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ABSTRACT 

Validation Of QTL Associated With Tocopherol Levels In Three Half-Sib Populations Derived 

From Keszthelyi Aproszemu Sarga Soybean 

 
Mark MacDuff       Advisors: 
University of Guelph, 2011     Dr. Gary Ablett and Dr. Istvan Rajcan 
 

Alpha (α-) tocopherol is the most active component of vitamin E and is a highly desirable 

and heritable trait in soybean seed. The objectives of this study were to identify and validate 

regions of the soybean genome that correspond to tocopherol accumulation in seed.  A 

mapping population (07-225) of 190 RILs was derived from a cross between Keszthelyi A.S. x 

2355RR which identified that α-tocopherol accumulation in soybean seed was strongly 

associated with the Satt381 – Satt196 region of chromosome 9 (LG K) in lines with Keszthelyi 

A.S. in their pedigree. Two other F4:5 validation populations derived from the crosses Keszthelyi 

A.S. x PRO 2995R (population 07-223; 94 RILs) and Keszthelyi A.S. x 2355RR (population 07-226; 

45 RILs) were used to validate QTL in literature. The markers Satt079 (Ch 6; LG C2), Satt440 (Ch 

20; LG I) and Satt381 (Ch 9; LG K) were significantly associated with α-tocopherol accumulation 

in these populations.  
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GENERAL INTRODUCTION 

Soybeans [Glycine max (L.) Merr] are a widely cultivated crop throughout the world for 

its nutritional value (CSEA, 2011; FAO 2011). The nutritional profile of soybeans (approximately 

40% protein, 21% oil and 34% carbohydrates) is a major reason for its cultivation and 

consumption in the form of tofu, natto, miso, soy sauce, soy flour, soy protein or defatted soy 

meal (Dwiyanti et al., 2007; Wohleser, 2007).  In addition to favourable protein, oil and 

carbohydrate content, soybeans also contain a number of components that are beneficial to 

human health including isoflavones, saponins and vitamin E (Behl, 1999; Bramley et al., 2000; 

Burton, 1994; Gey et al., 1993; Knekt, 1993; Jacques, 1999; Meydani et al., 1997).  

Traditionally, vitamin E is produced in photosynthetic areas of plants to reduce the 

effects of oxidative stress. Vitamin E is comprised of α-, β-, γ-, and δ- forms of tocopherol and 

tocotrienol of which α- tocopherol is considered to be the most reactive and effective at free 

radical scavenging (Traber, 1999). Tocopherols are the product of the shikimate and isoprenoid 

pathways and are typically involved in intracellular signalling, fatty acid protection and 

improving membrane stability in the plant (Munne-Bosch and Algre, 2002). In humans, 

prolonged supplementation of α- tocopherol has been shown to reduce symptoms associated 

with various cancers, inflammatory diseases, neurological disorders and cardiovascular diseases 

(Bramley et al., 2000). Soybeans are considered to have the most favourable tocopherol profile 

of all legumes (Grela and Gunter, 1995) and could be an excellent vehicle for increasing dietary 

intake of vitamin E through any number of soy-based food products.  

The majority of tocopherols in soybean seeds can be found in the cotyledon (92.8%), but 

they can also be found in the seed coat (5.4%) and embryonic axis (1.8%) of the seed as well 
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(Yoshida et al., 1998). Soybean seeds typically contain 4-10% α- tocopherol, 1-3% β- tocopherol, 

60-66% γ- tocopherol, and 24-29% δ- tocopherol (Evans et al., 2002). Alpha tocopherol 

production in soybean seed has been found to be a highly heritable trait (Broad Sense 

Heritability = 64.5-69.3%, Narrow Sense Heritability = 59.8%) (Dwiyanti et al., 2007; Wang et al., 

2007) and its accumulation varies greatly between soybean cultivars. The Hungarian variety 

Keszthelyi A.S. naturally exhibits elevated α- tocopherol content as a result of its ability to 

effectively convert γ- to α- tocopherol (Dwiyanti et al., 2007; Ujjie et al., 2005) and there has 

been a growing interest in the genetic source of its favourable tocopherol content (Dwiyanti et 

al., 2007; Ujjie et al., 2005; Wang et al., 2007 ). Tocopherols are considered a prime candidate 

for marker assisted selection and preliminary research attempting to understand the genetic 

potential of α- tocopherol accumulation in soybean varieties has been performed. 

Three studies have reported QTL associated with tocopherol content in soybean seed. 

Wohleser (2007) identified tocopherol QTL in a cross between two commercial soybean 

varieties in Ontario. Seventy nine F4:7 RILs derived from the cross between OAC Shire x OAC 

Bayfield were used to identify a total of 38 tocopherol QTL among 9 chromosomes (Ch 5, 6, 1, 2 

and 13; LG A2, C2, D1a, D1b and F) and explained 32.5% of total tocopherol accumulation.  

Moreover, four QTL (Satt329 [Ch 8; LG A2], Satt079 [Ch 6; LG C2], Satt365 [Ch 6; LG C2], Satt363 

[Ch 6; LG C2]) on two chromosomes contributed specifically to α- tocopherol accumulation 

(highest R2 = 25.4%) (Wohleser, 2007). Dwiyanti et al., (2007) conducted a QTL study on the F2 

progeny of the cross between Keszthelyi A.S. x Ichihime. Of the 280 SSR markers selected to 

screen the parent populations, 67 polymorphic markers were identified and screened against 

the 140 F2 seeds. The markers Satt_167 (χ 2 = 18.7) and Satt_243 (χ 2 = 17.6) on chromosome 9 
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(LG K) proved to be the primary QTL contributing to α- tocopherol accumulation in that 

population (Dwiyanti et al., 2007). Li et al., (2010) studied a population of 144 F5:6 RILs derived 

from a cross between OAC Bayfield x Hefeng 25 across three locations for QTL analysis. QTL 

associated with α- tocopherol accumulation included Satt376 (R2= 17.0%, p< 0.0001; Ch 6, LG 

C2), Satt266 (R2 = 5.6%, p< 0.0002; Ch 2, LG D1b), Sat_177 (R2 = 6.7%, p<0.0001; Ch 14; LG B2), 

and Satt440 (R2= 5.4%, p< 0.0001; Ch 20, LG I). There have been preliminary QTL studies 

attempting to identify the genetic region responsible for tocopherol concentration in soybean 

seed, however, more research indentifying new QTL and validating tocopherol QTL is still 

needed.  

The null hypothesis for this study was that there would be no QTL in the soybean 

genome that significantly accounted for elevated tocopherol content in the soybean seed. The 

alternative hypothesis for this study was that the genetic contribution of tocopherol content in 

soybean seed could be accounted for through QTL analysis. Objectives of this study were: 1) to 

use using a mapping population to identify new regions of the soybean genome that could 

potentially account for tocopherol accumulation in soybean seed and 2) to validate the QTL 

identified in this mapping population and in existing literature to test the stability of the 

identified QTL across populations of differing genetic backgrounds. This study was conducted 

using three F4:5 RIL half-sib populations where Keszthelyi A.S. was used as a common parent in 

crosses with the high yielding parents 2355RR, PRO 2995R and RCAT Ruthven. Single sequence 

repeat (SSR) markers that were associated with tocopherol production in previous tocopherol 

QTL studies were tested in these populations to assess their efficacy in a number of different 

genetic backgrounds. A mapping population consisting of 190 RILs derived from a cross 
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between Keszthelyi A.S. x 2355RR was used to conduct a genome wide scan and identify, or 

validate, QTL associated with tocopherol content. Two other F4:5 validation populations were 

derived from the crosses Keszthelyi A.S. x PRO 2995R (94 RILs) and Keszthelyi A.S. x RCAT 

Ruthven (45 RILs) to further validate QTL identified in the mapping population of this study and 

previously reported tocopherol QTL in literature (Dwiyanti et al., 2007; Wohleser, 2007; Li et al., 

2010). 

  
 

CHAPTER 1: LITERATURE REVIEW 
2.1 VITAMIN E 

The effects of vitamin E were first studied at the University of California in 1922 when 

Dr. Herbert M. Evans and his research assistant Katherine Bishop attributed reproductive 

problems in rats (on a semi-purified diet) to the absence of an unknown vitamin (Bourgeois, 

1992). A few years later in 1925, Dr. Bennett at the University of Arkansas proposed the name 

Vitamin E after observing independently from Evans, that the lack of this factor made rats 

sterile (Papas, 1999). Vitamin E deficiency has also been shown to cause central nervous system 

lesions and muscular dystrophy in chicks (Bramley et al., 2000). The excitement surrounding the 

discovery of vitamin E was short lived since scientists found it difficult to isolate the compound 

and determine its function in the body (Papas, 1999). It was not until 1936 that Evans was able 

to isolate vitamin E and its constituents (α-, β-, γ-, and δ- tocopherol and α-, β-, γ-, δ- 

tocotrienol) (Evans et al., 1936). 

 



5 

 

2.1.1 CHEMICAL STRUCTURE – TOCOPHEROLS AND TOCOTRIENOLS 

In pure form, vitamin E is a yellow viscous liquid that is insoluble in water but readily 

oxidized in alcohols or oils and easily decomposes in the presence of light, alkaline pH, oxygen 

or metal ions (Ball, 1998; Bramley et al., 2000). Vitamin E refers to a family of eight 

components; four tocotrienols (α-, β-, γ-, and δ- tocotrienol) and four tocopherols (α-, β-, γ-, 

and δ- tocopherol). These components are relatively non-polar molecules that vary 

considerably in quantity and effectiveness as an antioxidant in both plants and animals 

(Bramley et al., 2000; Eitenmiller, 1997; FNBIN, 2000).  

Tocotrienols differ from tocopherols in the saturation of their phytyl side chain and are 

only found in trace amounts in dicots (Cahoon et al., 2003). Tocopherols are primarily found in 

photosynthetic tissues of plants while tocotrienols are primarily found in seeds and are 

considered to be the primary form of vitamin E in monocots (Munne-Bosch and Algre, 2002).  

Tocopherols have a saturated phytyl tail and their isomers vary in the number and 

placement of methyl groups present on the benzene ring of the chroman head (Figure 1; 

Traber, 1999). In addition, tocopherol’s hydrophobic side chains are lipid soluble and are 

considered to be essential in the maintenance of membrane integrity in plastids of the cell 

(Munne-Bosch and Algre, 2002).  

The tocopherols found in greatest quantities in natural forms of vitamin E are α- and γ- 

tocopherol. Gamma tocopherol is typically found in very high quantities in plants, however, α- 

tocopherol is more readily utilized by the human body and is found in concentrations nearly ten 

times that of γ- tocopherol in the blood stream of humans (Groff, 1995).  
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Table 1.1: Relative metabolic activity of tocopherols and tocotrienols (Adapted from Sheppard et al., 
1993). 

Tocopherol Activity as α--Tocopherol  
Equivalents (mg/mg Compound) 

RRR-α—tocopherol 1.0 

RRR-β—tocopherol 0.5 

RRR-γ—tocopherol 0.1 

RRR-δ—tocopherol 0.03 

RRR-α—tocotrienol 0.3 

RRR-β—tocotrienol 0.05 
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Figure 1.1: Chemical structures of the eight components that comprise vitamin E. (A) 
Tocopherols have a saturated polymorphic tail, while (B) Tocotrienols have an unsaturated 
polymorphic tail. Isomers within (A) and (B) also differ in the placement of a methyl group on 
their chromatin head (Traber, 1999) 
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1.1.2 SYNTHETIC TOCOPHEROLS 

Although α- tocopherol is considered to be the most active form of Vitamin E, it is very 

difficult to produce synthetically in pure form. There are eight synthetic stereo-isomers of α- 

tocopherol that differ primarily in the orientation of methyl groups on its phytyl tail. Figure 2 

depicts the morphological differences between stereo-isomers of α- tocopherol and whether or 

not they are actively maintained in the human body (FNBIN, 2000). Only the RRR- form of α- 

tocopherol is generated in plants while RRR-, RSR-, RRS-, and RSS- are the only forms of 

synthetic α- tocopherol readily absorbed in the body (FNBIN, 2000). Mixtures containing all 

possible stereo-isomers of α- tocopherol are given the prefix all-rac- (Bramley et al., 2000) 
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Figure 1.2: Possible stereo-isomers of synthetically derived all-rac-α- tocopherol. Only R forms 
of α- tocopherol are actively maintained in any great quantity the human body. Morphological 
and functional differences lie primarily in the orientation of a methyl group at the ring/tail 
junction in the side chain (FNBIN, 2000; image adapted from).  
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1.1.3 ALPHA TOCOPHEROL ESTERS 

To preserve the integrity of α- tocopherol, acetic acid is sometimes added to form α- 

tocopherol acetate. This process protects the α-tocopherol molecule from premature oxidation 

and prolongs its shelf life until conditions are suitable for hydrolysis allowing it to return to its 

natural form. Alpha tocopherol as an ester (α- tocopherol acetate), has been shown to have the 

same biological efficacy as its natural form (RRR-α-tocopherol) and is considered to deter 

premature oxidation of α- tocopherol (Ajandouz et al., 2006; Burton et al., 1988; Cheeseman et 

al., 1995; IMFNB, 2000; Mathias et al., 1981)  
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Figure 1.3: The reactive OH group found on RRR-α-Tocopherol (A) is protected from premature 
oxidation by the addition of acetic acid to form RRR-α-tocopherol acetate (B). RRR-α-tocopherol 
acetate is easily hydrolysed to its reactive RRR-α-tocopherol form (adapted from IMFNB, 2000; 
Medycki et al., 2010). 
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1.2 TOCOPHEROLS IN PLANTS 

Tocopherols are usually found at high concentrations in photosynthetic tissues of higher 

plants (Franzen et al., 1991). A considerable proportion of α- tocopherol is sequestered 

between the chloroplastic envelope of thylakoids in plant cells (Fryer, 1992; Havaux, 1998). 

Rautenkranz et al. (1994) found that barley plant chloroplasts contained 48 to 57% of the total 

α- tocopherol present in the plant while an additional 18% could be found in vacuoles of the 

cell (Rautenkranz et al., 1994). Moreover, Caro and Puntarulo (1996) observed that 12 μg of α- 

tocopherol/g protein can also be found in microsomal membranes of soybean roots. 

1.2.1 RESPONSES TO STRESS  

 As tocopherols’ main role in the plant is to capture free radicals, any stress resulting in 

the increased generation of free radicals usually triggers elevated tocopherol production as 

well. Chloroplasts are some of the most common producers of reactive oxygen species (ROS) 

under stress (Bramley et al., 2000; Foyer et al., 1994; Munne-Bosch and Alegre, 2002; Smirnoff, 

1993). Environmental factors including light stress, water deficit, UV-B radiation, salt stress and 

other pollutants are considered to be oxidative stresses that increase production of H2O2, 

superoxide radicals (OH.), singlet oxygen (1O2) or any other ROS (Bramley et al., 2000; Foyer et 

al., 1994; Smirnoff, 1993 ).  

Plants exposed to high light intensities (often associated with elevated temperatures) 

are commonly linked with having increased tocopherol accumulation (Almoner et al., 1998; 

Concordia et al., 2007; Wohleser, 2007). Αlpha tocopherol concentration has been shown to 

follow plant diurnal rhythms and is influenced by light stress (Wildi and Luetz, 1996). 
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Lichtenthaler (1979) observed that leaves of Fagus sylvatica exposed to the sun contained 

three times more α- tocopherol on a per chlorophyll basis in photosynthetic membranes than 

when in shade. Increased α- tocopherol production during photo-acclimation is thought to be a 

response to increased photo-system activity and electron transport throughout thylakoid 

membranes (Havaux et al., 2000; Lichtenthaler 1979; Munne-Bosch and Alegre, 2002).  

 It has also been reported that water deficit, UV-B radiation, and salt stress increases α- 

tocopherol content in plants. Water deficit tends to result in an increased production of ROS 

(Munné-Bosch and Alegre, 2000). As a result, drought-tolerant plant species are often capable 

of producing much higher levels of tocopherol than susceptible species (Munné-Bosch and 

Alegre, 2000; Price and Hendry 1989). UV-B radiation has a damaging affect on chloroplastic 

membranes and can increase tocopherol production in a number of species (DeLong and 

Steffen, 1997; Malanga et al., 1997). Finally, the presence of α- tocopherol has been reported 

to be 3-4 fold higher in cotton plants tolerant to salt stress when compared to susceptible ones 

(Gosset et al., 1994). 

 There have been conflicting results when considering temperature and its effect on 

tocopherol production. Increased tocopherol content in colder climates has been documented 

in both soybean and corn (Dolde et al., 1999; Leipner et al., 1999). However, there is a growing 

body of research suggesting that warmer temperatures are associated with increased 

tocopherol production as a result of higher light intensities and reduced water availability (Britz 

and Kremer, 2002; Carrao-Panizzi and Erhan, 2007; Fryer et al., 1998; Walker and McKersie, 

1993; Wise and Naylor, 1987). 
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Traditionally, increases in tocopherols are often associated with plants that are resistant 

to the previously mentioned physiological stresses and a decrease in tocopherol concentration 

would indicate stress susceptibility. However, this assumption is not always correct. The level of 

tocopherol production is also strongly dependant on the degree of stress the plant is under, the 

composition of lipids in its membranes, and the presence of other antioxidants in the plant 

(Munne-Bosch and Alegre, 2002).  

 
1.2.2 METABOLIC FUNCTION OF TOCOPHEROLS 

1.2.2.1 BIOSYNTHESIS 

 All tocopherols in plants are derived from the by-products of the calvin cycle, glycolysis 

and the pentose-phosphate cycle (Whistance and Threlfall, 1970). These molecules undergo a 

series of reactions in the isoprenoid and shikimate pathways to produce phytyl diphosphate 

and homogentisate respectively (Figure 1.4) (Munne-Bosch and Algre, 2002; Whistance and 

Threlfall, 1970). Homogentisate serves as the chroman head of the tocopherol molecules while 

the phytyl diphosphate generated in the isoprenoid pathways contribute the tocopherol side 

chain (Herrmann and Weaver, 1999; Lichtenthaler, 1999; Whistance and Threlfall, 1970). These 

molecules are joined by VTE-2 and again by either VTE-3 to create γ- or α- tocopherol (after 

being catalyzed by VTE-1 to make γ- tocopherol and VTE-4 to make α- tocopherol), or by VTE-1 

to create δ- or β- tocopherol (δ- tocopherol is catalyzed by VTE-4 to produce β- tocopherol) 

(Figure 1.5; Sattler et al., 2002). After synthesis is completed, the majority of tocopherols are 

imported to the plastids of photosynthesizing cells from the cytosol (Herrmann and Weaver, 

1999; Lichtenthaler, 1999). 
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Figure 1.4: Tocopherols are derived of by-products of the Calvin cycle, glycolysis and pentose-
phosphate cycles. Homogentisate (created from the shikimate pathway) and phytyl 
diphosphate (from the isoprenoid pathway) enter an enzymatic reaction to produce 2-methyl-
6-phytyl plastoquinol, the precursor of all tocopherols (adapted from Munne-Bosch and Algre, 
2002). 
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Figure 1.5: The generation of various forms of tocopherols is dependent on whether 2-methyl-
6-phytyl benzoquinol is catalyzed by VTE-3 (to produce γ- and α- tocopherol) or by VTE-1 (to 
produce δ- and β- tocopherol) (adapted from Van Eenennaam et al. 2003) 
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1.2.2.2 ANTIOXIDANT ACTIVITY AND DEGRADATION  

 The degradation of tocopherols traditionally occurs via non-enzymatic oxidative 

processes that are dependent on its antioxidant activity (Ingold et al., 1986; Munne-Bosch and 

Alegre, 2002). Antioxidant activity is determined by the antioxidants ability to donate its 

phenolic hydrogen to lipid free radicals (Ingold et al., 1986).  Tocopherols reactivity is 

influenced by the degree of methylation in the aromatic ring, the size of the heterocyclic ring, 

the stereochemistry at position 2 (R or S orientation), and the length of the phytyl side chain 

(optimum 11 to 13 carbons). Taking these factors into consideration, it has been observed that 

tocopherol activity in-vivo is α- > β- > γ- > δ- (Burton and Ingold, 1986; Burton and Traber, 1990; 

Fukuzawa et al., 1982; Kamal-Eldin and Appelqvist, 1996).  

Tocopherols are considered to have two primary roles; first, to scavenge lipid peroxy 

radicals; second, to act as a single oxygen quencher and chemical scavenger (Munne-Bosch and 

Alegre, 2002). Αlpha tocopherol is able to neutralize 1O2 which has a tendency to damage 

proteins, amino acids, nucleic acids, nucleotides, carbohydrates and most commonly, 

polyunsaturated fatty acids (Straight and Spikes, 1985; Halliwell and Gutteridge, 1989). Before 

being degraded, one molecule of α- tocopherol can potentially deactivate 120 1O2 molecules in 

a plant cell (Fahrenholtz et al., 1974). 

The oxidation of a polyunsaturated lipid undergoes three phases: initiation, propagation 

and termination. Initiation involves the generation of a lipid radical caused by the influence of 

alkyl radical (e.g. OH-, HO-2) lipoxygenase, heat, light and/or trace metals. The lipid peroxy 

radical formed in the initiation phase can also go to initiate oxidation of other polyunsaturated 
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fatty acids during what is considered to be the propagation phase of peroxidization. The 

propagation phase can continue denaturing lipids to alkyl radicals until the termination phase. 

Tocopherol termination is where an antioxidant (in this case α- tocopherol) donates a hydrogen 

to the lipid radical and turn it to a hydroperoxide molecule, which is then either reduced to an 

alcohol or further oxidized to other compounds (i.e. n-hexanal, jasmonic acid, traumatic acid 

etc.) depending on the size and nature of the lipid chain. The α- tocopherol radical formed after 

this process is either recycled back to α- tocopherol or forms other oxidized products (Figure 5; 

Munne-Bosch and Alegre, 2002).  
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Figure 1.6: Tocopherols are not only capable of capturing harmful free radicals (i.e. 1O2) from 
oxidizing polyunsaturated fatty acids, they can also prevent the proliferation of lipid peroxy 
radicals by donating a hydrogen molecules to create alcohols or other intracellular signalling 
compounds. The newly formed α- tocopherol radical is either recycled in the cell or serves 
other purposes in the cell as α- tocopherol quinone (Munne-Bosch and Alegre, 2002). 
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1.2.2.3 REGENERATION/TERMINATION  

During the recycling of α- tocopherols, α- tocopheroxyl radicals can be returned to their 

active form through a series of reactions that aid in the recycling of NADPH (Figure 1.7). 

Without recycling, α- tocopherol radicals form α- tocopherol quinone or α- tocopherol quinol 

that uses its oxidative potential to aid in the function of photosystem II in the chloroplast 

(Munne-Bosch and Alegre, 2002).  
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Figure 1.7: The recycling of α- tocopherol radicals in plants aid in the recycling of NADPH 
through the molecules: Ascorbate peroxidise (APX), Dehydroascorbate (DHA), 
dehydroascorbate reductase (DHAR), glutathione reductase (GR), glutathione (GSH), 
glutathione disulfide (GSSG), monodehydroascorbate (MDHA), monodehydroascorbate 
reductase (MDHAR), Polyunsaturated fatty acid (PUFA) and superoxide dismutase 
(SOD)(Munne-Bosch and Alegre, 2002).  
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1.2.5 CELLULAR FUNCTIONS 

1.2.5.1 SENESCENCE, GERMINATION AND DEVELOPMENT 

Tocopherols have been found to play a role in senescence of leaves through its control 

in chloroplast membrane integrity, the accumulation of other senescence-related genes, the 

extent of lipid peroxidation and the formation of secondary oxidation products (i.e. jasmonic 

acid) (Chrost et al., 1999; Munne-Bosch and Alegre, 2002). Tocopherols have been found to 

accumulate in the endosperm during senescence to protect seed from the effects of oxidative 

stress during germination and development (Franzen and Haab, 1991). Puntarulo (1993) 

observed increases in α- tocopherol concentration upon germination in soybean seeds. This 

increase was short lived as α- tocopherol levels declined after 24h as a result of increased ROS 

production. However, α- tocopherol levels are thought to remain relatively high during the first 

leaf stages of development (Tramontano et al., 1992).    

1.2.5.2 MEMBRANE STABILITY  

 Tocopherols are able to imbed in lipid membranes through their hydrophobic side 

chain; its hydrophilic head is oriented toward the lipid-water interface (Bisby and Ahmed, 1989; 

Kagan and Quinn, 1988). Part of α- tocopherols antioxidant efficiency may lie in its ability to 

extend further out when residing in a lipid membrane compared to γ-, δ- and β- tocopherol 

(Grau and Ortiz, 1998). Also, the thirteen carbon side chain of α- tocopherol allows it to orient 

itself closer to longer and more easily oxidized fatty acids (Munne-Bosch and Alegre, 2002).  In 

addition, α- tocopherol has been found to increase rigidity of cellular membranes requiring the 
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regulation of its concentration since membrane rigidity can be detrimental to ion transfer and 

other plant functions particularly during development (Munne-Bosch and Alegre, 2002). 

1.2.5.3 ELECTRON TRANSPORT   

High α- tocopherol concentration is necessary to prevent oxidative damage caused by 

reactive oxygen species generated in the chloroplast. Tocopherols present in the thylakoid 

membrane have been found to reduce ion permeability in the thylakiod membrane. As a result, 

the proton gradient in the thylakoid lumen responsible for ATP synthesis is affected by the 

presence of tocopherols in membranes (Fryer, 1992; Munne-Bosch and Alegre, 2002). 

Alpha tocopherol quinone (the most common form of oxidized α- tocopherol) also 

provides further photo-protection by favouring electron transport in photosystem II. Kruk and 

Strzalka (2001) found α- tocopherol quinone is capable of oxidizing cyt b559 to sustain electron 

flow and ATP synthesis when the photosynthetic electron transport chain becomes overly 

reduced. As a result, tocopherol quinone is also found at relatively high concentrations in the 

thylakoids of plant cells (Lichtenthaler, 1968) 

1.2.5.4 FATTY ACID PROTECTION  

The preservation of unsaturated fatty acid concentrations in cellular membranes has 

been linked to stress tolerance in plants (McKersie et al., 1988). Alpha tocopherol has been 

found to be negatively correlated with linolenic acid accumulation through one of its primary 

roles is to protect easily oxidized unsaturated fatty acids from free radical damage (McCord et 

al., 2004; Wohleser, 2007). Plants containing elevated saturated and monounsaturated fatty 
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acid profiles usually have proportionately high tocopherol concentrations (Dolde et al., 1999; 

Rani et al., 2007; Wohleser, 2007).    

1.2.5.5 INTERCELLULAR SIGNALLING  

 The presence of α- tocopherol can affect intracellular signalling by directly interacting 

with components of the signalling cascade or indirectly by controlling concentrations of 

secondary oxidation products. Jasmonic acid among other secondary oxidation products is the 

result of lipid (18:3) peroxidation. It also regulates gene accumulation in the nucleus, and is 

considered to affect stress signalling in plants (Schaller, 2001; Creelman and Mullet, 1997). 

Since α- tocopherol dictates the production of jasmonic acid, it is considered to have 

considerable influence on intercellular signalling as well. 

1.3 CONSUMPTION OF VITAMIN E 

The human body is not capable of producing vitamin E and it must be attained through 

diet or supplementation (FNBIN, 2000). Prior to 2000, the initial recommended daily allowance 

(RDA) for vitamin E was 8 mg/day for women and 10 mg/day for men. When the Food and 

Nutrition Board of the Institute of Medicine (Washington, DC, USA) observed some of the 

therapeutic effects of Vitamin E in 2000, the RDA was increased to 15mg per day (α- 

tocopherol) for both women and men (FNBIN, 2000).  

Murphy et al. (1990) looked at the dietary sources of vitamin E in the second National 

Health and Nutrition Examination Survey (NHANES II) studying the nutritional diets of 27,801 

persons in the United States (Murphy et al., 1990). Not only was the average daily intake of 
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vitamin E well below recommended intake levels, it was also estimated in this study that 90% of 

Americans do not meet the RDA of vitamin E (Maras et al., 2004; Murphy et al., 1990). In 

addition, there is a growing body of evidence to suggest that consumption of vitamin E (α- 

tocopherol) across the world is insufficient to prevent any long term health effects that are 

caused by oxidative stress (Bramley et al., 2000). Concerns about poor vitamin E consumption 

could be improved through food processing and packaging. 

1.3.1 EFFECTS OF PROCESSING  

Food processing often involves exposing physical pressures (i.e. milling, crushing), 

increased light or heat, or metal ions to food products that often results in lipid and antioxidant 

degradation (Bramley et al., 2000).  Typically, toocopherol concentrations are severely 

diminished as a result of processing and long term storage; however, degradation can be 

prolonged in cold, dark storage conditions (Bramley et al., 2000). It has even been suggested 

that opaque plastic packaging may aid with oxygen scavenging capabilities in the preservation 

of α- tocopherol in food products (Gillian et al., 1997). Wohleser (2007) studied the rate of 

tocopherol degradation at 20°C, 6°C and -20°C over twelve months of whole seed storage. This 

study reported that the most preferable conditions for reducing α- tocopherol degradation was 

at -20°C (Wohleser, 2007). 

1.3.1.1 OIL PRODUCTION 

The commercial extraction of oil in soybean typically involves pre-heating, flaking, 

cooking, solvent extraction or screw pressing, degumming, refining, bleaching and 

deodorization (Bramley et al., 2000). All stages of oil extraction have been found to negatively 
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impact tocopherol concentrations (roughly reduced by 15% in olive oil, 25% in soybean oil, 32% 

in corn oil, etc.; Kanematsu et al., 1983; Maza et al., 1992). In canola oil, up to 20% of total 

tocopherols can be lost in the degumming process (Prior et al., 1991), while an additional 32% 

can also be destroyed after refining and bleaching. Αlpha tocopherol is severely affected by 

bleaching as it was found to decrease to only 8% of total tocopherols (from 33%) after 

degumming, refining and bleaching (Prior et al., 1991). 

There are also considerable concerns about the nutritional benefit of tocopherols in 

vegetable oils used in frying operations since the oil is kept at very high temperatures causing 

considerable tocopherol degradation. Roughly 32% of tocopherols in peanut oil were destroyed 

after 30 min of frying at 175°C (Bauerfeind, 1980). Synthetic antioxidants (butylated hydro-

xyanisole (BHA), butylated hydroxytoluene (BHT), tertiary butylhydroquinone (TBHQ), 

ethoxyquin, and the gallates) (Patterson, 1989) have been observed to reduce tocopherol 

degradation, however, general acceptance of synthetic food additives is decreasing due to the 

potential mutagenicity of these compounds (Gordon and Kourimska, 1995; Patterson, 1989; 

Wong et al., 1995). Although negligible levels of tocopherols survive in the frying process, they 

have the potential to increase the shelf life of oil by preserving unsaturated fatty acids, 

therefore avoiding the necessity of using synthetic antioxidants.  

Alteration of lipoxygenase accumulation in plants may also lead to increased 

preservation of tocopherols in vegetable oils. Lipoxygenases are a group of enzymes involved in 

growth, development, senescence, pest resistance, and response to wounding in plants. They 

also increase the level of unsaturated fatty acid oxidation leading to the development of rancid 
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off flavours in seed and oils (Gordon and Barimalaa, 1989). Soybean is a rich source of 

lipoxygenases (L-1, L-2 and L-3) and the development of lipoxygenase-free soybean varieties 

can reduce the degradation of tocopherols and lipids in seed, oils and other food products 

(Nishiba and Suda, 1998).  

Although there are tocopherol degradation concerns in the production of vegetable oils,   

altering extraction methods could be possibly preserve tocopherol content. Simultaneous 

degumming and bleaching has resulted in a mere 7% total tocopherol loss (Gordon and 

Rahman, 1991). To optimally preserve tocopherols in vegetable oil processing, a cold press 

followed by degumming and bleaching at the same time is recommended (Gordon and 

Rahman, 1991). Retention of tocopherols in vegetable oil is also a function of storage 

temperature. Storage trials over 15 months at 4°C was found to reduce α- and γ- tocopherol 

content by 25% in corn oil and 16% of α- tocopherol in sunflower oil (Bauernfeind, 1980). 

Conversely, increasing the temperature to 37°C resulted in 70% degradation of all tocopherols 

over three months in safflower oil (Bauernfeind, 1980). 

1.3.1.2 BAKING 

 During milling and industrial bread making, tocopherols are also found to degrade quite 

rapidly. However, the type of bread being produced and how it is produced has a significant 

affect on tocopherol retention (Bramley et al., 2000). Alpha tocopherol was found to decrease 

by roughly one third in French bread-mix and over two thirds during sourdough production. 

These fermentation processes usually take about 20 h at 30°C to complete (Wennermark et al., 

1994). During baking, an additional 56-65% of α- tocopherol was lost in French bread while 28-
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40% was lost in baking rye bread (Bramley et al., 2000; Wennermark et al., 1994). It would 

appear that it is possible to recover additional tocopherols when antioxidant conscious 

methods of bread production are employed. 

  1.3.1.3 MEATS, DAIRY AND POULTRY 

 A number of studies have reported the effect of α- tocopherol acetate supplementation 

on pork, beef, poultry, dairy and egg quality. Tocopherol acetate supplementation in feed did 

not affect body weight, feed intake, or feeding efficiency in pork, beef or poultry (Arnold et al., 

1992; Bottje et al., 1997; Hoz et al., 2003; Monahan et al., 1992) though it did have an effect on 

muscle membrane stability (Arnold et al., 1992; Monahan et al., 1992; Hoz et al., 2003).  

Lipid peroxidation has been found to cause the development of off-flavours, loss of 

colour and lowered nutrient value in meat (Pearson et al., 1983). Increased polyunsaturated 

fatty acids have also been found to reduce shelf life of meat products (Hoz et al., 2003; 

Monahan et al., 1992). However, animals that consumed high levels of tocopherol acetate had 

correspondingly higher levels in their meat (Arnold et al., 1992; Bottje et al., 1997; Hoz et al., 

2003; Monahan et al., 1992). Tocopherol acetate in feed was found to stabilize polyunsaturated 

fatty acids in meat and extended its shelf life in pork, beef and poultry products (Bottje et al., 

1997; Hoz et al., 2003; Monahan et al., 1992).  

Little benefit was observed with tocopherol supplementation in dairy and egg feed 

during production (Grobas et al., 2002; Weiss and Wyatt, 2003). Increased α- tocopherol 

concentration in feed has been found to improve the oxidative stability in milk (Arnold et al., 

1992; Charmley et al., 1993; Charmley and Nicholson, 1994). Supplementation of feed was also 
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positively correlated with α- tocopherol in milk plasma but had no significant effect on milk 

production (Arnold et al., 1992). Similarly, α- tocopherol acetate supplementation in chicken 

feed did not affect tocopherol concentrations in egg yolks (Grobas et al., 2001).  

  1.3.1.4 FERMENTED SOYBEAN PRODUCTS 

Soy-based food products (i.e. miso, natto, tempeh, tofu etc.) are often created through 

soybean fermentation using Aspergillus oryzae, Bacillus natto or Rhizopus oligosporous 

cultures. Although literature studying the effects of fermentation on tocopherol content is 

sparse, general antioxidant activity has been found to remain the same or even increase 

depending on the fermentation strain and method of production (Esaki et al., 1993). 

Conversely, Guzman and Murphy, (1986) found the processing of tofu reduced vitamin E 

activity by 30% to 47% depending on variety used for production. Short term tofu storage (15 

days) did not affect vitamin E content (Guzman and Murphy, 1986).   

1.3.1.5 OTHER FORMS OF PROCESSING  

Irradiation is a method for reducing the number/activity of viable micro-organisms and 

inactivating anti-nutrient/toxic compounds in food products (Shin and Godber, 1996). It has 

also been found to reduce tocopherols up to 74% (when given a dose of 15 kiloGray) in rice 

bran although losses were found to decrease at higher irradiation doses (Bramley et al., 2000). 

Microwave heating has been found to decrease α- tocopherol content in soybean oil by 20% 

after heating for 12 min (Yoshida et al., 1992) and 10% after heating whole soybeans for 6 min 

(Yoshida and Kajimoto, 1989). Similarly, literature looking at α- tocopherol levels after boiling, 

canning, and freezing vegetables has been observed to reduce levels roughly 10-20% although 



30 

 

this body of research is still growing (Bramley et al., 2000; Elmadfa and Bosse, 1985; Murcia et 

al., 1992; Wyatt et al., 1998). 

1.3.2 BIOAVAILABILITY 

1.3.2.1 ABSORPTION   

A considerable portion of tocopherols (approximately 30-70%) are not absorbed in the 

human body and are normally excreted in feces (Kayden and Traber, 1993). Upon ingestion, 

triglycerides and monoglycerides form micelles where tocopherols and other hydrophobic 

molecules are incorporated and absorbed into the intestinal mucosa (Bramley et al., 2000). The 

absorption of vitamin E is largely dependent on the consistency of vitamin E infusion in the 

presence of medium-chain fatty acids (instead of long chain fatty acids) (Traber et al., 1986). 

Ester forms of tocopherol (α- tocopherol acetate) are considered to have equal bioavailability 

since they are easily hydrolysed to their natural form in the gut (Nakamura et al., 1975).  

1.3.2.2 TRANSPORT AND DISTRIBUTION 

Upon absorption, lipoprotein lipases can act as transfer proteins taking vitamin E 

molecules to skin, muscle or adipose tissue but the vast majority is packaged into chylomicrons 

and taken to the liver. These chylomicrons containing vitamin E reach the liver and only α- 

tocopherol is retained. The α- tocopherol binding protein (α-TTP) is the enzyme that binds to 

tocopherol molecules but is only capable of binding to RRR, RSR or RSS forms of α- tocopherol 

(Catignani and Bieri, 1977). Almost all other tocopherol and tocotrienol forms are excreted 

(Catignani and Bieri, 1977; Traber and Kayden, 1989; Hosomi et al., 1997). Roughly 80% of all 
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vitamin E present in circulation are in α- tocopherol form with the rest brought into the body by 

lipoprotein lipase transfer (Bramley et al., 2000).  

 After selection in the liver, α- tocopherol is transferred to other areas of the body via 

intermediate, low and high density lipoproteins (IDL, LDL and HDL). Tocopherol is readily 

exchanged at the cellular membrane and is normally transferred to mitochondrial and 

microsomal regions of the cell via transport proteins (Bjornebøe et al., 1988; Catignani and 

Bieri, 1977; Mowri et al., 1981; Verdon et al., 1988). Tocopherol uptake is traditionally quickest 

in the liver, spleen, and kidney and slowest in the brain, adipose tissue and spinal cord of the 

body (Burton et al., 1990). Normal blood plasma in humans range from 12-46 mM (5-20 

mg/litre) (Bramley et al., 2000). 

1.3.2.3 METABOLISM AND EXCRETION  

Although there are a number of enzymes in the body that are capable of reducing free 

radicals in the body, chain breaking antioxidants are considered to play a major role in the 

protection of phospholipids (Bramley et al., 2000). One α- tocopherol per 2000 phospholipids is 

traditionally found in cellular membranes of the body (Hassapidou et al., 1994). Despite this 

dispersal, α- tocopherol molecule is considered to be 10,000x more reactive with peroxyl 

radicals than unsaturated fatty acids (Bramley et al., 2000). If not reduced by another agent (i.e. 

vitamin C, glutathione etc.), the relatively stable α- tocopheroxyl radicals (i.e. α- tocopherol 

quinone) are often conjugated with glucuronic acids and excreted in bile (Simon et al., 1956).  
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1.3.3 EFFECTS ON HUMAN HEALTH 

Increased consumption of α- tocopherol can lead to the reduction of diseases caused by 

oxidative stress. Degenerative diseases including cardiovascular disease, cancer, immune 

deficiency, neurological diseases, cataracts, and age related macular degradation are thought to 

be reduced via increased consumption of α- tocopherol (Bourgeois, 1992; Bramley et al., 2000).  

1.3.3.1 CARDIOVASCULAR DISEASE 

Alpha tocopherol supplementation has been shown to aid in the prevention of chronic 

heart disease and other cardiovascular related illnesses (Bramley et al., 2000; Gey et al., 1993). 

Αlpha tocopherol prevents modification of low-density lipoproteins (LDL), reduces 

vasoconstriction/thrombosis and prevents smooth muscle cell proliferation (Gey et al., 1993). 

However, vitamin E supplementation was only found to significantly decrease chronic heart 

disease when intakes were greater than 100 IU per day (Bramley et al., 2000). 

    1.3.3.2 CANCER 

It is difficult to discern the efficacy of α- tocopherol supplementation in the prevention 

of cancer proliferation since many clinical trials have poor control of all factors associated with 

tocopherol intake (Bramley et al., 2000). Despite this lack of experimental control, 

supplementation of α- tocopherol has been shown to provide a protective effect against lung, 

ozesophagus and large bowel cancers (Knekt, 1993). Moreover, supplementation of α- 

tocopherol has been shown to reduce incidences of prostate, colorectal and stomach cancers 

when compared to control groups (Burton, 1994).   
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1.3.3.3 INFLAMMATORY DISEASES 

 Conditions including acute arthritis, rheumatoid arthritis and osteo-arthritis often 

release 02
-, OH-, H2O2, 102 and other ROSs. Blankenhorn and Clewing (1993) observed 

reductions in inflammatory side effects associated with radical oxygen species generation. 

Alpha tocopherol appeared to be equally effective as other standard drug therapies 

(Blankenhorn and Clewing, 1993).  

1.3.3.4 NEUROLOGICAL DISORDERS  

Αlpha tocopherols protect against neurological degradation by free radical scavenging 

and lipid oxidation reactions, or by suppressing transcription factors that are involved with 

neuronal cell death (Bramley et al., 2000). For example, post mortem brain tissues from 

Alzheimer’s patients contain very high concentrations of oxidized macromolecules (Behl, 1999). 

Αlpha tocopherol has been shown to protect neurons against Alzheimer’s brain tissue that tend 

to generate H2O2 and peroxynitrate often leading to cell death (Behl et al., 1992). Oxidative 

stress has also been considered to play a substantial role in the onset of Parkinson’s disease 

(Fahn and Cohen, 1992; Olanow, 1990). Despite α- tocopherol’s neutralizing affect on oxidative 

stress, the effects of supplementation on Parkinson’s disease are still unclear (Bramley et al., 

2000) 

1.3.3.5 OTHER HEALTH CONCERNS 

 Tocopherol intake and cataract risk were found to be negatively correlated in 8 of 11 

epidemiological studies (Jacques, 1999).  Similarly, there has been a growing body of evidence 
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to suggest tocopherol supplementation might reduce age-related macular degradation 

(Jacques, 1999). Meydani et al., (1997) also observed that optimum α- tocopherol 

supplementation (200 mg/day) resulted in significantly higher antibody response to hepatitis B 

(Meydani et al., 1997).  

Although there appears to be considerable health benefit to increasing α- tocopherol 

intake, it is difficult to determine actual RRR-, RSR-, RRS- or RSS- α- tocopherol intake using 

synthetic forms of α- tocopherol supplementation. It is also important to remember that the 

bioavailability of α- tocopherol is largely dependent on the presence of medium chain fatty 

acids. Insuring RRR-, RSR-, RRS- and RSS- forms of α- tocopherol are consumed in the presence 

of medium chain fatty acids it is difficult to control and might be the source of the considerable 

variation seen in a number of large scale clinical studies identifying the health benefits of α- 

tocopherol. As a result, dietary acquisition of naturally derived RRR-α- tocopherol (if possible) is 

preferred. 

1.4 TOCOPHEROL PRODUCTION IN FIELD CROPS 

Dolde et al., (1999) looked at the total tocopherol concentration of wheat germ oil, 

sunflower, canola and soybeans. Total tocopherol concentrations in wheat germ oil varied from 

1947 to 4082 μg/g, sunflower ranged from 534 to 1858 μg/g, canola oil varied from 504 to 

687μg/g and soybean oil ranged from 1205 to 2195 μg/g. All tocopherol ranges for each crop 

were found to be consistent with previous literature (Dolde et al., 1999, Gey, 1993, Kok et al., 

1987). Additional tocopherol comparisons in oil seed crops are provided in Figure 1.8.  
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Figure 1.8: Relative vitamin E concentrations in oil seed crops (FNBIM, 2000). Although α- 
tocopherol content soybean oil is somewhat reduced, soybeans contain a number of 
components beneficial to human health and has the potential to be a major source of α- 
tocopherol in the human diet. 
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Although other crops may have desirable α- tocopherol profiles, the additional 

beneficial nutritional components of soybean, combined with its worldwide production and 

consumption suggest that it may have the greatest potential for tocopherol delivery in the 

human diet. Soybeans contain around 20% oil, 40% protein and many other beneficial 

components that improve human health including water-soluble isoflavones and saponins 

(Dwiyanti et al., 2007; Liu, 1997). In 2008, the world produced 230.6 million metric tonnes (MT) 

of soybeans (FAO, 2011). Canada was the 7th largest producer of soybeans that year after 

producing 33.4 million MT accounting for 1.4% of world soybean production (FAO, 2011). Also 

in 2007, 59.8% (1,995,105 MT) of the soybeans produced in Canada were exported to many 

different countries around the world (CSEA, 2011).  

A considerable proportion of soybeans produced in the world were used for human 

consumption. Of the 219.6 million MT of soybeans produced in 2007, the world consumed 4.7% 

(10.2 million MT) in food and an additional 11.4% (25.1 million MT) in soybean oil (FAO, 2011).  

It is estimated that in Canada, the soybean oil supply was 15.84 g/capita/day and the soybean-

based supply was 1.9 g/capita/day in the year 2007 (FAO, 2011). The estimation of 17.74 g of 

soybean products consumed by each Canadian per day suggests that soybean’s nutritional 

profile is an important aspect of the Canadian diet. As a result, considerable research has 

attempted to understand and exploit the environmental and genetic potential of α- tocopherol 

accumulation in soybean varieties.  
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1.4.1 TOCOPHEROLS IN SOYBEAN 

1.4.1.1 ENVIRONMENTAL INFLUENCES AND CROP MANAGEMENT 

Environmental conditions can drastically influence tocopherol content in soybean seed.  

Traditionally, tocopherols increase in southern growing conditions of North America (Seguin et 

al., 2009). Tocopherol concentration can vary across environments anywhere from 10-30% 

(Seguin et al., 2009) depending on the component. Total tocopherol concentration has been 

shown to vary by up to 78% across environments (Carrao-Panizzi and Erhan, 2007). 

Environmental differences affecting tocopherol concentration have been found to be strongly 

affected by location and crop management (changes in air and soil temperature/moisture 

through seeding date/density, row spacing, nutrient availability, etc.).  

The effects of crop management on tocopherol concentration have been discussed by 

Seguin et al., (2010). A seeding rate of 40 seeds/m2 accounted for a 4% increase in α- 

tocopherol when compared to 50 seeds/m2 and 60 seeds/m2. Alpha tocopherol concentration 

was also reported to increase by 6% in planting rows wider than 36 cm when compared to 

narrower spacing. Earlier seeding dates potentially have the greatest affect on tocopherol 

accumulation. In general, seeding across multiple sites in Quebec during mid-May resulted in a 

45% increase in α- tocopherol compared to later dates (mid-June). Forgoing phosphorous 

application caused a 7% increase in α- tocopherol when compared to a 100 kg P/ha application. 

In addition to understanding the environmental effects on tocopherol production in soybean, 

studies looking at genetic factors influencing tocopherol accumulation are beginning to gain 

more attention (Seguin et al., 2010). 
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1.4.1.2 GENETIC VARIATION AND MANIPULATION  

Altering the biosynthetic pathway of α- tocopherol production through a transgenic 

approach has been conducted by Van Eenennaam et al., (2003). This group identified a methyl-

transferase (VTE-3) mutant gene in Arabidopsis and transferred it into soybean via seed-specific 

promoter accumulation. The VTE-3 gene responsible for the production of γ- and α- tocopherol 

was coexpressed with a VTE-4 gene increasing the production of α- tocopherol. These 

transformations resulted in α- tocopherol content going from 10% of all tocopherols to 95% 

and δ- tocopherol going from 20% to 2% in the transformed soybean seeds of this experiment 

(Van Eenennaam et al., 2003).  

There is a tremendous amount of genetic variation in soybean cultivars for tocopherol 

concentration suggesting that an improved tocopherol profile through conventional breeding is 

possible. Carro-Panizzi and Erhan (2007) identified a 16 fold difference in α- tocopherol 

concentration across 89 cultivars grown at one Brazilian location. Similarly, Ujiie et al., (2005) 

analysed cultivated and wild type cultivars totalling 1,109 germplasm accessions for overall and 

individual tocopherol concentration. Typical concentrations of δ-, γ- and α- tocopherol in 

common soybean varieties are about 30%, 65% and 5%, respectively (Ujiie et al., 2005).  

Dobrogeance (from Romania), Dobrudza 14P, (from Yugoslavia), and Keszthelyi A.S. 

(from Hungary) were the varieties that expressed the highest tocopherol levels (11.39±0.46 

mg/100g, 11.02±1.05 mg/100g, and 8.00±0.30mg/100g, DMB respectively). Although Keszthelyi 

A.S. had the third highest total tocopherol accumulation, it was found to have the highest α- 

tocopherol accumulation of all germplasm studied by Ujiie et al., (2005) (nearly four to seven 
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times higher than normal cultivars). Keszthelyi A.S. also had relatively lower levels of γ- 

tocopherol suggesting that this cultivar is particularly efficient at converting γ- to α- tocopherol 

(Ujiie et al., 2005).   

Dwiyanti et al., (2007) reported the broad-sense heritability for α- tocopherol to be 

64.5% in a soybean population that used Keszthelyi A.S. as a parent. Similarly, a study by Wang 

et al., (2007) which also used a soybean population with Keszthelyi A.S. as a parent, reported 

the broad-sense heritability of α- tocopherol to be 69.3%. Wang et al., (2007) reported the 

narrow sense heritability of α- tocopherol to be 59.8%. Such a high levels of broad-sense and 

narrow sense heritability would suggest that the accumulation of α- tocopherol is a highly 

heritable trait and a strong candidate for marker assisted selection. 

1.4.2 TOCOPHEROL QTL IN SOYBEAN 

Quantitative Trail Loci (QTL) associated with tocopherol production in oilseed crops 

have been studied and reported in corn (Rocheford et al., 2002) and winter oilseed rape 

(Marwede et al., 2005). However, soybeans naturally exibit higher tocopherol concentration 

than either of these crops and appear to offer the greatest genetic potential for tocopherol 

production when compared to any other cultivated oilseed crop (Figure 1.8; FNBIM, 2000). 

Three studies have attempted to characterize QTL associated with tocopherol concentration in 

soybean seed (Dwiyanti et al., 2007; Wohleser, 2007; Li et al., 2010). 
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1.4.2.1 DWIYANTI ET AL., (2007)  

This molecular study was conducted on the F2 progeny of the cross between Keszthelyi 

A.S. x Ichihime. Of the 280 SSR markers selected to screen the 20 linkage groups of the parent 

populations, 67 polymorphic markers were identified and screened against 140 F2 seeds.  After 

evaluation using the Chi-squared goodness of fit test (expecting a 1:2:1 ratio for homozygosity) 

and tocopherol analysis (using the whole seed method), the markers Satt_167 (χ2 = 18.7; Ch 9, 

LG K) and Satt_243 (χ2 = 17.6; Ch 9, LG K) proved to be the primary QTL contributing to α- 

tocopherol accumulation (Dwiyanti et al., 2007). 

1.4.2.2 WOHLESER (2007) 

A Ph.D. thesis by Wohleser (2007) identified a number of markers associated with 

tocopherol accumulation in the F4:7 progeny of a cross between two commercial soybean 

varieties in Ontario. Wohleser (2007) looked at two high yielding commercial soybean lines with 

different fatty acid and tocopherol profiles to identify molecular markers contributing to 

tocopherol accumulation. The progeny of the initial cross between OAC Shire x OAC Bayfield 

were screened with 450 SSR markers, which detected 140 polymorphisms between the parents. 

The identified polymorphic markers were screened against 79 F4:7 progeny. Interval and linkage 

mapping were used to identify a total of 38 tocopherol QTL among 9 chromosomes (Ch 5, 6, 1, 

2 and 13; LG A2, C2, D1a, D1b and F) and explain 32.5% of total tocopherol accumulation.  

Moreover, 4 QTL (Satt329 [Ch 8; LG A2], Satt079 [Ch 6; LG C2], Satt365 [Ch 6; LG C2], Satt363 

[Ch 6; LG C2]) over two chromosomes contributed specifically to α- tocopherol accumulation 

(highest R2 = 25.4%) (Wohleser, 2007).  
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1.4.2.3 LI ET AL., (2010) 

A population of 144 F5:6 RILs derived from a cross between OAC Bayfield (High 

tocopherol parent: α- 49.1 μg/g; γ- 503.3 μg/g; δ- 254.2 μg/g; Total 853.9 μg/g) and Hefeng 25 

(Adapted parent: α- 8.8 μg/g; γ- 84.4 μg/g; δ- 44.0 μg/g; Total 176.6 μg/g) were grown by Li et 

al., (2010) in three locations for QTL analysis. The population was screened against 107 

polymorphic SSR markers to generate a genetic linkage map (Li et al., 2010).  

Li et al., (2010) identified four major QTL associated with α- tocopherol (in four LGs), 

eight with γ- tocopherol (in eight LGs), four with δ- tocopherol (in four LGs) and five were found 

to be associated with overall tocopherol (in four LGs) accumulation.  Reported QTL associated 

with α- tocopherol included Satt376 (R2= 17.0%, p< 0.0001; Ch 6, LG C2), Satt266 (R2 = 5.6%, p< 

0.0002; Ch 2, LG D1b), Sat_177 (R2 = 6.7%, p<0.0001; Ch 14; LG B2), and Satt440 (R2= 5.4%, p< 

0.0001; Ch 20, LG I). OAC Bayfield was found to contribute the greatest portion of beneficial 

tocopherol alleles (Li et al., 2010). 

There appear to be discrepancies among QTL studies attempting to identify the genetic 

source of α- tocopherol accumulation. These conflicting results are possibly the result of 

studying lines of different genetic backgrounds in different growing conditions. It is clear that 

definitive results based on homogeneous RILs from the initial crosses between high and low 

tocopherol varieties are needed to verify which markers are responsible for individual and 

overall tocopherol accumulation.   
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CHAPTER 2: IDENTIFICATION OF QTL ASSOCIATED WITH TOCOPHEROL CONTENT IN AN F4:5 

SOYBEAN POPULATION DERIVED FROM THE CROSS BETWEEN KESZTHELYI APROSZEMU 
SARGA X 2355RR  
 
 
2.1 ABSTRACT   

Vitamin E is an essential vitamin made up of the molecules α-, β-, γ-, and δ- tocotrienol 

and α-, β-, γ-, and δ- tocopherol.  Alpha (α-) tocopherol is regarded as the major active 

component of vitamin E and is a powerful antioxidant that is beneficial to human health.  The 

Hungarian soybean cultivar Keszthelyi A. S. has been identified as having very high α- 

tocopherol accumulation as a result of its ability to efficiently convert γ- to α- tocopherol. Alpha 

tocopherol in soybean seeds have been reported to be a highly heritable trait (H = 64.5 - 69.3%, 

h2 = 59.8%) making it an excellent candidate for marker assisted selection. Although preliminary 

work has been done to map QTL responsible for tocopherol accumulation, they have not been 

verified. In this study, F4:5 progeny of the cross between Keszthelyi A.S. and the high yielding 

soybean cultivar 2355RR were studied to identify and verify QTL associated with tocopherol 

production in soybean seed.  A genome-wide scan of both parents using 400 single sequence 

repeat (SSR) markers identified 90 polymorphisms between the parents. The polymorphic 

markers were used to genotype 196 Recombinant Inbred Lines (RIL) to identify QTL that are 

associated with tocopherol content in seed.  A total of 21 markers associated with α- 

tocopherol, 37 with δ- tocopherol, 5 with γ- and 6 with total tocopherol accumulation were 

identified.  Markers Sat_293 and Satt196 (Ch 9; LG K) were highly associated with α- tocopherol 

accumulation (R2 = 39.3%, p = <0.0001 and R2 = 38.1%, p = <0.0001, respectively) whereas 

marker Satt211 (Ch 5; LG A1) was associated with both γ- and total tocopherol accumulation (R2 
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= 18.0%, p = <0.0001 and R2 = 18.8%, p = <0.0001 respectively). A forward Multiple Locus Model 

was applied to the marker data which accounted for 91.5% of α- tocopherol accumulation and 

described 10 markers with three epistatic interactions.   A partial linkage map has been 

produced using 58 markers that mapped to 23 linkage groups with 18 unlinked markers. 

Genomic intervals on chromosomes 4, 13, 9 and 19 (LGs C1, F, K and L) were also associated 

(significant LOD threshold = 2.4) with tocopherol content using the composite interval mapping 

approach. Of the identified tocopherol QTL in this study, Satt440 (Ch 20; LG I) was most strongly 

associated with α- tocopherol content and Satt354 (Ch 20; LG I) with δ- tocopherol content  

2.2 INTRODUCTION 

Soybeans [Glycine max (L.) Merr] is the most widely grown oilseed crop in the world and 

was harvested on 1.3 million ha in Canada during the 2010 growing season (AAFC, 2011). 

Soybean seeds contain on average 40% protein, 21% oil, and 34% carbohydrates (CSEA, 2011; 

FAO, 2011; Hoeft et al., 2000). Beside these principal components, studies have shown that 

soybeans also contain a number of components that are beneficial for human health including 

isoflavones, saponins and vitamin E (Behl, 1999; Bramley et al., 2000; Burton, 1994; Gey et al., 

1993; Knekt, 1993; Jacques, 1999; Meydani et al., 1997). Vitamin E is comprised of the 

components α-, β-, γ-, and δ- tocotrienol and α-, β-, γ-, and δ- tocopherol (Traber, 1999). Of 

these components, α- tocopherol is considered to be the primary active component of vitamin 

E and is actively maintained at concentrations nearly ten times that of any other vitamin E 

component in the human body (Bramley et al., 2000). Vitamin E is considered to have a strong 

ability to scavenge free radicals and has been suggested to have many anticancer (Burton, 
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1994; Knekt, 1993) and cholesterol lowering (Gey et al., 1993) properties in the human body. 

Soybeans have been found to contain the best tocopherol profiles of all legumes (Grela and 

Gunter, 1995) and are an integral part of human diets all over the world. As a result, soybeans 

have the potential to improve human health through the consumption of high tocopherol food 

grade soybean oils and soy-based food products.  

Αlpha, β-, γ-, and δ- tocopherol concentrations range from 4-10%, 1-3%, 60-66% and 24-

29% in soybean seed, respectively (Evans et al., 2002). Of all tocopherols in the soybean seed, 

92.8% reside in the cotyledon, 5.4% are in the seed coat and approximately 1.8% can be found 

in the embryonic axis (Yoshida et al., 1998). The Hungarian soybean variety Keszthelyi A.S. has 

been found to naturally exhibit high levels of α- tocopherol as a result of its ability to effectively 

convert γ- to α- tocopherol. This trait has also been found to be highly heritable (H = 64.5 - 

69.3%, h2 = 59.8%) making it a prime candidate for marker assisted selection in soybean 

breeding programs.    

There have been three reports that identified QTL associated with tocopherol 

production in soybean. Wohleser (2007) identified QTL associated with tocopherol 

accumulation in the F4:7 progeny of a cross between two commercial soybean varieties in 

Ontario. Seventy nine F4:7 RILs from the cross between OAC Shire x OAC Bayfield were used to 

identify a total of 38 tocopherol QTL among 9 chromosomes (Ch 5, 6, 1, 2 and 13; LG A2, C2, 

D1a, D1b and F) which explained 32.5% of total tocopherol accumulation.  Moreover, 4 QTL 

(Satt329 [Ch 8; LG A2], Satt079 [Ch 6; LG C2], Satt365 [Ch 6; LG C2], Satt363 [Ch 6; LG C2]) over 

two chromosomes contributed specifically to α- tocopherol accumulation (highest R2 = 25.4%) 
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(Wohleser, 2007).  Dwiyanti et al., (2007) conducted a study on the F2 progeny of the cross 

between Keszthelyi A.S. x Ichihime. Of the 280 SSR markers selected to screen the 20 linkage 

groups of the parent populations, 67 polymorphic markers were identified and screened 

against 140 F2 seeds. The markers Satt_167 (χ2 = 18.7) and Satt_243 (χ2 = 17.6) on linkage group 

(LG) K proved to be the primary QTL contributing to α- tocopherol accumulation (Dwiyanti et 

al., 2007). Li et al., (2010) studied a population of 144 F5:6 RILs derived from a cross between 

OAC Bayfield x Hefeng 25 across three locations for QTL analysis. Reported QTL associated with 

α- tocopherol included Satt376 (R2= 17.0%, p< 0.0001; Ch 6, LG C2), Satt266 (R2 = 5.6%, p< 

0.0002; Ch 2, LG D1b), Sat_177 (R2 = 6.7%, p<0.0001; Ch 14; LG B2), and Satt440 (R2= 5.4%, p< 

0.0001; Ch 20, LG I).  Although these previous studies provide a guideline of potential QTL 

responsible for tocopherol accumulation, they were conducted in very different environments 

using populations substantially different in their genetic background.  

The first objective of this study was to conduct a genome-wide scan to identify QTL that 

reliably account for tocopherol accumulation in another RIL population that used Keszthelyi A.S. 

in its parentage. The second objective of this study was to compare the QTL observed in this 

study to the QTL reported in the literature. To do this, an F4:5 population (190 RILs) from the 

cross between Keszthelyi A.S. (a high α- tocopherol variety) and 2355RR (a high yielding 

soybean variety) was screened (using single sequence repeat [SSR] markers) to create a linkage 

map and identify QTL significantly associated with tocopherol production.  
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 2.3 MATERIALS AND METHODS 

2.3.1 PLANT MATERIAL 

The parent lines in this experiment were chosen to best achieve elevated tocopherol 

accumulation while maintaining high agronomic performance. Keszthelyi A.S. was chosen due 

to its high tocopherol profile while the parent 2355RR was selected as a high yielding adapted 

line from the Ridgetown Soybean Breeding program at the University of Guelph.  

 2.3.1.1 KESZTHELYI APROSZEMU SARGA 

Keszthelyi Aproszemu Sarga has been identified as having the highest α- tocopherol 

among 1,109 cultivated and wild type cultivars when analysed by Ujiie et al., (2005).  This native 

Hungarian variety (Maturity Group 0) is considered to have 4 to 7 fold higher tocopherol 

concentration than that of standard varieties (Ujiie et al., 2005). Tocopherol composition of 

Keszthelyi A.S. was 1.09±0.10 mg/100g, 2.65±0.08 mg/100g, 4.26±0.32 mg/100g for δ-, γ- and 

α- tocopherol, respectively (β- tocopherol is included in the δ- value) (Ujiie et al., 2005). Such 

high levels of α- tocopherol are thought to be the result of a genetic predisposition to 

effectively convert γ- to α- tocopherol through the enzymes VTE-3 or VTE-4 (Dwiyanti et al., 

2007; Van Eenennaam et al., 2003). Keszthelyi A.S. was used as the high α- tocopherol parent in 

this study.  

 2.3.1.2  2355RR 

2355RR is a 3150 Heat Unit (Maturity Group 2) glyphosate tolerant variety developed by 

Ridgetown College from the cross M91-113027 x RR18/2000. It is an indeterminate variety with 
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excellent yield potential (in both clay and loam soils) and excellent lodging resistance (given a 

1.2 score out of 5). This black hilum variety has an above-average seed protein content, seed 

size of 5800 seeds/kg (above average), favourable Phytophthora resistance and is 82 cm tall (on 

average; OOPSCC, 2009). 

The parents of the Keszthelyi A.S. x 2355RR (Cross 07-225) population were grown in a 

growth room at the University of Guelph (Guelph, ON, Canada). The F1 progeny were grown at 

Ridgetown Campus, University of Guelph (Ridgetown, ON, Canada) to produce F2 seed. The F2 

generation was sent to Costa Rica in an offseason nursery and advanced to the F4 generation 

through two generations of modified single seed decent. The F4 generation was grown at 

Ridgetown campus in the 2008. One hundred and ninety individuals from the 07-225 

population were randomly selected and advanced to an F4:5 generation for tissue and seed 

sampling. Parental lines were grown in a growth room in 2009 to obtain tissue samples for the 

identification of polymorphic alleles between parents of each cross. 

2.3.2 INDOOR EXPERIMENT 

For tissue sampling purposes, all parents of this experiment were grown in a Growth 

Room the Crop Science Building of the Department of Plant Agriculture at the University of 

Guelph (Guelph ON, Canada). Growing conditions included a photoperiod of 16 hrs, 25/20°C 

day/night temperatures with a photon flux intensity of approximately 320 mol m-2 s-2, and 

adequate moisture with a constant humidity of 80%. Each parent line was grown in two 3.8 litre 

pots where 4 seeds were planted in approximately 1.8 kg of turface per pot. Leaf samples were 
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taken for molecular marker work after the third trifoliate stage of development, while seed was 

harvested for tocopherol analysis after full maturity.  

2.3.3 OUTDOOR EXPERIMENT 

All F4:5 progeny of all three crosses were planted in single rows with two replications at 

Ridgetown campus in 2009. The parents from the initial cross were also grown in single rows to 

validate results gathered in the indoor experiment. All parents in this study, a check variety 

(DH410) and the 07-225 population of this study were incorporated in each of the two 

replications resulting in a total of 198 progeny rows grown in a randomized complete block 

design (RCBD) during the 2009 growing season.  

On average, 80 seeds per row (~20 seeds/m) were planted in rows that were 3.79m long 

with 34cm spacing between the rows. However, the length of each row was subject to the 

amount of seed recovered from threshing the previous (F4) generation. Leaf samples were 

taken from all plots of this experiment to isolate DNA for molecular marker analysis during the 

third trifoliate stage of development, while the seed was harvested for tocopherol analysis after 

full maturity.  

 

2.3.4 TOCOPHEROL ANALYSIS  

Seed harvested from both the indoor and outdoor experiments were ground using a 

Braun KSM 2 coffee grinder (Naucalpan de Juarez, Mexico) and analysed via High-performance 

Liquid Chromatography (HPLC) at McGill University. The methods used in this study quantified 

δ-, γ- and α- tocopherols, but did not discriminate between δ- and β- forms.  

For the extraction of tocopherols, 50 mg of ground seed was weighed in 1.5 mL 

microcentrifuge tubes and supersonicated in 0.5 ml of 80% aqueous ethanol (with 5 ug/ml tocol 
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as internal standard) for 15 min at room temperature. One mL of hexane saturated with 

pyrogallol was added and allowed to stand for 30 min at room temperature. This procedure 

was followed by centrifugation for 10 min at 10,000 μg, with 0.5 mL of the hexane layer (upper 

phase) then transferred to a new 1.5 mL micro-centrifuge tube and evaporated overnight. 

Finally 0.5 mL of 80% aqueous ethanol was added, followed by vortexing at high speed for a 

few seconds. 

In the actual HPLC analysis, α-, γ-, and δ- tocopherol were separated by HPLC using a 

Varian system (Walnut Creek, CA, USA) equipped with a ProStar 210 solvent delivery system, a 

Model 410 autosampler, and a ProStar 325 UV detector. Twenty µl of extract were used for 

analyses. Separation was carried out on an Inertsil ODS-3 reverse phase column (5 µm, 3.0 × 

250 mm; GL Sciences, Japan). The column was maintained at 40°C with a 0.5 mL/min flow rate 

using CH3CN/CH3OH (75:25 v/v) for 25 min. Detection was made at 295 nm.  

  The quantification of individual and total tocopherol concentrations involved using α- 

tocopherol (~ 90%, Sigma Aldrich), γ- tocopherol (96%, Sigma Aldrich) and δ- tocopherol (97%, 

Sigma Aldrich) standards to prepare calibration curves. Individual tocopherols were quantified 

based on these calibration curves. As an internal standard, tocol (Matreya, LLC, USA) was used 

to quantify the individual tocopherols lost during the extraction. Total tocopherol concentration 

was calculated by summing up the content of the individual tocopherols. 
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2.3.5 MOLECULAR MARKER ANALYSIS 

2.3.5.1 DNA COLLECTION 

Leaf samples were collected from all the material grown in both indoor and outdoor 

components of this study. A single-hole punch was used with a 1.5mL screw cap tube to collect 

tissue samples. Approximately 3-4 tubes were taken from the parents of the indoor 

experiment, while only one was taken from each of the progeny grown outdoors. Samples were 

freeze dried and stored at -80°C before extraction of genomic DNA using a GenEluteTM Plant 

Genomic DNA Miniprep Kit (Sigma, St. Louis, MO, USA). 

    

2.3.5.2 EXTRACTION METHODS 

The plant tissue was ground in a FastPrep (Savant, Holbrook, NY, USA) and the DNA was 

released using detergent and chaotrope. To eliminate proteins, polysaccharides and cell debris, 

DNA was precipitated and centrifuged through a filtration column. To further purify the DNA, a 

silica bind-wash-elute procedure was performed in microcentrifuge spin columns. The 

remaining supernant was diluted 2x with molecular grade H20. At this point, the DNA was at the 

appropriate concentration for a polymerase chain reaction (PCR).  

 

2.3.5.3 MARKER SELECTION 

Four hundred SSR markers were screened against all four parents to identify genetic 

differences between Keszthelyi A.S. and 2355RR. Markers were selected to best cover all 

chromosomes with a marker approximately every 10 cM to obtain an understanding of the 

genetic differences between parents. In addition to the general screening markers, markers 
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previously found to be significantly associated with tocopherols and beneficial unsaturated 

fatty acids from the studies of Wohleser (2007) and Dwiyanti et al., (2007) were also included. 

2.3.5.4 PCR PREPERATION AND METHODS 

In preparation for the PCR process, a solution of 3 μL 20% Trehalose, 2.6uL H2O, 1.5 μL 

10x PCR Buffer , 1.5 μL MgCl2, 1uL 3mM Deoxynucleotide Mix (dNTP) and 0.4 μL JumpStart™ 

Taq DNA Polymerase (Sigma, St. Louis, MO, USA) was added to each reaction. This solution in 

conjunction with 3uL of the purified DNA, 2 μL of SSR marker solution (containing both forward 

and reverse primers) and 10 μL of mineral oil were added in 96 well plates and put in a 

Robocycler® 96 (Stratagene, La Jolla, CA, USA). The denaturation step included heating to 94-

98°C for 20-30 seconds followed by annealing at 50-60°C for 20-40 seconds and extension at 

70-74°C for 5-15 min. The PCR products were stored at 4°C. 

 

2.3.5.5 GEL PREPARATION 

The 4% Agrose gel that enabled marker differentiation was prepared by adding 300mL 

1x TBE buffer to 13.5g of High Resolution Agrose powder (Sigma, St. Louis MO, USA) and 10uL 

of ethidium bromide. The agrose was heated until boiling and poured into gel trays which were 

cooled to 4°C for an hour and then submerged in a gel rig containing a 1x TBE buffer. Loading 

dye (3 μL) was added to the PCR products, centrifuged, and loaded using multi-channel pipette 

(~10 μL) into the prepared gels. Thermo EC 105s (EC Apparatus Corporation) were used to apply 

140v for electrophoresis and gels ran between 2-5 hours depending on how long the DNA 

fragments took to substantially separate.  
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2.3.5.6 POPULATION SCREENING  

Ninety polymorphic markers were identified between parents of the 07-225 population 

and were screened against 190 F4:5 RILs. Both Keszthelyi A.S. and 2355RR were included in each 

gel to determine which parent allele was passed on to each of the progeny. Gels were scored 

and analysed to identify markers that were significantly associated with tocopherol content.  

 

2.3.6 DATA ANALYSIS 

Parental and progeny means, standard error, ranges and a Shapiro-Wilk test of 

normality were calculated for α-, γ-, δ-, and total tocopherol concentrations of the Keszthelyi 

A.S. x 2355RR population. Correlation coefficients between tocopherol components were 

calculated along with single factor ANOVA analysis that identified independent markers 

significantly associated with tocopherol concentration. Epistasis models, multiple locus models, 

linkage and interval maps were also created to better understand the genetic aspects of 

tocopherol accumulation. Statistical analysis in this study was carried out using SAS for 

Windows version 9.2 (SAS, 2000). The macro EPISTACY 2.0 (Holland, 1998) was also used in SAS 

version 9.2 (SAS, 2000) to identify statistically significant two way epistatic interactions. The 

programs JoinMap® 4 (Van Ooijen, 2006) and MapQTL® 6 (Van Ooijen, 2009) were used to 

create linkage and interval maps.  

After scoring all markers, a partial linkage map was developed using JoinMap® 4 (α- = 

0.05; Van Ooijen, 2006). MapQTL® 6 (Van Ooijen, 2006) was used to identify logarithm of odds 

(LOD) scores and determine the positions of QTL on genetic linkage maps. Linkage maps 

created in JoinMap® 4 (Van Ooijen, 2006) in addition to locus and quantitative data files for all 
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tocopherol components were uploaded to MapQTL® 6 (Van Ooijen, 2006) for QTL position 

determination. Permutation test (using 1000 permutations) and cofactor selection tools were 

also employed in MapQTL® 6 (Van Ooijen, 2006) to identify the appropriate LOD threshold 

score and cofactors for interval mapping analysis. 

 
2.3.7 MULTIPLE LOCUS ANALYSIS 

Markers and epistatic interactions significantly linked (P<0.05) to tocopherol 

accumulation were included in a multiple locus model attempting to identify a combination of 

markers that accounted for the greatest proportion of tocopherol accumulation. Using all 

possible marker and epistatic combinations, forward regression analysis eliminated any loci 

that were not significantly (P>0.05) associated with tocopherols.  

The analysis method began by adding markers and epistatic marker interactions that 

were found to be significantly associated with the trait in question and accounted for the 

greatest amount of phenotypic variation to the model. The model continued to add significant 

markers or epistatic interactions (α- = 0.05) and eliminated markers that were not significant 

when added to the model. Elimination of non-significant relationships continued until all factors 

in the model were significant. The model explaining the greatest proportion of phenotypic 

variation (R2) was selected.  

 

2.4 RESULTS 

 Table 2.1 provides the means, standard error and ranges for α-, δ-, γ- and total 

tocopherol concentrations of Keszthelyi A.S., 2355RR, the check variety DH410 and the RIL 
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population. The average tocopherol accumulation among two replications showed that the 

parent Keszthelyi A.S. had significantly higher α- tocopherol concentration (58.2 μg/g) but lower 

γ- (137.2 μg/g), δ- (40.1 μg/g) and total tocopherol concentration (235.4 μg/g) when compared 

to 2355RR, DH410 and the average of the RIL population. The parent line 2355RR had lower 

levels of all tocopherol constituents than DH410 and had particularly low tocopherol 

concentration in general. When compared to the average RIL components, 2355RR only had 

higher γ-, δ- and total tocopherol concentrations.  

The F4:5 RIL population had on average higher α- tocopherol profiles higher than DH410 

and 2355RR. In contrast, average γ-, δ- and total tocopherol concentrations of the RIL 

population were higher than Keszthelyi A.S. but were lower than the 2355RR and DH410. The 

average α-, γ-, δ- and total tocopherol concentrations were 22.7 μg/g, 164 μg/g, 101.1 μg/g, 

and 237.2 μg/g, respectively, among individuals in the RIL population (Table 2.1). The Shapiro 

Wilks test performed on each tocopherol trait showed the normality of frequency distributions 

in the F4:5 population of this study (P<0.05). Gamma and total tocopherol were normally 

distributed (p = 0.53 and p = 0.57, respectively) while α- and δ- tocopherol distributions were 

not (p < 0.0001 and p = 0.0001, respectively; Figure 2.1).  

A Pearson’s correlation test on the combined means of each replication in the 190 RIL 

population, determined that the accumulation of δ- tocopherol was positively correlated with 

the accumulation of γ- and total tocopherol; γ- tocopherol production was also positively 

correlated with total tocopherol concentration. The accumulation of α- tocopherol was 

negatively correlated with δ- tocopherol concentration (Table 2.2). 
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ANOVA was used to test markers that were significantly associated with tocopherol 

concentration (Table 2.3). The marker Satt196 (Ch 9; LG K) was significant for α-, γ- and δ- 

tocopherol concentraiton while Satt211 (Ch 5; LG A1), Satt343 (Ch 13; LG F), and Satt373 (Ch 

19; LG L) were significant for γ-, δ-, and total tocopherol concentration. In addition, 31 of the 69 

markers were significantly associated with two tocopherol traits in this population.  

 Twenty one markers explaining an average of 11.9% of variation were significantly 

associated with α- tocopherol concentration. Markers Sat_293 (R2 = 39.3%, p <0.0001; Ch 9, LG 

K), Satt196 (R2 = 38.1%, p <0.0001; Ch 9, LG K) and Satt294 (R2 = 19.4%, p <0.0001; Ch 4, LG C1) 

were highly associated with α- tocopherol accumulation. All of the beneficial α- tocopherol QTL 

in this population came from the Keszthelyi A.S. parent (Figure 2.2). In addition, 14 out of 21 

markers associated with α- tocopherol were also significantly associated with δ- tocopherol in 

this population (Table 2.3). 

Markers Satt211 (R2 = 18.7%, p <0.0001; Ch 5, LG A1), Sat_284 (R2 = 5.0%, p = 0.009; Ch 

17, LG D2), Satt343 (R2 = 5.2% p= 0.009; Ch 13, LG F), Satt196 (R2 = 9.4%, p = 0.0002; Ch 9, LG K) 

and Satt373 (R2 = 7.1% p = 0.007; Ch 19, LG L) were significantly associated with γ- tocopherol 

concentration. Individuals carrying the 2355RR allele had higher γ- tocopherol concentration 

than individuals with the Keszthelyi A.S. allele. All markers that were significantly associated 

with γ- tocopherol were also found to be significant for δ- tocopherol. 

Thirty seven markers were significantly associated with δ- tocopherol concentration. 

Markers Satt646 (R2 = 16.8%, p < 0.0001; Ch 4, LG C1), Satt294 (R2 = 16.4%, p = 0.0003; Ch 4, LG 

C1), and Satt196 (R2 = 12.0%, p <0.0001; Ch 9, LG K) were three of the markers that accounted 
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for the greatest proportion of δ- tocopherol accumulation. Individuals exhibiting alleles from 

the parent 2355RR had higher δ- tocopherol accumulation (except Satt196, Ch 9, LG K) than the 

alternative allele. Of the 37 markers associated with δ- tocopherol, 14 were also associated 

with α- tocopherol, 5 with γ- tocopherol, and 5 markers were also associated with the total 

tocopherol production. 

The markers Satt211 (R2 = 18.8%, p <0.0001; Ch 5; LG A1), Satt373 (R2 = 11.1%, p 

<0.0001; Ch 19; LG L), and Satt343 (R2 = 6.9%, p = 0.002; Ch 13; LG F) accounted for the greatest 

proportion of total tocopherol concentration. Individuals carrying alleles from the parent 

2355RR had higher total tocopherol accumulation (except Satt547, Ch 16; LG J) than those 

carrying the Keszthelyi A.S. allele. Of the six markers associated with total tocopherol 

concentration, five markers were also found to be associated with δ- tocopherol and three 

were also associated with γ- tocopherol. 

There were a total of 339 two-marker epistatic interactions identified in this experiment 

(α- = 0.0001; Table 2.4). One hundred fifty-seven of these interactions were between two 

random markers (R/R) while 139 epistatic interactions were detected between random markers 

and markers significantly associated with a tocopherol trait (R/Q). Finally, 43 epistatic 

interactions could be detected that were individually associated with tocopherols (Q/Q). Thirty 

nine interactions between two δ- tocopherol markers were detected while four interactions 

identified between two α- tocopherol markers. No epistatic interactions could be detected 

between γ- or total tocopherol QTL. 
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The forward Multiple Locus Model (Table 2.5) applied to the marker data which 

accounted for 91.5% of α- tocopherol accumulation and described 10 markers with three 

epistatic interactions. Three epistatic interactions with seven markers accounted for 53.2% of 

the γ- tocopherol accumulation. Twelve markers and six epistatic interactions accounted for 

98.6% of δ- tocopherol accumulation. The multiple locus model also identified seven markers 

and three epistatic interactions that, when combined, accounted for 67.6% of total tocopherol 

concentration.  

 A linkage map consisting of 58 markers assembled in 23 linkage groups with 18 unlinked 

markers (Figure 2.2) was generated. Interval mapping analysis showed five of the 23 linkage 

groups having average LOD scores above the significant LOD threshold of 2.4 for tocopherol 

traits (Table 2.6). Three significant intervals were found for α- tocopherol on chromosomes 4 

and 9 (LG C1 and K) and four intervals on chromosomes 4, 13, 9 and 19 (LG C1, F, K and L) were 

found for δ- tocopherol. The only significant interval for γ- and total tocopherol could be found 

on chromosomes 9 and 13 (LG K and F), respectively.  The interval Sat_293 - Satt196 had a LOD 

score of 20.12 for α- tocopherol and was also significant for δ- (LOD = 3.86) and γ- (LOD = 2.63) 

concentration. Automatic cofactor selection tools did not identify any cofactors for any 

intervals. Figure 2.3 provides graphical representation of significant intervals for each 

tocopherol component. 
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2.5 DISCUSSION 

The purpose of this experiment was to identify regions of the soybean genome that are 

associated with individual and total tocopherol concentration through a genome-wide scanning 

approach. The results of this study provided a better understanding of the inheritance of 

tocopherol concentration in soybean seed. 

2.5.1 SSR MARKERS – GENOME COVERAGE  

SSR markers were used for their co-dominant and highly repeatable nature. Much of the 

existing literature surrounding tocopherol QTL identification in soybean has been conducted 

using the markers found on Soybase.org (SoyBase, 2011). An average of 20 markers were 

selected and evenly distributed across all 20 chromosomes (400 total) for parental screening.  

The interval mapping conducted in this study used 58 markers arranged in 23 linkage 

groups and 18 non-linked loci. Many of these intervals identified are between two linked 

markers. Increasing marker density could have enhanced genome coverage and resulted in a 

more comprehensive linkage map. Approximately 9% of markers failed or were unclear during 

parental screening, which further contributed to gaps in the genome coverage of this study.  

 
2.5.2 QTL IDENTIFICATION 

 2.5.2.1 ALPHA TOCOPHEROL 

Single factor ANOVA indicated that 21 markers (33.8% of all QTL detected for 

tocopherol production) found on chromosomes 8, 4, 2, 17, 18, 20, 9, 19, 7 and 3 (LGs A2, C1, 
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D1B, D2, G, I, K, L, M and N) were associated with α- tocopherol production. Of the identified 

markers, there were 31 epistatic interactions (4 QTL-QTL, 27 Random-QTL) and four of these 

markers (and three epistatic interactions) were included in a multiple locus model explaining 

91.5% of α- accumulation in the population. Three intervals for α- tocopherol were also found 

to be significant on chromosomes 4 and 9 (LGs C1 and K). The results of this study aligned 

somewhat with other studies attempting to identify significant QTL for tocopherols (Dwiyanti et 

al., 2007; Li et al., 2010; Wohleser, 2007).  

There have been three previous studies looking into the genetic regions of the soybean 

genome that contribute to α- tocopherol production (Dwiyanti et al., 2007; Li et al., 2010; 

Wohleser, 2007). Markers identified in Wohleser (2007) were not verified in this study. 

However, Satt440 (Ch 20; LG I) was significant for α- tocopherol which was consistent with 

findings from Li et al., (2010). Although markers from Dwiyanti et al., (2007) (Sat_167 [Ch 9; LG 

K] and Sat_243 [Ch 9; LG K]) were monomorphic between the parents of this population, the 

region of chromosome 9 (LG K) appeared to have a strong influence on α- tocopherol 

production.   

The interval Sat_293–Satt196 found on chromosome 9 (LG K) was found be highly 

significant (LOD = 20.12) for α- tocopherol accumulation. The markers Sat_293 (R2 = 39.3%, 

p<0.0001; Ch 9, LG K) and Satt196 (R2 = 38.1%, p<0.0001; Ch 9, LG K) were highly associated 

with α- tocopherol accumulation using single factor ANOVA analysis. Sat_293 was included in 

the multiple locus model that included epistasis and explained the greatest amount of 

phenotypic variation in the study (Table 2.5). Satt196 was also significantly associated with δ- 



60 

 

and γ- tocopherol production. Further study observing the genetic region between Sat_243–

Satt196 (Ch 9; LG K) may provide more insight as to the production of α- tocopherol in soybean 

seed.  

2.5.2.2 DELTA TOCOPHEROL 

Thirty eight QTL were associated with δ- tocopherol accumulation. Multiple locus 

models in this study were able to account for the greatest amount of phenotypic accumulation 

of any tocopherol component in this study (R2 = 98.6%). Four intervals located on chromosomes 

4, 13, 9 and 19 (LG C1, F, K, L) accounted for the greatest amount of δ- tocopherol 

concentration in this study, including the interval Sat_293-Satt196 (Ch 9; LG K). A relatively 

large number of epistatic interactions accounted for a great deal of δ- tocopherol accumulation. 

This study was also able to verify that markers Satt354 (Ch 20; LG I) and Satt373 (Ch 19; LG L) 

for δ- tocopherol production (Wohleser, 2007). 

Forty nine percent of the 65 QTL identified in this study were associated with δ- 

tocopherol accumulation. In addition, it would appear that many of the beneficial alleles for δ- 

tocopherol accumulation were donated by the 2355RR parent. These results suggest that there 

are a greater number of minor QTL involved in δ- tocopherol accumulation when compared to 

other tocopherols.   

 2.5.2.3 GAMMA TOCOPHEROL 

Five markers were associated with the production of γ- tocopherol in this RIL 

population. Satt211 accounted for the greatest amount of γ- tocopherol in this population (Ch 
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5, LG A1; R2 = 18.7%, p<0.0001). However, other reports also identified very few QTL associated 

with γ- tocopherol production and this study was unable to verify any existing QTL for γ- 

tocopherol (Dwiyanti et al., 2007; Li et al., 2010; Wohleser, 2007).  The multiple locus model 

created in this study accounted for the least amount of phenotypic variation (53.2%) and only 

the interval Sat_293–Satt196 (Ch 9; LG K) could be significantly associated with γ- tocopherol 

accumulation (LOD = 2.63).  

2.5.2.4 TOTAL TOCOPHEROL 

The total accumulation of tocopherols in this study appeared to be associated with 

individual δ- and γ- tocopherol concentration.  Six individual QTL and the interval Satt146-

Satt343 (Ch 13, LG F; LOD = 2.6) were found to be significantly associated with elevated 

tocopherol production. Satt211 (Ch 5, LG A1; R2 = 18.8%, p<0.0001) and Satt373 (Ch 19, LG L; R2 

= 11.1, p<0.0001) were found to account for the highest amount of tocopherol production. This 

result was not consistent with that of Wohleser (2007), Dwiyanti et al., (2007), or Li et al., 

(2010). The multiple locus model conducted in this study explained 67% of total tocopherol 

concentration which compares favourably to Wohleser (2007). 

 

2.5.3 TOCOPHEROL BIOCHEMICAL PATHWAY AND ACCUMULATION  

The production of tocopherol isoforms begins with an enzymatic reaction (by VTE-2) 

between phytyl-diphosphate and homogentisate to form 2-methyl-6-phytyl plastoquinol 

(Munne-Bosch and Algre, 2002; Van Eenennaam et al., 2003). This molecule is either catalyzed 

by VTE-3 to eventually produce α- tocopherol (via the catalysts VTE-1 and VTE-4 with γ- 
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tocopherol as an intermediate product) or VTE-1 to eventually produce β- tocopherol (via the 

catalysts VTE-1 and VTE-4 with δ- tocopherol as an intermediate product) (Van Eenennaam et 

al., 2003). The parent line Keszthelyi A.S. had a tocopherol profile of 24.7% α-, 58.3% γ- and 

17.0% δ- tocopherol whereas 2355RR had 2.6% α-, 57.4% γ- and 39.9% δ- tocopherol. Such 

tocopherol profiles would suggest that Keszthelyi A.S. is subject to elevated up-regulation of 

the catalysts VTE-3 and VTE-4. Conversely, it is possible that parent 2355RR had an increased 

production of the enzyme VTE-1 resulting in proportionately higher δ- (and possibly β-) 

tocopherol levels with limited production of γ- and α- tocopherol. As such, the F4:5 progeny of a 

cross between these parents produced 8.8% α-, 60.6% γ-, and 41.9% δ- tocopherol 

concentrations suggesting that the parent 2355RR had a greater effect on tocopherol content 

than Keszthelyi A.S.   

Tocopherol content of the 190 RIL population observed in Table 2.1 with the observed 

frequency distributions seen in Figure 2.1 and the allelic means calculated in Table 2.3 suggest 

that many favourable alleles that potentially affect the production of VTE-3 and VTE-4 (and 

ultimately α- tocopherol) came from the parent Keszthelyi A.S. Similarly, favourable alleles 

potentially affecting the production of VTE-1 appeared to be contributed by 2355RR and aided 

in the production of δ- tocopherol. Moreover, since VTE-1 is considered to be responsible for 

the production of γ- tocopherol (before it is converted to α- tocopherol by VTE-4), it is not 

surprising that many of the alleles considered to increase γ- tocopherol levels came from the 

parent 2355RR as well.    
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The positive correlation observed between γ- and δ- tocopherol production (r = 

0.46344, p<0.0001) was not expected since both VTE-3 and VTE-1 are thought to compete for 

the catalysis of 2-methyl-6-phytylbenzoquinol. The reason for this relationship may lie in the 

up-regulation of the VTE-2 enzyme. Alternatively, the negative δ- and α- tocopherol correlation 

(r = -0.50405, p<0.0001) was expected since it follows the VTE-3/VTE-1 competition paradigm.  

 

2.5.4 PROGENY DISTRIBUTIONS  

Phenotypic results of parent lines followed the expected profiles though 2355RR 

appeared to have an abnormally high δ- tocopherol profile. Since the population in this study 

was at the F4:5 filial stage, the distribution of each tocopherol trait should be normal as the 

population should be reaching a level of 92.75% homozygousity (assuming negligible out 

crossing and normal Mendelian Segregation). Gamma and total tocopherols followed this 

distribution but α- and δ- tocopherol did not. A possible explanation for this progeny 

distribution may be attributed by the abnormally large amount of epistasis observed between 

the α-  tocopherol QTL identified in this study. A similar effect was found with δ- tocopherol 

since such a large degree of epistasis was observed for this trait (Table 2.4). 

 

2.5.5 EPISTATIC INTERACTIONS  

 All loci that were screened against the RIL population were included in the epistasis 

analysis resulting in a total of 339 epistatic interactions (Table 2.4) detected in this study. 

Twelve percent of these interactions were among two QTL markers, 41% were found between 

random-QTL markers and the remaining 46% of interactions were found between random-
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random markers. Since there appears to be a considerable number of two-way epistatic 

interactions, a combination of epistatic and single markers might be used for marker assisted 

selection for tocopherols. However, the utilization of epistatic interactions in plant breeding is 

difficult and often population specific. The level of epistasis in this study between significant 

tocopherol QTL is greater than that reported by Wohleser (2007), where 92% of interactions 

were between random-random markers. 

2.5.6 MULTIPLE LOCUS MODEL 

The forward stepwise multiple locus model applied to the marker data accounted for a 

range of 98.6% to 53.2% of tocopherol content. In this study, 91.5%, 98.6%, 53.2% and 67.6 % 

of α-, δ-, γ- and total tocopherol variation were explained, respectively. This result appears to 

account for more of the phenotypic variation than Wohleser (2007) where a maximum of 

43.5%, 33.9%, 35.9%, 44.4% and 22.0% could be explained for α-, β-, γ-, δ- and total tocopherol 

accumulation, respectively.  It could be argued that the larger RIL population in this study 

allowed for it to account for a greater amount of phenotypic variation.  

A considerable amount of phenotypic variation was also explained by epistatic 

interactions in each of these models. These interactions suggest that both parents may have 

had a strong effect on the production of tocopherols in this cross. None of the markers found in 

the Wohleser (2007) multiple locus model could be verified in this study. It is possible that the 

considerable amount of epistasis observed in the mulptiple locus model of this study accounted 

for the differing results observed between this study and Wohleser (2007). Further research 

examining the behaviour of the Keszthelyi A.S. genotype when crossed with other genotypic 
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backgrounds could be useful in further understanding of the nature of the observed epistatic 

interactions. 

 

2.5.7 CONCLUSION 

The objective of this study was to use a genome wide scan approach to screen the F4:5 

progeny of the cross between Keszthelyi A.S. and 2355RR and identify which areas of the 

soybean genome are associated with tocopherol production. Results of this study suggest that 

markers Sat_293 and Satt196 (Ch 9; LG K) were primarily associated with α- tocopherol 

accumulation but were also linked to δ- and γ- tocopherol production as well. The region where 

these markers were found has also been previously shown to be associated with α- tocopherol 

production by Dwiyanti et al., (2007). Multiple locus models created in this study accounted for 

between 57% and 98% of tocopherol accumulation but also included a large number of 

epistatic interactions. The multiple locus model reflected the considerable amount of epistasis 

observed in this study.  

This study was able to verify findings from Dwiyanti et al., (2007) in that a considerable 

amount of variation for markers found to be significantly associated with α- tocopherol was 

explained by markers located on chromosome 9 (LG K). Wohleser (2007) found that a 

considerable number of markers associated with α- tocopherol were located on chromosome 6 

(LG C2). This study was unable to support the findings of Wohleser (2007). A potential reason 

for these results would be that this study used parents similar to that of Dwiyanti et al., (2007) 

while the parents of populations used in the Wohleser (2007) and Li et al., (2010) were of 

considerably different genetic backgrounds.  
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Individual one-way ANOVA and interval mapping analysis in this study along with work 

by Dwiyanti et al., (2007) showed that a significant portion of α- tocopherol production in 

soybean populations (while using Keszthelyi A.S. as a parent) is the result of genetic regions on 

chromosome 9 (LG K). Though this study was not able to verify the exact markers identified by 

Dwiyanti et al., (2007), it does offer encouraging evidence that α- tocopherol production is 

strongly associated with the Sat_243 – Satt196 region of chromosome 9 (LG K). Further 

research should involve verifying the significant QTL found in this and other studies across a 

number of different populations using Keszthelyi A.S. as a parent. 
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Table 2.1: Means, standard deviations and ranges for α-, γ-, δ-, and total tocopherol concentration of 
parental lines and a population of 190 F4:5 RILs derived from a cross between Keszthelyi A. S. x 2355RR.  

Trait 

Parental Mean   
Check 
DH410 

  RIL Population 

K. A.S. 2355RR 
    

Mean SE   Range 
Shapiro Wilks 

Test* 

  ‒ ‒ ‒ μg/g DMB ‒ ‒ ‒   

Alpha 58.2 7.4   12.1   22.7 3.4   3.2 - 53.9 <0.0001 

                      

Gamma 137.2 160.8   188.6   155.9 14.5   79.2 - 243.8 0.53 

                      

Delta 40.1 111.8   145.0   78.7 7.0   34.6 - 135.7 0.0001 

                      

Total 235.4 280.0   345.7   257.3 20.9   144.0 - 381.2 0.57 

                      
All plots were grown during the 2009 field season in Ridgetown, Ontario, Canada. The Shapiro-Wilk test of normality is also 
provided. 
* α- = 0.05 – Null Hypothesis: The distribution is normal  
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Table 2.2: Pearson's correlation coefficients for α-, γ-, δ-, and total tocopherol concentration in a 
soybean population of 190 F4:5 RILs derived from a cross between Keszthelyi A. S. x 2355RR.  

    Delta   Gamma   Total 

              

Alpha   -0.504   -0.138   -0.047 

    <0.0001   ns   ns 

              

Delta       0.463   0.701 

        <0.0001   <0.0001 

              

Gamma           0.908 

            <0.0001 

              

Total             

              
All plots were grown during the 2009 field season in Ridgetown, Ontario, Canada.  
* α-= 0.05 
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Table 2.3: Significant QTL associated with α-, γ-, δ-, and total tocopherol concentration in a soybean population 
of 190 F4:5 RILs derived from a cross between Keszthelyi A. S. x 2355RR. 

      Allelic Means ± SE Other Sig. 
Traits*** Trait Ch* LG Marker R2 P-value** K.A.S. 2355RR 

      ‒ ‒ ‒ μg/g DMB ‒ ‒ ‒     

Alpha 8 A2 Satt177 8.7 0.0002 25.3 ± 0.74 19.6 ± 0.68   D     

  8 A2 Satt589 5.2 0.007 24.8 ± 0.74 20.6 ± 0.72   D     

  4 C1 Sat_077 9.4 0.0005 26.4 ± 0.72 20.0 ± 0.69   D     

  4 C1 Satt136 10.2 <0.0001 26.8 ± 0.71 20.1 ± 0.73         

  4 C1 Satt294 19.4 <0.0001 28.2 ± 0.77 18.7 ± 0.62   D     

  4 C1 Satt646 7.1 0.004 26.3 ± 0.77 20.6 ± 0.72   D     

  2 D1B Satt459 8.6 0.0004 24.7 ± 0.72 18.3 ± 0.66   D     

  17 D2 Sat_277 7.1 0.004 25.0 ± 0.78 19.6 ± 0.65         

  17 D2 Satt186 7.0 0.002 25.2 ± 0.79 19.6 ± 0.62   D     

  17 D2 Satt386 10.0 0.0005 26.1 ± 0.76 19.6 ± 0.65         

  18 G Satt309 6.3 0.003 24.9 ± 0.77 19.5 ± 0.68         

  20 I Satt440 5.2 0.008 25.3 ± 0.81 20.6 ± 0.67         

  9 K Sat_293 39.3 <0.0001 30.7 ± 0.68 17.3 ± 0.51   D     

  9 K Satt196 38.1 <0.0001 31.0 ± 0.73 17.6 ± 0.49   D G   

  9 K Satt326 16.1 <0.0001 28.2 ± 0.82 19.7 ± 0.59   D     

  9 K Satt381 14.1 <0.0001 28.6 ± 0.84 20.4 ± 0.62   D     

  19 L Satt156 8.3 0.0004 25.6 ± 0.75 19.4 ± 0.68   D     

  19 L Satt313 6.0 0.0035 25.4 ± 0.75 20.4 ± 0.69   D     

  7 M Satt245 12.2 <0.0001 26.9 ± 0.80 19.6 ± 0.62   D     

  3 N Satt152 5.2 0.0075 24.7 ± 0.69 20.4 ± 0.79         

  3 N Satt683 6.9 0.004 24.5 ± 0.70 20.0 ± 0.72         

                       

Gamma 5 A1 Satt211 18.7 <0.0001 145.9 ± 1.37 164.5 ± 1.44   D   T 

  17 D2 Sat_284 5.0 0.009 150.3 ± 1.23 159.5 ± 1.74   D     

  13 F Satt343 5.2 0.009 148.7 ± 1.51 158.9 ± 1.50   D   T 

  9 K Satt196 9.4 0.0002 146.6 ± 1.63 160.5 ± 1.44 A D     

  19 L Satt373 7.1 0.007 149.7 ± 1.44 162.1 ± 1.56   D   T 

                       

Delta 5 A1 Satt155 3.7 0.008 74.8 ± 1.11 81.7 ± 1.28         

  5 A1 Satt211 10.1 0.0002 73.1 ± 1.01 84.6 ± 1.32     G T 

  8 A2 Satt089 4.0 0.006 74.3 ± 1.05 81.6 ± 1.33         

  8 A2 Satt177 8.8 0.0002 74.0 ± 1.09 84.2 ± 1.30 A       

  8 A2 Satt187 5.9 0.004 73.6 ± 0.93 81.9 ± 1.36         

  8 A2 Satt589 5.1 0.008 76.7 ± 1.06 80.3 ± 1.32 A       

  11 B1 Satt453 5.5 0.009 74.8 ± 1.07 82.5 ± 1.35         

  14 B2 Satt020 6.4 0.003 75.6 ± 1.07 83.3 ± 1.29         
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Table 2.3: Continued… 

      Allelic Means ± SE Other Sig. 
Traits*** Trait Ch* LG Marker R2 P-value** K.A.S. 2355RR 

      ‒ ‒ ‒ μg/g DMB ‒ ‒ ‒     

Delta  4 C1 Sat_077 10.0 0.0003 72.7 ± 0.99 83.3 ± 1.25 A       

 4 C1 Sat_337 9.5 0.0003 74.1 ± 1.13 84.8 ± 1.26     

 4 C1 Satt136 11.0 <0.0001 72.0 ± 0.99 83.9 ± 1.29     

 4 C1 Satt180 5.4 0.006 76.6 ± 1.14 80.5 ± 1.28     

 4 C1 Satt294 16.4 0.0003 71.9 ± 0.89 86.4 ± 1.37 A    

 4 C1 Satt646 16.8 <0.0001 70.2 ± 0.97 84.9 ± 1.27 A    

 2 D1B Satt459 6.0 0.004 75.7 ± 1.03 85.2 ± 1.54 A       

 17 D2 Sat_284 5.0 0.009 74.1 ± 1.08 82.1 ± 1.28     G   

  17 D2 Satt186 5.4 0.007 74.4 ± 1.05 82.9 ± 1.33 A       

  13 F Satt114 7.7 0.0006 73.8 ± 1.10 83.6 ± 1.27         

  13 F Satt335 7.5 0.003 72.9 ± 1.12 82.6 ± 1.33         

  13 F Satt343 6.1 0.004 73.8 ± 0.98 82.6 ± 1.38     G T 

  12 H Sat_218 5.7 0.007 73.9 ± 1.03 82.2 ± 1.36         

  12 H Satt317 5.3 0.006 74.6 ± 1.09 82.7 ± 1.32         

  12 H Satt353 6.9 0.002 75.5 ± 0.98 82.5 ± 1.31       T 

  20 I Satt354 6.1 0.005 73.9 ± 0.96 82.1 ± 1.36         

  16 J Sat_396 5.1 0.008 79.8 ± 1.25 75.1 ± 1.04       T 

  9 K Sat_293 10.1 <0.0001 71.8 ± 1.10 83.2 ± 1.23 A       

  9 K Satt196 12.0 <0.0001 71.2 ± 1.02 83.6 ± 1.28 A   G   

  9 K Satt326 5.9 0.004 72.9 ± 1.06 81.8 ± 1.28 A       

  9 K Satt381 6.4 0.003 72.4 ± 1.02 81.8 ± 1.29 A       

  19 L Satt156 8.9 0.0002 74.0 ± 1.05 84.5 ± 1.33 A       

  19 L Satt313 7.6 0.0007 73.4 ± 1.02 83.0 ± 1.31 A       

  19 L Satt373 10.0 0.001 73.2 ± 0.89 85.7 ± 1.39     G T 

  19 L Satt462 4.3 0.009 75.2 ± 1.13 82.9 ± 1.35         

  7 M Satt245 5.7 0.005 73.6 ± 1.13 82.3 ± 1.28 A       

  7 M Satt510 5.3 0.006 74.7 ± 1.09 82.9 ± 1.28         

  10 O Sat_341 5.1 0.008 73.3 ± 0.94 82.1 ± 1.27         

  10 O Satt358 9.1 0.0002 74.1 ± 1.02 83.7 ± 1.31         

                       

Total 5 A1 Satt211 18.8 <0.0001 243.7 ± 1.95 271.3 ± 2.11   D G   

  13 F Satt343 6.9 0.002 246.6 ± 2.08 263.4 ± 2.09   D G   

  12 H Satt353 5.4 0.007 253.0 ± 2.33 260.9 ± 2.18   D     

  16 J Satt547 5.7 0.004 256.7 ± 2.20 254.6 ± 2.18         

  16 J Sat_396 5.2 0.007 256.9 ± 2.23 257.3 ± 2.02   D     

  19 L Satt373 11.1 <0.0001 247.2 ± 1.93 268.1 ± 2.24   D G   
All plots were grown during the 2009 field season in Ridgetown, Ontario, Canada. 
*  Ch = Chromosome # 
** α- = 0.05 
*** Columns identify any additional traits that markers are also significant for. A=Alpha, D=Delta, G=Gamma, T=Total. 
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Table 2.4: Epistatic interactions detected (α- = 0.001) between two markers for individual 
tocopherols using a population of 190 F4:5 RILs derived from a cross between Keszthelyi A. S. x 
2355RR.  

    
Number of interactions between R/R, 

R/Q , and Q/Q 

Trait Total  Interactions R/R R/Q Q/Q 

          

Alpha 80 49 27 4 

          

Gamma 16 15 1 0 

          

Delta 204 56 109 39 

          

Total 39 37 2 0 

          

Grand Total 339 157 139 43 
All plots were grown during the 2009 field season in Ridgetown, Ontario, Canada.  Inter-locus interactions were further 
broken down into interactions between random markers (R/R), a random marker and one linked to a QTL that is 
individually significant  (R/Q), and two markers that were individually significantly associated with QTL (Q/Q) controlling 
tocopherol concentration. 
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Table 2.5: Multiple locus model including epistasis for markers associated with α-, γ-, δ-, and total tocopherol concentration in 
soybean seeds from a population of 190 F4:5 RILs derived from a cross between Keszthelyi A. S. x 2355RR.  

Ch* LG**  Locus Interaction  P-value    Ch* LG** Locus Interaction  P-value***  

                  

Alpha Tocopherol   Gamma Tocopherol 

                

9 K Sat_293 0.0008   5 A1 Satt211 0.0003 

4 C1 Satt294 0.0004   18*17 G*D2 Satt163*Satt528 0.0002 

19*3 L*N Satt373*Satt683 <0.0001   6*8 C2*A2 Satt289*Satt589 0.0135 

8*15 A2*E Satt177*Satt598 <0.0001   7*4 M*C1 Satt150*Satt180 0.0176 

17 D2 Sat_277 0.0016           

3 N Satt683 0.0004       R2 = 53.2%   

9*6 K*C2 Satt326*Satt557 0.0006           
                  

    R2 = 91.5%             

                  

Delta Tocopherol   Total Tocopherol 

                

16*11 J*B1 Satt287*Satt509 0.0006   19 L Satt373 0.0076 

4 C1 Satt294 0.0002   12*14 H*B2 Satt317*Satt534 0.0075 

19*18 L*G Satt373*Sat_218 0.005   1*13 D1A*F Satt468*Satt510 0.0038 

18*15 G*E Satt309*Satt598 0.0013   8*4 A2*C1 Satt187*Satt646 0.0001 

3*18 N*G Satt152*Satt163 0.0123           

10*6 O*C2 Satt243*Satt079 0.0083       R2 = 67.6%   

8*3 A2*N Satt089*Satt683 0.0062           

12 H Sat_218 0.0447           
                  

    R2 = 98.6%             

                  
All plots were grown during the 2009 field season in Ridgetown, Ontario, Canada. 
* Ch = Chromosome #; ** LG = Linkage Group; *** α- = 0.05 
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gure 2.1 A,B,C,D: Frequency distribution of δ (A), α (B), ɣ (C), and total tocopherol concentration in the seeds in a population of 190 F4:5 RILs 
derived from a cross between Keszthelyi A. S. x 2355RR and grown during the 2009 field season in Ridgetown, Ontario, Canada. Parental means 
of each trait has also been provided (A denotes the mean of Keszthelyi A.S., B denotes 2355RR).
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 Figure 2.2: Partial linkage Map of a F4:5 RIL population (n=190) from the 
cross between Keszthelyi A. S. x 2355RR consisting of 58 SSR markers and 23 
linkage groups with 18 unlinked loci. Distances between loci are reported as 
Haldane cM using JoinMap® 4 (Van Ooijen, 2006). 
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Figure 2.2: Continued.  
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Table 2.6: Mean Logarithm of Odd (LOD) scores, R2 and additive effects of QTL as determined by interval mapping for individual tocopherols 
in a population of 190 F4:5 RILs derived from a cross between Keszthelyi A. S. x 2355RR.  
                              

Ch# LG Interval  

Alpha Delta Gamma Total 

Mean 
LOD 

QTL/R2 
Add. 

Effect 
Mean 
LOD 

QTL/R2 
Add. 

Effect 
Mean 
LOD 

QTL/R2 
Add. 

Effects 
Mean 
LOD 

QTL/R2 
Add. 

Effect 

                              

4 C1 Satt646 - Satt294 3.83 8.84 3.23 4.55 9.916 -5.89             

13 F Satt146 - Satt343       2.44 5.44 -4.57       2.6 6.1 -8.99 

9 K Satt349 - Satt326 3.72 8.56 3.48                   

9 K Sat_293 - Satt196 20.12 38.58 6.61 3.86 8.49 -5.25 2.63 6.177 -5.73       

19 L Satt313 - Satt156       2.5 5.59 -4.97             

                              

  

All plots were grown during the 2009 field season in Ridgetown, Ontario, Canada. LOD Threshold was determined to be 2.4 after 1000 permutations in the programs 
JoinMap® 4 (Van Ooijen, 2006) and MapQTL®6 (Van Ooijen, 2009). 
 * Ch = Chromosome # 

** LG = Linkage Group  
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Figure 2.3 A,B,C,D,E: Graphs showing LOD Scores of all significant linkage groups found in the 

accumulation of α-, γ-, δ-, and total tocopherol concentration in a population of 190 F4:5 RILs derived 

from a cross between Keszthelyi A. S. x 2355RR and grown during the 2009 field season in Ridgetown, 

Ontario, Canada. LOD Threshold was determined to be 2.4 after 1000 permutations in the programs 

JoinMap® 4 (Van Ooijen, 2006) and MapQTL®6 (Van Ooijen, 2009).
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CHAPTER 3: VALIDATION OF MOLECULAR MARKERS ASSOCIATED WITH INDIVIDUAL AND TOTAL 

TOCOPHEROL CONTENT IN TWO F4:5 SOYBEAN POPULATIONS 

 

3.1) ABSTRACT 

Vitamin E is considered to be a very powerful antioxidant and is found at particularly 

high concentrations in soybean seeds.  Αlpha tocopherol is regarded as being the sole active 

component of vitamin E and has been found at very high concentrations in the Hungarian 

soybean cultivar Keszthelyi Aproszemu Sarga. Although preliminary work has been done to map 

QTL responsible for tocopherol accumulation in soybean, it is important to continue assessing 

the tocopherol accumulation potential of early maturing soybean cultivars across differing 

genetic backgrounds. In the current study, F4:5 progeny of the initial cross between the 

Hungarian cultivar Keszthelyi A.S. and the high yielding soybean cultivars PRO 2995R and RCAT 

Ruthven were studied to identify QTL associated with tocopherol production in soybean seed.  

A genome-wide scan of all three parents using 400 simple sequence repeat (SSR) markers 

identified 135 polymorphisms in a F4:5 Keszthelyi A.S. x PRO 2995R RIL population and 119 

polymorphisms in a F4:5 Keszthelyi A.S. x RCAT Ruthven population. Only the markers that have 

been previously reported as being associated with tocopherol production were screened 

against the populations of this study. In the PRO 2995R population, 38 markers were screened 

against 96 RILs which identified 16 markers significantly associated with tocopherol 

concentration. In the RCAT Ruthven population, 31 markers were screened against 45 RILs 

which resulted in the identification of 21 markers significantly associated with tocopherol 

accumulation. Results of this study were compared to previous mapping studies. The markers 

Satt079 (Ch 6; LG C2), Satt440 (Ch 20; LG I) and Satt381 (Ch 9; LG K) were significantly 
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associated with α- tocopherol accumulation in both populations. Multiple locus models created 

in this study accounted for between 57% and 98% of tocopherol accumulation but a large 

number of epistatic interactions were also included in the model. This study also verified 30 

QTL associated with multiple tocopherol traits, 17 tocopherol QTL across multiple populations 

and 20 tocopherol QTL across different locations.  

 

3.2 INTRODUCTION 

Soybeans [Glycine max (L.) Merr] are a widely cultivated crop throughout the world for 

its nutritional value and oil content (CSEA, 2011; FAO 2011). On average soybeans contain 

roughly 40% protein, 21% oil and 34% carbohydrates. They also contain a number of 

components that are considered beneficial to human health including isoflavones, saponins and 

vitamin E (Behl, 1999; Bramley et al., 2000; Burton, 1994; Gey et al., 1993; Knekt, 1993; 

Jacques, 1999; Meydani et al., 1997). Vitamin E is comprised of α-, β-, γ-, and δ- forms of 

tocopherol and tocotrienol though only natural forms of α- tocopherol are actively maintained 

in the human body (Traber, 1999). Αlpha tocopherol supplementation has been found to deter 

the onset of various cancers, inflammatory diseases, neurological disorders, and cardiovascular 

disease. It is also considered to be very effective at scavenging of the free radicals and 

preventing the oxidation of unsaturated fatty acids. Soybeans have the best tocopherol profile 

of all legumes (Grela and Gunter, 1995) and offer a promising vehicle for the effective delivery 

of α- tocopherol in human diets. 

Traditionally, α-, β-, γ-, and δ- tocopherols range from 4-10%, 1-3%, 60-66% and 24-29% 

in soybean seed respectively (Evans et al., 2002). The majority of tocopherols accumulate in the 

cotyledon (92.8%) of the seed although some can be found in the seed coat (5.4%) and 
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embryonic axis (1.8%) as well (Yoshida et al., 1998). The Hungarian variety Keszthelyi A.S. has 

been found to naturally exhibit elevated α- tocopherol concentration as a result of the effective 

conversion of γ- to α- tocopherol. This trait has also been found to be a highly heritable (Broad 

sense Heritability = 64.5-69.3%, Narrow sense = 59.8%) making it a prime candidate for marker 

assisted selection (Dwiyanti et al., 2007; Wang et al., 2007). 

There have been three studies attempting to identify QTL that correspond to tocopherol 

production in soybean. Wohleser (2007) identified QTL associated with tocopherol 

accumulation in the F4:7 progeny of a cross between two commercial soybean varieties in 

Ontario. Seventy nine F4:7 progeny of the initial cross between OAC Shire x OAC Bayfield were 

used to identify a total of 38 QTL among 9 chromosomes (Ch 5, 6, 1, 2, 13; LG A2, C2, D1a, D1b 

and F) and explained 32.5% of the overall tocopherol accumulation.  Moreover, 4 QTL (Satt329, 

Satt079, Satt365, Satt363) on two chromosomes (Ch 6 and 8; LG C2 and A2) were found to 

contribute specifically to α- tocopherol accumulation (highest LOD = 4.5 and R2 = 25.4%) 

(Wohleser 2007).  Dwiyanti et al., (2007) conducted a study on the F2 progeny of the cross 

between Keszthelyi A.S. x Ichihime. Of the 280 SSR markers selected to screen the 20 linkage 

groups of the parent populations, 67 polymorphic markers were identified and screened 

against the 140 F2 seeds. The markers Satt_167 (χ2 = 18.7) and Satt_243 (χ 2 = 17.6) on 

chromosome 9 (LG K) were reported as the primary QTL contributing to α- tocopherol 

accumulation (Dwiyanti et al., 2007). Li et al., (2010) studied a population of 144 F5:6 RILs 

derived from a cross between OAC Bayfield and Hefeng 25 across three locations for QTL 

analysis. Reported QTL associated with α- tocopherol included Satt376 (R2= 17.0%, p< 0.0001; 
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Ch 6, LG C2), Satt266 (R2 = 5.6%, p< 0.0002; Ch 2, LG D1b), Sat_177 (R2 = 6.7%, p<0.0001; Ch 14, 

LG B2), and Satt440 (R2= 5.4%, p< 0.0001; Ch 20, LG I).   

In Chapter 2 of this thesis, a genome wide scan of a mapping population attempted to 

also locate QTL associated with tocopherol accumulation. A 190 F4:5 RIL population derived from 

the cross between Keszthelyi A.S. and 2355RR was used to identify 21 markers associated with 

α- tocopherol, 37 with δ- tocopherol, 5 with γ- tocopherol and 6 with total tocopherol 

accumulation.  Markers Sat_293 and Satt196 (Ch 9; LG K) were highly associated with α- 

tocopherol accumulation (R2 = 39.3%, p = <0.0001 and R2 = 38.1%, p = <0.0001 respectively) and 

marker Satt211 (LG A1) was significantly associated with both γ- and total tocopherol 

accumulation (R2 = 18.0%, p = <0.0001 and R2 = 18.8%, p = <0.0001, respectively).   

The main objective of the current study was to validate markers from the previous 

experiment and other studies examining QTL associated with tocopherol production in soybean 

seed. This study was conducted using two F4:5 RIL half-sib populations where Keszthelyi A.S. was 

used as a common parent in crosses with the high yielding parents PRO 2995R and RCAT 

Ruthven. Single sequence repeat (SSR) markers that were associated with tocopherol 

production in previous studies were screened against these populations to assess the stability 

of tocopherol QTL in different genetic backgrounds.  

 

3.3 MATERIALS AND METHODS 

3.3.1 PLANT MATERIAL 

The Hungarian variety Keszthelyi A.S. was selected based on its ability to effectively 

convert γ- to α- tocopherol. Details about Keszthelyi A.S. have been presented in Chapter 2. The 
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lines PRO 2995R and RCAT Ruthven plant material in this study were selected for their high 

yielding ability in Ontario. 

 

3.3.1.1 RCAT RUTHVEN (RCAT 0216SCN) 

RCAT Ruthven is a 3150 Heat Unit (Maturity Group 2) conventional variety and was 

developed by Ridgetown Campus of the University of Guelph from the cross Ivory x 92B91.  It is 

an indeterminate variety with resistance to soybean cyst nematode and with excellent yield 

potential and good lodging resistance. This yellow hilum variety is small seeded with below 

average seed protein and average oil content.  

 
3.3.1.2 PRO 2995R 

PRO 2995R is a 2900 Heat Unit (Maturity Group 1) variety developed by Ridgetown 

Campus of the University of Guelph from the cross (RR Resnik BC2F2 x RCAT Bobcat) x RCAT 

Bobcat. This brown hilum cultivar is indeterminant, glyphosate tolerant and has excellent yield 

potential (in both clay and loam soils). Additionally, the PRO 2995R variety typically has 

excellent lodging resistance, is roughly 88 cm tall and has excellent Phytophthora Resistance 

(OOPSCC, 2009).  

 

3.3.2 POPULATION DEVELOPMENT AND ANALYSIS METHODOLOGY 

The development of the RILs used in this study followed the same methods as described 

in Chapter 2. The parental/progeny propagation, leaf sampling, tocopherol analysis, DNA 

extraction, and PCR preparation were also conducted in the same manner described in Chapter 

2 and only differed in population sizes, parentage, and marker selection.  
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From the F4s that were grown in a winter season nursery in Costa Rica, 94 RILs from the 

Keszthelyi A.S. x PRO 2995R (07-223) cross and 45 RILs from a Keszthelyi A.S. x RCAT Ruthven 

(07-226) cross were advanced to F4:5 progeny rows the next growing season. Progeny 

propagation of these populations included 124 rows of the 07-223 population and 45 rows of 

population 07-226 which were each randomized, replicated twice, and grown with all parent 

lines used in the crosses. The check variety DH410 was also included in the outdoor portion of 

this experiment. Parameters used to grow the progeny rows of this experiment along with the 

methods of seed collection and tocopherol quantification have been described in Chapter 2. 

 

3.3.3 MARKER SELECTION AND DATA ANALYSIS 

The only markers used in this study were ones that were previously identified in 

literature and in Chapter 2 of this thesis. Four hundred markers were initially used to screen 

and identify genetic differences between Keszthelyi A.S. and the other parent of each 

population. Using DNA obtained from the indoor portion of this experiment, polymorphic 

markers were detected between the parents of each cross and were screened against their 

respective populations to assess the repeatability of existing QTL analysis across differing 

genotypic backgrounds.  

  Phenotypic data, correlation coefficients, and epistasis analysis were all carried out in 

the same manner as described in Chapter 2. Linkage and interval mapping using the programs 

JoinMap® 4 (Van Ooijen, 2006) and MapQTL® 6 (Van Ooijen, 2009) along with stepwise multiple 

locus model analysis using SAS version 9.2 (SAS, 2000) were also attempted for both 

populations. In addition, all markers found to be significant in this study, along with markers 
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previously reported as associated with tocopherol production, were compared and 

summarized. 

 

 3.4 RESULTS   

3.4.1 PHENOTYPIC DATA 

Keszthelyi A.S. had relatively high α- tocopherol levels while exhibiting low γ-, δ- and 

total tocopherol content. PRO 2995R had higher α-, γ- and overall tocopherol concentration 

than the check (DH410) but lower δ- tocopherol concentration (Table 3.1). Progeny of this cross 

(07-223) averaged 31.8 ± 3.17 μg/g in α- tocopherol concentration, though some RILs exibited 

profiles comparable to Keszthelyi A.S. All other tocopherol attributes were lower than PRO 

2995R and the check, but higher than Keszthelyi A.S. Transgressive segregation could be 

observed in select lines of the progeny for all individual and total tocopherol isoforms. A 

Shapiro-Wilks’ test indicated that all tocopherol frequency distributions except δ- tocopherol 

were normally distributed.  

Phenotypic results of the Keszthelyi A.S. x RCAT Ruthven population (07-226) showed 

the same relative tocopherol concentrations as seen in the 07-223 population except that RCAT 

Ruthven appeared to have slightly lower tocopherol profiles than PRO 2995R. Evidence of 

transgressive segregation in select lines of the population could only be observed for γ- and 

total tocopherol concentration. The frequency distributions for all individual tocopherols were 

normally distributed except for total tocopherol concentration (Figure 3.1 and Figure 3.2). 

Phenotypic comparisons of all populations (Figure 3.3) derived in this experiment showed that 

population 07-223 exhibited the highest tocopherol concentration for all constituents.   
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In the 07-223 population, α- and δ- tocopherol production were negatively correlated 

while δ- tocopherol was positively correlated with γ- and total tocopherol accumulation. 

Gamma tocopherol production was negatively correlated with the presence of α- tocopherol 

but positively correlated with total tocopherol production. In the 07-226 population, total 

tocopherol production was positively correlated with all individual tocopherols (Table 3.2). 

 

3.4.2 QTL ANALYSIS 

A total of 16 markers in the 07-223 population were identified as being significantly 

associated with tocopherol concentration (Table 3.3). The markers Satt079, Satt358 and 

Satt354 on chromosomes 6, 10 and 20 (LG C2, I and O), respectively, were associated with α- 

tocopherol concentration.  Four markers were found to be associated with γ- tocopherol 

production of which Satt187 (Ch 8; LG A2) accounted for the greatest amount of phenotypic 

variation (R2 = 8.9%; p = 0.017). Similarly, 4 markers were associated with δ- tocopherol 

accumulation. The marker Satt155 (Ch 5; LG A1) accounted for the greatest amount of δ- 

accumulation (R2 = 8.6%, p = 0.0205). Five markers were significantly associated with total 

tocopherol production. The markers Satt187 (Ch 8; LG A2), Satt510 (Ch 13; LG F), and Satt557 

(Ch 6; LG C2) accounted for the greatest amount of phenotypic variation (R2 = 10.3% p = 0.0089, 

R2 = 9.0% p = 0.0147, and R2 = 8.3% p = 0.0186, respectively).  

A total of 21 markers in the 07-226 population were significantly associated with 

tocopherol production (Table 3.4). Markers Satt547 (Ch 16; LG J) and Satt381 (Ch 9; LG K) were 

significantly associated with α- tocopherol production (R2 = 21.2% p = 0.0096; R2 = 13.4% p = 

0.0489, respectively). Gamma tocopherol production was associated with the markers Satt317 

(Ch 12; LG H) and Sat_341 (Ch 10; LG O), which accounted for 9.2% and 16.1% of γ- production, 
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respectively. There were 11 markers significantly associated with δ- tocopherol production on 

chromosomes 2, 4, 5, 8, 13 and 17 (LG D1b, C1, A1, A2, F and D2). A high level of δ- tocopherol 

accumulation was accounted for by the markers Satt211 (Ch 5, LG A1; R2 = 24.0%, p = 0.0027), 

Satt646 (Ch 4, LG C1; R2 = 22.1%, p = 0.0292) and Satt528 (Ch 17, LG D2; R2 = 22.0%, p = 

0.0011). The greatest proportion of overall tocopherol production was associated with the 

markers Sat_341 (Ch 10; LG O), Satt136 (Ch 4; LG C1) and Satt211 (Ch 5; LG A1), which 

accounted for 15.1% (p = 0.0298), 14.9% (p = 0.0335) and 13.8% (p= 0.041) of phenotypic 

accumulation, respectively.  

There were 2 epistatic interactions observed in the 07-223 population (Table 3.5). A 

Satt386*Satt152 (Ch 17 [LG D2] and Ch 3 [LG N], respectively) interaction accounted for 16.5% 

(p = 0.0003) of δ- tocopherol production while 15% of total tocopherol concentration was 

accounted for by a Satt266*Satt186 (Ch 2 [LG D1b] and Ch 17 [LG D2], respectively) interaction. 

Similarly, epistatic interactions Satt354*Satt547 (Ch 20 [LG I] and Ch 16 [LG J], respectively) and 

Satt354*Sat_341 (Ch 20 [LG I] and Ch 10 [LG O] respectively) accounted for 32.3% (p = 0.0004) 

and 25.2% (p = 0.0008) of δ- tocopherol variation, respectively, in population 07-226. 

As markers in this study were based on the selection of individual markers and not on 

linkage in relation to each other, a suitable linkage map could not be created for either 

verification population. Similarly, generation of multiple locus models on both populations of 

this study did not yield any conclusive results due to sporadic and insufficient marker densities. 

Therefore, results of such analysis were not reported. 
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3.4.3 QTL VALIDATION 

A list of QTL associated with tocopherol production in all populations of this thesis and 

from the studies of Wohleser (2007), Dwiyanti et al., (2007), and Li et al., (2010) is presented in 

Table 3.6. In summary, there were 51 QTL associated with α- tocopherol production, 48 QTL 

with δ-, 21 QTL with γ- and 22 QTL for total tocopherol production. Of these QTL, only 6% of the 

markers associated with α- production were verified in another population. Similarly, 25% of 

QTL associated with δ-, 5% of QTL with γ- and 9% of QTL associated with total tocopherol 

production were verified in more than one population as reported in the literature. 

 

3.4.3.1 MULTIPLE TRAIT MARKERS 

Of the identified tocopherol QTL, 13 were associated with the production of three 

tocopherol traits. Eight of these QTL were associated with δ-, γ- and total tocopherol 

production while the markers Satt136 (Ch 4; LG C1), Sat_077 (Ch 4; LG C1) and Satt358 (Ch 10; 

LG O) were associated with α-, δ- and total tocopherol production. Lastly, the marker Satt547 

(Ch 16; LG J) was associated with α-, γ- and total tocopherol production and the marker Satt381 

(Ch 9; LG K) was associated with α-, δ-, and γ- tocopherol production.  

Seventeen markers were associated with the production of two tocopherol traits. 

Eleven markers were associated with α- and δ- tocopherol production, markers Satt353 (Ch 12; 

LG H), Sat_396 (Ch 16; LG J), Satt281 (Ch 6; LG C2) were associated with δ- and total tocopherol 

production, and markers Sat_284 (Ch 17; LG D2) and Satt266 (Ch 2; LG D1b) were associated 

with δ- and γ- tocopherol production. Only the marker Satt557 (Ch 6; LG C2) was associated 

with γ- and total tocopherol production. 
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3.4.3.2 MULTIPLE POPULATION MARKERS 

Markers in Table 3.7 were QTL that were significantly associated with tocopherol 

production in more than one population. Satt089 (Ch 8; LG A2), Satt187 (Ch 8; LG A2) and 

Satt136 (Ch 4; LG C1) were associated with δ- tocopherol production in all three populations of 

this study. Similarly, the markers Satt079 (Ch 6; LG C2), Satt440 (Ch 20; LG I), and Satt381 (Ch 9; 

LG K) were significantly related to α- tocopherol accumulation in two populations of this study. 

Nine markers on chromosomes 2, 4, 5, 13, 17, 19 and 20 (LGs D1b, C1, A1, F, D2, L, and I 

respectively) were significant for δ- tocopherol production in two populations of this study. 

Satt317 (Ch 12; LG H) was the only marker that was associated with γ- tocopherol production in 

more than one population. Total tocopherol production was significantly associated with the 

markers Satt211 (Ch 5; LG A1) and Satt136 (Ch 4; LG C1) in two populations of this study. 

   

3.4.3.3 MARKER STABILITY 

Quantitative trait loci that could be identified in more than one location were presented 

in Table 3.8. All markers identified across three populations accounted for a minimum of 5.8% 

of the phenotypic accumulation. No multi-location QTL reported by Wohleser (2007) or Li et al. 

(2010) were validated in this study.    

 

3.5 DISCUSSION  

The primary objective of this study was to validate QTL that were previously reported as 

being associated with tocopherol production in two F4:5 RIL populations having Keszthelyi A.S. 

as a common parent. This study was able to verify 30 QTL associated with multiple tocopherol 

traits, 17 tocopherol QTL across multiple populations and 20 tocopherol QTL across different 
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locations. The data presented attempts to also provide insight as to the reproducibility and 

stability of tocopherol QTL across environments and genetic backgrounds.  

 

3.5.1) PHENOTYPIC ANALYSIS 

The observed levels and variation of tocopherol concentrations for all tocopherol 

components in parents, checks and progeny of these populations were as expected. The 

relative tocopherol concentrations of the parent PRO 2995R appeared to be considerably 

higher than any other parent in this study. This predisposed capacity for elevated tocopherol 

production from PRO 2995R coupled with the elevated α- tocopherol production of Keszthelyi 

A.S. resulted in the progeny having the highest α- tocopherol accumulation on average of all 

three populations in this study (Figure 3.3). Some RILs of the 07-223 population had the same 

α- tocopherol content as Keszthelyi A.S. The phenotypic distribution of δ- tocopherol in the 

progeny did not follow normal distribution. It could be suggested that this distribution was 

caused by a disproportionally large number of δ- tocopherol alleles that were donated by PRO 

2995R to the progeny. 

Despite having the expected tocopherol distributions, progeny of the population 07-226 

appeared to have a lower level of tocopherol components when compared to the other 

populations of this study. The relatively low tocopherol production in the RCAT Ruthven parent 

may have attributed to the low levels of tocopherols present in the F4:5 population. Total 

production of tocopherol was not evenly distributed in this population. Factors influencing this 

unexpected total tocopherol distribution are unknown.  

In population 07-223, a significant negative relationship could be observed between α- 

and δ- tocopherol (Figure 3.2), which is consistent with the biosynthetic pathway in which VTE-
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3 and VTE-4 compete to catalyze 2-methyl-6-phytylbenzoquinol to produce α- (after a series of 

intermediate reactions) or δ- tocopherol (Van Eenennaam et al. 2003). Moreover, a negative 

relationship between γ- and α- tocopherol suggests the effective conversion of γ- to α- 

tocopherol by the VTE-4 enzyme in the 07-223 population. In the 07-226 population, increased 

activity of the VTE-3 enzyme (and potentially the VTE-4) in this population appeared to result in 

a positive correlation between γ- and α- tocopherol accumulation.  

Gamma and δ- tocopherol were positively correlated in both 07-223 and 07-226 

populations though in this case, it may have been the result of increased VTE-1 or VTE-2 activity 

which increased the accumulation of both γ- and δ- tocopherol. Further, in both 07-223 and 07-

226 populations it would appear that as δ- and γ- accumulated in the populations, total 

tocopherol accumulation also increased. This result is consistent with the population studied in 

Chapter 2 of this thesis.  

 

3.5.2 QTL ANALYSIS 

The only markers selected for this study were previously associated with tocopherol 

content in existing literature or in Chapter 2 of this study. Upon screening the populations in 

this study, a large proportion of the markers were monomorphic and could not be used for 

marker validation in this study. As a result, it was not possible to develop linkage maps and 

multiple locus models for the validation of populations. In addition, the population sizes in this 

study were not ideal with 07-223 consisting of 94 individuals and 07-226 was represented by 45 

RILs. These small population sizes compared to other QTL studies may have affected the 

statistical power of marker analysis reported in this study.   
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3.5.2.1 POPULATION 07-223 (Keszthelyi A.S. x Pro 2995R) 

Of the 38 markers that were screened against the 07-223 population, 11 markers (34%) 

were significantly associated with a tocopherol trait. However, only 5 (45%) of these QTL could 

be verified in other QTL populations (Table 3.6).  

Accumulation of α- tocopherol in this population was partially accounted for by the 

markers Satt079 (Ch 6, LG C2; R2 = 8.7%, p = 0.0168), Satt354 (Ch 20, LG I; R2 = 10.0%, p = 

0.0098) and Satt358 (Ch 10, LG O; R2 = 7.9%, p = 0.0345). Satt_079 (Ch 6; LG C2) and Satt358 

(Ch 10; LG O) were also reported for α- tocopherol concentration by Wohleser (2007). 

Surprisingly, it would appear that many of the beneficial alleles for α- tocopherol accumulation 

came from the PRO 2995R parent (except the marker Satt358) rather than Keszthelyi A.S.  

Four markers were found to be significantly associated with γ- tocopherol in the 07-223 

population. The marker Satt187 (Ch 8; LG A2) accounted for the greatest proportion of 

phenotypic accumulation (R2 = 8.9%, p = 0.017). None of the QTL identified for γ- tocopherol in 

this population supported results of any existing tocopherol QTL studies (Dwiyanti et al., 2007; 

Li et al., 2010; Wohleser, 2007). An equal number of favourable alleles were donated by each 

parent for this trait. 

Four markers were significantly associated with δ- tocopherol in this population. Satt155 

(Ch 5; LG A1) accounted for the greatest amount of phenotypic variation in this population (R2 = 

8.6%; p = 0.0205) and validated the one identified in the 07-225 population. Both Satt089 (Ch 8; 

LG A2) and Satt136 (Ch 4; LG C1) were significantly associated with δ- tocopherol in population 

07-225. As expected, PRO 2995R was the source of most favourable alleles contributing to δ- 

tocopherol concentration. 



92 

 

Five markers were significantly associated with total tocopherol production in this 

population. Markers Satt187 (Ch 8; LG A2) and Satt510 (Ch 13; LG F) accounted for the greatest 

amount of total tocopherol accumulation in this population (R2 = 10.3%, p = 0.0089 and R2 = 

9.0%, p = 0.0147, respectively). Only the marker Satt136 (Ch 4, LG C1) was also significant for 

total tocopherol concentration in the 07-226 population. Most of the markers (with the 

exception of Satt557) that improved overall tocopherol accumulation originated from the PRO 

2995R parent. 

There appeared to be very little epistasis in the 07-223 population. Satt386*Satt152 (Ch 

17; LG D2 and Ch 3; LG N) and Satt266*Satt186 (Ch 2; LG D1b and Ch 17; LG D2) were the only 

two interactions for δ- and total tocopherol production observed. Of these interactions, only 

the marker Satt152 (Ch 3; LG N) was observed to exhibit epistasis in any other population for δ- 

tocopherol accumulation. The apparent lack of epistasis may also have been the result of 

reduced marker density. 

Since all markers used to screen for tocopherol traits in this population were previously 

identified in other populations, it would be expected that this study would support other 

findings to a greater degree. However, many of the QTL that were significant for one 

tocopherol trait in this population were significant for a different trait in other tocopherol QTL 

studies. As a result, most of the QTL identified in Table 3.3 did not support other existing 

tocopherol QTL in the literature (Dwiyanti et al., 2007; Li et al., 2010; Wohleser, 2007). 
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3.5.2.2 POPULATION 07-226 (Keszthelyi A.S. x RCAT Ruthven) 

Of the 31 markers that were screened against the 07-223 population, 21 markers (68%) 

were significantly associated with a tocopherol trait in 07-226. In addition, 14 (67%) of these 

QTL could be verified in other tocopherol QTL populations (Table 3.6) of which 12 were 

validated by another population in this thesis and two could be validated in the literature 

(Dwiyanti et al., 2007; Li et al., 2010; Wohleser, 2007). 

Accumulation of α- tocopherol in this population was partially accounted for by the 

markers Satt547 (Ch 16, LG J; R2 = 21.2%, p = 0.0096) and Satt381 (Ch 9, LG K; R2 = 13.4%, p = 

0.0489). Satt381 (Ch 9; LG K) was also significant for α- tocopherol concentration in population 

07-225 of this study. All beneficial alleles for α- tocopherol accumulation were from the 

Keszthelyi A.S. parent, as expected.  

Satt317 (Ch 12; LG H) and Sat_341 (Ch 10; LG O) were significantly associated with γ- 

tocopherol. The marker Satt317 (Ch 12; LG H) accounted for the greatest proportion of 

phenotypic variation (R2 = 16.1%, p = 0.0227) and are supported by the findings of Wohleser, 

(2007). An equal number of favourable alleles were donated by each parent for this trait which 

is consistent in crosses of this nature. 

A large proportion of the δ- tocopherol accumulation could be accounted for by 11 QTL 

identified in this population. Satt211 (Ch 5; LG A1) was found to account for the greatest 

amount of phenotypic variation in this population (R2 = 24.0%, p = 0.0027) which was also 

verified by population 07-225 of this study. All identified QTL in this population (except for 

marker Satt528) were verified by at least one other population (Table 3.6). RCAT Ruthven again 

contributed most of the favourable alleles for to δ- tocopherol concentration. 
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Six markers were significantly associated with overall tocopherol production in this 

population. The markers Sat_341 (Ch 10; LG O) and Satt136 (Ch 4; LG C1) accounted for the 

greatest amount of total tocopherol accumulation in this population (R2 = 15.1%, p = 0.0298 

and R2 = 14.9%, p = 0.0335, respectively). Only the markers Satt136 (Ch 4; LG C1) and Satt211 

(Ch 5; LG A1) were significant for total tocopherol concentration in another population of this 

study. Many of the markers (with the exception Satt317) that were associated with genes 

thought to increase total tocopherol concentration originated from the RCAT Ruthven parent. 

There appeared to be very little epistasis in the 07-226 population. Both epistatic 

interactions of population involved the marker Satt354 (Ch 20; LG I) and accounted much of δ- 

tocopherol variation with the markers Satt547 (R2 = 32.3% and p= 0.0004 and Sat_341 (R2 = 

25.2% and p = 0.0008). As in population 07-223, the reduced number of markers involved in 

epistatsis may be the result of the low number of markers used in the analysis.  

 

3.5.3 MARKERS FOR MULTIPLE TRAITS AND THEIR POTENTIAL ROLE IN THE 

BIOSYNTHESIS PATHWAY  

It can be suggested that the nature of the tocopherol QTL that were associated with 

multiple traits QTL can be explained through the tocopherol synthesis pathway. Molecules 

being catalyzed by the VTE-3 enzyme eventually lead to the generation of γ- and α- tocopherols 

(Figure 1.5) (Van Eenannaam et al., 2003). The marker Satt547 (Ch 16; LG J) proved to be 

significant for the traits α-, γ- and total tocopherol production, which was probably due to its 

effect on the production of VTE-3, and possibly even the VTE-2 enzymes. 

Additionally, δ- and γ- tocopherol is not readily oxidized or catalyzed to β- or α- forms 

and their accumulation is traditionally associated with increased total tocopherol accumulation 



95 

 

(Sheppard et al., 1993). Eight QTL were found to be significant for δ-, γ- and total tocopherol 

accumulation indicating these QTL have have an effect on the VTE-1, VTE-3 or the VTE-2 

enzyme. The markers Satt281 (Ch 6; LG C2), Satt353 (Ch 12; LG H) and Sat_396 (Ch 16; LG J) 

associated with δ- and total tocopherol accumulation appear to also be associated with the 

enzymes VTE-2 or VTE-1.  

The marker Satt381 (Ch 9; LG K) was identified as being significant for α-, δ- and γ- 

production. This relationship is more difficult to explain as this marker appears to be associated 

with tocopherol products on either branch of the biosynthetic pathway. However, since this 

marker is associated with all individual tocopherol components, it could be suggested that this 

genetic region may just have an effect on the enzymes VTE-2, VTE-3 and/or VTE-1. It appears 

that the markers Satt266 (Ch 2; LG D1b) and Sat_284 (Ch 17; LG D2) have a similar effect on 

VTE-1 as they are both associated with δ- and γ- tocopherol (Van Eenennaam et al. 2003) 

 

3.5.4 MARKERS VALIDATED IN MULTIPLE POPULATIONS   

Four QTL identified by Wohleser (2007) and two QTL identified by Li et al., (2007) could 

be validated in one of the three populations in this study. Seventeen percent of QTL found in 

the 07-225 could be validated by either a population of this study or previous reports in the 

literature. Increased validation of QTL found in the 07-225 population is likely the result of 

increased screening density with populations of similar genetic backgrounds. 

All QTL that could be detected in three populations were associated with δ- tocopherol 

production. In addition, nine QTL or 60% of QTL were significantly associated with a tocopherol 

trait in two populations were associated with δ- tocopherol. Such a high number of QTL across 

populations suggest that the accumulation of δ- tocopherol is a result of a high number of QTL 
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responsible for the accumulation of δ- tocopherol in seed. Moreover, in the populations 

observed in this study, many of the favourable alleles for δ- tocopherol concentration were 

contributed by the parents 2355RR, PRO 2995R and RCAT Ruthven. 

Three QTL associated with α- tocopherol were identified in more than one population. 

The markers Satt381 (Ch 9; LG K) and Satt079 (Ch 6; LG C2) consistently explained the greatest 

amount of α- tocopherol accumulation. Although this marker is located on chromosome 9 (LG 

K), it is not found in or around the Sat_243 – Satt196 interval which has been previously 

identified as being a major region accounting for α- tocopherol accumulation (Chapter 2 of this 

thesis). Nonetheless, these results support the notion that chromosomes 6 and 9 (LG C2 and K) 

have the greatest potential to contain genomic regions coding for α- tocopherol accumulation. 

A limitation of this study is that many of the previously identified tocopherol QTL were 

not polymorphic across all validation populations.  The parents of the 07-223 population were 

monomorphic for 54% of the QTL detected by Wohleser (2007), Dwiyanti et al., (2007), Li et al., 

(2010) and population 07-225 of this thesis. Similarly, the parents of the 07-223 population 

were monomorphic for 61% of tocopherol QTL found in the previously mentioned tocopherol 

QTL studies. Lastly, there appeared to be a substantial amount of epistasis detected in the 07-

225 population and by Wohleser (2007) suggesting that many of the QTL observed in these 

populations may be unstable across populations with differing genetic backgrounds. 

 

3.5.5 MARKERS VALIDATED IN MULTIPLE ENVIRONMENTS 

Markers found to be significantly associated with a tocopherol trait across multiple 

environments were found by either Wohleser (2007) or Li et al., (2010). All QTL found across 
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three environments, as well as a significant proportion of QTL found across two environments 

were located on chromosome 6 (LG C2). These results would suggest that OAC Bayfield (the 

common parent in both studies) has many genomic regions on chromosome 6 that are 

associated with α- tocopherol production and are stable across a number of different 

environments. However, no QTL reported as stable across locations in Wohleser (2007) were 

significant in the Li et al., (2007) study. This result is not surprising since each study was 

conducted in very different environments. However, further research looking into the 

repeatability and stability of these QTL across different environments is needed to provide 

insight as to the applicability of these QTL in commercial breeding programs 

In the previous chapter of this thesis, there appeared to be evidence that the interval in 

Sat_243 – Satt196 on chromosome 9 (LG K) played a major role in the effective conversion of γ- 

to α- tocopherol in soybean lines with a Keszthelyi A.S. background. The purpose of this 

experiment was to further verify and support these findings. However, many of the markers of 

interest on chromosome 9 were not associated with α- tocopherol concentration. Nevertheless, 

this experiment was able to verify and compile a list of 30 QTL associated with multiple 

tocopherol traits, 17 tocopherol QTL across multiple populations and 20 tocopherol QTL stable 

across different environments. Further research using markers in the Sat_243 – Satt196 region 

to assess the genetic and environmental stability of tocopherol accumulation in soybean lines 

with the Keszthelyi A.S. background is recommended.  
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Table 3.1: Means, standard deviations and ranges for α-, γ-, δ-, and total tocopherol levels of a 
population of 94 F4:5 RILs derived from the cross between Keszthelyi A.S. x PRO 2995R and a 45 F4:5 RIL 
population from the cross between Keszthelyi A.S. x RCAT Ruthven.  

Trait 

Parental Mean   
Check 
DH410 

  RIL Population 

K.A.S. 
PRO 2995R/ 

RCAT Ruthven 
  

  
Mean SE   Range   Shapiro 

Wilk Test* 

Keszthelyi A.S. X PRO 2995R (07-223) 

  ‒ ‒ ‒ μg/g DMB ‒ ‒ ‒   

Alpha 70.3 15.5   14.6   31.8 3.17   7.6 - 70.7 0.0009 

                        

Gamma 168.0 264.4   230.7   212.3 12.73   156.3 - 312.9 0.0358 

                        

Delta 46.8 145.2   170.5   102.1 7.01   58.4 - 163.7 0.2331 

                        

Total 285.1 425.0   415.7   346.1 18.16   271.0 - 468.9 0.001 

                        

Keszthelyi A.S. X RCAT Ruthven (07-226) 

  ‒ ‒ ‒ μg/g DMB ‒ ‒ ‒   

Alpha 65.1 9.1   15.9   26.1 3.73   5.2 - 49.1 0.0104 

                        

Gamma 154.2 198.8   222.4   170 22.21   26.9 - 230.0 0.0169 

                        

Delta 44.5 140.4   173.5   90.6 7.03   51.9 - 130.7 0.0012 

                        

Total 263.8 348.3   411.7   286.7 29.36   93.0 - 357.4 0.1758 

                        

* α- = 0.05                     
All plots were grown with the parental lines during the 2009 growing season in Ridgetown, Ontario, Canada. The Shapiro-Wilk 
test of normality is also provided. 
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Table 3.2: Phenotypic correlation coefficents for α-, γ-, δ-, and total tocopherol for a population of 94 
F4:5 RILs derived from the cross between Keszthelyi A.S. x PRO 2995R and a 45 F4:5 RIL population from 
the cross between Keszthelyi A.S. x RCAT Ruthven.  

Keszthelyi A.S. X PRO 2995R (07-223) 

   Delta  Gamma  Total 

              

Alpha   -0.508   -0.249   -0.060 

    ****   **   ns 

              

Delta       0.220   0.581 

        **   **** 

              

Gamma           0.822 

            **** 

              

Total             
              

Keszthelyi A.S. X RCAT Ruthven (07-226) 

   Delta  Gamma  Total 

              

Alpha   -0.070   0.329   0.468 

    ns   **   ** 

              

Delta       0.327   0.596 

        **   **** 

              

Gamma           0.918 

            **** 

              

Total             
              
All plots were grown during the 2009 growing season in Ridgetown, Ontario, Canada. 
*, **, ***, **** - represents significance at 0.05 ≥ p ≥ 0.01, 0.01 ≥ p ≥ 0.001, 0.001 ≥ p ≥ 0.0001 and p ≤ 0.0001 probability 
respectively. ns means the correlation was not significant at α- = 0.05 significance level. 
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Table 3.3: QTL significantly associated with α-, γ-, δ-, and total tocopherol concentration of soybean 
seed in a population of 94 F4:5 RILs derived from the cross between Keszthelyi A.S. x PRO 2995R.  

              Allelic Means + SE 

Trait Ch.# LG Marker R2 P-value   K.A.S.    PRO 2995R 

              ‒ ‒ ‒ μg/g DMB ‒ ‒ ‒ 

Alpha 6 C2 Satt079 8.7 0.0168   29.5 ± 1.19 38.0 ± 1.41 

  20 I Satt354 10.0 0.0098   28.5 ± 1.22 36.4 ± 1.43 

  10 O Satt358 7.9 0.0345   33.4 ± 1.41 31.0 ± 1.21 

                  

Gamma 8 A2 Satt187 8.9 0.017   208.5 ± 2.14 218.2 ± 2.19 

  6 C2 Satt557 7.4 0.0275   219.7 ± 2.30 207.6 ± 2.23 

  16 J Satt547 7.8 0.0353   207.2 ± 2.24 219.1 ± 2.25 

  9 K Satt381 6.5 0.0491   215.8 ± 2.20 205.5 ± 1.94 

                  

Delta 5 A1 Satt155 8.6 0.0205   95.5 ± 1.80 105.6 ± 1.93 

  8 A2 Satt089 7.2 0.0386   95.6 ± 1.89 105.0 ± 1.86 

  4 C1 Satt136 6.5 0.0145   95.4 ± 1.84 105.1 ± 1.79 

  6 C2 Satt281 6.2 0.0196   94.4 ±1.62 103.2 ± 1.88 

                  

Total 8 A2 Satt187 10.3 0.0089   341.6 ± 2.25 352.2 ± 2.96 

  4 C1 Satt136 5.8 0.0216   338.7 ± 2.44 352.2 ± 3.03 

  6 C2 Satt281 4.8 0.0399   337.2 ± 2.97 349.4 ± 2.60 

  6 C2 Satt557 8.3 0.0186   355.0 ± 3.15 339.1 ± 2.68 

  13 F Satt510 9.0 0.0147   339.8 ± 2.89 355.8 ± 2.93 

                  

All plots were grown during the 2009 growing season in Ridgetown, Ontario, Canada. 
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Table 3.4: QTL significantly associated with α-, γ-, δ- and total tocopherol concentration in soybean 
seed in a population of a 45 F4:5 RIL population derived from the cross between Keszthelyi A.S. x 
RCAT Ruthven.  

              Allelic Means + SE 

Trait   LG Marker R2 P-value   K.A.S.    RCAT Ruthven 

              ‒ ‒ ‒ μg/g DMB ‒ ‒ ‒ 

Alpha 16 J Satt547 21.2 0.0096   31.4 ± 1.54 20.6 ± 1.47 

  9 K Satt381 13.4 0.0489   32.7 ± 2.00 24.6 ± 1.32 

                  

Gamma 12 H Satt317 9.2 0.0431   177.0 ± 2.85 162.0 ± 4.16 

  10 O Sat_341 16.1 0.0227   168.8 ± 3.42 181.5 ± 2.91 

                  

Delta 5 A1 Satt211 24.0 0.0027   83.5 ± 2.06 97.5 ± 2.45 

  8 A2 Satt089 14.4 0.0384   84.2 ± 2.16 97.9 ± 2.36 

  8 A2 Satt187 13.9 0.0108   85.9 ± 2.47 96.5 ± 2.10 

  4 C1 Sat_077 15.8 0.025   83.3 ± 2.27 96.6 ± 2.21 

  4 C1 Satt136 18.1 0.0152   82.1 ± 2.29 97.9 ± 2.53 

  4 C1 Satt294 16.2 0.0292   82.7 ± 2.20 97.6 ± 2.41 

  4 C1 Satt646 22.1 0.0046   89.5 ± 2.19 140.4 

  2 D1b Satt459 9.5 0.0422   89.7 ± 2.23 140.4 

  17 D2 Satt186 19.0 0.0028   86.2 ± 2.25 99.3 ± 2.38 

  17 D2 Satt528 22.0 0.0011   89.5 ± 2.19 140.4 

  13 F Satt252 9.6 0.363   89.5 ± 2.19 140.4 

                  

Total 5 A1 Satt211 13.8 0.041   274.3 ± 4.67 301.1 ± 5.27 

  4 C1 Sat_077 11.5 0.0211   274.4 ± 4.73 298.1 ± 5.17 

  4 C1 Satt136 14.9 0.0335   271.1 ± 4.70 298.9 ± 5.49 

  12 H Satt317 9.0 0.0447   297.3 ± 4.34 275.4 ± 5.77 

  10 O Satt358 9.4 0.0428   280.5 ± 5.37 308.1 ± 4.08 

  10 O Sat_341 15.1 0.0298   283.7 ± 4.85 306.3 ± 4.27 

                  

All plots were grown during the 2009 growing season in Ridgetown, Ontario, Canada. 
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Table 3.5: Epistatic interactions detected between two markers for individual tocopherols 
determined from a population of 94 F4:5 RILs derived from the cross between Keszthelyi A.S. x PRO 
2995R and a 45 F4:5 RIL population derived from the cross between Keszthelyi A.S. x RCAT Ruthven.  

Keszthelyi A.S. X PRO 2995R (07-223) 

Trait   Locus Ch # (LG) Locus Ch # (LG) P R2 

                

Delta   Satt386 17 (D2) Satt152 3 (N) 0.0003 16.5 

                

Total   Satt266 2 (D1b) Satt186 17 (D2) 0.0004 15.6 

                

Keszthelyi A.S. X RCAT Ruthven (07-223) 

Trait   Locus Ch # (LG) Locus Ch # (LG) P R2 

                

Delta   Satt354 20 (I) Satt547 16 (J) 0.0004 32.3 

    Satt354 20 (I) Sat_341 10 (O) 0.0008 25.2 

                
All plots were grown during the 2009 growing season in Ridgetown, Ontario, Canada. The interlocus interactions were 
further broken down into interactions between random markers (R/R), one linked to a QTL that is individually significant 
(R/Q), and two markers that were individually significantly associated with QTL (Q/Q) controlling tocopherol 
concentration. 
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Table 3.6: Complete listing of all QTL detected in the studies Wohleser (2007), Dwiyanti et al. (2007), and  Li 
et al. (2010) and the populations Keszthelyi A.S. x PRO 2995R (07-223), Keszthelyi A.S. x 2355RR (07-225)and 
Keszthelyi A.S. x RCAT Ruthven (07-226). 

LG Ch #  Marker 
Wohleser  Dwiyanti et al.  Li et al. 07-223 07-225 07-226 

  R2   χ 2   R2   R2   R2   R2 

  Alpha 

A2 8 Sat_040   19.3***                     
A2 8 Sat_383           11.8****           
A2 8 Satt133   18.3***                     
A2 8 Satt158   12.1**                     
A2 8 Satt177                   8.7***   
A2 8 Satt589                   5.2**     
B1 11 Satt426   8.0*                     
B1 11 Satt583   7.0**                     
B2 14 Sat_177           6.6****           
C1 4 Sat_077                   9.4***   
C1 4 Satt136                   10.2****   
C1 4 Satt294                   19.4****   
C1 4 Satt646                   7.1**     

C2 6 Satt079   19.8**           8.7*         

C2 6 Satt100   19.3***                     

C2 6 Satt134   20.1***                     

C2 6 Satt281   13.5***                     

C2 6 Satt289   20.9***                     
C2 6 Satt307   18.1**                     
C2 6 Satt363   14.1**                     
C2 6 Satt365   23.6**                     
C2 6 Satt376           10.2***           

C2 6 Satt489   20.9***                     

C2 6 Satt557   26.1****                   
D1b 2 Satt266           5.0****           
D1b 2 Satt459                   8.6***   
D2 17 Sat_277                   7.1**     
D2 17 Satt186                   7.0**     
D2 17 Satt386                   10.0***   
D2 17 Satt528   8.9**                     
G 18 Satt038   8.4**                     
G 18 Satt309                   6.3**     
H 12 Sat_118   12.6**                     
H 12 Satt181   13.9**                     
I 20 Satt354               10.0*         
I 20 Satt440           5.4****     5.2**     
J 16 Satt547                       21.2** 
K 9 Sat_167       18.7*                 
K 9 Sat_243       17.6*                 
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  Table 3.6: Continued...                     

LG Ch #  Marker 
Wohleser  Dwiyanti et al.  Li et al. 07-223 07-225 07-226 

  R2   χ 2   R2   R2   R2   R2 

  Alpha 

K 9 Sat_293                   39.3****   
K 9 Satt196                   38.1****   
K 9 Satt326                   16.1****   
K 9 Satt381                   14.1**** 13.4* 
L 19 Satt156                   8.3***   
L 19 Satt313                   6.0**     
M 7 GMSC514   12.2**                     
M 7 Satt245                   12.2****   
N 3 Satt152                   5.2**     
N 3 Satt683                   6.9**     
O 10 Satt345   14.6**                     
O 10 Satt358               7.9*         

  Delta 

A1 5 Satt155               8.6*   3.7**     
A1 5 Satt211                   10.1*** 24.0** 
A2 8 Sat_383           4.7****           
A2 8 Satt089               7.2*   4.0**   14.4* 
A2 8 Satt177                   8.8***   
A2 8 Satt187                   5.9**   13.9* 
A2 8 Satt589                   5.1**     
B1 11 Satt453                   5.5**     
B2 14 Satt020                   6.4**     
C1 4 Sat_077                   10.0*** 15.8* 
C1 4 Sat_337                   9.5***   
C1 4 Satt136               6.5*   11.0**** 18.1* 
C1 4 Satt180                   5.4**     
C1 4 Satt294                   16.4*** 16.2* 
C1 4 Satt646                   16.8**** 22.1** 
C2 6 Satt281               6.2*         
D1a 1 Satt179           6.5****           
D1a 1 Satt221   8.5**                     
D1b 2 Satt459                   6.0**   9.5* 
D2 17 Sat_284                   5.0**     
D2 17 Satt186                   5.4**   19.0** 
D2 17 Satt528                       22.0** 
F 13 Sat_262           7.6****           
F 13 Satt114                   7.7***   
F 13 Satt252   24.43****                 9.6* 
F 13 Satt269   13.1**                     
F 13 Satt335                   7.5**     
F 13 Satt343                   6.1**     
F 13 Satt510                   5.3**     
F 13 Satt522   12.8**                     



105 

 

Table 3.6: Continued... 

LG Ch #  Marker 
Wohleser  Dwiyanti et al.  Li et al. 07-223 07-225 07-226 

  R2   χ 2   R2   R2   R2   R2 

  Delta 

H 12 Sat_218                   5.7**     
H 12 Satt317                   5.3**     
H 12 Satt353                   6.9**     
I 20 Satt354           10.2****     6.1**     
J 16 Sat_396                   5.1**     
K 9 Sat_293                   10.1****   
K 9 Satt196                   12.0****   
K 9 Satt326                   5.9**     
K 9 Satt381                   6.4**     
L 19 Satt156                   8.9***   
L 19 Satt313                   7.6***   
L 19 Satt373   9.2**               10.0**   
L 19 Satt462                   4.3**     
M 7 Satt245                   5.7**     
O 10 Sat_341                   5.1**     
O 10 Satt173   12.2**                     
O 10 Satt358                   9.1***   

  Gamma 

A1 5 Satt211                   18.7****   
A2 8 Satt187               8.9*         
C1 4 Satt565           2.8****           
C2 6 Satt286           9.7***           
C2 6 Satt557               7.4*         
D1b 2 Satt266           7.2***           
D2 17 Sat_284                   5.0**     
E 15 Satt355           9.2***           
F 13 Satt335   15.1**                     
F 13 Satt343                   5.2**     
F 13 Satt510   11.3*                     
G 18 Satt199           5.1**             
H 12 Satt181   14.9**                     
H 12 Satt317   14.5**                   9.2* 
J 16 Satt280           9.0****           
J 16 Satt547               7.8*         
K 9 Satt196                   9.4***   
K 9 Satt381               6.5*         
L 19 Satt373                   7.1**     
O 10 Sat_341                       16.1* 
O 10 Satt576           7.3***           
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  Table 3.6: Continued...                      

LG Ch. #  Marker 
Wohleser  Dwiyanti et al.  Li et al. 07-223 07-225 07-226 

  R2   χ 2   R2   R2   R2   R2 

  Total 

    

A1 5 Satt211                   18.8**** 13.8* 
A2 8 Satt187               10.3**       
C1 4 Sat_077                       11.5* 
C1 4 Satt136               5.8*       14.9* 
C2 6 Satt281               4.8*         
C2 6 Satt557               8.3*         
C2 6 Satt376           8.0****           
C2 6 Satt286           5.8****           

D1b 2 Satt172           10.0****           
F 13 Satt335   11.9**                     

F 13 Satt343                   6.9**     

F 13 Satt510               9.0*         
H 12 Satt052   15.9**                     
H 12 Satt317                       9.0* 
H 12 Satt353                   5.4**     
J 16 Sat_396                   5.2**     
J 16 Satt547                   5.7**     
L 19 Satt373                   11.1****   
N 3 Sat_125           6.7****           
O 10 Sat_341                       15.1* 
O 10 Satt358                       9.4* 
O 10 Satt592           4.5****           
All plots were grown during the 2009 growing season in Ridgetown, Ontario, Canada. 
*, **, ***, **** - represents significance at 0.05 ≥ p ≥ 0.01, 0.01 ≥ p ≥ 0.001, 0.001 ≥ p ≥ 0.0001 and p ≤ 0.0001 probability 
respectively. 
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Table 3.7: QTL that were identified in two, or three RI populations among  the studies Wohleser (2007), 
Dwiyanti et al. (2007), and  Li et al. (2010) and the populations Keszthelyi A.S. x PRO 2995R (07-223), 
Keszthelyi A.S. x 2355RR (07-225) and Keszthelyi A.S. x RCAT Ruthven (07-226).  

Trait Ch LG  Marker 
Wohl. et al.  Dwiy. et al.  Li et al. 07-223 07-225 07-226 

  R2   χ 2   R2   R2   R2   R2 

QTL found in three populations 

Delta 8 A2 Satt089               7.2*   4.0 *   14.4* 

  8 A2 Satt187               8.9*   5.9**   13.9* 

  4 C1 Satt136               6.5*   11.0**** 18.1* 

QTL found in two populations 

Alpha 6 C2 Satt079   19.8**           8.7*         

  20 I Satt440           5.4****       5.2**     

  9 K Satt381                   14.1**** 13.4* 

Delta 5 A1 Satt211                   10.1*** 24.0** 

  4 C1 Sat_077                   10.0*** 15.8* 

  4 C1 Satt294                   16.4*** 16.2* 

  4 C1 Satt646                   16.8**** 22.1** 

  2 D1b Satt459                   6.0**   9.5* 

  17 D2 Satt186                   5.4**   19.0** 

  13 F Satt252   24.4***                   9.6* 

  20 I Satt354           10.2***       6.1**     

  19 L Satt373   9.2**               10.0**    

Gamma 12 H Satt317   14.5**                   9.2* 

Total 5 A1 Satt211                   18.8**** 13.8* 

  4 C1 Satt136               5.8*       14.9* 

All plots were grown during the 2009 growing season in Ridgetown, Ontario, Canada. 
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Table 3.8: QTL that could be identified in more than one location in the studies Wohleser (2007), 

Dwiyanti et al. (2007), and  Li et al. (2010) and the populations Keszthelyi A.S. x PRO 2995R (07-223), 

Keszthelyi A.S. x 2355RR (07-225)and Keszthelyi A.S. x RCAT Ruthven (07-226). 

Trait Ch LG  Marker 
Wohl. et al.  Dwiy et al.  Li et al. 07-223 07-225 07-226 

  R2   χ 2   R2   R2   R2   R2 

QTL found across two locations  

Alpha 14 B2 Sat_177           6.6****             

  6 C2 Satt079   19.8**                     

  6 C2 Satt100   19.3***                     

  6 C2 Satt134   20.1***                     

  6 C2 Satt289   20.9***                     

  6 C2 Satt557   26.1****                     

  2 D1b Satt266           4.95****           

  12 H Satt181   13.9**                     

Delta 8 A2 Sat_383           4.7****             

Gamma 2 D1b Satt266           7.2***             

  18 G Satt199           5.1**             

Total 10 O Satt592           4.5****             

QTL found across three locations  

Alpha 6 C2 Satt363   14.1**                     

  6 C2 Satt365   23.6**                     

  6 C2 Satt376           10.2***             

  6 C2 Satt489   20.9***                     

Gamma 6 C2 Satt286           9.7***             

  10 O Satt576           7.3***             

Total 6 C2 Satt376           8.0****             

  6 C2 Satt286           5.8****             
All plots were grown during the 2009 growing season in Ridgetown, Ontario, Canada. 
*, **, ***, **** - represents significance at 0.05 ≥ p ≥ 0.01, 0.01 ≥ p ≥ 0.001, 0.001 ≥ p ≥ 0.0001 and p ≤ 0.0001 probability 
respectively. 
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Figure 3.1 A,B,C,D: Frequency distributions of (A) δ-, (B) α-, (C) γ-, and (D) total tocopherol concentration in the seeds of 94 soybean RILs from 

the cross between Keszthelyi A. S. x PRO 2995R grown during the 2009 growing season in Ridgetown, Ontario, Canada. Parental means of each 

trait has also been provided (A denotes the mean of Keszthelyi A.S. while B represents the mean of Pro 2995RR). 
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Figure 3.2 A,B,C,D: Frequency distributions of (A) δ-, (B) α-, (C) γ-, and (D) total tocopherol concentration in the seeds of 45 soybean RILs from 

the cross between Keszthelyi A. S. x RCAT Ruthven grown during the 2009 growing season in Ridgetown, Ontario, Canada. Parental means of 

each trait has also been provided (A denotes the mean of Keszthlyi A.S. while B represents the mean of RCAT Ruthven). 
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 Figure 3.3 A,B,C,D: Relative frequency distributions of (A) δ-, (B) α-, (C) γ-, and (D) total tocopherol concentration of the F4:5 populations derived 

from the crosses Keszthelyi A. S. x PRO 2995R (7223), Keszthelyi A. S. x 2355RR (7225) and Keszthelyi A. S. x RCAT Ruthven (7226) which were 

grown during the 2009 growing season in Ridgetown, Ontario, Canada. 
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GENERAL DISCUSSION 

The purpose of this thesis was to both identify new and validate existing molecular 

markers that are associated with tocopherol concentration in soybean seed. Four hundred SSR 

markers were used for their co-dominant and highly repeatable nature to perform genome-

wide scans on high yielding, locally adapted parents (2355RR, PRO 2995R and RCAT Ruthven) 

and a parent that naturally exhibits high α- tocopherol concentration (Keszthelyi A.S.) to 

identify genetic regions responsible for tocopherol production in soybean seed. This thesis also 

used three F4:5 RIL populations derived from these parents to validate markers that have been 

previously associated with tocopherol concentration. The results of this study and previous 

literature were compared. 

 

 The parent 2355RR had the lowest tocopherol concentration of all parents and the 

progeny of its cross with Keszthelyi A.S. also had the lowest tocopherol concentration when 

compared to the other two validation populations of this study. However, some lines of 

population, 07-225, had higher ɣ-, δ- and total tocopherol profiles than either the Keszthelyi 

A.S. or 2355RR parents suggesting transgressive segregation had occurred. The parent PRO 

2995R had the most favourable tocopherol profile of all the adapted lines and its progeny 

(population 07-223) exhibited the highest tocopherol concentration of all populations on 

average. Some lines in the 07-223 population also displayed transgressive segregation for γ-, δ- 

and total tocopherol concentration. The Keszthelyi A.S. x RCAT Ruthven cross (population 07-

226) showed an average tocopherol concentration when compared to other populations of this 

study but displayed transgressive segregation for γ-, δ- and total tocopherol concentration. All 

populations used in this study showed elements of transgressive segregation suggesting that 
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favourable alleles from all parents contributed to improved tocopherol concentration in each 

population of this study.  

In the mapping population (07-225) of this study, 21 markers found on chromosomes 8, 

4, 2, 17, 18, 20, 9, 19, 7 and 3 (LGs A2, C1, D1B, D2, G, I, K, L, M and N) were associated with α- 

tocopherol production. Thirty one epistatic interactions (4 QTL-QTL, 27 Random-QTL) were also 

identified.  Four markers (and three epistatic interactions) were included in a multiple locus 

model explaining 91.5% of α- tocopherol accumulation in the population. Markers identified in 

Wohleser (2007) were not verified in this study. However, Satt440 (Ch 20; LG I) was significant 

for α- tocopherol consistent with the report by Li et al., (2010). The Sat_243 – Satt196 region of 

chromosome 9 (LG K) had a strong influence on α- tocopherol production in this population, 

which supported findings by Dwiyanti et al., (2007).   

The interval Sat_293–Satt196 found on chromosome 9 (LG K) was also highly significant 

(LOD = 20.12) for α- tocopherol accumulation. The markers Sat_293 (Ch 9; LG K) and Satt196 

(Ch 9; LG K) were highly associated with α- tocopherol accumulation (R2 = 39.3%, p<0.0001 and 

R2 = 38.1%, p<0.0001, respectively) using single factor ANOVA analysis. Sat_293 was included in 

the multiple locus model that included epistasis and explained the greatest amount of 

phenotypic variation in the study (Table 2.5). Satt196 (Ch 9; LG K) was also significantly 

associated with δ- and γ- tocopherol production. Further study observing the genetic region 

between Sat_243–Satt196 (Ch 9; LG K) may provide more insight as to the production of α- 

tocopherol in soybean seed.  

Validation populations of this study were able to support findings by Wohleser (2007) 

reporting Satt_079 (Ch 6; LG C2) and Satt358 (Ch 10; LG O) as being associated with α- 
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tocopherol production in the 07-223 population. The 07-226 population validated Satt381 (Ch 

9, LG K; R2 = 13.4%, p = 0.0489) which was also associated with α- tocopherol content in 

population 07-225 of this study. As such, investigating the wider region of Satt381 -Satt196 on 

chromosome 9 (LG K) could also help to understand the genetic source of α- tocopherol 

production in soybean seed. 

 

Delta tocopherol accumulation had the greatest number of QTL of any tocopherol trait 

in the mapping population of this study. Thirty seven markers across 15 different chromosomes 

were associated with δ- tocopherol concentration. The markers Satt354 (Ch 20; LG I) and 

Satt373 (Ch 19; LG L) were also reported to be associated with δ- tocopherol production by 

Wohleser (2007). Two hundred and four epistatic interactions (39 QTL-QTL, 109 Random-QTL) 

were found to influence δ- tocopherol concentration while the multiple locus model applied to 

this population accounted for the greatest amount of phenotypic accumulation of any 

tocopherol component in this study (R2 = 98.6%). Four intervals located on chromosomes 4, 13, 

9 and 19 (LG C1, F, K, L), including the interval Sat_293-Satt196 (Ch 9; LG K), were associated 

with δ- tocopherol concentration. The large number of minor QTL observed interacting with 

each other (epistasis) suggest that there are proportionately greater number of minor QTL 

involved in δ- tocopherol accumulation than other tocopherol traits observed in this study.  

In validation populations of this study, four QTL were detected in population 07-223 and 

11 QTL were associated with δ- tocopherol concentration in population 07-226. Satt155 (Ch 5; 

LG A1), Satt089 (Ch 8; LG A2) and Satt136 (Ch 4; LG C1) were associated with δ- tocopherol in 

both 07-225 and 07-223 populations. All δ- tocopherol QTL identified in population 07-226 

(except Satt528 [Ch 17; LG D2]) were also found in at least one other existing tocopherol QTL 
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study (Figure 3.6). Although there were a large number of QTL associated with δ- tocopherol 

accumulation, a great deal of phenotypic accumulation could be accounted for and validated 

across the populations of this study. 

 

Five markers were associated with the production of γ- tocopherol in the mapping 

population of this study (07-225). Satt211 accounted for the greatest amount of γ- tocopherol 

in this population (Ch 5, LG A1; R2 = 18.7%, p<0.0001). However, the γ- tocopherol QTL 

identified in this population was not supported by the findings of other tocopherol QTL studies 

(Dwiyanti et al., 2007; Li et al., 2010; Wohleser, 2007).  The multiple locus model used in this 

study accounted for the least amount of phenotypic variation (R2 = 53.2%) and only the interval 

Sat_293–Satt196 (Ch 9; LG K) could be significantly associated with γ- tocopherol accumulation 

(LOD = 2.63).  

In validation populations of this study (07-223 and 07-226), four markers were found to 

be significantly associated with γ- tocopherol in population 07-223. Satt317 (Ch 12; LG H) and 

Sat_341 (Ch 10; LG O) were associated with γ- tocopherol in population 07-226.  The marker 

Satt187 (Ch 8; LG A2) accounted for the greatest proportion of phenotypic accumulation (R2 = 

8.9%, p = 0.017) in population 07-223. In population 07-226, marker Satt317 (Ch 12; LG H) 

accounted for the greatest proportion of phenotypic variation (R2 = 16.1%, p = 0.0227) and was 

the only significant marker to be previously identified in another QTL study (Wohleser, 2007).  

 

Six individual QTL were found to be significantly associated with total tocopherol 

production in population 07-225 in this study. Satt211 (Ch 5, LG A1; R2 = 18.8%, p<0.0001) and 

Satt373 (Ch 19, LG L; R2 = 11.1%, p<0.0001) accounted the greatest proportion of total 
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tocopherol concentration. This result was not consistent with what Wohleser (2007), Dwiyanti 

et al., (2007), or Li et al., (2010) found in their studies. However, the multiple locus model 

explained 67% of total tocopherol concentration in this population, which compares favourably 

to Wohleser (2007). Only the interval Satt146-Satt343 (Ch 13, LG F; LOD = 2.6) was found to be 

significant for total tocopherol content in this population. Five markers were significantly 

associated with total tocopherol production in population 07-223 of this study, while six 

markers were identified in population 07-226.  Satt187 (Ch 8; LG A2) and Satt510 (Ch 13; LG F) 

accounted for the greatest amount of total tocopherol accumulation in population 07-223 (R2 = 

10.3%, p = 0.0089 and R2 = 9.0%, p = 0.0147 respectively) while  Sat_341 (Ch 10; LG O) and 

Satt136 (Ch 4; LG C1) accounted for the greatest amount of total tocopherol accumulation in 

population 07-226 (R2 = 15.1%, p = 0.0298 and R2 = 14.9%, p = 0.0335 respectively). Only the 

markers Satt136 (Ch 4; LG C1) and Satt211 (Ch 5; LG A1) were associated with total tocopherol 

concentration in more than one population.  

 

Dwiyanti et al., (2007) suggested that the markers Sat_243 (Ch 9; LG K) and Sat_167 (Ch 

9; LG K) played a major role in the effective conversion of γ- to α- tocopherol in soybean lines 

with a Keszthelyi A.S. background. The purpose of this experiment was to further verify and 

support these findings. However, many of the markers of interest on chromosome 9 were not 

associated with α- tocopherol concentration, or the parents of the population were 

monomorphic for markers at this region. Four QTL identified by Wohleser (2007) and 2 QTL 

identified by Li et al., (2007) could be validated by one of the three populations in this study. 

Seventeen percent of QTL found in the 07-225 could be validated by either a population of this 

study or in literature.  
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All QTL that were detected in the three populations of this study were associated with 

δ- tocopherol production (Table 3.7). In addition, 9 QTL (or 60% of all QTL) associated with a 

tocopherol trait in two populations were found to be associated with δ- tocopherol. Many 

favourable alleles contributing to δ- tocopherol accumulation were contributed by the parents 

2355RR, PRO 2995R and RCAT Ruthven.  This relationship demonstrates the apparent stability 

of δ- tocopherol QTL in the Ontario adapted parental lines used to derive the populations of 

this study.  

Three QTL associated with α- tocopherol were identified in more than one population. 

The markers Satt381 (Ch 9; LG K) and Satt079 (Ch 6; LG C2) were found to consistently explain 

the greatest amount of α- tocopherol accumulation in differing genetic backgrounds. These 

results support the notion that the region Satt381 – Satt196 on chromosomes 9 (LG K) is the 

most prominent genetic region of α- tocopherol accumulation in soybean seed. 

Markers found to be significantly associated with a tocopherol trait across multiple 

environments were reported by either Wohleser (2007) or Li et al., (2010). However, no QTL 

reported as stable across locations in Wohleser (2007) were significant in the Li et al., (2007) 

study, despite the fact that both studies used OAC Bayfield as a common parent. This result is 

not surprising since these studies were conducted in very different environments. However, 

further research looking into the repeatability and stability of these QTL across different 

environments is needed to provide insight as to the applicability of these QTL in commercial 

breeding programs. 
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A limitation of this study is that many of previously identified tocopherol QTL are not 

polymorphic between the parents of all validation populations.  The parents of the 07-223 

population were monomorphic for 54% of the QTL detected by Wohleser (2007), Dwiyanti et 

al., (2007), Li et al., (2010) and population 07-225 of this thesis. Similarly, the parents of the 07-

223 population were monomorphic for 61% of tocopherol QTL found in the previously 

mentioned tocopherol QTL studies. Lastly, there appeared to be a substantial amount of 

epistasis detected in the 07-225 population, as well as Wohleser (2007) suggesting that much of 

the QTL observed in these populations may be unstable across populations with differing 

genetic backgrounds. 

CONCLUSIONS 

The objective of this study was to determine the genetic regions of the soybean genome 

that are associated with tocopherol production in soybean seed. The markers used for this 

study were selected to best cover the soybean genome while observing time, labour and 

financial barriers. This experiment was able to verify and compile a list of 30 QTL associated 

with multiple tocopherol traits, 17 tocopherol QTL across multiple populations and 20 

tocopherol QTL stable across multiple locations. Multiple locus models used in this study 

accounted for between 57% and 98% of tocopherol accumulation, and also detected a large 

number of epistatic interactions.  

The effectiveness of a molecular marker used in a breeding program is determined by its 

ability to consistently account for a given phenotypic accumulation across a number of different 

genetic backgrounds and across a number of different environmental conditions. Further 

research testing the identified QTL and the Satt381 – Satt196 (Ch 9; LG K) region of the soybean 
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genome assessing the genetic and environmental stability of tocopherol accumulation in 

soybean lines with the Keszthelyi A.S. background is recommended. Results of this research 

would help soybean breeding programs determine the stability of tocopherol QTL and aid in 

implementing marker assisted selection for tocopherol traits in the future. 
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