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ABSTRACT 

 

IDENTIFICATION AND LOCALIZATION OF QUANTITATIVE TRAIT LOCI (QTL) AND 
GENES ASSOCIATED WITH OIL CONCENTRATION IN SOYBEAN [GLYCINE MAX (L.) 

MERRILL] SEED 
 
 
 

Mehrzad Eskandari                                                                                                       Advisor:               
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Soybean [Glycine max (L.) Merr.] seed is a major source of edible oil in the world and the main 

renewable raw material for biodiesel production in North America. Oil, which on average 

accounts for 20% of the soybean seed weight, is a complex quantitative trait controlled by 

many genes with mostly minor effects and influenced by environmental conditions. Because of 

its quantitative nature, the seed oil concentration may have an indirect effect on other 

economically important and agronomic traits such as seed yield and protein concentration. 

Increasing the oil concentration in soybean has been given more attention in recent years due 

to increasing demand for both edible oil and feedstock. To achieve this objective, it is important 

to understand the genetic control of the oil accumulation and its relationship with other traits.  

The main objectives of this thesis were to identify quantitative trait loci (QTL) and genes 

involved in oil biosynthesis in soybean. Two recombinant inbred line (RIL) populations were 

developed from crosses between moderately high oil soybean cultivars with high seed yield and 

protein concentration. In a population of 203 F3:6 RILs from a cross of ‘OAC Wallace’ and ‘OAC 



Glencoe’, a total of 11 genomic regions located on nine different chromosomes were identified 

as associated with oil concentration using multiple QTL mapping (MQM) and single-factor 

ANOVA. Among the 11 oil-associated QTL, four QTL were also validated in a population of 211 

F3:5 RILs from a cross of ‘RCAT Angora’ and ‘OAC Wallace’. There were six oil QTL identified in 

this study that were co-localized with seed protein QTL and four for seed yield QTL. The oil-

beneficial allele of the QTL tagged by marker Sat_020, on Chromosome 9, was positively 

associated with seed protein concentration. The oil-enhancing alleles at markers Satt001 and 

GmDGAT2B were positively correlated with seed yield. In this study, three sequence mutations 

were also discovered in either the coding or non-coding regions of three DGAT soybean genes 

(GmDGAT2B, GmDGAT2C, and GmDGAT1B) between ‘OAC Wallace’ and ‘OAC Glencoe’ that 

showed significant effects on some of the traits evaluated. GmDGAT2B showed significant 

association with seed oil and yield across different environments. The oil-favorable allele of the 

gene GmDGAT2B from ‘OAC Glencoe’ was also positively correlated with seed yield. 

GmDGAT2C was associated with seed yield, whereas GmDGAT1B showed significant effects on 

seed yield and protein concentration. However, neither of these two genes showed any 

association with seed oil. The yield-enhancing allele of GmDGAT1B showed negative association 

with protein concentration. The identification of oil QTL that were either positively associated 

with seed yield and protein or neutral to both traits and the development of new gene-based 

markers will facilitate marker-assisted breeding to develop high oil soybean cultivars with high 

yield and minimal effect on protein concentration.       
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Chapter 1:  Introduction and Literature Review  

1.1. Introduction 

                            

       Soybean [Glycine max (L.) Merr.] is the most important leguminous seed crops among the 

oil crop plants, which was accounted for 56% of global oil production in the international 

market in 2011 (Soy Stats, 2012). Soybean seed oil, which accounts for 18 to 20% of the seed 

weight, is primarily used for human consumption in forms such as edible oil and fat, which are 

also used as renewable raw materials for a wide variety of industrial products, including 

plastics, inks, paints, soap, clothing, as well as biofuel. Soybean oil is the dominant plant-based 

source for biodiesel production in the United States and Canada. The United States, which 

produces more than 35 % of the total soybean production worldwide, is the largest soybean 

producer, and Canada with about 2% of the world production and 4.3 million metric tons, is the 

7th largest soybean producing nation (Soy Stats, 2012). Soybean was originally bred for protein 

and breeding for high oil concentration has received less attention as it has lower oil 

concentration than many other oilseed crops. However, increasing the relative concentration of 

oil per seed without affecting protein concentration has recently drawn much attention in 

soybean genetics and breeding programs due to increased demand for food purposes, along 

with expanded use of biodiesel as a renewable and sustainable energy source (Clemente and 

Cahoon, 2009; American Soybean Association, 2011).  

       Oil concentration of soybean seed is a complex quantitative trait under control of many 

genes mostly with small effects, which is also affected by environmental conditions. Soybean oil 
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is mainly composed of triacylglycerol (TAG), which consists of three fatty acid chains esterified 

to a glycerol backbone (Clemente and Cahoon, 2009). Although the contribution of important 

enzymes and genes in plants seed oil biosynthesis is poorly understood, biochemical pathways 

involved in oil biosynthesis have been well characterized (Li et al.  2010b). According to the sn-

glycerol-3-phosphate pathway, TAGs are synthesized by the stepwise acylation of glycerol-3-

phosphate (G3P) in the endoplasmic reticulum (ER) through a series of acyl-CoA-dependent 

acylations (Topfer et al. 1995; Sharma et al. 2008). In the first two steps, G3P is acylated by 

glycerol-3-phosphate acyltransferase (GPAT; EC 2.3.1.15) and then lyso-phosphatidic acid 

acyltransferase (LPAAT; EC 2.3.1.51) to produce lysophosphatidic acid (PA) (Hildebrand et al.  

2008). The PA is then dephosphorylated by phosphatidate phosphatase (PAP; EC 3.1.3.4) to 

form diacylglycerol (DAG), which is eventually acylated by diacylglycerol acyltransferase (DGAT; 

EC 2.3.1.20) to synthesize TAG. DGAT is the only acyl-CoA-dependent enzyme that is proposed 

to be exclusively committed to TAG formation (Hildebrand et al. 2008). However, Dahlqvist et 

al. (2000) have found an acyl-CoA-independent mechanism for TAG biosynthesis in plants, 

which uses phospholipids as acyl donators to DAG. In this new TAG synthesis pathway, 

phospholipid:diacylglycerol acyltransferase (PDAT; EC 2.3.1.158) catalyzes the transfer of fatty 

acid (FA) at the sn-2 position of phosphatidylcholine  (PtdC) to DAG to form TAG (Dahlqvist et 

al. 2000; Hildebrand et al. 2008).  

       There are few documented attempts to improve the oil concentration using conventional 

breeding methods, such as mass and recurrent selections, with limited achievements (Smith 

and Weber, 1968; Burton and Brim, 1981; Feng et al. 2004). The most significant progress in 

increasing oil in soybean has been made via improving the overall seed yield, which translates 
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into more oil production per hectare (Clemente and Cahoon, 2009).   Efforts to identify QTL and 

markers linked to QTL associated with oil concentration in soybean, to be used as a means to 

increase seeds oil concentration through marker-assisted selection (MAS), have been made in 

the last two decades and, to date, about 130 QTL or markers have been reported to be 

associated with seed oil concentration (Qi et al. 2011; Soybase, 2011). However, most of them 

are sensitive to environment and/or a genetic background, resulting in only a few being 

detected across different environments and genetic backgrounds (Qi et al. 2011).  

       In order to identify genes governing seeds oil biosynthesis and design gene-specific markers 

in plants, the genomics of TAG biosynthesis have been well studied in Arabidopsis, the most 

popular model plant, and more than 140 putative genes have been identified as associated with 

TAG biosynthesis (Hildebrand et al. 2008). Comparing the soybean genome with Arabidopsis, 

the number of the putative genes involved in seed oil biosynthesis has been estimated to be at 

least 274 genes (Schmutz et al.  2010), which could facilitate the identification of the genetic 

basis of oil biosynthesis in soybean seed using the candidate gene approach. The candidate 

gene approach, which tests the effects of mutations located in putative genes for their 

‘association’ to the target traits, has been successfully used in identifying genes associated with 

seed oil fatty acids profiles in soybean and several “robust” gene-specific markers have been 

developed (Bilyeu et al. 2003, 2005, 2006; Anai et al. 2005; Aghoram et al. 2006; Cardinal et al. 

2006, 2007; Zhang et al. 2005).  

       Well-characterized biochemical pathways involved in oil biosynthesis, along with existence 

of an “accurate” genome sequence and the dense genetic marker maps for soybean, would 
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allow for the mining of the genome to identify genes governing metabolic steps in oil 

biosynthesis and for design of markers associated with seed oil concentration or even related 

traits, which could be used in marker-assisted selection for increased oil concentration in 

soybean seed. Gene –specific markers and/or markers tightly linked to genes affecting oil 

biosynthesis detected among moderately high oil soybean genotypes with different genetic 

background could be practically more valuable  for pyramiding multiple genes and alleles into 

individual genotypes.  

 

1.2. Center of Origin of Soybean and Its Importance Worldwide 

 

       Soybean (Glycine max (L.) Merr.) is the world’s largest oilseed crop plant and the primary 

source of protein for livestock. Despite the importance as one of the most economical and 

valuable agricultural commodities due to its unique chemical compositions, its domestication 

origin(s) is poorly understood (Guo et al. 2010). While ancient historical records (Hymowitz and 

Singh, 1987) and some molecular-based analyses (Wang et al. 2006; Li et al. 2010) indicated 

that soybean was domesticated in North China, some phylogenetic data (Zhao and Gai, 2006) 

and archaeological records of soybean in Japan, Korea, and China (Lee et al. 2011) support the 

idea that soybean was domesticated at multiple locations in East Asia.  

       Soybean was introduced to the United States in 1765 (Hymowitz and Harlan, 1983) and had 

been grown as a forage plant until the 1920s when it was considered as an oilseed crop 

(Sheafferb et al. 2001). In 2011, the United States, as the largest soybean producer in the world, 

produced 81.6 million metric tons, which represented 33 percent of total soybean production 
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worldwide (Soy Stats, 2012). Other large producers are Brazil, with 29% of the world’s soybean 

crop, Argentina with 19%, China with 5%, India with 4%, Paraguay with 3% (Soy Stats, 2012).  

Soybean was not cultivated in Canada until 1881 when the first soybean was grown at the 

Ontario Agriculture College (Shurtleff and Aoyagi, 2010). In 1893, the second introduced 

soybean was cultivated at the Ontario Agriculture College by Charles A. Zavitz , the “Father of 

soybeans in Canada”, in order to find soybeans suitable for Ontario, Canada (Shurtleff and 

Aoyagi. 2010). Now, Canada is the 7th largest soybean producing nation in the world with a 

production of 4.2 million metric tons in 2011. Soybean produced in Canada accounted for 2 

percent of total production worldwide in 2011 (Soy Stats, 2012). In Canada, soybeans are 

mainly cultivated in Ontario, Quebec and Manitoba, with some production in Saskatchewan 

and Atlantic Canada (Canadian Soybean Council, 2012). The total soybean production in 

Ontario, as the largest soybean producing province in Canada, was about 4 million metric tons, 

from nearly one million hectares of seeded land, in 2011 (Puvirajah, 2012).  

       The importance of soybean worldwide is due mostly to its high oil and protein components, 

which are approximately 20 and 40 percent of seed concentrations, respectively. The great 

proportion of the world’s soybean seed, about 85%, is crushed to produce soybean oil and 

meal. Soybean meal, as a by-product of soybean processing, is primarily used as protein source 

for livestock. However, a small amount of the meal, about 2%, is also used in preparing food 

use products such as soy flours, beverages, and toppings (Soyateck, LLC, 2011). The oil 

component of crushed soybeans seeds is primarily used for human consumption as edible oil 

and fat. Soybean oil is also used as renewable raw materials for a wide variety of industrial 
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products, including plastics, inks, paints, soap, clothing, and biofuel. Soybean oil is the dominant 

renewable source for biodiesel production in the United States and Canada (Soy Stats, 2012).  

 

1.3. Soybean Seed Composition 

 

       Typically, soybeans contain 35-40% protein, 25-30% carbohydrates, 15-20% oil, and about 

5% minerals and ash (Soyateck, LLC, 2011). The protein in soybean seed contains all essential 

amino acids necessary in human diet and glycinin and β-glycinin are the major storage proteins 

in soybean (Nielsen, 1996). The primarily soluble carbohydrates in soybean seeds are 

stachyose, raffinose, and sucrose making up 1.4-4.1%, 0.8-0.9%, and 2.5-8.2% of North 

American soybean seeds, respectively (Hymowitz et al. 1972). The high protein concentration, 

along with sulfur-containing amino acids and oligosaccharides, make soybean meal a valuable 

source for animal feed (Wilcox and Shibles, 2001).  Soybean oil is mainly composed of 

triacylglycerols (TAGs). However, twelve different forms of glycerolipids are found in soybean, 

each having at least one fatty acid esterified to the glycerol backbone (Wilcox, 1987). Polar 

lipids such as phospholipids are involved in cell membrane structure and are metabolically 

active during seed development and subsequent germination (Wilcox, 1987). The non-polar 

glycerolipids, TAGs, are storage lipids and are the major components of soybean oil derived 

from mature seeds which represent an important edible and renewable chemical industrial 

resource. TAG is stored in oil bodies, which are surrounded by a glycerolipid monolayer 

containing the protein oleosin (Abell et al. 1997). TAG consists of three fatty acid chains 

esterified to a glycerol backbone (Durrett et al. 2008). There are only two different saturated 
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fatty acids in soybean oil; palmitic acid (C16:0) and stearic acid (18:0). Unsaturated fatty acids in 

soybeans are oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:2).  The concentrations 

of five different fatty acids in soybean seed oil are typically 10%, 4%, 18%, 55% and 13% for 

palmitic, stearic, oleic, linoleic, and linolenic acids, respectively (Bellaloui et al. 2010).  

 

1.4. Soybean Oil and Fatty Acids Biosyntheses 

 

       In plants, primary saturated and monounsaturated fatty acids are synthesized in the 

plastids, while polyunsaturated fatty acids plus TAGs are formed in the endoplasmic reticulum 

(ER) (Ohlrogge and Jaworski, 1997). Through de novo fatty acids biosynthesis, palmitic, stearic, 

and oleic acids are synthesized from acetyl-CoA by a series of reactions that are localized in the 

plastids (Figure 1). Acetyl-CoA carboxylases (ACCase) along with fatty acid synthase (FAS) 

facilitate de novo synthesis of long chain fatty acid from acetyl CoA (Ohlrogge and Browse, 

1995). The synthesis of malonyl-CoA, the central carbon donor for fatty acid synthesis, by 

ACCase is the first committed step in fatty acid synthesis (Hildebrand et al.  2008). Each fatty 

acid synthesis cycle is started by the condensation of a fatty acyl group with malonyl-ACP to 

produce a 3-ketoacyl-ACP (Hildebrand et al. 2008). Saturated fatty acid synthesis proceeds two 

carbon units per cycle and so usually eight or nine cycles produce 16- and 18-carbon fatty acids, 

respectively (Hildebrand et al. 2008). At least three separate condensing enzymes (3-ketoacyl-

ACP synthases - KASs) are involved in producing an 18-carbon fatty acid (Ginsberg et al. 1997). 

KAS III catalyzes the first condensation of acetyl-CoA and malonyl-ACP to form a 4-carbon 



 

 

Figure 1.1    Simplified schematic of fatty acids and TAG biosyntheses pathways in developing soybean seed (Modified from Ohlrogge 

and Jaworski, 1997). Steps where candidate gene approach was used to detect causal genes mutations are highlighted in gray. 

ACCase, acyl-Coenzyme carboxylase; MCAT, malonyl-CoA: ACP transacylase; KAS, 3-keto-acyl-ACP synthase; SACPD, stearoyl-ACP-

desaturase; TE, thioesterase; ACS, acyl-CoA synthetase;  Δ12 DES, oleate desaturase;  Δ15 DES, linoleate desaturase; G3P, sn-

glycerol-3-phosphate;  GPAT, acyl-CoA:sn-glycerol-3-phosphate acyltransferase; LPA, lyso-phosphatidic acid; LPAAT, acyl-CoA:lyso-

phosphatidic acid acyltransferase; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; DAG, sn-1,2-diacylglycerol; PDCT, 

phosphatidylcholine:diacylglycerol cholinephosphotransferase; CPT, sn-1,2-diacylglycerol:cholinephosphotransferase; PtdC, 

phosphatidylcholine; DGAT, acyl-CoA:diacylglycerol acyltransferase; PDAT, phospholipid:diacylglycerol acyltransferase; TAG, 

triacylglycerol.  
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product. KAS I produces chain lengths from six to sixteen carbons (Ginsberg et al. 1997). The 

elongation of the 16-carbon palmitoyl-ACP to 18-carbon stearoyl-ACP is catalyzed by KAS II 

(Ginsberg et al. 1997). Stearoyl-ACP desaturase (SACPD) desaturates 18:0-ACPs to create 18:1-

ACPs by introducing a double bond. Fatty acid molecules formed in the chloroplast stroma are 

released from ACPs by thioesterases (TEs) and cross the membrane. Since they cross the 

membrane, they are changed to acyl-CoA esters by an acyl-CoA synthase (ACS) to create an 

acyl-CoA pool which provides substrates for the enzymes involved in TAG biosynthesis 

(Hildebrand et al. 2008). 

       Polyunsaturated linoleic and linolenic acids could be synthesized through prokaryotic or 

eukaryotic pathways in plants. The former occurs in the inner envelope of plastids, which uses 

acyl-ACPs as substrates, and the latter occurs in the cytosol, mainly in the ER, and exploits acyl-

CoAs as substrates (Hildebrand et al. 2008). In developing seeds, the ER pathway is dominant 

(Yadav, 1996). Biosynthesis of linoleic and linolenic acids are catalyzed by oleate desaturase 

(Δ12 DES) and linoleate desaturase (Δ15 DES), respectively (Yadav, 1996).   

       According to the sn-glycerol-3-phosphate pathway, TAG is synthesized by the stepwise 

acylation of glycerol-3-phosphate (G3P) in the ER (Topfer et al. 1995). The first enzyme involved 

in this pathway is glycerol-3-phosphate acyltransferase (GPAT), which acylates G3P at the sn-1 

position to generate lysophosphatidic acid (LPA) which can further be acylated at the sn-2 

position by LPA acyltransferase (LPAAT) producing phosphatidic acid (PA) (Figure 1). In the third 

step, PA dephosphorylated to generate diacylglycerol (DAG) by phosphatidic acid phosphatase 

(PAP). The acylation of the sn-3 position is catalyzed by acyl-CoA diacylglycerol acyltransferase 
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(DGAT) to form the TAG molecule. DGAT is the only acyl-CoA-dependent enzyme in this 

pathway which is proposed to be exclusively committed to TAG formation. However, Dahlqvist 

et al. (2000) have found an acyl-CoA-independent mechanism for TAG biosynthesis in plants, 

which uses phospholipids as acyl donators to DAG. In this new TAG synthesis reaction, 

Phospholipid:diacylglycerol acyltransferase (PDAT) catalyzes the transfer of fatty acid (FA) at 

the sn-2 position of phosphatidylcholine  (PtdC) to DAG to generate TAG (Figure 1). 

 

1.5. Inheritance of Oil Concentration in Soybean  

 

       Several studies of soybean have indicated that genetics and environments and their 

interactions play important roles on both quantity and quality of seed oil concentration. 

Reported heritability for oil concentration in soybean seed ranges from 49% to 88% (Weber and 

Morthy, 1952; Hanson and weber, 1962; Kwon and Torrie, 1964; McKendry and McVetty, 1985; 

Malik et al. 2006; Ramteke et al. 2010; Zhe et al. 2010). Studies have indicated that oil 

concentration in soybean seed was mostly under control of additive gene actions with a slight 

influence of dominance (Gates et al. 1960; Brim and Cockerham, 1961; Singh and Handley, 

1968; McKendry and McVetty, 1985). McKendry and McVetty, 1985, also reported additive by 

additive epistatic gene actions affecting oil concentration. However, they did not find those 

epistatic effects constant over different years. Zhe et al. (2010), studyed 68 soybean genotypes 

from the southern region of Wisconsin, USA, at four locations over two years and reported 94% 

“repeatability” for oil concentration. They also found significant effects of year, genotype x 

year, and genotype x year x location interaction on oil concentration in seeds. 



11 
 

1.6. Environmental Influence on Oil Concentration in Soybean 

 

       Oil concentration of soybean seed is a complex trait under control of many genes mostly 

with small effects, which is also affected by environmental conditions, as well as interaction 

effect of genetics and environments (Collins and Carter 1956; Huskey et al. 1990; Bennett et. al. 

2003; Clement and Cahoon, 2009). In order to study the effects of “microenvironment”, the 

location of seeds on the plants, on seed oil concentration in soybean, Collins and Carter (1956) 

ran an experiment using a variety of soybean genotypes and found higher oil concentration for 

seeds located at the top of the plant than those from the lower half of the plant. They also 

reported differences among seeds within pods for oil concentration; the seed in the tip of a 

given pod had the highest oil concentration in the pod. In another study, Huskey et al. (1990) 

found seeds located at the middle of a soybean plant having higher oil concentration than 

those seeds from top or lower parts on the plant. They did not report any significant differences 

among seeds in a given pod. In contrast, Bennett et al. (2003) reported that seeds in pods 

located at the top of the plant have a lower percentage of oil than those positioned at the 

bottom. They mentioned that could be because of the effect of “microenvironmental” 

conditions on carbon flux during embryogenesis, which can cause higher protein concentration 

and so lower oil percentage for seeds at the top of the plant and vice versa for those seeds at 

the lower level of the plant.  

       One of the environmental factors, external to plants, affecting quantity and quality of oil 

concentration in soybean seed is temperature. It is well documented that lower temperatures 

during the period of oil deposition in developing seeds result in lower oil concentration, which 
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could be because of late planting or late maturity (Wolf et al. 1982; Martin et al. 1986; Miranda 

et al. 1989; Wilson, 2004; Bellaloui et al. 2009). Soybean exposed to high average temperatures 

during the seed filling period produced low linoleic and linolenic acids but high oleic acid 

concentration in the seed; however, the concentration of saturated fatty acids varied little 

(Wolf et al. 1982; Wilson, 2004; Lee et al. 2009; Paris et al. 2009).   

 

1.7. Molecular Markers for Soybean oil Concentration 

 

       Due to developments in plant genetics, the use of molecular markers to assist plant 

breeders and geneticists in studying complex quantitative traits and to recognize and “tag” 

novel genes and alleles has increased over the past two decades (Collard et al. 2005; Bernardo, 

2008).  Molecular markers represent different forms of DNA mutations such as point mutations, 

insertions, deletions, or differences in replication of tandemly repeated DNA of individual 

organism or species (Collard et al. 2005). Molecular markers fall into three categories based on 

the method of their detection: (1) hybridization-based markers; (2) polymerase chain reaction 

(PCR)-based markers; and, (3) DNA sequence-based markers (Collard et al. 2005). Simple 

sequence repeat (SSR) markers, also known as “microsatellite” markers, are PCR-based markers 

with several favorable features such as co-dominant inheritance manner at individual loci, high 

level of polymorphism, and capacity of having multiple alleles, which make them applicable to 

analysis of different segregation populations in different species, including soybean (Hwang et 

al. 2009).   
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        Well-saturated molecular linkage maps are essential in modern plant breeding programs 

(Hwang et al. 2009) to identify underling genetic variants associated with target traits. The first 

soybean (Glycine max L. Merr.) genetic linkage map of molecular markers was created by Keim 

et al. in 1990. This linkage map consisted of 26 genetic linkage groups containing a total of 150 

restriction fragment length polymorphism (RFLP) loci and is based on a F2 population derived 

from an interspecific cross of G. max and G. soja (Keim et al. 1990). Since then, several genetic 

linkage maps have been developed and integrated using different kinds of molecular markers 

(Lark et al. 1993; Shoemaker and Specht, 1995; Cregan et al. 1999; Song et al. 2004; Akkaya et 

al. 2005; Hwang et al. 2009; Hyten et al. 2010). The latest version of a “High-density” integrated 

linkage map based on SSR markers in soybean is composed of 1810 molecular markers mapped 

in one or more of the following soybean RILs populations; the US cultivar ‘Jack’ x the Japanese 

cultivar ‘Fukuyutaka’, the Chinese cultivar ‘Peking’ x the Japanese cultivar ‘Akita’, and the 

Japanese cultivar ‘Misuzudaizu’ x the Chinese breeding line ‘Moshidou Gong 503’ (Hwang et al. 

2009). The total length of this present integrated linkage map is 2442.9 centiMorgans (cM) 

(Hwang et al.  2009).  

       Oil concentration in soybean seed is one of the economically important quantitative traits 

in soybean. Attempts to identify QTL and/or markers linked to QTL associated with oil 

concentration in soybean have been done in the last two decades. Diers et al. (1992) evaluated 

an F2 population derived from a cross between a G. max experimental line, ‘A81-356022’, and a 

G. soja accession, ‘PI 468916’, and found two independent markers associated with seed oil 

concentration located on Chromosome 20 (LG E) and Chromosome 15 (LG I). Mansur et al.  

(1993) reported two genomic regions on Chromosome 8 (LG A2) and Chromosome 9 (LG K) 
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associated with seed oil in an F2-5 soybean population from the ‘Minsoy’ x ‘Noir 1’ cross, which 

explained 36% and 24% of phenotypic variance, respectively. Lark et al. (1994) also reported an 

oil-associated QTL on Chromosome 5 (LG A1) in a RILs population from the ‘Minsoy’ x ‘Noir 1’ 

cross.  

       Lee et al. (1996) evaluated two soybean populations from the ‘PI 97100’ × ‘Coker 237’ and 

‘Young’ × ‘PI 416 937‘crosses using RFLP markers in order to identify QTL related to seed 

protein and oil concentrations. For the first cross, five RLFP loci on three different 

chromosomes, A063-1 on Chromosome 4 (LG C1), A566-2 on Chromosome 12 (LG H), and L154-

2, A235-1, and L002-1 on Chromosome 18 (LG G), were found associated with oil concentration 

(Lee et al. 1996). For the second cross, six RLFP loci on three different linkage groups, A069-3 on 

Chromosome 15 (LG E), B122-1 on Chromosome 16 (LG J), A023-1 on Chromosome 19 (LG L), 

and cr142-1, K258-1, and cr326-1n on Chromosome 17 (D2) were reported (Lee et al.  1996). 

The A069_2 locus on Chromosome 15(LG E), which was linked to a QTL associated with seed oil  

in the ‘Young’ x ‘PI416937’ population, was close to the A374_1 locus and about 5cM from 

A203_1 locus, which was linked to the oil-associated QTL in the ‘A81-356002’ x ‘PI468916’ 

population (Lee et al. 1996). The RLFP loci linked to the oil-associated QTL on the Chromosome 

15 (LG) were close to the markers associated with oil concentration reported by Diers et al. 

(1992). RFLP loci A063-1 on Chromosome 4 (LG C1) and A566-2 on Chromosome 12(LG H) also 

were confirmed associated with oil by Fasoula et al. later in 2004 using a new population 

derived from a new cross of ‘PI 97100’ × ‘Coker 237’. They also found SSR markers Satt398 and 

Satt313 on Chromosome 19(LG L) associated with oil in a new population of ‘Young’ × ‘PI 416 

937’ (Fasoula et al. 2004).  
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       Brummer et al. (1997) evaluated eight different F2-derived soybean populations from the 

Midwestern US soybeans across different locations and detected seven “environmentally 

stable” oil-associated QTL on chromosome numbers 15 (LG A1), 8 (LG A2), 11 (LG B1), 6 (LG C2), 

18 (LG G), 12 (LG H), and 19 (LG K). Those “environmentally stable” QTL were defined as 

detected QTL in at least two different environments or averaged over three years (Brummer et 

al. 1997). They also reported ten QTL associated with oil concentration on six linkage groups, 

which were detected in only one environment, and they called them “environmentally 

sensitive” QTL (Brummer et al. 1997). The RFLP locus T153-1 on Chromosome 8 (LG A2) 

associated with oil concentration had been reported also by Mansur et al. (1993). Qiu et al. 

(1999) detected a RFLP locus, B072, on Chromosome 12 (LG H) associated with oil 

concentration using a F2-derived soybean population created from ‘Peking’ x ‘Essex’. This QTL 

explained 21% of phenotypic variance and it was also associated with high protein 

concentration in seed (Qiu et al. 1999). 

       To detect QTL associated with soybean seed compositions, Orf et al. (1999) established 

three RIL populations using three different soybean genotypes; ‘Minsoy’, ‘Noir1’, and ‘Archer’. 

In the population derived from ‘Minsoy’ x ‘Noir1’, they identified the RFLP locus T155_1 on 

Chromosome 5(LG A1) associated with seed oil concentration (Orf et al. 1999). In the 

population created of ‘Minsoy’ x ‘Archer’, two SSR markers SOYGPATR and Satt174, both on 

Chromosome 5 (LG A1), had been reported associated with oil concentration (Orf et al. 1999). 

In the population established from ‘Noir1’ x ‘Archer’, the RLFP locus A489_1 on Chromosome 

19 (LG L) and the SSR marker Satt432 on Chromosome 6 (LG C2) had been found associated 

with oil concentration (Orf et al. 1999).  
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       In a population derived from two early maturing soybean genotypes, ‘Ma. Belle’ and 

‘Proto’, Csanadi et al. (2001) identified four SSR markers on four different linkage groups 

associated with seed oil concentration; Satt020 on Chromosome 14(LG B2), Sct_028 on 

Chromosome 6 (LG C2), Satt196 on Chromosome 9 (LG K), and Satt562 on Chromosome 20 (LG 

I). In a F4-drived population created from ‘Essex’ by ‘Williams 82’, two SSR markers, Satt251 

and Satt014, were identified on Chromosome 11 (LG B1) and Chromosome 17 (LG D2) as 

associated with seed oil concentration (Chapman et al. 2003).  In a F5-derived population from 

a mating of a high-protein soybean accession, ‘PI 437088A’, with a high yielding cultivar, 

‘Asgrow A3733’, Chung et al. (2003) identified an oil-associated QTL on Chromosome 20 (LG I) 

which was flanked by SSR markers Satt496 and Satt239. 

     Hyten et al. (2004) evaluated a RILs population from ‘Essex’ × ‘Williams 82’ across six 

different environments in order to identify putative oil, protein, and seed size QTL in soybean. 

Six seed oil concentration QTL through composite interval mapping (CIM) were found located 

on five different chromosomes: Chromosome 6 (LG C2), 17 (LG D2), 1 (LG D1a), 7 (LG M), and 19 

(LG L) (Hyten et al. 2004). In addition, using a F5-derived soybean population developed from a 

cross of ‘BSR 101’ x ‘LG82-8379’ Kabelka et al. (2004) identified SSR markers Satt338, Satt157, 

and Satt285 on chromosomes 4 (LG C1), 2 (LG D1b), and 16 (LG J), respectively, as associated 

with seed oil concentration. 

       In a F6-derived population derived from a cross of ‘N87-984-16’ x ‘TN93-99’, Panthee et al. 

(2005) reported four oil-associated SSR markers on four different linkage groups; Satt274 on 

Chromosome 2 (LG D1b), Satt420 and Satt479 on Chromosome 10 (LG O), and Satt317 on 
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Chromosome 12 (LG H). Using CIM, Reinprecht et al. (2006) detected 11 oil-associated QTL on 

six different linkage groups by studying a 169 F5 RIL population derived from the RG10 x OX948 

across six environments. Xu et al. (2007), evaluated a RIL population from the ‘Wan82-178’ x 

‘Tongshan-baopihuangdoujia’ cross in two years and found the SSR marker Satt331 on 

Chromosome 10 (LG O) associated with oil concentration in soybean in both two years.  

       Since the first attempt to detect QTL associated with oil concentration in soybean (Diers et 

al. 1992), about 130 QTL associated with this trait have been reported on 22 different linkage 

groups (Hu et al. 2010; Soybase, 2011). Different kinds of populations, including F2, F2:3, F2:5, 

F4, F5, F6, BC3F4, and RILs created from different crosses, and different statistical methods, 

including single marker ANOVA analysis, interval mapping (IM), composite interval mapping 

(CIM), and multiple interval mapping (MIM) have been used to detect those QTL (Hu et al. 

2010). Among the reported QTL associated with seed oil concentration only a few have been 

detected in different genetic background and environments. A “Meta-QTL” analysis in order to 

facilitate the identification of “real” QTL among the published oil-associated QTL was 

performed by Hu et al. (2010) who reported 25 “Meta-QTL” clusters on 15 different linkage 

groups.  

 

1.8. Genes Governing Oil Concentration in Soybean 

 

       The mechanisms involved in the synthesis of oil in soybean seed are complex due to the 

involvement of a large number of genes and organelles, including chloroplasts, mitochondria, 

and endoplasmic reticulum (Ohlrogge et al. 1997; Mekhedov et al. 2000). The genomics of TAG 
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biosynthesis have been well studied in Arabidopsis and more than 620 genes have been 

recognized associated with acyl-lipid metabolism (Hildebrand et al. 2008; Ohlrogge, 2008).The 

most important genes related to seed oil biosynthesis are those involved in synthesis of plastid 

fatty acids, endomembrane lipids, TAGs, and storage process, which are proposed to be more 

than 140 genes in Arabidopsis (Hildebrand et al.  2008). Comparing Arabidopsis sequences to 

the soybean genome, Schmutz et al. (2010) identified 1,127 putative orthologous and 

paralogous genes in soybean involved in acyl-lipid biosynthesis pathways. A low estimation of 

the most important genes involved in seed oil synthesis in soybean was 274 genes, which is 

almost twice as many genes in Arabidopsis (Schmutz et al. 2010).  

      Although biochemical pathways involved in oil biosynthesis have been well characterized, 

the contribution of important enzymes and genes to plants seed oil biosynthesis is poorly 

understood (Hildebrand et al.  2008). One of the pioneering attempts to study the importance 

of ACCase in increasing seed oil concentration was expression of Arabidopsis cytosolic ACCase 

in the plastid of Brassica napus, which resulted in an increase of oil concentration of up to 5% in 

seeds (Roesler et al. 1997). The limitation in G3P availability in a study on B. napus also showed 

that the lack of G3P sources during seed maturation could result in lower amount of TAG 

synthesis (Vigeols and Geigenberger, 2004). By over-expressing of yeast G3PDH in B. napus, 

which resulted in an increase of up to four times G3P concentration during the seed filling 

stage, Vigeolas et al. (2007) showed that the oil concentration was increased up to 40% in the 

matured seeds. The first reaction in TAG biosynthesis, via the sn-glycerol-3-phosphate pathway, 

is catalyzed by GPAT (Hildebrand et al. 2008). Jain et al. (2000), showed that enhancing GPAT 

production in Arabidopsis by expressing plastidial safflower and Escherichia coli cDNA encoding 
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GPAT could increase oil concentration and seed weight, which they suggested might be due to 

increasing of carbon flux into the TAG synthesis pathway.  

       The second acylation of lysophosphatidic acid (LPA) is catalyzed by LPAT to produce 

phosphatidic acid (PA), which could then in turn be de-phosphorylated to diacylglycerol (DAG) 

(Hildebrand et al.  2008). SLC1 has been identified as the gene encoding LPAT in Saccharomyces 

cerevisiae (Zou et al. 1997). Expression of SLC1 (wild type) and SLC1-1 (mutant) led to an 

increase in TAG in Arabidopsis and B. napus (Zou et al. 1997; Zou et al. 2000; Taylor et al. 2002). 

Expression of SLC1 also resulted in increased oil concentration in soybean at the expense of 

seed protein concentration (Rao and Hildebrand, 2009).  

             The last step in TAGs synthesis, through the sn-glycerol-3-phosphate pathway, transfers 

acyl groups to DAGs in order to form TAGs, which is catalyzed by DGAT (Hildebrand et al. 2008). 

To date, two different gene families with no homology to each other, DGAT1 and DGAT2, have 

been reported which have the capacities of catalyzing TAGs formation (Hildebrand et al. 2008). 

Gene expression studies showed that DGAT1 and DGAT2, especially DGAT1, are very important 

enzymes in TAGs synthesis in plant seeds (Li et al. 2010). By studying the expression patterns of 

DGAT1 and DGAT2 in developing seeds of different plant species, DGAT1 was suggested as a 

major enzyme for TAGs production in soybean and Arabidopsis (Li et al. 2010). The authors did 

not find significant roles for DGAT2 in TAG accumulation in soybean and Arabidopsis but did for 

the selective accumulation of unusual FAs in the epoxy and hydroxy FAs accumulating species, 

including Vernonia galamensis, Euphorbia lagascae, Stokesia laevis, and castor bean (Li et al. 

2010). Shockey et al. (2006) reported a substantial role of DGAT2 in TAGs formation and also 
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the incorporation of unusual FAs in Tung tree and castor bean (Burgal et al. 2008). Introduction 

of a fungal DGAT2 into the soybean genome caused a 1.5% increase in seed oil concentration 

with no significant impacts on protein concentration or yield (Lardizabal et al. 2008). Expression 

of Arabidopsis DGAT1 in tobacco leaves led to an increase of up to 7-fold in TAGs concentration 

(Bouvier-Nave et al. 2000). Jako et al. (2001) reported an increase of seed oil concentration in 

Arabidopsis of up to 28% by seed specific expression of DGAT1. Transformation of B. napus with 

cDNA encoding Arabidopsis DGAT1 or with B. napus DGAT1 resulted in an increase of oil 

concentration in the seed (Weselake et al.  2008). Over-expression of Arabidopsis and B. napus 

DGAT1 under the control of the seed-specific promoter in canola led to increases in seed oil 

concentration of up to 7% (Taylor et al. 2009). Over-expression of Tropaeolum majus DGAT1 in 

Arabidopsis and B. napus with high erucic acid concentration resulted in higher seed oil 

concentration up to 30% (Xu et al. 2008). 

       TAG could also be synthesized by transferring an acyl group from a PL to a DAG (Dahlqvist 

et al. 2000; Hildebrand et al. 2008). This mechanism is catalyzed by PDAT (Dahlqvist et al. 2000). 

Over-expression of PDAT in yeast led to an increase of 2-fold in TAG concentration (Dahlqvist et 

al. 2000). A PDAT encoding cDNA, which shares 28% amino acid identity to the yeast PDAT has 

been identified in Arabidopsis (Stahl et al. 2004). Mhaske et al. (2005) reported that PDAT 

activity did not have a major role for TAG synthesis in Arabidopsis seed, which is consistent with 

another study in soybean and Arabidopsis (Li et al. 2010). However, it was suggested that PDAT 

played a role in the selective gathering of unusual FAs in the epoxy and hydroxy FAs 

accumulating plant species (Li et al. 2010). 
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       Transcription factor (TF) genes could also control the homeostasis of lipid biosynthesis in 

living organisms at the transcriptional level (Aguilar and de Merdoza, 2006) as has been 

reported in mammals (Matsuzaka et al. 2002), bacteria (Schujman et al. 2003), and plants 

(Ruuska et al. 2002; Shen et al. 2006; Wang et al. 2007; Weselake et al. 2009). The WRINKLED1 

(WRI1) TF has been shown to play an important role during oil accumulation in maturing seeds 

in Arabidopsis (Ruuska et al. 2002).The Arabidopsis mutant WRI1 showed a reduction of 80% in 

seed oil concentration due to down-regulation of a number of glycolytic enzymes (Weselake et 

al. 2009).  Baud et al. (2007b) reported that several genes from different pathways such as 

glycolysis and the fatty acid pathways are targets for WRI1. The WRI1 is also a target of LEAFY 

COTYLEDON2 (LEC2) and is required for the LEC2 regulatory action towards fatty acid 

metabolism (Baud et al.  2007b). Wang et al. (2007) reported two soybean “DNA binding with 

one finger” type (Dof-type) TF genes, GmDof4 and GmDof11, expression of which in Arabidopsis 

led to an increase in total FAs, oil, and 1000-seed weight. Transgenic lines with the highest 

expression of those genes showed up to 24% increases in oil concentration (Wang et al.  2007). 

Weselake et al. (2009) reported that GmDof4 activated the acetyl-CoA carboxylase genes and 

GmDof11 activated long-chain acyl CoA synthetase genes.  

 

1.9. Candidate Gene Approach for Soybean Oil Accumulation  

 

       The ultimate goal in molecular plant breeding studies is identification of the underling gene 

and/or genes associated with important agronomic traits. In order to identify genes governing 

different traits, studies have been based on two major techniques; linkage mapping or so called 
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“positional cloning”; and, candidate gene (CG) approach (Kwon and Goate, 2000). Using the CG 

approach, researchers directly investigate the association of genetic variants (alleles) of 

potentially contributing genes with the traits of interest (Kwon and Goate, 2000). Conducting 

CG analysis to find genes or molecular bases of phenotypic traits typically consists of three 

steps; the first critical step is selecting the candidate gene or genes, which may play a relevant 

role in the development of the target trait based on “cause and effect” relationships that have 

been either previously studied or are based on information from well characterized biochemical 

pathways for the trait of interest. Once the CG or genes has been chosen, the second step is 

selecting the most useful polymorphisms in the candidate genes that may have the potential of 

altering the genes’ functions. The last step in a CG analysis is testing the association of the 

genetic variants in candidate genes sequences with the phenotype of the trait in segregation 

populations.  

       In the last decade, the use of the CG approach to identify genes in different crop species, 

including soybean, and to design gene-specific markers linked to economically important traits 

has been increased. For example, fatty acid biosyntheses in developing seed in soybean is one 

of the areas in which using the CG approach has resulted in remarkable successes. Despite the 

involvement of numerous environmental factors affecting quality and quantity of seed oil 

concentration in soybean, having well understood biochemical pathways for fatty acids and oil 

biosyntheses make them suitable traits for the CG approach to study their genetic bases.     

       The gene encoding the enzyme essential in linolenic acid (18:3) synthesis, -3 fatty acid 

desaturase (FAD3), has three homologs, GmFAD3A, GmFAD3B, GmFAD3C, and GmFAD3D in 
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soybean (Chi et al. 2011). By using the CG approach, functionally active mutations in GmFAD3A 

(Bilyeu et al. 2003), GmFAD3B, and GmFAD3C (Anai et al. 2005; Bilyeu et al. 2006) were 

discovered in different soybean low 18:3 lines. Pyramiding all three mutations, using designed 

molecular markers developed for those genes, resulted in a very low 18:3 concentration 

soybean line, A29, with less than 1% 18:3 concentration (Bilyeu et al. 2006). 

       In another study, a point mutation was reported in the coding region of GmKASIIB gene 

which is associated with a reduction in the activity of 3-keto-acyl-ACP synthase II (KASII) 

(Aghoram et al. 2006). Soybean has two KASII genes, GmKASIIA and GmKASIIB, which are 

involved in elongation of 16:0-ACP to 18:0-ACP in fatty acids biosynthesis in plastids (Aghoram 

et al. 2006). The detected mutation was predicted to make the KASII enzyme non-functional, 

which increased the 16:0-ACP concentration in seeds oil (Aghoram et al. 2006). 

       The gene family responsible for exporting saturated fatty acids from the plastids in soybean 

is FAT-B, 16:0- 18:0-ACP thioesterase ((Hildebrand et al. 2008). A candidate gene analysis 

revealed four different FAT-B genes in the soybean genome, designated GmFATB1a, 

GmFATB1b, GmFATB2a, GmFATB2b (Cardinal et al. 2006, 2007).  Soybean lines with low 16:0 

concentration, which carry the fapnc mutation, such as N97-3681-11 and N97-3708-13, have a 

non-functional GmFATB1a gene (Cardinal et al.  2006). Gene-specific markers were designed for 

the GmFATB1a gene, which could be useful in early generation selection for low palmitic acid 

soybean genotypes in plant breeding programs (Cardinal et al. 2007).   

      Zhang et al. (2008) identified a new soybean gene, designated SACPD-C, encoding a unique 

isoform of Δ9-stearoyl-acyl carrier protein desaturase, which is responsible for converting 18:0 
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to 18:1, and specifically expressed during seed development. Further studies on a high stearic 

acid soybean line, A6 with 30% 18:0, showed that SACPD-C was completely eliminated in this 

genotype (Zhang et al. 2008). 

 

1.10. Marker-Assisted Selection 

 

       Conventional breeding methods are primarily based on selection of superior phenotypes 

among segregating progenies resulting from hybridizations (Choudhar et al. 2008). Although 

significant improvements have been made in phenotypic selection for different traits in 

different crops, including soybean, they are not always efficient or reasonable in terms of time 

and cost, especially for complex traits in which environment or genotype by environment 

interactions play an important role, mostly due to small effects of single genes. Therefore, 

selecting superior genotypes based on their phenotypes is not always efficient and resulting in 

significant genetic gain for the target traits. 

       Using molecular markers tightly linked to target genes and/or developed from actual gene 

sequences (gene-specific markers) could make plant breeding programs more efficient. 

Molecular marker-assisted approaches are especially efficient for those breeding programs that 

are involved in improving complex traits of low heritability that are dependent on specific 

stages or environments for selection or study, and also traits that are under control of recessive 

alleles in backcross breeding programs (Xu and Crouch, 2008). There are some commercial 

breeding programs that have reported an improvement in genetic gain, of up to 100%, using 

marker-assisted selection compared to phenotypic selection methods (Eathington, 2005; Ragot 
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and Lee, 2007).  Molecular markers are also successfully used for introgression and/or building 

up multiple single genes or QTL into an individual genotype (Xu and Crouch, 2008).   

 

1.11. Thesis Hypothesis and Objectives  

 

Hypotheses 

I. Multiple genomic regions (QTL), environment, and genotype by environment interaction 

explain the phenotypic variation in soybean seed oil concentration due to the 

quantitative nature of the trait.  

II. Oil biosynthesis pathway genes, particularly DGAT1 and DGAT2 genes, are important in 

determining the concentration of oil in soybean seed. 

III. Individual genes from the oil biosynthesis pathway influence the concentration of oil in 

soybean seed without a negative effect on seed protein concentration. 

 

Objectives       

       In this thesis, two RIL populations derived from crosses between moderately high oil 

soybean cultivars with high seed yield and protein concentration, ‘OAC Wallace’, ‘OAC Glencoe’, 

and ‘RCAT Angora’, were used to address the following objectives to: (1) study the effects of 

genetics, environment, and genotype by environment interaction on seed oil concentration and 

the relationship between oil and protein concentration and agronomic  traits; (2) identify QTL 
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associated with seed oil concentration in the ‘OAC Wallace’ x ‘OAC Glencoe’ RIL population 

(main population) across different field environments; (3) determine the effect of genetic 

background on detected oil QTL by validating them in a second population derived from the 

cross of ‘RCAT Angora’ and ‘OAC Wallace’ (validation population), (4) determine the co-

localization of the  detected oil QTL in the main population with QTL for other traits; (5) 

determine the  effects of 2-way epistatic interactions of markers on target traits, where at least 

one of the two markers in a given interaction was individually associated with seed oil 

concentration, and; (6) design gene-specific markers by sequencing and identifying gene 

sequence divergences in putative candidate genes that govern oil biosynthesis in soybean seed. 
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Chapter 2: Evaluation of Genotype, Environment, and Genotype by Environment 

Interaction on Soybean Seed Oil Concentration in Southern Ontario 

 

2.0. ABSTRACT 

 

       Soybean [Glycine max (L.) Merrill] is one of the most important sources of edible oil 

worldwide and a common feedstock for biodiesel production in the United States and Canada. 

The seed oil concentration in soybean is a complex quantitative trait. Breeding for high oil 

concentration genotypes is complicated since the accumulation of seed oil is influenced by 

environmental conditions such as temperature, precipitation, and soil. A better understanding 

of the environmental effects on segregating breeding populations will assist breeders in the 

process of selection and improvement of high oil genotypes. In this study, 220 soybean 

genotypes, including 203 F3-derived recombinant inbred lines (RILs) from a cross of ‘OAC 

Wallace’ and ‘OAC Glencoe’, along with the parental lines, and 15 commercially available 

cultivars were evaluated across three locations over two years for oil and protein 

concentrations, grain yield, plant height, days to maturity, 100-seed weight, and lodging. Both 

combined and individual environments analyses of variances (ANOVA) showed highly significant 

genotypic effects for all traits except for lodging at Ridgetown in 2009. Combined ANOVA 

results showed no significant year or location effects for any of the traits studied. Year × 

Location effect was significant for plant height, days to maturity, and lodging. Genotype × Year 

× Location effect was highly significant for all traits. Moderately high heritability was recorded 

for oil concentration, days to maturity, 100-seed weight, plant height, and protein 

concentration. The heritability estimates for grain yield and lodging were relatively low.  Highly 
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significant negative correlations were observed between oil concentration and protein 

concentration, days to maturity, and 100-seed weight. The correlation between grain yield and 

protein concentration was significant and negative, but it was highly significant and positive 

with days to maturity, plant height, and lodging. Protein concentration and 100-seed weight 

were highly significantly and positively correlated.  

 

2.1. Introduction 

 

       Soybean [Glycine max (L.) Merrill] is the leading oilseed crop, which accounted for 58% of 

global oil production in the international market in 2010 (Soy Stats, 2011). Soybean seed oil, 

which accounts for 18 to 20% of the seeds weight, is primarily used for human consumption 

such as edible oil. Soybean oil is also used as renewable raw material for a wide variety of 

industrial products, including plastics, inks, paints, soap, as well as biofuel. Soybean oil is the 

dominant plant-based source for biodiesel production in the United States and the second 

important source in Canada after canola (Newlands and Townley-Smith, 2012).  

       Increasing the relative concentration of oil per seed without affecting protein concentration 

has recently drawn much attention in soybean genetics and breeding programs due to 

increased demand for food purposes along with expanded use of biodiesel as a renewable and 

sustainable energy source (Clemente and Cahoon, 2009; American Soybean Association, 2011). 

Breeding for high oil concentration genotypes in soybean is so complicated and difficult since its 

accumulation in seeds is a complex quantitative trait under control by many genes with mostly 

small effects, hence affected by environmental conditions and the genotype x environment 
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interactions (Collins and Carter, 1956; Huskey et al. 1990; Bennett et al. 2003; Clemente and 

Cahoon, 2009).  

       Several studies showed that “microenvironmental” effects, such as the position of seeds on 

a given plant, as well as environmental conditions external to plants, including air temperature, 

precipitation, and soil conditions, can affect seed composition such as oil concentration in 

soybean (Collins and Carter, 1956; Wolf et al. 1982; Martin et al. 1986; Miranda et al. 1989; 

Huskey et al. 1990; Bennett et al. 2003; Wilson, 2004; Bellaloui et al. 2009).  

       The heritability of seed oil concentration along with its relationships with other agronomic 

and seed composition traits are also important to soybean breeders and geneticists for the trait 

manipulation process. The heritability estimates for oil concentration in soybean seed have 

been reported from a relatively low of 49% to moderately high of 88% in different studies 

(Weber and Morthy, 1952; Hanson and weber, 1962; Kwon and Torrie, 1964; McKendry and 

McVetty, 1985; Malik et al. 2006; Ramteke et al. 2010; Zhe et al. 2010).  Previous studies 

indicated that the main genetic factor in the control of the oil concentration in soybean seed 

was additive gene action (Gates et al. 1960; Brim and Cockerham, 1961; Singh and Handley, 

1968; McKendry and McVetty, 1985), although some studies reported that dominant and 

additive by additive epistatic gene action models were also important (McKendry and McVetty, 

1985; Lark et al. 1995). The strong negative relationship between seed oil concentration and 

protein concentration (Filho et al. 2001; Feng et al. 2004; Malik et al. 2006; Ramteke et al. 

2010) makes increasing seed oil concentration, without affecting protein concentration, difficult 

for soybean breeders. The relationship between oil concentration and grain yield is also 
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important to be considered in breeding programs. Previous studies showed different 

correlation coefficient magnitudes between these two traits, from positive to none, or even 

negative correlation (Sharma et al. 1983; Feng et al. 2004; Malik et al. 2006) 

       Previous studies regarding the effects of genotypes and environments and the interaction 

of the two on seed oil concentration in soybean, and the relationship of this trait with other 

agronomic and seed composition characters reported different results due to exploiting 

different genetically plants materials and/or environmental conditions. Most of these studies 

had used different soybean cultivars adapted to different environments to study the effects of 

genetics, environments, and their interactions on soybean seed composition traits, including oil 

concentration. In contrast to previous studies, a recombinant inbred lines (RILs) population was 

developed from crossing two moderately high oil soybean cultivars adapted to the Southern 

Ontario to study the effects of genetics, environments, and their interactions on seed oil 

concentration and also its relationships to other economic and agronomic important traits in 

soybean. The population was also used to develop genotypes with greater oil concentration 

than both parents by pyramiding positive alleles from the parents.  

 

2.2. Materials & Methods: 

 

Plant Material 

 

       A population comprised of 203 F3-6 RILs was developed from a cross between ‘OAC Wallace’ 

and ‘OAC Glencoe’ at the University of Guelph using single seed descent (SSD). They were 
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evaluated at three locations in Ontario over two years, 2009 and 2010. ‘OAC Wallace’ is a 2750 

crop heat unit (CHU) cultivar (OOPSCC, 2012) from a cross between ‘OAC Bayfield’ and ‘OAC 95-

06’, and ‘OAC Glencoe’ is a 3075 CHU cultivar (OOPSCC, 2012) from a cross between ‘Talon’ and 

‘OAC Dorado’.  The following soybean genotypes were used as checks in all studies: ‘Colby’, 

‘Colin’, ‘OAC 05-30’, ‘OAC Champion’, ‘OAC Glencoe’, ‘OAC Huron’, ‘OAC Kent’, ‘OAC Lakeview’, 

‘OAC Prodigy’, ‘OAC Wallace’, ‘RCAT Angora’, ‘S18-R6’, and ‘OAC Perth’. 

Field Trials 

       The study was conducted over 2 years (2009 and 2010) at three locations across Ontario, 

for a total of six different environments. The locations were Woodstock, Ridgetown, and 

Ottawa (Eastern Cereal and Oilseed Research Centre [ECORC], Agriculture & Agri-Food Canada 

[AAFC]) in both years.  All 220 soybean genotypes were planted in a randomized complete block 

design (RCBD) with two replications by adjusting for spatial correlation with the nearest 

neighbor analysis (NNA) in all six environments. At the Ottawa location, plots were planted on 

the 4th of June 2009 and on the 18th of May 2010. Each plot at this location consisted of four 

rows 5 m long, with a 40 cm between row spacing. Plots were trimmed to 4 m in length before 

harvest. At the Ridgetown location, plots were planted on the 22nd of May 2009 and on the 14th 

of June 2010. Each plot at this location consisted of five rows 4 m long, with 43 cm between 

row spacing. Plots were trimmed to 3.8 m in length after emergence and only the inside three 

rows were harvested. At the Woodstock location, plots were planted during the second week of 

June in 2009 and the 31st of May in 2010. Each plot at the Woodstock location consisted of four 

rows 6.2 m long, with 35.5 cm between row spacing. Plots were trimmed to 5 m in length after 
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emergence.  For all three locations, 500 soybean seeds were planted in each plot, which 

resulted in plant densities of 50, 54, and 59 seeds m-2 at Ottawa, Ridgetown, and Woodstock, 

respectively. All field trials were managed using standard, conventional tillage and pest and 

weed management treatments. Plots were harvested between late October and mid–

November at all locations, when they had reached the full maturity. 

 

Phenotypic Data Collection  

 

       The following agronomic data for all plots were collected at each location: seed yield 

(converted to kg/ha and adjusted to 13% moisture); days to maturity (the time from planting 

until R8, 95% of the pods were mature, Fehr et al. 1971); plant height (measured from the soil 

surface to the tip of the main stem for a representative plant); lodging (used a scale from 1-5, 

where 1 = all plants erect and 5 = all plants leveled to the ground); emergence (used a scale 

from 0-10, where 0 = 0% emergence and 10 = 100% emergence); and 100-seed weight ( the 

weight of 100 randomly selected seeds). Seed oil concentrations were measured on 5 gram 

seed samples using a Minispec nuclear magnetic resonance (NMR) analyzer (Minispec Mq10, 

Bruker Inc.) for all trials, except for the test at Ottawa in 2010 in which oil concentration was 

using a near infrared transmission (NIR) machine. Seed crude protein concentrations were 

measured on about 50 gram seed samples using a Zeltex NIR analyzer (ZX-50 SRT, Zeltex, Inc.)  

       Weather data, including monthly maximum, minimum, and average temperature, as well as 

monthly precipitation and crop heat unit (CHU) during the growing seasons for all six 
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environments, were requested and obtained from Weather INnovations Incorporated (WIN) at 

Chatham, Ontario, Canada.  

 

Statistical Data Analysis 

 

       Analyses of variance (ANOVA) were performed using Statistical Analysis Systems (SAS) 

version 9.2 (SAS Institute Inc. Cary, NC). Each environment data set was separately subjected to 

ANOVA using the PROC MIXED procedure, with RIL as a fixed effect and blocks as random 

effects, and also adjusted for spatial correlation with NNA. Combined analyses of variance were 

conducted over six environments, three locations (Ottawa, Ridgetown, and Woodstock) in 2009 

and 2010  using PROC MIXED procedure, with RIL as a fixed effect and Year, Location, Year × 

Location, and Block(Year × Location) as random effects, and also adjusted for spatial correlation 

with NNA. For both individual and combined analyses, least square means (LSMEANS) were 

calculated using the LSMEANS statement in PROC MIXED procedure.  

       Variance components analyses were performed for combined environments using the 

REML algorithm in PROC VARCOMP procedure. The estimated variance components were used 

to calculate the broad sense heritability (H2) across environments by the following formula:  

H2 = [(Vg)/(Vg + Vgy/y +Vgl/g + Vgyl/yl + Ve/ryl)]                                                                 [1]            

where Vg, Vgy, Vgl, Vgyl, and Ve  refer to genotypic variance, genotype × year variance, genotype × 

location variance, genotype × year × location variance, and the residual variance, respectively 

(Falconer and Mackay, 1996). Coefficients y, l, and r refer to the number of years, locations, and 
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replications per location per year, respectively. The variance components attributable to 

variation among genotypes (Vg) and residual variation (VE) were used to estimate the broad 

sense heritability at each environment using the following formula: 

H2 = Vg/(Vg + VE)                                                                                                                      [2]                      

 In order to calculate Pearson’s correlation coefficient (r), correlation analyses among selected 

traits for individual environments and combined data were performed for each phenotypic 

parameter on estimated LSMEANS using PROC CORR procedure.  

 

2.3. Results 

 

       Combined ANOVA across six different environments, three locations over 2 years, were 

conducted to study the effect of different sources of variation on target agronomic and seed 

composition traits (Table 2.1). The effect of environment was significant (P=.05) only for seed 

protein concentration. By partitioning the environment variance to its components, year, 

location, and year × location variances, results showed that the effects of year and location 

were not significant for protein concentration, but the year × location interaction was (P=.05). 

The highest average protein concentration among all environments was achieved at Ottawa 

(405.9 g/kg) and Ridgetown (400.3 g/kg) in 2010, whereas the lowest was obtained at 

Woodstock (392.8 g/kg) in 2010 (Table 2.2). The protein concentration at Woodstock was 399.4 

g/kg in 2009, which was greater than 2010. Both average grain yield and seed oil concentration 

were also greater at Woodstock in 2010 than in 2009.  
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       The combined ANOVA results across all environments also showed that the genotypic 

effects were highly significant (P≤.001) for all traits studied, which revealed highly significant 

differences among genotypes for all characters evaluated, including oil concentration. At 

Woodstock in 2010, that showed the largest average oil concentration among all environments 

(224.0 g/kg), oil concentration ranged from 211.1 to 240.0 g/kg among 203 RILs. Ottawa in 2009 

had the lowest average oil concentration among environments (214.5 g/kg), which ranged from 

191.9 to 225.6 g/kg among RILs. The single environment ANOVA also showed highly significant 

genotypic effects for all traits measured, except for lodging at Ridgetown in 2009 which was not 

statistically significant (Appendix A, Table A1). The effect of genotype × year interaction was not 

significant for any of the traits studied, but the genotype × location interaction effect was for 

days to maturity, plant height, and lodging traits. Due to different performance of lines across 

different locations and years, the interaction effect of genotype × year × location was highly 

significant (P≤.01) for all agronomic and seed composition traits evaluated. 

       The variance components and broad sense heritability were estimated for agronomic and 

seed composition traits (Table 2.3).  The heritability estimates using variance components 

exceeded 0.50 for all target traits, except for grain yield, which was estimated at 0.39. Grain 

yield along with lodging, which was the second lowest heritable trait with a heritability estimate 

of 0.56, were the only traits for which the genotype × environment variance components were 

larger than their genotypic variances. The heritability estimate for days to maturity (0.85) was 

the greatest of all compared to 0.81 for oil, 0.67 for protein, 0.76 for plant height, and 0.79 for 

100-seed weight.  
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       The estimates of phenotypic correlation among agronomic and seed composition traits 

were calculated for across environments combined data (Table 2.4) as well as separate 

individual environments (Table 2.5).  Phenotypic correlation results, based on pooled data, 

showed highly significant positive correlation between grain yield and plant height (0.51), days 

to maturity (0.48), and lodging (0.27). Grain yield also showed a significant negative correlation 

with protein concentration (-0.14), but not with oil concentration or 100-seed weight. Overall, 

individual analyses showed the same correlations between grain yield and other target traits 

(Appendix A, Table A2). In a combined analysis, seeds oil concentration showed highly 

significant negative correlation with protein (-0.55), days to maturity (-0.29), and 100-seed 

weight (-0.28), but it was not correlated with plant height and lodging. Seeds protein 

concentration also showed a significant negative correlation with days to maturity (-0.17), but 

highly significant positive association with 100-seed weight (0.43). No significant correlation 

between protein concentration and plant height and lodging was detected. Days to maturity 

showed highly significant positive correlation with plant height (0.56) and lodging (0.29), but 

highly significant negative one with 100-seed weight (-0.29). The correlation coefficient 

between plant height and lodging was highly significant and positive (0.53). There was no 

significant correlation between plant height and lodging.  

 

2.4. Discussion   

 

       In the present study, year and location effects were not significant for any of agronomic or 

seed composition traits. The effect of year × location interaction was significant only for seed 
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protein concentration. These results were in disagreement with  previous studies (Fehr et al. 

2003; Zhang et al. 2003; Sudaric et al. 2006; Zhe et al. 2010; Arslanoglu et al. 2011), where year 

and environment were significant. The differences may be in part due to the difference in 

genetic constitution of plant materials and the adaptability of the parental lines in this study, 

‘OAC Wallace’ and ‘OAC Glencoe’, to the Southern Ontario, where the study was conducted or 

because of different environmental conditions. In regards to significant effect of year × location 

interaction on protein concentration, the greater average protein concentration and lower 

grain yield and oil concentration were obtained at Woodstock in 2010 than 2009. This could be 

partly due to the greater CHU accumulation during the growing season in 2010 compared to 

2009 (Table 2.5). Also, this location had the lowest average daily maximum and mean 

temperatures during the seed filling season, August and September, in 2009 compared to 2010.  

These results are in agreement with Gurdeep-Sing et al. (2001), Sudaric et al. (2006), and 

Arslanoglu et al. (2011) who had reported that seed protein concentration was affected by 

environmental conditions more than oil concentration. Highly significant differences among 

RILs within and across different environments for all traits evaluated, including seed oil 

concentration, indicated the existence of considerable genetic variation in the segregating 

population derived from moderately high oil concentration soybean parents.  

       High heritability estimates recorded for seed oil concentration, days to maturity, and 100-

seed weight have been reported also by Singh and Handley (1968), McKendry and McVetty 

(1985), Malika et al. (2006), and Aditya et al. (2011) in soybean. These results could support the 

hypothesis that oil concentration is primarily under additive gene action model (Gates et al. 

1960; Brim and Cockerham, 1961; Singh and Handley, 1968; McKendry and McVetty, 1985). 
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Although the estimates of heritability in this study were on a broad sense basis, they are good 

approximations of narrow sense heritability because more than 95% of the total genetic 

variability in a given F6 generation is additive genetic variance (Hanson and Weber, 1960).  

       The highly significant negative relationship between seed oil and protein concentrations 

obtained from separate individual and combined environments in this study is in strong 

agreement with the well-documented negative correlation between these two traits (Wilcox 

and Shibles, 2001; Schwender et al. 2003; Chung et al. 2003;  Ramteke et al. 2010). It is 

suggested by Schwender et al. (2003) and Chung et al. (2003) that a 1% increase in oil 

concentration will lead to a 2% reduction in seed protein concentration. This relationship could 

be due to tightly linked different loci governing oil and protein concentrations separately, or 

because of pleiotropic effects of certain loci. The low positive correlation between grain yield 

and oil concentration along with the low negative correlation between grain yield and protein 

concentration obtained across environments and also the low heritability for grain yield 

confirmed that grain yield is a very complex trait, which is affected by environmental 

conditions; however, oil and protein concentration do not seem to play a large role in it. 

       In conclusion, the evaluation of genetic and environmental effects on seed oil 

concentration in a RILs soybean population derived from moderately high oil parents showed 

that developing genotypes with higher oil concentration than either parent was possible 

through combining positive alleles from the two different genetic backgrounds. Relatively high 

heritability estimates for oil concentration along with no significant environmental effects on 

this trait also suggested that genetic gain could be achieved by selecting high oil concentration 
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plants. This study also showed that the air temperature during seed filling period could affect 

the total oil accumulation in seeds, in that high temperature conditions increased the oil 

concentration in seeds compared to lower temperatures. Moreover, due to the highly 

significant negative correlation between oil and protein concentrations, to select for high oil it 

may be preferable to identify genes and/or markers associated with oil concentration that have 

little or no negative effect on protein concentration, or that could improve both traits 

simultaneously.   



 
 

  

Table 2.1 Combined analyses of variances for yield, oil and protein concentrations, and four agronomic traits for 220 soybean genotypes 

grown at Ottawa, Ridegtown, and Woodstock in 2009 and 2010 

Effect Yield Oil Protein 
Days to 

Maturity 
Plant Height Lodging 100-Seed Weight 

Environment ns ns * ns ns ns ns 

        Year − ns − − ns ns − 

        Location − ns − ns ns ns − 

        Year*Location ns ns * ns ns ns ns 

Genotype *** *** *** *** *** *** *** 

Genotype*Year ns − ns ns ns ns − 
Genotype*Location ns − ns * * * − 

Genotype*Year*Location *** *** *** *** ** *** *** 
ns Not significant at P=.05.               

* Significant at P=.05. 
     ** Significant at P=.01. 
     *** Significant at P≤.001.  
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Table 2.2 Least square means and standard errors of yield, oil and protein concentrations, and four agronomic traits for 220 

soybean genotypes grown at Ottawa, Ridegtown, and Woodstock in 2009 and 2010   

Trait 
Environment 

 
Location across years 

 
Year 

OTT09 OTT10 RID09 RID10 WST09 WST10 
 

Ottawa Ridgetown Woodstock 
 

2009 2010 

Yield   
(kg/ha) 

3633    
± 22.5 

3813   
± 18.1 

3927   
± 29.6 

3631   
± 21.2 

3629   
± 21.0 

3798   
± 18.0  

3723      
± 11.6 

3779         
± 12.2 

3713          
± 11.1  

3723   
± 9.2 

3747   
± 9.0 

  
              Oil           

(%) 
214.5  
± 0.4 

219.6  
± 0.2 

222.8  
± 0.3 

223.3  
± 0.3 

215.4  
± 0.3 

224.0  
± 0.4 

  215.7    
± 0.3 

223.0        
± 0.3 

219.7         
± 0.1  

217.6   
± 0.2 

221.4   
± 0.2 

                Protein     
(%) 

396.3  
± 0.5 

405.9  
± 0.7 

396.3  
± 0.5 

400.3  
± 0.5 

399.4  
± 0.5 

392.8  
± 0.6  

401.1    
± 0.4 

398.3        
± 0.3 

396.1         
± 0.4  

397.3  
± 0.3 

400.0  
± 0.3 

   

             Days to 
Maturity 

122      
± 0.2 

140       
± 0.8 

92         
± 0.7 

97        
± 0.5 

122       
± 0.3 

116     
± 0.1  

131        
± 0.5 

95             
± 0.6 

119            
± 0.2  

113      
± 0.1 

117     
± 0.1 

  
              Plant 

Height 
(cm) 

91.7    
± 0.4 

92.9    
± 0.4 

90.8     
± 0.5 

94.6     
± 0.5 

92.1     
± 0.4 

95.9     
± 0.6  

92.3       
± 0.3 

92.7           
± 0.3 

93.9           
± 0.3  

91.5      
± 0.3 

94.5     
± 0.3 

  
              Lodging      

(1 to 5) 
1.7      

± 0.02 
2.2       

± 0.06 
1.5      

± 0.03 
1.5       

± 0.03 
1.7       

± 0.03 
1.8       

± 0.02  
2.0           

± 0.03 
1.5            

± 0.02 
1.7             

± 0.02  
1.6      

± 0.02 
1.9       

± 0.02 

  
              100-Seed 

Weight 
(g) 

18.9    
± 0.04 

20.6     
± 0.13 

20.1     
± 0.09 

17.1     
± 0.13 

16.0     
± 0.08 

17.7      
± 0.09  

19.8      
± 0.07 

18.6          
± 0.03 

17.0           
± 0.09  

20.0       

± 0.04 
18.5      

± 0.03 
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Table 2.3 Estimates of variance components and heritability for yield, oil and protein concentrations, and four agronomic traits of 220 

soybean genotypes grown at Ottawa, Ridegtown, and Woodstock in 2009 and 2010 

Effect Yield Oil Protein 
Days to   

Maturity 
Plant          

Height 
Lodging 

100-Seed  
Weight 

Genotype 16812.15 0.23 0.60 12.29 33.60 0.06 0.58 

Genotype*Year 13022.47 0.03 0.16 1.05 3.50 0.02 0.04 

Genotype*Location 17758.87 0.04 0.20 2.06 7.06 0.04 0.10 

Genotype*Year*Location 29520.74 0.10 0.39 2.26 6.16 0.04 0.32 

Residual 3744.46 0.13 0.99 7.55 66.92 0.18 0.54 

Heritability 0.39 0.81 0.67 0.85 0.76 0.56 0.79 
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Table 2.4 Pearson's coefficients of correlation (r) for yield, oil and protein concentrations and 

four agronomic traits in soybean in a 203 RIL population grown at Ottawa, Ridegtown, and 

Woodstock in 2009 and 2010 

Trait Oil Protein 
Days to 

Maturity 
Plant 

Height Lodging 
100-Seed 
Weight 

Yield 0.11 -0.14* 0.48** 0.51** 0.27** -0.04 

Oil 
 

-0.55** -0.29** -0.09 -0.09 -0.28** 

Protein 
  

-0.17* -0.04 -0.07 0.43** 

Days to Maturity 
   

0.56** 0.29** -0.20** 

Plant Height 
    

0.53** -0.05 

Lodging           -0.07 

* Significant at P=.05.          

** Significant at P=.01. 
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Table 2.5 Monthly average daily maximum, minimum, and mean temperatures, precipitation, and crop heat 

unit (CHU) for Ottawa, Ridgetown, and Woodstock in 2009 and 2010 and St. Paul's in 2010 

Month Locationa 

Temperature °C 

Precipitation    
(mm) CHU 

Daily Maximum 
(Range) 

Daily Minimum 
(Range) Daily Mean (Range) 

May 

OTT09 18.1 (9.7 - 29.0) 7.3 (1.5 - 13.1) 12.7 (6.5 - 19.6) 58.2 277.5 

OTT10 21.7 (4.6 - 35.2) 9.9 (-1.3 - 21.0) 15.8 (2.3 - 28.1) 14.2 434.3 

RID09 19.3 (13.7 - 26.9) 7.2 (-1.5 - 14.1) 13.7 (7.9 - 20.3) 30.6 443.3 

RID10 20.6 (8.0 - 30.4) 9.6 (-2.1 - 15.9) 15.1 (5.5 - 22.7) 114.4 508.8 

WST09 18.0 (7.4 - 25.2) 5.5 (-8.5 - 12.8) 12.2 (5.0 - 19.3) 131.0 382.7 

WST10 19.9 (7.2 - 30.5) 8.3 (-1.9 - 18.90 14.4 (2.7 - 26.3) 72.2 465.1 

St.P10 19.8 (6.9 - 30.4) 8.4 (-2.1 - 15.2) 14.1 (2.8 - 22.3) 63.4 464.9 

June 

OTT09 23.4 (14.2 - 33.3) 12.6 (3.7 - 19.2) 18.0 (9.1 - 26.1) 64.4 637.7 

OTT10 23.2 (14.5 - 29.5) 13.8 (8.2 - 19.3) 18.5 (12.0 - 24.0) 97.7 676.0 

RID09 23.4 (17.7 - 32.9) 12.6 (2.7 - 20.5) 18.0 (11.6 - 25.3) 61.4 646.2 

RID10 25.1 (18.8 - 30.0) 14.3 (5.3 - 20.1) 19.8 (13.8 - 24.7) 97.3 721.3 

WST09 22.1 (14.8 - 30.8) 11.7 (4.3 - 19.7) 16.7 (11.5 - 23.8) 88.6 593.8 

WST10 23.2 (17.3 - 27.2) 12.7 (3.1 - 17.6) 18.1 (12.6 - 22.4) 108.6 652.2 

St.P10 23.0 (17.0 - 27.6) 12.6 (4.2 - 18.1) 17.8 (12.4 - 22.1) 123.8 648.4 

July 

OTT09 24.0 (18.8 - 28.6) 14.7 (9.0 - 18.6) 19.3 (15.3 - 22.0) 205.6 744.9 

OTT10 28.4 (21.3 - 35.0) 17.0 (6.9 - 22.5) 22.7 (15.3 - 28.5) 51.2 842.3 

RID09 24.5 (19.6 - 29.3) 13.6 (7.5 - 19.8) 19.4 (15.8 - 23.4) 31.6 724.0 

RID10 28.4 (22.5 - 33.6) 16.5 (5.7 - 22.6) 22.8 (15.9 - 28.2) 120.8 836.2 

WST09 22.4 (16.4 - 25.9) 12.7 (7.9 - 18.0) 17.4 (14.2 - 21.4) 107.2 665.1 

WST10 26.7 (20.2 - 32.6) 14.6 (4.8 - 20.0) 20.9 (14.1 - 25.9) 168.0 772.0 

St.P10 26.7 (19.7 - 32.8) 14.7 (5.4 - 19.9) 20.8 (14.2 - 25.8)  119.4 776.7 
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Table 2.5 Continued 

Month Locationa 

Temperature °C 

Precipitation    
(mm) CHU 

Daily Maximum 
(Range) 

Daily Minimum 
(Range) 

Daily Mean 
(Range) 

August 

OTT09 25.2 (16.2 - 32.8) 14.9 (5.8 - 20.4) 20.1 (12.4 - 25.9) 84.5 757.6 

OTT10 25.9 (18.0 - 32.4) 14.6 (8.5 - 21.5) 20.3 (14.5 - 27.0) 176.4 757.5 

RID09 25.3 (17.7 - 32.0) 14.6 (3.5 - 22.5) 20.2 (11.7 - 25.6) 91.0 754.5 

RID10 27.5 (22.3 - 33.4) 16.0 (7.3 - 22.2) 22.0 (16.4 - 26.3) 19.0 818.4 

WST09 23.9 (16.2 - 29.4) 13.9 (6.9 - 20.7) 18.9 (13.2 - 24.7) 182.0 715.2 

WST10 26.0 (20.3 - 31.2) 14.6 (5.5 - 21.4) 20.2 (14.5 - 24.4) 31.2 767.1 

St.P10 25.8 (20.5 - 30.90 14.7 (5.8 - 21.4) 20.0 (14.7 - 24.3) 36.2 767.7 

September 

OTT09 20.8 (9.0 - 26.0) 9.3 (1.8 - 18.5) 15.1 (6.7 - 20.5) 55.6 509.5 

OTT10 20.1 (11.8 - 32.2) 10.8 (2.9 - 20.4) 15.4 (9.7 - 26.2) 172.4 518.6 

RID09 22.3 (12.6 - 27.1) 10.2 (0.8 - 19.2) 16.2 (8.6 - 22.3) 34.4 562.6 

RID10 22.3 (13.4 - 31.1) 10.3 (3.3 - 21.3) 16.7 (10.7 - 26.0) 79.5 559.0 

WST09 21.0 (9.8 - 24.8) 9.5 (2.6 - 18.3) 15.0 (6.7 - 20.1) 44.6 520.4 

WST10 20.2 (13.4 - 29.1) 9.1 (2.6 - 19.7) 14.7 (10.0 - 23.9) 77.6 486.7 

St.P10 19.5 (12.9 - 28.7) 9.1 (3.2 - 19.7) 14.3 (9.6 - 23.6) 126.8 468.2 

October 

OTT09 10.8 (4.0 - 17.8) 3.1 (-5.2 - 10.5) 6.9 (0.2 - 13.2) 103.3 124.0 

OTT10 12.6 (2.0 - 20.5) 4.0 (-2.3 - 12.3) 8.3 (1.0 - 14.7) 76.8 198.0 

RID09 13.6 (6.0 - 20.4) 3.9 (-4.8 - 11.2) 8.9 (2.8 - 15.7) 63.0 220.5 

RID10 16.3 (9.1 - 25.20 5.5 (-1.6 - 14.9) 10.7 (4.7 - 17.0) 77.8 312.5 

WST09 11.6 (3.0 - 17.4) 2.7 (-3.7 - 9.2) 7.0 (0.5 - 12.5) 102.0 131.0 

WST10 14.1 (6.1 - 22.3) 3.6 (-3.2 - 13.4) 8.8 (2.5 - 15.5) 76.6 223.9 

St.P10 14.2 (5.5 - 22.4) 3.6 (-3.8 - 13.0) 8.6 (1.9 - 15.1) 70.2 226.1 

a OTT09: Ottawa 2009,   OTT10: Ottawa 2010,   RID09: Ridgetown 2009,   RID10: Ridgetown 2010,                                                               
--WST09: Woodstock 2009,   WST10: Woodstock 2010,   St.P10: St. Paul's 2010. 
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3.0. ABSTRACT 

 

       Soybean seed is a major source of oil for human consumption worldwide and the main 

renewable feedstock for biodiesel production in North America. Increasing seed oil 

concentration in soybean [Glycine max (L.) Merrill] with no or minimal impact on protein 

concentration could be accelerated by exploiting QTL or gene-specific markers. Oil 

concentration is a polygenic trait in soybean which is regulated by many genes with mostly 

small effects and which is negatively associated with protein concentration. The objectives of 

this study were to discover and validate oil QTL in two recombinant inbred line (RIL) 

populations derived from crosses between three moderately high oil soybean cultivars, ‘OAC 

Wallace’, ‘OAC Glencoe’, and ‘RCAT Angora’. The RIL populations were grown across several 

environments over two years in Ontario, Canada. In a population of 203 F3:6 RILs from a cross of 

‘OAC Wallace’ and ‘OAC Glencoe’, a total of 11 genomic regions on nine different chromosomes 

were identified as associated with oil concentration using multiple QTL mapping (MQM) and 

single-factor ANOVA. The percentage of the phenotypic variation accounted for by each QTL 

ranged from 4 to 11%. Thirty six percent of detected QTL were also validated in a population of 

211 F3:5 RILs from a cross of ‘RCAT Angora’ and ‘OAC Wallace’ using a “trait-based” bidirectional 

selective genotyping analysis. In addition, a total of seven two-way epistatic interactions were 

identified for oil concentration in this study. The QTL and epistatic interactions identified in this 

study could be used in marker-assisted introgression aimed at pyramiding the high oil alleles in 

soybean cultivars to increase oil concentration for biodiesel as well as edible oil applications. 
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3.1. Introduction 

 

              Soybean [Glycine max (L.) Merrill] is the largest oil seed crop in the world and 

accounted for 56% of global edible oil production in 2011 (Soystats, 2012). Soybean seed oil, 

which accounts for 18 to 20% of the seeds weight, is used for human consumption as well as 

renewable raw materials for a wide variety of industrial products, including biodiesel (Lee et al. 

2007; Clemente and Cahoon, 2009). Oil concentration in soybean seeds is a complex 

quantitative trait governed by a number of genes mostly with small effects and under influence 

from the environment (Burton, 1987; Lee et al. 2007). A well-documented negative relationship 

between seed oil and protein makes it difficult for breeders to develop high oil soybean 

genotypes while retaining a high level of protein concentration (Wilcox and Shibles, 2001; 

Hyten et al. 2004). 

       Molecular markers have been used in the past two decades to discover quantitative trait 

loci (QTL), or chromosomal regions associated with seed oil concentration in soybean to be 

exploited in marker-assisted selection (MAS) programs, which could facilitate developing high 

oil genotypes (Diers et al. 1992; Lee et al. 1996; Orf et al. 1999; Csanadi et al. 2001; Specht et al. 

2001; Hyten et al. 2004; Panthee et al. 2005; Qi et al. 2011).  Since the first documented 

attempt to detect oil QTL in soybean (Diers et al. 1992), more than 130 QTL have been reported 

across the 20 linkage groups of soybean (Qi et al. 2011; Soybase, 2011). Among these oil QTL, 

however, only a few have been detected in different genetic backgrounds or environments, and 

none have been widely used in marker assisted selection (MAS) for high oil in soybean breeding 

programs. This could be due to several factors affecting QTL, including large confidence 
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intervals, QTL x environment and QTL x genetic background interactions, which impede the use 

of QTL in breeding programs (Bernardo, 2010; Qi et al. 2011).  

        Current soybean breeding programs use segregating populations derived from elite parents 

to improve polygenic quantitative traits such as yield (Palomeque et al. 2009). In contrast, most 

previous studies aimed at detecting oil QTL used mapping populations that were derived from 

parental lines with large differences for oil concentration or from plant introductions and exotic 

germplasm (Hyten et al. 2004).  However, oil QTL detected in populations that are derived from 

parental lines with high or moderately high oil from different genetic backgrounds could 

increase the chance of detecting more practically suitable oil QTL, which could be used in either 

marker-assisted selection or introgression programs to develop new cultivars with higher levels 

of oil in the seed.      

       In the present study, two RIL populations derived from crosses involving three moderately 

high oil soybean cultivars with high seed yield and protein concentration were used to address 

the following objectives: (1) to identify QTL in the ‘OAC Wallace’ x ‘OAC Glencoe’ RIL population 

across different environments, (2) to determine the effect of genetic background on detected 

oil QTL by validating them in a second   population derived from the cross of ‘RCAT Angora’ and 

‘OAC Wallace’. 
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3.2. Materials and Methods 

 

Plant materials 

 

       A population of 203 F3:6 RILs derived from a cross between two moderately high oil 

concentration soybean genotypes, ‘OAC Wallace’ and ‘OAC Glencoe’, made at the University of 

Guelph was used as the main population for mapping QTL in this study. Both parental lines 

were developed at the University of Guelph; ‘OAC Wallace’ is a 2750 crop heat unit (CHU) 

cultivar (OOPSCC, 2012) from a cross between OAC Bayfield and OAC 95-06, and ‘OAC Glencoe’ 

is a 3075 CHU cultivar (OOPSCC, 2012)  from a cross between Talon and OAC Dorado. A RILs 

population comprised of 211 F3:5 lines developed from a cross between ‘RCAT Angora’ and ‘OAC 

Wallace’, also created at the University of Guelph, was used as a validation population in order 

to confirm detected oil QTL in the main population in this study. ‘RCAT Angora’ is classified as a 

3150 CHU cultivar (OOPSCC, 2012) and was developed at the University of Guelph, Ridgetown 

Campus, from a cross of B152 and T8112.   

 

Experimental Design 

 

      For the main mapping population the study was conducted over 2 years (2009 and 2010) at 

three locations: Woodstock, Ridgetown, and Ottawa (Eastern Cereal and Oilseed Research 

Centre [ECORC], Agriculture & Agri-Food Canada [AAFC]). The St. Pauls location in Ontario, 

Canada, was used for the validation population in 2010. The RILs populations were planted 

using randomized complete block designs (RCBD) with two replications adjusting for spatial 
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variation with the nearest neighbor analysis (NNA) in each of seven environments. At the 

Ottawa location, each plot consisted of four rows 5 m long, with a 40 cm between row spacing. 

Plots were trimmed to 4 m in length before harvest and all rows were harvested at this 

location. At the Ridgetown location, each plot consisted of five rows 4 m long, with 43 cm 

between row spacing. Plots were trimmed to 3.8 m in length after emergence and only the 

inside three rows were harvested. At the Woodstock location, each plot consisted of four rows 

6.2 m long, with 35.5 cm between row spacing. Plots were trimmed to 5 m in length after 

emergence and all rows were harvested.  For the above three locations, 500 soybean seeds 

were planted in each plot, which resulted in plant densities of 50, 54, and 59 seeds m-2 at 

Ottawa, Ridgetown, and Woodstock, respectively. At the St. Pauls location, each plot consisted 

of two rows 6.2 m long, with 35.5 cm between row spacing. Plots were trimmed to 5 m in 

length after emergence and both rows were harvested. At St. Pauls, 250 soybean seeds were 

planted in each plot, which resulted in a plant density of 59 seeds m-2. 

 

Phenotypic and Genotypic Data Collection 

  

       Seed oil concentration of each line was measured on a 5-gram seed sample using a 

Minispec nuclear magnetic resonance (NMR) analyzer (Minispec Mq10, Bruker Inc.) for all trials, 

except for the test at Ottawa in 2010 in which oil concentration was measured using a near 

infrared transmission (NIR) machine. The measurements were calculated on a moisture-free 

basis. 
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       Leaf tissue samples for RILs of both populations were collected from the Woodstock 

location in 2009 and 2010, respectively. Tissue discs for each line were sampled from about 

seven newly emerged leaflets cut from seven different plants in the corresponding plot using a 

single-hole punch designed to fit a 2 ml screw cap tube. Tissue samples were chilled on ice and 

transported to the laboratory to store at -80°C after freeze-drying for 72 h using a Savant 

ModulyoD Thermoquest (Savant Instruments, Holbrook, NY). Genomic DNA was extracted from 

10 seeds of each parent or from 15 leaf discs of each RIL using the Sigma GenElute™ DNA 

Extraction Kit (SIGMA®, Saint Louis, MO, USA) according to manufacturer’s directions. For the 

Polymerase Chain Reactions (PCRs), genomic DNA was diluted 1:100 and stored at 4°C. The PCR 

amplifications were performed in 15-μL aliquots of each reaction mix containing of 1.5 μL 10x 

PCR buffer (Invitrogen Life Sciences Burlington, ON), 1.5 μL 50 mM MgCl2, 1 μL 3 mM 

deoxyribonucleotide triphosphates (dNTPs) (Invitrogen Life Sciences, Burlington, ON), 2 μL 2.25 

mM forward and reverse marker primers (Lab Services, University of Guelph, Guelph, Canada), 

0.4 μL 2.5 units/μL Taq DNA polymerase (Invitrogen Life Sciences, Burlington, ON), 3 μL of 

genomic DNA, and 3.6 μL sterile water.  The PCR reactions for the SSR markers were performed 

exploiting 96-well Stratagene Robocycler® (Stratagene Inc., La Jolle, CA) machines with the 

following thermal sequence: 2 min at 95°C, followed by 35 cycles of 45 s denaturation at 92°C, 

45 s annealing at 47°C, 45 s extension at 68°C, and a final extension for 5 min at 72°C to 

complete the reactions. The PCR reactions for gene-based markers were the same as the SSR 

markers, except for the annealing temperatures that were different for each pair of primers 

(Table 3.1). In order to separate the PCR products, 4.5% (w/v) agarose gels electrophoreses 

were used. To begin, 3 μL of loading buffer (6X) were added to the PCR products, and 12 μL 
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samples were loaded on the gels using a BRL SunriseTM 96 Horizontal Gel Electrophoresis 

System (Life Technologies, Gaithersburg, MD). A 0.5X TBE solution served as a running buffer 

and the gels were run at a constant 120 V for 3 h using an EC105 Electrophoresis Power Supply 

(ThermoEC, Holrook, NY). In order to score DNA bands, they were stained with ethidium 

bromide and visualized under UV light. 

 

SSR and Gene-Specific Markers 

 

SSR markers in the soybean molecular lab at the University of Guelph, which are currently 555 

primer pairs and selected from the integrated soybean genetic map (Song et al. 2004), were 

initially screened against ‘OAC Wallace’ and ‘OAC Glencoe’ to identify polymorphic markers 

between the parental lines for the main population. Diacylglycerol (DGAT) genes have been 

selected for this study due to their involvement in the Kennedy pathway leading to 

triacylglycerol (TAG), i.e., oil synthesis. Three pairs of gene-based primers (Table 3.1) were also 

used in QTL analyses; 1) GmDGAT1B marker which was designed for the isoform of DGAT1 gene 

on chromosome 17 (Glyma17g06120), 2) GmDGAT2B marker, designed for the isoform of 

DGAT2 gene on chromosome 16 (Glyma16a21960), and 3) GmDGAT2C marker, designed for 

another isoform of DGAT2 gene on chromosome 16 (Glyma16a21970). The names of gene-

specific markers corresponded to the gene names 

(http://www.uky.edu/Ag/Agronomy/PLBC/Research/enzymes/DGAT.htm). Selected 

polymorphic SSR markers along with these gene-specific markers were used in genotyping the 

entire main population. For the marker validation population, ‘RCAT Angora’ × ‘OAC Wallace’, 
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all markers which were significantly associated with oil concentration in the main population 

were screened against ‘RCAT Angora’ and ‘OAC Wallace’ to identify polymorphic markers 

between these genotypes. Then, selected polymorphic markers were tested against 47 RILs 

with the highest oil concentration selected from the upper tail of the population and also 

tested against 47 RILs with the lowest oil concentration selected from the lower tail of the 

population.  

 

Linkage Mapping 

 

A linkage map was obtained using the QTL IciMapping software (Li et al. 2007). Markers were 

assigned to linkage groups based on a minimum likelihood of odds (LOD) ≥3 and recombination 

frequencies ≤0.45 centiMorgan (cM). Map distances were estimated using Kosambi’s mapping 

function. Segregation distortion was calculated with the same program to determine the 

departure from the expected 1:1 allelic frequency ratio. Because of varying levels of 

heterozygous loci among the RILs and the low frequency of the heterozygous lines for a given 

marker, the heterozygous lines were eliminated from the analysis, therefore, all reported data 

is based on two contrasting homozygous genotypes only.   Markers extremely distorted 

towards one of the parents were excluded from the study. 

 

QTL and Statistical Analyses  
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       Simple interval mapping (IM) and composite interval mapping (CIM) were performed using 

MapQTL®6 software (van Ooijen, 2007). In order to do CIM, the multiple QTL mapping (MQM) 

algorithm of MapQTL®6 software (van Ooijen, 2007) was used. In MQM analyses, the significant 

markers resulting from simple IM analyses were used as co-factors. The empirical LOD 

threshold values were calculated by performing a permutation test with a set of 2,000 

iterations at a Type I error rate of .05.   

       Variance components analyses were performed for combined environments using the 

REML algorithm in PROC VARCOMP procedure. The estimated variance components were used 

to calculate the broad sense heritability (H2) across environments by the following formula:  

H2 = [(Vg)/(Vg + Vgy/y +Vgl/g + Vgyl/yl + Ve/ryl)]                                                                 [1]            

where Vg, Vgy, Vgl, Vgyl, and Ve  refer to genotypic variance, genotype × year variance, genotype × 

location variance, genotype × year × location variance, and the residual variance, respectively 

(Falconer and Mackay, 1996). Coefficients y, l, and r refer to the number of years, locations, and 

replications per location per year, respectively. The variance components attributable to 

variation among genotypes (Vg) and residual variation (VE) used to estimate the broad sense 

heritability at each environment using the following formula: 

H2 = Vg/(Vg + VE)                                                                                                                       [2]                      

        SAS version 9.2 (SAS Institute Inc., Cary, NC) was used for estimating LSMEANS for seed oil 

concentration, performing single-marker ANOVA and stepwise regressions, estimating two-way 

epistatic effects, and  building  the best-fit model for individual  and combined environments. 

The Type I error rate of .05 was set for all analyses unless specified otherwise. The nearest 
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neighbor analyses were conducted to obtain adjusted LSMEANS for the oil concentration trait 

(Bowley, 1999). Single marker effects were calculated separately for individual and combined 

environments using PROC GLM, with the LSMEANS estimates of seed oil concentration as the 

dependent variable and the marker genotypic scores as the independent variable. For each 

marker, an R2 statistic was calculated as an estimate of the proportion of the phenotypic 

variance accounted for by the marker.  To determine a suitable subset of significant single 

markers associated with the dependent variable backward stepwise regressions using the PROG 

REG procedure for individual and the combined environments were conducted. Backward 

elimination process was used in stepwise regression analyses since the probability of Type II 

error or missing markers associated with the dependent variable is less than the forward 

solution (Field, 2005).  

       Two-way epistatic effects between each pair of markers and the magnitude of variation 

accounted for by the interactions (R2) were calculated by EPISTACY 2.0 macro, which was run in 

SAS v. 9.2 (Holland, 1998). To reduce the experimental-wise error in epistatic interaction 

analyses, the Type-I error rate (α=.05) was divided by g(g-1)/2, where g is the number of 

chromosomes in soybean (Holland, 1998), and it was set at α=.0003 for all pair-wise 

comparisons. The type-I error rate was set at .01 for single-factor ANOVA analyses. Best-fit 

models were built for individual and combined environments using significant single markers 

from single-factor ANOVA along with paired markers with significant epistatic interaction 

effects from EPISTACY analyses to identify the total amount of variation accounted for by the 

models. After establishing a model including significant individual markers followed by a 

backward stepwise regression for each data set, a PROC GLM procedure was used to add 
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interaction terms to the model, one at a time, and they were kept in the model if they 

remained significant.  The best-fit models for individual and combined environments were 

identified at the highest R2 value regardless of the number of markers. 

Selective Genotyping 

 

              A ‘trait-based’ selective genotyping method (Navabi et al. 2009) was used to confirm 

those markers associated with oil concentration, detected in the main population, which were 

also polymorphic between the parental genotypes of the validation population. This analysis 

was based on a normal approximation of a binomial distribution of allele frequencies, which 

was applied to the data obtained from a bidirectional selective genotyping. Markers were 

confirmed as associated with the trait if |Dq|≥Z(α/2)Sq, where |Dq| is the absolute value of the 

difference between alleles frequencies of a given marker. Z(α/2) is the ordinate of the area under 

the curve from - ∞ to z(α/2) obtained from the standardized normal distribution which equals 1 – 

α/2, and Sq is the standard error of the difference between marker alleles frequencies. In this 

study, |Dq| was estimated as the difference in alleles’ frequencies between two upper and 

lower tails, and Sq was calculated using the following formula:  

Sq = √ (puqu/nu + plql/nl)                                                                                                                  (1) 

Where pu and qu are alternate alleles’ frequencies for RILs selected from the upper tail, and pl 

and ql are alternate alleles’ frequencies for RILs selected from the lower tail, and nu and nl are, 

respectively, the number of RILs in the upper and lower trails of the population. 
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3.3. Results 

 

       A genetic linkage map consisting of 80 markers on 18 linkage groups with an approximate 

total length of 505 cM and an average distance of 6.2 cM among markers, as well as 13 

unlinked markers was generated in this study. Apart from two flipped orientations of two pairs 

of closely linked markers on two linkage groups, the mapping orders and relative linkage 

distances of the SSR markers within the linkage groups did not show any major discrepancies 

from the integrated public soybean genetic linkage map by Song et al. (2004). Adjacent SSR 

markers Sat_020 and Satt196 on Chromosome 9 (LG K), and Sat_244 and Satt643 on 

Chromosome 7 (LG M) although assigned to their corresponding linkage groups, were flipped 

compared to the reference linkage map of Song et al. (2004). It should be noted that the 

orientation of SSR markers Sat_244 and Satt643 on Chromosome 7 (LG M) showed the same 

marker order when compared with the “high-density” soybean genetic linkage map by Hwang 

et al. (2009). The low density of polymorphic markers for some of the linkage groups in this 

study resulted in gaps of up to 50 cM between some adjacent markers; hence they were split 

into separate linkage groups.  

       The average seed oil concentration for ‘OAC Wallace’ (224.2 g/kg) and ‘OAC Glencoe’ (221.1 

g/kg) over six different environments did not show any statistical difference from one another. 

However, ‘OAC Wallace’ had significantly greater oil concentration than ‘OAC Glencoe’ at 

Woodstock and Ridgetown in 2009 and 2010, respectively, while no statistical differences were 

detected for the rest of the environments (Table 3.2). Significant transgressive segregation 

(P≤.05) was present in both RIL populations in all environments. The plot basis broad-sense 
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heritability estimations for oil concentration in the main population ranged from 0.79 to 0.87 in 

different environments and it was 0.81 across the environments (Table 3.2). In the validation 

population, the heritability estimation for oil concentration was 0.76 (Table 3.2).   

              A total of 11 putative QTL located on eight different chromosomes: Chromosome 9 (LG 

K), 12 (LG H), 13 (LG F), 14 (LG B2), 16 (LG J), 7 (LG M), 1 (LG D1a), and 17 (LG D2), were 

identified associated with oil concentration at either individual environments or in the 

combined environments based on single-factor ANOVAs followed by stepwise regression 

analyses (Table 3.3). The individual phenotypic variances accounted for by each QTL ranged 

from 4% to 11%. Seven of the high oil QTL alleles were contributed by ‘OAC Glencoe’ and four 

QTL alleles by ‘OAC Wallace’.  

       The results of multiple QTL mapping (MQM) analyses revealed seven genomic regions on six 

different chromosomes associated with the seed oil concentration in either individual 

environments or in the combined environments (Table 3.4, Figure 3.1). Using the MQM 

analyses we detected six putative QTL identified also by single-marker ANOVAs, and also 

detected an additional QTL on Chromosome 19 (LG L).  The QTL flanked by markers Satt182 and 

Satt523, on chromosome 19, had been detected at Ottawa in 2010and accounted for 6.8% of 

the total phenotypic variation for oil. This QTL received its oil favorable allele from the ‘OAC 

Wallace’ parent.   

 The QTL flanked by markers Satt317 and Satt302 on Chromosome 12 (LG H) was 

detected at four different environments and also in the combined environments and its R2s 

ranged from 4.5% to 9.3%.  The QTL linked to the gene-specific marker GmDGAT2B on 
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Chromosome 16 (LG J) identified using single-factor ANOVA was also detected by MQM analysis 

at Woodstock in 2009 and explained 5.8% of total phenotypic variation of the seed oil 

concentration.   

       A total of seven two-way epistatic interactions were identified significantly (P≤.0003) 

associated with the oil concentration across six different environments (Table 3.5). The 

proportion of the total phenotypic variance accounted for by each two-way interaction ranged 

from 9% to 12%. Five markers contributing to the significant two-way interactions affecting the 

oil concentration were individually associated with oil concentration in the present study. The 

Satt367 marker, which showed association with oil concentration by interacting with three 

other markers, was previously reported as affecting seed oil concentration in soybean 

(Reinprecht et al. 2006). 

       The results of best-fit models for separate and combined environments, which were 

derived from stepwise regressions combined with the significant two-way epistatic interactions, 

are presented in Table 3.6. The proportion of phenotypic variation accounted for by each model 

ranged from 12% to 45%. The epistatic interactions that were not significant at P<.01 in their 

corresponding best-fit model were discarded from the model. Among eight markers individually 

associated with the oil concentration detected by best-fit models, five markers also showed 

significant contributions to the trait through interaction with other markers.  

       Four putative oil QTL on Chromosome 9 (LG K), 13 (LG F), 14 (LG B2), and 19 (LG L) from the 

population of ‘OAC Wallace’ x ‘OAC Glencoe’ have been confirmed in a population of 211 RILs 

derived from ‘RCAT Angora’ x ‘OAC Wallace’ using a bidirectional selective genotyping method 
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(Table 3.7). In total, there were five SSR markers associated with oil concentration in ‘OAC 

Wallace’ x ‘OAC Glencoe’ population which were polymorphic between ‘RCAT Angora’ and ‘OAC 

Wallace’ (Tables 3.3 and 3.4). While QTL linked to markers Satt001 and Satt182 received their 

beneficial alleles from ‘OAC Wallace’, QTL tagged by markers Satt066 and Satt335 received 

their favorable oil alleles from ‘RCAT Angora’.   

 

3.4. Discussion 

 

       It is an old and well-accepted adage in plant breeding, especially for quantitative traits, that 

crossing “good by good” has a superior chance of achieving better new genotypes (Bernardo, 

2010). This is true also of modern soybean breeding programs, which mostly utilize elite 

germplasm to improve complex traits, including seed oil concentration. However, previous 

attempts to discover QTL associated with seed oil concentration in soybean mostly focused on 

populations from low and high oil concentration parents or studying at QTL in exotic germplasm 

for introgression purposes (Hyten et al. 2004).  To our knowledge, our study is the first one 

aimed at discovering and validating oil QTL using segregating populations derived from 

hybridizing moderately high oil soybean modern cultivars with different genetic backgrounds. In 

the current study, for both populations, although parental lines were not significantly different 

for seed oil concentration across different environments, RILs populations segregated 

transgressively, which could be explained by different genetic background between the 

parents.   



62 
 

       A comparison of the identified oil QTL in the current study with previously reported ones in 

many different studies revealed some QTL which mapped to similar genomic regions. The QTL 

on Chromosome 12 (LG H), tagged by SSR marker Satt317, had been also found to be associated 

with oil concentration in a study by Panthee et al. (2005). These authors used composite 

interval mapping in a population of 101 RILs from a cross between ‘N87-984-16’ and ‘TN93-99’ 

soybean genotypes (Panthee et al. 2005).  

 In another study, Shan et al. (2008) also reported an oil QTL in this genomic region, 

linked to the marker Satt293, by studying a population of 154 RILs derived from a cross of 

‘Charleston’ x ‘Dongnong’. The SSR marker Satt293 is located only about 0.4 cM away from the 

Satt317 (Song et al. 2004). This genomic region also was identified to be carrying oil QTL based 

on an integrated map of oil-associated QTL in soybeans (Qi et al. 2011). This integrated map 

consists of 20 “consensus” genomic regions associated with oil concentration, which was 

constructed by integrating 130 QTL from different studies using a “meta-analysis” method that 

narrowed down the confidence interval of the QTL in order to increase the precision and 

validity. On this linkage group, four additional oil QTL have been reported (Lee et al. 1996; 

Brummur et al. 1997; Qiu et al. 1999; Hyten et al. 2004). However, they are at least 34 cM away 

from the QTL detected in the current study, indicating that they probably represent different 

QTL. 

       The putative oil QTL on Chromosome 13 (LG F), which was tagged by markers Satt510and 

detected in Ottawa 2010, may correspond to the oil QTL that were identified associated with 

SSR markers Sat_120 and Satt335 in different environments in this study using single-factor 
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ANOVAs. The marker Sat_120 is about 4.6 cM and the marker Satt335 is about 6.3 cM away 

from the marker Satt510 (Song et al. 2004). This putative QTL received its oil beneficial allele 

from ‘OAC Glencoe’. However, in the present study, a putative oil QTL has been detected in the 

interval of Satt490-Satt335 in combined environments, which was tagged by Satt490 and 

inherited its positive oil allele from ‘OAC Wallace’. Due to the distance of more than 26 cM 

between the markers Satt490 and Satt510 and the fact that favorable oil allele at these loci 

came from different parents, we believe that QTL tagged by these markers are different in this 

genomic region.  

       In the current study, an oil QTL marked by Satt335 has been detected using a bidirectional 

selective genotyping in a population of ‘RCAT Angora’ x ‘OAC Wallace’.  Specht et al. (2001) 

discovered a putative oil QTL linked to the marker Satt510 in a RILs population derived from a 

cross of ‘Minsoy’ x ‘Noir 1’. There were two more QTL which have been reported associated 

with oil on this linkage group (Shan et al. 2008; Qi et al. 2011). However, they are located more 

than 55 cM away from the QTL identified in the present study, and so they are likely different 

oil QTL on this linkage group.  

       Hyten et al. (2004) reported a QTL for oil in close proximity to our QTL on Chromosome 19 

(LG L) in the interval of Satt182-Satt523. They discovered this putative oil QTL linked to the 

marker Satt523 by studying a population of 131 F6-derived RILs from a cross of ‘Essex’ x 

‘Williams 82’. Reinprecht et al. (2006) also detected a QTL associated with the marker Satt182 

in a population of 169 RILs derived from a cross between a low linolenic acid line, ‘RG10’, and a 

lipoxyygenase null line, ‘OX948’. There are also some other reported QTL in close proximity of 
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this genomic region that had been detected in different genetic backgrounds and environments 

(Diers et al. 1992; Lee et al. 1996; Qi et al. 2011). They are located 3 up to 9 cM from the 

marker Satt523. However, due to low density of markers on this linkage group in the current 

study, it could not be investigated if these QTL are the same as our QTL. 

       One oil QTL on Chromosome 17 (LG D2) was identified as linked to the SSR marker Sat_282 

in Ridgetown in 2010 and also in the combined environments using single-marker ANOVA. The 

marker Sat_282 is located about 6.3 cM upstream of the SSR marker Satt458 which was 

reported associated with oil concentration by Hyten et al. (2004). There is also four more oil 

QTL on this chromosome, which are located more than 40 cM away from this QTL (Lee et al. 

1999; Hyten et al. 2004). The oil QTL linked to the marker Sat_282 was not associated with the 

seed protein concentration in this study (data not shown). 

      The putative oil QTL on Chromosome 7 (LG M) located in or close to the interval of Satt323-

Satt463 has been detected in the combined environments using both single marker ANOVA and 

MQM. It received its oil beneficial allele from ‘OAC Glencoe’ and explained 6% of the total 

phenotypic variation. The closest previously reported oil QTL to this QTL are linked to the RFLP 

marker R079_1 (Lark et al. 1994) and the SSR marker Satt540 (Hyten et al. 2004), which are 

10.9 and 16.6 cM away from Satt463, respectively (Song et al. 2004).  

       The putative oil QTL associated with the marker Satt129, located on Chromosome 1 (LG 

D1a), has been detected in the combined environments using single-marker ANOVA. This QTL 

was also reported by Hyten et al. (2004) as associated with the SSR marker Satt147, which is 

located less than 1 cM away from Satt129 (Song et al. 2004). There are three more oil putative 
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QTL on this linkage group that are more than 50 cM away from our putative QTL (Hyten et al. 

2004).      

              This study also discovered new oil QTL which are being reported for the first time. The 

oil QTL on Chromosome 16 (LG J) tagged by the gene-specific marker GmDGAT2B was identified 

using both MQM and single-factor ANOVAs in three different environments. The GmDGAT2 

marker had been designed based on a 2-bps indel mutation on the second exon of the DGAT2 

isoform on chromosome 16 (Eskandari and Rajcan, unpublished). This mutation generated an 

immature stop codon that resulted in a polypeptide with only 141-amino acids, which might be 

ineffective. The protein encoded by the wild type gene has a sequence of 350-amino acid. Since 

the wild allele from ‘OAC Glencoe’ contributed to the increase in seed oil concentration in the 

RILs, this gene is suggested to be involved in the oil biosynthesis process.  

 The substantial role for DGAT2 genes in triacylglycerol (TAG) formation had been 

previously reported in soybean and other species (Zoe et al. 1999; Lardizabal et al. 2008). 

Moreover, Lardizabal et al. (2008) reported they could increase the seed oil concentration up to 

1.5% in soybean by introducing a fungal DGAT2 into its genome with no significant impacts on 

seed yield and protein concentration. In the current study, this QTL did not have any 

association with protein concentration, which was in agreement with Lardizabal et al. (2008) 

study.  DGAT2 genes, however, had been reported in some plant species that only affect the 

quality of the seed storage oils due to their incorporations to unusual fatty acids accumulations 

(Shockey et al. 2006; Burgal et al. 2008; Li et al. 2010). There are two previously identified QTL 

for oil concentration on this linkage group which were reported by Lee et al. (1996) and Kabelka 
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et al. (2004). Due to the limited number of markers on this linkage group in this study, a new 

study with a sufficient number of markers on this linkage group could be useful to determine if 

the previously discovered QTL were also linked to this gene. 

       Within the genomic region flanked by SSR markers Satt001 and Satt273 on Chromosome 9 

(LG K), a new oil QTL was detected using MQM and single-marker ANOVAs in two 

environments. The closest previously reported oil QTL to this genomic region was the QTL 

associated with the RFLP marker A315-1 (Mansur et al. 1993) which is located about 21.9 and 

27.9 cM away from the Satt001 and Satt273, respectively. Brummer et al. (1997) also 

discovered an oil QTL on this linkage group, which was associated with the RFLP marker K387-1 

and located about 42.3 cM far away from the marker Satt273. The putative QTL associated with 

the marker Satt001 was also identified associated with oil concentration in a RILs population of 

‘RCAT Angora’ x ‘OAC Wallace’ in the current study.  

       On Chromosome 9 (LG K), we also detected an oil QTL tagged by Sat_020 at the Ottawa 

location in 2009. The favorable oil allele for this QTL came from ‘OAC Wallace’ and showed also 

a positive significant association with seed protein composition at Ridgetown in 2010 and in the 

combined analysis across environments. The closest previously reported oil QTL on this 

chromosome is the QTL linked to the RFLP marker K387-1 (Brummer et al. 1997), which is 

located about 24.1 cM away from the marker SSR marker Sat_020 (Song et al. 2004). 

       The region on Chromosome 14 (LG B2), linked to SSR marker Satt066 where we mapped an 

oil QTL, was not previously  reported as associated with seed oil concentration, but rather seed 

yield (Concibido et al. 2003). However, this marker did not show any association with either 



67 
 

seed yield or protein concentration in this study (data not shown). This QTL was also confirmed 

as associated with oil concentration in the ‘RCAT Angora’ x ‘OAC Wallace’ validation population. 

The closest oil QTL to the marker Satt066 has been reported by Csanadi et al. (2003), which was 

tagged by Satt020 and it is located 6.7 cM away from our QTL, which means that it may 

represent the same QTL. Two more oil QTL on this chromosome have been reported (Diers et 

al. 1992; Brummer et al. 1997), which were at least 39 cM away from the marker Satt066.    

              Epistatic interactions have not received much attention in QTL analysis of seed oil 

concentration in soybean. It could be due in part to the difficulty of exploiting them in plant 

breeding programs, especially when a large number of interactions are involved and associated 

with the trait of interest (Bernardo, 2010). It could also be because of the amount of total 

phenotypic variances explained by each interaction, which tends to be small (Bernardo, 2010). 

However, in our study, using a population of 203 RILs, the proportion of phenotypic additive x 

additive variance accounted for by each interaction was relatively high and ranged from 9% to 

12% of the total phenotypic variation for seed oil. In this study, in 50% of the epistatic 

interactions one of the markers was individually associated with oil concentration whereas in 

the rest neither was. The results of the current study showed the importance of two-way 

interaction effects on oil concentration in this population. These oil-associated interaction 

effects could be fixed through selecting appropriate RILs from this population to establish new 

RILs populations that will probably have pure lines with greater breeding values for the oil 

concentration due to the conversion of a portion of epistatic variance into additive variance 

(Lark et al. 1995; Bernardo, 2010).  
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       The results of best-fit models with and without epistatic interactions (Tables 3.2 and 3.7) 

provided further support for the existence of “environmentally stable” oil QTL on different 

chromosomes. QTL linked to markers Sat_120, Satt317, and GmDGAT2B were present in their 

corresponding best-fit model in three or more different environments.  

       In conclusion, we identified an oil QTL on Chromosome 9 (LG K), which also had a significant 

positive effect on seed protein composition, and three oil QTL on Chromosome 14 (LG B2), 16 

(LG J), and 17 (LG D2) that had no significant effects on seed protein concentration in any of the 

environments. These QTL could be used in breeding programs targeted at increasing the oil 

concentration without affecting protein concentration. Detecting new oil QTL in this study also 

demonstrated the importance of using moderately high-oil soybean modern cultivars as 

valuable sources in detecting minor QTL, which could be masked by major ones in populations 

derived from parents with large differences in the oil concentration (Asins, 2002; Winter et al. 

2007). These QTL along with epistatic interactions identified in this study could be used in 

either marker-assisted selection or allele introgression to increase the frequency of the 

favorable QTL alleles by pyramiding the beneficial high oil alleles from novel sources while 

maintaining the current ones. The partial genetic map created by a population of ‘OAC Wallace’ 

x ‘OAC Glencoe’ in the current study provided insight into the genomic regions that governed 

seed oil concentration soybean; however, the development of a more saturated genetic linkage 

map would enhance the chance of identification of more oil QTL, especially within gaps in the 

genetic map. 
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Table 3.1 Primer information and PCR product sizes for three gene-specific markers used in this study 

 

Marker name Gene Accession 

Primer sequence 
Amplicon length 

(bp) Ta°C
a Forward (5'→3') Reverse (5'→3') 

GmDGAT2B Glyma16g21960 GGAGCCAAAAGTTCTAATC GAAAATCCCTCAAAAGTAAA 1098 51 

GmDGAT2C Glyma16g21970 CAATGACAAGAAAAGAACTAT AGGAAGAAAAACAAAGTAAA 955 56 

GmDGAT1B Glyma17g06120 AATCTGAGTGGAATCTTTTACAT GCAGTTCTTGTTTGTGTTAGTC 495 55 

 a The annealing temperature 
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Table 3.2 Mean, standard deviation, range, heritability, and parental means for soybean seed oil concentration (g/kg) in two RIL 
populations of ‘OAC Wallace’ x ‘OAC Glencoe’ and ‘RCAT Angora’ x ‘OAC Wallace’ in different environments (measurements were 
taken on a moisture-zero bases) 

Environment 

Mean   
(g/kg) 

Standard 
Deviation 

(g/kg) Heritability c Range      (g/kg) 
‘OAC 

Wallace’ 
‘OAC 

Glencoe’ 
‘RCAT 

Angora’ Location Year 

Ottawa  2009 222.3 6.0 0.87 (0.02) 200.1 - 234.6 215.70 209.74 NAa 

Ridgetown  2009 226.0 5.5 0.79 (0.03) 212.3 - 240.2 231.45 230.79 NA 

Woodstock  2009 212.1 5.5 0.81 (0.03) 197.2 - 224.9 219.33 209.68 NA 

Ottawa 2010 214.7 4.4 0.81 (0.02) 203.4 - 227.8 215.49 218.14 NA 

Ridgetown  2010 227.2 5.5 0.81 (0.03) 214.3 - 240.1 234.32 226.18 NA 

Woodstock  2010 228.9 5.2 0.86 (0.02) 210.4 - 242.7 228.15 229.18 NA 
St. Paulsb 2010 205.1 13.1 0.76 (0.03) 174.4 - 233.2 197.20 NA 199.1 

Combined Environments  219.1 4.4 0.81 (0.03) 205.9 - 234.1 224.2 221.1 NA 
a  NA: Not available 
b  The validation population derived from RCAR Angora x ‘OAC Wallace’ 
c Standard errors are in parentheses 
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Table 3.3 Putative QTL associated with soybean seed oil concentration identified by single-factor ANOVA in a RIL population of ‘OAC Wallace’ x ‘OAC Glencoe’ at 

different Ontario locations in 2009 and 2010 

Loci Chr.      Pos
§
 

2009 
 

2010 
 Combined 

Environments 
d
 Ottawa Woodstock 

 
Ottawa Ridgetown Woodstock 

 

R
2 a

 P-value 

Add.  
effect 

b
 R

2
 P-value 

Add.  
effect 

 
R

2
 P-value 

Add.  
effect R

2
 P-value 

Add.  
effect R

2
 P-value 

Add.  
effect 

 
R

2
 P-value 

Add.  
effect 

  
Sat_284 17 30.8 ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 0.08 0.0002 -1.5 ₋ ₋ ₋ 

 
0.05 0.0006 -1.9 

Sat_120 13 76 0.05 0.0073 -1.8 0.08 0.0004 -1.5 
 

0.09 0.0002 -1.7 0.06 0.0021 -1.7 ₋ ₋ ₋ 
 

0.08 0.0005 -1.7 

Satt335
†
 13 77.7 ₋ ₋ ₋ ₋ ₋ ₋ 

 
0.05 0.0049 -1.2 ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt490 13 98 ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ 0.05 0.0047 1.0 
 

₋ ₋ ₋ 

Satt317 12 89.5 0.10 0.0000 3.0 ₋ ₋ ₋ 
 

₋ ₋ ₋ 1.10 0.0000 3.0 0.05 0.0047 2.3 
 

0.10 0.0002 3.0 

Satt463 7 50.1 ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.05 0.0008 -2.3 

GmDGAT2B 16 ₋ ₋ ₋ ₋ 0.05 0.0082 -1.1 
 

0.04 0.0137 -5.0 0.04 0.0133 -3.0 ₋ ₋ ₋ 
 

₋ ₋ ₋ 

Satt129
†
 1 110 ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 
0.05 0.001 1.8 

Sat_020 
9 104 0.06 0.0037 2.9 ₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt001
†
 9 50.6 0.05 0.0070 1.6 ₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt066
†
 14 78.8 0.04 0.0100 -1.4 ₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt273 9 56.6 ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 0.06 0.0023 -1.4 ₋ ₋ ₋ 
 

₋ ₋ ₋ 

Model R
2 c

 0.18 0.10   0.11 0.23 0.08   0.27 

a
 The proportion of the total variance accounted for by the loci   

b
 Additive effect at each locus was estimated as half the difference of the phenotypic LSMEAN values of each homozygous genotype. The estimates of additive effect are based on the ‘OAC Wallace’ allele. A negative value 

for the estimate indicates that the higher mean was obtained for the alternate, ‘OAC Glencoe’ allele. 

c
 The proportion of the total variance accounted for by present loci in the model  

d
 Data from Ottawa in 2010 was not included  in the combined environments due to using a different machine (NIR) to measure oil concentration at that location 

§
 Chromosome designation and position as per Song et al. (2004) 

†
 The markers also polymorphic between ‘RCAT Angora’ and ‘OAC Wallace’ 
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Table 3.4 Genomic regions associated with soybean seed oil concentration identified by multiple QTL mapping (MQM) in a RIL population of ‘OAC Wallace’ x 

‘OAC Glencoe’ at different Ontario locations in 2009 and 2010  

Interval 
2009 

 
2010 

 Combined 
Environments 

d
 Ottawa Woodstock 

 
Ottawa Ridgetown Woodstock 

 

Locusi Pos Locusj Pos Chr.   R
2 a

 LOD
b
 

Add.   
effect

c
 

R
2
 LOD 

Add.  
effect  

R
2
 LOD 

Add.  
effect 

R
2
 LOD 

Add.  
effect 

R
2
 LOD 

Add.   
effect  

R
2
 

LO
D 

Add.   
effec

t 

  

Satt317 4.34 Satt302 0.0 12 0.07 3.4 2.8 ₋ ₋ ₋ 
 

0.05 2.8 1.7 0.1 4.8 2.8 0.05 2.7 1.8 
 

0.0
9 5.7 2.7 

Satt182
†
 0.00 Satt523 11.5 19 ₋ ₋ ₋ ₋ ₋ ₋ 

 
0.07 3.6 1.9 ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt510 63.5 Satt335
†
 73.5 13 ₋ ₋ ₋ ₋ ₋ ₋ 

 
0.06 3.1 -1.3 ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt490 100.0 Satt335
†
 73.5 13 ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 

0.0
5 3.0 1.9 

GmDGAT2B 20.8 Satt132 0.0 16 ₋ ₋ ₋ 0.06 2.6 -1.5 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 
Satt001

†
 

34.7 Satt273 42.3 9 0.05 2.7 2.1 ₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 

Satt323 24.8 Satt463 19.7 7 ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.0
6 3.9 -1.5 

LOD Threshold 2.6 2.5   2.6 2.7 2.5   2.6 

a
 The proportion of the total phenotypic variance accounted for by QTL  

b
 The value on the QTL tagged by the first loci 

c
 The estimates of additive effect are based on the ‘OAC Wallace’ allele. A negative value for the estimate indicates that the higher mean was obtained for the alternate, ‘OAC 

Glencoe’ allele. 

d
 Data from Ottawa in 2010 were not take into account in combined analyses due to using a different machine to measure oil concentration 

†
 The markers also polymorphic between ‘RCAT Angora’ and ‘OAC Wallace’ 
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Table 3.5 Markers with significant epistatic effects on soybean seed oil concentration and the amount of phenotypic variation accounted for by 

each interaction in a RIL population of ‘OAC Wallace’ x ‘OAC Glencoe’ at three locations in 2009 and 2010 
 

 Environment Locii Chr. Locij Chr. Rij
2 a

 P-value 
 Ottawa 2009 Sat_284

§
 17 Satt367 20 0.10 0.0000 

 Satt129
§
 1 Satt367 20 0.12 0.0000 

 Ridgetown 2009 Sat_109 10 Sat_120
§
 13 0.12 0.0003 

 Woodstock 2009 Satt001
§
 9 Satt560 14 0.12 0.0002 

 Ottawa 2010 Satt199 18 Satt273
§
 9 0.09 0.0001 

 Ridgetown 2010 Sat_062 6 Satt411 15 0.12 0.0000 
 Woodstock 2010 Satt367 20 Satt474 14 0.10 0.0000 
 Combined 

b
 Satt129

§
 1 Satt367 20 0.12 0.0000 

 Satt367 20 Satt474 14 0.12 0.0000 
 a  

The proportion of the total phenotypic variance accounted for by the interaction  
b
 Data from Ottawa in 2010 was not taken into account in the combined environments due to using a different machine to measure oil concentrations 

 § 
Markers solely associated with seed oil concentration detected by either single-factor ANOVA or MQM analyses at any environment  
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Table 3.6 Best-fit models consisting of significant markers (ANOVA) and epistatic interactions (Holland, 1998) for soybean seed oil concentration in a RIL population of ‘OAC 

Wallace’ x ‘OAC Glencoe’ at three locations in 2009 and 2010 

Locus Chr.      

2009 
 

2010 
 

Combined 
environments d Ottawa Ridgetown Woodstock 

 
Ottawa Ridgetown Woodstock 

 

R2 a 
P-

value 

Add.  
effect 

b R2 P-value 
 

R2 P-value 

Add.  
effec

t 

 

R2 
P-

value 

Add.  
effec

t R2 
P-

value 

Add.  
effec

t R2 
P-

value 

Add.  
effec

t 

 

R2 
P-

value 
Add.  

effect 
  

Sat_120 13 0.05 0.0073 -1.8 ₋ ₋ 
 

0.08 0.0004 -1.5 
 

0.09 0.0002 -1.7 
0.0
6 0.0021 -1.7 ₋ ₋ ₋ 

 
0.08 

0.00
05 -1.7 

Satt001 9 0.05 0.0070 1.6 ₋ ₋ 
 

₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 

Satt317 12 0.10 <.0001 1.3 ₋ ₋ 
 

₋ ₋ ₋ 
 

₋ ₋ ₋ 
0.1
1 <.0001 3.0 

0.0
5 0.0047 2.3 

 
0.10 

0.00
02 3.0 

Sat_284xSatt367 
15x
20 0.10 <.0001 ₋ ₋ ₋ 

 
₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt129 1 ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.05 
0.00
10 1.8 

sat_109xSat_120 
10x
13 ₋ ₋ ₋ 0.12 0.0003 

 
₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt129xSatt367 
1x2

0 ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.12 
0.00
00 ₋ 

GmDGAT2B 16 ₋ ₋ ₋ ₋ ₋ 
 

0.08 0.0082 -1.1 
 

0.04 0.0137 -5.0 
0.0
4 0.0133 -3.0 ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt001xSatt560 9x  
14 ₋ ₋ ₋ ₋ ₋ 

 
0.12 0.0002 ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt199xSatt273 
18x

9 ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 
 

0.09 0.0001 ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 

Satt273 9 ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 
 

₋ ₋ ₋ 
0.0
6 0.0023 -1.4 ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Sat_284 17 ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 
 

₋ ₋ ₋ 
0.0
8 0.0002 -1.5 ₋ ₋ ₋ 

 
0.05 

0.00
06 -1.9 

Sat_062xSatt411 
6x 
15 ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

 
₋ ₋ ₋ 

0.1
2 <.0001 ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

Satt490 13 ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ 
0.0
5 0.0047 1.0 

 
₋ ₋ ₋ 

Satt367xSatt474 
20x
14 ₋ ₋ ₋ ₋ ₋ 

 
₋ ₋ ₋ 

 
₋ ₋ ₋ ₋ ₋ ₋ 

0.1
0 <.0001 ₋ 

 
₋ ₋ ₋ 

R
2 c

 
0.4
5

c
 <.0001 ₋ 0.12 0.0003 

 
0.31 <.0001 ₋   0.24 <.0001 ₋ 

0.4
4 <.0001 ₋ 

0.2
9 <.0001 ₋   0.38 

<.00
01 ₋ 

a
 The proportion of the total phenotypic variance accounted for by the loci   

b
 Additive effect at each locus estimated as half the difference of the phenotypic LSMEAN values of each homozygous genotype. The estimates of additive effect are based on the ‘OAC Wallace’ 

allele. A negative value for the estimate indicates that the higher mean was obtained for the alternate, ‘OAC Glencoe’ allele.    
c
 The proportion of the total Phenotypic variance accounted for by present loci in the best-fit model  

d
 Data from Ottawa in 2010 was not taken into account in combined environments due to using a different machine to measure oil concentrations 

7
5 
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Table 3.7 Putative QTL associated with soybean seed oil concentration confirmed using a 'trait-
based' bidirectional selective genotyping analysis (Navabi et al. 2009) by genotyping 44 percent 
of  two high-oil and low-oil subsets of the lines in a RIL population of ‘RCAT Angora’ x ‘OAC 
Wallace’  at St. Pauls in 2010 
 

Locus Chr. 

Allele Frequency 

Dqc Sqd P-value 

High Oil   Low Oil 

Wa Ab   Wa Ab 

Satt001 9 0.68 0.32 
 

0.39 0.61 0.29 0.10 <.01 

Satt066 14 0.31 0.69 
 

0.71 0.29 0.40 0.09 <.01 

Satt182 19 0.67 0.33 
 

0.36 0.64 0.31 0.10 <.01 

Satt335 13 0.37 0.63   0.69 0.31 0.32 0.10 <.01 

a  The frequency of the allele which was shared by ‘OAC Wallace’ 

b  The frequency of the allele which was shared by ‘RCAT Angora’ 

c  The absolute value of the difference in marker allele frequencies 

d  The standard error of the difference between marker allele frequencies 
 



 
 

 

Figure 3.1    LOD scores and map distances for oil QTL on chromosomes 7, 12, 13, 16, and 19 in a RIL population derived from the cross of ‘OAC Wallace’ and ‘OAC Glencoe’. The 

data is based on trials grown in the following locations and years: Ott09 = Ottawa 2009;     Ott10 = Ottawa 2010; Rid10 = Ridgetown 2010; WST09 = Woodstock 2009; WST10 = 

Woodstock 2010; Comb = Combined across environments, except for Ottawa 2010.  

7
7
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4.0. ABSTRACT 

 

       Soybean [Glycine max (L.) Merrill] seed oil is the primary global source of edible oil and a 

major renewable and sustainable feedstock for biodiesel production. Therefore, increasing the 

relative oil concentration in soybean is desirable; however, it is complex due to the quantitative 

nature of the trait and possible effects on major agronomic traits such as grain yield as well as 

protein concentration. The objectives of the present study were to study the relationship 

between seed oil concentration and important agronomic and seed quality traits, including 

seed yield, size, and protein concentration, plant height, and days to maturity, and also to 

identify oil quantitative trait loci (QTL) that are co-localized with the traits evaluated. A 

population of 203 F3:6 recombinant inbreed lines (RIL), derived from a cross between 

moderately high oil soybean genotypes ‘OAC Wallace’ and ‘OAC Glencoe’, was developed and 

grown across multiple environments in Ontario, Canada, in 2009 and 2010. Among the 11 QTL 

associated with seed oil concentration in the population, which were detected using either 

single-factor ANOVA or multiple QTL mapping (MQM) methods, the number of QTL that were 

co-localized with other important traits QTL were: six for protein concentration, four for grain 

yield, two for 100-seed weight, and one for days to maturity and plant height. The oil-beneficial 

allele of the QTL tagged by marker Sat_020 was positively associated with seed protein 

concentration. The oil favorable alleles of markers Satt001 and GmDGAT2B were positively 

correlated with seed yield. In addition, significant two-way epistatic interactions, where one of 

the interacting markers was solely associated with seed oil concentration, were identified for 

the selected traits in this study. The number of significant epistatic interactions was: seven for 

yield, four for days to maturity, two for 100-seed weight, one for protein concentration, and 
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one for plant height. The results of the current study suggest that the development of new 

soybean cultivars with high total oil production could be facilitated by using molecular markers 

associated with oil-related QTL, which also have positive effects on other important traits such 

as seed yield and protein concentration. Alternatively, selecting complementary parents with 

greater breeding values due to positive epistatic interactions could lead to the development of 

high oil soybean cultivars.  
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4.1. Introduction 

 

       Soybean [Glycine max (L.) Merrill] seed is the leading global source of edible oil for humans 

and a reliable source of renewable and sustainable feedstock for biodiesel production 

(Clemente and Cahoon, 2009; ASA, 2011). Increasing the relative oil concentration in soybean 

seed is complicated partly due to its correlation with other agronomic and seed composition 

traits such as seed yield, size and protein concentration (Burton 1987; Lee et al. 2007; Clemente 

and Cahoon, 2009). As a result, improving seed oil concentration, while maintaining a high level 

of protein concentration, has not been very successful using conventional breeding methods 

(Smith and Weber, 1968; Burton and Brim, 1981; Feng et al. 2004). The most significant 

progress in increasing total seed oil in soybean have been made through increasing the overall 

seed yield, which translates into more oil production per hectare (Clemente and Cahoon, 2009).   

       Molecular markers have made it possible for plant geneticists and breeders to identify, 

isolate, and even transfer beneficial genes into elite germplasm without transmitting 

unfavorable loci (Tanksley and McCouch, 1997). Molecular markers have also been used in the 

past two decades to discover quantitative trait loci (QTL) or chromosomal regions associated 

with seed oil concentration and other important agronomic and seed composition traits in 

soybean, which potentially could be used in marker-assisted selection (MAS) programs (Keim et 

al. 1990; Diers et al. 1992; Lark et al. 1994;  Lee et al. 1996; Orf et al. 1999; Qui et al. 1999; 

Csanádi et al. 2001; Specht et al. 2001; Chung et al. 2003; Kabelka et al. 2004; Hyten et al. 2004; 

Panthee et al 2005; Reinprecht et al. 2006; Palomeque et al. 2009b; Qi et al. 2011).  
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       Several seed oil QTL in soybean have been reported that were co-localized with other 

agronomic and seed composition characteristics, including seed yield, protein concentration, 

seed size, and maturity (Lark et al. 1994; Orf et al. 1999; Qiu et al. 1999; Csanádi et al. 2001; 

Specht et al. 2001; Chung et al. 2003; Kabelka et al. 2004; Hyten et al. 2004; Panthee et al 2005; 

Reinprecht et al. 2006; Palomeque et al. 2009b). Most previous studies aimed at detecting QTL 

associated with important agronomic and seed traits used mapping populations that were 

derived from parental lines with large differences for target traits or from plant introductions 

and exotic germplasm (Hyten et al. 2004). While populations with large parental differences 

may be suitable for detecting major QTL for the trait under study, they may not be as useful in 

discovering minor QTL, which could be masked by major QTL (Asins 2002; Winter et al. 2007).   

        In this study, a recombinant inbreed line (RIL) population derived from a cross involving 

two moderately high oil soybean cultivars that also have high seed yield and protein 

concentration, ‘OAC Wallace’ and ‘OAC Glencoe’, was used to address the following objectives: 

(1) to study the phenotypic correlations between the seed oil concentration  and  selected 

important agronomic and seed quality traits, (2) to determine the co-localization of any of 

detected oil QTL in this population with QTL for other traits, and (3) to determine the  effects of 

2-way epistatic interactions of markers on target traits, where at least one the two involved 

markers in a given interaction was individually associated with seed oil concentration. 
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4.2. Materials and Methods  

       

       Description of the experimental designs and conditions as well as DNA extraction and 

genetic linkage map construction were provided in detail in a preceding companion paper 

(Chapter 3). Briefly, a population of 203 F3:6 RIL derived from two cultivars with higher than 

average seed oil concentration, ‘OAC Wallace’ and ‘OAC Glencoe’, that also had high seed yield 

and protein concentration was developed, grown, and evaluated across three locations in 

Ontario, Canada, in 2009 and 2010. The population was evaluated in the field using randomized 

complete block designs (RCBD) with two replications and adjusting for spatial variation with the 

nearest neighbor analysis (NNA) in each of six environments. Seed oil concentration was 

measured on 5-gram seed samples using a Minispec nuclear magnetic resonance (NMR) 

analyzer (Minispec Mq10, Bruker Inc.) for all trials with the exception of the test at Ottawa in 

2010, where it was measured using a near infrared transmission (NIR) machine since NMR was 

not available.  

       Five hundred and fifty five SSR markers in the Rajcan molecular lab at the University of 

Guelph, which were selected from the integrated soybean genetic map (Song et al. 2004), were 

used initially to screen the parental cultivars, ‘OAC Wallace’ and ‘OAC Glencoe’, for 

polymorphism. Selected polymorphic SSR markers, along with three gene-specific markers 

(GmDGAT1B, GmDGAT2B, and GmDGAT2C) designed in the Rajcan molecular lab at the 

University of Guelph (Eskandari and Rajcan, unpublished), were used in genotyping the entire 

population. A linkage map consisting of 80 markers distributed across 18 chromosomes (linkage 

groups, LG) was obtained using the QTL IciMapping software (Li et al. 2007). Markers were 
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assigned to chromosomes based on a minimum likelihood of odds (LOD) ≥3 and recombination 

frequencies ≤0.45 centiMorgan (cM). Map distances were estimated using Kosambi’s mapping 

function.     

 

 Phenotypic Data Collection  

 

       The phenotypic data of the agronomic and seed quality traits were evaluated and collected 

from each plot for all trials. Seed yield measurements were converted to kg/ha and adjusted to 

130 g/kg moisture. Days to maturity was determined as the number of days after planting until 

approximately 95% of the pods were matured (Fehr et al. 1971). Plant height (cm) was 

measured at maturity as the average distance from the soil surface to the tip of the main stem. 

Seed size (g) was determined by weighing 100 randomly selected seeds from each plot and 

adjusted to 130 g/kg moisture. Seed crude protein concentration (g/kg) of each line was 

measured and adjusted to 130 g/kg moisture using a Zeltex NIR analyzer (ZX-50 SRT, Zeltex, 

Inc.) on about 50 g whole bean sample from each plot. 

 

Statistical Analysis 

 

       Statistical analyses, including estimating LSMEANS for all the traits under study, performing 

single-factor ANOVA and stepwise regression, estimating two-way epistatic effects, and also 

variance components analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, 

NC). The type-I error rate (α) was set at .05 for all analyses unless specified. The estimated 
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variance components were used to calculate the broad sense heritability (H2) of individual and 

combined environments (Falconer and Mackay, 1996; Huynh et al. 2008).  Two-way epistatic 

effects between each pair of markers and the magnitude of variation accounted for by the 

interactions (R2) were calculated by EPISTACY 2.0 macro (Holland, 1998). To reduce the 

experimental-wise error in epistatic interaction analyses, the Type-I error rate (α=.05) was 

divided by g(g-1)/2, where g is the number of chromosomes in soybean (Holland, 1998), and it 

was set at α=.0003 for all pair-wise comparisons.  

       Simple interval mapping (IM) and composite interval mapping (CIM) were performed using 

MapQTL®6 software (van Ooijen, 2009). The multiple QTL mapping (MQM) algorithm of 

MapQTL®6 software (van Ooijen, 2009) was used to perform CIM. In MQM analyses, the 

significant markers resulting from simple IM analyses were exploited as co-factors. The 

empirical LOD threshold values were calculated by performing a permutation test with a set of 

2,000 iterations at a Type I error rate of .05. 

 

4.3. Results 

 

        In our preceding study (Chapter 3), a total of 11 genomic regions located on nine different 

chromosomes were identified and reported as associated with seed oil concentration in a RIL 

population derived from ‘OAC Wallace’ x ‘OAC Glencoe’ across several environments.  Among 

the 11 oil QTL, four genomic regions tagged by SSR markers Satt317, Satt001, Satt335, and 

Satt463 were also identified as associated with at least two additional agronomic or seed traits 

by either single-factor ANOVA (Table 4.1) or MQM methods (Table 4.2). Remarkably, the seed 
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oil QTL tagged by Satt317 was co-localized with QTL for all the traits under study: seed yield, 

size, and protein concentration as well as days to maturity, plant height, and 100-seed weight. 

The oil QTL tagged by markers Satt001 and Satt335 were also co-localized with seed protein 

concentration and 100-seed weight QTL in several different environments and also in the 

combined analyses for the traits across environments. The QTL linked to Satt001 was also 

identified as affecting seed yield at Ottawa location in 2009 and 2010 (Table 4.1 and 4.2). The 

oil QTL linked to the marker Satt463 was co-localized with seed yield QTL at Woodstock in 2009 

by single-factor ANOVA (Table 4.1) and with seed protein concentration at Ottawa in 2010 by 

MQM (Table 4.2).  

              Among the markers associated with seed oil concentration in the previous study 

(Chapter 3), some showed statistically significant (P≤.0003) effects on other traits studied when 

interacting with other markers evaluated (Table 4.3). A total of seven two-way epistatic 

interactions were identified as significantly associated with seed yield across different 

environments; four for days to maturity, two for 100-seed weight, one for seed protein, and 

one for plant height (Table 4.3).  The marker Sat_020 that was detected as associated with an 

oil QTL at Ottawa in 2009 (Chapter 3), was also associated with days to maturity in interacting 

with the genomic region tagged by the marker Satt155 in two environments (Table 4.3). The oil 

QTL tagged by Satt182 that was identified as associated with seed oil concentration (Chapter 3) 

was also significantly associated with days to maturity, plant height, and 100-seed weight while 

interacting with different genomic regions (Table 4.3).  
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       Least square means and broad sense heritability estimates have been calculated for all 

agronomic and seed quality characteristics in each and across environments (Table 4.4). Seed 

yield had the lowest broad sense heritability (ranging from 0.32 to 0.48) among all the traits, 

whereas days to maturity had the greatest estimate of heritability (ranging from 0.84 to 0.91). 

Significant transgressive segregation (P≤.05) was present in the RIL populations for all traits in 

each environment and across all environments. Pearson's coefficients of correlation (r) 

between seed oil concentration and five agronomic and seed traits have been calculated for 

each environment individually and across combined environments (Table 4.5). Seed protein 

concentration, days to maturity, and 100-seed weight showed significant (P≤.05) negative 

correlations with seed oil concentration in five of the six environments as well as in the 

combined data across environments. Seed yield and plant height were not significantly 

correlated with seed oil in most of the environments or in the combined analysis across 

environments. However, seed yield showed a significant positive correlation with oil 

concentration (0.17) at Ottawa in 2010 (Table 4.5).   

 

4.4. Discussion 

 

       In the previous chapter (Chapter 3), 11 QTL on nine different chromosomes have been 

identified as associated with seed oil concentration in a RIL population derived from a cross 

between two moderately high oil soybean cultivars, ‘OAC Wallace’ and ‘OAC Glencoe’, using 

data from  three locations in Ontario, Canada, in 2009 and 2010. To determine if the oil QTL 

were co-localized with other important agronomic and seed composition traits in that 
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population, five traits including seed yield, size, and protein concentration as well as plant 

height and days to maturity have been evaluated and QTL analyses performed for all the 

markers and traits across the environments using single-factor ANOVA and MQM methods.  

       Broad sense heritability estimates, which were calculated on a plot basis, were moderate to 

high for most of the traits with the exception of seed yield (Table 4.4). The estimates were 

similar to those previously reported in other soybean QTL mapping populations (Mansur et al. 

1993a; Orf et al. 1999; Specht et al. 2001; Kabelka et al. 2004; Hyten et al. 2004; Guzman et al. 

2007; Palomeque et al. 2009; Du et al. 2009). The heritability observed in this study indicated 

that the major parts of the phenotypic variations of the traits evaluated, except for seed yield, 

were genetic and, therefore, genetic gains could be achieved through phenotypic selections. 

However, high negative correlation between seed oil and protein concentration, which were 

detected in five out of six environments as well as in the combined environments (ranged from 

-0.40 to -0.65), indicated that increasing seed oil composition using conventional selection may 

occur at the expense of protein concentration and vise versa.  

       The highly significant negative relationship between seed oil and protein concentrations 

obtained in this study has been well documented in the literature (Wilcox and Shibles, 2001; 

Schwender et al. 2003; Chung et al. 2003; Ray et al. 2006; Bellaloui et al. 2009; Ramteke et al. 

2010). It is suggested that 1 unit increase in oil concentration will lead to about 2 units 

reduction in seed protein concentration (Schwender et al. 2003; Chung et al. 2003). This 

relationship could be due to tightly linked loci governing oil and protein concentrations 

separately, or because of pleiotropic effects of certain loci (Chung et al. 2003).  
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       Highly significant negative correlations between oil and days to maturity and 100-seed 

weight were obtained in most environments and also in the combined data (Table 4.5). 

Negative correlations between oil concentration and maturity were also reported in previous 

studies (Kabelka et al. 2004; Bellaloui et al. 2009). No significant correlation was found between 

seed oil and yield in any of the environments with the exception of a positive correlation at 

Ottawa in 2010, indicating that this population would be desirable for selection of both high oil 

and high yield genotypes separately across several environments (Burton, 1987; Scott and 

Kephart, 1997). 

       The QTL analyses identified seven previously reported oil-associated QTL in this population 

(Chapter 3) as co-localized with QTL for either agronomic or seed quality traits (Tables 4.1 and 

4.2). The putative oil QTL in the interval of Satt317-Satt302, located on Chromosome 12 (LG H), 

was co-localized with seed yield, size, and protein concentration as well as days to maturity and 

plant height. The oil positive QTL allele, which was inherited from ‘OAC Wallace’, was negatively 

associated with all the co-localized traits. This genomic region was previously reported as 

carrying putative QTL associated with seed yield per plant (Du et al. 2009) and seed yield per 

hectare (Kabelka et al. 2004). Kabelka et al. (2004) also found that this QTL co-segregated with 

seed protein concentration and plant height. In another study, Specht et al. (2010) also 

reported this genomic region as associated with maturity, plant height, and lodging. The 

current study along with the previous studies (Specht et al. 2001; Kabelka et al. 2004; Du et al. 

2009) showed that either several tightly linked genes or a pleiotropic gene in this region is 

affecting several traits. However, further genetic investigation and fine mapping of the region is 
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suggested to determine whether gene linkage or pleiotropy or a combination of both 

phenomena caused the relationships.  

       The putative oil QTL placed between markers Satt510 and Satt335 (Chapter 3) was also 

detected as associated with seed protein concentration and 100-seed weight in several 

environments as well as across environments (Tables 4.1 and 4.2). The oil positive allele of this 

QTL from ‘OAC Glencoe’ showed negative impact on both seed size and protein concentration. 

This genomic region was previously reported to be associated with seed protein concentration 

in two different studies (Hyten et al. 2004; Kabelka et al. 2004). Hyten et al. (2004) also 

reported a seed size QTL in the interval of Satt335-Satt144. The SSR marker Satt144 is 24.4 cM 

away from Satt335 (Song et al. 2004). Orf et al. (1999a) detected a seed weight QTL tagged by 

RFLP marker L050_14 (Satt510) in a RIL population derived from ‘Noir 1’ x ‘Archer’. The results 

of the present study along with those from previous studies (Orf et al. 1999a; Hyten et al. 2004; 

Kabelka et al. 2004) indicated that the multi-trait QTL within this genomic region should be a 

stable seed size and protein QTL across different environments and genetic backgrounds.  

       The putative oil QTL in the interval of Satt001-Satt273 (Chapter 3) was also identified as an 

environmentally stable QTL for protein concentration and an environmentally sensitive yield 

QTL. This QTL was associated with seed protein concentration in all the individual environments 

and also in the combined analysis across environments, whereas it was associated with seed 

yield only at Ottawa in both years. While the oil beneficial allele of this QTL, which was 

inherited from ‘OAC Wallace’, was negatively associated with seed protein concentration, it was 

positively correlated with seed yield. This putative QTL seemed to be the same as previously 
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reported seed yield QTL by Yuan et al. (2002), Guzman et al. (2007), and Du et al. (2009). Hyten 

et al. (2004) also reported a seed size QTL in close proximity to this QTL, which was located 

between Satt518 and Satt273. There are two more previously reported protein-associated QTL 

close to this QTL; one was linked to markers A065_3, which is positioned within the Satt001-

Satt273 interval (Soybase, 2012) as reported by Lee et al. (1996), and the other one was tagged 

by Satt178, which is located 9.7 cM from Satt001 (Song et al. 2004) as reported by Specht et al. 

(2001). The results indicate that this multi-trait QTL could be used in marker-assisted selections 

to improve both seed oil and yield simultaneously in specific environments such as Ottawa. 

       Another putative QTL associated with seed oil located on Chromosome 9 and tagged by 

marker Sat_020 (Chapter 3) was co-localized with seed protein concentration at Ridgetown in 

2010 and in the combined analysis (Table 4.1).  This QTL is more than 50 cM away from another 

on the same chromosome within the Satt001-Satt273 interval (Chapter 3), indicating that they 

represent distinct QTL. The oil favorable QTL allele that was inherited from ‘OAC Wallace’ was 

also positively correlated with protein concentration. This QTL could be exploited in MAS to 

increase both oil and protein concentration simultaneously. Csanádi et al. (2001) identified an 

oil/protein QTL within the genomic region between Sat_020 and Satt196, tagged by Satt196, 

using single-factor ANOVA and simple interval mapping in an F2 population of ‘Ma.Belle’ x 

‘Proto’. However, their oil positive QTL allele was negatively associated with seed protein 

concentration (Csanádi et al. 2001).    

       The putative oil QTL linked to the gene specific marker GmDGAT2B on Chromosome 16 (LG 

J) (Chapter 3) was also identified as associated with seed yield at Woodstock in 2009 and in the 
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combined environments (Table 4.2). The positive oil allele of this gene that was inherited from 

‘OAC Glencoe’ caused also an increase in seed yield in this study, indicating the potential use of 

this gene to elevate both seed oil and yield in new soybean cultivars using marker-assisted 

allele introgression. This QTL seemed to be in the same genomic region as the seed yield QTL 

previously reported associated with markers Satt529 and Satt414 (Guzman et al. 2007; Li et al. 

2008) being in close proximity to GmDGAT2B. Fine mapping of this region with more molecular 

markers is suggested to investigate whether these markers represent the same or distinct QTL.   

       The putative oil QTL on Chromosome 19 (LG L) anchored by markers Satt182 and Satt523 

(Chapter 3) was also detected as associated with seed protein at Ottawa in 2010. The positive 

oil QTL allele coming from ‘OAC Glencoe’ was negatively associated with protein concentration. 

The closest protein QTL to the current QTL on this chromosome that has been reported yet is 

the QTL associated with the RFLP marker A023_1 (Diers et al. 1992), which is located at least 

8.8 cM from our QTL (Song et al. 2004).  

       The putative oil QTL tagged by Satt463 marker on Chromosome 7 (LG M) (Chapter 3) was 

co-localized with seed protein and yield QTL (Tables 4.1 and 4.2). The oil beneficial QTL allele, 

which was inherited from ‘OAC Glencoe’, showed negative association with seed protein at 

Ottawa in 2010 and seed yield at Woodstock in 2009. This QTL was previously reported to be 

associated with protein (Hyten at al. 2004), seed yield, plant height, and also maturity (Wang et 

al. 2004) but not with seed oil.      

       Using simple models for explaining genetic control of complex quantitative traits, it is 

assumed that individual loci act in additive and independent manners (Falconer and Mackay, 
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1996; Lark et al. 1994). However, the importance of epistatic interactions among loci on 

polygenic traits was investigated and confirmed in different plant crops, including soybean (Lark 

et al. 1994; Lark et al. 1995; Orf et al. 1999a, b; Palomeque et al. 2009a, b). The importance of 

two-way epistatic effects between molecular markers on soybean seed oil accumulation has 

been also shown in our companion paper (Chapter 3). Our results have established that 

epistatic effects between different chromosomal regions could be important to explain the 

correlation between seed oil and other agronomic and seed traits. In particular, it was 

determined that the oil-associated QTL linked to Sat_020 (Chapter 3), which was co-localized 

with a protein concentration QTL was also associated with days to maturity in interaction with 

different markers across different environments. Or, the oil QTL tagged by Satt182, which was 

also associated with protein concentration individually, was associated with plant height, seed 

size, and days to maturity in interaction with different markers in different environments.  

       In conclusion, we identified an oil-associated QTL on Chromosome 9 (LG K), tagged by 

Sat_020, with the beneficial allele inherited from ‘OAC Wallace’, to be positively associated 

with protein concentration. This QTL could be used in marker-assisted allele introgression to 

improve both oil and protein concentration of soybean seed simultaneously, which is one of the 

goals of soybean breeding. In the current study, we also discovered two oil QTL on 

Chromosome 9 (LG K, tagged by Satt001) and Chromosome 16 (LG J, tagged by gene-specific 

marker GmDGAT2B) that also increased seed yield. These QTL could be exploited in molecular 

breeding programs aimed at elevating both seed oil and yield together. The results of two-way 

epistatic interactions among molecular markers on agronomic and seed traits, where one of the 

interacting markers had been associated with seed oil concentration (Chapter 3), revealed that 
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co-segregation of seed oil and some other traits in soybean such as seed yield and protein could 

be caused in part due to epistatic interactions between genomic regions. The results of this 

study may be helpful in selecting complementary parental lines that could result in the 

development of high oil cultivars without a penalty on protein concentration and with higher 

seed yield.   
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Table 4.1 Putative QTL for selected agronomic and seed traits identified by single-factor ANOVA in a RIL population of 

‘OAC Wallace’ x ‘OAC Glencoe’ at Ottawa, Ridgetown, and Woodstock in 2009 and 2010  

Trait Ch (Posa)  R2 b P-value Add. Effectc Environmentd 

Satt317e 12 (89.52) 
 Yield  

 
0.06 0.0034 -205.7 WST09 

Protein 

 

0.07 0.0006 -5.2 OTT10 
0.11 0.0000 -9.6 Combined 

Days to maturity 

 

0.06 0.0023 -2.9 OTT09 

0.06 0.0021 -3.2 WST09 

0.06 0.0013 -2.9 WST10 

0.05 0.0050 -3.4 Combined 

0.05 0.0040 -3.7 OTT09 

0.05 0.0059 -5.8 WST09 

Satt335 13 (77.70) 
    Protein 

 

0.05 0.0061 7.1 WST09 

0.05 0.0059 5.3 OTT09 

0.07 0.0010 5.5 OTT10 

0.08 0.0006 7.1 Combined 
100-seed weight 

 

0.07 0.0005 0.54 OTT09 

0.05 0.0070 0.50 OTT09 

0.09 0.0002 0.84 WST09 

0.08 0.0002 0.69 WST10 

0.08 0.0003 0.58 Combined 

Satt001 9 (50.56) 
 Yield  

 

0.11 0.0000 176.2 OTT09 

0.04 0.0043 107.8 OTT10 
Protein 

 

0.16 0.0000 -10.9 OTT09 

0.09 0.0002 -12.2 WST09 

0.07 0.0029 -6.1 OTT10 
0.12 0.0000 -11.4 RID10 

0.13 0.0000 -11.9 Combined 

Sat_020 9 (103.06) 
    Protein 

 
0.06 0.0040 7.9 RID10 

 
0.05 0.0091 4.8 Combined 

Satt463 7 (50.10) 
    Yield    0.05 0.0066 88.5 WST09 

a Chromosome designation and position as per Song et al. (2004) 
b The proportion of the total variance accounted for by the loci 
c Additive effect at each locus was estimated as half the difference of the phenotypic LSMEAN values of each 
homozygous genotype (allele ‘OAC Wallace’  inherited) 
d OTT09: Ottawa 2009; OTT10: Ottawa 2010; RID09: Ridgetown 2009; RID10: Rigdetown 2010; WST09: Woodstock 
2009; WST10: Woodstock 2010; Combined: The combined environments 
e Underlined markers indicate the markers linked to a putative oil QTL in the Chapter 3  



 
 

Table 4.2 Putative QTL for selected agronomic and seed traits identified by MQM in a RIL population of ‘OAC Wallace’ x ‘OAC Glencoe’ at 

Ottawa, Ridgetown, and Woodstock in 2009 and 2010 

Trait Ch (Posa) 

2009 
 

2010 
 

Combined 
Environments Ottawa Woodstock 

 
Ottawa Ridgetown Woodstock 

 

R2 b LODc 
Add.   

effectd R2 LOD 
Add.  

effect  R2 LOD 
Add.  

effect R2 LOD 
Add.  

effect R2 LOD 
Add.   

effect  R2 LOD 
Add.   

effect 
  

Satt317-Satt302e 12 (4.3-0.0) 
 

Protein 

 

0.12 7.3 -6.60 ₋ ₋ ₋ 
 

0.06 3.5 -4.10 0.06 3.0 -3.80 ₋ ₋ ₋ 
 

0.08 3.0 -3.80 

Days to maturity 0.05 2.6 -1.14 0.05 2.2 -1.85 
 

₋ ₋ ₋ ₋ ₋ ₋ 0.06 3.0 -1.58 
 

₋ ₋ ₋ 

Plant height ₋ ₋ ₋ 0.07 3.5 -4.48 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 

100-seed weight ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.09 4.9 -0.69 ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.05 3.0 -0.35 

Satt510-Satt335 13 (63.5-73.5) 
 

Protein 

 

0.06 2.8 3.40 ₋ ₋ ₋ 
 

0.04 2.5 2.20 ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.06 3.0 2.70 

100-seed weight 0.08 3.5 0.34 0.06 2.9 0.38 
 

0.09 4.9 0.52 ₋ ₋ ₋ 0.08 3.8 0.39 
 

0.07 3.7 0.31 

Satt001-Satt273 9 (34.7-42.3) 
                    Yield 

 

0.07 3.6 96.26 ₋ ₋ ₋ 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 

Protein 0.04 6.4 -3.40 0.07 3.4 -6.70 
 

0.05 2.9 -3.60 0.06 2.9 -0.35 ₋ ₋ ₋ 
 

0.07 3.4 -3.00 

GmDGAT2B-Satt132 16 (20.8-0.0) 
 

Yield 
 

₋ ₋ ₋ 0.11 5.8 -102.3 
 

₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ ₋ 
 

0.06 2.9 -46.1 

Satt182-Satt523 19 (0.0-11.5) 
 

Protein 
 

₋ ₋ ₋ ₋ ₋ ₋ 
 

0.05 3.0 -3.70 ₋ ₋ ₋ ₋ ₋ ₋ 
 

₋ ₋ ₋ 

Satt323-Satt463 7 (24.8-19.7) 
 

Protein   ₋ ₋ ₋ ₋ ₋ ₋   0.05 2.8 2.60 ₋ ₋ ₋ ₋ ₋ ₋   ₋ ₋ ₋ 
a
 As per Chapter 3 

b 
The proportion of the total phenotypic variance accounted for by QTL  

c
 All LOD values were greater than the empirical LOD threshold values in their corresponding test 

d 
Allele ‘OAC Wallace’ inherited 

e
 Underlined genomic regions indicate the genomic regions containing a putative oil QTL in the Chapter 3  

9
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Table 4.3 Markers with significant epistatic effects on selected agronomic and seed traits and the 
amount of phenotypic variation accounted for by each interaction in a RIL population of ‘OAC Wallace’ x 
‘OAC Glencoe’ at Ottawa, Ridgetown, and Woodstock in 2009 and 2010 

Trait 

Interaction 
 

Locii Chi Locij Chj Rij
2 a P-value Environmentb 

Seed yield Satt301 17 Satt302c 12 0.12 0.0000 Combined 

Seed yield GmDGAT1B 17 Satt335 13 0.11 0.0002 Combined 

Seed yield Satt042 5 Satt132 16 0.11 0.0001 RID09 

Seed yield Satt066 14 Satt569 13 0.11 0.0002 RID09 

Seed yield Satt260 9 Satt335 13 0.12 0.0000 RID10 

Seed yield Satt302 12 Satt313 19 0.15 0.0001 WST10 

Seed yield Satt363 6 Satt510 13 0.10 0.0001 WST10 

Seed protein Satt302 12 Satt712 16 0.11 0.0002 Combined 

Days to maturity Sat_020 9 Satt155 5 0.13 0.0001 RID10 

Days to maturity Satt182 19 Satt646 4 0.12 0.0001 RID10 

Days to maturity Sat_020 9 Satt544 9 0.12 0.0002 WST10 

Days to maturity Sat_020 9 Satt155 5 0.11 0.0002 WST10 

Plant height Satt182 19 Satt485 3 0.11 0.0001 WST10 

100-seed weight GmDGAT2B 16 Satt712 16 0.11 0.0001 OTT09 

100-seed weight Satt150 7 Satt182 19 0.12 0.0002 RID09 
a  The proportion of the total phenotypic variance accounted for by the interaction  
b RID09 = Ridgetown 2009; RID10 = Ridgetown 2010;  WST10 = Woodstock 2010; OTT09 = 
Ottawa 2009; Combined = Combined across environments 
c Underlined markers indicate the markers solely associated with seed oil concentration identified by 
either single-factor ANOVA or MQM analysis at any environment in the Chapter 3 

 

 



 
 

Table 4.4 Least square mean (top values) and heritability (bottom values) with standard error for selected agronomic and seed traits in a RIL 

population of ‘OAC Wallace’ x ‘OAC Glencoe’ at Ottawa, Ridgetown, and Woodstock in 2009 and 2010 

Trait 

Environment   

Combined 
Environments 

2009 
 

2010 
 

Ottawa Ridgetown Woodstock 
 

Ottawa Ridgetown Woodstock 
 Yield     

(kg/ha) 
3633 ± 22.50 3927 ± 29.60 3629 ± 21.00 3813 ± 18.10 3631 ± 21.20 3798 ± 18.00  3735 ± 9.10 

0.32 ± 0.06 0.48 ± 0.09 0.41 ± 0.10  0.39 ± 0.06 0.35 ± 0.11 0.45 ± 0.09  0.39 ± 0.02 

Protein  
(g/kg) 

396.3 ± 0.51 396.3 ± 0.53 399.4 ± 0.49  405.9 ± 0.69 400.3 ± 0.51 392.8 ± 0.58  398.7 ± 0.34 

0.92 ± 0.01 0.84  ± 0.03 0.73 ± 0.10  0.86 ± 0.02 0.91 ± 0.01 0.78 ± 0.03  0.81 ± 0.03 

Days to 
Maturity 

122 ± 0.20 92 ± 0.70 122 ± 0.30  140 ± 0.80 97 ± 0.50 116 ± 0.10  115 ± 0.10 

0.91 ± 0.01 0.86 ± 0.01 0.84 ± 0.02  0.88 ± 0.03 0.90 ± 0.01 0.86 ± 0.03  0.85 ± 0.03 

Plant 
Height 
(cm) 

91.7 ± 0.40 90.8   ± 0.50 92.1  ± 0.40  92.9  ± 0.40 94.6   ± 0.50 95.9 ± 0.60  93.0 ± 0.30 

0.85 ± 0.02 0.83 ± 0.03 0.79 ± 0.06  0.68 ± 0.03 0.78 ± 0.02 0.49 ± 0.08  0.76 ± 0.02 

100 Seed 
Weight (g) 

18.9 ± 0.04 20.1 ± 0.09 16.0  ± 0.08  20.6  ± 0.13 17.1 ± 0.13 17.7 ± 0.09  19.3 ± 0.03 

0.89 ± 0.02 0.84 ± 0.02 0.73 ± 0.04   0.81 ± 0.02 0.79 ± 0.03 0.73 ± 0.04   0.79 ± 0.03 
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Table 4.5 Pearson's coefficient of correlation (r) between seed oil concentration and selected agronomic and seed traits in a RIL population of 

‘OAC Wallace’ x ‘OAC Glencoe’ at Ottawa, Ridgetown, and Woodstock in 2009 and 2010  

Trait 

Environment   

Combined 
Environments 

2009 
 

2010 
 

Ottawa Ridgetown Woodstock 
 

Ottawa Ridgetown Woodstock 
 

Yeild -0.10 -0.13 -0.12 
 

0.17* 0.11 0.07 
 

0.11 

Protein -0.65** -0.49** -0.40** 
 

-0.63** -0.45** -0.07 
 

-0.55** 

Days to Maturity -0.40** -0.21** -0.19** 
 

-0.18** -0.43** -0.07 
 

-0.29** 

Plant Height -0.25** 0.02 -0.11 
 

0.01 -0.10 0.03 
 

-0.09 

100 seed weight -0.21** -0.23** -0.34**   -0.27** -0.09 -0.16*   -0.28** 

* Represents significance at P=.05 

** Represents significance at P=.01 

9
9 
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Chapter 5: Using the Candidate Gene Approach for Detecting Genes Underlying 

Seed Oil Concentration and Yield in Soybean 

 

5.0. ABSTRACT 

 

       Increasing the oil concentration in soybean has been given more attention in recent years 

because of demand for both edible oil and biodiesel production. To identify genes governing 

seed oil concentration in soybean, 18 putative candidate genes of three most likely important 

gene families (GPAT: acyl-CoA:sn-glycerol-3-phosphate acyltransferase, DGAT: acyl-

CoA:diacylglycerol acyltransferase, and PDAT: phospholipid:diacylglycerol acyltransferase) 

involved in triacylglycerol (TAG) biosynthesis pathways  were selected and their sequences 

retrieved from the soybean database  (http://www.phytozome.net/soybean). Three sequence 

mutations were discovered in either coding or noncoding regions of three DGAT isoforms 

between the parents of a 203 recombinant inbreed line (RIL) population; ‘OAC Wallace’ and 

‘OAC Glencoe’. The RIL population was used to study the effects of the mutations on seed oil 

concentration and five important agronomic and seed composition traits across three field 

locations in Ontario in 2009 and 2010. The indel mutation in the GmDGAT2B gene in ‘OAC 

Wallace’ was identified as significantly associated with reduced seed oil concentration across 

three environments and reduced seed yield at Woodstock in 2010. The mutation in 3’ 

untranslated (3’UTR) region of GmDGAT2Cwas discovered as associated with seed yield at 

Woodstock in 2009. The mutation in noncoding region of GmDGAR1B was identified as 

associated with seed yield and protein concentration at Ottawa in 2010.  The results of this 

http://www.phytozome.net/soybean
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study along with the novel candidate gene-based markers could be used in soybean breeding 

for marker-assisted selection aimed at increasing seed yield and oil concentration with no 

significant impact on protein concentration. 
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5.1. Introduction 

 

       The most important genes governing the seed oil biosynthesis in higher plants are those 

involved in the syntheses of plastid fatty acids, endomembrane lipids, triacylglycerol (TAG), and 

storage process, which comprise at least 140 genes in Arabidopsis (Hildebrand et al. 2008) and 

more than 274 genes in soybean (Schmutz et al. 2010). TAG is the main component of seed oil 

in oilseed crops such as soybean (Hildebrand et al. 2008; Lock et al. 2009) and could be 

synthesized via either the sn-glycerol-3-phosphate pathway (Figure 1.1) through three 

sequential acyl-CoA-dependent acylations of the glycerol backbone (Weselake et al. 2009) or an 

acyl-CoA-independent acylation process that transfers an acyl group from a phospholipid (PL) to 

a sn-1,2-diacylglycerol (DAG) to produce TAG (Dahlqvist et al. 2000; Hildebrand et al. 2008). 

       Although biochemical pathways involved with TAG biosynthesis in plant seeds have been 

well studied and characterized (Browse and Somerville, 1991; Ohlrogge and Browse, 1995; 

Harwood, 1996; Dahlqvist et al. 2000), the contribution of important genes and enzymes to TAG 

biosynthesis is poorly understood (Hildebrand et al. 2008). The first reaction in the biosynthesis 

of TAG, which is the acylation of sn-glycerol-3-phosphate, is mediated by acyl-CoA:sn-glycerol-

3-phosphate acyltransferase (GPAT; EC 2.3.1.15) and is suggested to be a rate-limiting enzyme 

in this pathway (Vigeols and Geigenberger, 2004). It has been shown in Arabidopsis that 

enhancing GPAT production can increase seed oil concentration and weight probably by 

increasing carbon flux into the TAG synthesis pathway (Jain et al. 2000). The last step of acyl-

CoA-dependent acylation involves the transfer of acyl groups to DAGs to produce TAG and is 

catalyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT; EC 3.2.1.20). It has also been 
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reported to be an important step in TAG synthesis (Bouvier-Nave et al. 2000; Jako et al. 2001; 

Shockey et al. 2006; Weselake et al. 2007; Burgal et al. 2008; Xu et al. 2008; Taylor et al. 2009; 

Li et al. 2010). To date, two different gene families with different expression profiles and no 

homology to one another, DGAT1 and DGAT2, have been reported with the capacities of 

catalyzing the final acyl-CoA-dependent acylation (Shockey et al. 2006; Li et al. 2010; Lock et al. 

2009). Gene expression studies showed that DGAT1 and DGAT2, especially DGAT1, played 

important roles in TAG formation in seeds of higher plant (Bouvier-Nave et al. 2000; Jako et al. 

2001; Weselake et al. 2008; Xu et al. 2008; Lock et al. 2009; Taylor et al. 2009).     

       The acyl-CoA-independent synthesis of TAG in plant seeds is catalyzed by 

phospholipid:diacylglycerol acyltransferase (PDAT; EC 2.3.1.158). PDAT transfers an acyl group 

from a phospholipid (PL) to diacylglycerol (DAG) forming TAG (Dahlqvist et al. 2000). While the 

importance of PDAT gene in TAG biosynthesis in yeast have been reported by over-expression 

of the gene, which led to an increase of by 2-fold in TAG concentration (Dahlqvist et al. 2000), 

no major role has been reported for this gene in oilseed crops yet (Mhaske et al. 2005; Li et al. 

2010). However, it has been suggested that PDAT plays a role in the selective accumulation of 

unusual fatty acids in the epoxy and hydroxyl fatty acids accumulating plant species (Li et al. 

2010).   

       Well-characterized biochemical pathways involved in TAG biosynthesis and its accumulation 

in plant seeds (Browse and Somerville, 1991; Ohlrogge and Browse, 1995; Harwood, 1996) along 

with existence of an “accurate” genome sequence of soybean (Schmutz et al. 2010) would 

allow for the mining of the soybean genome to discover variants within the candidate TAG 
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biosynthesis genes that might either cause any change in their proteins or expression. The gene 

information could be used in modern soybean breeding programs designed to increase the oil 

concentration in soybean seed.  

       Therefore, the main objective of the present study was to design gene-specific markers by 

identifying, sequencing, and detecting sequence divergences in putative candidate genes 

governing TAG formation in soybean seed. In this study, a soybean population consisting of 203 

F3-6 recombinant inbred lines (RILs) derived from a cross between two moderately high oil 

concentration cultivars, ‘OAC Wallace’ and ‘OAC Glencoe’, was used to study the association of 

candidate genes with the total seed oil concentration and some of its related traits across three 

locations in Ontario, Canada in 2009 and 2010.         

 

5.3. Materials and Methods  

       

Plant Materials 

 

       Development of the RILs population from two moderately high oil concentration soybean 

cultivars, ‘OAC Wallace’ and ‘OAC Glencoe’, has been described in Chapter 2.  

 

Phenotypic and Genotypic Data Collection  

 

       Agronomic seed yield, plant height, and lodging traits were measured for all plots at each 

location, whereas seed oil and protein concentrations and 100-seed weight were calculated on 
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an entry mean basis for each environment that have been previously described in Chapter 2. 

Leaf tissue samples for RILs were collected from the Woodstock location in 2009 and 2010, and 

the genomic DNA extraction was done using the Sigma GenElute™ DNA Extraction Kit (SIGMA®, 

Saint Louis, MO, USA) as described in Chapter 3. 

 

Experimental Design 

 

       As described in Chapter 2, the study was conducted over 2 years (2009 and 2010) at three 

locations in Ontario, Canada. The 203 RILs along with parental lines and 15 commercially 

available soybean cultivars were planted in a randomized complete block design (RCBD) with 

two replications by adjusting for spatial correlation with the nearest neighbor analysis (NNA) in 

each environment. 

 

Gene Sequence Retrieval and Analyses 

 

       The protein sequences of Acyl-CoA: diacylglycerol acyltransferase (DGAT1 and DGAT2), 

Phospholipid: diacylglycerol acyltransferase (PDAT) and sn-glycerol-3-phosphate acyltransferase 

(GPAT) were retrieved from Arabidopsis database (http://lipids.plantbiology.msu.edu/). These 

protein sequences were used as query templates to BLAST against soybean database 

Phytozome v8.0 (http://www.phytozome.net/soybean) in order to find the candidate genes 

(Table 5.1) in the ‘Williams 82’ reference sequence. DNA and protein sequences were aligned 

using Multiple Sequence Alignment, ClustalW2, software 

http://lipids.plantbiology.msu.edu/
http://www.phytozome.net/soybean
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(http://www.ebi.ac.uk/Tools/msa/clustalw2). Putative amino acid translation was conducted 

using ExPaSy (http://web.expasy.org/translate/). Analysis of polymorphic sites as potential 

Cleaved Amplified Polymorphic Sequences (CAPS) markers was achieved by using the program 

SNP2CAPS (Thiel et al. 2004). 

 

Gene-Specific Primer Design and PCR Optimization  

 

        The Primer3Plus software as “an enhanced web interface to Primer3” (Untergasser et al. 

2007) was used to design primers for the candidate genes, based on the ‘Williams 82’ reference 

sequences. The general primer settings were set at an annealing temperature range of 48°C to 

60°C with an optimum of 55°C. The optimal temperature difference was selected at 1°C. The 

primer GC% conditions were set at a range of 30% to 70% with an optimum of 50%. In the 

advanced settings, both the maximum self complementarity and the maximum 3’ self 

complementarity were initially set at 3 base pairs. The maximum 3’ stability was also selected 

as low as 3 base pairs as the initial preference. The designed primers were synthesized at 

Laboratory Services at the University of Guelph (Guelph Molecular Supercentre, Guelph, ON. 

Canada). 

       For the gene-specific primers, the following PCR reaction was used for each sample of 50 µL 

volume; 33.6 µL of molecular biology grade H2O (Thermo Scientific®, Barrington, IL. USA), 10 µL 

of 5 X Phusion HF PCR buffer, 3.0 µL of MgCl2 (25 mM), 1.0 µL of dNTP (10 mM), 1 µL of 10 µM 

forward and reverse primers, 0.4 µL of 2.5U µL-1 JumpStart™ Taq DNA Polymerase (Sigma- 

Aldrich ®, St. Louis, MO, USA), and 3.0 µL genomic DNA (25 ng μl−1).  The following PCR cycling 

http://www.ebi.ac.uk/Tools/msa/clustalw2
http://web.expasy.org/translate/
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program was used for gene-specific primers: 98°C, 2 min; (98°C, 1 min; Ta°C, 1.3 min; 58°C, 1.3 

min) x 30; 72°C, 5 min; and 6°C terminal hold. The more productive annealing temperatures 

(Ta°C) for each gene-specific primer pair was determined by using the same program that was 

just described, except that the each column of the PCR machine’s 96 well heating block was set 

to a different annealing temperature, from 48 to 57°C. The highest temperature with the 

cleanest abundant product was selected for subsequent reactions. 

 

PCR Cleanup and Gene Sequencing 

 

       Two different PCR cleanup protocols were used to purify DNA for sequencing. For primers 

that produced the expected size fragments only, DNA was purified from PCR reactions directly 

by using the GenElute™ Clean-Up Kit (Sigma-Aldrich®, St. Louis, MO, USA) as described by 

manufacturer. For primers with heterogeneous mixtures of fragments, fragments of the 

expected size from PCR reactions were extracted from the gel following electrophoresis. The 

target bands were excised with a clean razor blade under UV light, and DNA was extracted from 

the gel slices with the GenElute™ Gel Extraction Kit (Sigma-Aldrich®, St. Louis, MO, USA) as 

described by manufacturer. In order to separate the PCR products, 2% (w/v) agarose gels 

electrophoreses were used. 

       The purified DNA were used for the following “cycle sequencing” PCR to send for 

sequencing: 96°C for 2 min followed by 30 cycles of a 30 s denaturation step at 95°C, an 

annealing temperature step at 51°C for 1.5 min, and a 1.3 min extension at 60°C. After cycle 30, 

the run was prolonged for a final extension of 4 min at 72°C and hold at 6°C. The PCR products 
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of both forward and reverse primers were sent to The Advanced Analysis Centre (University of 

Guelph, Science Complex, Guelph, ON.) for sequencing by a ABI 3730 capillary DNA sequencer 

which uses the BigDye Terminator version 3.1 Cycle Sequencing Kit (Applied BioSystems, 

Forster City, CA).  

 

Cleaved Amplified Polymorphic Sequence (CAPS) markers and Restriction Digestion  

  

       Analysis of polymorphic sites as potential CAPS markers was achieved by using the program 

SNP2CAPS (Thiel et al. 2004). Restriction digestion of amplified PCR products was performed 

following the protocols of manufacturers. Digestion of fragments with the BcoDI (New England 

Biolabs®, Inc.) restriction enzyme was performed for 4 h at the 37°C. Incubations were followed 

by a 20 min inactivation step at 65°C. Digestion of fragments with the NsiI (New England 

Biolabs®, Inc.) restriction enzyme was performed for 4 h at the 37°C. Incubations were followed 

by a 20 min inactivation step at 80°C. In order to separate the PCR products for scoring 

genotypes, 2% (w/v) agarose gels electrophoreses were used.  

 

SSR Markers 

 

       As described in Chapter 3, available SSR markers in the soybean molecular lab at the 

University of Guelph, which was 555 primer pairs selected from the integrated soybean genetic 

map (Song et al. 2004), were initially screened against parental lines to identify polymorphic 

markers. Selected polymorphic SSR markers were used in genotyping the entire RILs 
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population. The PCR reactions and program for the SSR markers were also described in Chapter 

3.  In order to separate the PCR products, 4.5% (w/v) agarose gels electrophoreses were used.  

 

Linkage Mapping and QTL Analyses 

 

       As described in Chapter 3, a linkage map was created using the QTL IciMapping software (Li 

et al. 2007), and markers were assigned to linkage groups based on a minimum likelihood of 

odds (LOD) ≥3 and recombination frequencies ≤0.45 centiMorgan (cM). Map distances were 

estimated exploiting Kosambi’s mapping function.  

       QTL analyses have been done in two different ways as described in Chapter 3; (1) using 

single-factor ANOVA (Proc GLM, SAS Institute Inc., Cary, NC), and (2) multiple QTL mapping 

(MQM) using MapQTL®6 software (van Ooijen, 2007). 

  

Statistical Analyses 

 

       Statistical analyses, including estimating LSMEANS for all the traits, performing single-

marker ANOVA and stepwise regressions, estimating two-way epistatic effects, and also 

establishing the best-fit model for each environment were performed using SAS version 9.2 

(SAS Institute Inc., Cary, NC) as described in Chapters 2 and 3. The type-I error rate (α) was set 

at .05 for all analyses unless specified. The nearest neighbour analyses RCBD were conducted to 

obtain adjusted means for all the traits (Bowley, 1999). Two-way epistatic effects between each 

pair of markers and the magnitude of variation accounted for by the interactions (R2) were 
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calculated by EPISTACY 2.0 macro (Holland, 1998). Best-fit models were also developed for the 

traits of study for each environment with and without two-way epistatic interactions using Proc 

REG and GLM procedures (SAS Institute Inc. Cary, NC).  

 

5.3. Results 

 

Selection of Candidate Genes for Soybean Seed Oil Accumulation 

 

        The protein sequences of four potentially rate-limiting genes in TAG biosynthesis pathways 

in plants seed (Table 5.1) were retrieved from “The Arabidopsis Lipid Gene Database” (Beisson 

et al. 2003) and queried for BLAST searches against the soybean genome (data not shown). A 

total of 18 putative genes belong to the four gene families that were selected (Table 5.1), and 

their whole genomic sequences of ‘Williams 82’ were retrieved from the soybean genome 

database (http://www.phytozome.net/soybean) as the reference sequences for this study (data 

not shown). In the present study, also two transcription factors (GmDof4 and GmDof11), with 

important roles in seed oil production (Wang et al. 2007), were selected (Table 5.1) and tested 

for potential sequence polymorphism between parental lines; however, no polymorphisms 

were detected (data not shown). 

 

 

 

http://www.phytozome.net/soybean
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Comparative Analysis of Gene Structures between Parental Lines 

 

       The primer sets were designed using ‘Williams 82’ as the reference sequence to amplify and 

sequence either whole or transcript parts of the 18 candidate genes for parental lines, ‘OAC 

Wallace’ and ‘OAC Glencoe’, as well as ‘RCAT Angora’. Although for some of the genes there 

were gene sequence divergences such as point and/or indel mutations between ‘Williams 82’ 

and soybean genotypes evaluated in this study (data not shown), only three genes showed 

sequence polymorphisms between the genotypes in either their coding or noncoding regions. 

Details regarding the sequence analyses of the three genes and their impacts on seed oil 

concentration and some other important agronomic and seed composition traits are provided 

for each gene separately below. 

 

Sequencing of the Soybean GmDGAT1B (Glyma17g06120) Gene and Design of Gene-Specific Markers 

 

       The GmDGAT1B (Glyma17g06120) gene was the only gene among the three putative 

soybean homologs for the Arabidopsis DGAT1 (At2g19450) gene (Table 5.1) that showed a 

polymorphism between parental lines. GmDGAT1B, with 62.6% identity of its protein sequence 

to the Arabidopsis DGAT1 protein sequence, is located on Chromosome 17 and has a genomic 

size of 8.139 Kb with 16 exons and a synthesized protein length of 504 amino acids (Table 5.1).    

       The GmDGAT1B gene of the three soybean genotypes evaluated in the present study was 

entirely sequenced using 14 sets of primers (Table 5.2). Comparative genomics of this gene 
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revealed a transition point mutation (T→C) in the 11th intron of ‘OAC Wallace’ and ‘RCAT 

Angora’, compared to ‘Williams 82’ and ‘OAC Glencoe’ (Figure 5.1). The 17DGIVP1-1 primer pair 

(Table 5.2), which amplified a 495-bp DNA fragment, was used for PCR amplification of DNA 

from the parental and recombinant inbred lines of the RIL population. 

       The single-nucleotide polymorphism (SNP) identified in the GmDGAT1B gene was used as 

the discriminating factor for a CAPS marker development as it occurred within a BcoDI 

restriction site (Figure 5.1). The point mutation abolishes the BcoDI recognition site in the ‘OAC 

Wallace’ allele, and digestion of the 17DGIVP1-1 PCR product with BcoDI produced the 

expected fragments of 317 bp and 178 bp when ‘OAC Glencoe’ DNA was used as template and 

495 bp when ‘OAC Wallace’ DNA was used as template, which were easily separated for co-

dominant scoring on a 2% agarose gel (Figure 5.2).  

       As described in Chapters 3 and 4, the association analysis of the GmDGAT1B gene in the RIL 

population across different environments showed a significant negative effect of the mutant 

allele from ‘OAC Wallace’ on seed protein concentration (Figure 5.3) and a positive impact on 

seed yield (Figure 5.4) at Ottawa in 2010.  This mutation resulted in 5.5 (g/kg) protein reduction 

and 156 (kg/ha) yield increase in genotypes carrying the ‘OAC Wallace’ allele compared to 

those carrying the  ‘OAC Glencoe’ alleles in a homozygous state.  GmDGAT1B also showed a 

significant epistatic effect on seed yield in interacting with the marker Satt335 in a combined 

analysis across the environments (Table 5.5). 
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Partial Sequencing of the Soybean GmDGAT2B (Glyma16g21960) Gene 

 

       Five putative homologs for the Arabidopsis DGAT2 (At3g51520) gene were identified in 

soybean with up to 71.3% protein sequence identities (Table 5.1). Among these DGAT2 

isoforms, two showed polymorphism between parental lines: the GmDGAT2B 

(Glyma16g21960); and, GmDGAT2C (Glyma16g21970) putative genes.  

       The GmDGAT2B (Glyma16g21960) gene, with 61.9% identity of its protein sequence to the 

Arabidopsis DGAT2 protein sequence, is located on Chromosome 16 and has a genomic size of 

12.682 Kb with 9 exons and a synthesized peptide with 350 amino acids length (Table 5.1). 

Sequencing of transcript sequence part, including coding regions plus 5’ and 3’ UTRs, of the 

GmDGAT2 gene along with two first introns revealed four polymorphisms among the three 

soybean genotypes (Figure 5.5).  

       The first SNP polymorphism was a synonymous point mutation in the first exon of the ‘OAC 

Wallace’ allele (C→T) (Figure 5.5), which did not cause any change in the produced amino acid 

sequence compared to its wild allele product in ‘OAC Glencoe’ (data not shown). The second 

polymorphic site between ‘RCAT Angora’ and other two soybean genotypes was within the first 

intron as a result of a transversion point mutation (G→T) in ‘RCAT Angora’ (Figure 5.5). 

However, both ‘OAC Wallace’ and ‘OAC Glencoe’ were monomorphic for this site compared to 

the reference genome, ‘Williams 82’. The third sequence polymorphism among the soybean 

genotypes studied was in the second intron due to an insertion/deletion (indel) mutation 

(Figure 5.5). When compared to the reference sequence of ‘Williams 82’, ‘OAC Glencoe’ had the 

same nucleotide sequence for this site; however, ‘OAC Wallace’ showed a 18 nt deletion in a 
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(TTA)n repeat in the region, and ‘RCAT Angora’ showed a 12 nt insertion within the (TTA)n repeat 

(Figure 5.5).  

       The last sequence polymorphism for this gene, which was used to genotype the whole RIL 

population for gene-traits association analyses, was an indel mutation that occurred within the 

third exon of the ‘OAC Wallace’ allele (Figure 5.5). Deletion of two nucleotides in this coding 

region in ‘OAC Wallace’ allele resulted in a frame shift and subsequent premature stop at 

Codon 142 (Figures 5.5 and 5.6). The 16DGIF1-1 primer pair (Table 5.3), which amplified a 1098-

bp DNA fragment, was used for PCR amplification of DNA from the parental and recombinant 

inbred lines of the ‘OAC Wallace’ x ‘OAC Glencoe’ population. Since no restriction enzyme was 

found for this polymorphic site in order to create an appropriate CAPS marker, the BigDye 

Terminators Cycle Sequencing method was used for genotyping and scoring the whole 

population lines (Figure 5.7).  

       As described in Chapters 3 and 4, the ‘OAC Wallace’ allele of the GmDGAT2B gene was 

significantly associated with reduced seed oil concentration across three environments, 

Woodstock and Ottawa in 2009 and Ridgetown in 2010 (Figure 5.8). It was also negatively 

associated with seed yield in Woodstock 2009 (Figure 5.9). This gene showed statistically 

significant epistatic effect on 100-seed weight in interaction with the SSR marker Satt712 at 

Ottawa in 2010 and on lodging while interacting with Satt166 and Satt544 in Woodstock in 

2009 and 2010, respectively (Table 5.5).          
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Partial Sequencing of the Soybean GmDGAT2C (Glyma16g21970) Gene and Design of Gene-Specific 

Markers  

 

       The GmDGAT2C (Glyma16g21970) gene, which is a putative homologous soybean gene for 

the Arabidopsis DGAT2 (At3g51520) gene with a 57.6% identity between the protein sequences 

(Table 5.1), showed two SNPs between ‘OAC Wallace’ and ‘OAC Glencoe’: a transversion 

nucleotide replacement (A→C) within the last intron and a transition point mutation (A→G) 

within the 3’ untranslated region (UTR) (Figure 5.10). GmDGAT2C is located on Chromosome 16 

and has a genomic size of 9.428 Kb with 9 exons and a synthesized protein size of 317 amino 

acids (Table 5.1). The transcript part of this gene was sequenced using four sets of primer pairs 

(Table 5.4), and the LgJDGIP4-2 primer pair, which amplified a 955-bp DNA fragment containing 

both polymorphic sites. This sequence was used for PCR amplification of DNA from the parental 

and recombinant inbreed lines of the ‘OAC Wallace’ x ‘OAC Glencoe’ population.  

       The SNP that occurred within the 3’UTR of the GmDGAT2C gene was used as the 

discriminating factor for creating a CAPS marker as it was located within an NsiI restriction site 

(Figure 5.10). The point mutation created the NsiI recognition site in the ‘OAC Wallace’ allele, 

and digestion of the LgJDGIP4-2 PCR product with NsiI produced the expected fragments of 767 

bp and 188 bp when ‘OAC Wallace’ DNA was used as template and 995 bp when ‘OAC Glencoe’ 

DNA was used as template. They were simply separated as a co-dominant marker on a 2% 

agarose gel (Figure 5.11). 

              As described in Chapter 4, the GmDGAT2C gene was identified as associated with the 

seed yield at Woodstock in 2009. The mutant allele from ‘OAC Wallace’ increased seed yield on 

average by 233 (kg/ha) (Figure 5.12). GmDGAT2C was also significantly associated with 100-
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seed weight when interacting with the SSR markers Satt712 and Satt589 at Ottawa in 2009 

(Table 5.5).   

 

5.4. Discussion 

 

       Well-characterized biochemical pathways involved in TAG biosynthesis (Browse and 

Somerville 1991; Ohlrogge and Browse 1995; Harwood 1996; Dahlqvist et al. 2000) along with 

the publication of an “accurate” genome sequence of soybean (Schmutz et al. 2010) and many 

available genetic tools made it possible for us to identify three putative genes affecting either 

seed oil concentration or other important oil related traits in the present study (Table 5.5).  

       The GmDGAT1B gene with a transition point mutation (T→C) in its 11th intron has been 

identified as individually associated with seed yield and protein concentration at the Ottawa 

location in 2010 due probably to changes in its expression levels. It was also found associated 

with yield at Woodstock in 2010 in interacting with the SSR marker Satt243. It has been 

reported in previous studies that introns could have “marked effects” on genes expression 

levels (Bourdon et al. 2000; Kim et al. 2006; Sanyal et al. 2011), and it has also been shown 

through QTL cloning in plants that altered phenotypes of many QTL could be observed because 

of differences in gene expression levels (Paras and Zamir, 2003). Putting these together, the 

mutation in the intron region of the GmDGAT1B gene of ‘OAC Wallace’, in this study, could lead 

to a change in the gene expression level of mutants and resulting in phenotypic variations of 

the traits. This result is in agreement with a study in Brassica napus plants with a reduced 

DGAT1 expression, which resulted in significant reductions in seed yield (Lock et al. 2009). In 
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the present study, we did not detect any association between this mutation and seed oil 

concentration.   

       The GmDGAT2B gene in ‘OAC Wallace’ that showed an indel mutation within its coding 

region affecting the synthesized protein size through a premature stop codon at the 142 codon 

in ‘OAC Wallace’ allele, also carried two more simultaneous mutations, including a synonymous 

point mutation (C→T) within its first exon and an indel mutation within the second intron. The 

association analyses of this allele from ‘OAC Wallace’ with seed oil concentration and some 

other important agronomic and seed composition traits in the ‘OAC Wallace’ x ‘OAC Glencoe’ 

population across different environments showed a significant negative effect on oil 

concentration in three environments (Ottawa 2009, Woodstock 2009, and Ridgetown 2010) 

and seed yield at Ottawa 2010, which could be due to its shortened synthesized peptide. 

However, we could not determine if the associations were due to either the mutations in the 

coding or non-coding regions or their combination. It has been reported that synonymous 

mutations which do not modify the encoded proteins can also affect gene expression levels 

causing phenotypic variations (Kudla et al. 2009). The identified association of the DGAT2 gene 

with seed oil concentration in the current study concurred with some other studies that have 

been done in different plant species such as Arabidopsis (Jako et al. 2001), soybean (Lardizabal 

et al. 2008), and maize (Zheng et al. 2008; Oakes et al. 2011) suggesting its apparent universal 

role in plants.   

       In this study, we also identified two SNPs within an intronic and 3’ untranslated region of 

the GmDGAT2C gene in ‘OAC Wallace’. Beside many different studies that reported the impact 
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of mutations within introns of a given gene on the gene expression (Bourdon et al. 2000; Kim et 

al. 2006), several groups also showed the impact of 3’ UTR on RNA levels and translational 

efficiency (Nozaki and Cross, 1995), genes expressions (Bailey-Serres at al. 1996), and RNA 

stabilities (Meritt et al. 2008). Floris et al. (2009), in their review paper, highlighted the 

importance of the 5’UTR and 3’UTR of mRNAs in plants on gene translations in response to 

environmental stresses. To our knowledge, this is the first report on the involvement of DGAT2 

genes in soybean, GmDGAT2B and GmDGAT2C, in seed yield.     

       In conclusion, by using the candidate gene approach, we identified the association of 

genetic mutations within three DGAT1 and DGAT2 soybean isoforms with seed yield, oil and 

protein concentration in a RIL population derived from moderately high oil concentration 

cultivars. We have also developed gene-specific markers that can be used by soybean breeders 

to select for high oil concentration or yield in soybean breeding programs. 

 



 
 

Table 5.1 Triacylglycerol (TAG) biosynthesis Arabidopsis reference and soybean candidate genes in the present study. 

Arabidopsis reference gene 
 

Soybean candidate gene 

Name Accession EC GO 

 

Accession Abbrev. Chr. 
Genomic 
size (bp) 

Amino 
acids  
(aa) 

Identity 
(%)a E-value 

 

DGAT1 At2g19450  2.3.1.20 GO:0004144 
 Glyma13g16560 GmDGAT1A 13 7840 498 62.6 1.50E-149 

 Glyma17g06120 GmDGAT1B 17 8139 504 62.2 1.40E-148 

 Glyma09g07520 GmDGAT1C 9 5477 394 57.5 9.00E-86 

DGAT2 At3g51520  2.3.1.20 GO:0004144 

 Glyma09g32790 GmDGAT2A 9 6286 337 65.1 1.70E-121 

 Glyma16g21960 GmDGAT2B 16 12682 350 61.9 3.20E-117 

 Glyma16g21970 GmDGAT2C 16 9428 317 57.6 3.20E-103 

 Glyma01g36010 GmDGAT2D 1 6066 125 71.3 4.90E-48 

 Glyma11g09410 GmDGAT2E 11 2493 252 47.9 6.90E-47 

PDAT At5g13640  2.3.1.158 GO:0046027 

 Glyma13g16790 GmPDATA 13 4612 668 59.4 0.00 

 Glyma17g05910 GmPDATB 17 4164 637 58.8 0.00 

 Glyma07g04080 GmPDATC 7 4936 676 58.1 0.00 

 Glyma12g08920 GmPDATD 12 4512 629 61.1 0.00 

 Glyma11g19570 GmPDATE 11 4369 594 55.4 0.00 

 Glyma16g00790 GmPDATF 16 4555 507 56.2 5.50E-159 

GPAT At1g32200    2.3.1.15 GO:0004366  Glyma09g34110 GmGPATA 9 10318 470 68.1 7.00E-157 

 Glyma01g01800 GmGPATB 1 5966 253 69.3 6.00E-109 

GmDof4 DQ857254  ₋ ₋  Glyma17g08950 GmDof4 17 1314 300 99.3 6.10E-130 
 

GmDof11 DQ857261   ₋ ₋  
Glyma13g40420 GmDof11 13 1862 285 99.6 3.90E-140   

a The peptide sequence similarity of soybean candidate genes to the Arabidopsis reference genes. 

1
1

9
 



 
 

Table 5.2 Primer sequences and PCR products sizes for whole soybean GmDGAT1B (Glyma17g06120) gene. 

Primer name 
Amplicant 

length Forward (5'→3') Reverse (5'→3') Ta°C 

17DGIIP1-1 228 ATTTTAGAGAACAATAATAGAAATCTG CAAGTCATCACCGGAACT 52 

17DGIP1-1 1000 ATTTCCGATGAGCCTGAA GTCAAAACAATTACACAGTACACAG 56 

17DGIP2-2 946 ATGGTTGGTTGATCAAATCT TGACACCTGATACAAAAGCA 54 

17DGIP3-2 1098 CGTTGGGTGAACCTTAGTT ATATGGGTAAGCAACTGCAC  56 

17DGIIP3-1 983 TGAACATGGACTATCCTTACAA ATTGATTAGCAGGTTGTGTCTA 49 

17DGIIP4-1 849 CGTAACAGGGTGAACATAAT ATAAGGTGTGCGAGGATAG 57 

17DGIP4-1 793 ATCCATGTAGATTGCATTTGT TCCAGAGTCCAGACAACAAT 54 
17DGIIP5-1 

633 GCTGTAGTTCTTGTATCTTTTGTTTA CATTCCACCAATCCTTGTAG 49 

17DGIP5-1 847 CATGCGTAAATGTTGATCTG ATCATCTTAGTGGCAACCTG 56 

17DGIIP6-2 850 TCCTCCTGTGTTGCTGAATG TTCCCTTCCCTTCTATCTAACTC 48 

17DGIP6-2 1096 TCTTTGCTATCAACAATTTCC AAAAATTGCACAACTGTCTG 49 

17DGIIP7-2 944 CCTTGGCATGTGTAGATGTTA GTCAAGTTTGCCTTTCCTATT 56 

17DGIIP8-2 674 CTCAATGGTACGTCTGCTATT GCAAAAACAACACAAACAATAC 54 

17DGIVP1-1a 495 AATCTGAGTGGAATCTTTTACAT GCAGTTCTTGTTTGTGTTAGTC 55 
a The primer used to design the CAP marker indicated in bold. 

 

1
2

0 



 
 

Table 5.3 Primer sequences and PCR products sizes for transcript part of soybean GmDGAT2B 
(Glyma16g21960) gene. 

Primer 
name Amplicant length Forward (5'→3') Reverse (5'→3') Ta°C 

16DGIF1-1a 1098 GGAGCCAAAAGTTCTAATC GAAAATCCCTCAAAAGTAAA 51 

16DGIF2-1 699 ATTTATTTTTGTTGTTTTGAGTTC ATGGTGAGGGAGTGTGAA 56 

16DGIF3-1 1117 AGATAGGCAGAAAAGGTT ATGGATACTTGGTGAATG 54 

16DGIF4-1 1176 ATTTGACCAGTTTATCAGTATG GAATGTTTGTGGCTTATGA 57 
a The primer used for BigDye Terminators Cycle Sequencing indicated in bold. 
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1
 



 
 

Table 5.4 Primer sequences and PCR products sizes for transcript part of soybean GmDGAT2C 
(Glyma16g21970) gene. 

Primer 
name Amplicant length Forward (5'→3') Reverse (5'→3') Ta°C 

LgJDGIP1-2 970 AATAATGCACGGAAGCTACT TAAGTCGATGGATTGGTACA 50 

LgJDGIP2-2 428 GTAACAACATGCCCTCCA ATGAAGGCTGAGTAAGATGG 49 

LgJDGIP3-1 798 ATTCATCATCTCTCGCTATT AACACACTCTTCCTGCTATT 55 

LgJDGIP4-2a 955 CAATGACAAGAAAAGAACTAT AGGAAGAAAAACAAAGTAAA 56 

a The primer used to design the CAP marker indicated in bold. 
 
 
 
 1

2
2
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Table 5.5 A summary of association analyses of the gene-specific markers and their significant 
epistatic interactions with the SSR markers evaluated on five agronomic and seed composition 
traits in a RIL population of ‘OAC Wallace’ x ‘OAC Glencoe’ at three locations in 2009 and 2010.  

Loci Chr. 

Trait 

Oil Yield 
Plant 

Height 
100-Seed 
Weight Lodging 

GmDGAT2B 16 
RID09a, RID10, 

OTT10 WST09 ₋ ₋ ₋ 

GmDGAT2C     16 ₋ WST09 ₋ ₋ ₋ 

GmDGAT1B 17 ₋ OTT10 ₋ ₋ ₋ 
GmDGAT2B x Satt544 16x9 ₋ ₋ ₋ ₋ WST09 

GmDGAT2B x Satt166 16x19 
 

₋ ₋ ₋ WST09 

GmDGAT2B x Satt712 16x16 ₋ ₋ ₋ OTT09 WST09 

GmDGAT2C x Satt589 16x8 ₋ ₋ ₋ OTT09 ₋ 

GmDGAT2C x Satt712 16x16 ₋ ₋ ₋ OTT09 ₋ 
GmDGAT1B x Satt335 17x13 ₋ Combined ₋ 

 
₋ 

a RID09: Ridgetown 2009; RID10: Ridgetown 2010; OTT09: Ottawa 2009; OTT10 Ottawa 2010; WST09: 
Woodstock 2009; WST10: Woodstock 2010; Combined: Combined Environments. 
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OAC Wallace      aatctgagtggaatcttttacattgcagCCTGTTCACAAATGGATGATCCGCCACCTATA 60 

RCAT Angora      aatctgagtggaatcttttacattgcagCCTGTTCACAAATGGATGATCCGCCACCTATA 60 

Williams 82      aatctgagtggaatcttttacattgcagCCTGTTCACAAATGGATGATCCGCCACCTATA 60 

OAC Glencoe      aatctgagtggaatcttttacattgcagCCTGTTCACAAATGGATGATCCGCCACCTATA 60 

                 ************************************************************ 

 

OAC Wallace      TTTTCCATGTTTAAGGCACGGTCTACCAAAGGtaatcaagcatcctcctgtgttgctgaa 120 

RCAT Angora      TTTTCCATGTTTAAGGCACGGTCTACCAAAGGtaatcaagcatcctcctgtgttgctgaa 120 

Williams 82      TTTTCCATGTTTAAGGCACGGTCTACCAAAGGtaatcaagcatcctcctgtgttgctgaa 120 

OAC Glencoe      TTTTCCATGTTTAAGGCACGGTCTACCAAAGGtaatcaagcatcctcctgtgttgctgaa 120 

                 ************************************************************ 

 

OAC Wallace      tggatcctgaatttatttggtctaaactctaaaacatttttaggatttgtcagcctctgt 180 

RCAT Angora      tggatcctgaatttatttggtctaaactctaaaacatttttaggatttgtcagcctctgt 180 

Williams 82      tggatcctgaatttatttggtctaaactctaaaacatttttaggatttgtcagtctctgt 180 

OAC Glencoe      tggatcctgaatttatttggtctaaactctaaaacatttttaggatttgtcagtctctgt 180 

                 ***************************************************** ****** 

                                                           BcoDІ restriction site 
 

OAC Wallace      ttaccatctcaggttgccactaagatgatcacatttaacatagttaaattaaaaggaaca 240 

RCAT Angora      ttaccatctcaggttgccactaagatgatcacatttaacatagttaaattaaaaggaaca 240 

Williams 82      ttaccatctcaggttgccactaagatgatcacatttaacatagttaaattaaaaggaaca 240 

OAC Glencoe      ttaccatctcaggttgccactaagatgatcacatttaacatagttaaattaaaaggaaca 240 

                 ************************************************************ 

 

OAC Wallace      tgtatgttagttatatcctaataatcacagttatgtaaaaacttatcaataaacctatta 300 

RCAT Angora      tgtatgttagttatatcctaataatcacagttatgtaaaaacttatcaataaacctatta 300 

Williams 82      tgtatgttagttatatcctaataatcacagttatgtaaaaacttatcaataaacctatta 300 

OAC Glencoe      tgtatgttagttatatcctaataatcacagttatgtaaaaacttatcaataaacctatta 300 

                 ************************************************************ 

 

OAC Wallace      cataagttttttttttttaaaaagtatgtatatattttttttgcactaattgtatggttt 360 

RCAT Angora      cataagttttttttttttaaaaagtatgtatatattttttttgcactaattgtatggttt 360 

Williams 82      cataagttttttttttttaaaaagtatgtatatattttttttgcactaattgtatggttt 360 

OAC Glencoe      cataagttttttttttttaaaaagtatgtatatattttttttgcactaattgtatggttt 360 

                 ************************************************************ 

 

OAC Wallace      gatatgtttgatgcactggaggaatatgtagaaagtttgcaattggtagacaatagttga 420 

RCAT Angora      gatatgtttgatgcactggaggaatatgtagaaagtttgcaattggtagacaatagttga 420 

Williams 82      gatatgtttgatgcactggaggaatatgtagaaagtttgcaattggtagacaatagttga 420 

OAC Glencoe      gatatgtttgatgcactggaggaatatgtagaaagtttgcaattggtagacaatagttga 420 

                 ************************************************************ 

 

OAC Wallace      acttcatttctgttctgtcgtttcagataaatgactttggaatgtataaacttgactaac 480 

RCAT Angora      acttcatttctgttctgtcgtttcagataaatgactttggaatgtataaacttgactaac 480 

Williams 82      acttcatttctgttctgtcgtttcagataaatgactttggaatgtataaacttgactaac 480 

OAC Glencoe      acttcatttctgttctgtcgtttcagataaatgactttggaatgtataaacttgactaac 480 

                 ************************************************************ 

 

OAC Wallace      acaaacaagaactgc 495 

RCAT Angora      acaaacaagaactgc 495 

Williams 82      acaaacaagaactgc 495 

OAC Glencoe      acaaacaagaactgc 495 

                 *************** 

  

Figure 5.1  Nucleotide alignment of a section of GmDGAT1B (Glyma17g06120) gene sequenced from ‘OAC 

Wallace’, ‘OAC Glencoe’, and ‘RCAT Angora’ against the corresponding sequence of ‘Williams 82’ as the reference 

sequence retrieved from soybean database (http://www.phytozome.net/soybean.php). Primers used for 

sequencing are indicated by solid arrows. The exons are in uppercase, and the introns are in lowercase. The 

restriction site of BcoDІ (GTCTC) is indicated by solid rectangular.    

http://www.phytozome.net/soybean.php
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Figure 5.2 DNA fragments amplified from the parents and a heterozygous genotype using the 

17DGIVP1-1 primer pairs and digested with BcoDI enzyme. G: ‘OAC Glencoe’, and H: 

Heterozygote M: size ladder, W: ‘OAC Wallace’.   

 

 

 

 

 

 



126 
 

 

 

Figure 5.3 Comparison of seed yield (kg/ha) between RIL genotypes carrying ‘OAC Wallace’ or 

‘OAC Glencoe’ alleles at Ottawa in 2010. Standard error is shown by error bars. 
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Figure 5.4 Comparison of protein concentrations (g/kg) between RIL genotypes carrying ‘OAC 

Wallace’ or ‘OAC Glencoe’ alleles at Ottawa in 2010. Standard error is shown by error bars. 
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Williams 82     AACACAACACTTCCTTCTTACATTCGGCAATCAAACCATGCAGCGCACGGCGGCGGCGAC 60 

OAC Glencoe     AACACAACACTTCCTTCTTACATTCGGCAATCAAACCATGCAGCGCACGGCGGCGGCGAC 60 

OAC Wallace     AACACAACACTTCCTTCTTACATTCGGCAATCAAACCATGCAGCGCACGGCGGCGGCGAC 60 

RCAT Angora     AACACAACACTTCCTTCTTACATTCGGCAATCAAACCATGCAGCGCACGGCGGCGGCGAC 60 

                ************************************************************ 

 

Williams 82     AGAGGAACCACGGCGGAGCTCCGGCGACGCGTCGGCGGCGGAGGGGGAGAAGGTGTTCAA 120 

OAC Glencoe     AGAGGAACCACGGCGGAGCTCCGGCGACGCGTCGGCGGCGGAGGGGGAGAAGGTGTTCAA 120 

OAC Wallace     AGAGGAACCACGGCGGAGCTCCGGCGACGCGTCGGCGGCGGAGGGGGAGAAGGTGTTCAA 120 

RCAT Angora     AGAGGAACCACGGCGGAGCTCCGGCGACGCGTCGGCGGCGGAGGGGGAGAAGGTGTTCAA 120 

                ************************************************************ 

 

Williams 82     GGGAAGTGAGGTGTTCGGTGATACGTCACCAAATTATTTAAAGACGATTTTGGCCCTGGC 180 

OAC Glencoe     GGGAAGTGAGGTGTTCGGTGATACGTCACCAAATTATTTAAAGACGATTTTGGCCCTGGC 180 

OAC Wallace     GGGAAGTGAGGTGTTCGGTGATACGTCACCAAATTATTTAAAGACGATTTTGGCCCTGGC 180 

RCAT Angora     GGGAAGTGAGGTGTTCGGTGATACGTCACCAAATTATTTAAAGACGATTTTGGCCCTGGC 180 

                ************************************************************ 

 

Williams 82     GCTGTGGCTCGGAACCATTCATTTCAACGCCGCGTTGGTGCTCTTCGCAATCTTCTTCCT 240 

OAC Glencoe     GCTGTGGCTCGGAACCATTCATTTCAACGCCGCGTTGGTGCTCTTCGCAATCTTCTTCCT 240 

OAC Wallace     GCTGTGGCTCGGAACCATTCATTTCAACGCTGCGTTGGTGCTCTTCGCAATCTTCTTCCT 240 

RCAT Angora     GCTGTGGCTCGGAACCATTCATTTCAACGCCGCGTTGGTGCTCTTCGCAATCTTCTTCCT 240 

                ****************************** ***************************** 

 

Williams 82     CTCTCTCCACAAAGCATTCTTgttcgtttgtctctcctttagcttcttcccttgaaatta 300 

OAC Glencoe     CTCTCTCCACAAAGCATTCTTgttcgtttgtctctcctttagcttcttcccttgaaatta 300 

OAC Wallace     CTCTCTCCACAAAGCATTCTTgttcgtttgtctctcctttagcttcttcccttgaaatta 300 

RCAT Angora     CTCTCTCCACAAAGCATTCTTgttcgtttgtctctcctttagcttcttcccttgaaatta 300 

                ************************************************************ 

 

Williams 82     cacacacgtgtgtgtatatatacatgcacgtgtgtgtctctctgtgtgtgatgttaataa 360 

OAC Glencoe     cacacacgtgtgtgtatatatacatgcacgtgtgtgtctctctgtgtgtgatgttaataa 360 

OAC Wallace     cacacacgtgtgtgtatatatacatgcacgtgtgtgtctctctgtgtgtgatgttaataa 360 

RCAT Angora     cacacacgtgtgtgtatatatacatgcacgtgtgtgtctctctgtgtgtgatgttaataa 360 

                ************************************************************ 

 

Williams 82     gagaaggttgttatgccagACTTTTCGGTTTGCTTTTCGTGCTGATGGTGATTCCTGTTG 420 

OAC Glencoe     gagaaggttgttatgccagACTTTTCGGTTTGCTTTTCGTGCTGATGGTGATTCCTGTTG 420 

OAC Wallace     gagaaggttgttatgccagACTTTTCGGTTTGCTTTTCGTGCTGATGGTGATTCCTGTTG 420 

RCAT Angora     gagaaggtttttatgccagACTTTTCGGTTTGCTTTTCGTGCTGATGGTGATTCCTGTTG 420 

                ********* ************************************************** 

 

Williams 82     ATGAAAAGAGCAAATTCGGTAGAAAATTATCCAGgtacttattattattattattattat 480 

OAC Glencoe     ATGAAAAGAGCAAATTCGGTAGAAAATTATCCAGgtacttattattattattattattat 480 

OAC Wallace     ATGAAAAGAGCAAATTCGGTAGAAAATTATCCAGgtacttattattattattattattat 480 

RCAT Angora     ATGAAAAGAGCAAATTCGGTAGAAAATTATCCAGgtacttattattattattattattat 480 

                ************************************************************ 

 

Williams 82     tattattattattattattattatta------------ttatgcttttcatgatacacag 528 

OAC Glencoe     tattattattattattattattatta------------ttatgcttttcatgatacacag 528 

OAC Wallace     tattatta------------------------------ttatgcttttcatgatacacag 510 

RCAT Angora     tattattattattattattattattattattattattattatgcttttcatgatacacag 540 

                ********                              ********************** 

 

 

 

Figure 5.5 (continued on next page) 
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Williams 82     TTTGAGTATCTTGTTTTTGTGTTTGAATaaaaaaatgtcttctccagAAGAAAAAAAAAA 588 

OAC Glencoe     TTTGAGTATCTTGTTTTTGTGTTTGAATaaaaaaatgtcttctccagAAGAAAAAAAAAA 588 

OAC Wallace     TTTGAGTATCTTGTTTTTGTGTTTGAATaaaaaaatgtcttctccagAAGAAAAAAAAA- 569 

RCAT Angora     TTTGAGTATCTTGTTTTTGTGTTTGAATaaaaaaatgtcttctccagAAGAAAAAAAAAA 600 

                ***********************************************************  

 

Williams 82     ATTTGGGTGTGTTTCAGGTACATATGCAAGCACGTTTGCGCTTACTTTCCCATCACGCTT 648 

OAC Glencoe     ATTTGGGTGTGTTTCAGGTACATATGCAAGCACGTTTGCGCTTACTTTCCCATCACGCTT 648 

OAC Wallace     -TTTGGGTGTGTTTCAGGTACATATGCAAGCACGTTTGCGCTTACTTTCCCATCACGCTT 628 

RCAT Angora     -CTTGGGTGTGTTTCAGGTACATATGCAAGCACGTTTGCGCTTACTTTCCCATCACGCTT 659 

                  ********************************************************** 

 

Williams 82     CATGTGGAGGATATGAAGGCTTTTCATCCCAGTCGTGCTTATGgtgtgtcccaaactatt 708 

OAC Glencoe     CATGTGGAGGATATGAAGGCTTTTCATCCCAGTCGTGCTTATGgtgtgtcccaaactatt 708 

OAC Wallace     CATGTGGAGGATATGAAGGCTTTTCATCCCAGTCGTGCTTATGgtgtgtcccaaactatt 688 

RCAT Angora     CATGTGGAGGATATGAAGGCTTTTCATCCCAGTCGTGCTTATGgtgtgtcccaaactatt 719 

                ************************************************************ 

 

 

Williams 82     cattcaaaattttacttttgagggattttcttagaagaaagtgcacctttgctttggctt 768 

OAC Glencoe     cattcaaaattttacttttgagggattttcttagaagaaagtgcacctttgctttggctt 768 

OAC Wallace     cattcaaaattttacttttgagggattttcttagaagaaagtgcacctttgctttggctt 748 

RCAT Angora     cattcaaaattttacttttgagggattttcttagaagaaagtgcacctttgctttggctt 779 

                ************************************************************ 

 

Williams 82     tcccattctttgcggtcaattagtatttgtgtggtttcacct 810 

OAC Glencoe     tcccattctttgcggtcaattagtatttgtgtggtttcacct 810 

OAC Wallace     tcccattctttgcggtcaattagtatttgtgtggtttcacct 790 

RCAT Angora     tcccattctttgcggtcaattagtatttgtgtggtttcacct 821 

                ****************************************** 

  

 
Figure 5.5  Nucleotide alignment of a section of GmDGAT2B (Glyma16g21960) gene sequenced from ‘OAC 
Wallace’, ‘OAC Glencoe’, and ‘RCAT Angora’ against the corresponding sequence of ‘Williams 82’ as the 
reference sequence retrieved from soybean database (http://www.phytozome.net/soybean.php). Primers 
exploited for sequencing are indicated by solid arrows. 5' UTR region is in uppercase italics. The exons are in 
uppercase, and the introns are in lowercase. The polymorphic site which was used for genotyping the 
population is highlighted in yellow. 
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OAC Wallace         MQRTAAATEEPRRSSGDASAAEGEKVFKGSEVFGDTSPNYLKTILALALWLGTIHFNAAL 60 

RCAT Angora         MQRTAAATEEPRRSSGDASAAEGEKVFKGSEVFGDTSPNYLKTILALALWLGTIHFNAAL 60 

Williams 82         MQRTAAATEEPRRSSGDASAAEGEKVFKGSEVFGDTSPNYLKTILALALWLGTIHFNAAL 60 

OAC Glencoe         MQRTAAATEEPRRSSGDASAAEGEKVFKGSEVFGDTSPNYLKTILALALWLGTIHFNAAL 60 

                    ************************************************************ 

 

OAC Wallace         VLFAIFFLSLHKAFLLFGLLFVLMVIPVDEKSKFGRKLSRRKKNLGVFQVHMQARLRLLS 103 

RCAT Angora         VLFAIFFLSLHKAFLLFGLLFVLMVIPVDEKSKFGRKLSRRKKKLGCVSGTYASTFALTF 103 

Williams 82         VLFAIFFLSLHKAFLLFGLLFVLMVIPVDEKSKFGRKLSRRKKKIWVCFRYICKHVCAYF 120 

OAC Glencoe         VLFAIFFLSLHKAFLLFGLLFVLMVIPVDEKSKFGRKLSRRKKKIWVCFRYICKHVCAYF 120 

                    *******************************************::        . ..       

 

OAC Wallace         HHASCGGYEGFSSQSCLCFWL--------------------------------------- 

RCAT Angora         PSRFMWRI---------------------------------------------------- 

Williams 82         PITLHVEDMKAFHPSRAYVFGYEPHSVLPIGVVALADNTCFMPLPKIKVLASSAIFYTPF 180 

OAC Glencoe         PITLHVEDMKAFHPSRAYVFGYEPHSVLPIGVVALADNTCFMPLPKIKVLASSAIFYTPF 180 

                                                                                

 

OAC Wallace         ------------------------------------------------------------ 

RCAT Angora         ------------------------------------------------------------ 

Williams 82         LRHIWTWLGLTPVTKKRFTSLLDAGYSCILIPGGVQEAFLIEHGSEIAFLKSRRGFVRIA 240 

OAC Glencoe         LRHIWTWLGLTPVTKKRFTSLLDAGYSCILIPGGVQEAFLIEHGSEIAFLKSRRGFVRIA 240 

                                                                                

 

OAC Wallace         ------------------------------------------------------------ 

RCAT Angora         ------------------------------------------------------------ 

Williams 82         MEKGKPLVPVFCFGQSNVYKWWKPGGKLVLNFARAVKFSPVYFWGIFGSPIPFKHPMHVV 300 

OAC Glencoe         MEKGKPLVPVFCFGQSNVYKWWKPGGKLVLNFARAVKFSPVYFWGIFGSPIPFKHPMHVV 300 

                                                                                

 

OAC Wallace         --------------------------------------------------- 

RCAT Angora         --------------------------------------------------- 

Williams 82         VGRPIELEKTPEPTPEEVAKIHSQFVEALQDLFERHKARAGYPNLELRIV- 350 

OAC Glencoe         VGRPIELEKTPEPTPEEVAKIHSQFVEALQDLFERHKARAGYPNLELRIV- 350 

 

Figure 5.6 Sequence alignment of the putative translations of GmDGAT2B (Glyma16g21960) gene in 
‘OAC Glencoe’, ‘OAC Wallace’, and ‘RCAT Angora’ against the corresponding peptide sequence of 
‘Williams 82’ as the reference gene retrieved from soybean database 
(http://www.phytozome.net/soybean.php).                                                                                                         
“.” indicates semi-conservative substitutions. “:” indicates conservative substitutions. 
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A: OAC Glencoe 

 

 

B: OAC Wallace 

 

 

C: RCAT Angora 
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Figure 5.7 Sequenced and electropherogram results of the mutated region of GmDGAT2B 

(Glyma16g21960) gene which was used to genotype RILs. The 16DGIF1-1 primer was used to sequence 

the region. A: ‘OAC Glencoe’, B: ‘OAC Wallace’, C: ‘RCAT Angora’. 

 

 

Figure 5.8 Comparison of oil concentrations (g/kg) between RIL genotypes carrying ‘OAC Wallace’ or 

‘OAC Glencoe’ alleles at Woodstock 2009, Ottawa 2009, and Ridgetown 2010. Standard error is 

shown by error bars. 
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Figure 5.9 Comparison of seed yield (kg/ha) between RIL genotypes carrying ‘OAC Wallace’ or ‘OAC 

Glencoe’ alleles at Woodstock in 2009. Standard error is shown by error bars. 
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OAC GLENCOE        caatgacaagaaaagaactatatttgttcataacctagaatgttcaactcttgccttcag 60 

Williams 82        caatgacaagaaaagaactatatttgttcataacctagaatgttcaactcttgccttcag 60 

RCAT ANGORA        caatgacaagaaaagaactatatttgttcataacctagaatgttcaactcttgccttcag 60 

OAC WALLACE        caatgacaagaaaagaactatatttgttcataacctagaatgttcaactcttgccttcag 60 

                   ************************************************************ 

 

OAC GLENCOE        ATCTCCTATACCATTCAAAAATCCATTGTATATCGTCGTGGGTAGACCAATTGAGCTAGA 120 

Williams 82        ATCTCCTATACCATTCAAAAATCCATTGTATATCGTCGTGGGTAGACCAATTGAGCTAGA 120 

RCAT ANGORA        ATCTCCTATACCATTCAAAAATCCATTGTATATCGTCGTGGGTAGACCAATTGAGCTAGA 120 

OAC WALLACE        ATCTCCTATACCATTCAAAAATCCATTGTATATCGTCGTGGGTAGACCAATTGAGCTAGA 120 

                   ************************************************************ 

 

OAC GLENCOE        GAAAAATCCAGAACCAACAATGGAGCAGGTaaatacataatttatgagggtctctttaaa 180 

Williams 82        GAAAAATCCAGAACCAACAATGGAGCAGGTaaatacataatttatgagggtctctttaaa 180 

RCAT ANGORA        GAAAAATCCAGAACCAACAATGGAGCAGGTaaatacataatttatgagggtctctttaaa 180 

OAC WALLACE        GAAAAATCCAGAACCAACAATGGAGCAGGTaaatacataatttatgagggtctctttaaa 180 

                   ************************************************************ 

 

OAC GLENCOE        tatgtggatcacctttatcatttatgtgttaaaaagaagatattatagaatgtgttgcta 240 

Williams 82        tatgtggatcacctttatcatttatgtgttaaaaagaagatattatagaatgtgttgcta 240 

RCAT ANGORA        tatgtggatcacctttatcatttatgtgttaaaaagaagatattatagaatgtgttgcta 240 

OAC WALLACE        tatgtggatcacctttatcatttatgtgttaaaaagaagatattatagaatgtgttgcta 240 

                   ************************************************************ 

 

OAC GLENCOE        acacttttttaaggaaaaaaaattacaattcagtaacttctatagcctccttttcctaag 300 

Williams 82        acacttttttaaggaaaaaaaattacaattcagtaacttctatagcctccttttcctaag 300 

RCAT ANGORA        acacttttttaaggaaaaaaaattacaattcagtaacttctatagcctccttttcctaag 300 

OAC WALLACE        acacttttttaaggaaaaaaaattacaattcagtaacttctatagcctccttttcctaag 300 

                   ************************************************************ 

 

OAC GLENCOE        ctgacattaccaattcattatgggatatcaattaatgggagctgcagttgagtaaacctg 360 

Williams 82        ctgacattaccaattcattatgggatatcaattaatgggagctgcagttgagtaaacctg 360 

RCAT ANGORA        ctgacattaccaattcattatgggatatcaattaatgggagctgcagttgagtaaacctg 360 

OAC WALLACE        ctgacattaccaattcattatgggatatcaattaatgggagctgcagttgagtaaacctg 360 

                   ************************************************************ 

 

OAC GLENCOE        ttatctgtgattatctatttatctttacttggtttcaagttgcaaagtagatagtcacta 420 

Williams 82        ttatctgtgattatctatttatctttacttggtttcaagttgcaaagtagatagtcacta 420 

RCAT ANGORA        ttatctgtgattatctatttatctttacttggtttcaagttgcaaagtagatagtcacta 420 

OAC WALLACE        ttatctgtgattatctatttatctttacttggtttcaagttgcaaagtagatagtcacta 420 

                   ************************************************************ 

 

OAC GLENCOE        attagtgcgttggaaagataatagcaggaagagtgtgttattaagactactaaagacaaa 480 

Williams 82        attagtgcgttggaaagataatagcaggaagagtgtgttattaagactactaaagacaaa 480 

RCAT ANGORA        attagtgcgttggaaagataatagcaggaagagtgtgttattaagactactaaagaccaa 480 

OAC WALLACE        attagtgcgttggaaagataatagcaggaagagtgtgttattaagactactaaagaccaa 480 

                   ********************************************************* ** 

 

OAC GLENCOE        ataggattaagtgacttctataacctctttcctaagctaacattaccaatttatcatgag 540 

Williams 82        ataggattaagtgacttctataacctctttcctaagctaacattaccaatttatcatgag 540 

RCAT ANGORA        ataggattaagtgacttctataacctctttcctaagctaacattaccaatttatcatgag 540 

OAC WALLACE        ataggattaagtgacttctataacctctttcctaagctaacattaccaatttatcatgag 540 

                   ************************************************************ 

 

OAC GLENCOE        atatcaactaatgtgagcttagtaaactttttttttatcttcaattatactttgtttcag 600 

Williams 82        atatcaactaatgtgagcttagtaaactttttttttatcttcaattatactttgtttcag 600 

RCAT ANGORA        atatcaactaatgtgagcttagtaaactttttttttatcttcaattatactttgtttcag 600 

OAC WALLACE        atatcaactaatgtgagcttagtaaactttttttttatcttcaattatactttgtttcag 600 

                   ************************************************************ 

 

OAC GLENCOE        gtTGCCAAAGTACATAGTCAGTTTGTTGAAGCACTTCAAGATCTTTTCGACCGACACAAA 660 

Williams 82        gtTGCCAAAGTACATAGTCAGTTTGTTGAAGCACTTCAAGATCTTTTCGACCGACACAAA 660 

RCAT ANGORA        gtTGCCAAAGTACATAGTCAGTTTGTTGAAGCACTTCAAGATCTTTTCGACCGACACAAA 660 

OAC WALLACE        gtTGCCAAAGTACATAGTCAGTTTGTTGAAGCACTTCAAGATCTTTTCGACCGACACAAA 660 

                   ************************************************************ 

 

Figure 5.10 (continued on next page) 
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OAC GLENCOE        GCTCATGCTGGATATACAAATCTCGAGCTGAAAATATTTTGACAAGGCCAACGTCTGTTG 720 

Williams 82        GCTCATGCTGGATATACAAATCTCGAGCTGAAAATATTTTGACAAGGCCAACGTCTGTTG 720 

RCAT ANGORA        GCTCATGCTGGATATACAAATCTCGAGCTGAAAATATTTTGACAAGGCCAACGTCTGTTG 720 

OAC WALLACE        GCTCATGCTGGATATACAAATCTCGAGCTGAAAATATTTTGACAAGGCCAACGTCTGTTG 720 

                   ************************************************************ 

 

OAC GLENCOE        GTCCTAGCTAGTGGCAAGCTTTAGTTGTCTTCGGGTGAAGTCATACATTTGAATTTTGTG 780 

Williams 82        GTCCTAGCTAGTGGCAAGCTTTAGTTGTCTTCGGGTGAAGTCATACATTTGAATTTTGTG 780 

RCAT ANGORA        GTCCTAGCTAGTGGCAAGCTTTAGTTGTCTTCGGGTGAAGTCATGCATTTGAATTTTGTG 780 

OAC WALLACE        GTCCTAGCTAGTGGCAAGCTTTAGTTGTCTTCGGGTGAAGTCATGCATTTGAATTTTGTG 780 

                   ******************************************** *************** 

                                                   NsiI restriction site 
 

OAC GLENCOE        AACAGAGAAAAAAAAatagtcattaagccccttaaatgagtttactcggtttgacttgga 840 

Williams 82        AACAGAGAAAAAAAAatagtcattaagccccttaaatgagtttactcggtttgacttgga 840 

RCAT ANGORA        AACAGAGAAAAAAAAatagtcattaagccccttaaatgagtttactcggtttgacttgga 840 

OAC WALLACE        AACAGAGAAAAAAAAatagtcattaagccccttaaatgagtttactcggtttgacttgga 840  

                   ************************************************************ 

 

OAC GLENCOE        ttataccaaatatctaaactaaaaaaacgaacaaaaaaatgtttaactagatcacgattt 900 

Williams 82        ttataccaaatatctaaactaaaaaaacgaacaaaaaaatgtttaactagatcacgattt 900 

RCAT ANGORA        ttataccaaatatctaaactaaaaaaacgaacaaaaaaatgtttaactagatcacgattt 900 

OAC WALLACE        ttataccaaatatctaaactaaaaaaacgaacaaaaaaatgtttaactagatcacgattt 900 

                   ************************************************************ 

 

OAC GLENCOE        catctcatatttgtgtcaaaaacatgtatttattttttactttgtttttcttcct 955 

Williams 82        catctcatatttgtgtcaaaaacatgtatttattttttactttgtttttcttcct 955 

RCAT ANGORA        catctcatatttgtgtcaaaaacatgtatttattttttactttgtttttcttcct 955 

OAC WALLACE        catctcatatttgtgtcaaaaacatgtatttattttttactttgtttttcttcct 955 

                   ******************************************************* 

  

Figure 5.10  Nucleotide alignment of a section of GmDGAT2C (Glyma16g21970) gene sequenced from 

‘OAC Wallace’, ‘OAC Glencoe’, and ‘RCAT Angora’ against the corresponding sequence of ‘Williams 82’ 

as the reference sequence retrieved from soybean database (http://www.phytozome.net/soybean.php). 

Primers used for sequencing are indicated by solid arrows. The 3' UTR region is in uppercase italics. The 

exons are in uppercase, and the introns are in lowercase. The flanking downstream sequences are in 

lowercase italics. The restriction site of NsiI (ATGCAT) is indicated by solid rectangular.  
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Figure 5.11 DNA fragments amplified from the parents and a heterozygous genotype with LgJDGIP4-2 

primers and digested with NsiI enzyme. M: size ladder, W: ‘OAC Wallace’, G: ‘OAC Glencoe’, and H: 

Heterozygote.   
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Figure 5.12 Comparison of seed yield (kg/ha) between RIL genotypes carrying ‘OAC Wallace’ or 

‘OAC Glencoe’ alleles at Woodstock in 2009. Standard error is shown by error bars.  
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Chapter 6: General Discussion and Future Directions  

                                                                                                  

6.1. General Discussion 

 

       Due to its high oil and protein concentration in seeds, soybean is an important dual-use 

leguminous crop for food and feed products worldwide. It is the largest oil crop in the world 

and accounts for 56% of global edible oil production in 2011 (Soystats, 2012). Soybean seed oil, 

which accounts for up to 20% of the seeds weight, is used for human consumption as well as 

renewable raw materials for a wide variety of industrial products, including biodiesel (Lee et al. 

2007; Clemente and Cahoon, 2009). Oil concentration in soybean seed is a complex polygenic 

trait governed by a number of genes mostly with small effects and under influence from the 

environment (Burton, 1987; Lee et al. 2007). A complex genetic control for oil concentration 

along with its strong negative correlation with seed protein concentration make it difficult for 

soybean breeders to develop high oil cultivars while retaining the level of protein concentration 

high (Wilcox and Shibles 2001; Hyten et al. 2004).  

       One of the main objectives of the thesis was to test the hypothesis that genotype, 

environment, and their interaction play important roles on oil concentration in soybean seed.  

The evaluation of genetic and environmental effects on seed oil concentration in an oil-

segregating RIL soybean population derived from moderately high oil parents, ‘OAC Wallace’ x 

‘OAC Glencoe’, across different environments in Ontario showed relatively high heritability 

estimates for oil concentration along with no significant environmental impacts on the trait, 

which might show potential achievable genetic gains for the trait by selecting high oil 
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concentration individuals. However, the significant negative phenotypic correlation between 

seed oil and protein concentrations, which was also revealed in this study, makes it difficult or 

even impossible to develop high oil soybeans without compromising seed protein 

concentration when using conventional breeding methods.  

       Indirect phenotypic correlations between two given traits could be because of either 

genetic or non-genetic factors (Bernardo, 2010). Previous studies of genomic regions associated 

with seed oil and protein concentrations in soybean have shown negative genetic correlations 

between protein and oil, which have been attributed to either two tightly linked loci for each 

trait with a repulsion phase allelic relationship or a single locus that pleiotropicaly causes the 

inverse correlation between the two traits (Diers et al. 1992; Mansur et al. 1993b; Chung et al. 

2003). Molecular marker techniques could facilitate the identification of chromosomal regions 

governing seed oil concentration that do not have significant negative impacts on protein 

concentration but might be closely linked to protein-associated loci. 

       While current soybean breeding programs use segregating populations derived from elite 

parents to improve polygenic quantitative traits such as yield (Palomeque et al. 2009), most 

previous studies aimed at detecting oil QTL used mapping populations that were derived from 

parental lines with large differences for oil concentration or from plant introductions and exotic 

germplasm (Hyten et al. 2004). Due to the narrow genetic base of North American soybean 

(Kabelka et al. 2004), most major oil QTL as well as many minor ones may have been fixed in 

modern soybean cultivars. Nevertheless, oil QTL detected in populations that are derived from 

parental lines with high or moderately high oil from different genetic backgrounds could 
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increase the chance of discovering more practically suitable oil QTL, which could be used in 

either marker-assisted selections or allele introgressions to develop new cultivars with higher 

levels of oil in the seed. 

      Therefore, another main objective of this thesis was to test this hypothesis that multiple 

genomic regions affect seed oil concentration in soybean. The partial genetic linkage map 

created using the population of ‘OAC Wallace’ x ‘OAC Glencoe’ provided insights into the 

genomic regions that govern soybean seed oil concentration and other traits evaluated in this 

study. Regarding the oil QTL, a total of 11 genomic regions on nine different chromosomes 

were identified as associated with oil concentration across different environments. Of these 

QTL, four were also confirmed in a validation population of 211 RILs from the cross of ‘RCAT 

Angora’ x ‘OAC Wallace’.  

       In this thesis, we identified an oil QTL on Chromosome 9 (LG K), which also had a significant 

positive effect on seed protein composition, and two oil QTL on Chromosomes 14 (LG B2) and 

17 (LG D2) that had no significant effects on seed protein concentration in any of the 

environments. We also identified two oil QTL on Chromosome 9 (LG K) and 16 (LG J) that 

showed significant positive effects on seed yield.  These QTL along with the environmental and 

genetic background stable-oil QTL discovered in this study could be used in breeding programs 

aimed at increasing the seed oil concentration with minimal impact on seed protein 

concentration. The present study also demonstrated the consequence of using genetically 

diverse complementary high-oil soybean cultivars as valuable parental sources to develop new 

high oil soybean cultivars and novel QTL, which could be masked by major QTL that are found in 
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populations derived from parents with large differences in oil concentration (Asins, 2002; 

Winter et al. 2007).  

       The number of oil-beneficial alleles of the 11 oil QTL in the most frequent top 10 high-oil 

RILs across six environments ranged from 5 to 10 (Table 6.1). RIL 175, for example, which was 

the most frequent line among the top 10 high-oil lines in 5 of 6 environments, contains 8 of 11 

oil favorable alleles. While the line 175 was ranked as the highest oil concentration genotype in 

three environments as well as in the average across environments ranking, RIL 74, with the 

largest number of oil positive alleles (10 of 11), was found in the top 10 high-oil lines in only 

two environments. It is possible in certain genotypes that pyramiding of QTL may not always 

work well if QTL are not expressed across all environments. This could be due to several factors 

affecting QTL expressions such as QTL x environment and QTL x genetic background 

interactions.  Regarding the line 74, although it did not perform very well for oil in all 

environments, it was ranked as the third best genotype for seed oil concentration at Ridgetown 

in 2010, indicating that some of the oil QTL were probably sensitive to environmental 

conditions in other environments.  

       While biochemical pathways involved in biosynthesis of TAG (the main component of seed 

oil in oilseed crops) have been well studied and characterized (Browse and Somerville, 1991; 

Ohlrogge and Browse, 1995; Harwood, 1996; Dahlqvist et al. 2000), the contribution of 

important genes and enzymes to TAG biosynthesis is poorly understood (Hildebrand et al. 

2008). One beneficial technique to identify genes affecting complex biosynthesis pathways such 

as oil accumulation in plants seeds could be the candidate gene approach, which directly tests 
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the effects of genetic variants (alleles) of potentially contributing genes on target processes 

(Kwon and Goate, 2000). Therefore, another main objective of the thesis was to test the 

hypothesis that there are important genes involved in oil biosynthesis pathway that affect seed 

oil concentration without affecting seed protein concentration.  

       Studying sequence divergences of 16 soybean putative candidate genes from three 

potentially most important gene families for TAG formation in Arabidopsis and other species 

(GPAT, DGAT, and PDAT) resulted in identification of the GmDGAT2B putative gene as 

associated with seed oil concentration and GmDGAT1B and GmDGAT2Cas being associated with 

seed protein concentration and yield. The GmDGAT2B gene was found significantly associated 

with total seed oil concentration in three environments without significant impacts on other 

traits evaluated, including protein concentration, and explained up to 6% of total phenotypic 

variation. All the most frequent top 10 high-oil RILs across different environments, except line 

77, inherited the oil favorable allele of GmDGAT2B (Table 6.1), which could be due to its 

constant effect on seed oil concentration across different environments and genetic 

backgrounds. The GmDGAT2C and GmDGAT1B genes did not individually show any association 

with seed oil concentration but did show an association with seed yield. However, GmDGAT2C 

showed a significant effect on oil concentration in interaction with the SSR marker Satt389. 

Satt389 has been previously reported as associated with seed oil concentration in soybean 

(Reinprecht et al. 2006). 

       In conclusion, the genes and genomic regions associated with soybean seed oil 

concentration discovered in the present study, especially those environmentally and genetically 



143 
 

background stable ones that did not have any impacts on seed protein concentration, could be 

used in either marker-assisted selection or alleles introgressions to increase the frequency of 

the favorable QTL alleles in available high oil cultivars by accumulating the beneficial high oil 

alleles from novel sources while maintaining the current ones. 

 

6.2. Future Directions 

 

      Although the partial genetic map created by a population of ‘OAC Wallace’ x ‘OAC Glencoe’ 

in the current study provided insight into the genomic regions that governed seed oil 

concentration and some other important agronomic and quality traits in soybean, the 

development of a more saturated genetic linkage map, which could be done by adding more 

polymorphic available SSR or SNP markers to the map, would enhance the chance of identifying 

additional QTL, especially within gaps in the genetic map.  

       The indel mutation in GmDGAT2B that was found in the coding region as a premature stop 

at codon position 142, which would be expected to render the encoded product nonfunctional, 

was associated with a reduction in seed oil concentration in three environments. To further 

validate the effect of the wild type allele of GmDGAT2B on seed oil concentration, it is 

suggested to introgress the allele (i.e., from ‘OAC Glencoe’) into certain genotypes that contain 

mutant alleles (i.e., ‘OAC Wallace’ and ‘RCAT Angora’) using marker-assisted backcrossing. This 

would accelerate recovery of the recurrent parent genome outside of the region carrying the 

gene. Introgression of the wild type allele of GmDGAT2B into ‘OAC Wallace’, as an excellent 

high yielding of maturity group I cultivar (2500-2800 crop heat unit areas) with a moderately 
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high oil concentration, could probably elevate its seed oil concentration with no negative 

impact on grain yield and protein concentration.     



 
 

Table 6.1 The contributions of oil favourable alleles in top ten high-oil RI lines derived from a cross of ‘OAC 
Wallace’ x ‘OAC Glencoe’ at 11 marker loci associated with seed oil concentration detected across six 
environments in Ontario.     

RI 
line Fr

e
q

u
en

cy
 o

f 
d

et
ec

ti
o

n
  

(6
 t

es
ts

) 

Marker associated with seed oil concentration 

N
o

. o
f 

fa
vo

u
ra

b
le

 a
lle

le
s 

A
ve

ra
ge

 o
il 

co
n

ce
n

tr
at

io
n

 a
cr

o
ss

 
en

vi
ro

n
m

en
ts

 (
g/

kg
) 

R
an

k 
ac

ro
ss

 

en
vi

ro
n

m
en

ts
 (

am
o

n
g 

2
0

3
 R

IL
) 

Sa
t_

2
84

 

Sa
t_

1
20

 

Sa
tt

33
5

 

Sa
tt

49
0

 

Sa
tt

31
7

 

G
m

D
G

A
T2

B
 

Sa
t_

0
20

 

Sa
tt

00
1

 

Sa
tt

06
6

 

Sa
tt

27
3

 

Sa
tt

18
2

 

Oil favourable allelea 

G G G W W G  W W G G W 

175 5 G G G W G G W G W G W 8 234.1 1 

119 4 G G G W W G G W W W W 9 227.5 10 

77 3 G G G W G W W W G G W 5 229.1 3 

190 3 G G W W G G W G G G W 8 228.7 4 

165 3 W ₋b G G G G W W W W W 5 228.2 6 

134 3 G ₋ G W W G W W ₋ G G 8 228.0 8 

38 2 G G ₋ G G G W G W G W 6 229.2 2 

74 2 G G G W W G W W G G ₋ 10 228.7 5 

68 2 G G W G W G W G G G W 8 228.1 7 

116 1 G ₋ G W ₋ G W G W G W 7 227.9 9 
a Parent alleles: W (‘OAC Wallace’), G (‘OAC Glencoe’) 
b Missing data, which is indicated by a dash 

1
4

5
 



146 
 

Literature Cited 

Abell BM, Holbrook LA, Abenes M, Murphy DJ, Hills MJ, Mononey MM (1997) Role of the 

prolone knot motif in oleosin endoplasmic reticulum topology and oil body targeting. 

Plant Cell 9:1481-1493 

Akkaya MS, Shoemaker RC, Specht JE, Bhagwat AA, Cregan PB (1995) Integration of simple 

sequence repeat (SSR) DNA markers into a soybean linkage map. Crop Sci 35:1439–1445 

Anai T, Yamada T, Kinoshita T, Rahman SM, Takagi Y (2005) Identification of corresponding 

genes for three low-[alpha]-linolenic acid mutants and elucidation of their contribution 

to fatty acid biosynthesis in soybean seed. Plant Science 168:1615–1623 

Aghoram K, Wilson RF, Burton JW, Dewey RE (2006) A mutation in a 3-keto-acyl-ACP synthase II 

gene is associated with elevated palmitic acid levels in soybean seeds. Crop Sci 46: 2453-

2459 

Arslanoglu F, Aytac S, Oner EK (2011) Effect of genotype and environment interaction on oil and 

protein content of soybean (Glycine max (L.) Merrill) seed. African Journal of 

Biotechnology 10 (80): 18409-18417 

ASA (2011) The American Soybean Association. [online] Available at: 

http://www.soygrowers.com/ 

Asins MJ (2002) Present and future quantitative trait locus analysis in plant breeding. Plant 

Breed 121: 281–291 



147 
 

Bailey-Serres J, Dawe RK, (1996) Both 5’ and 3‘sequences of maize adh7 mrna are required for 

enhanced translation under low-oxygen conditions. Plant Physiol 11 (2): 685-695 

Baud S, Wuilleme S, Dubreucq B, de Almeida A, Vuagnat C, Lepiniec L, Miquel M, Rochat C 

(2007) Function of plastidial pyruvate kinases in seeds of Arabidopsis thaliana. Plant J 

52: 405–419 

Beisson F, Koo AJK, Ruuska S, Schwender J, Pollard M, Thelen JJ, Paddock T, Salas JJ, Savage L, 

Milcamps A, et al (2003) Arabidopsis genes involved in acyl lipid metabolism: a 2003 

census of the candidates, a study of the distribution of expressed sequence tags in 

organs, and a Web-based database. Plant Physiol 132: 681–697 

Bellaloui N, Smith JR, Ray JD, Gillen AM (2009) Effect of maturity on seed composition in the 

early soybean production system as measured on near-isogenic soybean lines. Crop Sci. 

49: 608–620 

Bellaloui N, Reddy KN, Gillen AM, Abel CA (2010) Nitrogen metabolism and seed composition as 

influenced by foliar boron application in soybean. Plant Soil 336: 143–155 

Bennett JO, Krishnan AH, Wiebold WJ, Krishnan HR (2003) Positional effect on protein and oil 

content and composition of soybeans. J Agric Food Chem 51: 6882-6886 

Bernardo R (2010) Breeding for quantitative traits in plants. Second Edition, Stemma Press, 

Woodbury. Pp 73 and 141 

Bilyeu K, Palavalli L, Sleper DA, Beuselinck P (2003) Three microsomal omega-3 fatty-acid 

desaturase genes contribute to soybean linolenic acid levels. Crop Sci 43: 1833–1838 



148 
 

Bilyeu K, Palavalli L, Sleper D. Beuselinck P (2005) Mutations in soybean microsomal omega-3 

fatty acid desaturase genes reduce linolenic acid concentration in soybean seeds. Crop 

Sci 45: 1830–1836 

Bilyeu K, Palavalli L, Sleper D. Beuselinck P (2006) Molecular genetic resources for development 

of 1% linolenic acid soybeans. Crop Sci 46: 1913–1918 

Bourdon V, Harvey A, Lonsdale DM (2001) Introns and their positions aVect the translational 

activity of mRNA in plant cells. EMBO Rep 2: 394–398 

Bouvier-Nave P, Benveniste P, Oelkers P, Sturley SL, Schaller H (2000) Expression in yeast and 

tobacco of plant cDNAs encoding acyl CoA:diacylglycerol acyltransferase. Eur J Biochem 

267: 85-96 

Bowley S (1999) A hitchhiker’s guide to statistics in plant biology. Any Old Subject Books, 

Guelph. Pp 115 

Brim CA, Cockerham CC (1961) Inheritance of quantitative characters in soybeans. Crop Sci 1: 

187-190 

Browse J, Somerville C (1991) Glycerolipid metabolism, biochemistry and regulation. Annu Rev 

Plant Physiol Plant Mol Biol 42: 467–506 

Brummer EC, Graef GL, Orf J, Wilcox JR, Shoemaker RC (1997) Mapping QTL for seed protein 

and oil content in eight soybean populations. Crop Sci 37:370–378 



149 
 

Burgal J, Shockey J, Lu CF, Dyer J, Larson T, Graham I, Browse J (2008) Metabolic engineering of 

hydroxy fatty acid production in plants: RcDGAT2 drives dramatic increases in 

ricinoleate levels in seed oil. Plant Biotechnol J 6: 819–831 

Burton JW (1987) Quantitative genetics: Results relevant to soybean breeding, p 211-242, In 

Wilcox JR (Ed) Soybeans: Improvement, production, and uses, 2nd ed. ASA, CSSA, and 

SSSA, Madison, WI 

Burton JW, Brim CA (1981) Recurrent selection in soybeans: III. Selection for increased percent 

oil in seeds. Crop Sci 21:31–34 

Canadian Soybean Council (2012) Available [online] at http://www.soybeancouncil.ca/ 

Cardinal AJ, Burton JW, Camacho-Roger AM, Yang JH, Wilson RF, Dewey RE (2007) Molecular 

analysis of soybean lines with low palmitic acid content in the seed oil. Crop Sci 47: 304–

310 

Chapman A, Pantalone VR, Ustun A, Allen FL, Landau-Ellis D, Trigiano RN, Gresshoff PM (2003) 

Quantitative trait loci for agronomic and seed quality traits in an F2 and F4:6 soybean 

population. Euphytica 129: 387-393 

Chi X, Yang Q, Lu Y, Wang J, Zhang Q, Pan L, Chen M, He Y, Yu S (2011) Genome-wide analysis of 

fatty acid desaturases in soybean (Glycine max). Plant Molecular Biology Reports 29: 

769–783  

Choudhary K, Choudhary P, Shekhawat NS (2008) Marker assisted selection: a novel approach 

for crop improvement. American-Eurasian Agron 1 (2): 26-30 

http://www.soybeancouncil.ca/


150 
 

Chung J, Babka HL, Graef GL, Staswick PE, Lee DJ, Cregan PB, Shoemaker RC, Specht JE (2003) 

The Seed Protein, Oil, and Yield QTL on Soybean Linkage Group I. Crop Sci 43:1053–1067 

Clemente TE and Cahoon EB (2009) Soybean oil: Genetic approaches for modification of 

functionality and total oil. Plant Physiology 151: 1030-1040 

Collard BCY, Jahufer MZZ, Brouwer JB, Pang ECK (2005) An introduction to markers, quantitative 

trait loci (QTL) mapping and marker-assisted selection for crop improvement: The basic 

concepts. Euphytica 142: 169-196 

Collins F I, Cartter J L, (1956) Variability in chemical composition of seed from different portions 

of the soybean plant. Agron J 48: 216-219 

Concibido VC, La Vallee B, Mclaird P, Pineda N, Meyer J, Hummel L, Yang J, Wu K, Delannay X 

(2003) Introgression of a quantitative trait locus for yield from glycine soja into 

commercial soybean cultivars. Theor Appl Genet 106: 575–582 

Cregan PB, Jarvik T, Bush AL, Shoemaker RC, Lark KG, Kahler AL, Kaya N, VanToai TT, Lohnes DG, 

Chung J, Specht JE (1999a) An integrated genetic linkage map of the soybean. Crop Sci 

39: 1464–1490 

Csanádi G, Vollmann J, Stift G, Lelley T (2001) Seed quality QTLs identified in a molecular map of 

early maturing soybean. Theor Appl Genet 103: 912–919 

Dahlqvist A, Stahl U, Lenman M, Banas A, Lee M, Sandager L, Ronne H, Stymne S (2000) 

Phospholipid:diacylglycerol acyltransferase: an enzyme that catalyzes the acyl-



151 
 

CoAindependent formation of triacylglycerol in yeast and plants. Proc Natl Acad Sci USA 

97: 6487–92 

Diers BW, Keim P, Fehr WR, Shoemaker RC (1992) RFLP analysis of soybean seed protein and oil 

content. Theor Appl Genet 83: 608–612 

Du w, Wang M, Fu S, Yu D (2009) Mapping QTLs for seed yield and drought susceptibility index 

in soybean (Glycine max L.) across different environments. Genet Genomi 36: 721-731 

Durrett TP, Benning C, Ohlrogge J (2008) Plant triacylglycerols as feedstocks for the production 

of biofuels. Plant J 54: 593–607 

Eglinton JK, Reid RJ, Hayes JE, Davies P, Jha D, McDonald G (2004) Boron toxicity in barley: 

prospects for delivering a yield advantage. Czech J Genet Plant Breed 40: 166 

Falconer DS, Mackay TFC (1996) Introduction to Quantitative Genetics. 4th edition, Longman, 

New York. Pp 122-144 

Fasoula VA, Harris KD, Boerma HR (2004) Validation and designation of quantitative trait loci for 

seed protein, seed oil, and seed weight from two soybean populations. Crop Sci 

44:1218-1225 

Fehr WR, Caviness CE, Burmood DT, Pennington JS (1971) Stage of development descriptions 

for soybeans, Glycine max (L.) Merrill. Crop Sci 11:929–931 

Fehr WR, Hoeck JA, Johnson SL, Murphy PA, Nott JD, Padilla GI, Welke GA (2003) Genotype and 

environment influence on protein components of soybean. Crop Sci 43: 511-514 



152 
 

Feng L, Burton JW, Carter TE, Jr, Pantalone VR (2004) Recurrent Half-Sib Selection with 

Testcross Evaluation for Increased Oil Content in Soybean. Crop Sci 44: 63–69 

Field A (2005) Discovering Statistics Using SPSS. 2nd ed. SAGE Publication Ltd, Pp 364 

Floris M, Mahgoub H , Lanet E, Robaglia C, Menand C (2009) Post-transcriptional regulation of 

gene expression in plants during abiotic stress. Intern Mole Sci 10: 3168-85 

Gates CE, Weber CR, Horner TW (1960) A linkage study of quantitative characters in a soybean 

cross. Agron J 52: 45-49 

Ginsberg HN, Kris-Etherton P, Dennis B, et al. (1998) Effects of reducing dietary saturated fatty 

acids on plasma lipids and lipoproteins in healthy subjects: the DELTA Study, protocol 1. 

Arterioscler Thromb Vasc Biol 18: 441–9 

Guzman PS, Diers BW, Neece DJ, Martin SKS, Leroy AR, Grau CR, Hughes TJ, Nelson RL (2007) 

QTL associated with yield in three backcross-derived populations of soybean. Crop Sci 

47: 111–122 

Guo J, Wang Y, Song C, Zhou J, Qiu L, Huang H, Wang Y (2010) A single origin and moderate 

bottleneck during domestication of soybean (Glycine max): implications from 

microsatellites and nucleotide sequences. Ann Bot 106: 505–514 

Gurdeep S, Dhillon SK, Gill BS, Sunita S (2001) Stability analysis for seed yield and quality 

characters in soybean (Glycine max (L). Merrill). Crop Improvement 28(2): 244-248 



153 
 

Hanson WD, Weber CR (1960) Resolution of genetic variability in self-pollinated species with an 

application to the soybean. Genetics 46: 1425-1434 

Harwood JL (1996) Recent advances in the biosynthesis of plant fatty acids. Biochim Biophys 

Acta 1301 7–56 

Hildebrand DF, Li R, Hatanaka T, (2008) Genomics of soybean oil traits. G. Stacey (ed.), Genetics 

and Genomics of soybean 12: 185-209 

Holland JB (1998) EPISTACY: a SAS program for detecting twolocus epistatic interactions using 

genetic marker information. J Heredity 89: 374–375 

Huskey LL,  Snyder HE, Gbur EE (1990) Analysis of single soybean seeds for oil and protein. J Am 

Oil Chem Soc 67: 686–688 

Huynh B-L, Wallwork H, Stangoulis JC, Graham RD, Willsmore KL, Oslon S, Mather D (2008) 

Quantitative trait loci for grain fructan concentration in wheat (Triticum aestivum L.). 

Theor Appl Genet 117: 701–709 

Hyten DL, Pantalone VR, Sams CE, Saxton AM, Landau-Ellis D, Stefaniak TR, Schmidt ME (2004) 

Seed quality QTL in a prominent soybean population. Theor Appl Genet 109: 552–561 

Hyten DL, Choi IY, Song Q, Specht JE,Carter ET, Shoemaker RC, Hwang EY, Matukumalli LK, 

Cregan PB (2010) A high density integrated genetic linkage map of soybean and the 

development of a 1536 Universal Soy Linkage Panel for quantitative trait locus mapping. 

Crop Sci 50: 960-968 



154 
 

Hwang T, Sayama T, Takahashi M, Takada Y, Nakamoto Y, Funatsuki Y, Hisano H, Sasamoto S, 

Sato S, Tabata S, Kono I, Hoshi M, Hanawa M, Yano C, Xia Z, Harada K, Kitamura K, 

Ishimoto M (2009) High-density integrated linkage map based on SSR markers in 

soybean. DNA Res 16(4): 213–225 

Hymowitz T, Collins FI, Panczner J, Walker WM (1972) Relationship between the content of oil, 

protein, and sugar in soybean seed. Agron J 64: 613-616 

Hymowitz T, Harlan JR (1983) Introduction of soybean to North America by Samuel Bowen in 

1765. Econ Bot 37: 31-379 

Hymowitz T, Singh JR (1987) Taxonomy and speciation. p. 23–48. In J.R. Wilcox (ed.) Soybeans: 

improvement, production, and uses. 2nd ed. ASA CSSA and SSSA Madison WI 

Jako C, Kumar A, Wei YD, Zou JT, Barton DL, Giblin, EM, Covello PS, Taylor DC (2001) Seed-

specific over-expression of an Arabidopsis cDNA encoding a diacylglycerol 

acyltransferase enhances seed oil content and seed weight. Plant Physiol 126: 861–874 

Kabelka EA, Diers BW, Fehr WR, LeRoy AR, Baianu IC, You T, Neece DJ, Nelson RL (2004) 

Putative alleles for increased yield from soybean plant introductions. Crop Sci 44: 784–

791 

Keim P, Schupp JM, Travis SE, Clayton K, Zhu T, Shi L, Ferreira A, Webb DW (1997) A high-

density soybean genetic map based on AFLP markers. Crop Sci 37: 537–543 

Kim E, Magen A, Ast G (2006) Different levels of alternative splicing among eukaryotes. Nucl 

Acids Res 35: 125–131 



155 
 

Kwon SH, Torrie JH (1964) Heritability and interrelationship among traits of two soybean 

populations. Crop Sci 4: 196-198 

Kwon JM, Goate MA (2000) The candidate gene approach. Alcohol Res and Health 24: 164-168 

Kudla G, Murray AW, Tollervey D, Plotkin JB (2009) Codingsequence determinants of gene 

expression in Escherichia coli. Science 324: 255–258 

Lark KG, Chase K, Adler F, Mansur LM, Orf JH (1995) Interactions between quantitative trait loci 

in soybean in which trait variation at one locus is conditional upon a speciWc allele at 

another. Proc Natl Acad Sci USA 92: 4656–4660 

Lardizabal K, Effertz R, Levering C, Mai J, Pedroso MC, Jury T, Aasen E, Gruys K, Bennett K (2008) 

Expression of Umbelopsis ramanniana DGAT2A in seed increases oil in soybean. Plant 

Physiol 148: 89–96 

Lee GA, Crawford GY, Liu L, Sasaki Y, Chen X (2011) Archaeological soybean (Glycine max) in 

East Asia: does size matter? PLoS ONE 6(11): e26720 

Lee GJ, Wu X, Shannon JG, Sleper DA and Nguyen HT (2007) Soybean, P 1-3. Kole C (Ed.) 

Genome mapping and molecular breeding in plants, Volume 2, Oilseeds, p 1-3 

Lee SH, Bailey MA, Mian MAR, Carter TE, Shipe ER, Ashley DA, Parrott WA, Hussey RS, Boerma 

HR (1996) RFLP loci associated with soybean seed protein and oil content across 

populations and locations. Theor Appl Genet 93:649–657  



156 
 

Lenis J, Gillman JD, Lee J, Shannon J, Bilyeu K.D (2010) soybean seed lipoxygenase genes: 

molecular characterization and development of molecular marker assays. Theor Appl 

Gen 120(6):1139-1149 

Li HH, Ye GY, Wang JK (2007) A modified algorithm for the improvement of composite interval 

mapping. Genetics 175: 361-374 

Li R, Yu K, Hildebrand DF (2010) DGAT1, DGAT2 and PDAT expression in seeds and other tissues 

of epoxy and hydroxy fatty acid accumulating plants. Lipids 45: 145–157 

Li YH, Li W, Zhang C, Yang L, Chang RZ, Gaut BS, Qiu LJ (2010) Genetic diversity in domesticated 

soybean (Glycine max) and its wild progenitor (Glycine soja) for simple sequence repeat 

and single-nucleotide polymorphism loci. New Phytologist 188: 242–253 

Lock YY, Snyder CL, Zhu WM, Siloto RMP, Weselake RJ, Shah S (2009) Antisense suppression of 

type 1 diacylglycerol acyltransferase adversely affects plant development in Brassica 

napus. Physiol Plant 137: 61–71 

Malik MFA, Qureshi AS, Ashraf M, Ghafoor A (2006) Genetic variability of the main yield related 

characters in soybean. Int J Agri Biol 6: 815–819 

Mansur LM, Orf JH, Lark KG (1993) Determining the linkage of qualitative trait loci to RFLP 

markers using extreme phenotypes of recombinant inbreds of soybean (Glycine max L. 

Merr.) Theor Appl Genet 86:914–918 

McKendry AL, McVetty PBE (1985) Inheritance of seed protein and seed oil content in early 

maturing soybean. Can J Genet Cytol 27: 603-607 



157 
 

Mekhedov S, de Ilarduya OM, Ohlrogge J (2000) Toward a functional catalog of the plant 

genome. A survey of genes for lipid biosynthesis. Plant Physiol 122: 389–401 

Merritt C,1 Rasoloson D, Ko D, Seydoux G (2008) 3’ UTRs are the primary regulators of gene 

expression in the C. elegans Germline. Curr Biol 18: 1476–1482 

Mhaske V, Beldjilali K, Ohlrogge JB, Pollard M (2005) Isolation and characterization of an 

Arabidopsis thaliana knockout line for phospholipid: diacylglycerol transacylase gene 

(At5g13640). Plant Physiol Biochem 43: 413–417 

Navabi A, Mather DE, Bernier J, Spaner DM, and Atlin GN (2009) QTL detection with 

bidirectional and unidirectional selective genotyping: marker-based and trait-based 

analysis. Theor Appl Genet 118: 347-358 

Nozaki T, Cross GA (1995) Effects of 3' untranslated and intergenic regions on gene expression 

in Trypanosoma cruzi. Mol Biochem Parasitol 75: 55-67 

Newlands NK, Townley-Smith L (2012) Biodiesel from oilseeds in the Canadian prairies and 

supply-chain models for exploring production cost scenarios: A Review. ISRN Agronomy 

Volume 2012, Article ID 980621 

Oakes J, Brackenridge D, Colletti R, Daley M, Hawkins DJ, Xiong H, et al (2011) Expression of 

fungal diacylglycerol acyltransferase2 genes to increase kernel oil in maize. Plant Physiol 

155:146-57 

Ohlrogge  J, Browse J (1995) Lipid biosynthesis. Plant Cell 7:957–970 



158 
 

Ohlrogge JB, Jaworski JG (1997) Regulation of fatty acid synthesis. Annu Rev Plant Physiol Plant 

Molec Biol 48:109–136 

OOPSCC (2012) Ontario Oil and Protein Seed Crop Committee. [Online] Available at 

http://www.oopscc.org/index.php, reports 2000, 2001, and 2010 

Orf JH, Chase K, Adler FR, Mansur LM, Lark KG (1999a) Genetics of soybean agronomic traits: II. 

Interactions between yield quantitative trait loci in soybean. Crop Sci 39:1652–1657 

Orf JH, Chase K, Jarvik T, Mansur LM, Cregan PB, Adler FR, Lark KG (1999b) Genetics of soybean 

agronomic traits: I. comparison of three related recombinant inbred populations. Crop 

Sci 39:1642–1651 

Panthee DR, Pantalone VR, West DR, Saxton AM, Sams CE (2005) Quantitative trait loci for seed 

protein and oil concentration, and seed size in soybean. Crop Sci 45:2015–2022 

Palomeque L, Liu L, Li W, Hedges B, Cober E and Rajcan I (2009a) QTL in mega-environments: I. 

Universal and speciWc seed yield QTL detected in a population derived from a cross of 

high-yielding adapted x high-yielding exotic soybean lines. Theor Appl Genet 119:417-

427 

Palomeque L, Liu L, Li W, Hedges B, Cober E and Rajcan I (2009b) QTL in mega-environments: II. 

Agronomic trait QTL co-localized with seed yield QTL detected in a population derived 

from a cross of high-yielding adapted £ high-yielding exotic soybean lines. Theor Appl 

Genet 119:429–436 

Paran I, Zamir D (2003) Quantitative traits in plants: Beyond the QTL. Trends Genet 19: 303–306 

http://www.oopscc.org/index.php


159 
 

Puvirajah AS, (2011) Canadian non-food grade soybean, Grain Research Laboratory. ISSN 1705-

9453 

Qi Z, Wu Q, Han X, Sun Y, Du X, Liu C, Jiang H, Hu G and Chen (2011) Soybean oil content QTL 

mapping and integrating with meta-analysis method for mining genes. Euphtica 

179:499-514 

Qui BX, Arelli PR, Sleper DA (1999) RFLP markers associated with soybean cyst nematode 

resistance and seed composition in a ‘Peking’ × ‘Essex’ population. Theor Appl Genet 

98:356–364 

Ragot M, Lee M (2007) Marker-assisted selection in maize: current status, potential, limitations 

and perspectives from the private and public sectors. In E Guimarães, J Ruane, BD 

Scherf, A  Soninno, JD Dargie (eds.). FAO. Pp 117-150  

Ramteke R, Kumar V, Murlidharan P, Agarwal DK (2010) Study on genetic variability and traits 

Pinterrelationship among released soybean varieties of India [Glycine max (L.) Merrill]. 

Elect Plant Breed 1(6): 1483-1487 

Ray JD, Fritschi FB, Heatherly LG (2006) Large application of fertilizer N at planting affects seed 

protein and oil concentrations in the early soybean production system. Field Crops Res. 

99: 67–74. 

Reinprecht Y, Poysa VW, Yu KF, Rajcan I, Ablett GR, Pauls KP (2006) Seed and agronomic QTL in 

low linolenic acid, lipoxygenase-free soybean (Glycine max (L.) Merrill) germplasm. 

Genome 49: 1510–1527 



160 
 

Roesler K, Shintani D, Savage L, Boddupalli S, Ohlrogge J (1997) Targeting of the Arabidopsis 

homomeric acetyl-coenzyme A carboxylase to plastids of rapeseeds. Plant Physiology 

113 (1): 75–81 

Ruuska SA, Schwender J, Ohlrogge JB (2004) The capacity of green oilseeds to utilize 

photosynthesis to drive biosynthetic processes. Plant Physiol 136: 2700–9 

Schmutz J, Cannon SB, Schlueter J, Ma J, Mitros T, Nelso W, Hyten DL, Song Q, Thelen JJ, Cheng 

J et al (2010) Genome sequence of the palaeopolyploid soybean. Nature 463: 178–183 

Schwender J, Ohlrogge JB, Shachar-Hill Y (2003) A flux model of glycolysis and the oxidative 

pentosephosphate pathway in developing Brassica napus embryos. J Biol Chem 278: 

29442–29453 

Scott RA, Kephart KD (1997) Selection for yield, protein, and oil in soybean crosses between 

adapted and introduced parents. Field Crops Res 49: 177-185 

Shan DP, Qi ZM, Qiu HM, Shan CY, Liu CY, Hu H and Chen QS (2008) Epistatic effects of QTLs and 

QE interaction effects on oil content in soybean. Acta Agron Sin 34(6): 952–957 

Sharma N, Anderson M, Kumar A, Zhang Y, Giblin EM, Abrams SR, Zaharia LI, Taylor DC, Fobert 

PR (2008) Transgenic increases in seed oil content are associated with the differential 

expression of novel Brassica-specific transcripts. BMC Genomics 9:619 

Sheafferb CC, Orf JH, Devine TE, Jewett JG (2001) Yield and quality of forage soybean. Agron J 

93: 99–106 



161 
 

Shen, B., Sinkevicius, K.W., Selinger, D.A. and Tarczynski, M.C. (2006) The homeobox gene 

GLABRA2 affects seed oil content in Arabidopsis. Plant Mol. Biol. 60, 377–87 

Shockey JM, Gidda SK, Chapital DC, Kuan JC, Dhanoa PK, Bland JM, Rothstein SJ, Mullen RT, 

Dyer JM (2006) Tung tree DGAT1 and DGAT2 have nonredundant functions in 

triacylglycerol biosynthesis and are localized to different subdomains of the 

endoplasmic reticulum. Plant Cell 18: 2294–2313 

Shoemaker RC, Specht JE (1995) Integration of the soybean molecular and classical genetic 

linkage groups. Crop Sci 35:436–446 

Shurtleff W, Aoyagi A (2010) History of soybeans and soy foods in Canada (1831-2010): 

Extensively annotated bibliography and sourcebook. 

Singh BB, Hadley HH (1986) Maternal control of oil synthesis in soybeans, Glycine max (L.) Merr. 

Crop Sci Vol 8 5: 622-625 

Smith RR, Weber CR (1968) Mass selection by specific gravity for protein and oil in soybean 

populations. Crop Sci 8:373–377 

Song QJ, Marek LF, Shoemaker RC, Lark KG, Concibido VC, Delannay X, Specht JE, Cregan PB 

(2004) A new integrated genetic linkage map of the soybean. Theor Appl Genet 

109:122–128 

Soyatech, LLC (2011) Growing Opportunities. Available [online] 

http://www.soyatech.com/info.php?id=197&company_id=2861 

http://www.soyatech.com/info.php?id=197&company_id=2861


162 
 

Soybase (2011) Soybean breeder’s toolbox genetic map information. [Online]. Available at: 

http://soybeanbreederstoolbox.org/ (Verified on 20 February, 2012) 

Soystats (2012) Soy Stats: A reference guide to important soybean fact & figures. [Online] 

Available at http://www.soystats.com/2012/Default-frames.htm (Verified on 25 June, 

2012) 

Specht JE, Chase K, Macrander M, Graef BL, Chung J, Markwell JP, Germann M, Orf JH, Lark KG 

(2001) Soybean response to water: a QTL analysis of drought tolerance. Crop Sci 

41:493–509 

Stahl U, Carlsson AS, Lenman M, Dahlqvist A, Huang B, Banas W, Banas A, Stymne S (2004) 

Cloning and functional characterization of a phospholipid:diacylglycerol acyltransferase 

from Arabidopsis. Plant Physiol 135:1324–35 

Sudaric A, Simic D, Vrataric M (2006) Characterization of genotype by environment interactions 

in soybean breeding programmer of Southeast Europe. Plant Breeding 125: 191-194 

Tanksley SD, McCouch SR (1997) Seed banks and molecular maps: unlocking genetic potential 

from the wild. Science 277: 1063–1066 

Taylor DC Zhang Y, Kumar A, Francis T, et al (2009) Molecular modification of triacylglycerol 

accumulation by over-expression of DGAT1 to produce canola with increased seed oil 

content under field conditions. Botany 87: 533–543 

Thiel T, Kota R, Grosse I, Stein N, Graner A (2004) SNP2CAPS: a SNP and INDEL analysis tool for 

CAPS marker development. Nucl Acids Res 32: 5e-5 

http://soybeanbreederstoolbox.org/


163 
 

Topfer R, Martini N, Schell J (1995) Modification of plant lipid synthesis. Science 268: 681-686 

Van Ooijen JW (2009) MapQTL® 6, Software for the mapping of quantitative trait loci in 

experimental populations of diploid species. Kyazma B. V., Wageningen, Netherlands 

Vigeolas H, Geigenberger P (2004) Increased levels of glycerol-3-phosphate leading to a 

stimulation of flux into triacylglycerol synthesis after supplying glycerol to developing 

seeds of Brassica napus L. in planta. Planta 219: 827-835 

Vigeolas H, Waldeck P, Zank T, Geigenberger P (2007) Increasing seed oil content in oil-seed 

rape (Brassica napus L.) by over-expression of a yeast glycerol-3-phosphate 

dehydrogenase under the control of a seed-specific promoter. Plant Biotech 5: 431-441 

Untergasser A , Nijveen  H, Rao X, Bisseling T, Geurts R, Leunissen JAM (2007) Primer3Plus, an 

enhanced web interface to Primer3. Nucleic Acids Research 35:W71-W74 

Wang HW, Zhang B, Hao YJ, Huang J, Tian AG, Liao Y, Zhang JS, Chen SY (2007) The soybean Dof-

type transcription factor genes, GmDof4 and GmDof11, enhance lipid content in the 

seeds of transgenic Arabidopsis plants. Plant J 52: 716–729 

Wang D, Graef GL, Procopiuk AM, Diers BW (2004) Identification of putative QTL that underlie 

yield in interspecific soybean backcross populations. Theor Appl Genet 108: 458–467 

Wang L, Guan R, LIU Z, Chang R, Qiu L (2006) Genetic diversity of Chinese cultivated soybean 

revealed by SSR markers. Crop Sci 46: 1032–1038 



164 
 

Weber CR, Moorthy BR (1952) Heritable and nonheritable relationships and variability of oil 

content and agronomic characteristics in the F2 generation of soybean crosses. Agron J 

44:202-209  

Weselake RJ, Shah S, Tang M, et al (2008) Metabolic control analysis is helpful for informed 

genetic manipulation of oilseed rape (Brassica napus) to increase seed oil content. J Exp 

Bot 59: 3543–3549 

Weselake RJ, Taylor DC, Rahman MH, Shah S, Laroche A, McVetty PB, Harwood JL (2009) 

Increasing the flow of carbon into seed oil. Biotech Adv 27: 866–878 

Wilcox C, Rru  JS, Otso EN (1987). Acylation of proteins with myristic acid occurs 

cotranslationally. Science 238: 1275-1278 

Wilcox JR and Shibles RM (2001) Interrelationships among seed quality attributes in soybean. 

Crop Sci. 41:11-14 

Winter SMJ, Shelp BJ, Anderson TR, Welacky TW, Rajcan I (2007) QTL associated with horizontal 

resistance to soybean cyst nematode in Glycine soja PI464925B. Theor Appl Genet 

114:461–472 

Wilson RF (2004) Seed composition: p. 621-677 In Boerma HR, Sprecht JE (eds.) Soybeans: 

improvement, production, and uses. 3rd ed. ASA Madison WI 

Wolf RB, Cavins JF, Kleiman R, Black LT (1982) Effect of temperature on soybean seed 

constituents: oil, protein, moisture, fatty acids, amino acids and sugars. J Amer Oil Chem 

Soc 59:230-232 



165 
 

Xu Y, Crouch JH (2008) Marker-assisted selection in plant breeding: from publications to 

practice. Crop Sci 48: 391–407 

Yadav NS (1996) Genetic modification of soybean wuality. p. 165–188 In Verma DPS and  

Shoemaker RC (eds.) Soybean: genetics, molecular biology and biotechnology. CAB 

International Wallingford UK 

Yuan J, Njiti VN, Meksem K, Iqbal MJ, Triwitayakorn K, Kassem MA, Davis GT, Schmidt  ME, 

Lightfoot DA (2002) Quantitative trait loci in two soybean recombinant inbred line 

populations segregating for yield and disease resistance. Crop Sci 42(1):271-277 

Zhang FY, Yang MF, Xu YN (2005) Silencing of DGAT1 in tobacco causes a reduction in seed oil 

content. Plant Sci 169:6 89–694 

Zhang MQ, Kang MS, Reese PFJr, Bhardwaj HL (2005) Soybean cultivar evaluation via GGE biplot 

analysis. J New Seeds 7: 37-50 

Zhang P, Burton JW, Upchurch RG, Whittle E, Shanklin J, Dewey RE (2008) Mutations in a Δ9- 

stearoyl-ACP-desaturase gene is associated with enhanced stearic acid levels in soybean 

seeds. Crop Sci 48:2305–2313 

Zhao TJ, Gai JY (2004) The origin and evolution of cultivated soybean (Glycine max (L.) Merr.). 

Sci Agr Sinica 37: 954–962 

Zhe Y, Lauer JG, Borges R, de Len N (2010) Effects of genotype × environment interaction on 

agronomic traits in soybean. Crop Sci 50:696–702 



166 
 

Zheng P, Allen WB, Roesler K, ‘Williams 82’ ME, Zhang S, Li J, Glassman K, Ranch J, Nubel D, 

Solawetz W, et al (2008) A phenylalanine in DGAT is a key determinant of oil content 

and composition in maize. Nat Genet 40: 367–372 

Zou J, Wei Y, Jako C, Kumar A, Selvaraj G, Taylor DC (1999) The Arabidopsis thaliana TAG1 

mutant has a mutation in a diacylglycerol acyltransferase gene. Plant J 19: 645–653



 
 

Appendix I: Single-environment analysis of variance in PROC MIXED procedure of SAS for seed yield, oil, protein, and four 
agronomic traits for 220 soybean genotypes 

 

Yield Oil Protein 
Days to 

Maturity 
Plant        

Height 
Lodging 

100-Seed       
Weight 

Location Effect 
Year 

2009 2010 2009 2010 2009 2010 2009 2010 2009 2010 2009 2010 2009 2010 

Ottawa 

 
Block *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

 
Genotypea *** *** *** *** *** ** *** *** *** *** *** *** *** *** 

 
Row Covariate *** *** *** *** *** *** *** ns *** *** *** *** *** *** 

 
Column Covariate ns ns *** *** * *** *** ns *** *** *** *** *** * 

 
Residual *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

Ridgetown 
 

Block *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

 
Genotype *** *** *** *** ** *** *** *** *** *** ns * *** *** 

 
Row Covariate ns *** ns *** *** *** *** *** *** *** ns *** * *** 

 
Column Covariate *** *** ns *** ** * ns *** *** ns ns ns *** *** 

 
Residual *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

Woodstock 

 
Block *** *** *** *** *** *** *** *** *** *** *** *** *** *** 

 
Genotype *** *** *** *** ** *** *** *** *** *** *** *** *** *** 

 
Row Covariate *** *** ns *** ns ns *** ns *** *** *** *** *** *** 

 
Column Covariate *** *** *** ns *** ns ns ns *** ns *** * *** *** 

  Residual *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
a For the fixed effect of Genotype the significances were tested by the Type 3 Test of Fixed Effects in PROC MIXED procedure of SAS. 
ns Not significant at P=.05,   * Significant at P=.05,   ** Significant at P=.01,   *** Significant at P≤.001.   

1
6

7 
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Appendix II: Pearson's coefficient of correlations among seed yield, oil, protein, and four agronomic 
traits in population of 203 RIL derived from the cross of ‘OAC Wallace’ x ‘OAC Glencoe’ at Ottawa, 
Ridgetown, and Woodstock in 2009 and 2010 

Environmenta Trait Oil Protein 
Days to 
Maturity 

Plant 
Height 

Lodging 
100-Seed 
weight 

OTT09 

Yield 

-0.10 -0.09 0.19** 0.28** 0.23** 0.12 

OTT10 0.17* -0.34** 0.36** 0.00 -0.13 -0.13 

RID09 -0.13 -0.11 0.54** 0.34** 0.11 -0.04 

RID10 0.11 -0.11 -0.05 0.20** 0.18** 0.31** 

WST09 -0.12 0.14* 0.35** 0.47** 0.14* 0.16* 

WST10 0.07 -0.04 0.31** 0.16* -0.11 0.00 

OTT09 

Oil 

 
-0.65** -0.40** -0.25** -0.09 -0.21** 

OTT10 
 

-0.63** -0.18** 0.01 -0.16* -0.27** 

RID09 
 

-0.49** -0.21** 0.02 0.01 -0.23** 

RID10 
 

-0.45** -0.43** -0.10 -0.07 -0.09 

WST09 
 

-0.40** -0.19** -0.11 0.01 -0.34** 

WST10 
 

-0.07 -0.07 0.03 0.06 -0.16* 

OTT09 

Protein 

  
-0.09 0.06 -0.15* 0.41** 

OTT10 
  

-0.20** -0.20** -0.06 0.52** 

RID09 
  

-0.04 -0.08 0.03 0.38** 

RID10 
  

-0.08 -0.05 0.04 0.27** 

WST09 
  

-0.01 0.06 0.02 0.34** 

WST10 
  

-0.22** -0.04 -0.04 0.07 

OTT09 

Days to 
Maturity 

   
0.46** 0.28** -0.25** 

OTT10 
   

0.27** 0.46** -0.23** 

RID09 
   

0.51** 0.06 -0.15* 

RID10 
   

0.37** 0.07 -0.12 

WST09 
   

0.54** 0.18** 0.03 

WST10 
   

-0.04 -0.04 0.07 

OTT09 

Plant 
Height 

    
0.38** -0.03 

OTT10 
    

0.23** -0.21** 

RID09 
    

0.12 -0.15* 

RID10 
    

0.14* 0.15* 

WST09 
    

0.31** 0.00 

WST10 
    

0.06 -0.05 

OTT09 

Lodging 

     
-0.27** 

OTT10 
     

-0.11 

RID09 
     

0.10 

RID10 
     

0.09 

WST09 
     

-0.09 

WST10 
     

-0.17* 
a OTT09: Ottawa 2009,   OTT10: Ottawa 2010,   RID09: Ridgetown 2009,                                                                               
DIR10: Ridgetown 2010, WST09: Woodstock 2009,   WST10: Woodstock 2010. 

* Significant at P=.05.    ** Significant at P=.01.    

 


