

dominance for palmitic acid content (Narvel et al., 2000). Most of these genetic studies for fatty 

acids were conducted using mutant soybean genotypes. Therefore improvement of fatty acids in 

soybean oil is not easy to achieve through conventional breeding. 

 

2.4 Breeding for Improved Nutritional Traits of Soybean 

Development of improved soybean varieties has mainly been through conventional breeding that 

mainly focuses on hybridization, selection, and evaluation of improved lines. Several selection 

methods have also been used in soybean for improvement of agronomically important traits,  

including nutritional traits. For example, recurrent method was used for protein (Xu 1990; Brim 

and Burton 1979). It has been employed for making genetic improvements to oil (Burton, J.M., 

Brim, C.A. 1981) and oleic fatty acid (Carver et al., 1986; Burton et al., 1983; Burton et al. 

2006). Mass selection was used for oil (Burton and Brim 1981). Half-sib family selection was 

used for oil quality (Carver et al., 1986). Recent biotechnological tools have complemented 

conventional plant breeding producing an accelerated improvement to soybean. Various 

biotechnological tools, such as molecular breeding, marker-assisted selection, mutation breeding, 

genetic transformation have played a major role in developing varieties with improved 

nutritional traits. The most effective genetic method for increasing oleic fatty acid and decreasing 

linolenic fatty acid has been through the use of mutagenesis. Examples of such high oleic acid 

mutants include M23 (Rahman et al., 1994), and KK21 (Anai et al. 2008), S117N (La et al. 

2014), 17D (La et al. 2014)  and P137R (La et al. 2014). More recently, transgenic soybean with 

elevated oleic fatty have been developed (Zhang et al. 2014).  

 

2.4 QTL mapping for nutrient content of Soybean  

The two main methods for detecting significant marker or quantitative trait loci (QTL) are 

linkage mapping and genome-wide association study (GWAS). Linkage mapping relies on a 

population developed specifically to map the trait of interest and uses bi-parental breeding 
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strategies. This allows the researcher to select parental genotypes and control the relatedness of 

the population. Several population types and methods can be used for QTL detection with 

contrasting power of resolution. However, this method of identification of significant markers or 

QTLs is only effective for the developed mapping population. On the other hand, genome-wide 

association study (GWAS) is a complementary approach to linkage mapping.  While both 

methods rely on the correlation between DNA marker alleles and the phenotypic expression of a 

trait of interest, association studies provide relatively higher mapping resolution in terms of 

defining the genomic position of QTL. The detection of QTL depends on the level of Linkage 

Disequilibrium (LD) between a causal mutation and physically linked markers. The higher the 

degree of association between marker alleles and the phenotypic variants, the greater the 

likelihood that the observed phenotypic trait is linked to the marker. SoyBase (http://soybase.org, 

accessed 05 April 2021) reported 834 and 594 oil and protein QTLs, respectively, across all the 

20 chromosomes.  

 

Recently, GWAS has been widely used for revealing the genetic basis of complex trait variation 

in soybean (Sonah et al., 2015). For example, a study by Hwang et al. (2014) identified 40 SNPs 

located in 17 different genomic regions in 10 chromosomes for protein content and 25 SNPs 

located in 13 regions on 12 of the 20 chromosomes for oil content in diverse soybean accessions. 

Another study that was conducted for protein and oil content on USA soybean accessions 

identified SNPs with strong signals on chromosomes 20 and 15 (Bandillo et al., 2015). The same 

study further identified three candidate genes for protein and oil content in the chromosome 20 

region (Bandillo et al., 2015). Another study discovered 29 SNPs located on ten different 

chromosomes that are significantly associated with protein, oil and five fatty acids in wild 

soybean accessions (Leamy et al., 2017). Therefore the application of GWAS in soybean 

remains to be explored, especially for nutritional traits that are very difficult and expensive to 

assess. Very little or no research has been conducted in tropical Africa to identify SNP markers 

that are associated with nutritional traits in soybean.  
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2.5 Genotype × environment interactions and Stability analysis for yield and nutritional 

traits in soybean  

Genotype × environment interactions (GEI) in soybean like in many other important crops have 

been widely studied, especially for seed yield. Genotype by environment interaction is the failure 

of two or more genotypes to achieve the same relative performance in two or more environments 

(Baker 1988; Bowman 1972). GEI is attributed to differences in sensitivity, which means that a 

given environmental difference affects some genotypes more than others (Falconer 1989). The 

presence of significant genotypes by environment interaction for quantitative traits such as seed 

yield and nutritional traits can reduce the usefulness of subsequent analysis, restrict the 

significance of inferences that would otherwise be valid, and seriously limit the feasibility of 

selecting superior genotypes (Flores et al., 1998).  

One approach to solving such a problem is that most breeders look for varieties that have good 

mean performance over a wide array of environments. Such an approach is reasonable if there is 

no GEI, but in most cases there is interaction. Some genotypes can have high performance in few 

environments and very low performance in other environments, showing better mean 

performance across environments. But few genotypes may have average performance but remain 

stable over wider environments. Stability analysis is important for understanding the response of 

different genotypes to varying environments and for the identification of stable and widely 

adapted genotypes. Therefore, the performance stability of a genotype across a range of 

production environments is very important for variety recommendations. Another approach that 

has been used by several breeders to resolve the challenge of GEI is that of grouping 

environments into mega-environments by way of genotype response. A mega-environment is 

defined as a subset of locations that consistently share the best set of genotypes and the regions 

are relatively homogenous with similar biotic and abiotic stresses and cropping system 

requirements (Yan et al. 2007). 

Most of the previous GEI studies have focused on seed yield (Obua et al. 2020; Cheelo et al., 

2017; Mulugeta et al. 2013; Tukamuhabwa et al.,2012a;  Tukamuhabwa et al. 2012b), 

agronomic traits (Zhe et al. 2010). However, there has been little research on the GEI of 

nutritional traits. Therefore, there is a need to investigate the relationship between yield and 

stability of these nutritional traits across different environments. There is a need to have a clear 
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understanding of the relationship between grain yield and nutritional traits since it is one of the 

most important traits in most soybean breeding programs. In an attempt to understand the yield 

and stability of protein content in soybean, a study by Sommers and Mchale (2015) revealed that 

soybean genotypes with high protein yield exhibit stable protein yields across variable 

environments. Another study by Gurmu et al. (2010) discovered that Clark-63K had the highest 

crude protein content and also very stable while IPB-144-81(p) and AFGAT had high crude 

protein content but very unstable. The same study identified Haddee-1 and Braxton with high oil 

content and showed stable performance while TGX-297-6f-1 had high oil content but unstable 

across the environments. A stud by Chaudhary and Wu (2012) based on AMMI analysis, 

identified HEFTY H15Y12 as the most widely adapted soybean genotype for oil content and 

grain yield under the conditions of Eastern South Dakota. 

A number of statistical approaches have been developed to analyze Multi Environmental Trial 

(MET) data. One common approach used by plant breeders is the Genotype and genotype-by-

environment interaction (GGE) biplot analysis. The method simultaneously displays the 

genotype main effect (G) and the genotype by environment interaction (GEI), and has been 

reported to visually address many questions related to multi-environment trial (MET) data (Yan, 

2001; Yan et al., 2007; Yan and Kang, 2003). A review by Yan et al. (2007) reported that GGE 

biplot is superior in mega-environment analysis and genotype evaluation. Therefore, the GGE 

biplot technique has been widely used in soybean to assess GEI. A study conducted in four 

different locations of Ethiopia for two consecutive years using thirty-two genotypes showed that 

there was GEI and was crossover in nature (Mulugeta et al., 2013). The same study also 

identified three genotypes that had both high mean yield and high stability performance across 

the test environments (Mulugeta et al., 2013). In another study by Adie et al. (2014) who 

evaluated 10 black seeded soybean genotypes in 16 locations revealed that the genotype W9837 

× Cikuray-66 was stable and recommended for release as a new high-yielding variety. In 

Zambia, a MET analysis reported that the best genotype for general adaptability was the variety 

TGX 1988-22F. This genotype was stable across all the locations with high yields and average 

stability (Cheelo et al., 2017). For the case of Uganda with quite a diverse agro-ecological zones, 

no comprehensive multi environmental soybean trial has been conducted in more than six 

seasons and eight locations. Most of the multi environmental trials have been conducted for three 
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seasons or less, in a maximum of five locations (Tukamuhabwa et al., 2012a; Tukamuhabwa et 

al., 2012b). This is the first GEI study in Uganda involving soybean seed yield and nutritional 

traits.  
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CHAPTER THREE  

3.0 GENETIC DIVERSITY AND POPULATION STRUCTURE OF TROPICAL 

SOYBEAN (GLYCINE MAX (L.) MERRILL)  

3.1 INTRODUCTION 

Soybean is among the most valuable crops in Uganda and across the East African region due to 

the high protein content that makes it an important ingredient in the diets of the people and 

livestock (Tukamuhabwa, 2001). Several soybean processing plants have been established in 

Uganda and across the East African region with large processing capacities to develop different 

products from soybean. This new development has motivated the farmers to produce more grains 

to supply these plants (Tukamuhabwa et al.,  2019). The three leading African countries in 

soybean production are South Africa (1,540,000 MT), Nigeria (758,033 MT), and Zambia 

(302,720 MT) (FAO 2018a). Uganda is ranked 1st in East Africa, with a production of 29,000 

MT (FAO 2018a). Hence soybean production and consumption have led to increased farmers‘ 

income, improved food and nutrition security, and poverty eradication at the rural household 

level ( Ssengendo et al., 2010; SNV 2011; Tukamuhabwa and Obua, 2015). Accordingly, 

soybean has the potential to contribute to poverty alleviation in Uganda and across the East 

African region. 

 

Despite the contribution of soybean to smallholder farmers in Uganda and across the East 

African region, the development of new varieties has been hindered by the low genetic diversity 

of the crop that has been observed by several authors (Kumawat et al., 2015; Torres et al., 2015; 

Maldonado et al., 2016; Gupta and Manjaya, 2017; Liu et al., 2017). Kumawat et al. (2015) 

investigated the diversity of 82 Indian soybean accessions using SSR markers and identified 

three major clusters. In another study, Torres et al. (2015) found that both Principal Component 

Analysis (PCA) and STRUCTURE, clustered 191 soybean accessions in Brazil into two groups. 

Additionally, Gwinner et al. (2017) in another study that aimed at understanding the genetic 

diversity and population structure of 77 commercial soybean varieties in Brazil using 35 SSR 

markers, reported low genetic diversity in soybean germplasm. 
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To assess the genetic diversity of soybean and other plants, various methods based on 

morphological markers, geographic origins, pedigree information, isozymes, and DNA markers 

have been applied (Dayaman, 2007; Appiah-Kubi, 2012; Ojo et al., 2012; Malek et al., 2014;  

Villela et al., 2014). The use of morphological traits has remained a powerful taxonomic tool for 

preliminary grouping of germplasm before their classification using more precise marker 

techniques. Several studies involving the classification of plants still rely on the use of 

morphological traits (Khalid et al., 2010). Additionally, the use of morphological markers in 

classification is easy to score, cheaper and fast. However, the disadvantage of using 

morphological markers is that it‘s less robust compared to most molecular markers and outcomes 

can be easily influenced by environmental factors. In the case of pedigree information, 

limitations such as uncertain and incomplete data errors are likely, while for isozymes, chances 

of limited data are more prominent (Li and Nelson, 2001; Wang et al., 2006).  

 

So far, DNA markers remain the most precise method of genetic diversity analysis and have been 

complemented with morphological trait analysis. Among different DNA markers, random 

amplified polymorphic DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs), 

restriction fragment length polymorphisms (RFLPs), simple sequence repeats (SSRs), and single 

nucleotide polymorphisms (SNPs) have been widely used in understanding the diversity of 

soybean; each with its advantages and disadvantages (Doldi et al., 1997; Tantasawat et al., 2011; 

Ojo et al., 2012; Ren et al., 2013; Singh et al., 2013; Chauhan et al., 2015; Torres et al., 2015; 

Chen et al., 2017; Hipparagi et al., 2017). SSR markers have been widely used to determine 

genetic diversity in many crops because they are easy to use, have a reasonably low price, and 

high level of polymorphism (Vignal et al., 2002). However, recently SNP markers have been 

widely utilized for the assessment of diversity in plants because they occur much more 

frequently in the genome than SSR markers, and their genotyping can be easily automated 

(Mammadov et al., 2012). In the current study, Genotype By Sequencing (GBS) technology was 

used to study a collection of 89 tropical soybean germplasm collected from different countries. 

Therefore, the objective of the current study was to understand the genetic diversity and 

population structure of tropical soybean germplasm using SNP markers. Since the genotypes 
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included in the current study are parental lines, land races, released varieties, and advanced lines, 

they are representative of the existing Ugandan germplasm collected from different sources.  

 

3.2 MATERIALS AND METHODS 

3.2.1 Plant materials 

A total of 89 tropical soybean genotypes were used in this study, 45 from Uganda, 13 from 

Japan, 6 from the USA, 12 from World Vegetable Centre in Taiwan, and 13 from Seed Co 

Zimbabwe. The interest was mainly on Ugandan genotypes. Genotypes from the USA, Japan, 

Taiwan (AVRDC) and Zimbabwe (SeedCo) were added to broaden the genetic base and putting 

Ugandan genotypes into the global perspective of soybean diversity. Therefore the studied 

soybean genotypes included collections from different sources and are expected to possess high 

genetic diversity (Appendix 2). 

3.2.2 DNA extraction, Determination of DNA Quality and Quantity 

Seeds from each genotype were grown under controlled greenhouse conditions at Biosciences 

eastern and central Africa - International Livestock Research Institute (BecA - ILRI) Hub, 

Kenya. Twelve days after germination, one young leaf from one plant from each genotype was 

harvested and DNA extracted using ZR Plant / Seed DNA MiniPrep
TM

 according to the 

manufacturer‘s protocol.   

The DNA quality was first checked on 0.8% (w/v) agarose gel in 1 X Tris-acetate EDTA buffer 

and run at 80V for 45 Minutes. The run gels were photographed using GelDoc-It
TM 

Imager 

(UVP) and the picture image was interpreted for DNA quality. The DNA was quantified using 

Thermo Scientific Nanodrop 2000C Spectrophotometer and stored at 4 °C. 

 

3.2.3 SNP Genotyping 

Genotyping of the soybean genotypes was conducted by Diversity Arrays Technology 

(DArTSeq
TM

) in Australia using the Illumina HiSeq 2500. The samples were genotyped 

following an integrated DArT and genotyping-by-sequencing (GBS) methodology involving 

complexity reduction of the genomic DNA to remove repetitive sequences using methylation-

sensitive restrictive enzymes before sequencing on next-generation sequencing platforms (Kilian 
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et al., 2012). The soybean reference genome and annotation were downloaded from ftp://ftp.jgi-

psf.org/pub/JGI_data/phytozome/v7.0/Gmax. The sequence data generated were then aligned to 

the soybean reference genome sequence, Soybean_v7, to identify single nucleotide 

polymorphisms (SNPs) markers.  

3.2.4 Data analysis 

GBS data for a total of 16,688 SNP loci distributed across the 20 Soybean chromosomes was 

received from Diversity Arrays Technology (DArTSeq
TM

), Australia. The genotype data was 

initially filtered using a minor allele frequency (MAF) of 0.01 and a minimum count of 90% of 

the sample size using TASSEL v.5.2.43 software (Bradbury et al., 2007), which gave 7,962 

polymorphic SNPs. Genetic distance was calculated between a pair of inbred lines in the dataset 

using the identity by state similarity (IBS) method implemented in TASSELv.5.2.43. A marker-

based kinship matrix was then calculated between a pair of inbred lines in the dataset using 

TASSELv.5.2.43. 

Using the model-based clustering approach implemented in the software package STRUCTURE 

v2.3.4, population structure was estimated (Pritchard et al., 2000). To estimate the posterior 

probabilities (qK) a 100,000 burn-in period was used, followed by 100,000 iterations; with the 

hypothetical number of subpopulations (k) ranging from 1 to 10, with 10 replicates for each K. 

The number of subpopulations was determined when Δk reached its highest value (Evanno et al., 

2005). The Delta K was calculated for each value of K using Structure Harvester(Earl and 

vonHoldt, 2012; Evanno et al., 2005). A line was assigned to a given cluster when the proportion 

of its genome in the cluster (qK) was higher than a standard threshold value of 70 %. For the 

chosen optima value of K, membership coefficient matrices of replicates from STRUCTURE 

were integrated to generate a Q matrix using the software CLUMPP (Jakobsson and Rosenberg, 

2007) and the STRUCTURE bar plot was drawn using the DISTRUCT software (Rosenberg, 

2004). The principal coordinate analysis was performed based on the genetic distance matrix 

using the Dissimilarity Analysis and Representation for windows (DARwin) v.6.0.013 

(http://darwin.cirad.fr). Analysis of molecular variance (AMOVA) was performed using 

GenAlEx V6.5 software. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5818415/#B26
ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v7.0/Gmax
ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v7.0/Gmax
http://darwin.cirad.fr/
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3.3 RESULTS 

3.3.1 Genotype Diversity analysis 

A total of 16,688 SNP markers were identified in the 89 genotypes of soybean; of which 7,962 

were polymorphic and non-redundant, with greater than 5% minor allele frequency (MAF) and 

missing data lower than 20% were used for subsequent analysis. These 7,962 SNPs detected a 

total of 15,924 alleles, with each SNP detecting two alleles as expected. The average 

polymorphism information content (PIC) was 0.27, ranging from 0.01 to 0.50 and heterozygosity 

ranged from 0.0 to 0.35 for individuals and 0.0 to 0.8 for markers (Figure 1). 

 

Figure 1: Levels of heterozygosity of individual soybean genotypes and SNPs markers 

3.3.2 Genetic distance and relationship 

The average Roger genetic distance within the study population was 0.34. From a total of 89 

genotypes, 18.1% of the distance values were between 0.0 and 0.05 while 20.7% were between 

0.35 and 0.40 (Figure 2). Relative kinship reflects the approximate degree of identity between 

two given genotypes. For combined analysis of all 89 genotypes, the kinship coefficients ranged 

from 0 to 1.04, with an overall average of 0.51; only 1.6% of the pairwise kinship estimates had 
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values of 0.0 – 0.05 while 76.1% had values ranging from 0.5 – 0.550, indicating that most of the 

genotypes were in one way or another related (Figure 3). 

 

 

Figure 2: Distribution of pairwise Roger’s genetic distance calculated for 89 soybean 

genotypes 

 

Figure 3: Distribution of pair-wise kinship coefficients among 89 soybean genotypes from 

different sources based on 7,692SNPs 



  

29 

 

3.3.3 Population structure analysis 

The estimated log probability of the data (LnP(D)) increased continuously with increasing K 

(number of groups or populations). The ad hoc statistic ΔK showed a higher likelihood value at 

K = 2 as the highest level of structure (Figure 4). This pattern was also observed in the 

population structure, where two groups were formed (Figure 5). However, the value at K = 3 was 

informative than all the ΔK values (Appendix 3)  

 

Figure 4: Estimation of the population using LnP(D) derived ΔK with K ranged from 1 to 

10 with 7,692SNPs 

  



  

30 

 

 

 

Figure 5: Population structure (K = 2) inferred from STRUCTURE analysis for the 89 

soybean genotypes based on 7,692 SNPs 

3.3.4 Neighbor-joining Phylogenetic Tree 

To validate and gain further insight into the genetic diversity of the soybean germplasm panel 

used in this study, a phylogenetic tree by neighbor-joining method was generated. The 89 

soybean genotypes were classified into three major clusters (Figure 6). The genotypes were 

clearly separated into three distinct subclusters: There were 40 genotypes in subcluster 1 which 

included Nam II and GC00138-29 and 13 progenies derived from a cross between these two 

genotypes. Nam II is a Ugandan variety which is a selection from TGM 79; a variety obtained 

from IITA while GC00138-29 is a variety from AVRDC in Taiwan. This subcluster also 

included released varieties in Uganda; Namsoy 3 which is a cross between Kabanyolo 1 and 

Nam 1 (selection from ICAL 131 from the USA) and Maksoy 5N that is a progeny of Nam II 

and GC00138-29. The second subcluster had 26 genotypes, among which 13 genotypes were 

from SeedCo in southern Africa and 8 genotypes from AVRDC, Taiwan. It was surprising that 

Namsoy 4M, a released Ugandan variety that is a progeny of Nam II and GC00138-29 was 

clustered in this subcluster. By comparison, the other remaining 23 genotypes belonged to 

subcluster 3, among which 7 genotypes were progenies from a cross between Duiker and TGx 

1835-10E while 9 were from a cross between Duiker and GC00138-29. The subcluster also 

included released Ugandan varieties; Maksoy 1N (selection from TGx 1835-10E), Maksoy 2N 

(Duiker X TGx 1835-10E), Maksoy 3N and Maksoy 4N (Duiker X GC00138-29). However, few 

S lines and AVRDC genotypes were scattered in all three major clusters.  
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Figure 6: Phylogenetic Tree based on the Neighbor-Joining method showing genetic 

dissimilarity between soybean genotypes, based on SNP markers 

3.3.5 Principal Component Analysis (PCA) 

PCA has been proposed as an alternative to population structure analysis for studying population 

stratification from genotypic data (Patterson et al., 2006). A PCA of the 89 genotypes with the 

7,962 SNPs also showed a clear separation of the same three major groups that were identified 

by the phylogenetic tree (Figure 7).  
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Figure 7: Plot of PC1 (40.6%) and PC2 (18.2%) from principal component analysis based 

on genetic distance matrix calculated for 89 soybean genotypes genotyped with 7,692SNPs 

3.3.6 Analysis of molecular variance 

Analysis of molecular variance (AMOVA) among the 89 soybean genotypes indicated that 2% 

of the variance was due to genetic differentiation among the populations, while 98% of the 

variance was accounted for by genetic differentiation among individuals within populations. 

 

3.4 DISCUSSION 

One of the prerequisites for a successful breeding program is a high level of genetic diversity and 

understanding of the relationship among the germplasm that is used for the development of new 

crop varieties. Over the years, most soybean breeding programs have replaced traditional 

varieties or landraces with more modern varieties with desirable attributes that have led to 

increased yields. This often results in narrowing the genetic diversity. However, to understand 

the genetic diversity of tropical soybean genotypes, fairly wider sets of genotypes from different 

origins were used. The focus of this study was to understand the genetic diversity of soybean 

germplasm from tropical Africa like Uganda and Zimbabwe. These genotypes included parental 

lines, landraces, released varieties and advanced lines that were expected to be representative of 
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the existing germplasm in tropical Africa. However, germplasm from Japan, Taiwan, and the 

USA were included in the study for comparison of the studied germplasm. In this study, low 

genetic diversity was observed with the average PIC value of 0.27 obtained, similar to the values 

reported in previous studies. For example, Bisen et al. (2014) reported average PIC value of 

0.20, Liu et al. (2017) 0.28, Hipparagi et al. (2017) 0.36,  Zhang et al. (2013) 0.39, Satyavathi et 

al. (2006) 0.44, Kumawat et al. (2015) 0.48, Chauhan et al. (2015) 0.57, Tantasawat et al. (2011) 

0.60, Gupta and Manjaya (2017) 0.61, Mulato et al. (2010) 0.63.  

 

Being a self-fertilizing crop, soybean is expected to have low heterozygosity than open-

pollinated crop species as observed in the current study where it ranged from 0.0 to 0.35. Most 

previous studies have reported low heterozygosity in soybean; Mulato et al. (2010) 0.03, Bisen et 

al. (2014) 0.05, Gupta and Manjaya (2017) 0.06, Liu et al. (2017) 0.07, Hipparagi et al. (2017) 

0.11, Zhang et al. (2013) 0.46. Similarly, several studies have observed low genetic diversity; 

especially in cultivated soybean.  Bisen et al. (2014) reported genetic diversity of 0.23, Kumawat 

et al. (2015) 0.35, Hipparagi et al. (2017) 0.43, Satyavathi et al. (2006) 0.56. The low diversity 

previously reported in soybean could be attributed to domestication. Infact Hyten et al. (2006) 

concluded that, during soybean domestication, 50% of the genetic diversity was lost.  

Additionally, the low genetic diversity that was observed in this study could have been because 

the genotypes used were mainly released varieties and advanced breeding lines that share a 

common pedigree. Most studies that have reported high genetic diversity, have used wild 

relatives and landraces of soybean (Hao et al., 2012; Li et al., 2010; Zhou et al., 2015). Previous 

studies that involved improved soybean varieties have observed low genetic diversity (Liu et al., 

2017; Maldonado dos Santos et al., 2016). These improved varieties tend to have low genetic 

diversity because of the high selection pressure subjected to the genotypes during evaluation and 

selection (Gwinner et al., 2017). This was also confirmed by genetic distance and kinship 

analysis that showed that the majority of the genotypes in this study are related to each other in 

one way or another. Similarity of the parentage of the studied genotypes could have also led to 

the observed low diversity. The studied genotypes especially those from Uganda shared similar 

parents. For example, sixteen offsprings were derived from Nam 2 X GC00138-29 while sixteen 

were derived from Duiker X TGx 1835-10E crosses were the majority. 
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Relatedness of the different genotypes is confirmed by phylogenetic tree and PCA results. The 

89 genotypes of the current study were grouped into three major sub-clusters. The first sub-

cluster included Nam II and GC00138-29 and 13 progenies derived from a cross between these 

two genotypes. Nam II is a Ugandan variety which is a selection from TGM 79; a variety 

obtained from IITA while GC00138-29 is a variety from AVRDC in Taiwan. This sub-cluster 

also included Maksoy 5N; released in 2013 and NII X GC 44.2 that was released in 2017 as 

Maksoy 6N that are both progenies of Nam II and GC00138-29 cross. Since TMG 79 and 

GC00138-29 were introduced to Uganda through Consultative Group for International 

Agricultural Research (CGIAR) institutions that usually collect germplasm from different 

countries, so it is easy for such germplasm to share the same geographical origin (Halewood et 

al. 2020). On the other hand, genotypes from Seed Co and AVRDC, Taiwan were grouped in the 

second sub-cluster. This implies that soybean varieties from Seed Co share very similar parents 

and geographical origin with genotypes from AVRDC.  

By comparison, the third sub-cluster mainly consisted of progenies from two crosses; Duiker X 

TGx 1835-10E and Duiker X GC00138-29. The sub-cluster included four released Ugandan 

varieties; Maksoy 1N (selection from TGx 1835-10E), Maksoy 2N (Duiker X TGx 1835-10E), 

Maksoy 3N and Maksoy 4N (Duiker X GC00138-29). Duiker originated from Zimbabwe and 

was used as a female parent during the generation of the two crosses. This implies that four out 

of the six soybean varieties from Uganda share similar parentage.  

3.5 CONCLUSIONS AND RECOMMENDATIONS 

The results of the study demonstrated the presence of a low level of heterozygosity within most 

of the genotypes studied, suggesting that they are fixed lines as a result of constant selection 

during the breeding process. Furthermore, the genetic diversity among the studied soybean 

genotypes was low. The low genetic diversity observed in this study can lead to genetic erosion 

of the existing Ugandan soybean germplasm. Therefore to address these challenges, the 

development of soybean varieties with the desirable traits, requires diversification of the genetic 

background of the current breeding population by incorporating new genetic resources from 

other countries. For example genotypes from AVRDC and Seed Co were clustered in a separate 

sub-cluster compared to the two sub-clusters that had majorly Ugandan lines. Therefore 
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germplasm from AVRDC and Seed Co that were clustered separately could be used to broaden 

the genetic base of Ugandan soybean.  
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CHAPTER FOUR 

4.0 NUTRIENT PROFILING OF TROPICAL SOYBEAN (GLYCINE MAX (L.)  CORE 

GERMPLASM  

4.1 INTRODUCTION 

Soybean (Glycine max (L.) Merrill) has become an important ingredient in the diets of both 

humans and livestock due to its high nutritional value and low cost (Drago et al., 2011; Singh et 

al., 2008; Friedman and Brandon 2001). The total world soybean production is estimated at 

348.7 million metric tons (MT). The world‘s leading producer is the USA, which produces about 

35% of the world's soybean (123.7 million MT). Brazil is second with 34% of soybean produced 

(117.9 million MT) while Argentina is third with 11% (37.8 million MT), and China is fourth 

with 4% (14.2 million MT). The remaining countries account for 16% (55.2 million MT) of the 

global soybean output (FAO 2018). In Africa, total soybean production rose from 1.4 million 

MT in 2008 to 3.6 million MT in 2018, representing 1.0% of world production. The three leading 

African countries in soybean production are South Africa (1,316,000 MT), Nigeria (730,000 

MT), and Zambia (351,416 MT) (FAO, 2018). Uganda is the leading producer of soybean in 

East Africa with a production of 29,000 MT (FAO, 2018). In the case of Uganda, a report by the 

Uganda Bureau of Statistics (2021), recorded that the northern region produced 15,729 MT, the 

eastern region (5,803 MT), the western region (1,886 MT), and the central region (192 MT). This 

report also showed that the leading districts in soybean production in Uganda were Oyam (8,030 

MT), Apac (3,225 MT), Tororo (2,180 MT), and Lira (2,045 MT) (UBOS 2021). 

 

Soybean grains contain about 40% protein, 20% oil, an optimal supply of protein, and high-

calorie value (Singh et al., 2008). Additionally, soybean oil is composed of approximately 16% 

saturated fatty acids (palmitic [C16:0] and stearic [C18:0]), 24% monounsaturated fatty acids 

(oleic [C18:1]), and 60% polyunsaturated fatty acids (linoleic [C18:2] and linolenic [C18:3]) 

(Drago et al., 2011). The processing capacity for soybean in Uganda and across the East African 

region has significantly increased. The increase in processing capacity has been triggered by the 

growing interest of the farmers to grow the crop as a main source of cash because of the 

available superior varieties (Tukamuhabwa et al., 2019). These established processing plants 
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make different food and feed products. However, most consumers are interested in soy-based 

food products with improved protein and oil content to meet special food applications ( Singh et 

al. 2008; Miladinovic et al., 2011). In the past decade, the key focus for most soybean breeding 

programs in Tropical Africa has been on the improvement of traits such as yield, resistance to 

pod shattering and lodging, high pod clearance, resistance to pests and diseases. In contrast, the 

traits related to seed composition have received very little attention (Tukamuhabwa et al., 2019; 

Tukamuhabwa and Oloka, 2016; Bashaasha, 1992).  

 

Moreover, the development of varieties with improved nutritional traits has been further affected 

by the negative correlation that exists among the different traits. For example, several studies 

have reported a significant negative correlation between oleic acid and palmitic acid (Ahire, 

2012; Qin et al., 2014; Rebetzke et al., 2001). Similarly, total oil has been reported to exhibit a 

strong negative correlation with oleic acid (Bachlava et al., 2008; Rani et al., 2007).  Likewise, a 

negative correlation between oil and protein has also been reported in several studies (Qin et al., 

2014; Marega et al., 2001). Knowledge of the relationship between the different nutritional traits 

in soybean would be very vital in developing soybean varieties with improved nutritional 

properties. Therefore the objectives of this study were: (1) to quantify the total protein, total oil 

and fatty acids of 52 soybean genotypes from different sources, (2) to identify correlations 

among total protein, total oil content, and fatty acids. Therefore the findings from this study will 

provide an opportunity to develop soybean varieties with improved nutritional traits. 

4.2 MATERIALS AND METHODS 

4.2.1 Plant Materials and Sample Preparation 

Fifty-two soybean genotypes (Appendix 4) were grown in the first season of 2016 (2016A); at 

Makerere University Agricultural Research Institute Kabanyolo (MUARIK) which is located in 

Central Uganda. The 52 soybean genotypes were selected from the core collection of Ugandan 

germplasm that were part of the 89 genotypes used in the previous study (Chapter 3). However, 

the basis of selection was for comparison, germplasm from Japan, the USA and SeedCo were 

included in this study. The 52 soybean genotypes were planted in an alpha lattice design with 

three replicates. The plot size was 5m long with a spacing of 60 cm × 5 cm. The trials were kept 

weed-free and three weedings were conducted each season. No agrochemicals were used on the 
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trials to control pests. The grain from each plot was harvested and sun-dried to below 10% 

moisture content. The seed samples for each genotype were divided into three replicates and 

about 300g ground through a 2 mm screen using Cyclotec
TM

 1093 mill 

(https://www.fossanalytics.com). The milled samples were stored in the cold room at a 

temperature of -4
o
C at BecA – ILRI Hub, Nairobi Kenya, where all the subsequent analysis was 

performed.  

 

4.2.2 Total Protein Content 

Protein concentration was determined using the Modified Folin-Lowry Method (Lowry et al., 

1951). One hundred mg of the milled samples were weighed in duplicate into 25 mL culture 

tubes. Five ml 5% sodium dodecyl sulphate (SDS) was added, vortexed, and left to stand for 2 

hours at room temperature and centrifuged at 2000 ppm for 10 min. Fifty µl aliquot was taken 

and diluted with 950 µl of water and made to 1000 µl in separate culture tubes. One hundred µl 

aliquot of the diluted extract was taken for analysis. Blank (100 µl of distilled water), standards 

(0, 100, 200, 300, 400, 500 µl of Bovine serum albumin) and samples (100 µl) were pipetted into 

glass culture tubes, and all made to 1000 µl. 

One ml Reagent A (0.4 volumes of water, 1 volume CTC reagent, 1.6 volumes of 5 % SDS and I 

volume of 0.8 M NaOH) was then added to each of the tubes and immediately vortexed; at 20 

seconds interval. Five hundred µl of Reagent B (1 volume of Folin-Ciocalteu phenol reagent, 2 

Aldrich 9252, and 5 volumes of distilled water) was added to each tube and immediately 

vortexed and left to stand for 30 minutes for color development. An ultraviolet-visible 

spectrophotometer was used to measure the absorbance of the standards and samples versus the 

blank at a wavelength setting of 750 nm. The absorbance values of the standards versus their 

corresponding protein concentrations were plotted to prepare a calibration curve, and the protein 

concentration of the samples was determined. 

 

  

https://www.fossanalytics.com/
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The total protein (crude) in the residue was calculated using the formulae: 

 

 

Total Protein (g/100 g) = C X 100 XDF  

            10
6
 X W  

Where; 

 C = Concentration obtained from the calibration in µg/ml 

 100  = Conversion factor to report results in g/100g 

 DF = Total dilution factor (1000) 

    10
6
 = Conversion from µg to g 

              W = Weight of the sample in grams 

4.2.3 Total Oil Content and Fatty Acid Profiling 

Total oil content was determined for the three replications as in the trial using the 

chloroform/methanol gravimetric method (Bligh and Dyer, 1959). Two grams of the milled 

sample for each soybean genotype were weighed in duplicate into 50 mL culture tubes (W1). 

Thirty-two ml of Clarase solution was added, the tubes were capped and gently shaken until the 

sample was well mixed with the enzyme solution. The sample was incubated for one hour in a 

45
0
C water bath while gently mixing by inversion after every 20 minutes. All the extract was 

transferred to a 250 ml polypropylene bottle, capped and centrifuged at 2000 rpm for 15 minutes 

to clarify the chloroform. The top aqueous phase was carefully removed and discarded with a tap 

aspirator pump leaving a 2-4 mm thick layer on the chloroform. A hole was cautiously broken 

into the surface crust with a glass rod, and 20.0 ml of the chloroform extract was pipetted into a 

pre-weighed 50 ml beaker (W2).  Further, a 20 ml aliquot of the chloroform extract was taken 

and stored at -20 °C for fatty acids methyl esters (FAMES) analysis with Gas Chromatography-

Mass Spectrometry (GC – MS). The solution was evaporated to dryness by leaving it overnight 

in a fume hood; the beaker was placed in an oven at 102 
0
C for 30 minutes, removed, and cooled 

in an evacuated desiccator for 1 hour. The beaker plus the total oil was weighed on a 

microbalance to the nearest 0.1 mg (W3).  
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The total oil in the residue was calculated using the formulae: 

 

Total oil (g/100 g) = (W3) - (W2) X 100 X 4 

    (W1)   

Where; W1 - Sample weight (g) 

W2 - Weight of beaker 

W3 - Weight of beaker + total oil 

 

FAMES were analyzed using a DB-5 column, on an HP 5890 Series II GC equipped with an HP 

7673 autosampler (Hewlett Packard, Sunnydale, CA). Peak areas were recorded using 

ChemStation software (Hewlett Packard, Sunnydale, CA). The identification of individual 

FAMES was performed by calculating the Kovats linear retention index. The linear retention 

index was subsequently compared with obtained values from the National Institute of Standards 

and Technology (NIST) and Pherobase databases in cases where standards were absent. 

Quantification of individual FAMES was performed by the area percent method.  

4.2.4 Data Analysis 

Statistical differences among the different soybean genotypes were determined using ANOVA at 

the 5 % level (α = 0.05) of significance for all the parameters evaluated, using Genstat, 13
th

 

Edition. Whenever ANOVA indicated a significant difference, mean separation was done using 

Fisher‘s protected LSD. Correlation analysis was performed using the corrplot package for 

graphical display using the Pearson method in R software.  

 

4.3 RESULTS 

4.3.1 Total Protein, Total Oil and Fatty Acids Content of the studied soybean genotypes 

Significant differences were found among genotypes (P = 0.003) for total protein content (Table 

1). Genotypes Sline 5.18, BSPS 48A-8 and BSPS 48A-27-1 had the highest protein content of 

50.40%, 48.88% and 48.08% respectively (Table 2). On the other hand, NIIXGC 17.3 and Nam 

II had the lowest protein content of 30.07% and 35.57% respectively (Table 2). Total oil content 

was highly significant for both genotypes and origin of the soybean (P = 0.001) (Table 1). G32B, 
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Roan and AGS 338 had the highest oil content of 23.48%, 23.47% and 23.26% respectively 

while Signal had the lowest content of 14.94% (Table 2). 

Significant differences were found among genotypes for the four fatty acids that were detected in 

this study; oleic fatty acid (P = 0.001), palmitic acid (P = 0.001), stearic acid (P = 0.001) and 

linoleic acid (P = 0.008) (Table 1). Genotypes BSPS 48A-25, G7955 and BSPS 48A-5 had the 

highest oleic fatty acid content of 39.95%, 39.95% and 38.66% respectively while NG 14.1-16 

had the lowest content of 22.69% (Table 2). Genotypes Nam II, Siesta and Namsoy 3 had the 

highest palmitic acid content of 21.18%, 20.18% and 19.68% respectively (Table 2). On the 

other hand, G7955 and K-Local had the lowest palmitic acid content of 10.58% and 10.95% 

respectively (Table 2). Genotypes NG 14.1-16, AVRDC SRE-B-11-13 and Sequel had the 

highest stearic acid content of 16.76%, 15.58% and 14.57% respectively while Sline 16.2 had the 

lowest content of 4.93% (Table 2). Saga had the highest linoleic acid content of 51.72% while 

Maksoy 5N had the lowest content of 30.73% (Table 2).  

 

Table 1: Analysis of variance for Total Protein, Total Oil and Fatty acids 

SOV d.f. 

total 

protein total oil oleic acid palmitic acid 

stearic 

acid linoleic acid 

Rep 2 2 1.457 2.369 9.156 2.079 31.203 

Genotype 51 73.69** 17.826*** 40.581*** 15.821*** 20.495*** 34.464*** 

Residual 108 31.85 2.653 7.848 3.523 3.701 7.811 

Total 161 

  

23.204 9.435 11.602 20.831 

*, ** and *** indicate significance at α ≤ 0.05, α ≤ 0.01, and α ≤ 0.001 respectively   

 

Table 2:  Variation of total protein (%), total oil (%) and fatty acids (%) of soybean 

genotypes 

Genotypes 

Total 

protein 

Total 

oil 

Oleic 

acid 

Palmitic 

acid 

Stearic 

acid 

Linoleic 

acid 

AGS 338 37.97 23.26 35.88 11.80 6.54 45.77 

AVRDC G2843B 37.32 21.75 24.12 18.21 12.26 45.42 

AVRDC G7956 36.88 17.55 33.35 13.06 7.09 46.48 

AVRDC GC00138-29 41.43 17.96 32.74 15.20 9.17 42.90 

AVRDC GC84051-31-1 42.55 16.46 35.51 18.13 8.32 35.89 

AVRDC SRE-B-11-13 43.58 16.23 27.90 19.08 15.58 37.41 

BSPS 48A-25 37.11 17.61 39.95 11.65 8.41 39.97 
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BSPS 48A-27-1 48.08 19.87 37.38 12.08 7.07 43.47 

BSPS 48A-3B 37.84 19.30 37.56 11.84 6.54 44.06 

BSPS 48A-5 41.37 17.87 38.66 11.78 6.67 42.89 

BSPS 48A-8 48.88 17.59 32.64 15.44 13.23 38.54 

G32B 44.68 23.48 26.49 16.58 12.15 44.28 

G42 43.87 17.19 33.67 14.51 7.56 43.84 

G45 36.10 18.27 35.53 11.51 5.84 47.11 

G7955 46.06 20.97 38.95 10.58 5.47 45.05 

Gazelle 44.57 17.89 34.10 14.68 6.98 44.08 

K-Local 39.89 18.94 32.26 10.95 5.17 51.63 

Kab 1 39.17 15.59 34.58 11.49 5.36 48.57 

Kuntz 39.88 22.24 30.65 16.76 9.01 41.65 

Maksoy 2N 43.86 22.58 28.88 18.38 13.57 34.86 

Maksoy 4N 45.32 21.34 36.32 13.43 10.00 39.50 

Maksoy 5N 40.11 15.27 37.63 17.72 11.46 30.60 

MNG 12.4 35.86 19.85 34.49 12.63 8.54 44.36 

Nam II 35.57 20.91 23.94 21.18 14.14 40.71 

Namsoy 3 40.68 17.54 25.78 19.68 13.13 37.41 

NG 14.1-16 44.93 20.20 22.69 19.05 16.76 41.50 

NGDT 4.11-4 37.66 21.00 37.04 13.14 8.03 41.79 

NGDT 8.11-4 42.11 21.63 36.52 11.35 6.47 45.64 

NII X GC 11.2 39.64 18.54 32.51 13.42 7.07 46.97 

NII X GC 17.3 30.07 20.53 34.42 11.79 6.47 47.32 

NII X GC 20.3 38.90 17.28 31.35 15.99 11.42 41.21 

NII X GC 28.2B 38.65 18.26 32.97 13.00 6.04 47.99 

NII X GC 30B 42.82 20.58 36.91 12.35 5.80 44.94 

NII X GC 32.6 41.01 20.55 37.04 11.57 6.36 45.02 

NII X GC 43.2 39.54 19.88 31.95 11.92 6.75 49.38 

NII X GC 44.2 38.80 18.27 32.76 11.42 5.64 50.18 

NII X GC 7.2 39.46 16.54 34.63 13.37 6.32 45.69 

Roan 43.84 23.47 34.32 11.45 6.49 47.71 

Saga 42.12 23.07 27.09 11.16 10.07 51.72 

Saxon 40.95 17.91 36.95 12.22 6.94 43.90 

Sentinel 37.93 15.81 33.50 11.45 5.47 49.57 

Sequel 40.27 19.92 26.13 17.42 14.57 40.00 

Siesta 43.42 22.79 25.86 20.18 12.62 41.34 

Signal 39.17 14.94 32.71 11.93 4.97 50.39 

Sline 13.2A 42.19 19.88 31.04 18.29 14.51 35.69 

Sline 16.2 39.88 15.35 36.04 11.95 4.93 47.07 

Sline 4.21 42.12 19.00 36.26 12.26 5.55 45.98 
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Sline 5.18 50.4 20.60 30.49 12.90 7.15 48.39 

Sline 6.22 44.67 16.90 33.67 12.19 5.45 48.67 

Sline 7.11 43.14 20.65 31.56 13.30 6.87 47.08 

Soprano 40.11 19.24 35.54 11.84 5.68 46.99 

Squire 44.88 22.66 22.82 11.28 11.96 49.44 

Mean 40.71 19.44 32.79 13.88 8.50 44.38 

LSD 9.33 2.82 3.28 3.32 3.09 3.72 

CV% 14.30 9.00 6.10 14.60 22.2 5.10 

 

4.3.2 Germplasm source and Total Protein, Total Oil and Fatty Acids Content of the 

studied genotypes  

Genotypes from Japan had the highest protein content of 43.47%; followed by the USA 

(42.42%) while genotypes from Uganda had the lowest protein content of 40.19% (Table 3). 

Genotypes from the USA had the highest oil content of 20.43%; followed by SeedCo (20.11%) 

and AVRDC had the lowest (18.32%) (Table 3). Soybean genotypes from Uganda had the 

highest oleic fatty acid content (33.85%); followed by genotypes from Japan (33.17%) while 

genotypes from SeedCo had the lowest (30.68%) (Table 3). Genotypes from the USA had the 

highest palmitic acid content of 15.00%; followed by AVRDC (14.71%) and SEEDCO had the 

lowest (13.23%) (Table 3). Genotypes from AVRDC had the highest stearic acid content of 

9.05% while those from Japan were the lowest (7.42%). SEEDCO had the highest content of 

linoleic acid of 46.82% while those from AVRDC had the lowest content of 43.64% (Table 3).  

Table 3: Variation of total protein (%), total 0il (%) and fatty acids (%) of soybean 

genotypes from different origins 

Origin & 

No. of 

genotypes 

 

total protein total oil oleic acid palmitic acid 

stearic 

acid linoleic acid 

AVRDC (6) Mean 41.05 ** 18.32 *** 32.40 14.71 * 9.05 *** 43.64 

 Range 36.88- 46.06 11.59-23.27 22.94-38.35 11.14-19.12 5.46-15.38 36.59-48.60 

 

%cv 9.90 6.90 15.80 14.84 14.22 8.16 

Japan (6) Mean 43.47 *** 18.73 *** 33.17 * 13.44 7.42 ** 45.52* 

 

Range 39.88- 50.40 15.35- 20.65 31.13-36.17 11.91-13.31 4.93-7.06 35.69-48.66 

 

%cv 5.10 5.10 1.16 4.70 4.39 1.03 

SEEDCO 

(10) Mean 

42.18 20.11 *** 30.68 ** 13.23 ** 8.59 *** 46.82 

 

Range 37.93- 44.88 14.94- 23.47 22.68-36.79 10.47-20.39 5.02-14.56 40.47-53.19 

 

%cv 10.90 10.00 8.55 14.93 16.29 8.64 

UGANDA Mean 40.19 *** 19.11 *** 33.85 *** 13.57 *** 8.24 *** 43.94*** 
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(25) 

 

Range 30.07- 48.88 15.27-22.58 22.70-39.66 10.93-21.05 4.94-16.75 30.25-51.65 

 

%cv 16.80 8.70 9.23 10.56 30.00 4.26 

USA (5) Mean 42.42 * 20.43 ** 31.69 ** 15.00* 8.70 * 43.89 

 

Range 36.1- 44.68 17.19- 23.48 26.83-35.31 11.66-17.33 5.74-12.02 39.85-47.26 

 

%cv 10.10 6.90 0.91 20.42 8.83 9.58 

*, ** and *** indicate significance at α ≤ 0.05, α ≤ 0.01, and α ≤ 0.001 respectively within each 

origin of the soybean genotypes  

4.3.3 Correlation analysis for total protein, total oil and fatty acids 

A total of nine correlations were found to be significant; six negative and three positive 

correlation (Figure 8). Negative correlations were found between the following pairs; palmitic 

acid/linoleic acid, stearic acid/linoleic acid, oleic acid/palmitic acid, oleic acid/stearic acid, oleic 

acid/total oil and oleic acid/total protein. The positive correlation was found between the 

following pairs; palmitic acid/stearic, stearic acid/total oil and total oil/total protein. The package 

corrplot revealed that all the six nutritional traits studied approached the normal distribution 

(Figure 8). 

 

 

Figure 8: A Corrplot showing distribution and correlation between the different nutritional 

traits 
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*, ** and *** indicate significance at α ≤ 0.05, α ≤ 0.01, and α ≤ 0.001 respectively; values 

without * are not significant at α < 0.05. 

4.4 DISCUSSION 

High protein content has been one of the most key traits for most soybean improvement 

programs. The results of this study revealed that several soybean genotypes had protein content 

above the average of most domesticated soybean reported to be 40% (WWF 2014; Patil et al. 

2018; La et al. 2019). For example, two genotypes were identified in this study with high protein 

content; BSPS 48A-8 (48.88%) and BSPS 48A-27-1 (48.08%). Being elite lines developed in 

Uganda, these two soybean genotypes are well adapted to Ugandan environments. These 

genotypes have also gone through a series of selections, therefore, possess most of the desirable 

traits like high pod clearance, resistance to soybean rust disease, and high yields.  These 

genotypes can be utilized by soybean breeders in Uganda to improve the existing varieties for 

protein since they are already adapted to Ugandan environments.  

 

Total protein, total oil and fatty acids profiles were assessed from the 52 soybean germplasm 

collected from different origins in the current study. The protein content of the studied soybean 

genotypes was in the range of 30.07% to 50.40% and a mean of 40.71% that was in agreement 

with those reported previously (Maestri et al. 1998;  Ojo et al. 2002; Qin et al. 2014; Assefa et 

al. 2019; La et al. 2019). However, the mean protein content observed in this study is slightly 

lower than what La et al. (2019) reported (43.89%). This could be because the genotypes studied 

by La et al. (2019) were wild soybean accessions while those in the current study are 

domesticated soybean. This study also observed that the mean protein content was higher than 

35.7% reported by Assefa et al. (2019). Such variability between this study and previous works 

may most likely be due to diverse genotypes used in the different studies.  

 

Wide variability for protein content 20.33% (30.07% - 50.40%) was also observed in the current 

study compared to previous studies. However, a study by Karr-Lilienthal et al. (2004) observed a 

moderate range of protein content of 12.30% (44.9% - 32.6%). Another study by Arslanoglu et 

al. (2011) reported a smaller range of 9.32% (29.25% - 38.57%). A wider range of total protein 

content that was observed in the current study could have been as a result of the many test 
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genotypes and wide collections that were from different origins. For example, the study by Karr-

Lilienthal et al. (2004) used six genotypes while Arslanoglu et al. (2011) used nine genotypes for 

the compositional analysis, compared to the 52 genotypes used in the current study. 

 

The total oil content of the soybean genotypes in the current study was in the range of 14.94% to 

23.48% and a mean of 19.44%. The narrow range of 8.54% for total oil content observed in this 

study was in agreement with previous studies (Maestri et al. 1998; Ojo et al. 2002; Qin et al. 

2014; Sultan et al. 2015; La et al. 2019). However, the oil content in the current study had a 

higher mean than the one reported by La et al. (2019). This is because most of the genotypes 

used in the current study were domesticated soybean while those used by La et al. (2019) were 

wild relatives of soybean that usually have low oil content (Patil et al. 2018; Yao et al. 2020). 

The small range of total oil content makes it more challenging to improve such a trait compared 

to traits that have a wide range like total protein content.  

 

Palmitic acid is the predominant saturated fatty acid in soybean oil and most varieties typically 

contain 11% to 12% of palmitic acid (Burton et al. 1994; Cardinal and Burton 2007; Qin et al. 

2014). To reduce the health risks associated with the consumption of palmitic acid, breeders have 

developed soybean lines with reduced palmitic acid content below 10% (Burton et al. 1994; 

Cardinal and Burton 2007). The proportion of palmitic acid observed in the current study ranged 

from 10.58% to 21.18% with a mean of 13.88% that is above 10%. This is not surprising because 

most of the soybean genotypes are released varieties, not mutants. Most of the soybean breeders 

develop soybean varieties with palmitic acid below 10% through mutational breeding. Therefore 

this study shows that the only way to develop soybean varieties with reduced palmitic acid is 

through mutational breeding (Fehr and Hammond 1998; Lee et al. 2007; Ahire 2012).  

 

The high saturated fatty acids (palmitic and stearic) in soybean are also desired for some special 

food production because saturated fatty acids have no double bonds, hence they resist oxidation 

and make the oil and foods last longer without any off-flavors. Soybean oil with high proportions 

of saturated fatty acids has industrial applications for the production of plastic fats like 

shortening and margarine (Fehr and Hammond 1998; Pham 2011). The proportion of palmitic 
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acid observed in the current study was in general agreement with previous studies conducted on 

different soybean genotypes that reported a range of 6.6% to 28.2% (Kumar et al. 2006; Ahire 

2012). For stearic acid, the range was 4.93% to 22.20% and a mean of 8.50%. The preferred high 

saturated fatty acids in soybean should be at least about 15% for palmitic acid and 20% for 

stearic acid (Fehr and Hammond 1998). In the current study, several soybean genotypes showed 

an elevated proportion of palmitic and stearic acid above 15% and 20% respectively. These 

genotypes with elevated proportions of palmitic and stearic acids could be used for the 

development of soybean varieties with elevated levels of saturated fatty acids.  

 

The primary limitation of soybean oil is low oxidative stability which reduces shelf life, flavor 

and durability at high temperatures; and poor cold flow properties for biodiesel. To improve 

oxidative stability and undesirable taste, soybean oil is hydrogenated to reduce double bonds 

which are sites of oxidative attack that reduce stability, shelf life, and increase off-flavors. High 

oleic soybean oil reduces the need for hydrogenation and eliminates trans-fats that are associated 

with increased heart diseases in humans. In the current study, oleic fatty acid ranged from 

22.69% to 39.95% with a mean of 32.79% as reported in previous studies (Erickson et al. 1988; 

Qin et al. 2014; Abdelghany et al. 2020). The current study identified mid-oleate soybean 

genotypes with close to twice the oleic fatty acid content of normal soybean cultivars that have 

been reported to be at about 23% (Wilson 2004; Alt 2005). The reason for the observation of 

higher oleic fatty acid content in the current study is not known. 

 

In the current study, genotypes from Japan had the highest mean total protein content of 43.47%. 

A study conducted by Grieshop and Fahey (2001) who compared the nutritional traits of soybean 

from Brazil, China and the USA, reported that soybean genotypes from China had the highest 

protein. Similarly, Karr-Lilienthal et al. (2004) also reported that soybean from China had the 

highest protein content. Therefore in the current study, it is not surprising that soybean genotypes 

from Japan which is geographically closer to China have high protein content. It may be 

presumed that the Japanese and Chinese use soybean in similar manner and tend to naturally 

select soybeans of the same traits. Additionally, the high protein content among genotypes from 

Japan was because of a deliberate effort to develop soybean varieties with higher protein content 
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by the government after the second world war; to fight malnutrition (Saito, 1972). Infact protein 

content has been reported in Japan as the major breeding objective in regard to seed component 

(Saito, 1972). 

 

In the current study, genotypes from the USA had the second-highest total protein content of 

42.42%, the highest oil content of 20.43%, and the highest palmitic acid content of 15.00%. For 

approximately 40 years, the improvement of seed composition for nutritional traits such as high 

protein and oil content acid has been one of the soybean breeding priorities in the USA 

(Anderson et al., 2019). Therefore it is not surprising that germplasm from the USA had the 

highest oil content and the second-highest protein content in the current study. The high oil 

content observed in the current study has been reported by previous studies. For example, a study 

by Baize (1999) compared the nutritional composition of soybean meal from different countries 

and reported that soybean meal from the USA had the highest oil content compared to those from 

Brazil and China. These results were similar to another study by Grieshop and Fahey (2001) who 

compared nutrient compositions of soybeans from the three major soybean-producing countries; 

and reported that soybean varieties from the United States of America had the highest oil content 

of 18.70%, followed by Brazil (18.66%) and China was last (17.25%).  Although the ancestral 

lines from Asia and America came from the same regions at approximately the same time, they 

are genetically distinct (Li et al., 2001). In fact, for nearly 90 years, breeding programs in Asia 

and America have been selecting for improved varieties that are adapted to their environments 

using divergent gene pools (Anderson et al., 2019). Hence it is not surprising that the germplasm 

from the USA behaved differently from the germplasm from Japan that is located in Asia. 

Additionally, soybean breeding programs in Asia and the USA are among the oldest where more 

breeding has been conducted to improve nutritional traits compared to the breeding programs in 

Africa (Uganda and Zimbabwe) where soybean reached much later. These results suggest that 

soybean breeders in Uganda and across the East African region can access germplasm with high 

protein from Asia while those with high oil content from the USA to be used as parents in the 

generation of progenies.  
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The low oil content among soybean germplasm from AVRDC observed in the current study was 

not surprising. This is because AVRDC majors in the development of soybean varieties 

(vegetable and grain soybean) with high protein and low oil being among the major breeding 

strategies (Djanta et al., 2020). Vegetable soybeans generally have low oil content. For example, 

Mentreddy et al. (2002) reported a range of 5% to 7% on a fresh weight basis while Carson et al. 

(2011) reported a range of 13.4% to 16.8%. The study further revealed that genotypes from 

Uganda had the highest oleic fatty acid. The observed high oleic fatty acid among genotypes 

from Uganda could be originating from one of the germplasm used as parents to generate 

crosses. This is because most of the Ugandan soybean genotypes share similar parentage. 

There is a need to explore which parental genotypes could be conferring the high oleic fatty 

acid trait. This finding further suggests that soybean breeders from across tropical Africa 

can access germplasm with high oleic fatty acid from Uganda.  

 

In the present study, palmitic acid showed a positive correlation with stearic acid that was in 

agreement with earlier reports (Ahire 2012; Bachlava et al., 2008; Rahman et al., 2003; Stoltzfus 

et al., 2000). However, for plastic fat to remain stable, it is desirable to have a fatty acid 

composition of about 15% or more of palmitic acid (Fehr and Hammond, 1998). The use of 

soybean oil having a relatively high content of saturated fatty acids (palmitic acid and stearic 

acid) allows the production of more desirable plastic fat. Palmitic acid averages approximately 

11% of the total fatty acids whereas stearic acid averages about 4% of total fatty acids present in 

conventional soybean oil. Additionally, it is highly desirable to produce soybean varieties having 

elevated palmitic acid and stearic acid contents to produce stable plastic fat. In a separate study 

by Rahman et al. (2003), it was reported that palmitic acid and stearic acid are inherited 

independently, suggesting that the trait of elevated saturated fatty acids in one genotype can be 

easily achieved by conventional breeding and selection using different breeding techniques.  

 

A significant negative correlation between oleic acid and palmitic acid observed was also 

reported by Rebetzke et al. (2001). Similarly, Qin et al. (2014) reported a significant negative 

correlation between oleic acid and palmitic acid. Ahire (2012) detected a negative correlation 

between oleic acid and palmitic acid among selected mutants from soybean variety MACS 450. 
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In the same way, Alt et al. (2005) showed that oleic acid of 88 F2:3 lines was significantly 

negatively correlated with palmitic acid (r=-0.470). The negative correlation between oleic acid 

and saturated fatty acids (palmitic and stearic) coupled with the positive correlation between 

palmitic acid and stearic acid offers the opportunity to develop soybean varieties with improved 

oil quality. In the present study, results indicated that selection for higher oleic acid will result in 

lower palmitic and stearic acids leading to improvement in the quality of the soybean oil (Pham 

2011; Qin et al., 2014). Oleic fatty acid is a monounsaturated fatty acid that can improve the oil 

quality and self-life of products processed using such oil.  

 

Total oil in soybean has been reported to exhibit a strong negative correlation with oleic acid that 

is in agreement with the present study (Bachlava et al., 2008; Rani et al., 2007). The significant 

negative correlation between oleic acid and total oil suggests that it would be difficult to develop 

soybean varieties possessing both traits. A similar trend was observed between oleic acid and 

total protein where there was a negative correlation, suggesting that it is difficult to develop a 

soybean variety with high oleic acid and protein. This study, therefore, suggests that it would be 

extremely difficult to develop a soybean variety that has both high oleic and oil or protein 

content using conventional breeding. This calls for the use of other advanced technologies such 

as the development of molecular markers associated with a trait of interest to overcome the 

negative correlation between oleic acid and total oil and total protein content. Through 

convention breeding, soybean breeders can also explore options of developing different product 

lines with each developed soybean variety possessing certain unique nutritional traits not all in 

one variety.  

4.5 CONCLUSIONS AND RECOMMENDATIONS 

The content, variability, and correlation of different nutritional traits of 52 soybean germplasm 

from different countries were investigated in the current study, leading to the identification of 

several genotypes with nutritional traits above average. These genotypes can be used as parents 

to improve nutritional traits among Ugandan soybean varieties. For example, soybean genotypes 

with elevated nutritional traits like Sline 5.18 (protein content), G32B (oil content) and BSPS 

48A-25 (oleic fatty acid) can be used by breeders to develop soybean varieties with improved 

nutritional traits.  
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Soybean genotypes originating from different sources have different nutritional traits like total 

protein, total oil and fatty acids. For example, soybean genotypes from Japan had the highest 

total oil content. On the other hand, the highest total oil and palmitic fatty acid were observed 

among the soybean genotypes from the USA while genotypes from Uganda had the highest oleic 

fatty acid. Therefore, breeders can seek germplasm with improved total protein content from 

Japan, total oil content and palmitic fatty acid from the USA and oleic fatty acid from Uganda.  

The significant negative correlation of oleic acid with total oil, total protein and palmitic fatty 

acid indicates that it would be extremely difficult to develop soybean varieties that contain high 

oleic acid as well as high total oil, total protein and palmitic acid using conventional breeding. 

There is a need to explore other options of increasing oleic fatty acid content without altering the 

other nutritional traits such as mutation breeding and genetic transformation. Soybean breeders 

can also explore options of developing different product lines with each developed soybean 

variety possessing certain unique nutritional traits not all in one variety using conventional 

breeding. 
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CHAPTER FIVE 

5.0 GENOME-WIDE ASSOCIATION STUDY FOR NUTRITIONAL TRAITS IN 

SOYBEAN USING SNP MARKERS 

5.1 INTRODUCTION 

Soybean (Glycine max (L.) Merrill) is among the most valuable crops worldwide due to its 

numerous uses in human food, animal feed, and industrial uses (Drago et al., 2011; Singh et al., 

2008; Stein et al., 2008). Soybean constitutes about 40% protein, 20% oil, with enormous 

potential to fight malnutrition among people throughout the world  (Liu 1997). Soybean can be 

consumed as vegetable oil or processed into various soybean food products (Friedman and 

Brandon 2001; Singh et al., 2008). In 2018, soybean represented 70% of world protein meal 

consumption and 36% of world vegetable oil consumption (SoyStat, 2018). Studies have shown 

that soybean and soy-based foods have numerous health benefits such as cholesterol reduction, 

improved vascular health, preserved bone mineral density, and reduction of menopausal 

symptoms in humans (Anderson et al., 1999). In animal nutrition, soybean meal (SBM) is a 

major source of high-quality protein (Drago et al., 2011; Stein et al., 2008). 

 

While improving nutritional traits of soybean varieties has been a major objective of many 

soybean breeding programs for decades, the negative correlations of seed protein content with 

seed oil content and seed yield have hampered progress  (Marega et al., 2001; Maestri et al., 

1998; Bachlava et al., 2009; Cardinal and Burton 2007). Most nutritional traits like seed protein 

and oil content in soybean are quantitatively inherited and usually determined by the interaction 

of several genes subject to genotype × environment interactions (Arslanoglu et al., 2011; Patil et 

al., 2018). This nature of inheritance makes it extremely hard to understand the genetic basis of 

such complex traits (Patil et al., 2018). Many quantitative trait loci (QTLs) associated with 

protein and oil contents in soybean have been reported in many studies over the past two decades 

(SoyBase, https://soybase.org/). Most of these QTLs have been identified based on populations 

derived from crosses of two parents with contrasting seed protein and oil concentration; detected 

in many different genomic regions throughout the 20 chromosomes of soybean (Cao et al., 2017; 

Chung et al., 2003; Diers et al., 1992). However, most of these QTLs have low selection 

https://soybase.org/
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accuracy and have not been used effectively in Marker Assisted Selection (MAS) to breed for 

high protein and oil content in soybean varieties (Cao et al., 2017; Hwang et al., 2014; Li et al., 

2018). Therefore, the identified molecular markers that are associated with QTLs can generally 

be used only in populations for which the markers were specifically developed and the 

confidence intervals covered by QTLs are wide; usually 20cM or more (Dias et al., 2017; Hwang 

et al., 2014; Li et al., 2018). 

 

Several efforts have been made to understand the genetic basis of these complex quantities traits 

using advanced sequencing technologies like genotype-by-sequencing (GBS) which is based on 

single nucleotide polymorphisms (SNPs) (Dias et al., 2017; Hwang et al., 2014; Leamy et al., 

2017; Li et al., 2018; Sonah et al., 2015). SNPs are abundant in most plant genomes but have 

previously been extremely costly and time-consuming for application to most plant breeding 

programs. Advances in sequencing technologies have offered new opportunities for high 

throughput and low-cost crop genotyping that has provided more for most plant breeding 

programs to utilize the abundant SNP markers (Kim et al., 2016). Genome-wide association 

study (GWAS) is an excellent approach to discover genetic factors in a population of non-cross-

derived populations and provides higher mapping resolution than conventional QTL mapping. 

GWAS uses collections of diverse lines that have been genotyped and phenotyped for certain 

traits of interest and statistical associations between the SNPs and traits are further investigated 

to identify genomic loci linked with the quantitative trait (Hwang et al., 2014; Korte and Farlow 

2013).  

 

A study by Hwang et al. (2014) identified 40 SNPs located in 17 different genomic regions in 10 

chromosomes for protein content and 25 SNPs located in 13 regions on 12 of the 20 

chromosomes for oil content in diverse soybean accessions. Another GWAS study that was 

conducted for protein and oil content on USA soybean accessions identified SNPs with strong 

signals on chromosomes 20 and 15. The same study further identified three candidate genes for 

protein and oil content on the chromosome 20 region (Bandillo et al., 2015). GWAS is useful to 

identify genes that code for important complex traits in crops such as those with self-pollinating 

mating systems (Korte and Farlow 2013). Hence the application of GWAS in soybean, a highly 
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self-pollinated crop with a complex genome structure, remains to be explored, especially for 

nutritional traits that are very difficult and expensive to assess. Therefore, this study was 

designed to contribute to the breeding for improved nutritional traits in soybean through the 

identification of SNP markers and candidate genes associated with high contents of protein and 

oil. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Plant material 

A total of 92 soybean genotypes from different sources with varying nutrient profiles (Obua et 

al., 2020a) and genetic diversity (Obua et al., 2020b) were used in this study. Forty-seven 

genotypes were from Uganda, 14 from Japan, 6 from the USA, 12 from The World Vegetable 

Centre in Taiwan (AVRDC) in Taiwan, and 13 from Seed Co; a seed Company from Zimbabwe. 

The genotypes from Uganda included landraces, released varieties, and elite lines while those 

from AVRDC are mainly vegetable soybean that are consumed when the pods are still green. 

The genotypes from Seed Co (a private seed company based in southern Africa) are all released 

varieties that are grown by many farmers across Africa. The genotypes used in this study were 

also used in studies 1 and 2.  

5.2.2 Field trials and sample preparation  

The soybean genotypes were grown in the first season of 2016 (March - July); planted at 

Makerere University Agricultural Research Institute Kabanyolo (MUARIK) which is located in 

Central Uganda. The genotypes were planted in an alpha lattice design with three replicates. The 

plot size was 5m long with a spacing of 60 cm × 5 cm. The trials were kept weed-free and three 

weedings were conducted each season. No agrochemicals were used on the trials to control pests. 

The grain from each plot was harvested and dried to ~ 10% moisture content. The seed samples 

for each genotype were divided into three replicates and about 300g ground through a 2 mm 

screen using Cyclotec
TM

 1093 mill (FOSS, 2011). The milled samples were stored in the cold 

room at a temperature -4
o
C at the Nutritional Platform - Biosciences eastern and central Africa - 

International Livestock Research Institute (BecA - ILRI) Hub, Nairobi Kenya, where all the 

subsequent chemical analysis was performed.  
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5.2.3 Measurement of Total Protein Content 

Protein concentration for each genotype was determined using the Modified Folin-Lowry 

Method (Lowry et al., 1951). One hundred mg of the milled samples were weighed in duplicate 

into 25 mL culture tubes. Five ml 5% sodium dodecyl sulphate (SDS) was added, vortexed, and 

left to stand for 2 hours at room temperature and centrifuged at 2000 ppm for 10 min. Fifty µl 

aliquot was taken and diluted with 950 µl of water and made to 1000 µl in separate culture tubes. 

One hundred µl aliquot of the diluted extract was taken for analysis. Blank (100 µl of distilled 

water), standards (0, 100, 200, 300, 400, 500 µl of Bovine serum albumin) and samples (100 µl) 

were pipetted into glass culture tubes, and all made to 1000 µl. 

One ml Reagent A (0.4 volumes of water, 1 volume CTC reagent, 1.6 volumes of 5 % SDS and I 

volume of 0.8 M NaOH) was then added to each of the tubes and immediately vortexed; at 20 

seconds interval. Five hundred µl of Reagent B (1 volume of Folin-Ciocalteu phenol reagent, 2 

Aldrich 9252, and 5 volumes of distilled water) was added to each tube and immediately 

vortexed and left to stand for 30 minutes for color development. An ultraviolet-visible 

spectrophotometer was used to measure the absorbance of the standards and samples versus the 

blank at a wavelength setting of 750 nm. The absorbance values of the standards versus their 

corresponding protein concentrations were plotted to prepare a calibration curve, and the protein 

concentration of the samples was determined. 

 

The total protein (crude) in the residue was calculated using the formulae: 

 

Total Protein (g/100 g) = C X 100 XDF  

            10
6
 X W  

Where; 

 C = Concentration obtained from the calibration in µg/ml 

 100  = Conversion factor to report results in g/100g 

 DF = Total dilution factor (1000) 

    10
6
 = Conversion from µg to g 

              W = Weight of the sample in grams 
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5.2.4 Measurement of Total Oil Content  

Total oil content for each genotype was determined for the three replications as in the trial using 

the chloroform/methanol gravimetric method (Bligh and Dyer, 1959). Two gram of the milled 

sample for each soybean genotype was weighed in duplicate into 50 mL culture tubes (W1). 

Thirty-two ml of Clarase solution was added, the tubes were capped and gently shaken until the 

sample was well mixed with the enzyme solution. The sample was incubated for one hour in a 

45
0
C water bath while gently mixing by inversion after every 20 minutes. All the extract was 

transferred to a 250 ml polypropylene bottle, capped and centrifuged at 2000 rpm for 15 minutes 

to clarify the chloroform. The top aqueous phase was carefully removed and discarded with a tap 

aspirator pump leaving a 2-4 mm thick layer on the chloroform. A hole was cautiously broken 

into the surface crust with a glass rod, and 20.0 ml of the chloroform extract was pipetted into a 

pre-weighed 50 ml beaker (W2).  Further, a 20 ml aliquot of the chloroform extract was taken 

and stored at -20 °C for fatty acids methyl esters (FAMES) analysis with Gas Chromatography-

Mass Spectrometry (GC – MS). The solution was evaporated to dryness by leaving it overnight 

in a fume hood; the beaker was placed in an oven at 102
o
C for 30 minutes, removed, and cooled 

in an evacuated desiccator for 1 hour. The beaker plus the total oil was weighed on a 

microbalance to the nearest 0.1 mg (W3).  

The total oil in the residue was calculated using the formulae: 

Total oil (g/100 g) = (W3) - (W2) X 100 X 4 

    (W1)   

Where; W1 - Sample weight (g) 

W2 - Weight of beaker 

W3 - Weight of beaker + total oil 

5.2.5 Quality control for Protein and Oil determination 

Both methods for the determination of protein and oil content were validated by running a 

certified reference sample BCR 708 from the European Commission Joint Research Centre. 

Additionally, the protein determination method was subjected to inter-laboratory comparison by 

participating in proficiency testing (PT) 10158 - proximate in soybean meal Sept-Nov 2018 

organized by Fapas- Fera Science LTD (Sand Hutton, York, UK) where satisfactory results were 

obtained with a Z-score of -0.4. Both the certified reference sample and the remnant of the 
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soybean PT sample were routinely analyzed per batch of samples analyzed each day for both 

protein and oil content. 

5.2.6 DNA Extraction, Determination of DNA Quality and Quantity 

Seeds from the 92 genotypes were grown under controlled greenhouse conditions at Biosciences 

eastern and central Africa - International Livestock Research Institute (BecA - ILRI) Hub, 

Kenya. Twelve days after germination, one young leaf from one plant from each genotype was 

harvested and DNA extracted using ZR Plant / Seed DNA MiniPrep
TM

 according to 

manufacturer‘s protocol (https://files.zymoresearch.com/protocols/_d6020_quick-dna_plant-

seed_miniprep_kit.pdf). The DNA quality was first checked on 0.8% (w/v) agarose gel in 1 X 

Tris-acetate EDTA buffer and run at 80V for 45 Minutes. The run gels were photographed 

usil]ng GelDoc-It
TM 

Imager
 
(UVP) and the picture image was interpreted for DNA quality. The 

DNA was quantified using Thermo Scientific Nanodrop 2000C Spectrophotometer and stored at 

4 °C. 

5.2.7 SNP Genotyping and Quality Control  

The DNA samples were genotyped at Diversity Arrays Technology (DArTSeq
TM

) in Australia 

using the Illumina HiSeq 2500. High-throughput genotyping was conducted in 96 plex DArTseq 

protocol. The samples were genotyped following an integrated DArT and genotyping-by-

sequencing (GBS) methodology involving complexity reduction of the genomic DNA to remove 

repetitive sequences using methylation-sensitive restrictive enzymes before sequencing on next-

generation sequencing platforms (Kilian et al., 2012). The soybean reference genome and 

annotation were downloaded from ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v7.0/Gmax. The 

sequence data generated were then aligned to the soybean reference genome sequence, 

Soybean_v7, resulting in a raw dataset of 16,688 SNPs markers. The 16,688 SNP markers were 

filtered to eliminate SNPs with unknown or multiple chromosome locations. LD pruning with a 

window size of 50, window increment of 5, LD statistic r
2
, r

2
 threshold of 0.5 and LD method of 

composite haplotype method (CHM) algorithm in SVS software. The data was further filtered 

with a call rate of <0.9, the minor allele frequency of <0.01and Fisher‘s HWE p < 0. 0001. 

Identity by descent (IBD) was further conducted in SVS software to eliminate duplicated 

genotypes and assess sample contamination. After quality filtering, a total of 4,570 SNP markers 

https://files.zymoresearch.com/protocols/_d6020_quick-dna_plant-seed_miniprep_kit.pdf
https://files.zymoresearch.com/protocols/_d6020_quick-dna_plant-seed_miniprep_kit.pdf
ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v7.0/Gmax
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distributed across the 20 soybean chromosomes were used for Principal component analysis 

(PCA) and Genome-Wide Association (GWAS) analyses. 

5.2.8 Statistical Analysis  

Statistical differences among the different soybean genotypes were determined using ANOVA at 

5% level (α = 0.05) of significance for both protein and oil using Genstat, 13
th

 Edition (Payne et 

al. 2010). Pairwise comparison of mean by Least Significant Differences test (LSD) was carried 

out using Genstat, 13
th

 Edition (Payne et al. 2010). Correlation analysis was performed between 

protein and oil content using the corrplot package for graphical display using the Pearson method 

in R software. 

Principal component analysis (PCA) was used to assess the population structure of the test 

genotypes using SNP & Variation Suite software. A compressed mixed linear model (MLM) in 

SNP & Variation Suite was used for the GWAS based on the SNPs from the 92 soybean 

genotypes. For this study, significance level 0.001 (threshold P-value) was used (Hwang et al. 

2014; Li et al. 2018). The seed protein and oil genomic QTL locations from previous studies 

were compared with the physical positions of the markers exhibiting significant associations in 

this study as a means of verifying the identified genomic regions. 

To identify candidate genes underlying the association signals detected by GWAS for protein 

and oil content, the soybean reference genome annotation accessible through ftp://ftp.jgi-

psf.org/pub/JGI_data/phytozome/v7.0/Gmax was exploited. The physical positions of significant 

SNPs were searched on the soybean genome browser to discover the relevant genes closest to the 

SNPs. Annotated functions of the surrounding genes were further investigated from the soybean 

reference genome.  

 

5.3 RESULTS 

5.3.1 Protein and oil phenotypes 

Wide and continuous phenotypic distributions were observed for both protein and oil content 

(Figure 9). Analysis of variance indicated that protein and oil contents were significantly 

different among the 92 soybean genotypes. A very weak negative correlation (r = − 0.0006) 

between seed protein and oil contents was found. The protein content of the 92 soybean 

ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v7.0/Gmax
ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v7.0/Gmax
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genotypes ranged between 32.7% to 48.1% with a mean of 40.8% and the range of 38-40% had 

the highest frequency. On the other hand, oil content varied from 12.5 to 25.1 % with a mean of 

19.5% and the range of 19-20% had the highest frequency.  

 

 
 

Figure 9a: Frequency Distribution for 

Seed Protein Content (%) of 92 soybean 

genotypes 

Figure 9b: Frequency Distribution for 

Seed Oil Content (%) of 92 soybean 

genotypes 

 

5.3.2 Distribution of SNP Markers  

The 92 soybean genotypes were genotyped using SNPs and after being filtered and quality 

assessed, a total of 4,570 SNP markers were available to construct physical maps. The 4,570 

SNP markers were grouped into 20 chromosomes. The physical distance of 20 chromosomes 

ranged from 37 Mb (Chr. 16) to 62 Mb (Chr. 18). The largest chromosome (Chr. 18) had 338 

SNP markers while the smallest chromosome (Chr. 16) had 20 SNP markers. The mean 

chromosome length was 102.73 Mb and each chromosome contained an average of 103 SNP 

markers (Figure 10).  

A B 
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Figure 10: Distribution of SNP Markers across the 20 soybean chromosomes 

 

5.3.3 Principal Component Analysis (PCA) 

Principal Component 1 (PC1) explained 5.50% of the variation in the genotypic data, while PC2 

explained 4.20% of the variation, respectively. Based on PCA, the soybean genotypes in this 

study were grouped into three distinctive clusters (Figure 11). 
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Figure 11: Plot of PC1 (5.50%) and PC2 (4.20%) from principal component analysis for 92 

soybean genotypes 

 

5.3.4 GWAS of Total Oil and Protein Contents  

A genome-wide association study was performed using the mixed linear model (MLM) that 

greatly reduced false-positive rates in the data as shown in the quantile-quantile (QQ) plots 

(Figures 12 and 13). The Manhattan plots of association of oil and protein content among the 

genotypes are presented in Figures 14 and 15 respectively. The GWAS revealed two significant 

associations (-log[P-value] > 5) with oil content for two SNPs, rs2291820 and rs22918919 on 

chromosomes 7 and 10 respectively (Figure 14, Table 4). A significant association (-log[P-value] 

> 2.5) with protein content was detected for 3 SNPs, rs 22918920, rs 22918919 and rs 1494480 

located on chromosomes 7, 10 and 20 respectively (Figure 15, Table 4). Both rs2291820 and 

rs22918919 located on chromosomes 7 and 10 respectively were associated with both oil and 

protein content (Table 4). Notably, three genes (LOC100305928, LOC100816464, and 1-3-1B) 

were identified within the same region where SNP rs14974480 was mapped on chromosome 20 

(Figures 16-18).  
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Figure 12: QQ Plot for Total Oil Content Figure 13: QQ Plot for Total Protein Content 

 

 

Figure 14: Genome-wide Manhattan plots of associations for oil content. The x-axis 

indicates the SNPs along with each chromosome; the y-axis is the −log 10 (P-value) for the 

association. 

 

 

Figure 15: Genome-wide Manhattan plots of associations for protein content. The x-axis 

indicates the SNPs along with each chromosome; the y-axis is the −log 10 (P-value) for the 

association. 
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Figure 16: The candidate region of the major seed protein QTL on Gm20 showing 

LOC100305928 (Glyma.20G111600) 

 

 

Figure 17: The candidate region of the major seed protein QTL on Gm20 showing 

LOC100816464 (Glyma.20G111900) 
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Figure 18: The candidate region of the major seed protein QTL on Gm20 showing 1-3-1B 

(Glyma.20G111800) 

 

Table 4: SNPs associated with oil and protein content 

Trait  SNP  Chr  Physical 

position 

P -Log10P Minor 

Allele 

 Major 

Allele 

Oil rs22918920 7 31,715,312 2.90e-06 5.54 A C 

Oil rs22918919 10 21,100,154 2.90e-06 5.54 A T 

Protein rs22918920 7 31,715,312 0.001 2.98 A C 

Protein rs22918919 10 21,100,154 0.001 2.98 A T 

Protein rs14974480 20 35,378,802 0.003 2.55 T A 

 

5.4 DISCUSSION  

The development of soybean varieties with improved nutritional traits is an important goal of 

most soybean breeding programs. In this study, the distribution of protein and oil content in 

evaluated soybean genotypes followed normal distributions (Figs. 9a and 9b). The normal 

distribution indicates that both traits are quantitatively inherited and therefore, genetic control of 

these traits is complex, significantly affected by multiple genetic loci, the environment and the 

interaction between genes and the environment (Akond et al. 2014; Li et al. 2018). These 

observations are in agreement with Akond et al. (2014) and Eskandari et al. (2013) who 

observed that protein and oil content are controlled by many genes. The quantitative nature of 

inheritance of protein and oil content possess a big challenge in improving these two traits 
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because they not only controlled by multiple genes having small or large effects but also are 

controlled but also influenced by environments (Wang et al. 2020; Hyten et al. 2004). 

 

Several QTLs associated with protein and oil content have been identified across the 20 

chromosomes in numerous studies (http:// www.soybase.org). These QTLs have been effectively 

mapped using a variety of molecular marker systems including random amplified polymorphic 

DNA (RAPD), restriction fragment length polymorphisms (RFLPs) and simple sequences 

repeats (SSRs) based on linkage analysis, mainly using bi-parental populations (Chung et al. 

2003; Diers et al. 1992). However, several studies have been conducted to map protein and oil 

QTLs using SNP markers that don't require the development of a mapping population through 

making crosses between genotypes with contrasting properties and are more accurate (Dias et al. 

2017; Hwang et al. 2014; Li et al. 2018).  Using a diverse collection of soybean germplasm, the 

current study identified QTLs associated with protein and oil content using GWAS. Protein and 

oil contents of 92 soybean accessions were measured and the phenotypic data was used for QTL 

discovery. Five SNP markers were identified; two associated with oil content (rs22918920 and 

rs22918919) while three associated with protein content (rs22918920, rs22918919, and 

rs14974480). Of the two SNPs associated with oil content, rs22918920 located on chromosome 7 

collocated with previously reported QTL ―seed oil 43-29‖ (Mao et al. 2013). That same SNP was 

also associated with protein content and collocated with previously reported QTL for protein 

―cqseed Protein – 006‖ (Pathan et al. 2013). SNP rs14974480 located on chromosome 20; 

associated with protein content collocated with seven previously reported QTLs for the following 

"seed protein 30-1" (Tajuddin et al. 2003), ―seed protein 36-26‖ (Mao et al. 2013), ―seed protein 

37-8‖ (Wang et al. 2014), ―seed protein 10-1‖ (Sebolt et al. 2000), ―seed protein 34-11‖ (Lu et 

al. 2013) ―cqseed protein-003‖ (Nichols et al. 2006) and ―seed protein 31-1‖ (Pandurangan et al. 

2012). The same SNP collocated five previously reported QTLs; ―seed oil 34-3‖ (Tajuddin et al. 

2003), ―seed oil 43-17‖ (Mao et al. 2013), ―seed oil 32-3‖ (Shibata et al. 2008), ―cqseed oil-004‖ 

(Nichols et al. 2006) and ―seed oil 13-4 (Specht et al. 2001). The SNPs that collocated with 

previously reported QTLs suggest that these SNPs showed reproducibility in different 

independent experiments. The current study further illustrated that SNP rs22918920 collocated 

with both protein and oil content related QTLs. This scenario has been reported in previous 

http://www.soybase.org/
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studies (Li et al. 2018). However, protein and oil content were found to be negatively correlated, 

that has been reported in many studies (Akond et al. 2014; Li et al. 2018). Therefore it is 

essential to clarify the effects of the loci for the two target traits before initiating any soybean 

marker assisted breeding program. 

 

Many QTLs for protein and oil contents have been mapped particularly on chromosome 20 in 

many soybean populations (Mao et al. 2013; Chung et al. 2003; Diers et al. 1992; Nichols et al. 

2006; Sebolt et al. 2000; Tajuddin et al. 2003; Bolon et al. 2010). The high number of QTLs for 

both protein and oil content detected on chromosome 20 in previous studies as well as in the 

current study suggests that the candidate genes responsible for these two traits are most likely on 

chromosome 20. A study by Bolon et al. (2010) showed that the QTL was located in an 8.4-Mb 

region located between 24.5 and 32.9 Mb on chromosome 20. Another study, however, reported 

that the most significant SNP was identified at 31,972,955 bp on chromosome 20 (Vaughn et al. 

2014). The current study mapped SNP rs14974480 approximately 2.5 Mb downstream of the 

region identified by Bolon et al. (2010) and 3.5 Mb by (Vaughn et al. (2014). The GWAS results 

in this study support a narrowing of the region of this major seed protein QTL on chromosome 

20 to about 2.5 Mbp versus the previously defined region of 8.4 Mbp (Bolon et al. 2010). 

Therefore, there is a need to validate this SNPs marker with more soybean populations. The three 

genes identified included; LOC100305928 (Glyma.20G111600) that has not been characterized 

for a specific function (Fig. 6), LOC100816464 (Glyma.20G111900) that has been characterized 

for cationic amino acid transporter 7 (Fig. 7), and 1-3-1B (Glyma.20G111800) that has not been 

characterized for a specific function (Fig. 8). Based on its putative function, Glyma.20G111600 

gene may be involved in carbon partitioning and regulating protein and oil contents in soybean. 

There is a need to explore further the new SNPs and genes associated with protein and oil 

content reported in this study. Two SNP markers rs22918920 and rs22918919, located on 

chromosomes 7 and 10, respectively, associated with both protein and oil content and were 

identified for the first time in this study.  Therefore, there is a need to validate these two new 

SNPs markers so that they can be deployed in marker assisted breeding. 
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5.5 CONCLUSIONS AND RECOMMENDATIONS 

Protein and oil content both showed normal distribution. This implies that both traits are 

quantitatively inherited and determined by the interaction of several genes subject to gene × 

environment interactions. The 4,570 SNP markers used in this analysis were representative 

because they were distributed throughout the soybean genome in all 20 chromosomes. Principal 

Component Analysis grouped the 92 soybean genotypes into three clusters. Additionally, GWAS 

identified two SNP markers associated with oil content on chromosomes 7 and 10. GWAS also 

identified 3 SNP markers associated with protein content on chromosomes 7, 10 and 20. The five 

identified SNP markers mapped in genomic regions containing QTLs previously mapped for 

protein and oil content could be used for marker‐assisted selection of soybean genotypes for 

improved nutritional traits. Marker-assisted selection would greatly hasten the process required 

for the development of soybean varieties with improved nutritional properties. 

Additionally, two SNP markers (rs22918920 and rs22918919) located on chromosomes 7 and 10 

respectively were associated with both oil and protein content. There is a need to further explore 

these two SNP markers. These markers could simultaneously be used to trace both oil and 

protein content in the breeding pipeline. Additionally, three genes (LOC100305928, 

LOC100816464, 1-3-1B) were identified within the same region where SNP marker rs14974480 

was mapped on chromosome 20.  The three identified candidate genes could be used to develop 

new soybean varieties by introgressing into farmers' preferred varieties but low in protein and oil 

content. However, genes LOC100305928 and 1-3-1B have not been characterized for any 

specific function and there is a need to conduct more association studies using different soybean 

populations to confirm their functions. The information generated from this study could be used 

to understand the mode of transmission of the genes associated with protein and oil content in 

soybean. Further work on molecular cloning and functional analysis of the candidate genes will 

suggest their roles in protein and oil content regulation in soybean. 
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CHAPTER SIX 

6.0 PROTEIN AND YIELD STABILITY AMONG TROPICAL SOYBEAN GENOTYPES 

IN SELECTED AGRO-ECOLOGIES IN UGANDA 

 

6.1 INTRODUCTION  

Soybean (Glycine max) is a vital feed and food resource in the East African region 

(Tukamuhabwa et al., 2016).  Over recent decades, soybean production has undergone the 

greatest expansion of any global crop (Agralytica 2012). The largest expansion of soybean 

production occurred during the second half of the twentieth century, where production grew 

tenfold from 27 million tons (M.T.) in 1962 to 334 M.T. in 2019 (FAO 2019). It is expected that 

by 2050, production will double (WWF 2014). Around 75% of soybean produced worldwide is 

used for animal feed, especially for poultry and pigs (WWF 2014). The remaining soybean 

produced is eaten directly and a small portion is used to produce biodiesel (WWF 2014). 

Soybean grain contains about 40% protein, 20% oil, varied essential amino acids and nutrients, 

and a high-calorie value (Singh et al. 2008). Soybean improves soil fertility through nitrogen 

fixation and enhanced moisture retention, leading to a more sustainable cropping system 

(Graham and Vance, 2003). The Nitrogen-fixing ability of soybean makes it a good crop for 

sustainable agricultural systems of tropical Africa, which is characterized by infertile soils and 

low fertilizer usage. Therefore the need for Nitrogen fertilizer input is minimized. Though 

introduced late in Africa, soybean is cultivated as both a food and cash crop (Sanginga et al. 

1999; Tukamuhabwa et al., 2016). Soybean production is expected to increase rapidly as 

economic development leads to higher animal protein consumption, especially in developing and 

emerging economies. Therefore, there is a need to promote soybean as a cash and food crop in 

Tropical Africa.  

 

Makerere University Centre for Soybean Improvement and Development (MAKCSID) has 

developed several elite soybean genotypes that were evaluated at advanced yield trials (AYT) to 

assess their adaptability in the major soybean production areas of Uganda (Tukamuhabwa et al., 

2011; Tukamuhabwa et al., 2012). However, very little is known about the environments‘ effect 
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on nutritional traits, especially the protein content of these soybean genotypes, when grown in 

different multi-locational field trials. Few studies have assessed the behaviour of protein content 

of soybean genotypes in a multi-locational trial. Kumar et al. (2006) investigated the effect of the 

environment on the physical properties and biochemical composition of seven Indian soybean 

cultivars at four growing locations in a multi-locational field trial. They found a significant effect 

of environment, genotype, and genotype × environment interaction on protein. Similarly, 

Arslanoglu et al. (2011) investigated the effects of genotype and environment interaction on 

protein and oil content of eight soybean genotypes in eight different environments in Turkey's 

Middle Black Sea region. They found the effects of the genotype, environment, and their 

interactions on soybean seeds' protein content to be statistically significant. Several studies have 

reported that high temperatures and less rainfall during soybean seed development and 

throughout the whole season tend to increase protein content (Kumar et al., 2006; Ojo et al., 

2002; Piper and Boote 1999). 

 

Yield stability in soybean has been studied more than nutritional traits. A study conducted in four 

different locations of Ethiopia for two consecutive years using thirty-two genotypes showed a 

crossover type of GEI for grain yield. The same study also identified three genotypes with high 

mean yield and high stability performance across the test environments (Mulugeta et al. 2013). 

Adie et al. (2014) evaluated 10 black seeded soybean genotypes in 16 locations and found 

genotype W9837 × Cikuray-66 as most stable and was recommended for release as a new high-

yielding variety. In Zambia, a MET analysis reported that the best genotype for general 

adaptability was the variety TGX 1988-22F. This genotype was stable across all the locations 

with high yields and average stability (Cheelo et al., 2017). 

 

The relationships between protein content and yield of soybean are mainly unknown. Several 

studies have reported inconsistent relationships between protein content and yield within each 

genotype when grown in different locations and seasons (Anthony et al. 2012; Yin and Vyn 

2014). Different studies have reported both positive (Anthony et al. 2012; Assefa et al. 2019) 

and negative (Filho et al., 2004; Helms and Orf 1998; Wilcox and Shibles 2001) correlations. 

The quantitative nature of inheritance of protein content and yield in soybean further influences 
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genotypes' response under different environment and management conditions (Arslanoglu et al., 

2011; Ojo et al., 2002; Piper and Boote 1999; Rotundo and Westgate 2009; Vollmann et al. 

2000). The inconsistent findings for the protein and yield relationship and the quantitative nature 

of inheritance of both traits reported in the previous studies make it extremely challenging to 

improve the two traits in soybean simultaneously. Therefore, the objectives of this study were to; 

(i) determine protein content and protein stability of 30 elite soybean genotypes in eight locations 

that represent the major soybean growing areas of Uganda, (ii) assess grain yield performance 

and stability in soybean, and (iii) determine the relationship between protein and yield in 

soybean. 

6.2 MATERIALS AND METHODS 

6.2.1 Experimental Materials 

The soybean genotypes included 28 elite breeding lines developed by Makerere University 

Centre for Soybean Improvement and Development (MAKCSID) and two check varieties 

(Maksoy 3N and Maksoy 4N) (Table 5). Maksoy 3N is a farmer-preferred variety because of its 

large seed, high grain yield and high oil content, while Maksoy 4N is another high-yielding 

soybean variety released in Uganda. All the experimental materials were derived from 3 crosses 

made at the National Crops Resources Research Institute (NaCRRI) and Makerere University 

Agricultural Research Institute Kabanyolo (MUARIK) Uganda. The parental lines were Nam 2, 

a farmers‘ preferred variety; Duiker introduced from Zimbabwe has desirable farmers‘ seed traits 

such as large seed, cream colour, and white helium; GC0038-29 is early maturing and resistant to 

soybean rust disease. The three bi-parental populations were advanced from F2 to F6 generation 

using a modified single-seed descent (SSD) selection method, where one pod was used instead of 

a single seed. From F7 generation, single plant selections were made to identify soybean plants 

with desirable traits such as high yield, early maturity, resistance to major diseases and insect 

pests, resistance to lodging, and pod shattering. These selected single plants were planted in 

single rows, and seed from every row was harvested in isolation and used in a replicated 

preliminary yield trial at MUARIK in 2013A. The initial yield trial was evaluated in an 

intermediate yield trial at two locations in 2013B (NaCRRI and MUARIK). The seed from the 

intermediate yield trial was evaluated further in an advanced yield trial conducted at eight multi-

locations that represented Uganda's major soybean growing areas.  
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Table 5: Description of genotypes used in the study 

Genotype Pedigree  Comment 

BSPS 48A-28  GC0038-29 × Duiker Advanced line 

BSPS 48A-9-2  GC0038-29 × Duiker Advanced line 

Nam 2 × GC 44.2  Nam 2 ×  GC0038-29 Advanced line 

BSPS 48A-25  GC0038-29 × Duiker Advanced line 

BSPS 48A-27-1  GC0038-29 × Duiker Advanced line 

BSPS 48A-3B  GC0038-29 × Duiker Advanced line 

Nam 2 × GC 13.2  Nam 2 ×  GC0038-29 Advanced line 

MAKSOY 4N  GC0038-29 × Duiker Check Variety 

BSPS 48A-31  GC0038-29 × Duiker Advanced line 

MAKSOY 3N  GC0038-29 × Duiker Check Variety 

NGDT 8.11-11B  Nam 2 ×  GC0038-29 Advanced line 

BSPS 48A-8  GC0038-29 × Duiker Advanced line 

BSPS 48A-26  GC0038-29 × Duiker Advanced line 

MNG 11.2  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 35.3  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 17.3  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 44.3  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 43.2  Nam 2 ×  GC0038-29 Advanced line 

BSPS 48A-5  GC0038-29 × Duiker Advanced line 

Nam 2 × GC 28.2B  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 11.2  Nam 2 ×  GC0038-29 Advanced line 

NGDT 8.11-4  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 7.2  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 20.3  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 4.8  Nam 2 ×  GC0038-29 Advanced line 

NGDT 8.11-19  Nam 2 ×  GC0038-29 Advanced line 

NGDT 4.11-5  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 30B  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 32.6  Nam 2 ×  GC0038-29 Advanced line 

Nam 2 × GC 43.1  Nam 2 ×  GC0038-29 Advanced line 

Source: MAKCSID 

6.2.2 Description of the Test Environments 

The grain yield trial was conducted in eight locations, representing Uganda‘s major soybean 

growing areas (Table 6). Three locations, NaCRRI, MUARIK and Nakabango are situated in the 

Lake Victoria Crescent; while Bulindi in the Western Grasslands; Ngetta in the North-Western 
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savannah grasslands; Iki-iki in the Kyoga plains; Abi in North-Western Farmlands Wooded 

Savanna and Mubuku in Western Medium High Farmlands. These locations have different 

climatic conditions that influence soybean yield (Table 6). Mubuku irrigation scheme was 

selected to assess the adaptability of the soybean genotypes under irrigation conditions. Protein 

content analysis was conducted in all the above locations except for MUARIK and Bulindi 

because of limited financial resources. 

 

Table 6: Description of the locations used to evaluate soybean genotypes for yield in six 

seasons in Uganda 

Location   Position Region Altitude 

(masl) 

Mean annual 

temperature (
o 

C) 

Mean annual 

rainfall (mm) 

NaCRRI  0
o
32‘N/32

o
37‘E Central 1,160 22.6 1,400 

Nakabango 0
o
29‘N/33°14‘E Eastern 1,210 22.8 1,400 

Iki-Iki 1
o
06‘N/34

o
00‘E Eastern 1,156 24.7 1,200 

Ngetta 2°17‘N/32°56‘E Northern 1,103 24.7 1,200 

Mubuku 0
o
13‘N/30

o
08‘E Western 1,007 27.8 750 

MUARIK 0
o
28‘N/32

o
36‘E Central 1,180 21.4 1,234 

Bulindi 1
o
41‘N/31

o
42‘E Mid-West 1,122 22.9 1,355 

Abi 3
o
04‘N/30

o
56‘E West Nile 1,214 22.9 1,404 

Source: Meteorological station data at the study locations; masl=meters above sea level; Used 

flood irrigation at Mubuku 

6.2.3 Experimental Design, Data Collection and Analysis 

The soybean genotypes were planted in a randomized complete block design (RCBD) with three 

replications. Each genotype was represented by three rows measuring 5 m long with a spacing of 

60 cm between rows and 5 cm between plants within a row. The multi-locational trial was 

conducted for six consecutive seasons; first rains of 2014 (2014 A), second rains of 2014 (2014 

B), first rains of 2015 (2015A), second rains of 2015 (2015 B), first rains of 2016 (2016A) and 

second rains of 2016 (2016 B). The trials were kept weed-free and three weedings were 

conducted each season. No agrochemicals were used on the trials to control pests. Each genotype 

was harvested separately at maturity, threshed and corrected to 10% moisture content by sun-

drying before determining yield per hectare. Total seed protein content analysis was conducted 

on soybean genotypes grown in six locations (Abi, Iki Iki, Mubuku, Nakabango, NaCRRI, 

Ngetta). The protein content was determined for 2016A season, from Biosciences eastern and 
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central Africa - International Livestock Research Institute (BecA - ILRI) Hub using the Modified 

Folin-Lowry Method (Lowry et al. 1951).  

Analysis of variance (ANOVA) for both protein content and grain yield was done separately for 

each location and combined across locations using package agricolae in R software (R Core 

Team, 2020). Genotypes were considered as fixed effects and replications and blocks within 

replications as random effects. For the combined analysis, variances were partitioned into the 

relevant sources of variation to test for differences among genotypes and the presence of GE. 

Adjusted protein content and grain yield from ANOVA were subjected to GGE biplot analysis to 

decompose the GE of each trait to compare genotype stability in performance across the various 

environments (Yan 2001; Yan and Rajcan 2003). Correlation analysis was performed using the 

corrplot package for graphical display using the Pearson method in R software.  

6.3 RESULTS 

6.3.1 Mean Protein Content (%) performance of genotypes across locations 

The ANOVA for protein content revealed a highly significant difference (P<0.001) among 

genotypes, locations and Genotype × Location interaction (Table 7). Nakabango had the highest 

mean protein content of 42.5%; followed by Mubuku and Iki Iki with a protein content of 41.3% 

and 41.1% respectively (Table 8). Genotype NII X GC 20.3 had the highest mean protein content 

of 43.0%, followed by genotypes NII X GC 43.2 (42.5 %), NII X GC 7.2 (42.3%) and BSPS 

48A-31 (42.2%) (Table 8). A narrow range in performance of 4.6% between genotype with the 

highest protein content and that with the lowest protein content was observed across location 

mean performance. 

Table 7: Analysis of variance of 30 soybean genotypes evaluated for protein content (%) in 

six locations in Uganda in 2016A 

SOV d.f. s.s. m.s. v.r. F pr. 

Genotype  29  1557.65  53.71  3.50 <.001 

Location  5  298.79  74.70  4.87 <.001 

Genotype × Location  94  3256.39  34.64  2.26 <.001 

Reps  2  7.81  3.91  0.25  0.775 

Residual  413  6335.51  15.34     

Total  542  11456.15  21.14     
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SOV = Source of Variation, d.f. = degrees of freedom, s.s. = sum of squares, m.s. = mean 

sum of squares, v.r. = variance ratio, F pr. = Probability value 
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Table 8: Protein Content (%) of 30 soybean genotypes evaluated in six locations in Uganda in 2016A 

Genotype Abi Iki Iki Mubuku Nakabango NaCRRI  Ngetta Mean 

BSPS 48A-25 34.6  45.2 39.7 39.2 43.1 40.3 

BSPS 48A-26 39.5 43.3 42.6 36.4 37.1 40.1 39.8 

BSPS 48A-27-1 40.3 40.9 39.3 - 41.7 40.6 40.6 

BSPS 48A-28 - 45.1 40.1 42.3 41.0 - 42.1 

BSPS 48A-31 43.2 42.4 39.8 44.7 41.2 42.0 42.2 

BSPS 48A-3B 42.0 37.5 36.5 41.7 39.8 39.6 39.5 

BSPS 48A-5 40.2 40.0 45.2 44.4 38.9  41.7 

BSPS 48A-8 38.3 41.0 43.8 40.9 35.1 38.6 39.6 

BSPS 48A-9-2 - 37.1 - 42.2 35.8 41.0 39.0 

Maksoy 3N - 45.5 43.6 38.5 37.8 40.2 41.1 

Maksoy 4N 42.4 39.5 36.1 49.2 43.4 38.7 41.5 

MNG11.2 41.2 42.3 - 40.6 - 41.5 41.4 

NGDT 4.11-5 36.7 38.3 43.0 45.5 38.4 37.7 39.9 

NGDT 8.11-11B 42.0 41.3 41.4 39.6 38.4 38.5 40.2 

NGDT 8.11-19 41.1 39.4 34.9 - - - 38.4 

NGDT 8.11-4 41.7 41.4 41.9 44.7 38.1 38.7 41.1 

NII X GC 11.2 43.9 40.5 46.5 48.6 34.2 38.5 42.0 

NII X GC 13.2 44.7 39.7 36.3 47.0 44.7 40.2 42.1 

NII X GC 17.3 39.2 39.4 - - 42.1 40.4 40.3 

NII X GC 20.3 41.9  43.7 48.5 37.8 43.1 43.0 

NII X GC 28.2B 40.8 38.8 35.9 42.2 38.0 36.6 38.7 

NII X GC 30B 43.2 42.6 42.7 43.8 36.3 40.4 41.5 

NII X GC 32.6 41.3 42.3 - 35.0 - 38.3 39.2 

NII X GC 35.3 40.5 40.2 46.3 42.2 39.5 39.4 41.3 

NII X GC 4.8 - 43.5 37.3 43.0 40.9 - 41.2 

NII X GC 43.1 -  46.5 36.5 39.6 - 40.9 

NII X GC 43.2 40.7 43.5 - 42.4 - 43.2 42.5 

NII X GC 44.2 - 38.9 41.2 38.3 35.3 40.7 38.9 

NII X GC 44.3 40.5 38.2 42.9 45.3 - 38.4 41.1 

NII X GC 7.2 44.1 46.1 40.4 43.4 38.7 41.1 42.3 

Mean 41.0 41.1 41.3 42.5 38.9 40.0 40.8 

CV 5.6 12.3 8.2 10.9 11.9 7.2 9.2 
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6.3.2 Stability and Which-Won-Where” Patterns of Genotypes for protein content  

The genotype and genotype × Location interaction was visualized in Ranking GGE, ―Which-

Won-Where‖ GGE, and the discriminating and representative environment GGE biplot analysis 

for protein content as represented in Figures 20-22. The GGE biplots explained 60.21% of the 

total interaction variation, distributed as 34.77% and 25.44% between PC1 and PC2 components, 

respectively. Genotype NII X GC 7.2 had high protein content and was very stable across the six 

locations (Figure 19). This genotype was the highest performer as it was furthest from the mean 

along the ―average environment axis‖ (Yan et al. 2007). The biplot showed that most of the 

genotypes' protein content did not deviate much from the mean (Figure 19).  

 
Figure 19: A GGE ranking biplot showing mean performance and stability for protein 

content of 30 soybean genotypes evaluated in six locations 
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The Which-Won-Where‖ GGE biplot gave a fair visual assessment of genotype and genotype × 

Location interaction for protein content (Figure 20). The six locations were grouped into four 

mega-environments; the first one included Mubuku and Ngetta, the second one had Abi and 

NaCRRI, the third and fourth included Iki Iki and Nakabango respectively (Figure 20).  

Genotypes NII x G C 43.1, NII x G C 13.2, NII x G C 7.2 and Maksoy 4N won in the respective 

mega-environments (Figure 20).  

 

Figure 20: GGE Scatter plot based on symmetrical scaling for the “which-won-where” 

pattern of 30 soybean genotypes evaluated in six locations 
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Figure 21: A GGE biplot showing discriminating power and representativeness of test 

environments involving 30 soybean genotypes evaluated in eight locations and six seasons 

 

6.3.3 Mean Grain Yield performance of genotypes across locations  
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Table 9: Analysis of variance of 30 soybean genotypes evaluated for grain yield in eight 

locations and six seasons in Uganda 

SOV  d.f s.s F value F Pr. 

Genotype 29 19731420 4.3729 1.07E-13 

Location 7 1.38E+08 126.761 < 2.2e-16 

Season 5 1.44E+08 184.5312 < 2.2e-16 

Rep 2 3397014 10.9162 1.92E-05 

Genotype × Location 203 53562730 1.6958 2.00E-08 

Genotype × Season 145 21094874 0.935 0.6958 

Genotype × Location × Season 660 3.96E+08 3.8605 < 2.2e-16 

Residuals 2094 3.26E+08 

  SOV = Source of Variation, d.f. = degrees of freedom, s.s. = sum of squares, F pr. = 

Probability value 
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Table 10: Seed yield (kg ha-1) of 30 soybean genotypes evaluated in eight locations and six seasons in Uganda 

Genotype  Abi Bulindi Iki  Iki MUARIK Mubuku Nakabango NaCRRI Ngetta Mean 

BSPS48A-25  1,180 1,674 810 1,024 1,302 1,487 842 1,166 1,186 

 BSPS48A-26  802 1,393 660 1,002 1,348 1,391 830 1,357 1,098 

 BSPS48A-27-1  1,013 1,384 669 1,020 1,372 1,628 892 1,260 1,155 

 BSPS48A-28  1,316 1,709 778 939 1,389 1,496 843 1,187 1,207 

 BSPS48A-31  790 1,798 580 895 1,259 1,401 1,336 1,000 1,132 

 BSPS48A-3B  999 1,728 657 936 1,359 1,361 1,048 1,143 1,154 

 BSPS48A-5  646 1,548 610 973 1,192 1,365 838 1,135 1,038 

 BSPS48A-8  596 1,610 761 972 1,524 1,483 865 1,017 1,104 

 BSPS48A-9-2  1,144 1,346 638 936 1,400 1,479 1,509 1,205 1,207 

 MAKSOY3N  945 1,797 662 1,062 1,335 1,276 783 1,190 1,131 

 MAKSOY4N  858 1,590 735 1,030 1,316 1,453 807 1,289 1,135 

 MNG11.2  837 1,814 661 996 1,306 1,390 697 1,067 1,096 

 Nam II×GC30B  637 1,282 767 837 1,256 1,228 777 1,015 975 

 NamII×GC11.2  655 1,438 667 806 1,463 1,038 900 1,227 1,024 

 NamII×GC13.2   892 1,215 649 1,023 1,564 1,536 960 1,316 1,144 

 NamII×GC17.3  638 901 828 958 1,528 1,460 1,096 1,187 1,074 

 NamII×GC20.3  619 1,130 863 948 1,414 1,253 822 1,072 1,015 

 NamII×GC28.2B  861 1,310 705 950 1,177 1,320 782 1,145 1,031 

 NamII×GC32.6  530 1,180 682 950 1,271 1,206 816 1,160 974 

 NamII×GC35.3  613 1,465 697 969 1,648 1,294 849 1,074 1,076 

 NamII×GC4.8  493 1,009 732 1,008 1,312 1,409 944 1,145 1,006 

 NamII×GC43.1  931 951 649 807 1,157 1,148 751 1,070 933 

 NamII×GC43.2  783 1,086 729 891 1,572 1,417 819 1,166 1,058 

 NamII×GC44.2  903 1,652 749 912 1,411 1,649 976 1,325 1,197 

 NamII×GC44.3  772 743 771 917 1,483 1,080 1,701 1,039 1,063 

 NamII×GC7.2    651 1,124 707 904 1,520 1,375 852 1,015 1,019 

 NGDT4.11-5  1,052 1,641 635 884 1,143 1,014 547 945 983 

 NGDT8.11-11B  952 1,779 681 954 1,339 1,325 848 1,095 1,122 

 NGDT8.11-19  849 1,763 674 898 1,260 1,051 626 922 1,005 

 NGDT8.11-5  705 1,733 660 821 1,185 1,245 814 1,018 1,023 

 Mean  935 1,598 687 981 1,345 1,438 963 1,177 1,141 

 LSD  504.37 523.26 413.13 249.23 328.40 314.36 485.84 503.19 

 Bul = Bulindi, Iki = Iki-Iki, Mub = Mubuku, Nak = Nakabango, Nge = Ngetta
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6.3.4 Stability and Which-Won-Where” Patterns of Genotypes for Yield (Kg Ha
-1

) 

A ranking GGE biplot analysis showed that genotype BSPS 48A-9-2 was the best performer, 

though it was relatively unstable across the eight locations (Figure 22). This genotype was the 

highest performer as it was furthest from the mean along the ―average environment axis‖ (Yan et 

al. 2007). On the other hand, Nam 2 × GC 30B was the most stable genotype yet very low 

yielding, while Nam 2 × GC 44.3 was the least stable genotype. In comparison, Nam 2 × GC 

44.2 was both high-yielding and stable genotype (Figure 22). 

 

Figure 22: A GGE ranking biplot showing mean performance and stability for seed yield of 

30 soybean genotypes evaluated in eight locations and six seasons 

The GGE polygon plot gave a fair visual assessment of GEI with both PCA1 and PCA2 

explaining about 68% of the total GEI sum of squares (Figure 23). The scatter plot indicated that 

the eight locations were grouped into three major mega-environments for grain yield. The first 

mega environment included NaCRRI, Mubuku and Iki-Iki with the best genotype being Nam 2 × 
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best genotype being BSPS 48A-9-2. The last mega environment included Abi and Bulindi with 

the best genotype being BSPS 48A-28. 

 

Figure 23: Polygon views of the GGE-biplot based on symmetrical scaling for the “which-

won-where” pattern of 30 soybean genotypes evaluated in eight locations and six seasons. 

The GGE scatter plot showed that Bulindi was the most discriminating environment, while Iki-

Iki was the least of the eight locations (Figure 24). This was revealed by the long and short 

environment vectors of Bulindi and Iki-Iki, respectively. Bulindi was the most representative of 

the mega-environment of all the eight test environments than the rest due to the small angle from 

the Average environment axis (Figure 24). 
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Figure 24: A GGE biplot showing discriminating power and representativeness of test 

environments involving 30 soybean genotypes evaluated in eight locations and six seasons 

 

6.3.5 Correlation Analysis for Protein Content (%) and Yield (Kg Ha
-1

) 

A significant, weak negative correlation (-0.1) was found between protein content (%) and yield 

(Kg Ha 
-1

) (Figure 25). This was reflected in genotype performance. For example, genotype Nam 

2 × GC 44.3 had high protein content, while its yield was low. On the other hand, genotypes 

BSPS 48A-9-2 and Nam 2 × GC 44.2 had higher yields than all the different genotypes but had 

low protein content. 
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Figure 25: A Corrplot showing distribution and correlation between Protein content and 

yield 

 

6.4 DISCUSSION 

6.4.1 Protein performance and stability 

The present study illustrated a narrow protein content range of 4.6% (min, max) between the 

soybean genotypes with most genotypes having protein content close to the mean value. This is 

probably because most of the evaluated genotypes are advanced breeding lines that are progenies 

of two major crosses (Nam 2 × GC and Duiker × GC). However given that the test genotypes 

were generated from only two major crosses, the range of 4.6% is still remarkable. Therefore, 

this highly significant difference among genotypes suggests that selection for protein content 

among the studied soybean genotypes is possible.  

 

The study also showed that the first three soybean genotypes with the highest protein content 

were progenies of Nam 2 × GC 00138-29 cross. Nam 2 is a Ugandan variety, which was a 

selection from TGM 79; obtained from IITA. This is because Nam 2 used as a parent to generate 

the Nam 2 × GC crosses has a high protein content. This is evident by the high protein content in 
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the commercial Ugandan soybean varieties that are progenies of Nam 2 × GC 00138-29 crosses. 

For example, Namsoy 4M and Maksoy 6N have 43% and 41% protein content respectively 

(Tukamuhabwa et al., 2019; Tukamuhabwa and Obua, 2015). 

 

The BSPS 48A genotypes are progenies from Duiker × GC 00138-29 crosses and most had low 

protein content below the average of 41.0%. This is because these genotypes are progenies of 

Duiker × GC crosses where the primary objective was rust resistance and the seed's beauty 

(Tukamuhabwa et al., 2019). Duiker originated from Zimbabwe and was used as a female parent 

during the generation of the crosses because of the beautiful seed colour. On the other hand, 

GC00138-29 is a variety of AVRDC in Taiwan and was used as a source of rust resistance. The 

local cheeks included in the experiment (Maksoy 3N and Maksoy 4N) had an average protein 

content of 41.1% and 40.9% respectively. This is because the varieties developed from a cross 

between Duiker × GC are good in several traits like high yields, beautiful seed, large-seeded but 

average in terms of protein content.  

 

The study showed a significant effect of environment, genotype, and genotype × environment 

interaction on protein content. The significant effect of genotype  × environment is indication 

that protein content in soybean is a quantitative trait as reported by previous studies (Arslanoglu 

et al., 2011; Kumar et al., 2006; Ojo et al., 2002; Piper and Boote 1999). This finding suggests 

that changes in environmental conditions resulting from the cultivation of soybean genotypes in 

different locations can influence protein content. Such observation agrees with previous studies 

that reported a significant effect of genotype × environmental interaction for protein content in 

multi-locational field trials (Kumar et al., 2006; Ojo et al., 2002b; Gurmu et al., 2010; Mudenda, 

2016). Significant genotype × environmental interaction makes it difficult for breeders to 

identify the best genotypes during variety evaluations, selection and recommendation. The 

presence of interactions indicates that environmental conditions significantly contribute to the 

relative genotype performance during evaluation trials. This coupled with erratic climatic 

changes, there is a need for soybean breeders to make environment-specific recommendataion 

inorder to develop soybean varieties that are adapted to specific environments.  
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6.4.2 Clustering test environments in relation to Protein Content (%) 

Nakabango had the highest protein content of 42.5%, followed by Abi ZARDI and Mubuku 

irrigation scheme. These three locations probably had higher protein content than the other 

locations because they had higher temperatures and low rainfall during the bean formation stage. 

Previous studies have shown that high temperatures and low rainfall during the bean formation 

stage significantly lead to increased protein content (Mudenda, 2016). For example, Ojo et al. 

(2002) reported that locations with higher temperatures had higher protein content than locations 

with low temperatures. On the other hand, Mudenda (2016) reported a significant negative 

correlation between soybean protein content and high rainfall.  

 

Four mega-environments for protein content were observed in this study. This implies that 

different genotypes can be recommended for the different meg-environments. The biplots 

identified Iki Iki as the most discriminating location for protein content. This observation implies 

that Iki Iki is the best location for evaluation for protein content in soybean in Uganda. NaCRRI 

was identified as the most representative location for protein content in Uganda because of the 

narrow angle between their respective vectors and ―average environment axis‖. This implies that 

NaCRRI can represent the other test environments used in this study for protein content (Yan, 

2001; Yan et al. 2007). 

6.4.3 Yield performance and stability 

The present study showed that several genotypes performed better than Maksoy 3N and Maksoy 

4N, which are the most farmer-preferred and high-yielding varieties in Uganda. This study also 

showed that BSPS 48A-9-2 derived through single plant selection from BSPS 48A had the 

highest yield level than all the other genotypes. BSPS 48A was released in Uganda as Maksoy 

3N as the highest yielding genotype (Tukamuhabwa et al., 2012). However, through continuous 

single plant selection, this variety's yield has been greatly improved and stabilized. BSPS 48A-9-

2 had greater yield stability, implying that its yield responds following the prevailing conditions. 

Such genotypes that display average stability tend to have higher yields when the prevailing 

conditions like moisture and soil fertility are favorable. Therefore, with increased input use such 

as fertilizer such genotypes tend to have high yields useful for both smallholder and commercial 

farmers. 
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On the other hand, Nam 2 × GC 44.2 was consistent in yield performance irrespective of the 

prevailing conditions because it displayed narrow adaption (Becker and Leon 1988; Lin et al., 

1986). Thus genotype Nam 2 × GC 44.2 will have stable yields irrespective of the prevailing 

conditions. Such genotypes are recommended for low-input farming systems because their 

performance does not change with the prevailing environmental conditions (Lin et al., 1986). 

 

6.4.4 Clustering test environments in relation to Yield (Kg Ha
-1

) 

Bulindi had the highest mean seed yield compared to the other seven locations. This was 

probably because of the soil's high moisture content since this location receives much rainfall for 

most of the time in the season. This contradicts a previous study by Tukamuhabwa et al. (2012a) 

that reported that NaCRRI had the highest yields due to the high rainfall received through the 

different seasons. Yet another study by Tukamuhabwa et al. (2012b) showed that Nakabango 

was instead the highest yielding test environment across five locations due to high soil fertility 

and high amounts of rainfall received. According to Obua (2013), Mubuku was reported as the 

highest yielding environment compared to the other four test locations because of the available 

water in the soil through flood irrigation. These results suggest that soil moisture and soil fertility 

during the cropping season are the significant drivers of soybean seed yield in Uganda. The 

results further indicate that environmental conditions across Uganda vary significantly in space 

and time. This is a result of the change in climatic conditions of these locations. This eventually 

makes variety evaluation and recommendations more challenging. Therefore there is a need for 

soybean breeders to recommend varieties based on specific adaptability rather than wide 

adaptability (Silveira et al. 2018).  

 

Three mega-environments were observed in this study. This is contrary to Tukamuhabwa et al. 

(2012b) observations, which showed that Uganda had two mega-environments for soybean seed 

yield when evaluating 24 soybean genotypes for three seasons in five locations. However, in the 

current study, evaluations were conducted in six seasons and, eight locations represented the 

diverse agro-ecological zones than reported by Tukamuhabwa et al. (2012b). The three mega-
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environments observed in this study suggest that successful soybean breeding and selections 

must be made in at least each of the selected mega-environments.   

 

Bulindi was the most discriminating test environment for soybean yield in Uganda in this study. 

This implies that Bulindi provides much information about the differences among the genotypes 

being evaluated, which was in agreement with a study conducted by Tukamuhabwa et al. 

(2012b) reported Bulindi as the most discriminating test environment. The test genotypes used in 

the current study are different from those reported by Tukamuhabwa et al. (2012b) yet Bulindi 

was the most discriminating environment.  The high discriminative power of Bulindi makes it an 

excellent location to be used as a primary testing location for differentiating the soybean 

genotypes for yield, and can be used as a ―culling environment‖ for quick elimination of unstable 

genotypes during the evaluation process (Yan and Kang 2003). On the other hand, Bulindi was 

also the most representative environment because it had the smallest angle between its vector and 

―average-environment axis‖. This implies that Bulindi can represent the other test environments 

used in this study for soybean yield.  

6.4.5 Correlation between Protein Content (%) and Yield (Kg Ha
-1

) 

The study showed a negative correlation between protein content and yield of the studied 

soybean genotypes. However, it is not clear whether the negative relationship between protein 

and yield is due to a decrease in protein concentration per-se or due to an increase in the 

composition of other seed components when increasing yield. The negative correlation between 

protein content and yield of the studied soybean genotypes agrees with previous studies. For 

example, Helms and Orf (1998) evaluated ten soybean populations in seven environments. They 

found out that selection among the studied populations for increased protein content led to a 

decrease in yield by 110 Kg Ha 
-1

 while protein content increased by 5 g kg 
-1

. Cober and 

Voldeng (2000) evaluated single cross and rapid back cross-breeding methods to achieve protein 

content and high seed yield; the studied populations exhibited very low or no association 

between the two traits (r = -0.06 to -0.21). Another study by Filho et al. (2004) reported a 

negative and significant correlation between protein content and grain yield when eight 

populations were evaluated to assess the effect of selection for high protein content and yield. 
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The negative correlation between protein content and yield implies that selection for high protein 

content negatively affects the grain yield.  

 

6.5 CONCLUSIONS AND RECOMMENDATIONS 

Genotype Nam II × GC 7.2 had high and stable protein content, while its yield was low. The 

negative correlation between protein content and yield can be overcome by the introgression of 

high grain yield quantitative traits loci through an appropriate breeding method like recurrent 

selection or marker-assisted breeding. The breeding method should minimize the loss of high 

protein content alleles, given the negative correlation between the traits.  Furthermore, the 

soybean breeding program should also explore more new sources of superior alleles for protein 

content and introgress in the existing soybean germplasm. This is because the studied genotypes 

in this current study were crosses generated mainly for high yields and soybean rust resistance 

and not high protein content. Lastly, genotypes BSPS 48A-9-2, BSPS 48A-31 and Nam 2 × GC 

44.2 should be further tested under farmers‘ production conditions for selection and release as 

new soybean varieties in Uganda high and stable yields. BSPS 48A-9-2 is recommended for 

high-input farming systems because it had broad stability, while Nam 2 × GC 44.2 for low-input 

production systems had narrow stability. Therefore, genotypes with broader stability should be 

recommended for commercial farmers who have access to production inputs, while genotypes 

with narrow stability should be recommended for resource-poor farmers who have limited access 

to suitable production technologies. A highly discriminating environment such as Bulindi should 

be used as a primary location for evaluating or producing soybean genotypes. 
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CHAPTER SEVEN 

7.0 GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS  

7.1 Genetic Diversity among soybean germplasm  

The major objective of the current study was to assess the genetic diversity of tropical soybean 

germplasm. The results showed low genetic diversity among the tropical germplasm studied. 

This could be attributed to the genetic status of genotypes used, which were mainly released 

varieties and advanced breeding lines. The improved varieties tend to have low genetic diversity 

because of the high selection pressure subjected to the genotypes during evaluation and selection. 

For example, most released varieties in Uganda share few parents in their pedigree. The low 

diversity is probably because of the domestication process that eliminates undesirable traits by 

the farmers.  

The observed low diversity in the germplasm pool makes it difficult for soybean breeders to 

develop new and improved soybean varieties with desirable characteristics, which include both 

farmer-preferred traits and breeder's preferred traits. Additionally, the low genetic diversity 

implies that the tropical soybean varieties could be completely wiped out in case of the 

emergence of a new pathogen or insect pest. This is a sensitive situation for soybeans and could 

be worsened by the erratic climatic changes that have become more frequent. This observation 

calls for interventions that will widen the genetic base of Ugandan soybean germplasm 

collection. In contrast, most studies that have reported high genetic diversity, have used wild 

relatives and landraces of soybean. Therefore, in the case of Uganda, the soybean breeders would 

have to seek for wild soybean genotypes to broaden the genetic base of the Ugandan soybean 

germplasm.  

7.2 Total Protein, Total Oil and Fatty Acid Content 

Protein and oil content have been reported as the major objective of breeding so far as seed 

component is concerned in most soybean breeding programs. Although improvement of 

nutritional traits has not been one of the core breeding objectives for soybean in Uganda, the 

study identified several soybean genotypes that had elevated content of nutritional traits above 

the reported/known averages. For example, this study identified several genotypes with high 
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nutritional traits of economic importance like total protein, total oil and oleic fatty acid. This is a 

good step towards the development of soybean varieties with elevated nutritional traits in 

Uganda and across the East African region. The genotypes with elevated nutritional traits 

identified in the current study could be evaluated in multi-locational yield trials and released as 

new soybean varieties in Uganda.  Some of the Ugandan soybean genotypes that are already 

adapted to the Ugandan environment also had elevated protein content and oleic fatty acid. Such 

genotypes with elevated nutritional traits can be used by soybean breeders in Uganda and across 

the East African region to improve soybean genotypes with low nutritional traits but possessing 

other superior traits. Additionally, such soybean genotypes with elevated protein and oil content 

are very important for the large processing plants that are being established in Uganda and across 

the East African region; for extraction of oil and production of soybean cake for animal feeds. 

This is expected to greatly improve the livelihood of the farmers from the sale of the soybean 

grain to these processing plants that have a very large production capacity. Production of the 

soybean cake is expected to significantly improve the livestock industry in Uganda and across 

the East African region.  

 

The study also revealed that soybean genotypes from Uganda had the lowest protein content. 

This is probably because less attention has been given to the improvement of nutritional traits in 

soybean in Uganda. However, the study revealed that soybean genotypes from Japan had the 

highest protein content while the USA had the highest oil content and the second-highest protein 

content. The high protein content among genotypes from Japan was because of a deliberate effort 

to develop soybean varieties with higher protein content by the Japanese government after the 

Second World War; to fight malnutrition. Similarly, soybean breeding programs in the USA is 

among the oldest where more breeding has been conducted to improve nutritional traits 

compared to the breeding programs in Africa (Uganda and Zimbabwe) where soybean reached 

much later. The findings of this study imply that soybean breeders in Uganda should put more 

attention to nutritional traits improvement; especially protein and oil content in the breeding 

program. Therefore for nutritional improvements of Ugandan soybean germplasm, soybean 

breeders should seek soybean germplasm from Japan and the USA for protein content and oil 

content respectively.   
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Furthermore, the study also revealed that soybean genotypes from Uganda had the highest oleic 

fatty acid. This is a good prospect for soybean breeding in Uganda. This implies that these 

genotypes can be used to improve the trait of oleic fatty acid among the released Ugandan 

soybean varieties. Additionally, these genotypes can also be evaluated in multi-locational trials 

for other important traits like yield, pests and disease resistance before releasing new varieties in 

Uganda. Similarly, other soybean breeders around the East African region can use such 

genotypes to improve their soybean genotypes for the trait of oleic fatty acid.  

 

The distribution of protein and oil content followed a normal distribution curve for all the 

soybean genotypes that were evaluated, indicating that these two traits are quantitatively 

inherited and controlled by a complex genetic system that is governed by multiple genetic loci, 

each with minor effects. The G × E studies done in Uganda for protein content showed that there 

was a highly significant genotypic difference in protein content among the studied genotypes,  

suggesting that effective selection for protein content among the studied soybean genotypes is 

possible. The study also showed a significant effect of environment and genotype × environment 

interaction on protein content, suggesting that environment has a role to play when selecting for 

high protein content in soybean. The significant effect of the environment of these nutritional 

traits implies that it is quite difficult to study or predict these traits in different environments. 

This has been worsened by frequent erratic climatic changes experienced in the last decade. The 

effect of climate change has made general variety recommendation for each location more 

challenging. Therefore varieties should be recommended for adaptation in specific environments 

(location and seasons) rather than a wide adaptation that most plant breeders have previously 

used. 

7.3 Correlations among nutritional traits and SNP Markers 

Correlation analysis has been widely used in crop breeding programs to determine the nature of 

relationships between different traits that are of economic value to plant breeders. Oleic fatty 

acid is a monounsaturated fatty acid that can improve the oil quality and shelf-life of products 

processed using such oil. The significant negative correlation between oleic acid and total oil 

suggests that it would be difficult to develop soybean varieties possessing both traits. A similar 
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trend was observed between oleic acid and total protein where there was a negative correlation, 

suggesting that it is difficult to develop a soybean variety with high oleic acid and protein. The 

study suggests that it would be extremely difficult to develop a soybean variety that has high 

oleic and oil or protein content using conventional breeding. The study also showed a negative 

correlation between protein content and yield of the studied soybean genotypes. The negative 

correlation between protein content and yield implies that selection for high protein content has a 

negative effect on grain yield. To overcome the challenge of negative correlations for some of 

these very important traits in soybean, breeders could consider the development of soybean 

varieties to serve different purposes. Additionally, the use of advanced breeding approaches such 

as mutation breeding, gene editing, and genetic transformation could be explored by breeders to 

overcome the challenge of the negative correlations.  

7.4 GWAS and SNP Markers 

GWAS has been performed in nearly all economically important crops, including soybean for the 

selection and improvement of desirable traits. GWAS is a method for the study of associations 

between a genome-wide set of single-nucleotide polymorphisms (SNPs) and desired phenotypic 

traits. In the current study, using GWAS, five SNP markers were identified; two associated with 

oil content (rs22918920 and rs22918919) and three associated with protein content (rs22918920, 

rs22918919 and rs14974480). Two SNP markers rs22918920 and rs22918919 located on 

chromosomes 7 and 10 respectively were associated with both protein and oil content and were 

identified for the first time in this study which points to greater prospects of improving protein 

and oil content concurrently in the same soybean genotype. There is a need to develop and 

validate these markers on different sets of soybean populations.  

7.5 Protein and Yield Stability  

This is the first attempt to assess the effect of the environment on protein content in soybean seed 

in Uganda. The study showed that several genotypes performed better than Maksoy 3N and 

Maksoy 4N that are the most farmer-preferred and high-yielding varieties in Uganda, 

respectively. This is because high yield has been one of the traits that soybean breeders in 

Uganda have been selecting for in soybean. Additionally, the study identified a few genotypes 

that had both high yields and high protein content. The identification of these soybean genotypes 
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having higher yields than the highest yielding soybean variety in Uganda and above the average 

protein content of 40% is a big step towards the development of improved soybean varieties. 

There is a need to conduct on-farm evaluation trials and sensory testing with the processors to 

increase the chances of consumer acceptability of these genotypes with higher yields and protein 

content; before releasing them for production in Uganda.  

 

A significant effect of the environment was observed for both protein content and yield in the 

study. Contradiction in performance for both protein content and yield in the G × E study over 

the years is a clear indication of climate change and its effect on soybean research. Therefore, 

there is a need for soybean breeders to identify specific environmental factors that affect protein 

and yield to identify the best genotype for each environment.   

7.6 Recommendations  

From the curret study, the following recommendations can be drawn;  

The soybean breeders should seek for wild soybean genotypes to broaden the genetic base of the 

Ugandan soybean germplasm whose diversity was observed to be low. 

Based on the nutrient profiles of the core collection, the study identified several genotypes with 

high nutritional traits that could be used by soybean breeders across the East African region for 

the improvement of nutritional traits in their respective breeding programs. This would greatly 

boost the soybean value chain that is characterized by the establishment of more plants in East 

Africa to process soybean grain. 

The identified SNP markers that are associated with high total oil and total protein content can 

now be used by soybean breeders to track these traits in the soybean breeding pipeline. This 

would significantly hasten the soybean breeding circle in Uganda and the East Africa region. 

There is a need to validate the two SNPs, rs22918920 and rs22918919 that are associated with 

both protein and oil content and were identified for the first time in this study. 

The soybean genotypes that had high protein content and yields should be subjected to on-farm 

trials under farmers‘ production conditions and sensory testing by the processors before variety 

release.  
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The G × E for protein content and oil content should be conducted for more seasons to assess the 

consistency of the performance.  

There is a need to identify the specific environmental factors that affect the performance of 

nutritional traits and yield in soybean.  
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Appendix 1: Soybean varieties that have been released in Uganda and their Pedigree 

Variety Name Year of Release Pedigree  

Bukalasa 4 1967 - 

S 38 1968 - 

Congo 72 1969 - 

Kabanyolo 1 1971 - 

Nam 1 1991 ICAL 131 (USA) 

Nam 2 1994 TGM 79 (IITA) 

Namsoy 3 2000 Kabanyolo 1 X Nam 1 

Namsoy 4M 2004 Nam 2 X GC 00138-29 

Maksoy 1N 2004 TGX 1035-10E 

Maksoy 2N 2008 Duiker X TGX 1835-10E 

Maksoy 3N 2010 Duiker X GC 00138-29 

Maksoy 4N 2013 Duiker X GC 00138-29 

Maksoy 5N 2013 Nam 2 X GC 00138-29 

Maksoy 6N 2017 Nam 2 X GC 00138-29 

Source: VIN for NARO released varieties  

 

Appendix 2: The Tropical soybean genotypes used in understanding genetic diversity and 

population structure analysis 

Genotype Name Origin 

Sline 3.17 Japan 

AVRDC G10427 AVRDC 

BSPS 48A-02A Uganda 

Namsoy 4M Uganda 

Santa SeedCo 

MNG 12.4 Uganda 

AVRDC G7956 AVRDC 

Maksoy 1N Uganda 

AVRDC GC00138-29 AVRDC 

Sline 6.22 Japan 

Maksoy 3N Uganda 

Duiker SeedCo 

G16 USA 

Sline 3.16-1 Japan 

AVRDC GC84051-31-1 AVRDC 

Roan SeedCo 

Sline 7.11 Japan 
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AGS 292 AVRDC 

Siesta SeedCo 

Nam II Uganda 

Sline 1.19 Japan 

Maksoy 5N Uganda 

Saxon SeedCo 

Soprano SeedCo 

G104270 AVRDC 

Namsoy 3 Uganda 

UG 5 Uganda 

Status SeedCo 

AGS 338 AVRDC 

Gazelle SeedCo 

AVRDC G28908 AVRDC 

AVRDC SRE-B-11-13 AVRDC 

Signal SeedCo 

Maksoy 2N Uganda 

Squire SeedCo 

Kab 1 Uganda 

NG 14.1-21 Uganda 

Sequel SeedCo 

Sline 9.2 Japan 

G42 USA 

AVRDC G4890-21-13-13 AVRDC 

AVRDC G2843B AVRDC 

G7955 USA 

K-Local Uganda 

Maksoy 4N Uganda 

Sline 4.21 Japan 

NGDT 1.13-4 Uganda 

Sentinel SeedCo 

NGDT 4.11-3 Uganda 

Sline 13.2A Japan 

Sline 3.7 Japan 

AGS 329 AVRDC 

NG 14.1-16 Uganda 

Sline 16.2 Japan 

G32B USA 

Sline 3.16-2 Japan 

Saga SeedCo 

G39 USA 

Kuntz USA 
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NII X GC 11.3 Uganda 

NGDT 2.15-7 Uganda 

Sline 5.18 Japan 

Sline 12.7 Japan 

NGDT 3.14-1 Uganda 

NII X GC 30B Uganda 

BSPS 48A-8 Uganda 

NII X GC 17.3 Uganda 

BSPS 48A-27-1 Uganda 

NII X GC 13.2 Uganda 

NII X GC 7.2 Uganda 

NII X GC 4.8 Uganda 

NGDT 8.11-11B Uganda 

NGDT 8.11-4 Uganda 

NGDT 4.11-4 Uganda 

NII X GC 43.1 Uganda 

NII X GC 28.2B Uganda 

BSPS 48A-5 Uganda 

BSPS 48A-26 Uganda 

BSPS 48A-28 Uganda 

NII X GC 35.3 Uganda 

NGDT 8.11-19 Uganda 

NII X GC 20.3 Uganda 

BSPS 48A-25 Uganda 

MNG11.2 Uganda 

NII X GC 32.6 Uganda 

NII X GC 43.2 Uganda 

NII X GC 11.2 Uganda 

BSPS 48A-3B Uganda 

NII X GC 44.2 Uganda 
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Appendix 3: Population structure inferred from STRUCTURE analysis for 89 soybean 

genotypes showing different K values 

 

K = 3 

 

K = 4 

 

K = 6 
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Appendix 4: The Tropical soybean core collection used in nutrient profiling 

Genotype Origin 

AGS 338 AVRDC 

AVRDC G10427 AVRDC 

AVRDC G2843B AVRDC 

AVRDC G7956 AVRDC 

AVRDC GC00138-29 AVRDC 

AVRDC GC84051-31-1 AVRDC 

AVRDC SRE-B-11-13 AVRDC 

BSPS 48A-25 Uganda 

BSPS 48A-27-1 Uganda 

BSPS 48A-3B Uganda 

BSPS 48A-5 Uganda 

BSPS 48A-8 Uganda 

Maksoy 2N Uganda 

Maksoy 4N Uganda 

Maksoy 5N Uganda 

MNG 12.4 Uganda 

Nam II Uganda 

Namsoy 3 Uganda 

NG 14.1-16 Uganda 

NGDT 4.11-4 Uganda 

NGDT 8.11-4 Uganda 

NII X GC 11.2 Uganda 

NII X GC 17.3 Uganda 

NII X GC 20.3 Uganda 

NII X GC 28.2B Uganda 

NII X GC 30B Uganda 

NII X GC 32.6 Uganda 

NII X GC 43.1 Uganda 

NII X GC 43.2 Uganda 

NII X GC 44.2 Uganda 

NII X GC 7.2 Uganda 

K-Local Uganda 

Roan SEEDCO 

Saga SEEDCO 

Sequel SEEDCO 

Siesta SEEDCO 

Signal SEEDCO 

Gazelle SEEDCO 

Squire SEEDCO 
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G104270 USA 

G32B USA 

G42 USA 

G45 USA 

G7955 USA 

Kuntz USA 

Sline 13.2A Japan 

Sline 16.2 Japan 

Sline 4.21 Japan 

Sline 5.18 Japan 

Sline 6.22 Japan 

Sline 7.11 Japan 

 

 

 


