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ABSTRACT 
 

 

 

GENETIC BASIS OF TOCOPHEROL ACCUMULATION IN SOYBEAN (GLYCINE 

MAX [L.] MERR.) SEEDS 

 

 

 

Eric Shaw                   Advisor: 

University of Guelph, 2012                 Dr. Istvan Rajcan 

 
This thesis is an investigation of the genetic basis of tocopherol accumulation in soybean 

(Glycine max [L.] Merrill) seeds. Soybean is the world’s most widely grown protein and oilseed 

crop and the principle source of vitamin E (tocopherols) as a supplement. Tocopherols (α-, β-, γ- 

and δ-isomers) are powerful antioxidants that contain human health benefits, including a 

decrease in the risk of lung cancer, heart disease and osteoporosis. The purpose of this research 

was to identify genetic and biochemical components affecting tocopherol accumulation in 

soybean seeds. The objectives were to: 1) investigate location and year effects on soybean seed 

tocopherol levels in the field; 2) determine environmental factors affecting soybean seed 

tocopherol levels under controlled conditions; 3) identify simple sequence repeat (SSR) markers 

that tag quantitative trail loci (QTL) for individual and total tocopherols; and 4) evaluate the 

potential role of VTE1, VTE3 and VTE4 genes in tocopherol accumulation using the candidate 

gene approach. Seventy nine recombinant inbred lines (RILs) derived from the cross between 

OAC Bayfield and OAC Shire were grown in the field at Elora, Woodstock and St. Pauls, ON, in 

2009 and 2010. The tocopherol components were quantified using high performance liquid 

chromatography (HPLC). The results showed a significant (p < 0.001) genotype, environment 

and genotype x environment effect for each tocopherol component. It was discovered that a 2 x 



 

phosphate fertilizer (K2SO4 at 1.0M/150mL) and 30 ˚C temperature treatment increased each 

tocopherol component, whereas drought had no effects. Single marker analysis identified 42 

QTL and interval mapping identified 26 QTL across 17 chromosomes. Significant two-locus 

epistatic interactions were found with a total of 122 and 152 in the 2009 and 2010 field seasons, 

respectively. The multiple locus models explained 18.4% to 72.2% with an average of 45.7% of 

the total phenotypic variation. The candidate gene approach using nucleotide sequences from the 

coding regions identified two single nucleotide polymorphisms (SNPs) in VTE1, five SNPs in 

VTE4 and none in VTE3. The SNPs were predicted to cause functional protein changes and the 

genes co-localized with some of the identified QTL. The results of this study provide a better 

understanding of the environmental factors and genetic mechanisms that influence the 

accumulation of tocopherols in soybean seeds. 
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General Introduction 

 

Soybean (Glycine max [L.] Merrill) is the most widely grown protein and oilseed crop 

and one of the most profitable agriculture commodities in the world. As demand increases, the 

prices of staple food crops such as soybeans have continued to rise in the past few years with 

increases up to 1.8 fold (Evans et al., 2002; Sasaki, 2008). Rich in protein and oil, soybeans 

contain other valuable properties such as the antioxidant, vitamin E (tocopherols), which has 

proven to be beneficial to human health (Dolde et al. 1999). Clinical studies have shown that the 

four tocopherol isomers that compose vitamin E (α-tocopherol, β-tocopherol, γ-tocopherol, and 

δ-tocopherol) have human health benefits including protection against chronic inflammation, 

decrease in lung cancer risk, osteoporosis, heart and cardiovascular disease, enhanced immune 

function, and anti-inflammatory properties (Cho et al., 2007; Mahabir et al., 2008; Boschin and 

Arnoldi, 2011).  

Vitamin E was discovered in 1922 during a rat feeding experiment to restore fertility. 

Evans et al. in 1922 found that a large dose of vitamin E was necessary to preserve fertility after 

a resorption gestation within virgin rats (Emerson and Evans, 1943).  

Tocopherols are lipid-soluble antioxidants that scavenge free radicals (reactive oxygen 

species, ROS), thereby, protecting polyunsaturated fatty acids from lipid peroxidation. They are 

quickly degraded in soybeans when subjected to frying conditions (Kim et al., 2007; Kobayashi 

and DellaPenna, 2008).  The seeds of soybean contain approximately 92.8%, 5.4% and 1.8% of 

the total tocopherols in the cotyledons, seed coat and embryo axis, respectively (Yoshida et al., 

1998). 
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 Soybean seeds are grown mainly for their protein (40%) and oil (20%) concentration. The 

value of the crop lies mostly in feedstock use and some food applications of the protein, as well 

as industrial and cooking oil (Hove et al., 1978; Savage, 1988). However, among the many 

beneficial components that are available in soybean seed, vitamin E has drawn recent attention as 

soybeans are a substantial natural source. The relative percentages of the four tocopherol isomers 

in soybean oil are 4-10% α-tocopherol, 1-3% β-tocopherol, 60-66% γ-tocopherol, and 24-30% δ-

tocopherol, while the total amounts of tocopherol in the seeds range from 100-2000 ug/gˉ¹ 

(Evans et al., 2002; Kim et al., 2007; Boschin and Arnoldi, 2011). It should be noted that 

additional compounds known as tocotrienols, made up of four isomers (α- tocotrienol, β- 

tocotrienol, γ-, tocotrienols and δ- tocotrienol), are also components of vitamin E, but appear in 

very low concentrations in soybean seeds and are not detected by HPLC; therefore, they are not 

included in this study.   

 Comparing nine samples of legume seed, including horse bean (Vicia faba var. minor), 

common bean (Phaseolus vulgaris), broad bean (Vicia faba var. maijor), field pea (Pisum 

arvence), flat pea (Lathyrus sativus) kidney bean (Phaseolus coccineus), lentil (Lens culinaris), 

pea (Pisum sativum) and soybean (Glycine max), revealed that soybean has the highest crude 

protein levels (37.6% dry matter) and the highest vitamin E concentration at 187 i.u.kg¯¹. This 

finding makes soybean an exceptional candidate for tocopherol studies (Grela and Günter, 1995). 

The present study will concentrate on factors that affect the seed accumulation of three 

tocopherol isomers (α-, γ-, δ- tocopherol) and total tocopherols within the soybean seed. Beta 

tocopherols were too small to detect via HPLC, therefore, were excluded from this study. 

 In recent years, plant breeders have shifted their focus to increasing the nutritional benefit 

of field crops for functional food applications. Soybeans are already used widely in the animal 
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and human food markets, making them an excellent choice for creating new cultivars that not 

only possess both high levels of oil and protein, but also contains high levels of tocopherols. 

Many studies have shown that a large genetic variation exists for the four tocopherol components 

(Almonor et al., 1998; Yoshida et al., 1998; Grela and Günter, 1995). This variation became the 

focal point for this thesis.  

While the exact mechanism(s) that are responsible for increasing the accumulation of 

tocopherols in soybean seeds is not well known, many environmental factors, such as growing 

temperature and drought are known to influence tocopherol levels (Britz et al., 2008). 

Agronomic practices, including planting date, row spacing and planting density also play a 

significant role attesting to how easily the levels of tocopherols can be changed (Seguin et al., 

2010). Studies on α-tocopherol concentrations have shown that warmer temperatures or drought 

stress during seed development increases levels by several fold in soybean seeds, but total 

tocopherols remain constant (Britz et al., 2008).  The conclusions that were drawn from these 

studies affected by genotype x environment (GxE) interactions, which usually showed significant 

effects (p < 0.05) for each location and year, but were not always repeatable. Environmental 

factors play a major role, although the exact way that temperature, photoperiod or precipitation 

volume influence tocopherol accumulation is not clearly defined. Other factors such as fertilizer 

concentration may affect tocopherol levels in the seed. One study reported no significant effect 

on tocopherol levels under phosphorus (P) and potassium (K) treatments in the field (Seguin et 

al., 2010). However, another study looking at isoflavone accumulation in soybean seeds reported 

significant increases in daidzein, genistein and total isoflavone levels when increased amounts of 

K were applied to fields with low K levels (Vyn et al., 2002; Zhang et al., 2003).  
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 The exact genetic and physiological mechanism(s) that control tocopherol accumulation 

or removal are unclear. In a breeding program, it is important to identify unique germplasm that 

shows variation for a given trait; therefore, the first step was to identify germplasms that 

contained high, medium and low levels of tocopherols. An inventory of 1,109 soybean 

germplasm that have a unique and widely diversified tocopherol profiles has been produced 

(USDA, 2004; Fazo et al., 2011). The literature on genotypic variability for tocopherol 

concentration in soybeans is scarce. Quantitative trait loci (QTL) analysis was recently 

performed on 79 recombinant inbred lines (RIL) derived from OAC Shire x OAC Bayfield. The 

research identified tocopherol QTL on chromosomes 1, 2, 6, 8, and 13 (Wohleser, 2007).  

In this thesis, I used a RIL population derived from the cross OAC Shire x OAC Bayfield 

to identify molecular markers that tag QTL and sequenced the exons of the three fundamental 

genes (VTE1, VTE3 and VTE4) controlling tocopherol levels. Identifying simple sequence repeat 

(SSR) markers associated with QTL and the intermediates within the tocopherol biosynthetic 

pathway will be useful for future studies as it contributes to the understanding on how 

tocopherols accumulate in soybean seeds. As the demand for functional foods and natural 

tocopherols increases, this research will contribute to the knowledge of soybean as a source of 

tocopherols to benefit human health.  
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1.1 Soybean History 

 

Soybean (Glycine max [L.] Merrill) is one of the most profitable legume species in the 

world. In China, its origin dates back over 13,000 years. The Chinese name for soybean means 

“better bean” (Hillian, 2008). Soybeans were first introduced to Europe in the 18
th

 century and to 

North America in 1765 by Samuel Bowen. They were first cultivated in Canada in 1855 and 

were introduced to Ontario by Charles A. Zavitz (Shurtleff and Aoyagi, 2010). Prior to World 

War II soybeans were mainly used for industrial applications and as a forage crop until breeding 

made it an edible food commodity. Southern Ontario is the main soybean producing area in 

Canada with other growing areas being Quebec, Manitoba, Alberta and Prince Edward Island. In 

2008/2009 Canada was the 7
th

 largest soybean producing country in the world with a total of 

3.060 metric tonnes produced (1.3% of the world production) (Shurtleff and Aoyagi, 2010).  On 

average, Canada grows close to 3 million acres annually and approximately 981,400 hectares 

were seeded in Ontario in 2011 (Agriculture and Agri-Food Canada, 2012). Canada is one of the 

leaders for premium food grade soybeans, which are exported mainly to Japan, Malaysia, and 

Singapore. Food grade uses include soy beverage, miso, tofu, natto and soy sauce (Shurtleff and 

Aoyagi, 2010; Grain Commission of Canada, 2011).  

Soybeans have an excellent profile containing 20% oil and 40% protein. They also 

contain 35% carbohydrates, isoflavones, numerous fatty acids, vitamins and minerals. The 

composition also includes 8% seed coat, 90% cotyledons and 2% hypocotyl axis (Agriculture 

and Consumer Protection, 2012). 

Over 200 soybean cultivars are commercially available in Canada and the variety chosen 

by producers depends on the crop heat units (CHUs) and relative maturity, disease and insect 
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resistance, lodging, and other agronomic traits from performance trial data (Agriculture and 

Agri-Food Canada, 2012). Breeders are always selecting traits based on producer needs and 

exotic germplasm may serve as a great resource to introduce new genes to meet those needs. 

 

1.2 Vitamin E Discovery 

 

 Vitamin E, composed of α-tocopherol, β-tocopherol, γ-tocopherol and δ-tocopherol, was 

first discovered in 1922 from a study that focused on reproduction and fertility in rats (Emerson 

and Evans, 1943). That study took place at the University of California where research physician 

Dr. Herbert M. Evans and his assistant Katharine S. Bishop were feeding a restricted diet to 

female rats with hindered fertility and sterile male rats; when the lettuce in the diet was 

supplemented with wheat germ oil and egg yolk, fertility was restored (Olcott and Mattil, 1937). 

After determining that neither vitamins C, A, or D were responsible, they determined that it must 

be an unknown substance and at the time called it “Factor X” (Dörmann, 2006).  Within the year 

after conducting a lipid extract in lettuce, they found that “Factor X” was lipid soluble and in 

1925 named it vitamin E, a name thought of a year prior by Sure (1924) (Olcott and Mattil, 

1937). Since it played a major role in fertility restoration, they decided on the name 

“tocopherol”, derived from the Greek word “tocos”, meaning birth, and “phorein”, meaning to 

bear (Evans et al., 1936). In the following years Evans and his associates used other plant 

sources to isolate the isoforms (β-, γ-, δ-) of the vitamin (Evans et al., 1936; Olcott and Mattil, 

1937). Fernholz et al. (1938) was the first scientist to elucidate the structure of α-tocopherol.  
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1.3  Tocopherol Chemical Structure 

 

Vitamin E consists of two components (tocopherols and tocotrienols), both of which are 

found in the α-, β-, γ-, δ- forms (8 isomers), and serves as an effective free radical scavenger 

(Seker et al., 2008). Tocopherols are lipid-soluble compounds that protect cell membranes from 

lipid peroxidation by interacting with reactive oxygen species (ROS). This classifies them as 

natural antioxidants (Packer et al., 2002). The 6-chromanol ring structure is the basic structure in 

all compounds with vitamin E activity including all substances containing tocopherols and 

tocotrienols also known as “tocochromanols” (Figure 1.1) (Dörmann, 2006). The difference 

between tocopherols and tocotrienols is within the side chain phytyl tail, which is saturated in 

tocopherols and unsaturated in tocotrienols.  

Typically there is a tendency to release hydrogen atoms depending on the number of 

methyl groups (Rani et al., 2007). The difference between the chemical structures for α-, β-, γ-, 

δ- tocopherols is found within the position and number of methyl groups on the aromatic 

chromanol ring (Figure 1.2). For α-tocopherol, there is a maximum of three, for β- and γ-

tocopherol there is two (different positions) and one for δ- tocopherol (Rani et al., 2007). The 

RRR form of α-tocopherol was chemically synthesized by Scott et al. (1976), and the all-racemic 

form was chemically synthesized by Karrer et al. (1938).  

The majority of the research states that only α-tocopherol in its natural form can be 

distributed and metabolized within the human body, although new research suggests that γ-

tocopherol can be utilized as well (Tavva et al., 2007). Natural tocopherols are present in a 

variety of higher plants such as wheat germ oil, corn, sunflower seed, canola, alfalfa, lettuce and 

soybean oil (Wang et al., 2007).  
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1.4  Tocopherol in Soybean Seed 

 

Little literature has been dedicated to identifying the factors controlling tocopherol 

accumulation in soybeans. Information on genotypic variability, the genes that affect the four 

tocopherol isomers (α-, β-, γ-, δ-), or the sub-cellular and sub-organellar localization of the 

tocopherol biosynthetic pathway is not available (Clemente and Cahoon, 2009). 

 Soybeans have relatively high oil concentration (20%) and represent 30% of the total 

vegetable oil consumed in the world (FAO, 1999; Rani et al., 2007). Since tocopherols are lipid 

soluble they are found quite readily in the oil. However, the greatest α-tocopherol concentrations 

are found within photosynthetic tissues such as leaves and stems and only about 4% is found 

within the seed. The γ-, δ- tocopherol forms are found in the greatest amount within the seed 

(66% and 29%). The β-tocopherol form is found in very low concentrations within the seed, 

approximately 1% of the total tocopherol concentration (Kim et al., 2007; Wang et al., 2007). 

While it is true that α-tocopherol is linked with major health benefits and can be utilized in the 

human body, recent studies have shown that γ-tocopherol may have significant health promoting 

properties, as well such as reducing inflammation and swelling in joints and decreasing the risk 

of prostate cancer (Britz et al., 2008; Boschin and Arnoldi, 2011). 

 Temperature plays an important role in tocopherol accumulation in soybean seed. 

Increasing temperature from 23 to 28ºC can significantly increase tocopherol levels, especially 

within the first 2-4 weeks of seed set (Britz et al., 2008).  Also, severe drought can reduce the 

holding capacity of the soil to 10-25% and cause a large increase in tocopherol accumulation in 

soybean seed (Britz et al., 2008).  However, some of this substantial gain comes at the cost of 

yield due to these stressful environmental effects. 
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 Elevated K nutrition is known to increase isoflavones levels in soybean seed (Vyn et al., 

2002). However, there is limited information on the effect of P and K on tocopherol levels in 

soybean seed. Sequin et al. (2010) have shown that found no significant effects on soybean seed 

concentrations in the field. It might be possible that under controlled conditions, P and K could 

potentially affect tocopherols in soybean seed.  

 The three major fatty acids oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3) 

found in soybean oil have been correlated to tocopherol levels (Wohleser, 2007). The 

unsaturated fatty acids are important in vitamin E levels because they play a significant role in 

the oxidation of the oil. The oxidative stability of the oil is highly correlated to tocopherol and 

fatty acid levels (Rani et al., 2007). Higher levels of 18:1 appear to be positively correlated to 

tocopherol levels, whereas, 18:2 and 18:3 are negatively correlated (Wohleser, 2007). The 

desaturated alleles for ω-3 and ω-6 have a significant role in tocopherol levels (Almonor et al. 

1998). Genotypes with the dominant alleles (AA) that govern the effect of the ω-6 desaturase 

expressed increase accumulation of tocopherols, while regardless of the alleles, ω-3 desaturase 

activity affects total tocopherol level within the seed (Almonor et al. 1998). 

 Other research showed that total tocopherol concentration is greater with soybean lines 

that had reduced palmitate concentration (Scherder et al. 2006). This was evident when only the 

lines with the fap1 and fap3 alleles have increased total tocopherol and reduced palmitate levels 

(Scherder et al. 2006). In summary, numerous factors such as temperature, drought stress, and 

fatty acids appear to influence or directly affect tocopherol accumulation in soybean seed. 
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1.5  Tocopherol Content Heritability in Soybean Seed 

 

 Recently, the demand for soybean seeds has been increasing not only as a rich source of 

vegetable oil and protein, but due to its functional food properties. Polyphenols, isoflavones, 

sterols and tocopherols in soybean seed are of interest to the nutraceutical industry because of 

these human health benefits (Wang et al., 2007). Research on the heritability of quality traits in 

soybean seed is relatively limited. Tocopherol heritability is not well known and, therefore, plant 

breeders in the past few years have made this an objective. Recently, a soybean variety with high 

α-tocopherol concentration (Keszthelyi A.S.) was crossed with a wild soybean strain that was 

high in lutein. The α-tocopherol concentration in F2 generation ranged 0.1-0.6 mg/g meal, 

whereas the parent contained 0.427-0.643 mg/g meal. This indicated that the broad and narrow-

sense heritability in the F2 seed was 0.598 and a generation later was found to be 0.693 (F3 seed) 

(Wang et al., 2007). The finding suggests that α-tocopherol is a highly heritable trait. The study 

also found a positive correlation in both the F2 (r = 0.420; p < 0.01) and F3  (r = 0.228; p < 0.01) 

generations between α-tocopherol and lutein concentration (Wang et al. 2007). When viewing 

the reduced palmitate study, the lines with reduced palmitate showed that the broad sense 

heritability for total tocopherols ranged from 0.80 to 0.93 on an entry mean basis (Scherder et al., 

2006). 

Therefore, it appears that α-total tocopherol concentration in soybean seed is a highly 

heritable trait. This is advantageous for breeders because it will allow them to use the high oleic 

and low linolenic fatty acid profiles as a tool for selection of increased level of tocopherols.  
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1.6  Tocopherol Utilization in the Human Body 

 

 Tocopherols can be found in a variety of natural sources such as canola, sunflower, 

cottonseed, corn, spinach, lettuce, broccoli, kiwi, mango, peanuts, wheat germ oil, almonds and 

soybeans (Table 1.1). Tocopherols protect cell membranes by scavenging free radicals, therefore, 

are beneficial for humans. Vegetable oils are the most abundant natural source since tocopherols 

are found in the greatest amounts, especially in soybeans. Many studies have found that the 

potency of the natural form was 1.36 fold greater than the chemically synthesized form of 

vitamin E (Muller et al., 2005). The natural form of any tocopherol isomer is important in a 

nutritional sense because the human body cannot metabolize the synthetic form. Only the natural 

RRR chiral form of α-and possibly the γ-tocopherol is retained in humans because the α- and γ-

tocopherol transfer proteins (α- and γ- TTP) found in the liver are very sensitive in the 

recognition of the chemical structure and only the ones that are in the natural form will be 

identified and used (Tavva et al., 2007). The synthetic form of α-tocopherol is made up of a 

mixture of 8 isomers (RRR, RSR, RRS, RSS, SRR, SSR, SRS and SSS); therefore, it is not 

recognized by α-TTP (Figure 1.3) (Packer et al., 2002).  Nonetheless, all forms of tocopherols 

are absorbed in the human intestine and then transported to the liver where bio-discrimination 

takes place. Only the RRR form is delivered to the circulatory system to be distributed among 

the tissue (Traber and Leonard, 2001). 

The other natural tocopherol isomers (β-, γ-, δ-) are believed to be utilized in human 

tissues as well, but because of the significant lack of research in this area, no clear answer can be 

found. Their regulation and uptake is believed to be reliant on other tocopherol transfer proteins 

(TTP) (Britz et al., 2008). Only the natural tocopherol form can be elucidated for use in the 
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human body; therefore, soybean seeds because of their high natural total tocopherol levels are an 

excellent candidate to be used as a natural extract to benefit human health.  

 

1.7  The Tocopherol Biosynthetic Pathway 

  

 The tocopherol biosynthetic pathway is being investigated to identify its role and the 

genes involved in the expression of the pathway. Photosynthetic organisms such as plants and 

cyanobacteria are the only organisms that have the capability to synthesize tocopherols. 

However, exact mechanisms and functions controlling the expression of the genes involved are 

not well understood (Eckardt, 2008). In humans, tocopherols serve as antioxidants and more 

recently, they have been hypothesized to regulate signal transduction and gene expression (Azzi, 

2007). In plants, the enzymes involved in the tocopherol biosynthetic pathway and how they 

affect the composition and concentration of tocopherols within photosynthetic organisms are 

well known (Figure 1.4). 

The components that synthesize tocopherols are localized in plastidic membranes 

(Kobayashi and DellaPenna, 2008). Derivatives that synthesize tocopherols originate from the 

main pathways, the methylerythritol phosphate pathway (MPP) and the shikimate pathway (SP). 

The MPP synthesizes phytyldiphosphate, which contributes to the makeup of the tocopherol side 

chain (Li et al., 2010). The SP generates homogentisic acid (HGA) produced by p-hydroxy-

phenylpyruvate dioxygenase (HPPD), which makes up the aromatic 6-chromanol ring structure 

(Bramley et al., 2000; Norris et al., 1988).  The catalyst is HGA; it is condensed with 

homogentisate phytyltransferase (HPT) to produce 2-methyl-6-phytylbenzoquinol (MPBQ). 

MPBQ is methylated by MPBQ methyltransferase (MPBQ MT) to produce 2, 3-dimethyl-6-
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phytyl-1,4-benzoquinone (DMPBQ).  MPBQ and DMPBQ are cyclised by tocopherol cyclase 

(TC) to produce γ-/δ-tocopherols in which γ-tocopherol methyltransferase (γ-TMT) is used to 

methylate the γ-/δ-tocopherols forms to produce α-/β-tocopherols (Kobayashi and DellaPenna, 

2008). 

 The tocopherol biosynthetic pathway has been well categorized, yet much more research 

is needed to determine the subcellular and sub-organellar location in photoheterotrophic plastids. 

Fortunately, Arabidopsis thaliana mutants that are defective in certain steps have been generated. 

Recently, an Arabidopsis thaliana mutant (VTE2) defective for the enzyme HPT was generated 

and lacked all pathway intermediates as well as tocopherols. Studies on VTE2 mutants defective 

in HPT have shown that tocopherols protect against photooxidative stress under controlled 

conditions and are very important in early seedling development and dormancy. Tocopherols are 

also important in phloem loading in mature leaves, especially at normal temperature by 

contributing to repid reductions in photoassimilate export which has been shown to coincide with 

callose deposition in phloem parenchyma transfer cell (Eckardt, 2008; Kobayashi and 

DellaPenna, 2008). 

 In maize, tocopherol QTL analysis found that up to 65% of the markers were co-located 

in certain genomic regions, including the candidate genes PDS1 (HPPD) and VTE4 (γ-TMT). It 

was shown that a single QTL may affect more than one tocopherol (Chander et al., 2008). In 

Arabidopsis, it was suggested that a mutation in the gene VTE5 (PCT) lead to the discovery of 

its function in which that gene encoded a protein with phytol kinase activity, directly involved in 

the tocopherol biosynthetic pathway (Gilliland et al., 2006; Chander et al., 2008).   

 The biosynthetic pathway in sunflower has shown that after exploring mutant inbred 

lines, three loci (m = Tph1, g = Tph2, and d) were shown to disrupt synthesis in α-tocopherol 



15 

 

production. The study also demonstrated that loci that lost function in m, g, and d mutations 

enhanced synthesis of other tocopherols especially g, which knocks out γ-TMT activity and 

increases γ-tocopherol making up to 90% of the total tocopherol level in sunflowers (Tang et al., 

2006). Although this study sheds some light in the functions of the particular enzymes in other 

plants, it is uncertain if the same mutation in the given genomic regions would have the same 

effect in soybeans. Another study attempted to increase α-tocopherol concentration; it was 

investigated because this is the form that is most readily metabolized in the human body. The γ-

TMT gene was isolated from beefsteak mint plant (Perilla frutescens) and over-expressed in 

soybean seed. This was accomplished through a seed-specific promoter and showed a 10.4-fold 

increase in α-tocopherol and a 14.9-fold increase in β-tocopherol concentration (Tavva et al., 

2007). Since γ-tocopherol makes up 66% and α-tocopherol 4%, of the total tocopherol level in 

soybean seed, it would be advantageous to increase the α-tocopherol significantly, although not 

at the expense of γ-tocopherol since both forms can be utilized in the human circulatory system 

and can transfer to cells (Kim et al., 2007). 

Using the candidate gene approach, the gene VTE1 = TC has been sequenced in order to 

align the sequences of 15 RIL (5 high, 5 low, 5 medium tocopherol concentrations) to identify 

single nucleotide polymorphism (SNPs). The coding regions of VTE3 = MPBQ MT and VTE4 = 

γ- TMT has also been sequenced using OAC Bayfield, OAC Shire, T9-1 H, T9-50 M, and T9-

49L.  
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1.8  Human Health Benefits of Vitamin E 

 

 Since the discovery that vitamin E restores fertility in rats  vitamin E has contributed to 

some monumental breakthroughs in human health and has been classified as an essential 

micronutrient (Emerson and Evans, 1943). In Western diets, vegetables oils, nuts, grains and 

seeds are excellent natural sources of vitamin E and can easily be extracted or used in 

margarines, dressings, mayonnaise among others (Table 1.1) (Packer et al., 2002).  Oil-based 

products from soybeans can make up 30% of the vitamin E concentration consumed in the world 

(Tavva et al., 2007). The tocopherol concentration in soybean seeds is high, approximately 1000-

1500 ppm  or 2000 ug/gˉ¹ (4% α-tocopherol, 1% β-tocopherol, 66% γ -tocopherol, and 29% δ-

tocopherol) (Kim et al., 2007). Despite medical evidence that α-tocopherol is the only form 

transferred to cells for delivery to tissues, γ –tocopherol has been associated with a decrease in 

prostate cancer, coronary heart disease, and cardiovascular disease (Scherder et al., 2006; Seker 

et al.,2008).  In clinical studies, 400 IU of tocopherol consumption led to a reduction in the risk 

of cancer, atherosclerosis, and Alzheimer’s and Parkinson’s diseases with improved response in 

the immune system (Rani et al., 2007).  

 Although a vast majority of the literature has suggested that α-tocopherol is the only form 

that can be used in humans because the other forms are not recognized by the α-TTP in the liver, 

new evidence has suggested that α-TTP interacts and transfers both α-/γ- tocopherols (Mahabir et 

al., 2008). The majority of natural vitamin E consumed in North America is from soybeans, the 

greatest being in the γ –tocopherol form (Emerson and Evans, 1943; Mahabir et al., 2008). It has 

been reported that increasing γ –tocopherol in the diet can help reduce coronary heart disease and 

increase serum γ –tocopherol in healthy women (Zang et al., 2001).  Other important health 
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benefits in consuming natural γ –tocopherol such as the prevention of lung cancer have been 

reported (Mahabir et al., 2008). Αlpha tocopherol also has anti-inflammatory activities, inhibits 

proliferation of lung cancer cells, and aids in the detoxification of nitrogen dioxide (Mahabir et 

al., 2008; Boschin and Arnoldi, 2011). The focus of future tocopherol studies in terms of the 

health benefits should explore both α- and γ- tocopherol activities.  This is the first new evidence 

that suggests a positive outlook for soybean breeders. Increasing not only the α-tocopherol form 

but the γ- tocopherol form may have many health benefits for the nutraceutical industry. 

 

1.9  Molecular Markers 

 

 Gregor Mendel is considered by many to be the father of genetics. Since his discoveries 

over a century ago, genetics has played an important role in humans, plants and animals 

(Tanksely, 1982). Much like Mandel, plant breeders in the past have relied on phenotype for 

selection using morphological markers based on visual characteristics, rather than genotype. 

Molecular markers provide a quick and reliable selection method (MAS) that offers a plant 

breeder savings in time, labour and money. MAS allows for the improvement or elimination of 

existing and newly developed genotypes in the early stages of development. Markers such as 

simple sequence repeats (SSRs) or microsatellites are segments of DNA that allow you to mark 

areas (flag them) on a chromosome that are associated with a particular trait or other markers 

(Rajcan et al., 2011). Markers have other uses besides MAS, including DNA fingerprinting, 

genome mapping, and pedigree analysis etc. Many marker types exist such as biochemical, 

protein based and morphological markers. Today, two main types of markers are used in plant 

breeding; PCR-based DNA markers such as SSRs (Figure 1.5), which rely on polymerase to 
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amplify DNA; and, hybridization-based DNA markers such as restriction fragment length 

polymorphism (RFLPs), which use unique sequences from point mutation, insertions, and 

deletions on the chromosome among others (Gupta and Vashney, 1999).  

Quantitative traits are controlled by numerous genes and can be under a large 

environmental influence; therefore, a developed plant population could vary for a given trait 

since multiple genes control it. SSRs occur randomly and frequently in eukaryotic genomes. 

SSRs contain 1-6 nucleotides, which are usually tandem repeats that are flanked by conserved 

DNA sequences. PCR is used to amplify the repeated regions and specific primers are used. 

Electrophoresis on an agarose gel is used to identify through visual observation any 

polymorphisms that occur as a result of the variable number of tandem repeated nucleotides at a 

locus (Rajcan et al., 2011).  

Soybeans have over 1,850 markers that have been developed and aligned to 20 

chromosomes (Cregan et al., 1999; Song et al., 2004). Very few studies have attempted to map 

QTL for total and individual tocopherol components. One study found two markers (Sat_243 and 

Sat167) associated with α-tocopherol on chromosome nine (Dwiyanti et al., 2007). Another 

study looked at QTLs from a cross between OAC Bayfield x  Hefeng 25 and found four QTL 

associated with α- tocopherol, eight QTL associated with γ-tocopherol, four QTL associated with 

δ-tocopherol, and five associated with total tocopherols. However, only three markers (Satt376, 

Satt286, and Satt266) were associated in multiple environments for multiple components out of 

the 107 SSR tested, which demonstrates the complexity and environmental sensitivity of this trait 

(Li et al., 2010). 
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1.10  Soybean Genome 

 

The soybean genome has recently been sequenced by using the whole-shotgun genome 

approach that was applied over 13 million times.  The sequence has been integrated with 

physical and high density genetic maps (Schmutz et al., 2010). Soybean contains 20 

chromosomes (Ch) or linkage groups (LG) (Figure 1.6) covering 975 Mb with over 46,430 

protein-coding genes (Fazo et al., 2011). This is a significantly larger genome than other plants 

such as Arabidopsis (157 Mb), grape (505 Mb) and rice (389 Mb). The larger genome size is 

hypothesized to have occurred through two polyploidization events millions of years ago, which 

has also resulted in many duplicate genes and regions. The duplication events were followed by 

many chromosome arrangements, gene diversification and loss. The majority of the genes (78%) 

are located at the ends of the chromosomes, which accounts for nearly all of the recombination 

but less than half of the chromosome themselves (Schmutz et al., 2010). The genome is currently 

said to be 98% complete based on comparisons with the over 1.6 million expressed sequence 

tags (ESTs). With the current genetic soybean sequences available through various web 

programs, including the National Center for Biotechnology Information (NCBI) and Phytozome 

v.8.0, molecular geneticists and breeders are able to accurately identify the genetic basis of many 

of the traits being studied, which may help accelerate the development of new cultivars. 

1.11   Concluding Remarks 

Two hypotheses can be generated for this thesis as follows: Environmental conditions 

affect the tocopherol concentrations in soybean seeds and tocopherol accumulation is under the 

control of different genetic mechanisms dependant on soybean genotypes used. The objectives of 

this thesis were to: 1) investigate the effect of location and year on soybean seed tocopherol 



20 

 

levels in the field; 2) determine environmental factors affecting soybean seed tocopherol levels 

under controlled conditions; 3) identify SSR markers that tag QTL for individual and total 

tocopherols and; 4) evaluate the potential role of VTE1, VTE3 and VTE4 genes in tocopherol 

accumulation using the candidate gene approach.  
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Table 1.1 - Natural food sources of Vitamin E (US Department of Agriculture, 2004). 

Reproduced with permission.  
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Table 1.2 - Daily recommend dosage of Vitamin E based on gender and age (Hillan, 2008). 

Reproduced with permission.  
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Figure 1.1 - Chemical structure of tocopherol (top) and tocotrienol (bottom) (Food and 

Agriculture Organization of the United Nations and the World Health Organization Rome 1993; 

(Agriculture and Consumer Protection, 2012). Reproduced with permission. 
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Figure 1.2 - Structure and side-chains of the 4 tocopherol isomers (α-, β-, γ-, δ- tocopherols) 

(Wan et al., 2008). Reproduced with permission. 
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Figure 1.3 - Structural differences between natural α-tocopherol and the synthetic form (Traber 

and Leonard, 2001). Used with permission of the Linus Pauling Institute, Oregon State 

University. 
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Figure 1.4 - The α-tocotrienol (left) and α-tocopherol (right) biosynthetic pathways (Cahoon et 

al. 2003). Reproduced with permission.  
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Figure 1.5 - Polymorphic SSR marker Satt360 on 8% MetaPhor® Agarose gel using BRL 

Sunrise™ 96 horizontal Gel Electrophoresis System.   
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Figure 1.6 - The 20 soybean chromosomes containing the genomic structure and size (Schmutz 

et al, 2010). Reproduced with permission. 
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Chapter 2 

 

Tocopherol Accumulation in Soybean Seed 

Produced Under Various Field Environments   
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2.1 Abstract 
 

Soybean seeds (Glycine max [L.] Merrill) are a major source of tocopherols that contain 

many human health benefits such as a decrease in the risk of lung cancer and osteoporosis. 

Vitamin E is composed of eight isomers split into two groups, tocopherols and tocotrienols, both 

in the α-, β-, γ-, δ- isoforms, which have strong antioxidative capabilities that protect against 

lipid peroxidation. The objective of this study was to determine the impact of genotype, 

environment and genotype x environment on soybean seed tocopherols and to evaluate any 

relationship between the agronomic traits and tocopherols. During the summers of 2009 and 

2010, 79 recombinant inbred lines (RILs) from the cross OAC Bayfield x OAC Shire were 

grown in three replicated field trials in Elora, Woodstock and St. Pauls, Ontario. Significant 

differences (p < 0.001) for the α-, γ-, δ-, and total tocopherol concentrations were found among 

RILs using combined ANOVA for both 2009 and 2010. The two parental lines showed 

significantly different profiles with OAC Bayfield having greater tocopherol accumulation than 

OAC Shire at a majority of the field locations. The 2010 field season generated significantly 

higher tocopherol levels for all tocopherol components across most locations. Genotype, location 

and year differences were significant (p < 0.001) as well as genotype x location, location x year 

and line x year interactions. Broad sense heritability estimates revealed a moderate heritability 

value for α-, high for γ- and moderate for δ- tocopherols. The agronomic parameters were not 

significantly correlated with any of the tocopherol components. The only consistent correlation 

found among the agronomic trait was the well documented inverse correlation between protein 

and oil. The wide range in values for α-, γ-, δ-, and total tocopherols among the RIL population 

that exceeded those of both parents provides evidence for transgressive segregation involving 

different alleles that control the trait. The results show that soybean producers should take 
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locations and genotypes into account when growing soybean for enhanced tocopherol 

production. 
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2.2 Introduction 
 

 

  Soybean seed is the most widely grown protein and oilseed. The seed profile is composed 

of 40% protein, 20% oil and 35% carbohydrates (Dolde et al., 1999).  The demand for soybean 

has increased mostly for its protein and oil concentration. In recent years, however, an increased 

interest can also be attributed to soybeans nutraceutical properties. Soybean seed contains many 

beneficial components that include isoflavones, saponins, lutein, and vitamin E (tocopherols) 

(Seguin et al., 2010). Soybean seed contains high levels of tocopherols and in its natural form 

provide benefits against many human related health problems including lung cancer, chronic 

inflammation and cardiovascular disease. The benefits can be attributed to their strong 

antioxidative properties, which protect cells from ROS. The main purpose in soybean is to 

protect the lipids from lipid peroxidation (Evan et al., 2002). Vitamin E is composed of eight 

isomers split into two groups, tocopherols and tocotrienols, in the α-, β-, γ-, δ- forms (Boschin 

and Arnoldi, 2011).  

Agronomic practices, location and year effects on tocopherols are very important in 

determining their influences as those effects and interactions will aid in identifying the causes of 

tocopherol profile differences. One study investigated the seeding rate, row spacing, seeding 

date, cultivar and P and K fertilization effects and found that α-tocopherol was the most 

responsive to the environment, with influences on the other tocopherol components occurring as 

well (Seguin et al., 2010). Increased seeding rate and row spacing affected α-tocopherol 

concentrations at a majority of the locations tested where as planting date also had a significant 

effect, with earlier planting dates increasing tocopherol levels more than later ones (Seguin et al., 

2010). Major differences among environments and cultivars were also reported where northern 



33 

 

locations generated much lower α- and γ-tocopherol concentrations but higher δ-tocopherol. No 

significant effects of P or K on tocopherol levels were found (Seguin et al., 2010). 

 Genotype and environmental effects on tocopherol levels have also been observed in 

other crops including sunflower. In one study it was discovered that genotype had a greater effect 

on α-, β-, and δ-tocopherols in sunflower than environment, however; γ-tocopherol was affected 

more by the environment than genotype (Tang et al., 2006). The interaction between genotype x 

location was also significant for all tocopherol components, but no correlation was found 

between oil and yield (Kumar et al., 2009). 

While it is known that consuming vitamin E is beneficial to human health, studies 

investigating the environmental effects on soybean seed tocopherols are few. Specifically, year 

and location effects and tocopherol relationships with agronomic traits have been limited. New 

strategies for increasing tocopherols under field conditions are important to develop as the 

environmental effect is significant (Almonor et al., 1998; Seguin et al., 2010; Britz and Kremer, 

2002; Chennupati et al., 2011). The ever increasing demand for natural sources of vitamins, 

including vitamin E, makes these studies necessary. For these reasons, it is important to 

determine if years, locations, lines, and the interactions between genotype x environment have a 

significant effect on tocopherol levels in the seed. The objectives of this study were to investigate 

location and year effects on soybean seed tocopherol levels in the field and to determine any 

relationship between the agronomic traits and tocopherols. The information may aid in 

identifying optimal growing locations for tocopherols in soybean seeds.  
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2.3 Materials and Methods 
 

 
2.3.1 Plant Material for Field Studies 

 

 

In 2009 and 2010, 79 recombinant inbred lines (RIL) derived from the cross OAC Bayfield 

x OAC Shire were grown with two replications in three field locations at Elora (planted, June 6, 

2009 and May 26, 2010), Woodstock (planted May 26, 2009 and May 18, 2010) and St. Pauls 

(planted June 5, 2009 and May 20, 2010) in Ontario, Canada. The cross between OAC Bayfield 

x OAC Shire was made in 1999. The F1 seeds were planted and cultivated in growth rooms, 

under optimum conditions to obtain a large number of F2 seeds. The F2 seed was shipped to the 

off-season winter nursery in Los Andes, Chile in December, 1999 where two generations were 

grown (F3 and F4). This was accomplished by the use of plastic covers to mimic short days and 

trigger the flowering early for the second generation to have a total of two generations in the 

winter of 2000. This allowed the population to be advanced through single seed decent (SSD) to 

the F4.  The F4 population was returned to Canada and planted in the summer of 2000 at the 

Woodstock location, where the RIL population was established by selecting single plants (F5). In 

November 2000, the RIL population was sent again to Los Andes, Chile, for advancement (F6). 

During the spring of 2001, the F4:6 seed was returned to Canada and used as the seed source for 

the summer 2003, Woodstock replicated field trial (F7). Multiple location testing was not 

possible as seed quality and seed counts were limiting factors; therefore, this trial was used to 

increase the seed for this population, and seed of 79 F4:7 RILs was harvested in October 2003. In 

2004 (F8) and 2005 (F9), the population was planted at the Elora, Woodstock and St. Pauls 

locations in field trials using the nearest neighbour (NN) randomized complete block design 

(RCBD).  
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 In 2009 (F10) and 2010 (F11), this population was planted in south western Ontario 

locations at Elora, Woodstock and St. Pauls. The experimental design was a NN RCBD with two 

replications in both years. The plots at the three locations planted as four rows with a 35 cm 

between row and 40 cm between plot spacing. Each plot was trimmed to 5.3 m in length and 1.5 

m in width. The herbicide Pursuit was applied pre-plant at 0.3 L ha
-1 

at all three locations. The 

soil type in Elora was a London silt loam, Woodstock a Guelph loam, and in St. Pauls a Huron 

clay loam with a slightly higher organic matter.  

  

2.3.2 Agronomic Data Collection 

 

Agronomic data were collected from the field trials in both 2009 and 2010 at Elora, 

Woodstock and St. Pauls, Ontario, for the following traits: seed yield at 13% moisture; days to 

maturity; plant lodging; and, plant height. Seed quality traits, including 100-seed weight, seed 

quality, oil and protein concentration, were measured on an entry mean basis at each location 

using a 150 g bulk seed sample from each plot. The seeds were machine threshed and cleaned on 

an individual plot basis for actual seed yield (g). Plots were considered matured when 95% of the 

pods are matured. Lodging scores from 1 (all plants in a plot upright) to 5 (> 95% of plants are 

lying down) were recorded. Plant height (cm) was assigned as the distance from the soil surface 

to the tip of the main stem from a mean representative plant of the plot. Seed weight (g) was 

recorded from 100 randomly selected seeds from a bulk sample at each location. Seed quality 

was recorded using a score of 1 (smooth seed surface) to 5 (very shrivelled seed). For oil and 

protein concentration, a 25 mm seed sample cup from each plot was used to determine oil, 
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protein and moisture concentration % by near infrared reflectance spectrometry (NIR) on a 

Zeltex® ZX-50 portable grain analyzer (Hegerstown, MD, USA), 

 

 

 

2.3.3 Tocopherol Analysis 

 

 
Tocopherol levels from the seed of the RIL population were analyzed through high 

performance liquid chromatography (HPLC) to determine the lines with the greatest 

concentration of α-, γ-, δ and total tocopherols for both 2009 and 2010 for each field location 

taken from the first replication and two samples were quantified. The tocopherol concentrations 

for the RILs were classified into the following three groups based on: low (< 470 ug/g); medium 

(470-550 ug/g); and high (> 550 ug/g), total tocopherol concentration to aid in identifying any 

profile differences. The AOCS Method Ce 8-89 with calibration for individual tocopherols 

standards was used as the lab protocol (AOCS, 1997; Wan et al., 2008; Wohleser, 2007). This is 

a common method in identifying concentrations of the four components of vitamin E (α-, β-, γ-, 

δ-) and was slightly modified from Wohleser’s protocol for sharper peaks (Wohleser, 2007).  

Saponification solution preparation:  

Solution was prepared by weighing 27.5 g of potassium hydroxide (KOH) (CAT No. 

P1767-500G Sigma- Aldrich ®; St. Louis, MO, USA) into a 250 mL volumetric flask and then 

adding 75 mL ddH2O. According to Wohleser (2007) this process has an intense exothermic 

reaction, therefore, was kept on ice for the duration of the procedure. Afterwards, 137.5 mL of 

ethyl alcohol (EtOH), (Commercial Alcohols, Brampton, ON, Canada) was added and stirred 

with a magnetic stir bar for approximately 45 min. To complete the saponification solution, 

ddH2O was added to the 250 mL level.  
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Tocopherol seed extraction and preparation: 

 Approximately 20 soybean seeds were ground in a pre-cleaned, hand held Lancaster 

coffee grinder (Trileaf Distribution Trifeuil, Toronto, Canada) for 1 min. One gram of this fine 

textured meal was weighed, labelled and placed into a 15 x 150 mm screw top (CAT No. 1395-

100 FisherScientific, New Jersey, US) test tube containing 0.25 g of L-ascorbic acid (CAT No. 

129K0003, Sigma- Aldrich ®; St. Louis, MO, USA). Afterwards, 7.3 mL of the saponification 

solution was added and vortexed using a Genie 2 ™ vortexer (CAT No. 12-812, Thermo-

FisherScientific, Ottawa, ON, Canada), until the ascorbic acid was completely dissolved. It is 

noteworthy that the ascorbic acid must be added before the saponification solution to prevent the 

degradation of α-tocopherol since the solution was highly alkaline. The screw top test tubes were 

then placed into an 80 ºC hot water bath and vortexed every five min for a total of 15 min, and 

then immediately thereafter, the tubes were placed on ice for 10 min to stop the reaction. It is 

important to note that when labelling the test tubes one should use a label with a strong adhesive 

as the steam from the bath will peel the label. The next step was to add 4 mL of HPLC grade 

hexane (CAT No. 2969090-1L, Sigma- Aldrich ®; St. Louis, MO, USA) to each tube and vortex 

for 2 min. The tubes were then centrifuged at 3000 rpm for 10 min. To separate the soybean meal 

from the hexane layer (Figure A -2.15) the supernatant, which contained both hexane and the 

tocopherols was removed via a Pasteur glass pipette and dispensed into a 15 x 150 mm screw top 

test tube. Afterwards, 3 ml of cold ddH2O was added to the supernatant. At this point, the two 

distinct phases (ddH2O and hexane layers), were vortexed for 1 min and centrifuged at 3000 rpm 

for 10 min. This process was repeated once. The samples were then transferred  to a 13 x 100 

mm culture screw top test tubes (CAT No. 45066 13100, Kimble Chase, KIMAX ®, Mexico) via 

a Pasteur glass pipette and closed with a solid black cap liner (CAT No. 98614, Alltech, 
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Deerfield, IL,USA).  According to Wohleser (Wohleser, personal communication, 2008) it is 

vital to use 13 mm X. 0.30 Viton Septa #8482380L2 black liners to avoid spikes in the α- 

tocopherol peaks and to wash the samples at least three times to remove any residue KOH from 

the samples, this generated clearer and sharper peaks on the HPLC.  

 The samples were filtered using 25 mm (0.2 µm Nylon) non-sterile syringe filters (Cat 

No. 09-719E FisherScientific, Ottawa, ON, Canada) through a 3 ml syringe into 9 mm, amber, 

screw top vials (12 x 32 mm) (CAT No. 9606050010, Waters Scientific, USA) with a pre-slit 

cap. They were then loaded onto the HPLC auto sampler. 

HPLC Analysis: 

 For quantification, calibration standards were prepared (T3634 α-tocopherol and T1782 

γ-tocopherol ≥ 96%); (Sigma- Aldrich ®; St. Louis, MO, USA), (47784 δ-tocopherol ampule of 

100 mg, 46401-U rac-β-tocopherol); (Supelco, Bellefonte, PA, USA) and analyzed with every 

run. They were analyzed with a Waters 2690 separation module equipped with a Waters 996 

photodiode array detector. The HPLC column was a (3.5 x 150 mm) Resolve™ Silica 5 µm 90A 

(Part # WAT086016, Waters Scientific, USA) and data collection and analysis were performed 

with Waters Millennium 32 Chromatography Software version 3.05. A solution of 99.5% HPLC 

grade hexane (CAT No. H302SK-4, FisherScientific, New Jersey, USA) and 0.5% HPLC grade 

isopropyl alcohol (CAT No. A415-4 FisherScientific, New Jersey, USA) were used for each run 

at a flow rate of 1 mL/min. For each injection, a volume of 10 µL per sample was used. To view 

each chromatograph, the UV detector was set to read a range of 250 to 350 nm with the 

extraction wavelength set at 298 nm. The Millennium software plotted the detector response of 

the standard injections against the amount of standard in order to generate a calibration curve. 

Samples were quantified according to this curve, and used to identify each peak by matching the 
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retention time with a specific component (α-, γ-, δ- tocopherol) from the component table. The 

retention time (in min) ranged from 2.3 to 2.8 for α-, 5.4 to 6.3 for γ-, and 8.5 to 11.6 for δ. The 

chromatograph depicting the peaks for the standards and sample T9-1 can be found in the 

appendix (Figures A-2.13 and A-2.14). Total tocopherols were calculated as the sum of α-, γ-, δ- 

levels. The software uses the sample area peak response to calculate the amount of sample from 

the calibration curve. Dilution factor and the sample weight were included in the calculation, as 

entered during sample loading. The Millennium software determined the amount of each 

individual tocopherol component using its specific equation: 

X(α-tocopherol) µg/g = Y x Dilution Factor/B x Weight of Sample (g) 

 Only trace amounts of β-tocopherol were present as with the previous study by Wohleser, 

2007; therefore, β-tocopherol was omitted from the study.  

 

 2.3.4 Statistical Analysis 

 

 Statistical analyses conducted used SAS for Windows, version 9.2 (SAS Institute Inc., 

Cary, N.C., USA) to determine year and location effects. The PROC GLM procedure was 

applied for the combined single factor analysis of variance (ANOVA) with a Type-1-error rate 

(α) of 0.05. The RILs was set as a fixed effect and random effects were set for locations, years 

and the interaction between location x line, year x location and line x year. Model statements 

took into account the interaction of line x replication, line x location, location x year and line x 

year to determine significance (p value < 0.001) of environment on each tocopherol component. 

Variance component analysis and broad sense heritability (h
2
B) were calculated in SAS (v.9.3) 

using combined years using REML algorithm in PROC VARCOMP with lines as a fixed effect 
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and year, rep x year, RIL x rep, location x year and RIL x year as random effects. Broad sense 

heritably was used to explain the proportion of genetic variance calculated from the variance 

components. Pearson’s Linear Correlation Coefficients were calculated to test for phenotypic 

correlations between maturity, lodging, height, yield, 100 – seed weight, seed quality, protein, oil 

and α-, γ-, δ- and total tocopherols using the PROC CORR procedure (Barr et al., 2009). To 

identify any significant homogeneity of error variances among the ANOVAs, the Bartlett’s test 

was conducted in SAS (V.9.2) using the HOVTEST command function. 
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2.4 Results 

 
2.4.1 Environmental Factors Affecting Tocopherol Accumulation under Field 

Conditions 

 

The first objective of this study was to investigate location and year effects on tocopherol 

levels in the field. Approximately 20 to 30 seeds were collected from each line and HPLC was 

used to quantify the three main tocopherol isomers in soybean seeds (α-, γ-, δ-). Total 

tocopherols were also calculated as the sum of α-, γ-, and δ-tocopherols.  The RILs, parents OAC 

Bayfield and OAC Shire and checks in the field experiments for 2009 and 2010 were quantified 

and assigned a specific rank using high, medium and low total tocopherol levels. Ranks were 

based on the average overall total tocopherol levels in all environments in both years (Table 2.1). 

The threshold levels were designated (> 550 ug/g) for high ranks, (470-550 ug/g) for medium 

ranks and (< 470 ug/g) for low ranks. Approximately 30 lines were designated under each rank.  

These ranks data were aided in identifying optimal lines for the environmental and genetic 

studies described in Chapters 2, 3 and 4.  

For the 2009 field season, Table 2.2 summarizes the mean α-, γ-, δ-, and total tocopherol 

concentrations for Elora, Woodstock and St. Pauls, Ontario. The parent OAC Bayfield 

accumulated higher levels of α-, γ-, δ- and total tocopherols at both Elora and Woodstock 

locations than to the RIL population mean. However, for the St. Pauls location, the RIL 

population accumulated more γ-, δ- and total tocopherols but less α- tocopherol.  OAC Shire 

accumulated more α-, γ-, δ- and total tocopherols than the mean of the RIL population for Elora 

and Woodstock, but lower levels for all isomers and total tocopherols in St. Pauls. When 

comparing the parents, OAC Bayfield accumulated higher levels of α- tocopherol in all locations, 
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higher γ- tocopherol in Elora and St. Pauls, higher δ- tocopherol in St. Pauls and higher total 

tocopherol in Elora and St. Pauls than OAC Shire in 2009. On the other hand, OAC Shire had 

higher γ- tocopherol concentrations in Woodstock, higher δ- tocopherol in Elora and Woodstock 

and higher total tocopherols in Woodstock than OAC Bayfield.  

In 2010, OAC Bayfield accumulated higher α-, γ-, δ- and total tocopherols than the RIL 

population mean at all locations except for total tocopherols in Woodstock (Table 2.3). OAC 

Shire accumulated higher α- and γ- tocopherols in Elora and St. Pauls, but lower α- and γ- 

tocopherol levels than the RIL population mean in Woodstock. δ - tocopherol for OAC Shire was 

higher in Woodstock, but lower at Elora and St. Pauls. Total tocopherols were higher for OAC 

Shire than the RIL mean at all locations. OAC Bayfield had higher α- and γ- tocopherols at all 

locations. OAC Bayfield accumulated higher δ- and total tocopherols than OAC Shire at Elora 

and St. Pauls; however, OAC Shire accumulated higher levels of δ- and total tocopherols at 

Woodstock. Overall, the mean values for each tocopherol component at Elora, Woodstock and 

St. Pauls in 2009 (Table 2.2) were much lower than in 2010 (Table 2.3), with St. Pauls 

consistently accumulating the highest levels of total tocopherols in both 2009 and 2010 (Table 

2.2 and 2.3). Elora had the lowest tocopherol levels in 2009, but it exceeded Woodstock in 2010 

(Table 2.3). 

Combined single factor ANOVA for α-, γ-, δ-, and total tocopherol concentrations 

between years and among locations was conducted in SAS to determine genotype x environment 

effects.  Significant effects (p < 0.001) of the location and year were found. For α- (Table 2.4), γ- 

(Table 2.5), δ- (Table 2.6) and total (Table 2.7) tocopherols, the lines, locations and year effects 

were all significant. Interactions between line x location, location x year and line x year were 
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significant, which demonstrates the environmental influence on this trait. Replications and the 

interaction between lines and replications were not significant for any tocopherol components. 

To visually compare differences between years and among locations, one line from the 

highest, medium and low total tocopherol RILs was selected with both parents. Overall, the 2010 

field season produced significantly higher tocopherols levels than in 2009 with the exceptions of 

α- tocopherol (Figure 2.1) for OAC Bayfield, T9-50 in Woodstock, γ- tocopherol (Figure 2.2) for 

OAC Bayfield, T9-1 for St.Pauls, T9-50 for Elora and Woodstock and T9-49 for Woodstock. For 

Δ- (Figure 2.2), OAC Bayfield and T9-50 also had higher levels for 2009 than 2010. For the total 

tocopherol (Figure 2.3), 2010 had consistently higher level than 2009 for each selected line at all 

three locations. High variability among the lines and location was observed for the four 

tocopherol components. 

 Five highest, medium and lowest tocopherol producing lines for each tocopherol 

component were compared in each location for both 2009 and 2010 (Figure 2.1 to 2.19). For α- 

(Figure A-2.1), δ- (Figure A-2.3) and total (Figure A-2.4) tocopherols, all selected lines were 

different from each other across the years at Elora. When observing γ- in Elora (Figure A-2.2), 

all lines except for OAC Bayfield were different between years. In Woodstock, all selected lines 

for total (Figure A-2.8) tocopherols were different between years. The majority of the selected 

lines for α- (Figure A-2.5) were considerably different from each other between years, except for 

T9-8, OAC Shire for γ- tocopherol (Figure A-2.6) and OAC Bayfield for δ- tocopherol (Figure 

A-2.7). In St. Pauls, the selected lines for α- (Figure A-2.9) and δ- tocopherol (Figure A-2.11) 

were all different between the two years. Identical results were found for γ- (Figure A-2.10), 

except for T9-62 and for the total (Figure A-2.12) except for T9-12. A wide range in the 
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tocopherol values between years and each line for a given location provided evidence for large 

environmental effect of location and year on each tocopherol component (Figure 2.1 to 2.12). 

  

2.4.2 Relationship between Agronomic Traits and Tocopherols 

 

Correlations were tested between agronomic traits and tocopherols using Pearson’s 

Correlation Coefficient (Barr et al., 2009). No significant correlations were found for maturity, 

height, lodging, yield, seed quality and 100-seed weight and any of the tocopherols in 2009 

(Table 2.8).  However, a negative correlation between protein and tocopherols was found for the 

Woodstock location in 2009.  Similar results were obtained in St. Pauls for γ- and total 

tocopherols also in 2009. Oil concentration, was positively correlated with γ-, δ- and total 

tocopherols in Elora in 2009 with and for γ- and total tocopherols in Woodstock in 2009.  

 In 2010, no correlations between any tocopherols and maturity, height and seed quality 

were found at any of the locations (Table 2.9). A negative correlation was found between 

lodging and γ- and total tocopherols in Woodstock in 2010. One hundred seed weight was 

negatively correlated with γ- tocopherol in Woodstock in 2010 and yield was negatively 

correlated with α- tocopherol. Oil and protein were negatively correlated with γ- tocopherols in 

Woodstock and α- tocopherols in St. Pauls but oil was positively correlated with the same traits 

in these locations. 

 Significant correlations between α-, γ-, δ-, and total tocopherols were found for Elora, 

Woodstock and St. Pauls in 2009 (Table 2.10) and 2010 (Table 2.11). Most agronomic traits 

were not correlated with one another in either year, with a few exceptions (Table 2.12). Maturity 

had a significant, positive correlation with height, lodging and yield in all locations in both 2009 
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and 2010. Plant height was also positively correlated with lodging and yield in both years. 

Protein had a negative correlation with oil and seed quality in both years. In 2009, seed quality 

and 100-seed weight were also negatively correlated.  

 Partitioning of the variance of the RIL population combined over years for α-, γ- and δ- 

tocopherol was conducted. The results showed that the variance in the genotype x environment 

attributed to the greatest variation in the tocopherol levels followed by variance in the genotype 

and environment. The genetic variance was fairly consistent for each tocopherol component with 

a range of 18% to 22%. The environmental variance had a significant impact on each tocopherol 

component with a range of 7% to 39%, and the genotype x environment effect was the greatest 

with a range from 28% to 57%. The broad-sense heritability (h
2
B) was moderate for α- and γ- 

tocopherol with 0.38 and 0.47, respectively. δ- tocopherol had a lower heritability estimate of 

0.35 (Table 2.14). The test of homogeneity of error variance conducted for combined data across 

different environments was not significant indicating that data across environments were suitable 

to be combined. 
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2.5 Discussion 

 

The objective of this study was to investigate the location and year effects on soybean seed 

tocopherol levels in the fieldBoth year and location had a significant effect on tocopherol level. 

The 2010 season resulted in much higher levels of tocopherol accumulation than 2009. One 

possible reason could be the quantification process. For the 2009 season, some soybean seeds 

were not analyzed until April and May 2010 using hexane extractions. It is plausible to conclude 

that this delay in quantifying the tocopherol levels would lead to lower and/or unpredictable 

levels as past results suggested that soybean seed storage caused major tocopherol losses 

(Wohleser, 2007). The 2010 soybean seeds were subjected to HPLC analysis immediately after 

harvest in November and December of 2010. This may explain the significantly higher 

concentrations (p ˂ 0.001) between years. Other possible explanations may include genotype by 

environment interaction (GxE), which is in agreement with the literature that reported large 

environmental effect on tocopherol concentrations (Britz et al., 2008; Cem et al., 2008).  

The summer of 2010 was much warmer and drier than the summer of 2009, with 2009 

having some of the coolest temperatures in recent years and precipitation amounts well above the 

seasonal average (Agriculture and Agri-Food Canada, 2012). The majority of past research 

shows that higher temperatures increased tocopherol accumulation and that the environment 

could drastically change the nutraceutical properties of the plant, which is in agreement with 

those studies (Britz et al., 2008; Chennupati et al., 2011). The increase in tocopherol biosynthesis 

can be accelerated as free radical scavenger’s increase under stressful conditions (Rani et al., 

2007; Kumar et al., 2009). 



47 

 

Overall, the 2010 field season had higher temperatures and less precipitation, which was 

ideal for this study since a warmer and drier climate can increases tocopherol levels (Britz et al., 

2008). 

The two parental lines showed significantly different profiles with OAC Bayfield 

accumulating significantly higher α-, γ-, and total tocopherols in all locations in both years. OAC 

Shire had significantly higher levels of δ- tocopherol in Elora and Woodstock in 2009 and a 

higher total tocopherol in 2010 (Table 2.3). The most likely explanation is that OAC Shire 

accumulated a much higher than expected δ- level, which would account for the higher total 

value. This may have occurred as a result of having cooler temperatures in Woodstock during the 

seed development stages (Agriculture and Agri-Food Canada, 2012). Previous studies found that 

the first 2 to 4 weeks of seed set is critical in tocopherol accumulation where, δ- tocopherols may 

accumulate at a significantly higher rate at cool temperatures (Chennupati et al., 2011). During 

that particular week, OAC Shire may have been at the correct maturity stage to accumulate 

significantly higher δ- levels when than OAC Bayfield, which demonstrates the sensitivity and 

in-stability of this trait (Kumar et al., 2009; Seguin et al., 2010).  

The tocopherol levels were highest at the St. Pauls location in both years. One possible 

explanation is that St.Pauls had the highest CHU accumulation ≥ 3000 (Agriculture and Agri-

Food Canada, 2012). Similar results were also found from comparisons of relative maturity at 

these locations, with Elora in the 1.5 to 2.0 range, Woodstock in the 2.0 to 2.5 ranges and St. 

Pauls with about 2.5 (Agriculture and Agri-Food Canada, 2012). 

The tocopherol values from the RIL population followed the expected proportions of 4-10% 

(α-tocopherol), 1% (β-tocopherol), 50-66% (γ-tocopherol), and 20-29% (δ-tocopherol) in 

soybean seeds (Kim et al., 2007). In 2009 and 2010 (Table 2.10 and 2.11) all tocopherol 
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components were significantly correlated with each other. However, a few outliers were found 

that deviated from the expected tocopherol ratios in the seed, although these were not significant 

at Elora, Woodstock and St. Pauls in both 2009 and 2010. Numerous causes may have resulted in 

the very few outliers, including sampling error, pressure changes or temperature on HPLC, 

contamination or a delay in quantification. 

Most of the traits were not significantly correlated to any of the tocopherol components 

(Tables 2.8 and 2.9). Protein was negatively correlated and oil was positively correlated with 

tocopherols at Woodstock; however, the correlation was not consistent across locations and 

years. Therefore, it can be concluded that protein and oil were not consistently correlated with 

different tocopherols. In 2010 (Table 2.9), a negative correlation between lodging and 100-seed 

weight was found with γ- and total tocopherols in Woodstock, whereas yield was negatively 

correlated with α- tocopherol in Elora. However, it was concluded that these traits were likely 

not related as the correlations were inconsistent and rare across locations and years. 

Positive correlations of maturity, height, lodging with yield, and a negative correlation of oil 

with protein were found (Tables 2.12 and 2.12). These results are in agreements with previous 

reports (Dadnia, 2011). 

 This is the first study to provide broad-sense heritability estimates for each tocopherol 

isomer in soybean seed. Previous research has shown that heritability of α- tocopherol is high at 

0.59 (Wang et al., 2007). The results are somewhat in agreement with that study as α- tocopherol 

displayed a broad-sense heritability value of 0.38. γ - Tocopherol had a moderate heritability 

value at 0.47 and a lower δ- tocopherol heritability value of 0.35 was identified (Table 2.14). The 

findings suggest that tocopherols are a moderately heritable trait. The variance partitioning of the 
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RILs for each tocopherol isomer was the highest for the genotype x environment followed by the 

variance in the genotypes and environment (Table 2.14).  

It can be concluded that the St.Pauls location has the greatest potential in accumulating the 

highest tocopherol levels in future years. Growers should seek to grow high tocopherols cultivars 

in locations with high CHUs and relative maturity ratings. The wide range in values for α-, γ-, δ-, 

and total tocopherols among the RIL population demonstrates that some genotypes exceeded that 

of both parents, which shows evidence of different alleles controlling the trait in the two parents. 

Based on my results, most of the favourable alleles for tocopherol accumulation were contributed 

by OAC Bayfield. 
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Table 2.1 – Average total tocopherol levels in the 79 soybean RILs derived from the  cross 

between OAC Bayfield x OAC Shire and checks for the 2009 and 2010 field seasons located at 

the Elora, Woodstock and St.Pauls crop research stations. 

Line 

number 

Line Identity Phenotypic Class † Tocopherol Level (ug/g)  

and Rank 

 

1 T9-1 H 755.49 

2 T9-2 H 589.56 

3 T9-3 H 592.20 

4 T9-4 M 478.97 

5 T9-5 H 526.84 

6 T9-6 H 562.37 

7 T9-7 H 463.26 

8 T9-8 M 503.63 

9 T9-9 L 417.14 

10 T9-10 L 468.89 

11 T9-11 L 462.23 

12 T9-12 M 474.88 

13 T9-13 L 420.83 

14 T9-15 M 480.06 

15 T9-16 M 516.54 

16 T9-17 H 551.40 

17 T9-18 M 487.53 

18 T9-19 H 554.21 

19 T9-20 H 552.69 

20 T9-21 H 600.63 

21 T9-22 H 663.77 

22 T9-23 H 575.62 

23 T9-24 L 417.85 

24 T9-26 M 497.80 

25 T9-27 L 468.61 

26 T9-28 H 568.75 

27 T9-29 H 662.62 

28 T9-30 H 671.12 

29 T9-31 M 514.12 

30 T9-32 H 656.69 

31 T9-33 M 471.02 

32 T9-34 L 424.62 

33 T9-35 H 566.04 

34 T9-36 M 536.78 

35 T9-38 M 480.57 

36 T9-39 M 475.24 

37 T9-40 L 433.21 

38 T9-41 M 520.04 

39 T9-42 L 463.45 

40 T9-43 L 462.40 

41 T9-44 M 495.14 

42 T9-45 L 374.25 

43 T9-46 M 485.84 

44 T9-47 L 412.56 

45 T9-48 L 400.51 
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46 T9-49 L 391.14 

47 T9-50 M 502.94 

48 T9-51 M 533.72 

49 T9-52 M 548.83 

50 T9-53 M 483.24 

51 T9-54 L 396.47 

52 T9-56 M 477.68 

53 T9-58 M 482.07 

54 T9-59 L 459.53 

55 T9-60 L 469.13 

56 T9-61 H 562.38 

57 T9-62 H 586.86 

58 T9-63 H 564.33 

59 T9-64 H 578.59 

60 T9-65 M 520.10 

61 T9-66 L 469.80 

62 T9-67 L 438.47 

63 T9-68 L 447.82 

64 T9-69 L 423.13 

65 T9-70 L 451.48 

66 T9-71 M 545.58 

67 T9-74 H 594.08 

68 T9-75 M 535.38 

69 T9-76 L 417.04 

70 T9-77 M 481.63 

71 T9-78 L 439.31 

72 T9-79 M 514.33 

73 T9-80 L 384.49 

74 T9-81 L 432.53 

75 T9-82 L 443.83 

76 T9-83 L 465.43 

77 T9-84 H 554.32 

78 T9-85 L 455.29 

79 T9-86 H 659.21 

80 OAC Bayfield H 619.00 

81 OAC Champion H 679.88 

82 OAC Prodigy H 501.52 

83 OAC Kent H 603.42 

84 OAC Shire H 599.26 

85 OAC 05-30 H 661.98 

86 OAC Lakeview H 634.80 

87 OAC Huron H 578.91 

88 OAC Wallace H 567.48 

89 SECAN 06-12 M 527.37 

90 S08-80 H 689.21 

 † H= High levels (>550 ug/g), M = Medium levels (470-550 ug/g), L = Low levels (<470 ug/g) 
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Table 2.2 - Tocopherol values for α-, γ-, δ-, and total tocopherol for the RIL population and 

parents at Elora, Woodstock and St. Pauls field locations in 2009. 

2009   Parental Mean (ug/g) RIL Population (ug/g) 

Trait Location 

OAC 

Bayfield 

OAC 

Shire Mean ±SE Range 

Αlpha Elora 60.44 41.73 41.02 8.11 13.65-129.13 

 

Woodstock 83.24 68.27 68.31 9.02 13.37-312.62 

 

St.Pauls 70.19 37.51 51.83 5.45 13.15-137.41 

       Gamma Elora 487.11 356.93 310.97 9.26 118.75-1024.13 

 

Woodstock 315.88 440.59 303.01 10.05 85.14-600.78 

 

St.Pauls 276.23 246.75 346.11 5.73 81.48-937.03 

       Delta Elora 114.63 130.52 71.63 8.02 22.41-188.83 

 

Woodstock 114.19 118.28 92.43 9.54 24.61-394.54 

 

St.Pauls 89.6 86.73 105.58 6.56 21.12-261.21 

       Total Elora 662.19 529.19 423.62 20.15 167.06-1296.81 

 

Woodstock 513.31 627.14 467.37 15.71 123.35-1023.60 

 

St.Pauls 436.03 370.1 503.52 22.19 130.75-1254.47 
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Table 2.3 - Tocopherol values for α-, γ-, δ-, and total tocopherol for the RIL population and 

parents at Elora, Woodstock and St.Pauls field locations in 2010. 

2010   Parental Mean (ug/g) RIL Population (ug/g) 

Trait Location 

OAC 

Bayfield 

OAC 

Shire Mean ±SE Range 

Αlpha Elora 82.54 80.11 66.16 4.61 34.08-112.13 

 

Woodstock 85.97 45.01 71.46 6.46 6.77-436.34 

 

St.Pauls 148.75 122.33 105.59 6.39 31.38-203.87 

       Gamma Elora 485.54 434.27 377.64 7.87 214.66-606.77 

 

Woodstock 442.81 257.5 293.59 6.76 40.35-768.51 

 

St.Pauls 466.08 448.94 355.25 9.17 119.79-605.46 

       Delta Elora 279.46 143.81 166.92 5.72 77.67-300.55 

 

Woodstock 109.73 150.62 98.7 7.06 18.17-290.85 

 

St.Pauls 227.68 159.37 166.95 6.34 61.09-354.35 

       Total Elora 847.73 658.19 610.71 12.49 396.82-914.79 

 

Woodstock 412.25 679.41 463.75 27.89 78.08-1265.07 

 

St.Pauls 842.51 730.65 627.29 15.99 232.85-1143.69 
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Table 2.4 - Combined analysis of variance on α-tocopherol showing significant effects on the 

RIL population, at Elora, Woodstock and St. Pauls in 2009 and 2010. 

ANOVA    α-Tocopherol  

Source of Variation DF Sum of 

Squares (SS) 

Mean Square (MS) F-Value P - Value 

Line  89 314146.86 3529.74 ****        2.23 <.0001 

Replication 1 999.50 999.50 0.63     0.4272 

Location  2 11087.54 55437.27 **** 35.01     <.0001 

Year  1 200975.18 200975.18 **** 126.91     <.0001 

Line x Replication 89 88895.87 998.83 0.63     0.9962 

Line x Location  178 529064.06 2972.21**** 1.88     <.0001 

Location x Year  2 116328.72 58164.36 ****       34.73     <.0001 

Line x Year  89 184288.74 2070.66 *        1.31     0.0386 

Total  1445786.47 325147.80   

Overall Mean (ug/g)     67.88 

CV     28.88 

R²     0.66 

*Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001,                   

**** = Significant at < 0.0001 probability levels, respectively. 
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Table 2.5 - Combined analysis of variance on γ-tocopherol showing significant effects on the 

RIL population, at Elora, Woodstock and St. Pauls in 2009 and 2010.  

ANOVA    γ -Tocopherol  

Source of Variation DF Sum of 

Squares (SS) 

Mean Square 

(MS) 

F-Value P - Value 

Line  89 2812407.10 31600.08 ****        2.81 <.0001 

Replication 1 70182.45 70182.45        6.23     .0128 

Location  2 602932.94 301466.47 ****       26.77 <.0001 

Year  1 126358.95 126358.95 ****       11.22     0.0009 

Line x Replication  89 237344.31 2666.79        0.24 0.9999 

Line x Location  278 9065641.11 32610.22 ****        2.90 <.0001 

Location x Year  2 301891.62 150945.81 ****       13.40 <.0001 

Line x Year  89 2760017.20 31011.43 ****        2.75 <.0001 

Total  15976776.00 746842.20   

Overall Mean (ug/g)     332.30 

CV     32.03 

R²     0.65 

*Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001 probability, 

**** = Significant at < 0.0001 levels, respectively. 
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Table 2.6 - Combined analysis of variance on δ-tocopherol showing significant effects on the 

RIL population, at Elora, Woodstock and St. Pauls in 2009 and 2010.  

ANOVA    δ -Tocopherol  

Source of Variation DF Sum of 

Squares (SS) 

Mean Square 

(MS) 

F-Value P - Value 

Line  89 659039.66 7404.94 ****        3.31     <.0001 

Replication 1 146.49 146.49        0.07     0.7982 

Location  2 302081.82 151040.91 ****       67.42     <.0001 

Year  1 772975.05 772975.05 ****      345.05     <.0001 

Line x Replication 89 99922.08 1122.72        0.50     0.9999 

Line x Location  178 1027182.80 5770.69 ****       2.58     <.0001 

Location x Year  2 362129.72 181064.86  ****     80.83     <.0001 

Line x Year  89 445746.71 5008.39 ****        2.24     <.0001 

Total  3669224.00 1124534.05   

Overall Mean (ug/g)     117.34 

CV     40.33 

R²     0.73 

*Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001 probability, 

**** = Significant at < 0.0001 levels, respectively. 
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Table 2.7 - Combined analysis of variance on total tocopherol showing significant effects on the 

RIL population, at Elora, Woodstock and St. Pauls in 2009 and 2010. 

ANOVA    Total -

Tocopherol 

 

Source of Variation DF Sum of Squares 

(SS) 

Mean Square 

(MS) 

F-Value P - 

Value 

Line  89 6646901.85 74684.29  **** 2.93 <.0001 

Replication 1 8897.85 8897.85 3.17 0.0755 

Location  2 1882860.42 941430.22 **** 36.90 <.0001 

Year  1 2832375.52 2832375.52 **** 111.01 <.0001 

Line x Replication 89 572430.20 6431.80 0.25 0.9999 

Line x Location  178 12600664.00 70790.25 **** 2.77 <.0001 

Location x Year  2 1679846.80 839923.43 **** 32.92 <.0001 

Line x Year  89 5064678.50 56906.50 **** 2.23 <.0001 

Total  31288655.00 4831439.86   

Overall Mean (ug/g)     516.23 

CV     30.91 

R²     0.67 

*Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001 probability, 

**** = Significant at < 0.0001 levels, respectively. 
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Table 2.8 – Pearson Correlation Coefficients for α-, γ-, δ-, and total tocopherols for 8 phenotypic 

agronomic parameters using the RIL population grown at Elora, St. Pauls, and Woodstock, 

Ontario in 2009. 

Agronomic Trait Location Αlpha Gamma Delta Total 

 Elora 0.07 ns -0.10 ns -0.04 ns -0.12 ns 

Protein Concentration Woodstock -0.27 * -0.39 *** -0.22 * -0.47 **** 

 St.Pauls 0.14 ns 0.30 ** 0.20 ns 0.28 ** 

 Elora -0.09 ns 0.23 * 0.31 ** 0.23 * 

Oil Concentration Woodstock 0.11 ns 0.28 ** 0.08 ns 0.26 * 

 St.Pauls -0.08 ns -0.19 ns -0.17 ns -0.18 ns 

* = Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001, **** = 

Significant at the 0.0001 probability levels, respectively.  ns = Not significant at the 0.05 

significance level. 
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Table 2.9 – Pearson Correlation Coefficients for α-, γ-, δ-, and total tocopherols for 8 phenotypic 

agronomic parameters using the RIL population grown at Elora, St. Pauls, and Woodstock, 

Ontario in 2010. 

Agronomic Trait Locations Αlpha Gamma Delta Total 

 Elora -0.20 ns -0.06 ns 0.0001 ns -0.06 ns 

Lodging Woodstock 0.11 ns -0.21 * -0.12 ns -0.23 * 

 St.Pauls 0.01 ns 0.09 ns 0.001 ns 0.05 ns 

 Elora -0.24 * -0.02 ns -0.07 ns -0.07 ns 

Yield Woodstock -0.06 ns 0.16 ns -0.07 ns -0.04 ns 

 St.Pauls -0.0001 ns -0.03 ns -0.004 ns -0.02 ns 

 Elora -0.12 ns 0.04 ns 0.12 ns 0.07 ns 

100-Seed Weight Woodstock -0.07 ns -0.27 ** -0.11 ns -0.19 ns 

 St.Pauls 0.02 ns -0.03 ns -0.001 ns -0.03 ns 

 Elora 0.17 ns -0.15 ns -0.10 ns -0.11 ns 

Protein 

Concentration 

Woodstock 0.07 ns -0.23 * - 0.04 ns -0.07 ns 

 St.Pauls -0.20 ** -0.06 ns 0.01 ns -0.02 ns 

 Elora 0.02 ns -0.19 ns 0.002 ns -0.11 ns 

Oil Concentration Woodstock -0.11 ns 0.22 * -0.06 ns -0.03 ns 

 St.Pauls 0.29 **** 0.04 ns 0.04 ns 0.08 ns 

* = Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001, **** = 

Significant at the 0.0001 probability levels, respectively.  ns = Not significant at the 0.05 

significance level. 
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Table 2.10 – Pearson correlation coefficients for α-, γ-, δ-, and total tocopherols using the RIL 

population grown at Elora, St. Pauls, and Woodstock, Ontario in 2009. 
  Gamma   Delta   Total  

 Elora Wood St.Pauls Elora Wood St.Pauls Elora Wood St.Pauls 

Alpha 0.48 

**** 

0.34 

**** 

0.70 

**** 

0.35 

**** 

0.24 

** 

0.64 

**** 

0.56 

**** 

0.50 

**** 

0.76 

**** 

Gamma - - - 0.74 

**** 

0.32 

**** 

0.83 

**** 

0.98 

**** 

0.80 

**** 

0.98 

**** 

Delta    - - - 0.82 

**** 

0.70 

**** 

0.89 

**** 

* = Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001,               

**** = Significant at the 0.0001 probability levels, respectively.  ns = Not significant at the 0.05 

significance level. 
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Table 2.11 – Pearson correlation coefficients for α-, γ-, δ-, and total tocopherols using the RIL 

population grown at Elora, St. Pauls, and Woodstock, Ontario in 2010. 
  Gamma   Delta   Total  

 Elora Wood St.Pauls Elora Wood St.Pauls Elora Wood St.Pauls 

Alpha 0.28 

**** 

0.57 

**** 

0.48 

**** 

0.23 

*** 

0.46 

**** 

0.46 

**** 

0.41 

**** 

0.73 

**** 

0.67 

**** 

Gamma - - - 0.55 

**** 

0.74 

**** 

0.60  

**** 

0.91 

**** 

0.96 

**** 

0.91 

**** 

Delta    - - - 0.81 

**** 

0.83 

**** 

0.83 

**** 

* = Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001,           

**** = Significant at the 0.0001 probability levels, respectively.  ns = Not significant at the 0.05 

significance level. 
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Table 2.12 – Combined Pearson correlation coefficients for the 8 phenotypic agronomic 

parameters using the RIL population grown at Elora, St. Pauls, and Woodstock, Ontario in 2009. 
 Height Lodge Yield 100-Seed 

Weight 

Protein 

Concentration 

Oil 

Concentration 

Seed 

Quality 

Maturity 0.57 

**** 

0.39 

**** 

0.50 

**** 

-0.03 

ns 

0.08 

ns 

-0.10 

ns 

0.13 

ns 

Height - 0.33 

*** 

0.66 

**** 

-0.04 

ns 

0.07 

ns 

-0.09 

ns 

0.02 

ns 

Lodge  - 0.04 

ns 

-0.08 

ns 

0.07 

ns 

-0.17 

ns 

0.06 

ns 

Yield   - 0.003 

ns 

0.04 

ns 

-0.03 

ns 

0.15 

ns 

100-Seed 

Weight 

   - -0.02 

ns 

-0.02 

ns 

-0.16 

* 

Protein 

Concentration 

    - -0.54 

**** 

-0.17 

* 

Oil 

Concentration 

     - -0.02 

ns 

* = Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001, **** = 

Significant at the 0.0001 probability levels, respectively.  ns = Not significant at the 0.05 

significance level. 
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Table 2.13 – Combined Pearson correlation coefficients for the 8 phenotypic agronomic 

parameters using the RIL population grown at Elora, St. Pauls, and Woodstock, Ontario in 2010. 
 Height Lodge Yield 100-Seed 

Weight 

Protein 

Concentration 

Oil 

Concentration 

Seed 

Quality 

Maturity 0.59 

**** 

0.36 

**** 

0.51 

**** 

-0.01 

ns 

0.10 

ns 

-0.12 

ns 

-0.01 

ns 

Height - 0.36 

**** 

0.67 

**** 

-0.08 

ns 

0.16 

ns 

-0.19 

ns 

0.02 

ns 

Lodge  - 0.04 

ns 

-0.06 

ns 

0.06 

ns 

-0.15 

ns 

-0.06 

ns 

Yield   - -0.01 

ns 

0.07 

ns 

-0.02 

ns 

-0.14 

ns 

100-Seed 

Weight 

   - 0.03 

ns 

-0.05 

ns 

-0.15 

ns 

Protein 

Concentration 

    - -0.58 

**** 

-0.24 

** 

Oil 

Concentration 

     - 0.02 

ns 

* = Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001, **** = 

Significant at the 0.0001 probability levels, respectively.  ns = Not significant at the 0.05 

significance level. 
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Table 2.14 – Variance partitioning and broad-sense heritability estimates for α-, γ- and δ- 

tocopherols using the 79 RILs derived from cross OAC Bayfield x OAC Shire combined over 

years and locations. 

  Tocopherol Isomers  

 Alpha % Gamma % Delta % 

Variance Components†    

σ² G 0.22 0.18 0.18 

σ² E 0.23 0.07 0.39 

σ² GxE 

σ² year x RIL 

0.37 

0.13 

0.57 

0.17 

0.28 

0.12 

h
2
B  0.38 0.46 0.35 

† σ² G = Genetic variance, σ² E = Enviromental variance, σ² GxE = variation resulting by the 

interaction of the genotype x environment, σ² year x RIL = variation resulting from the 

interactions of the year and RILs, h
2
B = Broad-sense heritability across years h

2
B = σ² G/( σ² G+ 

(σ² GxE/y)+ σ² E/(ry)) where y and r are the number of years and replications. 
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Figure 2.1 – Comparison of α tocopherol levels in soybean seeds of parents and selected high, 

medium and low lines grown at Elora, Woodstock and St.Pauls in 2009 and 2010. 
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Figure 2.2 - Comparison of γ tocopherol levels in soybean seeds of parents and selected high, 

medium and low lines grown at Elora, Woodstock and St.Pauls in 2009 and 2010. 
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Figure 2.3 - Comparison of δ tocopherol levels in soybean seeds of parents and selected high, 

medium and low lines grown at Elora, Woodstock and St.Pauls in 2009 and 2010. 
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Figure 2.4 - Comparison of total tocopherol levels in soybean seeds of parents and selected high, 

medium and low lines grown at Elora, Woodstock and St.Pauls in 2009 and 2010. 
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3.1  Abstract 
 

 

 Soybean (Glycine max [L.] Merrill) seed contains the highest natural concentrations of 

vitamin E than any other legume species. The objective of this study was to determine the effects 

of temperature, drought stress and fertilizer concentrations on tocopherol accumulation under 

controlled environmental conditions. Fifteen recombinant inbred lines (RILs) with high, medium 

and low tocopherol values, including the parents OAC Bayfield and OAC Shire, were planted in 

the growth room at three fertilizer treatment levels (standard solution, 2 x potassium 

(Ca(H2PO4)2 at 0.5 M/90 mL) and 2 x phosphates (P) (K2SO4 at 1.0 M/150 mL). To test 

temperature and drought stress, five RILs and their parents were grown in the growth cabinets, 

under three temperature (30/25 ºC, 25/20 ºC and 20/15 ºC day/night) and drought stress were 

grown in the growth room under three drought (100%, 75% and 50% field holding capacity) 

treatments. The 2 x K resulted in a decrease in tocopherol concentrations in the high and medium 

RILs and OAC Shire and an increase in the low RILs lines with no change in OAC Bayfield. The 

2 x P fertilizer treatment resulted in higher levels of α-, γ- and total tocopherols. The 30 ˚C 

temperature treatment on average accumulated the highest levels of tocopherols for each isomer 

and total. Some of the RILs grown at 25 ˚C and 30 ˚C treatments were not different from each 

other. Drought stress did not consistently cause an increase in any of the tocopherol components. 

The results show that higher temperatures and phosphate fertilizer can have an impact on 

tocopherol levels and that a strong environment and genotype x environment effects were present 

for the ferlizer treatment. Producers should take these findings into consideration when growing 

soybeans for vitamin E concentration as warmer growing regions and phosphate fertilizer 

application would benefit production. 
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3.2  Introduction 

 
 

Soybean seed contains many beneficial components, including isoflavones, sterols, 

saponins and tocopherols. Vitamin E (tocopherols) are valuable antioxidants that benefit human 

health and are made up of four main stereo isomers (α-, β-, γ-, δ) both in the tocopherol and 

tocotrienol forms. In soybean seed, tocopherols are the dominant form as tocotrienols are only 

found in trace amounts. Tocopherol components in soybean seed are found in the approximate 

amounts of 4-10% (α-tocopherol), 1-3% (β-tocopherol), 60-66% (γ-tocopherol), and 24-30% (δ-

tocopherol) with the total tocopherol amount having a wide range of 100-2000 ug/gˉ¹ in the seeds 

(Evans et al., 2002; Kim et al., 2007; Boschin and Arnoldi, 2011). The main structural 

differences among isomers are the position and number of methyl groups. Tocopherols help 

prevent osteoporosis, decrease lung cancer risk, heart disease, enhance immune function and 

they contain anti-inflammatory properties. As such, tocopherols could become a value added trait 

in soybean because of increased nutraceutical value (Bramley et al., 2000). Soybean seed 

contains the highest levels of naturally occurring tocopherols among any of the legume species; 

therefore, investigating the environmental impacts on soybean seed tocopherols is important in 

order to identify ideal growing conditions (Boschin and Arnoldi, 2011). 

 It has been reported that the environment and genotype x environment can drastically 

alter the tocopherol levels in soybeans by up to 350% (Dolde et al., 1999). While the exact 

mechanism(s) responsible for increasing the accumulation of tocopherols in soybean seed is not 

well known, it has been shown that many environmental factors such as drought stress, light 

intensity and growing temperatures can alter tocopherol levels. Agronomic practices, including 

planting date, row spacing and planting density, also play a significant role attesting to how 

easily the levels of tocopherols can be changed (Seguin et al., 2010). This can be problematic for 
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producers as predicting the tocopherol values can be difficult if too much variation occurs in the 

environment, decreasing soybeans market value. Thus, it is very important to determine 

environmental factors that influence tocopherol levels in seeds.  

Past research has shown that higher temperatures as well as other stress conditions such 

as drought, increase tocopherol levels although few studies have looked at the overall impact on 

each isomer (Almonor et al., 1998; Britz et al., 2008; Dolde et al., 1999). One study found that 

temperatures between 23 to 28 ºC during seed fill can drastically increase total tocopherol levels 

(Britz et al., 2008). Wohleser (2007) found that higher temperatures up to 28.3 ºC increased α- 

and total tocopherols, but often at the expense of γ- and δ- tocopherol. Another study used 

temperature treatments set at 27.5 ºC, 23.5 ºC, and 19.5 ºC, and found strong correlations with 

increased temperatures and tocopherols for all genotypes tested (Almonor et al., 1998). None of 

these studies exceeded the 28.3 ºC range, which may result in higher levels of tocopherols.  

Fertilizer impact on tocopherol levels is not well studied, although one study showed that 

high P and K in the field had no significant effect (Seguin et al., 2010). Another study showed 

the high K significantly increased daidzein, genistein, and total isoflavone levels in soybean seed 

(Vyn et al., 2002). Increased nitrogen levels resulted in higher tocopherol levels in rapeseed 

(Cem et al., 2008).  To date, the impact of fertilizer treatmentson soybean seed tocopherols has 

not been studied under controlled conditions.  

The effects of drought stress on tocopherol levels in the literature have been 

contradictory. One study showed a significant impact in which drought stress increased α- 

tocopherols, but total tocopherols were unchanged during seed maturity (Britz et al., 2008).  

Another study showed drought stress at the 50%, 75% and 100% field water potential had no 

significant effect on tocopherols (Wohleser, 2007). 
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The objective of this study was to determine environmental effects on soybean seed 

tocopherol levels under controlled conditions. To investigate the environmental factors, three 

treatment levels were used for P and K fertilizer, as well as three temperature and three drought 

regiments. The information generated from this study may help producers identify ideal growing 

areas and conditions for high tocopherol soybean production.   
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3.3 Materials and Methods 
 

 
3.3.1 Plant Material for Growth Room Studies 

 

 Based on the mean total tocopherol values for the 2009 and 2010 field results, quantified 

via HPLC (Chapter 2), five high (T9-1 T9-30, T9-22, T9-29, T9-86), three medium (T9-50, OAC 

Champion, OAC 05-30), five low (T9-54, T9-80, T9-45, T9-34, T9-49) and the parents OAC 

Bayfield and OAC Shire were selected for growth room studies.  For the fertilizer treatment test 

the lines were planted in the growth room at the Department of Plant Agriculture, University of 

Guelph (Guelph, ON, Canada) on March 21
st
, 2011.  For the temperature and drought treatments, 

only five lines were selected as space was a limiting factor in the growth cabinets and growth 

room. They included one high (T9-1), one medium (T9-50), one low (T9-49) and the parents 

OAC Bayfield and OAC Shire, which were planted on April 26
th

, 2011. The seeds were obtained 

from the 2010 harvest (F11) and in order to initiate nodule formation for nitrogen fixation, they 

were inoculated with Nitragin soybean powder from EMD Crop BioScience (Brookfield, WI), 

prior to planting. Ten seeds for each cultivar were planted in 3.8 L pots containing Sunshine™ 

L-4 potting mix (Sun Grow Horticulture, Seba Beach, AB) with medium ingredients. These 

included 65-75% Canadian sphagnum peat moss, horticulture grade perlite and dolomitic 

limestone. The pH was 5.5-6.5 and soluble salts were 0.5-1.0 mmol/cm. After germination, the 

seedling numbers were reduced to three plants per pot.  
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 3.3.2 Fertilizer Treatment Growing Conditions 

 

Growth room conditions were set at 25/20 ºC day/night temperatures with a 16 hour 

photoperiod at 70% humidity with a photosynthetic photon flux intensity of around 320 µmol m
-

2
s

-1
. The lighting was made up of fluorescent bulbs. For each of the three fertilizer treatments, 

each pot received 100 mL of the designated treatment twice a week until full maturity, the R8 

stage (Chennupati et al., 2011) (Figure A-3.2). Stock solutions were prepared for each of the 

fertilizer treatment using a modified Hoaglands solution (Table A-3.1) (Hoagland and Arnon, 

1950). The pH for all nutrient solutions was 6.0. For the first treatment, a standard fertilizer 

solution with no Ca(H2PO4)2  or K2SO4 was applied. For the second treatment a solution that 

contained 2 x the K level (Ca(H2PO4)2 at 0.5 M/90 mL) was used and for the third treatment, 2 x 

the P (K2SO4 at 1.0 M/150 mL) was applied (Table A-3.2). Catch trays were placed under each 

pot to catch any runoff from the fertilizer solutions.  

 

3.3.3 Temperature Treatment Growing Conditions 

 

 For the temperature treatments, the plants were allowed to develop to the flowering stage 

in the growth room under the same conditions described in 3.3.2. The plants were then 

transferred into three separate growth cabinets on June 9, 2011 to accurately control temperature 

(Figure A-3.1).  The temperature was set to 30/25 ºC day/night for the high level treatment, 

medium level was 25/20 ºC day/night and the low level was set at 20/15 ºC day/night, which 

equals a mean daily growing temperature of 28.2 ºC, 23.3 ºC and 18.8 ºC. Conditions were kept 
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constant at a 16 hour photoperiod, 70% humidity, with a photon flux density of approximately 

320 µmol m
-2 

s
-1

.  

 

3.3.4 Drought Treatment Growing Conditions 

 

For the drought treatments, the plants were allowed to grow to the flowering stage in the 

growth room with the conditions previously described (3.3.2). Catch trays were placed under 

each pot to catch any runoff water. The drought treatments applied to the plants used 50%, 75% 

and 100% field water potentials (Figure A-3.3). The first two treatments are considered to be 

drought stress treatments. The field water potentials were measured by applying water through a 

graduated cylinder to the maximum saturation level for the 100% field holding capacity test. 

Once the soil could no longer hold water and runoff began, the volume added was recorded for 

each genotype and then 75% and 50% of that volume was applied to the subsequent treatments. 

This was accomplished twice a week until full maturity. Volumes were changed weekly as the 

growth stages of the plant change the water requirements. The volumes were calculated from the 

average of the three pots for each genotype.  

 

 3.3.5 Experimental Setup 

 

Each experiment described above (3.3.2 to 3.3.4) was randomized through Microsoft 

Excel.  For the fertilizer experiment the plant numbers were as follows: 

(3 plants per pot (pooled)) x (15 genotypes) x (3 fertilizer treatments) x (3 pots/genotype) 

= 405 plants/growth room (Guelph, ON, Canada).  
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For the temperature and drought treatments, the plant numbers were: 

(3 plants per pot (pooled)) x (5 genotypes) x (3 treatments) x (3 pots/genotype) = 135 

plants/growth chamber for temperature and growth room for drought (Guelph, ON, Canada). 

 

 3.3.6 Tocopherol Analysis 

 

 The extraction and quantification method used to find the α-, γ-, and δ- isomers through 

HPLC has been previously described in Chapter 2 (2.3.3). 

 

 3.3.7 Statistical Analysis 

 

 For the statistical analyses, SAS for Windows, version 9.2 (SAS Institute Inc., Cary, 

N.C., USA) was used. The PROC GLM commend was implemented for the combined analysis 

of variance with a Type one error rate (α) of 0.05. Lines, pots, fertilizer, temperature and drought 

treatments were considered to be fixed effects. The model accounted for the interaction of 

treatment and lines. Mean square errors generated from the ANOVA tables were used to 

calculate least significant difference (LSD) values to determine significance for the mean 

comparisons. The Bartlett’s test was used to test for significance in the homogeneity of error 

variances between one-way ANOVAs using the HOVTEST command in SAS (v.9.2). 

 

 

 

 

http://support.sas.com/documentation/cdl/en/statug/63347/HTML/default/statug_glm_sect018.htm#statug.glm.means_opt_hov
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3.4 Results  

3.4.1 Fertilizer Treatment 

 To investigate the second objective, which was determining environmental factors 

affecting soybean seed tocopherol accumulation under controlled conditions, three different 

treatments were used for fertilizer as described in section 3.3.2. 

The mean of α- tocopherol for the high, medium and low selected tocopherol RILs and 

OAC Bayfield was higher for the 2 x P treatment when compared to the standard solution and 2 

x K (Table 3.1). However, OAC Shire had higher α-tocopherol in the standard solution, followed 

by 2 x P and the lowest amounts observed under the 2 x K treatment. The high and medium 

tocopherol RILs accumulated higher tocopherol in the standard solution when compared to 2 x K 

and the low tocopherol RILs accumulated higher levels in the 2 x K. On average, the standard 

and 2 x K treatments did not increase the α- tocopherol levels as much as the 2 x P treatment. 

 For γ- tocopherol, higher levels were again found for the 2 x P treatment for most of the 

lines with the exception of the medium RILs being highest under the standard solutions (Table 

3.2).  The 2 x P treatment was not different from the standard solution but was different from the 

2 x K treatment. The lowest levels were found in the 2 x K treatment for the parents, the high and 

medium tocopherol RILs. The low tocopherol RILs had the lowest value when treated with the 

standard solution.   

  δ- Tocopherol was the least affected by the different treatments with less predictability. 

The high and medium tocopherol RILs had the highest values for the standard solutions and 

lowest for the 2 x K treatment (Table 3.2). OAC Bayfield and the low tocopherol RILs had the 

highest levels under the 2 x K treatment and OAC Shire accumulated the highest levels in the 2 x 
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P treatment. OAC Shire had the lowest levels in the 2 x K treatment and OAC Bayfield had the 

lowest levels in the 2 x P treatment.   

 For total tocopherols, the 2 x P treatment produced higher tocopherol levels in the high 

tocopherol RILs and the 2 x K treatment produced the lowest. OAC Bayfield had no differences 

between the standard and 2 x K but had higher levels in 2 x P treatment (Tables 3.1 and 3.2). 

Similar results were found with OAC Shire, however, the standard and 2 x P treatment were not 

different. Overall, the 2 x P treatment provided the highest tocopherol levels when compared to 

the 2 x K treatment and standard solution for the selected RILs and parents.  

The combined analysis of variance identified differences for fertilizer, soybean lines and 

the interaction (Table A-3.3).   

 

3.4.2 Temperature Treatment 

  

 Although the temperature treatment was not replicated over space or time between due to 

resource limitations, the results presented were consistent among lines and parents, with the 

mean values for all tocopherol components being generally highest at 30 ˚C, followed by 25 ˚C 

and 20 ˚C. It was also found that the RILs on average had the highest tocopherol values, 

followed by OAC Bayfield then OAC Shire (Table 3.3). For α- tocopherol, OAC Bayfield and 

OAC Shire accumulated the highest tocopherol levels at 30 ˚C; however, the high and medium 

tocopherol RILs had the highest values under the 20 ˚C treatment followed by 30 ˚C and 25 ˚C. 

The low tocopherol lines had the highest tocopherol levels at 25 ˚C followed by 30 ˚C and 20 ˚C 

(Table 3.4).  
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 For γ- tocopherol, OAC Bayfield was higher for the 30 ˚C treatment, followed by 25 ˚C 

and 20˚C treatments (Table 3.4). For OAC Shire, the 25 ˚C had the highest levels followed by 30 

˚C and then 20 ˚C treatment. The high and low tocopherol RILs performed the best under the 25 

˚C treatment followed by 30 ˚C and 20 ˚C. The medium RILs had similar results but had the 

lowest levels at 25 ˚C. 

 δ- Tocopherol showed similar results to α- tocopherol. OAC Bayfield and OAC Shire had 

higher levels at the 30 ˚C, followed by 25 ˚C, then 20 ˚C treatments (Table 3.4). The high 

tocopherol RILs accumulated more tocopherols at 25 ˚C and 30 ˚C. The medium tocopherol 

RILs had higher δ- accumulation for the 30˚C treatment, whereas the 20 ˚C and 25˚C treatments 

were not different from one another. The low tocopherol RILs had the highest levels under 25 ˚C 

followed by the 30 ˚C and 20 ˚C. 

 OAC Bayfield accumulated the highest levels of total tocopherol in the 30 ˚C growth 

cabinet, followed by the 25 ˚C and 20 ˚C (Tables 3.3 and 3.4). OAC Shire and the high and low 

tocopherol RILs did not follow this trend as they had the highest levels under 25 ˚C, then 30 ˚C 

and 20 ˚C. The medium tocopherol RILs accumulated the most total tocopherols at 20 ˚C 

followed by 30 ˚C and 25 ˚C. 

 

3.4.3 Drought Treatment 

 

 No differences were found among drought treatments, lines or the interaction at 50% and 

75% water regimes (Table A-3.4). The drought treatments showed some differences between the 

means where the 75% drought treatment accumulated on average the highest levels compared to 

the 50% and 100% drought treatments (Table 3.5).  
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  When analyzing α- tocopherol, the soybean genotypes accumulated the highest 

tocopherols under the 75% and 50% drought stress treatments. OAC Bayfield had higher 

tocopherol levels at the 50% drought treatment than by 75% and 100%. OAC Shire had the 

highest α- tocopherol with the 75% followed by 50% and 100% drought treatments (Table 3.6). 

T9-1 H was excluded from the study as it failed to produce results when quantified on HPLC. 

 For γ- tocopherol, the medium RILs and OAC Bayfield produced approximately the same 

tocopherol levels under all three treatments (Table 3.6). OAC Shire had higher levels of 

tocopherols at 100%, compared to 50% and 75% field holding capacity.  

 For δ- tocopherol, the RILs and OAC Shire both had the highest levels for the 50% 

treatment followed by 75% and 100%, which were not different from one another (Table 3.6). 

OAC Bayfield had the highest levels of δ- under the 75% treatment compared to the 100% and 

50% field holding capacity treatments. 

 For total tocopherols, the RILs had the highest levels under the 75% treatment compared 

to the 50% and 100% field holding capacity. OAC Shire had the highest total tocopherols under 

the 50% followed by 100% and 75% field holding capacity treatments.  Overall, the results were 

inconsistent and the treatment effects were unpredictable as many of them were not consistent 

across treatments and soybean genotypes (Tables 3.5 and 3.6). The homogeneity of error 

variances between the ANOVA tables was not significant indicating a good fit for combined 

ANOVA. It should be noted that the growth room study was not repeated, nor were the 

treatments exchanged between growth chambers due to resource limitations.  
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3.5 Discussion  

3.5.1 Fertilizer Treatment 

 Both 2 x P and 2 x K affected soybean seed tocopherols. Additional 2 x P fertilizer holds 

the greatest potential as it resulted in the highest levels of α-, γ- and total tocopherols. Combined 

ANOVA resulted in treatment effects. Possible explanations may involve the biosynthetic 

pathway.  The tocopherol biosynthetic pathway uses sources obtained from two important 

secondary metabolic pathways, the shikimic acid (SP) and methylerythritol phosphate pathway 

(MPP), which are both located in the plastids. In particular, the MPP condenses phytol-

diphosphate; therefore, carbon flow may be increased under stress and uptake additional 

phosphate, which may help the plant to accumulate higher tocopherols or other compounds in the 

seed. SP is a very important pathway linking primary metabolism including carbohydrates and 

amino acids and secondary metabolism, which may influence tocopherol levels. It condenses 

phosphoenylpyruvate and erythrose-4-phosphate to chorismate, which serves as a precursor to 

three aromatic amino acids (phenylalanine, tyrosine, and tryptophan).  Both pathways are 

extremely important to the tocopherol biosynthetic pathway. They serve as the route to 

isoprenoid biosynthesis, which produces many organic molecules including flavonoids, 

carotenoids and tocopherols.  

δ- Tocopherol was not impacted in the same way as α- and γ-. It is plausible to conclude 

that the influx of phosphates and potassium may affect the level of δ- tocopherols in the seed by 

changing specific amino and fatty acid levels, which in the past has been shown to be directly 

correlated with tocopherols (Wohleser, 2007; Cem et al., 2008).   
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These findings are the first to show that fertilizer concentrations under controlled 

conditions can potentially affect tocopherol levels in soybean seeds. This is contradictory to a 

past study that tested 2 x P and 2 x K in the field and reported no significant impact on soybean 

seed tocopherols (Seguin et al., 2010). Field may have too many variables changing fertilizer 

concentrations at different growth stages, for example, leaching from heavy rain or runoff that 

can drastically change the concentration. This is not the first study confirming fertilizer 

concentrations can change a compound in soybean seed. Isoflavone concentrations in soybean 

seed can be drastically changed under increased potassium levels (Zhang et al., 2003; Vyn et al., 

2002). It can be concluded from the reasons above that increased 2 x P fertilizer could potentially 

increase the overall α-, γ- and total tocopherol levels in soybean seed.  

 

3.5.2 Temperature Treatment 

 

Due to time contraints, the temperature treatments were not replicated in separate growth 

chambers. Therefore, effects of a single growth chamber per se could not be estimated. The data 

could be combined from Wohleser (2007), as the same growth chambers were used for the 

temperature treatments (Dr. Steven Britz, personal communication). However, the current 

experiment cannot be considered a replicate in time 

The preliminary temperature treatments demonstrate that higher temperature could 

potentially increase tocopherol levels in soybean seed. In each of the isomers, 30 ˚C accumulated 

the highest concentrations a majority of the time. However, in some of the lines, the 25 ˚C 

treatments exceeded or were not different from the 30 ˚C. Past research has shown that 

temperatures between 25-30 ˚C increased tocopherol levels (Almonor et al., 1998; Dolde et al., 
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1999; Chennupati et al., 2011). Most of these studies concentrated on α- tocopherol since it has 

the highest biological activity; this is one of the few comprehensive studies that have shown that 

higher temperatures can affect all tocopherol components.  

Since the results showed that in a few cases the 25 ˚C was equal to or greater than the 30 

˚C treatment it is possible to conclude that a range between 25-30 ˚C would be the optimal 

temperature range to accumulate the highest tocopherol levels. This is the first study that tested 

tocopherol accumulation in soybean seeds at a 30 ˚C temperature treatment. One exception to the 

results was the medium tocopherol RILs in which the 20 ˚C led to the accumulation of the 

highest levels of α- and total tocopherols. This may show that the medium ranking lines can be 

influenced more by temperature changes then the other lines. It should be noted that although no 

temperature fluctuations were observed during the treatments, power outages and temperature 

spikes have occurred in the growth chambers (Guelph, ON. Canada) in the past and may have 

played a role in some of the variability in the results.  

Overall, the mean 28.2 ˚C temperature from the 30 ˚C /25 ˚C day/night treatment 

accumulated the highest tocopherol levels (Table 3.3); therefore, producers may want to 

concentrate on the growing regions that average these temperatures during the seed filling stage. 

It is important to note that these are preliminary results and it is recommended that these tests be 

repeated at separate times to confirm these results, however, the results are consistent with 

Wohleser (2007) and suggests that the 30 ˚C temperature treatment increases tocopherol levels . 
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3.5.3 Drought Treatment 

 

Environmental stress has been shown to greatly increase soybean seed tocopherol levels 

in the past (Britz and Kremer, 2002). Overall, the drought treatments were inconsistent. When 

combined ANOVA was generated, no treatment effects were observed. One potential reason for 

the results was that the T9-1 H line failed to produce results because of poor seed set under the 

100% field water potential test; therefore, was excluded from the analysis. Since this was the 

highest tocopherol producing line with only four other lines used for comparison, it is concluded 

this would have a significant effect on the results from the combined analysis of variance (Table 

A-3.4). The overall means indicate the 75% drought treatment produced the highest overall level 

of tocopherols (Table 3.5). This may mean that a specific range of precipitation maybe required 

for optimal tocopherol production. Some of the tocopherols accumulated the highest levels under 

the 50% and 100% drought treatment and some had the lowest. The 50% treatment may have 

had a detrimental effect on some of the lines with not enough water resources available to the 

plant; therefore, more resources from the plant were allocated for physiological processes other 

than tocopherol accumulation. One reason this may have occurred was soil compaction as some 

of the pots may have had greater soil compaction and water may have evaporated or run off 

before having the chance to be allocated to the roots. Although past research shows that 

environmental stress increases soybean seed tocopherol levels (Britz and Kremer, 2002), this was 

not confirmed with the drought treatments. Another possible explanation for the drought results 

was a four month delay in quantifying the tocopherol levels on HPLC as it was not available. 

The findings from the drought stress are contradictory to another study where drought stress 

impacted tocopherols levels (Britz and Kremer, 2002). However, this finding is an agreement 
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with a study by Wohleser (2007), who reported that water stress did not affect individual and 

total tocopherol values. 

In summary, it is recommended that future studies explore a value between 75% and 

50%; for example, 62.5% field water potential may be the best field holding capacity level for 

tocopherol accumulation. Overall, drought treatments had no effect on soybean seed tocopherols.  
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Table 3.1– Mean tocopherol values for α-, γ-, δ-, and total tocopherol components for RILs 

under standard, 2 x potassium and 2 x phosphate fertilizer treatments. 

2011   Parental Mean (ug/g) GR Lines (ug/g) 

Trait Treatment † 

OAC 

Bayfield 

OAC Shire 

Mean ± SE Range 

Alpha (α) Standard 87.99 

 

74.41 61.78 3.54 13.10-94.08 

 

Potassium 92.22 49.18 68.31 3.35 27.14-93.89 

 

Phosphate 106.25 65.24 82.55 3.36 49.39-130.34 

       Gamma (γ) Standard 209.74 253.94 189.90 7.63 141.24-286.63 

 

Potassium 161.44 165.66 161.74 5.89 106.00-212.70 

 

Phosphate 224.50 255.66 219.86 7.71 160.57-362.27 

       Delta (δ) Standard 90.81 132.24 118.49 8.36 39.78-256.82 

 

Potassium 141.52 88.53 105.38 6.33 45.70-178.21 

 

Phosphate 84.83 141.37 110.61 6.13 54.51-203.14 

       Total Standard 388.56 460.60 379.17 18.05 143.88-617.22 

 

Potassium 395.19 303.38 335.43 11.87 200.53-460.63 

 

Phosphate 425.59 462.28 413.02 14.73 306.55-667.70 

† = Standard solution based on Hoaglands (1950), a solution that contained 2 x the K level 

(Ca(H2PO4)2 at 0.5 M/90mL) a solutions that contained 2 x the P (K2SO4 at 1.0M/150mL)  
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Table 3.2 - Mean tocopherol values for α-, γ-, δ-, and total tocopherol components for high, 

medium and low tocopherol RILs and parents in response to standard, 2 x potassium and 2 x 

phosphorous fertilizer treatments.  

Trait (ug/g) 
Treatment Cultivars ‡ (α) ‡ (γ) ‡ (δ) ‡ Total 

Standard 

Solution 

High Tocopherol Lines 65.96 d 222.81 d 142.65 a 431.43 b 

Medium Tocopherol Lines 73.82 cd 216.82 d 141.96 a 430.61 b 

Low Tocopherol Lines 42.31 f 160.03 g 81.57 f 284.92 f 

OAC Bayfield 87.99 b 209.74 de 90.81 e 388.56 c 

OAC Shire 74.41 cd 253.94 ab 132.34 c 460.60 a 

2 x Potassium High Tocopherol Lines 57.58 e 137.91 h 107.33 d 302.79 ef 

Medium Tocopherol Lines 59.57 e 160.03 g 95.04 e 314.66 e 

Low Tocopherol Lines 73.97 cd 185.19 f 106.46 d 376.33 c 

OAC Bayfield 92.22 b 161.44 g 141.52 a 395.19 c 

OAC Shire 49.18 f 165.66 g 88.53 e 303.38 ef 

2 x Phosphate High Tocopherol Lines 90.65 b 239.01 bc 135.81 b 467.48 a 

Medium Tocopherol Lines 78.72 c 205.18 e 108.77 d 392.68 c 

Low Tocopherol Lines 74.85 c 199.17 ef 89.51 e 363.54 d 

OAC Bayfield 106.25 a 224.50 cd 84.83 f 425.59 b 

OAC Shire 65.24 d 255.66 a 141.37 ab 462.28 a 

† LSD 8.732 15.033 8.550 20.228 

† LSD: Least significant difference (P<0.05) 

‡ = Compared within columns, means with the same letter are not significantly different 

according to LSD at P < 0.05 
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Table 3.3 – Mean tocopherol values for α-, γ-, δ-, and total tocopherol components for RILs 

grown under 30 ˚C, 25 ˚C and 20 ˚C temperature treatments. 

2011   Parental Mean (ug/g) GR Lines (ug/g) 

Trait Treatment 

OAC 

Bayfield 

OAC Shire 

Mean Range 

Alpha (α) 30 ˚C 142.16 

 

140.36 156.74 133.45-207.82 

 

25 ˚C 124.64 93.46 118.24 89.22-153.48 

 

20 ˚C 114.47 84.37 153.94 58.95-259.63 

      Gamma (γ) 30 ˚C 407.37 366.71 388.75 236.50-601.46 

 

25 ˚C 274.36 511.67 429.72 246.21-578.02 

 

20 ˚C 251.26 272.83 306.38 239.74-420.21 

      Delta (δ) 30 ˚C 133.21 142.42 154.35 116.45-259.63 

 

25 ˚C 119.65 124.90 148.66 102.24-260.10 

 

20 ˚C 52.85 95.38 89.61 43.89-146.78 

      Total 30 ˚C 679.54 637.26 699.84 539.48-1002.7 

 

25 ˚C 518.66 730.03 696.62 493.55-976.68 

 

20 ˚C 418.58 452.58 549.92 355.74-760.53 
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Table 3.4 - Mean tocopherol values for α-, γ-, δ-, and total tocopherol components for RILs 

including patents in response to 30 ˚C, 25 ˚C and 20 ˚C temperature treatments.  

Trait (ug/g) 

Treatment Cultivars ‡ (α) ‡ (γ) ‡ (δ) ‡ Total 

30 ˚C T9-1 H 197.66 c 439.28 d 230.38 a 867.98 b 

T9-50 M 161.19 d 293.20 h 135.66 d 593.74 h 

T9-49 L 137.37 f 452.87 c 128.39 ef 720.82 de 

OAC Bayfield 142.96 e 403.37 e 133.21 de 679.54 f 

OAC Shire 140.36 f 366.71 f 142.42 c 637.26 g 

25 ˚C T9-1 H 127.38 g 554.68 a 234.58 a 916.68 a 

T9-50 M 109.84 h 346.76 g 108.37 h 553.25 i 

T9-49 L 147.38 e 460.39 c 154.43 b 756.29 c 

OAC Bayfield 124.64 g 274.36 i 119.65 g 518.66 j 

OAC Shire 93.46 j 511.67 b 124.90 fg 730.03 d 

20 ˚C T9-1 H 220.39 b 363.28 f 121.23 g 706.56 e 

T9-50 M 246.49 a 359.12 fg 113.42 h 720.65 de 

T9-49 L 102.73 i 283.87 h 63.13 j 450.32 k 

OAC Bayfield 114.47 h 251.26 j 52.85 k 418.58 l 

OAC Shire 84.37 k 272.83 i 95.38 i 452.58 k 
† LSD 6.893 12.897 5.838 14.552 

† LSD: Least significant difference (P<0.05) 

‡ = Compared within columns, means with the same letter are not significantly different 

according to LSD at P < 0.05 
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Table 3.5 – Mean tocopherol values for α-, γ-, δ-, and total tocopherol components for RILs 

grown under 100%, 75% and 50% field capacity drought treatments. 

2011 

 

Parental Mean (ug/g) GR Lines (ug/g) 

Trait Treatment 

OAC 

Bayfield 

OAC 

Shire Mean ± SE Range 

Alpha (α) 100% 100.79 

 

88.68 105.20 3.64 76.94-125.44 

 

75% 101.75 107.69 124.88 9.19 95.21-207.90 

 

50% 115.14 97.01 124.07 5.88 93.79-178.06 

       Gamma (γ) 100% 189.16 406.72 355.24 31.56 164.77-485.02 

 

75% 264.81 286.81 351.42 29.82 199.49-556.68 

 

50% 251.82 367.34 295.59 28.27 155.50-540.44 

       Delta (δ) 100% 104.17 149.66 143.56 7.49 90.21-197.09 

 

75% 168.28 174.90 233.67 35.86 104.24-581.56 

 

50% 139.90 268.68 234.01 35.04 117.17-530.67 

       Total 100% 394.19 645.06 604.00 35.77 358.47-728.16 

 

75% 534.84 569.40 709.97 45.94 500.03-1026.6 

 

50% 506.85 691.54 653.67 36.68 488.95-900.49 
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Table 3.6 - Mean tocopherol values for α-, γ-, δ-, and total tocopherol components for RILs 

including parents in response to 100%, 75% and 50% field capacity drought treatments. 

Trait (ug/g) 

Treatment Cultivars ‡ (α) ‡ (γ) ‡ (δ) ‡ Total 

100% Field 

Capacity 

T9-1 H - - - - 

T9-50 M 113.87 c 449.32 a 144.40 g 708.98 c 

T9-49 L 116.12 c 375.19 c 140.84 g 667.61 d 

OAC Bayfield 100.79 d 189.1 h 104.17 h 394.19 i 

OAC Shire 88.68 f 406.72 b 149.66 g 645.06 d 

75% Field 

Capacity 

T9-1 H 176.86 a 445.23 a 360.43 a 983.79 a 

T9-50 M 101.93 d 387.62 c 254.98 cd 746.34 b 

T9-49 L 105.32 d 372.01 c 208.11 e 715.48 bc 

OAC Bayfield 101.75 d 264.81 g 168.28 f 534.84 g 

OAC Shire 107.69 cd 251.82 g 174.90 f 569.40 f 

50% Field 

Capacity 

T9-1 H 140.55 b 312.90 e 245.83 d 700.27 c 

T9-50 M 116.91 c 303.32 e 202.12 e 623.65 e 

T9-49 L 149.10 b 283.20 f 312.99 b 738.98 b 

OAC Bayfield 115.14 c 251.82 g 139.90 g 506.85 h 

OAC Shire 97.01  e 367.34 d 268.68 c 691.54 c 
† LSD 8.936 15.965 14.856 23.494 

† LSD: Least significant difference (P<0.05) 

‡ = Compared within columns, means with the same letter are not significantly different 

according to LSD at P < 0.05 
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Chapter 4 

 

 Molecular Mapping of Soybean Seed 

Tocopherols 
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4.1  Abstract 
 
 

Soybean (Glycine max [L.] Merr.) is cultivated mainly for its 40% protein and 20% oil 

concentration in the seed. Recently, the demand for healthier foods has been a major 

consideration in the selection of new soybean cultivars. One of the value added traits that is 

considered is vitamin E (tocopherols), a powerful anti-oxidant that scavenges free radicals, 

thereby protecting cell membranes and increasing shelf life of oil and food. Tocopherols are 

available in the α-, β-, γ-, δ- isoforms and have many human health benefits, which makes them 

desirable to the nutraceutical industry. Soybean seed is the main source of tocopherols for 

vitamin E supplements. The purpose of this research was to identify markers linked to QTL that 

affect soybean seed tocopherols. Seventy nine RILs derived from the cross OAC Bayfield x 

OAC Shire were planted and harvested at the Elora, Woodstock and St. Pauls, Ontario in 2009 

and 2010. One hundred and fifty one (27% of total) SSR markers were polymorphic and used to 

genotype the RIL population. One way analysis of variance identified 42 QTL, whereas interval 

mapping discovered 26 QTL located on 17 chromosomes 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 

16, 17, 18, and 20. Single markers linked for QTL explained 7% to 42% with an average of 

13.2% of the total phenotypic variation for tocopherols. The following markers for tocopherol 

concentration were confirmed in multiple years, locations and studies: 2 for α-: [Satt079 (Ch 6; 

LG C2); Satt117 (Ch 15; LG E)]; 3 for γ-: [Satt389 (Ch 17; LG D2); Satt181 (Ch 12; LG H); 

Satt317 (Ch 12; LG H)]; 3 for δ-: [Satt252 (Ch 13; LG F); Satt269 (Ch 13; LG F); Satt271 (Ch 2; 

LG D1b)] and 1 for total: [Sat136 - Satt646 (Ch 4; LG C1)]. Significant (p < .0001) two-locus 

epistatic interactions were found with a total of 122 in 2009 and 152 in the 2010 field seasons. 

Using the QTL and the two-locus epistatic interactions identified, the multiple locus model 

explained 18.4% to 72.2% and an average of 45.7% of the total phenotypic variation. The 
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identified regions of the chromosome may serve as good candidates to identify potential genes 

that co-localize with the markers. The QTL identified may have good potential for MAS in a 

plant breeding program for high tocopherol soybean lines that could potentially benefit human 

health and increase the shelf life of the oil. 
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4.2  Introduction 

 

Soybean (Glycine max. [L.] Merr.) is one of the most important protein and oilseed crops 

grown globally. The seed contains highly nutritious components, such as, isoflavones, lutein, and 

tocopherols. Tocopherols have strong anti-oxidative capabilities protecting the nutritional 

properties of the oil, as well as increasing its shelf life. Tocopherols are made up of α-, beta, γ- 

and δ- isoforms. Both tocopherols and tocotrienols make up vitamin E found in the same 

isoforms, however, tocotrienols and β-tocopherol are only found in trace amounts in soybean 

seed. The differences between the isomers are the positions and number of methyl groups. Α- 

tocopherol has a maximum of three methyl groups, beta and γ- tocopherol have two (different 

positions) and one for δ- tocopherol (Rani et al., 2007) (Figure 1.2). Tocopherols are beneficial 

to human health because they contain anti-inflammatory properties, decrease lung cancer risk, 

osteoporosis, heart disease and increased immune function. These powerful anti-oxidant 

capabilities result from the scavenging of free radicals to prevent cell membrane damage by 

donating a hydrogen atom to the damaged areas (Vitamin E, 2001). Soybean seed can contain 

tocopherol amounts > 2000 ug/gˉ¹ dry weight and have the highest concentration of any of the 

legume species (Grela and Günter, 1995). 

Breeders have relied on many selection tools in the past, mainly phenotypic 

characteristics, to select for superb germplasm to be used as future cultivars. One of the main 

problems with this method is that it is lengthy in time and resource intensive. It is important to 

develop new technologies to keep up with the increasing demand for many improved cultivars; 

therefore, plant breeders have shifted focus to genotypic selection methods.  MAS is one such 

genotypic selection method as it saves the breeders time and money in producing new lines and 

can lead to greater accuracy. Molecular markers come in many forms and it is the plant breeder’s 
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job to select the best ones for their program. SSR markers are PCR based and might be a 

favourable option as they are highly repeatable based on tandem repeats in the nucleotides, are 

co-dominant and have a high level of polymorphism (Gupta and Vashney, 1999; Hwang et al., 

2009; Bilyeu, 2008; Van Ooijen, 2009; Rajcan et al., 2011). The markers, once tested and 

confirmed, can help identify potential QTL that are significantly associated with areas on the 

chromosome that may link to the genes controlling the traits of interest. Markers are also used to 

construct linkage maps by implementing numerous markers that cover the whole genome. For 

example, a transcript map containing 1009 SSR markers, 3792 single nucleotide polymorphism 

(SNP) markers and 664 restricted fragment length polymorphism (RFLP) markers covering 

2550.3 cM was constructed to aid in identifying and locating QTL for numerous traits in soybean 

(Cregan et al., 1999; Song et al., 2004; Choi et al., 2007). 

The genetic components of soybean seed tocopherols are poorly understood and many of 

the molecular studies to date have only been carried out in a few locations over a single field 

season. One study by Wohleser (2007) using the same population described in this study found a 

total of 38 QTL that explained up to 32.5% of the total phenotypic variation. Interval mapping in 

the same study discovered nine QTL located on chromosomes 1, 2, 6, 8, and 13. Another study 

by MacDuff (2012) using progeny from a cross between Keszthelyi A. S. X 255RR identified 21 

markers significantly associated (p < 0.01) with α- tocopherol, five with γ- tocopherol, 37 with δ- 

tocopherol, and six with total soybean seed tocopherols. Li et al., (2010) used a cross between OAC 

Bayfield x Hefeng 25 and found four QTL that were linked with α- tocopherol, eight with γ- 

tocopherol, four with δ- tocopherol and five with total soybean seed tocopherols. 

 It is important to identify the genetic factors affecting tocopherol accumulation in 

soybean by using new technology such as SSR markers as they may serve as an excellent 

selection tool for plant breeders. These tools can help identify valuable tocopherol soybean lines 



98 

 

to meet the demand of the functional food market to benefit human health. Therefore, the main 

objective of this study was to identify SSR markers that tag QTL for individual and total 

tocopherols. In order to address this objective, two high producing tocopherol lines with different 

profiles were crossed (OAC Bayfield x OAC Shire) to develop a RIL population segregating for 

tocopherol levels. SSR markers were used to construct a linkage map, identify QTL that may 

identify regions of the chromosomes that are co-located with the genes controlling tocopherol 

levels and identify SSR markers that may be useful in selecting superior tocopherol soybean 

lines.  
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4.3  Materials and Methods 

 

4.3.1 Plant Material 

 

The plant material used for this study was obtained from the 2009 (F10), and 2010 (F11), 

Elora crop research station (Ontario, Canada) and has been previously described in Chapter 2 

(2.3.1).  

 

4.3.2 Tocopherol Analysis 

 

 The extraction and quantification method used to find the α-, γ-, and δ- isomers through 

HPLC has been previously described in Chapter 2 (2.3.3). 

 

4.3.3 DNA Extraction 

 

Leaf tissue samples were collected from 79 RILs, checks and parents from the plant 

material described in chapter two (2.3.1). It should be noted that young leaves prior to the 

flowering stage were used as they tend to generate higher quality DNA.  Approximately 10 to 12 

leaf disks were collected from each line using a single-hole punch and then immediately placed 

in a 2.0 ml micro-centrifuge screw cap tube (CAT No. 05-664-35 FisherScientific, New Jersey, 

USA) on ice. The samples were then transferred to a freeze dryer (Savant Modulyo, Holbrook, 

NY, USA) where the caps were removed and covered with KimWhipes (KimTech Sciences 

Brand, Mississauga, ON, Canada). The samples were freeze dried for 48 hours at -45 ˚C and then 
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stored at -80 ˚C. Once they were freeze dried the genomic DNA was extracted from the leaf 

disks using a GenElute™ Plant Genomic DNA Miniprep Kit (Sigma- Aldrich ®; St. Louis, MO, 

USA).  To break up the leaf tissue, a ball bearing was placed in each of the 2.0 ml micro-

centrifuge screw cap tubes. To grind the tissue a FastPrep FP120 (Savant BIO 101, Holbrook, 

NY, USA) was used at a speed of 4.0 for 40 seconds. After the disks were turned into a fine 

powder, 350 L of lysis (Part A) solution and 50 L of lysis (Part B) solution were pipetted and 

then vortexed and inverted to make sure it was thoroughly mixed as this step releases the DNA 

and protein. To remove debris, 130 L of precipitation solution was added and incubated on ice 

for 5 min. The supernatant was then transferred to a blue filtration column and centrifuged (In 

Vitro Technologies Hermle 2180M, North Park North, Australia) for 1 min. To bind the DNA to 

the column, 700 L of binding solution was added and mixed thoroughly. Then, 700 L of the 

mixture was transferred to the binding column and centrifuged for 1 min and was repeated with 

the remaining solution. The binding column was then transferred to a new collection tube and all 

flow through was discarded. The next step was to wash and remove any contaminants; therefore, 

500 L of wash solution was added to the column and centrifuged for 1 min. A second spin was 

then conducted adding another 500 L of wash solution in which all flow through was again 

discarded. To collect the purified DNA the column was transferred to a fresh tube and 50 L of 

pre-warmed (65 ˚C) elution solution was added to the binding column and centrifuged for 1 min. 

This step was repeated once to collect the pure DNA.  The DNA was then quantified using a 

NanDrop ND 1000 Spectrophotometer (Beckhman Coulter, Fullerton, Canada). After an 

adequate DNA concentration was confirmed, it was diluted to a volume of 200 L using 

molecular biology grade H2O (Thermo Scientific®, Barrington, IL. USA). The samples were 

stored at 4 ˚C until it was ready for molecular marker analysis 
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4.3.4 Molecular Marker Analysis 

 

Polymerase chain reaction (PCR) was used to amplify the DNA for marker analysis using 

a Robocycler® 96 Thermocycler (Stratagene Inc., La Jolla, CA). To start, a master mix solution 

was prepared using; 2.6 µL of molecular biology grade H2O (Thermo Scientific®, Barrington, 

IL. USA); 1.5 µL of 10X PCR buffer; 1.5 µL of MgCl2  (25 mM); 3 µL of 20% Trehalose; 0.3 µL 

of deoxyribo-nucleotide triphosphate (dNTP) (10 mM); 0.4 µL of 2.5U µL
-1

 JumpStart™ Taq 

DNA Polymerase (Sigma- Aldrich ®, St. Louis, MO, USA) and stored at -20 ˚C. When PCR was 

ready, 10 µL of the master mix solution was added to a 96 well plate. Then, 2 µL of 2.25 µM 

forward/ reverse SSR primer, 3 µL of genomic DNA (≥ 25 ng μl
−1

), and 13 µL of mineral oil 

(Sigma-Aldrich ®, St. Louis, MO, USA) were added to each well and covered with a thermal 

seal (CAT No. TSA-100, EXCEL Scientific Inc., Victorville, CA, USA) and placed immediately 

in the PCR machine. This resulted in a total PCR volume of 15 µL for each reaction (not 

including mineral oil).  Laboratory services were used to synthesize all SSR primers. All PCR 

reactions conducted were in the soybean molecular lab (Department of Plant Agriculture, Crop 

Science, Guelph, ON) using the #25 standard protocol, application #2 Soybean-SSR markers. It 

consisted of an initial 2 minute denaturation at 95ºC, followed by 35 cycles of a 1 min 

denaturation step at 95 ºC, an annealing temperature step at 47 ºC for 1.3 min, and a 1.3 min 

extension at 68 ºC. After cycle 35, the run was prolonged for a final extension of 5 min at 72 ºC. 

Total run time was 2.32 hrs.  

After the PCR reaction was complete, 4 µL of loading dye was added to each of the 

wells, and a cover slip was applied and centrifuged (Eppendorf 5430, Toronto, Canada) for 1 min 

at 1000 rpm.  The 4.5% Metaphor ® Agarose gel that enabled marker screening was prepared by 
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adding 13.5 g of High Resolution Agarose (Sigma-Aldrich ®, St. Louis, MO, USA) to 300 mL 

1x TBE buffer in a 500 mL beaker with a magnetic stir bar.  The gel was allowed to stir 

overnight until all the agarose powder was completely dissolved. Saran wrap was placed around 

the top of the beaker and a small hole was poked through to prevent any gel from overflowing 

when it was microwaved.  The beaker was microwaved for 5 min and stirring it every 2 to 3 min. 

Ethidium Bromide was added in the volume of 10 µL, stirred, and then poured onto gel trays and 

allowed to cool for 1 hr at 4 ºC. The gel trays were then placed in an EC105 Gel Electrophoresis 

power supply system (Thermo, Holbrook, NY, USA) containing 1x TBE buffer until gels were 

fully submerged. Then, 10 µL of the PCR product was added into each gel well and a run 

between 2 and 5 hrs at 140 v was conducted and inspected every ½ hr for separation. It should be 

noted that 300-1000 bp DNA ladder (Bio Basic, Markham, ON, Canada) was added to each tier 

of the gels for bp size identification and as a check. The gels were then taken to aDR45M2 

Transilluminator gel documentation system where a microscopic camera was used to take 

pictures and the amplified DNA bands could be observed for visual scoring (Figure 4.1).  

Like Wohleser (2007), 550 SSR markers were used for parental screening (OAC Bayfield 

and OAC Shire) to determine, which markers were polymorphic. The polymorphic markers were 

compared to the public consensus map to identify gaps and were re-screened if gaps were present 

(Fazo et al., 2011). Approximately 151 (27%) polymorphic markers were identified and were 

screened against the 79 RILs and checks. The markers were scored as A = OAC Shire or B = 

OAC Bayfield alleles or H = both alleles.  
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 4.3.5 Data Analysis 

 

 Statistical analysis was carried out in SAS for Windows, version 9.2 (SAS Institute Inc., 

Cary, N.C., USA) Commands include CORR, GLM, and LSMEANS and used a Type-1-error 

rate (α) of 0.05 for all analysis unless otherwise stated. Single marker analysis used single factor 

ANOVA to determine significant SSR markers (p < 0.01) associated with each tocopherol 

component (α-, γ-, δ-, and total tocopherol) in Elora, Woodstock and St. Pauls (Ontario, Canada) 

in 2009 and 2010. If the main effect for each locus was significant, they were considered for 

linear additive models with epistasis.  

A integrated linkage map was constructed using JoinMap® 4 using the loci data obtained 

from 151 SSR markers applied to the RIL population, parents and checks (Van Ooijen, 2006). 

Marker data that deviated significantly (p < 0.0001) from the expected genotypic Mendelian 

segregation ratio was identified through Chi-square (X2) analysis with the ‘Locus Genotypic 

Frequency’ command.  The grouping parameter used independence LOD (logarithm of the odds 

ratio for linkage) with a threshold range between 2.0 to 10.0 with 0.5 step intervals. The 

grouping parameter used a LOD of 2.5 and the mapping algorithm used regression mapping with 

the Kosambi’s mapping function.  

Interval mapping was used to identify QTL intervals using MapQTL® 6 in conjunction 

with the loaded quantitative data generated from the tocopherol analysis in Chapter 1, the map 

file created through the linkage map analysis and the loci data generated from the SSR marker 

scoring. Analysis used a regression algorithm, test statistic LOD and fit dominance of F2.The 

significant threshold LOD score used was 2.4 and, therefore, QTL identified above this value 
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were deemed significant. The number was selected based on the permutations test (10000 

permutations) and cofactor selection using actual genome wide data (Van Ooijen, 1999).  

 

4.3.5.1 Two-Locus Epistatic Interactions 

 

To test for significant (p < 0.001) two-locus epistatic interactions, macro EPISTACY 

v.2.0 was used with SAS for Windows, version 9.3 (SAS Institute Inc., Cary, N.C., USA) 

(Holland, 1998). Each soybean seed tocopherol component and total tocopherols were subjected 

to this analysis on a location and year basis because of the significant (p < 0.01) G x E 

interaction. Significant two-locus epistatatic interactions were selected for additive models. 

 

4.3.5.2 Multiple Locus Model 

 

To explore the multiple effects of QTL and two-locus epistatic interactions, the multiple 

locus model was applied to all QTL and epistatic interactions to help explain a greater portion of 

the total phenotypic variation. This was conducted on each tocopherol component for each 

location and year because of the large G x E influences. Markers and epistatic interactions were 

eliminated one at a time to discover, which markers explained the greatest portion of the trait. 

Any QTL or epistatic interactions that were not significant (p < 0.001) according to backward 

regression analysis were eliminated until only significant markers and interactions were left in 

the model. 
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4.4  Results  

 

Since the combined ANOVA tocopherol data from the field showed significant year and 

genotype x environment effects in Chapter 2 (Tables 2.3 to 2.7), QTL were identified using 

single maker and interval mapping analysis for each location and year separately for α-, γ-, δ- 

and total soybean seed tocopherol. 

 

 4.4.1 Linkage Map Construction 

 

 JoinMap® 4 was used to construct a linkage map covering 20 chromosomes (1 to 20) 

using 151 polymorphic SSR markers (27%) selected from the original 550 SSR markers 

implemented for the parental screen (OAC Bayfield x OAC Shire) (Figure 4.2). The names of 

the chromosomes displayed were chosen based on the common markers shared on the consensus 

map published by Hwang et al., (2009). Three markers contained significant segregation 

distortion (p < 0.0001); Sat 117 (Ch 14; LG B2); Sat 244 (Ch 7; LG M); Sat 311 (Ch 4; LG C1) 

and were excluded from the analysis since only the parents showed polymorphism. Another six 

markers: Satt158 (Ch 8; LG A2); Satt186 (Ch 17; LG D2); Satt528 (Ch 17; LG D2); Satt251 (Ch 

11; LG B1); Satt258 (Ch 5; LG A1); Satt052 (Ch 12; LG H); showed allele polymorphisms in 

only a few individuals in the RIL population that did not follow the trait distribution, therefore, 

because of the lack of polymorphism, were excluded from the analysis. Twenty two unlinked 

markers were identified; Satt636 (Ch 7; LG M); Satt341 (Ch 8; LG A2); Satt643 (Ch 6; LG C2); 

Satt636 (Ch 7; LG M); Satt173 (Ch 10; LG O); Satt252 (Ch 13; LG F); Satt341 (Ch 10; LG O); 

Satt426 (Ch 11; LG B1); Satt288 (Ch 18; LG G); Satt373 (Ch 19; LG L); Satt157 (Ch 2; LG 
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D1b); Satt308 (Ch 7; LG M); Satt343 (Ch 13; LG F); Satt117 (Ch 15; LG E); Satt396 (Ch 4; LG 

C1); Satt231 (Ch 15; LG E); Satt342 (Ch 10; LG O); Satt256 (Ch 17; LG D2); Satt431 (Ch 16; 

LG J); Satt119 (Ch 8; LG A2); Satt388 (Ch 19; LG L) and GWEN040210 (Figure 4.2).  

In total, 118 markers were analysed in the 20 chromosomes covering in estimated map 

length 1455 cM, approximately 60% of the total map, with an average distance between markers 

of 12.3 cM. The SSR markers followed the relative order and were located on the same 

chromosomes that were found on the general soybean consensus map (Song et al., 2004). 

 

4.4.2  Molecular Marker Analysis 

 

Single marker analysis using ANOVA (Table 4.1) and interval mapping using 

MapQTL® 6 (Table 4.3) were applied to identify QTL that were associated with each tocopherol 

isomer and total soybean seed tocopherols. Single marker analysis revealed 42 QTL associated 

with at least one tocopherol component among the Elora, Woodstock and St. Pauls field 

locations in 2009 and 2010. Approximately 19 QTL were associated with multiple tocopherol 

components (Table 4.2). The QTL analysis explained a range of 7% to 42% with an average of 

13.6% of the total phenotypic variation. In total, 70 markers were significantly (p < 0.01) 

associated with at least one of the tocopherol isomers (Table 4.1). 

Thirty two QTL were identified in 2009, of which nine were associated (p < 0.01) with 

multiple tocopherol components across locations. The markers were located on 15 chromosomes 

2, 3, 4, 6, 7, 8, 9, 10, 12, 13 15, 16, 17, 18, and 20 that explained 7% to 40% of the total 

phenotypic variation per individual marker. In 2010, 11 QTL on 12 chromosomes (2, 3, 4, 5, 7, 



107 

 

9, 11, 12, 13, 15, 17 and 18) were identified of which four were associated with multiple 

tocopherol components and explained 7% to 42% of the total phenotypic variation (Table 4.1). 

In Elora, 13 QTL were identified with only three QTL being associated with multiple 

tocopherol components. They were located on 8 chromosomes (3, 4, 6, 9, 10, 13, 15 and 18) and 

explained a range of 7% to 28% of the total phenotypic variation (Table 4.1). In Woodstock, 23 

QTL were identified and 12 QTL were significantly associated (p < 0.01) with multiple 

tocopherol components. The markers were located on 13 chromosomes 2, 5, 6, 7, 8, 10, 12, 13, 

15, 16, 17, 18 and 20, which explained a range of 8% to 42% of the total phenotypic variation.  

In St. Pauls, nine QTL were identified with only two QTL being associated with multiple 

tocopherol components. They covered nine chromosomes 2, 3, 6, 7, 9, 12, 14, 15 and 17 that 

explained a range of 7% to 14% of the total phenotypic variation (Table 4.1). 

For α- tocopherol, nine QTL were identified with three of those being confirmed in 

multiple environments in both years. They covered seven chromosomes 2, 6, 10, 12, 13, 15 and 

18, which explained 7% to 42% of the total phenotypic variation. Satt309 (Ch 18; LG G), 

Satt341 (Ch 10; LG O) and Sat 342 (Ch 10; LG O) were significantly associated with α- 

tocopherol in Elora and Woodstock in 2009. Satt117 (Ch 15; LG E) was the only marker 

confirmed in Elora and Woodstock in both years (Table 4.1).  

For γ- tocopherol, 14 QTL were identified, however, only Satt389 (Ch 17: LG D2) was 

confirmed in both 2009 and 2010. The QTL covered 10 chromosomes 3, 7, 8, 10, 11, 12, 15, 16, 

17, and 18, which explained 7% to 18% of the total phenotypic variation (Table 4.1).  

For δ- tocopherol, 16 QTL covering nine chromosomes 2, 5, 6, 7, 12, 13, 15, 17, and 20 

explained 7% to 40% of the total phenotypic variation (Table 4.1).  
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For total tocopherol, 18 QTL were discovered explaining 7% to 17% of the total 

phenotypic variation and covering 14 chromosomes 2, 3, 4, 5, 6, 8, 9, 10, 12, 13, 15, 16, 17 and 

18. Satt387 (Ch 3; LG N) was the only marker for total tocopherols confirmed in multiple years 

and environments (Table 4.2).  

OAC Bayfield contributed 34 favourable alleles to the RIL population and OAC Shire 

contributed eight alleles to the progeny. These results show that the parent OAC Bayfield has the 

greatest potential contribution of favourable alleles in crosses designed to develop soybean 

cultivars with enhanced tocopherol levels in the seed.  

 

4.4.3 Interval Mapping 

 

Interval mapping was successful in identifying a total of 26 QTL intervals associated 

with α-, γ-, δ- and total soybean seed tocopherols when tested in the Elora, Woodstock and St. 

Pauls field locations in 2009 and 2010. A genome wide LOD threshold of 2.4 was used based on 

a permutation test. The QTL explained from 6.7% to 35.6% of the total phenotypic variation and 

were located on 12 chromosomes (1, 2, 4, 5, 9, 11, 12, 13, 14, 15, 17 and 20) (Table 4.3).  

In 2009, 15 QTL were identified on seven chromosomes (1, 2, 4, 12, 13, 15 and 20) that 

explained 6.7% to 30.2% of the total phenotypic variation using interval mapping. In 2010, 11 

QTL were identified on eight chromosomes (2, 5, 9 11, 12, 13, 14 and 17) that explained from 

6.8% to 35.6% of the total phenotypic variation (Table 4.3)  

Across locations, 14 QTL on eight chromosomes (1, 4, 9, 12, 13, 15, 17 and 20) were 

identified in Elora that explained 8.3% to 32.1% of the total phenotypic variation. Eleven QTL 

on eight chromosomes (1, 2, 5, 9, 11, 12, 13, 15 and 17) were identified at Woodstock that 
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explained 8.1% to 17.8% of the total phenotypic variation. In St. Pauls, 12 QTL covering seven 

chromosomes (1, 2, 9, 12, 13, 14 and 20) were identified that explained 6.7% to 35.6% of the 

phenotypic variation (Table 4.3). 

For α- tocopherol, six QTL intervals were identified that explained 6.8% to 35.6% of the 

total phenotypic variation and were located on five chromosomes 1, 2, 5, 12 and 20 (Table 4.3).  

The analysis revealed new QTL that were not identified using single marker analysis, which 

were located between markers Sat135 – Satt537 (Ch 2; LG D1b), Satt545 – Satt499 (Ch 5; LG 

A1), Satt270 – Satt354 (Ch 20; LG I) and Satt350 – Satt428 (Ch 2; LG D1b). No significant 

QTL was identified in Woodstock in 2009 or in Elora in 2010.  

Eight QTL were significantly associated with γ- tocopherol that were located on eight 

chromosomes (1, 4, 9, 13, 14, 15, 17 and 20) and explained 6.7% to 30.2% of the phenotypic 

variation in the trait. Newly identified QTL intervals included Satt147 – Satt129 (LG Ch 1; D1a), 

Satt270 – Satt354 (Ch 20; LG I), Satt083 – Satt164 (Ch 14; LG B2), Satt335 – Sat090 (Ch 13; 

LG F), Satt337 – 260 (Ch 9; LG K) and Satt270 – Satt354 (Ch 20; LG I) (Table 4.3).   

Six QTL, which were identified for δ- tocopherol on five chromosomes (1, 9, 11, 13 and 

20), explained 8.3% to 18.4% of the total phenotypic variation. No QTL interval was identified 

in St. Pauls in 2010. New QTL interval identified for δ- tocopherol included Satt144 – Satt522, 

Satt335 – 090 (Ch 13; LG F), and Satt123 – Satt583 (Ch 11; LG B1) (Table 4.3).  

Six QTL were identified for total tocopherols on six chromosomes (4, 9, 12, 13, 15 and 

20) that explained 8.9% to 32.1% of the total phenotypic variation. New QTL interval identified 

include Satt123 – Satt646 (Ch 4; LG C1) and Satt337 – Satt552 (Ch 9; LG K). No QTL interval 

was identified for total tocopherol in Woodstock in 2009 (Table 4.3).  
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 The interval mapping identified five QTL that were associated with multiple tocopherol 

components (Table 4.3), Satt147 – Satt129 (Ch 1; LG D1a) was associated with α-, γ- and δ- 

soybean seed tocopherols. Satt181 – 279 (Ch 12; LG H) was significantly associated (p < 0.001) 

with α- and total tocopherols. Satt270 – Satt354 (Ch 20; LG I) was associated with α-, γ-, δ- and 

total tocopherols and Satt337 – Satt260 (Ch 9; LG K) was associated to γ-, δ- and total 

tocopherols. Finally, Satt573 – Satt598 (Ch 15; LG E) was associated to γ- and total soybean 

seed tocopherol.  

 

4.4.4 Two-Locus Epistatic Interactions 

 

Significant epistatic interaction (p < 0.001)  were tested for interlocus interactions 

between random markers (R/R), a random marker and QTL (R/Q)  and QTL x QTL (Q/Q) for α-, 

γ-, δ- and total soybean seed tocopherols at the Elora, Woodstock and St. Pauls (Ontario, 

Canada) field locations.  

In 2009, a total of 122 epistatic interactions were detected (Table 4.4) of which, 33 (27%) 

two-way epistatic interactions were identified at Elora, 28 (23%) at Woodstock and 61 (50%) at 

St. Pauls, Ontario. Among all tocopherols, 103 (84%) epistatic interactions were between 

random markers, 17 (14%) between a random marker and a QTL and two (1.6%) between a 

significant (p < 0.01) QTL x QTL. For α- tocopherol, 49 (40%) of the total 122 epistatic 

interactions were identified, 24 (20%) for γ-, 19 (16%) for δ- and 30 (25%) for total tocopherols 

across the three locations.   

In 2010, a total of 152 two-way epistatic interactions were identified (Table 4.5) of 

which, 57 (38%) were identified at Elora, 39 (26%) at Woodstock and 56 (37%) at the St. Pauls 
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field location. For all tocopherols, 128 (84%) of the 152 epistatic interactions identified were 

between random markers, 24 (16%) were found between a random marker and a QTL and none 

were identified between two QTL. Across tocopherols a total of 44 (29%) epistatic interactions 

were identified for α- tocopherol, 40 (26%) for γ-, 25 (16%) for δ- and 43 (28%) for total 

tocopherols across the field locations. 

 

4.4.5 Multiple Locus Model 

 

 All significant QTL identified in this study and significant two-locus epistatic 

interactions were subjected to the multiple locus model testing, which was summarized for each 

tocopherol individually for each location and year (Table 4.5 to 4.7). The model explained a 

range of 18.4% to 72.2% with an average of 45.7% of the total phenotypic variation. The model 

for α- tocopherol explained a range from 21.8 to 69.1%, for γ- a range of 21.9% to 45.9%, δ- a 

range of 18.9% to 72.2% and for total a range of 18.4 to 34.5%, respectively.  When combined, 

the epistatic interactions and individual QTL explained a much greater proportion of the 

variation than a sum of either one of them by itself.  
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4.5  Discussion 

 

The third objective of this thesis was to identify SSR markers that tag QTL for individual 

and total tocopherols. SSR markers were selected for the genome wide scan because they are 

evenly spread throughout the genome, are co-dominant markers that have high level of 

polymorphism, highly reproducible and newly screened markers used in this study could be 

integrated with previously identified markers by Wohleser (2007), (Rajcan et al., 2011). It was 

hypothesized that individual and total tocopherol levels can be explained quantitatively with 

QTL for single factor and epistatic interactions. To do this efficiently, many markers were tested 

across environments and years because tocopherol levels are greatly influenced by environment 

and genotype x environment (Chapters 2 and 3). This is in agreement with a number of previous 

studies demonstrating large environment and genotype x environment effects (Almonor et al., 

1998; Britz et al., 2008; Dolde et al., 1999; Chennupati et al., 2011). 

One hundred and fifty one (27%) polymorphic SSR markers identified using 550 SSR 

markers from which were used for parental screening. In this study, 20 chromosomes were 

generated covering a total map distance of 1455 cM with an average distance between markers 

of 12.3 cM. The map represents 60% of the soybean genome compared to the study by Hwang et 

al., (2009) who used 1810 SSR markers to create an integrated linkage map in soybean. In that 

study, the total length of the linkage map was 2442.9 cM with an average of 90.5 SSR markers 

per linkage group and an average marker density of 0.74 cM between markers (Hwang et al., 

2009). Similar results were reported for a transcript map using SSR, SNPs and RFLP markers 

creating a total map length of 2550.3 cM in soybean (Chio et al., 2007). The SSR markers that 

were successfully linked to the linkage map in this study were located to the same linkage groups 

and the same relative order as that reported by Song et al., (2004) (Figure 4.2). Some differences 
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in the marker positions were observed, which could be a result of segregation distortion and 

missing data points from the quantitative and loci file, even though only a few were missing 

(Wohleser, 2007). It is possible that genetic reasons at the gametic and zygotic level may have a 

played a role although currently, there is no way of distinguishing those effects in a RIL 

population. In a F2 population, the marker closest to the segregation distortion loci could be used 

to confirm the presence of gametic or zygotic selection (Zhu and Zhang, 2007). 

From the analysis, the parents OAC Bayfield and OAC Shire showed distinctive 

tocopherol profiles for all components. The molecular marker analysis demonstrated that OAC 

Bayfield was the parent that contributed the most (34) favourable alleles for high tocopherol 

values. OAC Shire contributed eight alleles, specifically for δ- tocopherol. The results confirm 

that these parents have distinctive effects on the progeny for genes controlling the tocopherol 

levels and potential SNPs should be explored between the parents that may potentially explain a 

greater portion of these results.  

Single marker analysis through ANOVA and interval mapping were both successful in 

identifying numerous QTL for soybean seed tocopherols. Single marker analysis identified 42 

QTL and interval mapping discovered 26 QTL. Sixteen additional QTL were found using single 

marker analysis as opposed to interval mapping. No QTL were identified using interval mapping 

for α- tocopherol for Elora in 2010, Woodstock in 2009, δ- tocopherol for St. Pauls in 2010 and 

Woodstock for total tocopherol in 2009. The best explanation for this result was that the single 

marker analysis used every polymorphic SSR marker in the analysis and interval mapping had 22 

unlinked loci excluded from the analysis using only markers that were successfully linked to the 

linkage group (Figure 4.2).  
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To date, this is the only study besides Li et al., (2010) that carried out molecular marker 

analysis over multiple years and locations for tocopherols in soybean. α- tocopherol had a total 

of nine QTL identified in this study, the most significant of which was Satt117 (Ch 15; LG E), 

which was confirmed in both years and explained up to 32% of the phenotypic variation. This 

SSR was also associated with γ- and total soybean seed tocopherols. In addition, Satt079 (LG 

C2; Ch 6) was confirmed with Wohleser (2007) and Satt309 (LG G; Ch 18) with MacDuff 

(2012), respectively, which may hold good potential for use in MAS. None of the α- tocopherol 

QTL identified through interval mapping could be confirmed with Wohleser (2007), and 

MacDuff (2012). Li et al., (2010) did not report the use of interval mapping (Table 4.1 and 4.3). 

There were a total of 14 QTL significantly (p < 0.01) associated with γ- tocopherol. 

Satt389 (Ch 17; LG D2) was confirmed in both years in Woodstock, therefore, this marker has 

high repeatability and reliability. Satt181 (Ch 12; LG H) and Satt317 (Ch 12; LG H) were 

identified previously (Wohleser, 2007) as being associated with α-, δ- and total tocopherol. 

Interval mapping revealed that the region between Sat136 – Satt646 (Ch 4; LG C1) explained up 

to 30.2% of the variation in the phenotype, which should be a consideration for future studies 

using molecular mapping for soybean seed tocopherols (Table 4.1 and 4.3). None of the markers 

were confirmed with MacDuff (2012) or Li et al., (2010).  

For δ- tocopherol, a total of 16 QTL were identified. The most important of these were: 

Satt252 (Ch 13; LG F) and Satt269 (Ch 13; LG F), which was reported earlier (Wohleser, 2007). 

Another marker confirmed in multiple studies was Satt317 (Ch 12; LG H), which was reported 

by MacDuff (2012) as being associated with α-, γ-, δ- and total tocopherols. Satt271 (Ch 2; LG 

D1b) may also be an excellent candidate for MAS as it explained up to 40% of the total 

phenotypic variation in δ- tocopherol (Table 4.1 and 4.3).  
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Eighteen QTL were associated with total tocopherol but were not confirmed in multiple 

studies, locations or years. This result demonstrates just how much environment can influence 

large variations in tocopherol levels. Satt117 (Ch 15; LG E) explained 17% of the variation, 

which was the greatest amount of variation explained by a single marker. For interval mapping, 

Sat136 - Satt646 (Ch 4; LG C1) explained up to 28.9 % of the phenotypic variation indicating 

that perhaps potential genomic regions harbouring genes for tocopherol accumulation on 

Chromosome 4.   

Significant (p < 0.001) two-way epistatic interlocus interactions were found for both the 

2009 and 2010 field seasons in each of the field locations (Tables 4.4 and 4.5). Most of the 

epistatatic interactions were between random markers (84%). However, for α- tocopherol, 

Satt146 (Ch 13; LG F) and Satt309 (Ch 18; LG G) were responsible for six of the nine (R/Q) 

interactions, suggesting that these two marker interactions may have more of an effect on α- 

tocopherol levels than the individual QTL had found. For γ- tocopherol, Satt389 (Ch 17; LG D2) 

and Satt380 (Ch 15; LG J) were responsible for multiple two-way epistatic interactions and one 

significant (Q/Q) interaction was found between Satt135 (Ch 17; D2) x Satt380 (Ch 15; LG J), 

which shows that these regions of the chromosomes 17 and 15 may have a large effect on γ- 

tocopherol in soybean seed. δ- Tocopherol had Satt489 (Ch 6; LG C2), Satt289 (Ch 6; LG C2) 

and Satt134 (Ch 6; LG C2) that were responsible for multiple epistatic interactions. In each case, 

chromosome six was involved suggesting that this chromosome may interact with others to 

potentially play a significant role in δ- tocopherol accumulation. The two-way epistatic 

interaction for total tocopherols was identified for Satt380 (Ch 15; LG J) and Satt181 (Ch 13; LG 

H), which was also responsible for multiple interactions. It was also discovered that Satt135 (Ch 

17; D2) x Satt380 (Ch 15; LG J) had a significant (p < 0.001) (Q/Q) interaction, which suggests 
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that genes on these two chromosomes may be interacting to accumulate total soybean seed 

tocopherols. These results are similar to Wohleser (2007), who reported a total of 133 epistatic 

interactions with 42 being detected in Elora, 45 in Woodstock and 46 in St. Pauls in 2004. Two 

QTL x QTL interactions were found in this study opposed to one reported earlier (Wohleser, 

2007). MacDuff (2012), found an unusually high amount of epistatic interactions with a grand 

total of 339. This could be a result of the genetically diverse population studied compared to this 

population or the extremely high δ- epistatic interactions (204) found.  All three studies showed 

that epistatic interaction for soybean seed tocopherols may play an important role in tocopherol 

accumulation in soybean.  

The results for the multiple locus models explained the greatest amount of phenotypic 

variation for each location, year and soybean seed tocopherols ranging from 18.4% to 72.2%. 

When building the model only the significant epistatic interactions and individual QTL were 

used jointly. Wohleser (2007) reported multiple locus models that explained a range of 16.7% to 

44.4%, which shows that greater marker coverage was successful in explaining more of the 

phenotypic variation in the traits studied. It is important to note that Sat090 (Ch 13; LG F) was 

significant for α- tocopherol in both studies using the stringent criteria. Satt252 (Ch 13; LG F) 

was also confirmed in both models for δ- tocopherols and Satt406 (Ch 16; LG J) had significant 

(p < 0.0001) epistatic interactions in both studies for total tocopherols.  

One marker Satt598 (Ch 15; LG E) was identified with significant (p < 0.0001) two-locus 

epistatic interaction in both this and MacDuff’s study (2012), however, it interacted with a 

different marker. Similar results were obtained for γ- tocopherol when Satt589 (Ch 6; LG A2) 

and for total Satt317 (Ch 12; LG H), which interacted with other markers in both studies. The 

results are a strong indication that identified regions of the chromosome that have been 
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confirmed in multiple studies, environments and locations had significant epistatic effects in 

soybean seed tocopherol accumulation. The repetitive region may be candidates for genome 

selection for the given tocopherol traits.  

Overall, many of the QTL were location-year-or study-specific. This is not surprising 

considering the significant (p < 0.001) genotype x environment effect found in this study, which 

is in agreement with other studies including Li et al. (2010) and Wohleser (2007).  MacDuff 

(2012) was also able to confirm QTL from other studies (Wohleser, 2007 and Li et al., 2010). 

Wohleser (2007) and MacDuff (2012) both reported results for one year; therefore, other than Li 

et al. (2010), this is the only study to date that has analyzed individual and total soybean seed 

tocopherols over multiple years. Significant QTL x environment effect for a value added trait 

have been reported before as Zhang et al. (2009) had similar results where most of the QTL 

identified in that study were location - or year- specific for isoflavones in soybean seed (Zeng et 

al., 2009). Another possible explanation for some of the inconsistent findings for 2009 and 2010 

was that the environments were completely different from each other as previously described in 

Chapter 2. This may have resulted in weak or no QTL expression, reverse expression or large 

epistatic effects. 

Location should be taken into account when choosing markers for MAS to select for high 

tocopherol levels in breeding programs. Increased use of markers will help cover a greater area 

of the soybean genome, which could potentially explain more of the phenotypic variation. It is 

recommend that the QTL identified in this study for α-: [Satt079 (Ch 6; LG C2); Satt117 (Ch 15; 

LG E)]; γ-: [Satt389 (Ch 17; LG D2); Satt181 (Ch 12; LG H); Satt317 (Ch 12; LG H)]; δ-: 

[Satt252 (Ch 13; LG F); Satt269 (Ch 13; LG F); Satt271 (Ch 2; LG D1b)] and total: [Sat136 - 

Satt646 (Ch 4; LG C1)] tocopherol be used in future studies as they were confirmed for multiple 
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tocopherol components, years, locations and studies.  The candidate genes, from the tocopherol 

synthetic pathway such as VTE1, are worth investigating as they could potentially explain which 

genes influence the traits the most.  The results are promising in identifying excellent QTL to be 

used for selecting superior tocopherol lines for value added soybean variety development. 
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Table 4.1 - QTL significantly associated with -, γ-, -, and total soybean seed tocopherol 

concentration using the RIL population derived from the original cross between OAC Bayfield x 

OAC Shire at the Elora, Woodstock and St.Pauls crop research stations in 2009 and 2010.  

 

 

 

 

 

 

 

Elora 2009-2010 † 

Trait     Ch     Marker      Position (cM) R
2                       

Pr > F
                               

Allelic means (ug/g)+SE 

OAC Bayfield    OAC Shire 

Alpha    18         Satt309 §             10.9 

2009       10         Sat_341               67.9 

0.28          <.0001                 38.34±2.23          36.36±2.27 

0.16           0.0007                39.52±2.40          38.35±2.38 

2010       15        Satt117                 99.9 0.12           0.0060                69.34±2.86          66.99±7.59 

Gamma  4         Satt646                 70.5  

2009 

0.07           0.0100              320.09±23.46      296.54±23.53 

 

2010       6         Satt658                113.6 

               6         Satt643                  94.6 

              18        Satt288                121.9 

0.08           0.0059              576.72±19.29       373.45±7.67 

0.07           0.0077              397.11±10.98      355.37±10.69 

0.09           0.0028              373.82±13.35       360.55±9.71 

Delta     15        Satt231                134.7 

2009 

0.11           0.0099                71.61± 3.56          53.24±3.72 

 

2010       6          Satt643                 94.6 

              13         Satt269 ‡              13.9 

              13         Satt252 ‡              17.7 

0.12           0.0009               184.82±6.43        147.81±7.51 

0.12           0.0068               149.48±7.33        183.25±8.66 

0.17           0.0006               144.26±7.39        188.63±8.38 

Total      4          Satt396                29.4    

2009       9          Satt260              141.1              

               3          Satt387                61.2 

0.07           0.0099              440.22±24.59      356.13±24.33 

0.07           0.0086              426.03±23.42      342.40±23.37 

0.13           0.0044              642.11±20.55      584.77±23.73 

2010       6          Satt643                94.6   

              13         Satt252                17.7 

              18         Satt288              121.9 

0.12           0.0007              649.46±12.79      567.36±12.41 

0.11           0.0085              560.22±8.29      640.01±8.29 

0.08           0.0074              588.66±6.47      611.52±8.64 
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Table 4.1 – Continued 

Woodstock 2009-2010 † 

Trait     Ch     Marker      Position (cM)   R
2                       

Pr > F
                               

Allelic means (ug/g)+SE 

OAC Bayfield    OAC Shire 

Αlpha      15         Satt117                99.9 

 2009       13         Satt146                 1.5 

                18         Satt309                10.9 

                18         Satt191              152.6  

                10         Sat_341               67.9    

0.31           <.0001                  66.82±5.43     65.16±6.96                

0.24          <.0001                   78.67±6.13      58.05±6.45 

0.24           <.0001                  72.63±9.49      62.44±8.30 

0.13           0.0041                   69.29±5.45      65.32±5.21 

0.20          <.0001                    67.08±5.31      64.49±5.39 

2010         2          Satt271              166.8 

                13         Sat_090             130.6 

                 -          GWEN040210     n/a 

0.42           <.0001                   71.84±7.56      58.28±8.60 

0.07            0.0100                 93.29±10.42     58.57±8.07 

0.10            0.0026                 98.75±10.32     57.54±7.75 

Gamma   8          Satt589               23.3  

2009        17         Satt389              93.8 

                15         Satt117               99.9 

                15         Satt263             100.4  

                18         Satt191              152.6 

                16         Satt380                70.8 

                16         Satt431              118.0    

                10         Satt345               78.4                                                                                                                

0.12           0.0074                486.55±29.44    452.28±26.46 

0.11           0.0098                475.06±22.34    433.70±21.94 

0.16           0.0011                452.89±3.53    452.22±4.12 

0.13           0.0050                485.67±24.22    473.05±23.49 

0.12           0.0071                460.89±23.21    449.86±26.63 

0.13           0.0017                498.80±43.21    401.46±53.11 

0.11           0.0095                481.51±24.22    461.57±23.95 

0.11           0.0083                478.07± 24.33    431.18±24.22  

2010        17         Satt389               93.8 

                12         Satt317 ‡           128.9 

                12         Satt181 ‡           125.3 

                 7          Satt245               73.0 

0.12           0.0073              317.64±26.22    236.90±26.56 

0.17           0.0006              253.38±12.17    315.41±11.08 

0.16           0.0010              257.09±12.49    306.24±10.42 

0.12           0.0077              349.39±28.11    240.25±24.71 

Delta        6         Satt134              141.7 

2009         6         Satt289              141.7 

                 6         Satt489              141.7 

                 2         Satt271              166.8 

               17         Satt389                93.8 

               12         Satt317 §           128.9 

               12         Satt181              125.3 

               20         Satt270                57.9 

               7           Satt308              175.9 

0.11           0.0044                  106.61±9.60      79.16±8.02 

0.11           0.0098                  106.61±9.56      78.36±7.90 

0.11           0.0098                  106.61±9.56      78.36±7.90 

0.40          <.0001                     92.83±6.57      83.86±7.39 

0.12           0.0060                    88.96±8.44      90.28±8.44 

0.12           0.0069                    89.25±2.30    90.51±2.43 

0.12           0.0069                    89.86±2.31    89.27±2.22 

0.12           0.0055                    93.46±8.91      81.86±8.34 

0.08           0.0078                  109.50±8.57      76.85±8.35 

2010        5          Satt174               84.7 0.11           0.0015                143.62±15.53      87.05±7.60 

Total       8          Satt589                23.3 

2009        15         Satt117                99.9 

                15         Satt263              100.4 

                18         Satt191              152.6 

                16         Satt380               70.8 

                16         Satt431             118.0 

                10         Satt345               78.4 

0.12            0.0074              452.28±13.44   486.55±14.58 

0.17            0.0011              452.89±2.57   452.22±2.28 

0.13            0.0050              437.94±28.37   485.67±21.28 

0.12            0.0071              460.89±29.17   449.86±21.37 

0.11            0.0095              481.51±22.88   461.57±26.83 

0.14            0.0017              498.80±21.86   401.46±23.57 

0.11            0.0083              478.07±23.45   431.18±25.61 

2010        5           Satt174                84.7 

               12          Satt317              128.9 

               12          Satt181              125.3 

0.08            0.0059               619.79±62.53  424.08±30.52 

0.15            0.0014              403.77±16.43   496.30±10.32 

0.14            0.0021              409.96±16.74   481.42±10.21 



121 

 

Table 4.1 – Continued 

† = Significant at < 0.01 levels, respectively, ‡ = Confirmed with Wohleser, 2007, § = 

Confirmed with MacDuff, 2012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

St. Pauls 2009-2010 † 

Trait     Ch     Marker      Position (cM)   R
2                       

Pr > F
                               

Allelic means (ug/g)+SE 

OAC Bayfield    OAC Shire 

Alpha    6           Satt079 ‡          153.8 

2009 

0.12           0.0068                 43.19±4.02          58.12±3.29 

2010       12        Satt317               128.9 0.11           0.0091               109.67±4.24          87.17±5.94 

Gamma 17        Satt135                34.7 

2009       7          Satt636                  5.0 

0.09           0.0062               397.33±23.54    299.11±25.53 

0.10           0.0093               310.98±22.44    372.57±23.48 

2010       11        Satt332                73.3 

               15        Satt606                39.7 

                3         Satt387                61.2    

0.10           0.0089               368.21±11.83    328.33±13.44 

0.07           0.0081               326.46±13.21    374.96±12.06 

0.12           0.0069               361.70±11.73    324.88±13.55 

Delta      17        Satt135                34.7 

2009 

0.07           0.0099                  93.52±6.94       118.39±7.67 

2010       9           Satt552               70.9 0.14           0.0032                 187.90±9.33      149.66±8.41       

Total      2           Satt537             112.0 

2009       17         Satt135               34.7 

0.11           0.0099               444.18±13.62   583.67±13.62 

0.09           0.0062               438.07±15.32   572.23±12.17 

2010       3           Satt387              61.2 0.13           0.0044               642.11±20.55   584.77±23.73 



122 

 

Table 4.2 – QTL significantly associated with more than one tocopherol components in Elora, 

Woodstock and St. Pauls field locations using the RIL population derived from the OAC 

Bayfield x OAC Shire cross in 2009 and 2010. 

SSR 

Marker 

Ch Position (cM) Tocopherol Isomer 

Alpha, Gamma, Delta, 

Total 

Location 

Elora, Woodstock, 

St. Pauls 

Year 

2009, 2010 

Satt174 5 84.3 Delta, Total Woodstock 2010 

Satt589 8 23.3 Gamma, Total Woodstock 2009 

Satt643 6 94.65 Gamma, Delta, Total Elora 2010 

Satt271 2 166.8 Αlpha, Delta Woodstock 2010, 2009 

Satt389 17 93.8 Gamma 

Delta 

Woodstock 

Woodstock 

2009,2010 

2009 

Satt135 17 34.7 Gamma, Delta, Total St. Pauls 2009 

Satt117 15 99.9 Αlpha 

Gamma 

Total 

Elora, Woodstock 

Woodstock 

Woodstock 

2010, 2009 

2009 

2009 

Satt263 15 45.4 Gamma, Total Woodstock 2009 

Satt252 13 17.7 Gamma, Total Elora 2010 

Satt191 18 96.57 Αlpha, Gamma, Total Woodstock 2009 

Satt288 18 76.76 Gamma, Total Elora 2010 

Satt317 12 

 

89.51 Αlpha 

Gamma 

 Delta 

Total 

St. Pauls,  

Woodstock 

Woodstock 

Woodstock 

2010 

2010 

2009 

2010 

Satt181 12 91.12 Gamma, Delta, Total Woodstock 2010, 2009, 

2010 

Satt380 16 43.0 Gamma, Total Woodstock 2009 

Satt431 16 118.0 Gamma, Total Woodstock 2009 

Satt345 10 78.4 Gamma, Total Woodstock 2009 
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Table 4.3 – Interval mapping analysis using MapQTL ®6 identifying QTL for α-, γ-, δ-, and total soybean seed tocopherol values 

from the RIL population derived from the OAC Bayfield x OAC Shire cross cultivated in Elora, Woodstock and St. Pauls crop 

research stations in 2009 and 2010.  

† = LOD threshold set at 2.4 

Location    Elora   Woodstock   St. Pauls  

Trait Ch Interval LOD† QTL/R
2
 Add. 

Effect 

LOD † QTL/R
2
 Add. 

Effect 

LOD† QTL/R
2
 Add. 

Effect 

Alpha 

2009 

1 

2 

12 

20 

Satt147 – Satt129 

Satt350 – Satt428 

Sat181 – Satt279 

Satt270  - Satt354 

- 

2.5 

3.5 

- 

- 

7.4% 

15.6 % 

- 

- 

-8.21 

-7.63 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

4.2 

- 

- 

4.5 

18.3% 

- 

- 

13.2% 

5.43 

- 

- 

4.55 

2010 5 

2 

Satt545 – Satt499 

Sat135 – Satt537 

- 

- 

- 

- 

- 

- 

2.8 

3.0 

8.4% 

6.8% 

-18.29 

7.43 

- 

4.6 

- 

35.6% 

- 

8.38 

Gamma 

2009 

4 

1 

15 

20 

Sat136 - Satt646 

Satt147 – Satt129 

Satt573 – Satt598 

Satt270 – Satt354 

5.2 

- 

4.6 

- 

30.2% 

- 

9.3% 

- 

15.31 

- 

9.85 

- 

- 

3.1 

2.7 

- 

- 

14.8% 

18.0% 

- 

- 

-16.48 

- 3.94 

- 

- 

5.5 

- 

2.6 

- 

28.1% 

- 

6.7% 

- 

14.2 

- 

-21.34 

2010 14 

17 

13 

9 

Satt083 – Satt164 

Sat135 – Satt301 

Satt335 – Satt114 

Satt337 – Satt260 

- 

- 

3.1 

2.9 

- 

- 

22.9% 

11.4% 

- 

 - 

20.23 

13.58 

- 

2.6 

- 

3.1 

- 

8.1% 

- 

9.6% 

- 

17.31 

- 

8.24 

4.2 

- 

- 

4.5 

21.4 

- 

- 

18.3% 

16.98 

- 

- 

14.39 

Delta 

2009 

1 

13 

13 

20 

Satt147 – Satt129 

Satt144 – Satt522 

Satt335 – Sat090 

Satt270 – Satt354 

2.7 

2.5 

- 

2.4 

11.4% 

12.8% 

- 

8.3% 

13.24 

10.59 

- 

9.31 

- 

2.6 

- 

- 

- 

9.5% 

- 

- 

- 

13.21 

- 

- 

2.7 

- 

3.8 

2.5 

12.5% 

- 

13.9% 

18.4% 

13.34 

- 

13.69 

16.52 

2010 11 

9 

Satt123 – Satt583 

Satt337 – Satt260 

- 

2.9 

- 

12.2% 

- 

8.49 

3.5 

- 

14.9% 

- 

14.53 

- 

- 

- 

- 

- 

- 

- 

Total 

2009 

4 

15 

20 

Satt123  - Satt646 

Satt573 – Satt598 

Satt270 - Satt354 

2.7 

4.2 

- 

28.9% 

21.3% 

- 

30.31 

28.84 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

2.4 

- 

- 

8.9% 

- 

- 

6.35 

2010 13 

12 

9 

Sat090 – Satt334 

Satt181 – Satt279 

Satt337 – Satt552 

5.2 

- 

3.5 

14.8% 

- 

32.1% 

16.11 

- 

23.38 

2.9 

3.4 

2.6 

17.8% 

12.4% 

16.6% 

21.31 

25.55 

19.04 

- 

2.6% 

- 

- 

16.9% 

- 

- 

24.39 

- 
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Table 4.4 – Significant (p < 0.001)  two way epistatic interactions between SSR markers for α-, 

γ-, δ- and total soybean seed tocopherols using the RIL population from the cross (OAC Bayfield 

x OAC Shire) at the Elora, Woodstock and St. Pauls field crop research stations in 2009. 

 

Epistatic interactions detected Number of interactions 

between R/R, R/Q and Q/Q 

Trait Total Elora 

2009 

Woodstock 

2009 

St. Pauls 

2009 

R/R † R/Q ‡ Q/Q § 

Αlpha 49 15 7 27 45 4 0 

Gamma 24 6 8 10 17 6 1 

Delta 19 5 5 9 16 3 0 

Total 30 7 8 15 25 4 1 

Grand Total 122 33 28 61 103 17 2 

† - Interlocus epistatic interaction between two random markers (R/R)  

‡ - Interlocus epistatic interaction between a random marker and a significant (p < 0.01) QTL 

(R/Q) associated with the trait 

§ - Interlocus epistatic interaction between two significant (p < 0.01) QTL (Q/Q) associated with 

the trait 
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Table 4.5 – Significant (p < 0.001)  two way epistatic interactions between SSR markers for α-, 

γ-, δ- and total soybean seed tocopherols using the RIL population from the cross (OAC Bayfield 

x OAC Shire) at the Elora, Woodstock and St. Pauls field crop research stations in 2010. 

Epistatic interactions detected Number of interactions 

between R/R, R/Q and Q/Q 

Trait Total Elora 

2010 

Woodstock 

2010 

St. Pauls 

2010 

R/R † R/Q ‡ Q/Q § 

Αlpha 44 17 4 23 39 5 0 

Gamma 40 16 14 10 35 5 0 

Delta 25 9 7 9 16 9 0 

Total 43 15 14 14 38 5 0 

Grand Total 152 57 39 56 128 24 0 

† - Interlocus epistatic interaction between two random markers (R/R)  

‡ - Interlocus epistatic interaction between a random marker and a significant (p < 0.01) QTL 

(R/Q) associated with the trait 

§ - Interlocus epistatic interaction between two significant (p < 0.01) QTL (Q/Q) associated with 

the trait 
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Table 4.6 – Multiple locus model  for significant QTL (p < 0.001) and two-locus epistatic interactions for α-, γ-, δ- and total soybean 

seed tocopherol using the RIL population derived from the OAC Bayfield x OAC Shire cross in 2009 at Elora, Woodstock and 

St.Pauls field locations. 
 Elora, 2009 †   Woodstock, 2009 †   St.Pauls, 2009 †  

Ch Loci, two-locus 

interactions 

P-value Ch Loci, two-locus 

interactions 

P-value Ch Loci, two-locus 

interactions 

P-value 

 Αlpha Tocopherol   Αlpha Tocopherol   Αlpha Tocopherol  

8 Sat_341 0.0010 18 Satt309 0.0061 6 Satt079 < .0001 

17*3 Sat135 x Satt485 0.0029 13 Satt146 0.0033 13*15    Satt343 x Satt598 § 0.0037 

12*8 Satt181 x Satt341 0.0054 10 Sat_341 < .0001 6*2 Satt134 x Satt428 0.0054 

   18 Satt191 0.0085    

   8*6 Satt158 x Satt557 0.0093    

 R
2
 = 41.6%   R

2
 = 58.5%   R

2
 = 21.8%  

 Gamma Tocopherol   Gamma Tocopherol   Gamma Tocopherol  

4 Satt646 0.0013 6*7 Satt100 x Satt636 0.0016 7 Satt636 0.0031 

2*16 SCT189 x Satt406 0.0051 17*11 Satt389 x Satt583 0.0034 4*10 Satt646 x Satt123 0.0056 

8*1 Satt187 x Satt198 < .0001    7*16 Sat_244 x Satt406 0.0015 

 R
2
 = 21.9%   R

2
 = 18.3%   R

2
 = 16.9%  

 Delta Tocopherol   Delta Tocopherol   Delta Tocopherol  

15 Satt231 0.0017 6 Satt134 0.0013 17 Satt135 <.0001 

6*10 Satt062 x Satt173 0.0022 17 Satt389 0.0074 17*11 Satt389 x Satt583 0.0071 

   12 Satt317 0.0043    

   12 Satt181 0.0058    

   6 Satt289 0.0042    

 R
2
 = 24.9%   R

2
 = 72.2%   R

2
 = 18.9%  

 Total Tocopherol   Total Tocopherol   Total Tocopherol  

3 Satt387 0.0030 16 Satt380 0.0019 3 Satt387 0.0029 

9 Satt260 0.0073 15 Satt263 0.0037 9 Satt260 0.0041 

16*20 Satt406*Satt440 0.0034 8 Satt589 0.0024 18*13 Satt038 x Satt269 0.0093 

   16*2 Satt380 x Sat 135 0.0054    

 R
2
 = 22.7%   R

2
 = 25.7%   R

2
 = 18.4%  
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Table 4.7 – Multiple locus model  for significant QTL (p < 0.001) and two-locus epistatic interactions for α-, γ-, δ- and total soybean 

seed tocopherol using the RIL population derived from the OAC Bayfield x OAC Shire cross in 2010 at Elora, Woodstock and 

St.Pauls field locations. 
 Elora, 2010 †   Woodstock, 2010 †   St.Pauls, 2010 †  

Ch Loci, two-locus 

interactions 

P-value Ch Loci, two-locus 

interactions 

P-value Ch Loci, two-locus 

interactions 

P-value 

 Αlpha Tocopherol   Αlpha Tocopherol   Αlpha Tocopherol  

15 Satt117 < .0001 2 Satt271 0.0031 12 Satt317 0.0022 

1*6 Satt128 x Sat130 0.0061 13    Sat 090 ‡ 0.0015 13 Satt146 0.0077 

13*15 Satt335 x Satt452 0.0021 15 Satt117 0.0027 13*15 Satt144 x Satt263 0.0033 

   13*2 Satt038 x Satt350 0.0065    

   6*11 Satt134 x Satt426 < .0001    

 R
2 
= 35.2%   R

2
 = 69.1%   R

2
 = 35.3%  

 Gamma Tocopherol   Gamma Tocopherol   Gamma Tocopherol  

18 Satt288 0.0041 12 Satt317 0.0010 3 Satt387 0.0069 

6 Satt643 0.0016 12 Satt181 0.0018 15 Satt606 <.0001 

13*17 Satt335 x Satt389 0.0026 17 Satt389 0.0034 11 Satt332 0.0036 

14*10 Satt063 x Satt345 0.0061 7 Satt245 0.0047 10*8 Satt445 x Satt589 § 0.0059 

16*15 Satt431 x Satt452 0.0071 8*18 Satt158 x Satt191 0.0018    

 R
2
 = 40.2%   R

2
 = 24.5%   R

2
 = 45.9%  

 Delta Tocopherol   Delta Tocopherol   Delta Tocopherol  

15 Satt231 0.0040 6 Satt134 0.0024 9 Satt552 0.0084 

13   Satt252 x Satt657 ‡ 0.0029 12 Satt181 0.0036 6*10 Satt134 x Satt358 0.0042 

7*6 Sat_276 x Satt134 0.0062 7 Satt308 0.0044 13*2 Satt114 x Satt271 0.0028 

16*12 Sat 255 x Satt181 0.0016 2*13 Satt189 x Satt490 0.0033    

 R
2
 =  68.3%   R

2
 = 45.6%   R

2
 = 29.3%  

 Total Tocopherol   Total Tocopherol   Total Tocopherol  

6 Satt643 0.0014 12    Satt317 § 0.0089 3 Satt387 0.0014 

18 Satt288 0.0099 12 Satt181 0.0027 12 Satt279 0.0056 

13 Satt252 0.0037 5*4 Satt174 x Satt180 0.0016 12*16  Satt181x Satt406 ‡ 0.0049 

7*12 Sat_244 x Satt181 0.0042    18*15 Sat_288 x Satt212 0.0048 

14*10 Satt063 x Satt345 0.0013       

 R
2
 =34.5%   R

2
 = 25.3%   R

2
 = 21.7%  

† = Significant at < 0.0001 levels, respectively, ‡ = Confirmed with Wohleser, 2007, § = Confirmed with MacDuff, 2012 
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Figure 4.1 - Polymorphic SSR marker Satt360 observed on a 4.5% MetaPhor® Agarose 

(Mandel, Guelph, ON) gel using EC105 Gel Electrophoresis power supply system. (P1= OAC 

Bayfield P2= OAC Shire, 1 = T9-1, 2 = T9-2, 3 = T9-3, 4 = T9-4) 
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Figure 4.2 – Linkage map of 151 SSR markers with 20 linkage groups and 22 unlinked loci from the 79 RIL population checks and 

parents (OAC Bayfield x OAC Shire). Distance reported for loci are Haldane cM (Van Ooijen, 2006). 
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Figure 4.2 - Continued 
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Chapter 5 

 

Molecular Analysis of Candidate Genes Involved 

in Tocopherol Accumulation   
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5.1  Abstract 

 
 

 Tocopherols are antioxidants produced in photosynthetic organisms that have human 

health benefits including a decrease in lung cancer risk, heart disease and osteoporosis. Soybean 

seed (Glycine max [L.] Merr.) contains the highest tocopherol levels of any legume. The 

objective of this research was to evaluate the potential role of the VTE1, VTE3 and VTE4 genes 

in tocopherol accumulation using the candidate gene approach. A recombinant inbred line (RIL) 

population generated from the cross between OAC Bayfield and OAC Shire was investigated 

that was segregating for α-, γ- and δ- tocopherol was investigated. DNA sequencing of a high, 

medium and low tocopherol RIL including parents was conducted to identify any single 

nucleotide polymorphisms (SNPs) that could potentially explain the altered tocopherol levels. 

Multiple sequence alignments identified two SNPs in VTE1, none in VTE3 and five SNPs in 

VTE4, which may help to explain genetic mechanisms that influence the tocopherol traits in 

soybean seeds. The SNPs located in VTE1 did not result in any functional protein changes; 

however, the second SNP in VTE1 was co-located with the γ- tocopherol QTL interval Satt136-

Satt646 (Ch 4; LG C1). The first SNP produced by primer set one in the coding region of VTE4 

causes a change from an alanine to a threonine at amino acid 441. The peptide sequences for 

OAC Bayfield, T9-1 H and T9-50 M localized to a chloroplast transit peptide, whereas those 

from OAC Shire and T9-49 L were localized to another subcellular location with 17 

phosphorylation sites. Three O-(β)-glycosylation sites were identified at amino acids 309, 313 

and 314, which may have led to a functional protein change affecting δ- tocopherol 

concentration. The second SNP in VTE4 resulted in an amino acid change from a methionine to a 

valine and a single threonine phosphorylation change occurred that may represent a functional 

protein change which affected α-, γ-, δ- and total tocopherols. SNPs did result not in any 
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functional protein changes, but they may be responsible for post-translational modifications. The 

VTE4 gene is co-located with Satt181 (Ch 12; LG H) and Satt317 (Ch 12; LG H). The results 

provide a greater understanding of the genetic mechanisms controlling tocopherols in soybean 

seed. The chromosomal location of the VTE1 and VTE4 genes overlaps with some of the 

previously identified QTL. The SNPs identified here may be used in MAS for selecting high 

tocopherol soybean cultivars. 
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5.2  Introduction 

 

 Vitamin E is composed of two components, tocopherols and tocotrienols, both found as 

four isomer forms α-, β-, γ- and δ-.  Tocopherols are antioxidants that help prevent osteoporosis, 

lung cancer and can enhance immunity in humans. In plants they help delay or prevent lipid 

peroxidation and recently have been hypothesized to regulate signal transduction and gene 

expression (Azzi, 2007). Photosynthetic organisms, including plants and cyanobacteria, have the 

ability to synthesize tocopherols; however, the exact mechanisms and function of the genes in 

the biosynthetic pathway are poorly understood (Eckardt, 2008).  Soybean seed contains high 

levels of tocopherols that can exceed > 2000 ug/gˉ¹ dry weigh, with 92.8% of that total being 

found in the cotyledons, 5.4% in the seed coat and 1.8% in its axis (Yoshida et al., 1998). 

Breeding for tocopherols in soybean has recently drawn increased attention, but has been slow to 

be adopted in many programs due to the poor understanding of the trait at the genetic level. 

 Previous research by Li et al., (2010), Wohleser (2007) and MacDuff (2012) identified 

numerous QTL for tocopherols using SSR markers and while the information generated on QTL 

is useful, the QTL studies are location specific; therefore, significant (p < 0.05) associations 

between markers and tocopherol QTL do not necessarily reveal the biological function for the 

regions of the chromosomes.  The candidate gene approach is one alternative to increase the 

understanding of the associations found between loci and the traits being observed by identifying 

genes that are involved in the tocopherol biosynthetic pathway that co-locate with QTL  

(Gebhardt et al., 2007). The co-segregation of the QTL and candidate gene would provide a 

strong indication to the function of that gene and its impact on phenotype. 
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 The tocopherol biosynthetic pathway is responsible for the accumulation of α-, β-, γ-, δ- 

tocopherols in soybean seed and includes six genes: VTE1 (TC) = tocopherol cyclase, VTE2 

(HPT) = homogentisate phytyltransferase, VTE3 (HPBQ MT) = 2-methyl-6-phytylbenzoquinol 

methyltransferase, VTE4 (γ-TMT) =  γ-tocopherol methyltransferase, VTE5 (PCT) = 

phosphatidate cytidylyltransferase and PDS1 (HPPD) = p-hydroxy-phenylpyruvate dioxygenase; 

however, the exact function of each is not well known.  

 Previous studies using the candidate gene approach include a tocopherol QTL analysis in 

maize that reported up to 65% of the markers being co-located to certain genomic regions, 

including the candidate genes PDS1 and VTE4. It was demonstrated that a single QTL may affect 

more than one tocopherol (Chander et al., 2008).  Studies on Arabidopsis suggested that a 

mutation in VTE5 lead to the discovery of its function in which that gene encoded a protein with 

phytol kinase activity, directly involved in the tocopherol biosynthetic pathway (Gilliland et al., 

2006; Chander et al., 2008).  In safflower, mutants were generated for high γ- tocopherols and 

the VTE4 gene was shown to co-localize with the alleles from the parents that significantly 

influence γ- tocopherol accumulation (Garcı´a-Moreno et al., 2011). Similar results with the 

VTE4 gene were identified in sunflower by Tang et al., (2006). Tavva et al., (2007) discovered 

that in beefsteak mint plant (Perilla frutescens) the over-expression of a seed-specific promoter 

provided a 10.4-fold increase in α-tocopherol and a 14.9-fold increase in β-tocopherol 

concentration. 

 In this thesis, the VTE1 and the coding regions of the VTE3 and VTE4 genes were 

selected for sequencing using the candidate gene approach based on their proximity to the 

significant QTL confirmed in multiple years, locations and studies found in Chapter 4. They 

were also selected based on the activity of the three enzymes (MPBQ; VTE3), (γ-TMT; VTE4) 
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and (TC; VTE1), which are known to be the only enzymes that determine the tocopherol 

composition in the tissue of photosynthetic organisms (DellaPenna, 2002). To date, this is the 

first study using the candidate gene approach to help determine the biological function of the 

soybean tocopherol candidate genes. The objective of this Chapter was to evaluate the potential 

role of VTE1, VTE3 and VTE4 genes in tocopherol accumulation using the candidate gene 

approach. It is hypothesized that these candidate genes in the tocopherol biosynthetic pathway 

are co-located with some of the previously identified QTL. The SNPs identified in this thesis 

may serve as reliable molecular markers to identify potential germplasm with high tocopherol 

levels. The results may increase the understanding of the genetic mechanism and the role of the 

tocopherol genes in tocopherol accumulation in soybean seed.  

 

 

 

 

 

 

 

 

 

 

 

 

 



138 

 

5.3  Materials and Methods 

 

5.3.1 Plant Material 

 

The plant material used for this study was obtained from the growth room experiments 

that have been previously described in Chapter 3 (3.3.1).  

 

5.3.2 DNA Extraction 

 

The DNA extraction method used for this study has been previously described in Chapter 

4 (4.3.3).  

 

5.3.3 Primer Design and PCR Optimization 

 

To obtain the reference gene sequences, Phytozome (v.8.0) was used to locate the correct 

identification tag and accession numbers for the tocopherol cyclase (VTE1: Locus name 

Glyma04g08750, Table A-5.1 – 5.2), 2-methyl-6-phytylbenzoquinol methyltransferase (VTE3: 

Locus name Glyma02g00440, Table A-5.3) and γ-tocopherol methyltransferase (VTE4: Locus 

name Glyma12g01680, Table A-5.4) soybean gene sequences (Zhu and Zhang, 2007), (Fazo et 

al., 2011; Goodstein, 2012).   

After an adequate DNA concentration was confirmed (≥ 25 ng μl
−1

) using a NanoDrop 

ND 1000 Spectrophotometer (Beckhman Coulter, Fullerton, Canada) the software program 

Primer3 (v.0.4.0) was used for primer design to sequence the entire VTE1 gene (Table 5.1) 
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(Hwang et al., 2009; Rozen and Skaletsky, 2000). The coding regions of the VTE3 (Table 5.2) 

and VTE4 (Table 5.3) were selected based on their location from the QTL results; therefore, 

primers were designed to sequence those given regions. The exact locations and size for each 

primer set is given in Table 5.4. The general primer conditions were set at a temperature of 50 ºC 

to 55 ºC with a maximum of 65 ºC. The optimal temperature difference was set at 1 ºC and 

primer GC% was selected at a range of 20% to 80%. In order to conduct multiple sequence 

alignments of the VTE1 gene, 11 primers both in the forward and reverse direction were designed 

to flank regions of that gene. For the VTE3 and VTE4 genes, three primer sets were designed to 

sequence the coding regions of those genes. Laboratory services (Guelph Molecular Supercentre, 

Guelph, ON. Canada) was used to synthesize all primers. The custom oligo analysis report from 

laboratory services depicts the names, sequence, concentrations and quantity for the designed 

primers (Table 5.1 to 5.7).  

All primers were diluted to create stock solutions at a concentration of 500 µL of 10 µM. 

The following reagents were then prepared for each sample for PCR: 33.6 µL of molecular 

biology grade H2O (Thermo Scientific®, Barrington, IL. USA); 10 µL of 5 X Phusion HF buffer; 

3.0 µL of MgCl2 (25 mM); 1.0 µL of dNTP (10 mM); 1 µL of 10 µM primer (forward and 

reverse prepared separately); 0.4 µL of 2.5U µL
-1

 JumpStart™ Taq DNA Polymerase (Sigma- 

Aldrich ®, St. Louis, MO, USA) and, 3.0 µL genomic DNA (25 ng μl
−1

) for a total volume of 50 

µL. 

PCR optimization yielded the following conditions for the newly designed primers; an 

initial 2 min denaturation at 98 ºC, followed by 30 cycles of a 1 min denaturation step at 98 ºC, 

an annealing temperature step at 56 ºC for 1.3 min, and a 1.3 min extension at 58 ºC. After cycle 

3, the run was prolonged for a final extension for 5 min at 72 ºC. Total run time was 2.26 hrs. 
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5.3.4 Gene Sequencing 

 

Once the initial PCR was complete, gel runs were conducted as described in Chapter 4 

(4.3.4) to excise bands for PCR cleanup and gene sequencing. PCR cleanup was performed by 

conducting gel extraction and gels were allowed to run through electrophoresis for 2 to 5 hrs and 

were observed for adequate separation every 30 min. It is recommended that gels be observed 

first using a DR45M2 Transilluminator gel documentation system with a microscopic camera as 

polyploidization in soybean has led to numerous duplicate regions; therefore, multiple bands 

might be observed and the correct ones may need to be identified.  Gels were then placed over a 

UV light to illuminate the amplified DNA. It is important to note that protective eye wear be 

worn to prevent permanent damage. The DNA bands were excised using a sterilized scalpel and 

tweezers and were weighed, labelled, and placed in 2 ml collection tube. Then, a GenElute™ Gel 

Extraction Kit (Sigma-Aldrich ®, St. Louis, MO, USA) was used to purify the DNA for 

sequencing. First, 3 x the gel volume of the gel solubilisation solution was added to each tube 

and incubated at 50 ºC to 60 ºC for 10 min then vortexed until the gel was completely dissolved. 

Afterwards, a binding column was prepared by placing the GenElute binding column G into a 2 

ml collection tube and 500 µL of the column preparation solution was added to each binding 

column to maximize the binding of the DNA to the membrane for a more consistent yield. The 

sample was then centrifuged (In Vitro Technologies Hermle 2180M, North Park North, 

Australia) for one min. At this stage, a color change to yellow was noticed, which served as a 

check. Further steps were not taken if this was not the case; for example, if the solution was red, 

10 µL was added of the 3 M sodium acetate solution supplied in the kit at a pH of 5.2 and then 

vortexed. The next step was to add one gel volume of 100% isopropanol and mix. The 
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solubilised gel solution was then added to the binding column and centrifuged for one min and 

flow through was discarded. To wash, 700 µL of wash solution (diluted from wash solution 

concentrate G) was added to the binding column and centrifuged for 1 min and the flow through 

was discarded. The washing step was repeated once with a fresh collection tube. It is noteworthy 

to make sure all excess ethanol that was collected was discarded as this will hinder DNA 

sequencing, thus, an increased centrifuge time was needed. For the elution stage, the binding 

column was transferred to a fresh 2 ml collection tube and 50 µL of elution solution was added 

to the center of the binding column membrane. The tube was then incubated at room temperature 

for 1 min and centrifuged for 1 min. The elution solution was pre-warmed to 65 ºC before as this 

improved the recovery of the intact plasmid DNA. The samples were stored at -20 ºC until PCR 

cleanup and cycle sequencing.  

Once the gel extraction process was complete, each DNA cleanup template had 10 µL of 

molecular biology grade H2O (Thermo Scientific®, Barrington, IL. USA), 1 µL of 5 X Phusion 

HF buffer, 1 µL of 10 µM primer (forward and reverse prepared separately), 1 µL of BigDye 

(v.3.1) terminator mix and 1.0 µL genomic DNA (25 ng μl
−1

) added for a total sequencing 

volume of 15 µL. 

PCR cycle sequence reaction used the preset program cycle sequencing #99 in the 

soybean molecular lab (Department of Plant Agriculture, Crop Science, Guelph, ON). The PCR 

method consisted of initial 2 min denaturation at 96 ºC, followed by 30 cycles of a 30 second 

denaturation step at 95 ºC, an annealing temperature step at 51 ºC for 1.5 min, and a 1.3 min 

extension at 60 ºC. After cycle 35, the run was prolonged for a final extension of 4 min at 72 ºC. 

Total run time was 2.28 hrs. The purified PCR products were sent to the Advanced Analysis 

Centre (University of Guelph, Science Complex, Guelph, ON.) for both the forward and reverse 
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primers and sequenced using a Sanger-based ABI 3730xl capillary DNA sequencer using the 

BigDye Terminator v3.1 Cycle Sequencing Kit (Applied BioSystems, Forster City, CA). 

 

5.3.5 Data Analysis 

 

Once sequences were obtained from the Advanced Analysis Centre (University of 

Guelph, Science Complex, Guelph, ON.), Sequence Scanner (v.1.0) software was used to 

observe the results (Applied Biosystems, Lincoln Centre Drive, Foster City,  CA. USA) 

(Sequence Scanner, 2005).  Each sequence was subjected to nucleotide BLAST searches using 

the query template through NCBI.  Phytozome (v.8.0) and SoyBase were used to confirm the 

homology of each sequence (Fozo et al., 2011). To identify SNPs within the nucleotide 

sequences of the parents OAC Bayfield and OAC Shire and the RILs (T9-1 H, T9-50 M and T9-

49 L) the software ClustalW2 Multiple Sequence Alignment software (European Bioinformatics 

Institute, Cambridge, UK) was used to compare multiple sequences for each line and region to 

identify SNPs. Only SNPs that were confirmed in both the forward and reverse direction and 

were polymorphic for the selected lines were considered for further peptide analysis. Other SNPs 

were identified but were not significant across the selected RILs. GeneStream Align Query and 

BLAST searches through NCBI were used for confirmation of identity and position of the SNPs 

(Pearson et al., 1997). SIB ExPASy Bioformatics Resources Portal translated nucleotide 

sequences to protein sequences through the translate tool BLAST template. The prediction 

software ChloroP (v.1.1) and TargetP (v.1.1) were used to predict the locations of the transit 

peptides and their cleavage sites (Emanuelsson et al., 1999). Prediction of transmembrane helices 

and topology of proteins was conducted using HMM Top (v.2.0) to align the peptide sequences 
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and their prediction sites (Tusnady and Simon, 2001). YinOYang (v.1.2) software was used for 

the predictions of intracellular O-(β)-glycosylation attachment sites in the protein sequences 

(Gupta, 2001). NetPhos (v.2.0) was used in parallel with YinOYang sites for predictions of 

serine, threonine and tyrosine phosphorylation sites in the proteins with a NetPhos threshold 

value set at 0.75. SignalP (v.4.0) was used to predict the presence and location of signal peptide 

cleavage sites in amino acid sequences across the N- to C-terminus (Petersen et al., 2001). 

Pearson’s Linear Correlation Coefficients were calculated to test for genotypic correlations 

between α-, γ-, δ- and total tocopherols and the identified SNPs for the VTE1, VTE3 and VTE4 

genes using the PROC CORR procedure in SAS (v.9.3) (Barr et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



144 

 

5.4  Results 

 

The soybean nucleotide sequences resulting from the primers designed to sequence the 

introns and exons of VTE1 (Ch 4; LG C1) (Table A-5.1 and A-5.2) and the exon coding regions 

of VTE3 (Ch 2; LG D1b) (Table A-5.3) and VTE4 (Ch 12; LG H) (Table A-5.4) genes were 

positively identified to their reference locations in the soybean genome using Phytozome (v.8.0) 

BLAST query template and GeneStream Align Query (Table 5.4) (Fozo et al., 2011), (Pearson et 

al., 1997).  

 

5.4.1 VTE1 – Tocopherol Cyclase 

 

Sequence alignments analysis using ClustalW2 Multiple Sequence Alignment software 

for the VTE 1 gene resulted in one SNP being identified on intron 3 in the sequences of the 

parents (OAC Bayfield x OAC Shire), a high (T9-1), medium (T9-50) and low (T9-49) 

tocopherol RIL. Using Phytozome (v.8.0) BLAST query template the sequences were located on 

chromosome 4 (LG C1) at 6,815907 – 6,816,031 K and shared 92.9 to 100% homology to the 

VTE1 reference sequence (Table 5.4). Another SNP was identified in the sequence of primer set 

13 at 6,871,718-6,871,892 K in a coding region of chromosome 4 (LG C1) on exon 1 (Table 5.5 

and 5.10). The sequences were then translated to peptide sequences using SIB ExPASy 

Bioformatics Resources Portal translation tool using the BLAST template (Table 5.7). 

 When viewing the peptide sequence from primer set one of the non-coding region a 

change from a STOP codon to a leucine at amino acid 38 was identified (Table 5.8 A). TargetP 

(v.1.1) predictions of the subcellular localization for primer set one of the VTE1 gene determined 
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the protein sequences for each line to be localized to the mitochondrion (Table 5.8 B). ChloroP 

(v.1.1) predictions found no chloroplast transit peptides with all scores falling well below the 

range to locate a transit peptide (Table 5.8 C). NetPhos (v.2.0) identified one serine residue 

phosphorylation site, but it was consistent throughout all of the peptide sequences located at 

amino acid 41. YinOYang (v.1.2) did not identify any intracellular O-(β)-glycosylation sites and 

SignalP (v.4.0) did not predict any presence of a signal peptide cleavage site in the amino acid 

sequences (Figure 5.1). The presence of the SNP in the sequence of primer set one of the non-

coding region for OAC Shire and T9-49 L was negatively associated α-, γ- and total tocopherols 

but was not present for OAC Bayfield, T9-1 H and T9-50 M (Table 5.17).   

The translated peptide sequence derived from the nucleotide sequence of primer set 13 of 

the coding region of the VTE1 gene showed a change from a cysteine residue to a serine at amino 

acid 26 (Table 5.9 A). Most of the protein sequences were localized to another subcellular 

location; however, OAC Shire was localized to a secretory pathway signal peptide (Table 5.9 B). 

ChloroP (v.1.1) predictions did not identify any chloroplast transit peptides (Table 5.9 C). When 

the peptide sequences were analyzed through NetPhos (v.2.0) the RILs and parents all had 0 

serine, 2 threonine (amino acid 46 and 65) and 0 tyrosine phosphorylation sites. YinOYang 

(v.1.2) did not predict any intracellular O-(β)-glycosylation sites and SignalP (v.4.0) did not 

predict any presence of signal peptide cleavage sites in the tocopherol cyclase sequences (Figure 

5.2). A significant (p < 0.05) positive correlation was identified between α-, γ- and total 

tocopherols and the SNP identified in primer set 13 of the coding region of VTE1 (Table 5.17), 

suggesting its effect on increasing the amount of these tocopherols. 

Prediction of transmembrane helices of VTE1 showed the protein sequence to be 

localized outside of the cytosol and to be a soluble protein (Figure 5.3). 
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5.4.2 VTE3 - 2-methyl-6-phytylbenzoquinol methyltransferase   

 

No SNPs were identified in the coding regions of the VTE3 gene. The sequences were 

identified in chromosome 2 (LG D1b) at 238,777 – 242,541 K and shared 98.3 to 99.9% 

homology to the VTE3 reference sequence. The coding sequences were translated to peptide 

sequences using SIB ExPASy Bioformatics Resources Portal translation tool using the BLAST 

template (Table 5.10 A). No amino acid changes in any of the parents or RILs were identified 

and no chloroplast transit peptides were identified using ChloroP (v.1.1). The protein sequences 

localized to an unknown subcellular location using Target (v.1.1) (Table 5.10 B and C).  

Prediction of transmembrane helices for VTE3 suggested that a majority of the protein 

sequence was localized outside of the cytosol, however, at amino acid 325 a switch occurred 

from outside of the cytosol; to a transmembrane helix, then at amino acid 342 to inside of the 

cytosol (Figure 5.4).  

 

5.4.3 VTE4 - γ-tocopherol methyltransferase     

 

 The results from the soybean nucleotide sequence from the first primer set sequencing the 

coding region of VTE4 gene identified 1 SNP located on exon 3 between 1,023,057-1,023,644 K 

in chromosome 12 (LG H). Sequence alignment also identified 5 SNPs from the sequences 

obtained from the RILs and parents for primer set 3, located on exon 1, chromosome 12 (LG H) 

at 1,021,217-1,021,846 K (Table 5.11).  The nucleotide sequences from the parents and RILs 

shared 98.6 to 100 % homology to the VTE4 reference sequence. The coding nucleotide 
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sequences were then translated to a peptide sequence using the BLAST template in ExPASy 

Bioformatics Resources Portal (Table 5.12).  

One SNP was identified on primer set 1 on exon 3, which leads to a significant amino 

acid switch from an alanine to threonine at amino acid 441 (Table 5.13 A). When the peptide 

sequences were subjected to TargetP (v.1.1) prediction analysis, the sequences of OAC Bayfield, 

T9-1 H and T9-50 M were localized to the mitochondrion with a high reliability class of 5 that 

indicates a greater than 80% chance of being localized to the mitochondrion (Table 5.13 B). A 

cleavage site was identified in which a chloroplast transit peptide was confirmed in OAC 

Bayfield, T9-1 H and T9-50 M with a score > 0.500 (Table 5.13 C).  NetPhos (v.2.0) identified 9 

to 17 serine, 2 to 3 threonine and 2 to 6 tyrosine residue phosphorylation sites in the RILs and 

parent peptide sequences. OAC Bayfield, T9-1 H and T9-50 M had a greater amount of tyrosine 

phosphorylation sites and OAC Shire and T9-49 L had a greater amount of serine with the same 

amount of threonine phosphorylation sites. YinOYang (v.2.0) predicted 2 serine residues O-(β)-

glycosylation sites at amino acid 53 and 242 in the sequence of OAC Bayfield, T9-1 H and T9-

50 M. For OAC Shire and T9-49 L, YinOYang serine residue O-(β)-glycosylation sites were 

identified at amino acids 309, 313 and 314. No signal peptide cleavage sites were identified in 

the amino acid sequences of primer set 1 of γ-tocopherol methyltransferase (Figure 5.5). Pearson 

correlations identified a strong positive correlation (p < 0.05) between the SNP and δ- tocopherol 

(Table 5.17). 

For the first SNP identified in primer set 3, the translation to a peptide sequence resulted 

in an amino acid change from a methionine to a valine at amino acid 5 (Table 5.14 A). TargetP 

(v.1.1) predictions of the subcellular localization for primer set 1 of the VTE4 gene discovered 

that the peptide sequence for each RIL are localized to another subcellular location with a 
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medium reliability class of 3 and 4 (Table 5.14 B). No chloroplast transit peptides were 

identified (Table 5.14 C).  It is noteworthy that a single threonine phosphorylation site in the 

peptide sequence of OAC Bayfield, OAC Shire and T9-1 H was discovered with no 

phosphorylation sites in any of the other lines. SignalP (v.4.0) identified a signal peptide 

cleavage site between positions 2 and 3 of the amino acid sequence for OAC Shire and T9-1 H 

for γ-tocopherol methyltransferase. No YinOYang (v.1.2) predictions identified the presence of 

an intracellular O-(β)-glycosylation site (Figure 5.6). Pearson correlation resulted in a significant 

(p < 0.05) correlation between the SNP and α-, γ-, δ- and total tocopherols (Table 5.17). 

 The second SNP identified in the VTE4 gene in primer set 3 leads to a change in the 

peptide sequence where an amino acid switch from a lysine to arginine occurred at amino acid 3 

(Table 5.15 A). Using TargetP (v.1.1) and ChloroP (v.1.1) prediction software, all of the peptide 

sequences were localized to another subcellular location with no chloroplast transit peptides 

being identified (Table 5.15 B and C). NetPhos (v.2.0) identified 2 serine phosphorylation sites 

at amino acids 7 and 11, 0 threonine, and 2 tyrosine phosphorylation sites in the OAC Bayfield 

and T9-1H RIL at amino acid position 9 and 11. Only one tyrosine phosphorylation site at amino 

acid 11 in the OAC Shire, T9-49 L and T9-50 M was identified. YinOYang (v.2.1.) prediction 

software identified an intracellular O-(β)-glycosylation site at amino acid 7. No signal peptide 

cleavage sites were identified through SignalP (v.4.0) in any of the protein sequences (Figure 

5.7). This amino acid change did not show a significant correlation (p < 0.05) to any of the 

tocopherol components (Table 5.17).  

The third, fourth, and fifth SNPs located in the VTE4 gene on exon 3 displayed numerous 

changes in the amino acid sequence switching a phenylalanine to an isoleucine at amino acid 11, 

a leucine to glutamine at amino acid 15, leucine to proline at amino acid 23, a proline to arginine 
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at amino acid 24, a histidine to threonine at amino acid 25, methionine to a STOP codon at 

amino acid 26 and threonine to valine and leucine at amino acid 27 in the peptide comparisons in 

the RILs and parents (Table 5.16 A).  The switch to a STOP codon means that the protein has 

truncation changing it to a non-functional protein. TargetP (v.1.1) predictions of the subcellular 

localization of the coding regions of VTE4 found that all of the protein sequences generated from 

the parents and RILs were located to another subcellular location with a medium reliability class 

ranging between 3 and 4 (Table 5.16B).  ChloroP (v.1.1) did not identify any chloroplast transit 

peptides (Table 5.16 C). NetPhos (v.2.0) identified a single threonine phosphorylation site at 

amino acid 22 for OAC Bayfield and 0 for serine and tyrosine. OAC Shire, T9-1 H, T9-49 L and 

T9-50 M all had a serine phosphorylation site at amino acid 19 and one for threonine at amino 

acid 20 and zero for tyrosine. YinOYang (v.1.2) predictions found one threonine residue 

intracellular O-(β)-glycosylation site at amino acid 22 for OAC Bayfield. For OAC Shire, T9-49 

L and T9-50 M a serine and threonine residue O-(β)-glycosylation site at amino acids 19 and 20 

were identified. T9-1 H had one serine residue O-(β)-glycosylation site at amino acid 19. No 

signal peptide cleavage sites were identified in the amino acid sequences of the parents or RILs 

using SignalP (v.4.0) (Figure 5.9). Pearson correlations to the tocopherol traits were not 

significant (p < 0.05), therefore, SNP 3, 4 and 5 in primer set 3 in the VTE4 gene do not appear 

to be responsible for the changes in the tocopherol levels but could alter other traits. Prediction 

of transmembrane helices of VTE4 using HMM Top (v.2.0) and N-terminus orientation 

discovered that the protein sequence is localized outside of the cytosol and is a soluble protein 

(Figure 5.9). 
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5.5  Discussion 

 

 The role of the candidate genes in the tocopherol biosynthetic pathway of soybean seed is 

poorly understood with little to no literature available to date.  The genes involved in the 

expression of the pathway are known, but the exact mechanisms controlling the expression of the 

genes are not well understood (Eckardt, 2008).  To date, many plant breeders have adopted MAS 

to integrate genotypic and phenotypic selection together. One of the new emerging tools in plant 

breeding is the joint analysis of genomic data from QTL results and the candidate genes to 

identify sequences responsible for co-segregation of important traits. The objective of this 

Chapter was to evaluate the potential role of the VTE1, VTE3 and VTE4 genes in tocopherol 

accumulation using the candidate gene approach. It was hypothesized that these candidate genes 

in the tocopherol biosynthetic pathway coincide with some of the QTL. The activity of three 

enzymes (MPBQ; VTE3), (γ-TMT; VTE4) and (TC; VTE1) determines the tocopherol 

composition in the tissue of photosynthetic organisms; therefore, the VTE1, VTE3 and VTE4 

were selected for candidate gene analysis (DellaPenna, 2002). NetPhos (v.2.0) was used in 

parallel with YinOYang (v.1.2) and SignalP (v.4.0) to determine if any functional protein 

changes had occurred. The presence of phosphorylation sites at serine, threonine and tyrosine 

residues significantly alters the cellular signalling process, which may change the function of the 

proteins as the addition of phosphate groups to the proteins may lead to increased enzymatic 

activity of tocopherol cyclase (Blom et al., 1999).  The identification of significant QTL that co-

locate with the candidate genes allows researchers to align the peptide sequences that could 

potentially explain protein changes, therefore, determining their biological function. 
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5.5.1 VTE1 – Tocopherol Cyclase 

 

 Tocopherol cyclase (TC) is considered a key enzyme in the tocopherol biosynthetic 

pathway and has been well studied in Arabidopsis. This research was successful in sequencing 

the exon regions of the VTE1 gene, identifying SNPs and translating the nucleotide sequence to a 

peptide sequence (Table 5.5 and 5.10). It was determined that this gene is located on soybean 

chromosome 4 (LG C1) at a distance of 6,871,027 – 6,874,208 K.  The results complement the 

QTL results from Chapter 4. Interval mapping revealed that the region between Sat136 – Satt646 

(Ch 4; LG C1) explained up to 30.2% of the γ- tocopherol variation in the phonotype. In the 

tocopherol biosynthetic reaction 2-methyl-6-phytylbenzoquinol (MPBQ) and 2, 3-dimethyl-6-

phytyl-1,4-benzoquinone (DMPBQ) are cyclised by TC to produce γ-/δ-tocopherols in which γ-

tocopherol methyltransferase (γ-TMT) is used to methylate the γ-/δ-tocopherols forms to produce 

α-/β-tocopherols (Kobayashi and DellaPenna, 2008).  

The SNP identified on intron 3 using primer set 1 leads to an amino acid change from a 

STOP codon to a leucine at amino acid 38 in the non-coding region of the VTE1 gene (Table 

5.8).  The amino acid change from a STOP codon indicates that the polypeptide has a truncation 

that could result in the activation of a non-functional protein that alters tocopherol levels. Despite 

a significant (p < 0.05) negative correlation to α-, γ- and total tocopherol (Table 5.17) the amino 

acid change is not likely to have an effect on a particular tocopherol trait. The reason is that the 

SNP is located in a non-coding region; consequently, a functional protein change that influences 

tocopherol levels in soybean seed is not likely. To strengthen this finding, no functional protein 

change was identified as no changes occurred in any of the phosphorylation sites in the peptide 

sequences of the RILs or the parents. YinOYang (v.1.2) did not identify any intracellular O-(β)-



152 

 

glycosylation sites and SignalP (v.4.0) did not detect the presence of signal peptide cleavage site. 

SignalP scores were low, which means that these proteins are mature proteins. The results 

indicate that functional changes in the mature proteins do not appear to have occurred (Figure 

5.1).  

The second SNP identified in the VTE1 gene on exon 1 in primer set 13 identified a 

change from a cysteine to a serine at amino acid 26. This SNP is located in the coding region of 

VTE1 and showed a strong positive correlation to α-, γ- and total tocopherols (Table 5.17). This 

SNP may play a significant role in tocopherol accumulation producing more α-, γ- and total 

tocopherols but did not affect δ- tocopherol. The results are in agreement with past research as 

the overexpression of the VTE1 protein in Arabidopsis leaves lead to a significant increase in 

total tocopherol levels (Shintanib et al., 2002). This region of chromosome 4 co-localizes with 

the γ- QTL interval Sat136 – Satt646 (Ch 4; LG C1) found in Chapter 4 (Table 4.3). TargetP 

(v.1.1) subcellular localization predictions indicated that the amino acid sequences appear to be 

located within the mitochondrion, although this was with a low reliability class of 3 (Table 5.8).  

No chloroplast transit peptides were identified using ChloroP (v.1.1) prediction software.  

Tocopherols are believed to function as antioxidants at the thylakoid membrane and the 

prenylquinone biosynthetic activities for the most part have been localized to the inner 

chloroplast envelope membrane (Vidi et al., 2006). For primer set 13, those peptide sequences 

were localized to another subcellular location and the OAC Shire protein sequence was localized 

to a secretory pathway signal peptide (Table 5.9). No chloroplast transit peptides were identified 

through TargetP (v.1.1) or ChloroP (v.1.1) (Table 5.8 and 5.13). The results indicate that a 

functional change in the mature protein does not appear to have occurred as YinOYang (v.1.2) 
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did not predict any intracellular O-(β)-glycosylation sites and SignalP (v.4.0) did not predict any 

presence of signal peptide cleavage sites in the tocopherol cyclase sequence (Figure 5.2).  

Prediction of transmembrane helices of VTE1 using HMM Top (v.2.0) and N-terminus 

orientation showed that the protein sequence was localized outside of the cytosol and was a 

soluble protein (Figure 5.3). Overall, the findings showed that the SNPs did not appear to affect a 

single tocopherol component (Table 5.17). In past studies, a VTE1 mutant in Arabidopsis was 

deficient in all four forms of tocopherols with reduced tocopherol cyclase activity, which 

suggests that the mutation affected the activity of DMPQ cyclase because that enzyme catalyzes 

the conversion to δ-, γ- tocopherol. Since δ- and γ- are precursors to α-, β- tocopherol, the 

reduction in TC activity results in the loss of all four forms and could potentially help explain 

some of these results (Porflrova et al., 2002).  

 

5.5.2 VTE3 - 2-methyl-6-phytylbenzoquinol methyltransferase   

 

The MPBQ methyltransferase enzyme is one of the leading enzymes in the tocopherol 

biosynthetic pathway (Shintanib, 2002). It is responsible for methylating the first prenylquinone 

intermediate to form DMPBQ (Shintanib, 2002). TC is then used to cyclise DMPBQ to form γ-

tocopherol, which is methylated in a terminal reaction by γ-TMT to form α-tocopherol 

(Shintanib, 2002). Successful nucleotide sequences were generated from the three primer sets; 

however, no significant SNPs were identified in the coding regions of the VTE3 gene. The 

sequences were localized to chromosome 2 (LG D1b) at 238,777 – 242,541 K. The coding 

sequences were translated to peptide sequences using SIB ExPASy Bioformatics Resources 

Portal translation tool using the BLAST template (Table 5.10 A). No amino acid changes were 
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identified in any of the parents or RILs and TargetP (v.1.1) and ChloroP (v.1.1) prediction 

software did not identify any chloroplast transit peptides. Each protein sequence from the RILs 

and parents localized to an unknown subcellular location (Table 5.10 B and C).   

Prediction of transmembrane helices of VTE3 using HMM Top (v.2.0) and N-terminus 

orientation discovered that a majority of the protein sequences were localized outside of the 

cytosol, however, at amino acid 325 a switch occurred from outside the cytosol to a 

transmembrane helix, then to inside of the cytosol at amino acid 342 (Figure 5.2).  This is an 

indication of a tail-anchored protein, which mediates essential biochemical processes in the 

cellular membrane. They are important membrane proteins containing a cytosolic N-terminal 

domain which is attached by a transmembrane domain (Mateja et al., 2009). The tail-anchored 

proteins are mediated by cytosolic ATPase chaperone Get3 (Mateja et al., 2009). The tail-

anchored proteins can reside in or out of the cytosol and become imbedded into a membrane in 

response to a signal (Mateja et al., 2009).       

 Despite no SNPs identified in the coding regions of VTE3, this region of the chromosome 

may still have an influence as the results from Chapter 4 identified Satt271 (Ch 2; LG D1b) 

being significantly associated with α- and δ- tocopherol in 2009 and 2010 in all locations and 

was confirmed with Wohleser (2007). It is noteworthy that the VTE3 gene is the only gene in the 

tocopherol biosynthetic pathway that does not share significant homology among species 

(DellaPenna, 2002). This may have been a factor in the results as this hypothetical gene may not 

have the correct reference sequence, which may have played a role in these results. These results 

are further supported by another study in which the overexpression of MPBQ methyltransferase 

in Synechocystis PCC6803 genome using SLL0418 protein did not significantly affect 

tocopherol concentration (Shintanib, 2002). In conclusion, the results show that the VTE3 has 
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little effect on the overall flux of tocopherol concentration; however, may change the tocopherol 

composition rather than concentration as the presence of the tail anchored protein could be 

involved in tocopherol composition or play a significant role in other fundamental cellular 

processes. 

 

5.5.3 VTE4 - γ-tocopherol methyltransferase     

 

 MPBQ and DMPBQ are known to be the first components in tocopherol and tocotrienol 

biosynthesis. MPBQ is the substrate of MPBQ methyltransferase and is encoded by VTE1 and 

VTE3 loci in Arabidopsis (DellaPenna, 2002). In the tocopherol biosynthetic pathway, γ-

tocopherol methyltransferase (VTE4) adds a methyl group to the sixth position of the chromanol 

ring converting α and γ to β and δ tocopherol (DellaPenna, 2002). The gene sequencing of the 

exons in the coding region of VTE4 was successful and multiple sequence alignments using 

ClustalW2 Multiple Sequence Alignment software identified one SNP in primer set 5 and five 

SNPs in primer set 3 (Table 5.11). It was determined that the coding region of this gene is 

located in soybean chromosome 12 (LG H) at a distance at 1,021,217-1,021,846 K (Table 5.11).  

The results complement the QTL results from Chapter 4. Single marker analysis identified 

Satt181 (Ch 12; LG H) and Satt317 (Ch 12; LG H) that were significantly associated (p < 0.01) 

with γ-, δ- and total tocopherols in both 2009 and 2010 in Woodstock and St.Pauls, which was 

confirmed by Wohleser, (2007) (Table 4.2).  

The one SNP identified in primer set 1 on exon 3 lead to a significant amino acid switch 

from a alanine to threonine at amino acid 441 (Table 5.13 A). When the peptide sequences were 

subjected to TargetP (v.1.1) prediction software, the peptide sequence of OAC Bayfield, T9-1 H 

and T9-50 M were localized to the mitochondrion with a high reliability class of 5 (Table 5.13 
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B). ChloroP (v.1.1) transit peptide prediction software identified a cleavage site in which a 

chloroplast transit peptide was confirmed in OAC Bayfield, T9-1 H and T9-50 M (Table 5.13 C). 

NetPhos (v.2.0) identified 9 to 17 serine, 2 to 3 threonine and 2 to 6 tyrosine phosphorylation 

sites in the RILs and parent peptide sequences. OAC Bayfield, T9-1 H and T9-50 M had a 

greater amount of tyrosine phosphorylation sites where as OAC Shire and T9-49 L had a greater 

amount of serine with the same amount of threonine phosphorylation sites. 

 YinOYang (v.2.0) predicted two serine residues O-(β)-glycosylation sites at amino acid 

53 and 242 in the sequence of OAC Bayfield, T9-1 H and T9-50 M. For OAC Shire and T9-49 

L, YinOYang serine residue O-(β)-glycosylation sites were identified at amino acids 309, 313 

and 314 (Figure 5.6). Intracellular O-(β)-glycosylation is characterised by the addition of N-

acetylglucosamine, in a beta anomeric linkage, to serine and threonine residues in a protein. This 

may lead to a functional protein change as some proteins do not fold correctly unless they are 

glycosylated first. The presence of the chloroplast transit peptide and the successful 

identification of YinOYang sites are a strong indication that the function of the proteins in OAC 

Bayfield, T9-1 H and T9-50 M are different from that in OAC Shire and T9- 49 L. This is a 

significant finding as this was the only translated sequence in this thesis that identified a 

chloroplast transit peptide.  This discovery means that the chloroplast transit peptide is likely 

responsible for the transport of the protein to the chloroplast encoded by a nuclear gene.  The 

SNP shows a strong positive correlation to δ- tocopherol (0.943) and was correlated to the other 

tocopherol components (Table 5.17).  

The presence of the chloroplast transit peptide appears to lead to functional protein 

changes that affect δ- tocopherol levels and possibly the other tocopherol traits in the presence of 

the chloroplast transit peptide. No signal peptide cleavage sites were identified in the amino acid 
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sequences of primer set 1 of γ-tocopherol methyltransferase (Figure 5.5). This finding is 

consistent with findings in Arabidopsis in which mutations in the VTE4 gene lead to increased δ- 

tocopherols (DellaPenna, 2002). 

 For the first SNP identified in primer set 3, translation to a peptide sequence resulted in a 

change in the amino acid from a methionine to a valine at amino acid 5 (Table 5.14 A). TargetP 

(v.1.1) predictions of the subcellular localization found that all sequences were localized to 

another subcellular location and ChloroP (v.1.1) results did not identify any chloroplast transit 

peptides (Table 5.14 B and C). However, the findings are significant as a single threonine 

phosphorylation site on amino acid 7 in the peptide sequence of OAC Bayfield, OAC Shire and 

T9-1 H was discovered with no phosphorylation site in any of the other lines using NetPhos 

(v.2.0). A signal peptide cleavage site between amino acid 2 and 3 was identified in OAC Shire 

and T9-1H on primer set 3 for γ-tocopherol methyltransferase. The presence of the signal peptide 

is likely responsible for targeting the sequences to the endoplasmic reticulum. No YinOYang 

(v.1.2) predictions occurred for the presence of an intracellular O-(β)-glycosylation site, which is 

in agreement with the findings using SignalP (v.4.0). SignalP (v.4.0) is designed to run in 

parallel with YinOYang (v.1.2), and if a signal peptide is predicted, than those sequences are 

unlikely to be intracellular and hence unlikely to be glycosylated (Figure 5.6). There was a 

significant positive correlation between the SNP and α-, γ-, δ- and total tocopherols (Table 5.17). 

The results indicate that the identified change in the amino acid sequence could change the 

function of the proteins but could be responsible for post translation regulation that could affect 

the control of total tocopherols in soybean seeds. 

 Sequence alignments in primer set 3 identified a second SNP (Table 5.11) that when 

translated to a peptide sequence leads to an amino acid change from a lysine to arginine at amino 



158 

 

acid 3 (Table 5.15 A). This amino acid change did not show a correlation to any of the 

tocopherol components (Table 5.17). TargetP (v.1.1) and ChloroP (v.1.1) localized the sequences 

to another subcellular location with no chloroplast transit peptides being successfully identified 

(Table 5.16 B and C). It appears that a functional protein change may have occurred between 

OAC Bayfield and OAC Shire. Only OAC Bayfield and T9-1H had two tyrosine 

phosphorylation sites and an intracellular O-(β)-glycosylation site at amino acid 7 was 

discovered using YanOYang (v.2.1). OAC Shire, T9-49L and T9-50 M had only one tyrosine 

phosphorylation site. Post-translational modifications resulting in enzymatic links to saccharides 

to produce glycan’s attached to produce biopolymers are suggested by these findings. The 

glycan’s can serve in a variety of structure and functional roles in membranes and secreted 

proteins, which may affect tocopherol concentration (DellaPenna, 2002). This result is also a 

strong indication that the proteins are synthesized in the rough endoplasmic reticulum. No signal 

peptide cleavage sites were identified in any of the parents or RIL amino acid sequences (Figure 

5.7). Past research shows that the over expression of VTE4 from a seed specific promoter 

resulted in an 80% conversion from γ- to α- tocopherol in Arabidopsis, which was not found in 

this study (Tsegaye et al., 2002). 

 Further sequence alignments identified three additional SNPs from the RIL and parent 

sequences in primer set 3 (Table 5.11). The translated peptide sequences lead to numerous 

changes in the amino acids switching a phenylalanine to an isoleucine at amino acid 11, a leucine 

to glutamine at amino acid 15, leucine to proline at amino acid 23, a proline to arginine at amino 

acid 24, a histidine to threonine at amino acid 25, methionine to STOP codon at amino acid 26 

and threonine to valine and leucine at amino acid 27 (Table 5.16 A). The switch from a 

methionine to a STOP codon leads to a protein truncation which may lead to a non-functional 
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protein affecting the tocopherols levels. TargetP (v.1.1) predictions of the subcellular localization 

of the coding regions of VTE4 found that all of the protein sequences from the parents and RILs 

were located to another subcellular location and ChloroP (v.1.1) did not identify any chloroplast 

transit peptides (Table 5.16 B and C). A single threonine phosphorylation site at amino acid 22 

was identified in the protein sequence of OAC Bayfield. For OAC Shire, T9-1 H, T9-49 L and 

T9-50 M a serine phosphorylation at amino acid 19 and one threonine at amino acid 20 was 

identified using NetPhos (v.2.0). One threonine residue intracellular O-(β)-glycosylation site was 

identified for OAC Bayfield. OAC Shire, T9-49 L and T9-50 M had a serine and threonine 

residue O-(β)-glycosylation site using YinOYang (v.1.2). No signal peptide cleavage sites were 

identified in the amino acid sequences of the parents or RILs using SignalP (v.4.0) (Figure 5.8). 

The results did not significantly correlate to any of the tocopherol components (Table 2.21). 

Despite no significant (p < 0.05) correlations being identified, the proteins do appear to change 

function based on the difference in the number of phosphorylation sites and changes in O-(β)-

glycosylation sites in the parents and RILs. In addition, the presence of the STOP codon has a 

truncation leading to a change to a non-functional protein. These changes, however, do not 

appear to be responsible for tocopherol concentration as they were not correlated to any of the 

traits (Table 5.17). Prediction of transmembrane helices of VTE4 using HMM Top (v.2.0) and N-

terminus orientation revealed that the protein sequence of the entire coding region is localized 

outside of the cytosol and is a soluble protein (Figure 5.9).  

The results from this thesis will help aid in understanding of the genetic mechanism 

controlling tocopherols. They are the first to show SNPs in the tocopherol candidate genes that 

change the amino acid sequences and possibly the function of the proteins in soybeans. The 

peptide changes in the RILs and the presence of glycosylation sites are a clear indication of post-
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translational modifications. This can lead to chemical modifications of the proteins after 

translation changing the function of those proteins by attaching to other biochemical functional 

groups (Eckardt, 2008). This is the first study using the candidate gene approach to evaluate 

genetic factors affecting tocopherols in soybean seed. Most mutation studies in Arabidopsis 

showed that the overexpression of HPPD resulted in a 20-fold increase in protein activity, 

however, that increase only explained 15% of the increase in seed tocopherols, which suggested 

that other pathway intermediates play a significant role (Tsegaye et al. 2002).   

It is recommended that future studies sequence the entire RIL population to determine if 

the SNPs identified in this thesis are present.  In conclusion, the results from this thesis have 

identified two SNPs in VTE1, none in VTE3 and five SNPs in VTE4 that may shed light on the 

genetic mechanisms that influence the tocopherol traits in soybean seeds. The co-localization of 

the identified QTL and candidate genes are strong indication that the identified genomic regions 

around tocopherol QTL contain genes that greatly affect tocopherol levels, which can be used as 

tool for plant breeding programs designed to develop high tocopherol soybeans that may benefit 

human health.  
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Table 5.1 – Primers designed to sequence the tocopherol cyclase (VTE1) gene in soybean 

displaying the Oligo name, sequence, concentration and quantity. 

Oligo name† 

 

Oligo sequence Oligo concentration Quantity 

(µL) (µg/µL) (pmole/µL) 

 Intron Sequences    

VTE1-1F CCCTTACTGAGTTCCCTTTT 3.1 511.8 95 

VTE1-1R CAAACGTGATCAAAACAATG 3.0 481.0 95 

VTE1-2F TTAAGCATGCGCAACATAGG 3.5 563 95 

VTE1-2R AAAGGTGGGAGTTGATGCAC 3.1 503.4 95 

VTE1-3F AATGGGCTCTATGCTGTTGG 3.4 556.9 95 

VTE1-3R TTCGTGTGTTTGCACCTAGC 3.8 623.5 95 

VTE1-4F AATGGGCTCTATGCTGTTGG 3.8 607.7 95 

VTE1-4R TTTTGATGAACCCCTTTTCG 3.6 590.2 95 

VTE1-5F TCCAAATGGGTGGAAAGGTA 3.1 503.6 95 

VTE1-5R GCAAGTGTGAACGAGCAAAA 2.3 366.7 95 

VTE1-6F TTTGGTGGTTTGGTTTGGTT 2.9 463.5 95 

VTE1-6R TAGCACAGGGGTTTTTCCTG 3.5 563.7 95 

† F = Forward Primer, R = Reverse Primer 
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Table 5.1 – Continued  

Oligo name† 

 

Oligo sequence Oligo concentration Quantity 

(µL) (µg/µL) (pmole/µL) 

 Exon Sequences    

VTE1-10F AACACTCCCTCTTCTTCCTC 5.6 935.4 95 

VTE1-10R GGAATACATGAAGCAAAAGC 3.6 574 95 

VTE1-11F TCATGTATTCCGTCGAGAGT 4.3 705.3 95 

VTE1-11R TAAATTCCTGAGGAGGGACT 4.5 724.9 95 

VTE1-12F AATTCTTCTGGGGAAGTAGG 4.8 775.9 95 

VTE1-12R AATAAAACCTTGATGCAAA 5.7 924.2 95 

VTE1-13F TGATAGAGTGVTGGAAGGTT 6 955.1 95 

VTE1-13R GACTTCTGCGTAGAAVVAAC 5.2 845.6 95 

VTE1-14F GGGGTGATGTTGGTTCTAC 5.9 997.8 95 

VTE1-14R GTAATTCAAGGACACGGCTA 5.7 920.9 95 

† F = Forward Primer, R = Reverse Primer 
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Table 5.2 – Primers designed to sequence the coding regions of the 2-methyl-6-

phytylbenzoquinol methyltransferase (VTE3) gene in soybean displaying the Oligo name, 

sequence, concentration and quantity. 

Oligo name† 

 

Oligo sequence Oligo concentration Quantity 

(µL) (µg/µL) (pmole/µL) 

 Exon Sequences    

VTE3-1F CTCCTTAATGCTCAATGG 5 908.6 95 

VTE3-1R ACAATCTTGCATTCTTTCA 6.1 1060.7 95 

VTE3-2F GATCTTCCATTTCCAACTGA 6.4 1054.2 95 

VTE3-2R CTTTGAAACCAGCCTTCTTA 6.2 1022.9 95 

VTE3-3F GGTTTAAGAAGGCTGGTTTCA 5.5 836.3 95 

VTE3-3R ATGCCCCTTGGAACAATTT 5.8 993.8 95 

† F = Forward Primer, R = Reverse Primer 
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Table 5.3 – Primers designed to sequence the coding regions of the γ-tocopherol 

methyltransferase (VTE4) gene in soybean displaying the Oligo name, sequence, concentration 

and quantity. 

Oligo name† 

 

Oligo sequence Oligo concentration Quantity 

(µL) (µg/µL) (pmole/µL) 

 Exon Sequences    

VTE4-1F GCAGGGAAGGAGGAGAAG 3.3 571.5 95 

VTE4-1R CCGAGCTAATTCTCCAACA 5.3 930 95 

VTE4-2F AAATTTGATCTGGTGTGGTA 6.3 1018.6 95 

VTE4-2R CCAAGCTGGAAGGTAATATG 4.7 751.3 95 

VTE4-3F TGCATATTACCTTCCAAGCTT 7 1164.8 95 

VTE4-3R ATAGCCAAAGCTCCCTTTAT 6.8 1123.9 95 

† F = Forward Primer, R = Reverse Primer 
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Table 5.4 – The primer identification, location, length and position for each of the primers 

designed for the VTE1 gene and the coding regions of the VTE3 and VTE4 genes. 

Primer 

Identification 

Chromosome/Linkage 

Group 

Length 

(bp) 

Position (K) Identity (%) 

VTE1 Introns 

Primer Set 1 

Primer Set 2 

Primer Set 3 

Primer Set 4 

Primer Set 5 

Primer Set 6 

VTE1 Exons 

Primer Set 1 

Primer Set 2 

Primer Set 3 

Primer Set 4 

Primer Set 5 

 

4/C1 

4/C1 

4/C1 

4/C1 

4/C1 

4/C1 

 

4/C1 

4/C1 

4/C1 

4/C1 

4/C1 

 

124 

480 

746 

604 

899 

167 

 

375 

329 

174 

181 

404 

 

6,815,907-6,816,031 

6,814,998-6,815,476 

6,814,252-6,814,997 

6,816,032-6,816,636 

6,816,568-6,817467 

6,815,477-6,815,644 

 

6,871,027-6,871,402 

6,871,391-6,871,720 

6,871,718-6,871,892 

6,874,027-6,874,208 

6,874,200-6,874,604 

 

99.4 

100.0 

100.0 

100.0 

97.0 

94.9 

 

100.0 

99.3 

98.7 

96.3 

92.9 

VTE3 

Primer Set 1 

Primer Set 2 

Primer Set 3 

 

2/D1b 

2/D1b 

2/D1b 

 

476 

1021 

537 

 

238,777-239,253 

240,881-241,849 

242,004-242,541 

 

99.3 

98.3 

99.9 

VTE4 

Primer set 1 

Primer Set 2 

Primer Set 3 

 

12/H 

12/H 

12/H 

 

587 

372 

629 

 

1,023,057- 1,023,644 

1,022,042-1,022,414 

1,021,217-1,021,846 

 

98.6 

100.0 

99.8 
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Table 5.5 – Multiple sequence alignments on a high, medium and low tocopherol RILs including parents using ClustalW2 Multiple 

Sequence Alignment software identifying single nucleotide polymorphisms (SNPs) located on an intro of the tocopherol cyclase 

(VTE1) gene in soybean. 
Primer Set 1 

Line 

Phenotypic 

Class † 

 

Nucleotide Sequence bp ‡ 

 

Total 

Tocopherol 

(ug/g) ±(SE) 

OAC Bayfield 

OAC Shire 

T9-1  

T9-49  

T9-50  

H 

M 

H 

L 

M 

GGTCTAGAGTATTTTTGGTTTGTTTAATAATTAAAAAATATCCCAAAGCTAGTCGACAAA  

GGTCTAGAGTATTTTTGGTTTGTTTAATTATTAAAAAATATCCCAAAGCTAGTCGACAAA  

GGTCTAGAGTATTTTTGGTTTGTTTAATAATTAAAAAATATCCCAAAGCTAGTCGACAAA 

GGTCTAGAGTATTTTTGGTTTGTTTAATTATTAAAAAATATCCCAAAGCTAGTCGACAAA 

GGTCTAGAGTATTTTTGGTTTGTTTAATAATTAAAAAATATCCCAAAGCTAGTCGACAAA 

**************************** ******************************* 

120 

117 

118 

118 

119 

689.21±(4.03) 

549.10±(3.30) 

755.49±(3.77) 

325.95±(3.37) 

502.95±(2.98) 

† H= High levels (>550 ug/g), M = Medium levels (470-550 ug/g), L = Low levels (<470 ug/g) 

‡ Base pair  
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Table 5.6 – Multiple sequence alignments on a high, medium and low tocopherol RILs including parents using ClustalW2 Multiple 

Sequence Alignment software identifying single nucleotide polymorphisms (SNPs) in the coding region of the tocopherol cyclase 

(VTE1) gene in soybean. 
Primer Set 13 

Line 

Phenotypic 

Class † 

 

Nucleotide Sequence bp ‡ 

 

Total 

Tocopherol 

(ug/g) ±(SE) 

OAC Bayfield 

OAC Shire 

T9-1  

T9-49  

T9-50  

H 

M 

H 

L 

M 

GCTTTTTAAGTATTGCTTTGNTTGATTGTATTTGTACTTGACACAAATTTTAATTANAGG  

GCTTTTTNN-TATTGCTTTCTTTGATTGTATTTGTACTTGACACAAATTTTAATTACAGG  

GCTTTTTAAGTATTGCTTTGTTTGATTGTATTTGTACTTGACACAAATTTTAATTANAGG  

GCTTTTTAAGTATTGCTTTCTTTGATTGTATTTGTACTTGACACAAATTTTAATTANAGG  

GCTTTTTAAGTATTGCTTTCNTTGATTGTATTTGTACTTGACACAAATTTTAATTANAGG  

*******   ********* ************************************ *** 

117 

114 

118 

117 

120 

689.21±(4.03) 

549.10±(3.30) 

755.49±(3.77) 

325.95±(3.37) 

502.95±(2.98) 

† H= High levels (>550 ug/g), M = Medium levels (470-550 ug/g), L = Low levels (<470 ug/g) 

‡ Base pair  
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Table 5.7 –The amino acid sequence (length 470) translated from the soybean nucleotide 

sequence of the tocopherol cyclase (VTE1) gene using ExPASy Bioformatics Resources Portal.  

Met E A K L W E A R L F S P T L P L L P P T P P R N S V S D T V P I Q N E E K E Q T L S 

S V K P T Y S P T L P N R D L R T P H S G Y H F D G T T R K F F E G W Y F K V S I P E R 

R Q S F C F Met Y S V E S P S F R K P L T P L E L A Q Y G P R F T G V G A Q I L G A D D 

K Y I C Q Y S P Q S Q F F W G S R H E L Met L G N T F V S N Q N S K P P N K E V P P Q 

E F N D R V L E G F Q V T P L W H Q G F I R D D G R S N Y V E T V K T A R W E Y S T 

R P V Y G W G D V G S T Q K S T A G W L A A F P V F E P H W Q I C Met A G G L S T G 

W I E W D G E R I E F D N A P S Y S E K N W G G G F P R K W F W V Q C N V F E G A S 

G E I A L T A A G G L R Q I P G I T E T F E N A A L I G I H Y G G N F Y E F V P W N G V 

V N W E V T T W G Y W F Met S A D N G K Y V V E L E A T T E D P G T T L R A P T A E 

A G F A P A C K D T C F G N L K L Q Met W E R R Y D G S K G K I I L D V S S N Met A 

A L E V G G G P W F N T W K G K T S T P A A L S R V L E L P I D V E G I F N P V P L F 

K P P G L Stop 
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Table 5.8 – A) Translated amino acid sequence highlighting the amino acid change and B) TargetP(v.1.1) predictions of the 

subcellular localization C) ChloroP (v.1.1) predictions of the soybean tocopherol cyclase (VTE1) gene derived from the nucleotide 

sequence of primer set 1 in the non-coding region displayed with the mean of α-, γ-, δ- and total tocopherol values. 

A) 
Line Phenotypic 

Class 
Amino Acid Sequence 

OAC Bayfield H X X X C A F X Stop    N R G R K A Q G L E Y F W F V Stop  Stop L K N I P K L V D K R R S L I T N H C F D H V X 

OAC Shire M X X X C A F X X         N R G R K A Q G L E Y F W F V Stop    L   L K N I P K L V D K R R S L I T N H C F D H V X 

T9-1 H X X X C A F X Stop   N R G R K A Q G L E Y F W F V Stop  Stop L K N I P K L V D K R R S L I T N H C F D H V X 

T9-49 L X X X C A F X X        N R G R K A Q G L E Y F W F V Stop    L   L K N I P K L V D K R R S L I T N H C F D H V X 

T9-50 M X X X C A F X Stop  N R G R K A Q G L E Y F W F V Stop  Stop L K N I P K L V D K R R S L I T N H C F D H V X 

B)              Tocopherol Isomer 

Line Phenotypic 

Class 

Length cTP † mTP ‡ SP § Other ¶ Location# RC †† Αlpha  

(ug/g)±(SE) 

Gamma  

(ug/g) ±(SE) 

Delta     

(ug/g) ±(SE) 

Total 

(ug/g)±(SE) 

OAC 

Bayfield 

H 58 0.162 0.674 0.027 0.207 M 3 68.9±0.98 427.2±4.28 192.9±1.34 689.2±4.03 

OAC Shire M 52 0.033 0.829 0.043 0.330 M 3 54.9±0.72 329.4±3.88 164±1.43 549.1±3.30 
T9-1 H 58 0.162 0.674 0.027 0.207 M 3 92.3±0.98 469.8±4.23 193.4±1.91 755.49±3.77 

T9-49 L 52 0.033 0.829 0.043 0.330 M 3 32.5±0.45 195.6±1.94 97.7±1.21 325.9±3.37 

T9-50 M 58 0.162 0.674 0.027 0.207 M 3 50.7±0.69 333.4±2.04 118.8±1.39 502.9±2.98 

Cutoff   0.000 0.000 0.000 0.000       

C) 

Line Phenotypic Class Length Score ††† cTP † CS-score †††† cTP-length 
OAC Bayfield H 58 0.468 - -2.288 41 

OAC Shire M 52 0.443 - -2.958 10 
T9-1 H 58 0.468 - -2.288 41 

T9-49 L 52 0.443 - -2.978 10 
T9-50 M 58 0.468 - -2.288 41 

† cTP = chloroplast transit peptide (-) not to contain a cTP, (Y) contains cTP, ‡ mTP = mitochondrial target peptide, § SP = secretory 

pathway signal peptide, ¶ Other = another subcellular localization, # Location = predicted localization (C = Chloroplast, M= 

Mitochondrion, S = Signal peptide (-) = Any other location) †† = RC = Reliability class (1 : diff > 0.800; 2 : 0.800 > diff > 0.600;  3 : 

0.600 > diff > 0.400; 4 : 0.400 > diff > 0.200; 5 : 0.200 > diff) †††† = output score from the second step network, matrix score for the 

suggested cleavage site 
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Table 5.9 – A) Translated amino acid sequence highlighting the amino acid change and B) TargetP(v.1.1) predictions of the 

subcellular localization C) ChloroP (v.1.1) predictions of the soybean tocopherol cyclase (VTE1) gene derived from the nucleotide 

sequence of primer set 13 in the coding region displayed with the mean of α-, γ-, δ- and total tocopherol values. 
A) 

Line Phenotypic 

Class 
Amino Acid Sequence 

OAC Bayfield H X Met X E X G G Stop I A F Stop V L L S L I V F V L D T N F N X R S N Y V E X V K T A R W E Y S T R P V Y G W G D V G S T Q K S 

OAC Shire M X Met X E X G G Stop I A F Stop V L L C L I V F V L D T N F N X R S N Y V E X V K T A R W E Y S T R P V Y G W G D V G S T Q K S 

T9-1 H X Met X E X G G Stop I A F Stop V L L S L I V F V L D T N F N X R S N Y V E X V K T A R W E Y S T R P V Y G W G D V G S T Q K S 

T9-49 L X Met X E X G G Stop I A F Stop V L L C L I V F V L D T N F N X R S N Y V E X V K T A R W E Y S T R P V Y G W G D V G S T Q K S 

T9-50 M X Met X E X G G Stop I A F Stop V L L X L I V F V L D T N F N X R S N Y V E X V K T A R W E Y S T R P V Y G W G D V G S T Q K S 

B) 
Line Phenotypic 

Class 

Length cTP † mTP ‡ SP § Other ¶ Location # RC †† Αlpha    

(ug/g)±(SE) 

Gamma  

(ug/g) ±(SE) 

Delta     

(ug/g) ±(SE) 

Total 

(ug/g)±(SE) 

OAC 

Bayfield 

H 82 0.177 0.145 0.101 0.682 - 3 68.9±0.98 427.2±4.28 192.9±1.34 689.2±4.03 

OAC Shire M 70 0.019 0.267 0.474 0.414 S 5 54.9±0.72 329.4±3.88 164.1±1.43 549.1±3.30 
T9-1 H 82 0.117 0.145 0.101 0.682 - 3 92.3±0.98 469.8±4.23 193.4±1.91 755.5±3.77 

T9-49 L 78 0.228 0.191 0.094 0.790 - 3 32.5±0.45 195.6±1.94 97.7±1.21 325.9±3.37 

T9-50 M 79 0.235 0.183 0.098 0.806 - 3 50.7±0.69 333.4±2.04 118.8±1.39 502.9±2.98 

Cutoff   0.000 0.000 0.000 0.000       

C) 

Line Phenotypic Class Length Score ††† cTP † CS-score †††† cTP-length 
OAC Bayfield H 82 0.451 - 1.329 54 

OAC Shire M 70 0.438 - -3.958 30 
T9-1 H 82 0.443 - 0.975 31 

T9-49 L 78 0.453 - 1.329 54 
T9-50 M 79 0.453 - 4.087 48 

† cTP = chloroplast transit peptide (-) not to contain a cTP, (Y) contains cTP, ‡ mTP = mitochondrial target peptide, § SP = secretory 

pathway signal peptide, ¶ Other = another subcellular localization, # Location = predicted localization (C = Chloroplast, M= 

Mitochondrion, S = Signal peptide (-) = Any other location) †† = RC = Reliability class (1 : diff > 0.800; 2 : 0.800 > diff > 0.600;  3 : 

0.600 > diff > 0.400; 4 : 0.400 > diff > 0.200; 5 : 0.200 > diff) †††† = output score from the second step network, matrix score for the 

suggested cleavage site 
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Table 5.10 – A) The amino acid sequence (length 366) translated from the 2-methyl-6-phytylbenzoquinol methyltransferase (VTE3) 

gene soybean nucleotide coding sequence B) TargetP (v.1.1) predictions of the subcellular localization C) ChloroP (v.1.1) prediction 

of a chloroplast transit peptide. 

A) 

X X X Met A S L Met L N G A H Q N P N L I S G I A P N G L N F H N K C L F Q K G V L S H G N K L R V V R K N F T P K G 

S Met S A S S S S S S R P G S Q P R F I Q H K K E A F W F Y R F L S I V Y D H I I N P G H W T E D Met R D E A L E P A D L 

Y N R N L R V V D V G G G T G F T T L G I V K H V D A K N V T I L D Q S P H Q L A K A K Q K E P L K E C K I V E G D A 

E D L P F P T D Y A D R Y V S A G S I E Y W P D P Q R G I T E A Y R V L R I G G I A C V I G P V H P T F W L S R F F A D 

V W Met L F P K E E E Y I E W F K K A G F K D V K L K R I G P K W Y R G V R R H G L I Met G C S V T G V K P L S G D S 

P L Q L G P K V E D V K K P V N P F V F L Y R F I L G T I A S T Y F V L V P I Y Met W I K D K I V P R G Met P I Stop 

B) 

Name Length cTP † mTP ‡ SP § Other ¶ Location # RC †† 

Coding Sequence 366 0.338 0.014 0.033 0.033 - 3 

cutoff  0.000 0.000 0.000 0.000   

C) 

Name Length Score ††† cTP † CS-score †††† cTP-length 

Coding Sequence 366 0.489 - 5.750 66 

† cTP = chloroplast transit peptide (-) not to contain a cTP, (Y) contains cTP, ‡ mTP = mitochondrial target peptide, § SP = secretory 

pathway signal peptide, ¶ Other = another subcellular localization, # Location = predicted localization (C = Chloroplast, M= 

Mitochondrion, S = Signal peptide (-) = Any other location) †† = RC = Reliability class (1 : diff > 0.800; 2 : 0.800 > diff > 0.600;  3 : 

0.600 > diff > 0.400; 4 : 0.400 > diff > 0.200; 5 : 0.200 > diff) †††† = output score from the second step network, matrix score for the 

suggested cleavage site 

 

 

 

 

 

 

 

 

 



172 

 

Table 5.11– Multiple sequence alignments on a high, medium and low tocopherol RILs including parents using ClustalW2 Multiple 

Sequence Alignment software identifying single nucleotide polymorphisms (SNPs) in the coding region of the γ-tocopherol 

methyltransferase (VTE4) gene in soybean. 
Primer Set 1 

Line 

Phenotypic 

Class † 

 

Nucleotide Sequence bp ‡ Total 

Tocopherol 

(ug/g) ±(SE) 

OAC Bayfield 

OAC Shire 

T9-1  

T9-49  

T9-50  

H 

M 

H 

L 

M 

GGCCCAAGAGTATAGTTGATGTTGGGTGTGGCATANGTGGCAGCTCCAGATACCTGGCCA  

GGCCCAAGAGTATAGTTGATGTTGGGTGTGGCATANGNGGCAACTCCAGATACCTGGCCA  

GGCCCAAGAGTATAGTTGATGTTGGGTGTGGCATANGTGGCAGCTCCAGATACCTGGCCN  

GGCCCAAGAGTATAGTTGATGTTGGGTGTGGCATANGTGGCAACTCCAGATACCTGGCCA  

GGCCCAAGAGTATAGTTGATGTTGGGTGTGGCATANGTGGCAGCTCCAGATACCTGGCCA  

****************************************** ***************** 

778 

776 

778 

779 

778 

689.21±(4.03) 

549.10±(3.30) 

755.49±(3.77) 

325.95±(3.37) 

502.95±(2.98) 

Primer Set 3     

SNP 1 

OAC Bayfield 

OAC Shire 

T9-1 

T9-49 

T9-50 

 

H 

M 

H 

L 

M 

 

TTTTGGCCCGCAATGATACGCTCCGCGTTGACATGGAATGGGCTCCCTTCACTCTTGCGC  

TTTTGGCCCGCAATGATACGCTCCGCGTTGACATGGAATGGCCTCACTTCACTCTTGCGC  

TTTTGGCCCGCAATGATACGCTCCGCGTTGACATGGAATGGCCTCACTTCACTCTTGCGC  

TTTTGGCCCGCAGTGATACGCTCCGCGTTGACATGGAATGGCCTCACTTCACTCTTGCGC  

TTTTGGCCCGCAGTGATACGCTCCGCGTTGACATGGAATGGCCTCACTTCACTCTTGCGC  

************ ******************************** ************** 

 

233 

240 

240 

237 

238 

 
689.21±(4.03) 

549.10±(3.30) 

755.49±(3.77) 

325.95±(3.37) 

502.95±(2.98) 

SNP 2 

OAC Bayfield 

OAC Shire 

T9-1 

T9-49 

T9-50 

 

H 

M 

H 

L 

M 

 

TGAAATAAATCAAAATACATATATGACTCATTGCATGATGTTTACAAAGAAAANCATCTC  

TGAAATAGATCAAAATACATATATGACTCATTGCATGATGTTTACAAAGAAAAGCATCTC  

TGAAATAAATCAAAATACATATATGACTCATTGCATGATGTTTACAAAGAAAAGCATCTC  

TGAAATAGATCAAAATACATATATGACTCATTGCATGATGTTTACAAAGAAAAGCATCTC  

TGAAATAGATCAAAATACATATATGACTCATTGCATGATGTTTACAAAGAAAAGCATCTC               

******* ********************************************* ****** 

 

412 

420 

420 

417 

418 

 
689.21±(4.03) 

549.10±(3.30) 

755.49±(3.77) 

325.95±(3.37) 

502.95±(2.98) 

SNP 3 

OAC Bayfield 

OAC Shire 

T9-1 

T9-49 

T9-50 

 

H 

M 

H 

L 

M 

 

TTCACCCTTAATCTGCCCACTGGTTAACTATTTATACTCCCGCACATGACTATNANNANA  

ATCACCCTTAATCAGCCCACTGGTTAACTATTTATAC-CCCGCACATGAGTATGAGTANA  

ATCACCCTTAATCAGCCCACTGGTTAACTATTTATAC-CCCGCACATGACTATGAGTAGA  

ATCACCCTTAATCAGCCCACTGGTTAACTATTTATAC-CCCGCACATGAGTATGAGTAGA  

ATCACCCTTAATCAGCCCACTGGTTAACTATTTATAC-CCCGCACATGAGTATGAGTAGA  

************* *********************** *********** **** * * * 

 

592 

597 

597 

594 

595 

 
689.21±(4.03) 

549.10±(3.30) 

755.49±(3.77) 

325.95±(3.37) 
502.95±(2.98) 

† H= High levels (>550 ug/g), M = Medium levels (470-550 ug/g), L = Low levels (<470 ug/g) 

‡ Base pair 
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Table 5.12 – The amino Acid sequence (length 296) translated from the soybean nucleotide 

sequence of the γ-tocopherol methyltransferase (VTE4) gene using ExPASy Bioformatics 

Resources Portal.  

X X X Met A G K E E K E G K L Q K G I A E F Y D E S S G L W E N I W G D H Met H H G 

F Y D P D S T V S L S D H R L A Q I R Met I Q E S L R F A S V S E E R S K W P K S I V D 

V G C G I G G S S R Y L A K K F G A T S V G I T L S P V Q A Q R A N A L A A A Q G L D 

D K V S F E V A D A L K Q P F P D G K F D L V W S Met E S G E H Met P D K A K F V G 

E L A R V A A P G A T I I I V T W C H R E L G P D E Q S L H P W E Q D L L K K I C D A 

Y Y L P A W C S A S D Y V K L L Q S L S L Q D I K S E D W S R F V A P F W P A V I R S 

A L T W N G L T S L L R S G L K A I K G A L A Met P L Met I K G Y K K N L I K F A I I T 

C R K P E Stop 
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Table 5.13 – A) Translated amino acid sequence highlighting the amino acids changes and B) TargetP (v.1.1) predictions of the 

subcellular localization C) ChloroP (v.1.1) predictions of the soybean γ-tocopherol methyltransferase (VTE4) gene derived from the 

nucleotide sequence of primer set 1, SNP1 in the coding region displayed with the mean of α-, γ-, δ- and total tocopherol values. 

A) 
Line Phenotypic 

Class 

Amino Acid Sequence 

OAC Bayfield H G P R V Stop L Met L G V A X V A A P D T W P E L T S I F F V L E W S E E R S K W P K S I V D V G C G I X  

OAC Shire M G P R V Stop L Met L G V A X X A T P D T W P E L T S I F F V L E W S E E R S K W P K S I V D V G C G I X 

T9-1 H G P R V Stop L Met L G V A X V A A P D T W X E L T S I F F V L E W S E E R S K W P K S I V D V G C G I X 

T9-49 L G P R V Stop L Met L G V A X V A T P D T W P E L T S I F F V L E W S E E R S K W P K S I V D V G C G I X 

T9-50 M G P R V Stop L Met L G V A X V A A P D T W P E L T S I F F V L E W S E E R S K W P K S I V D V G C G I X 

B) 
Line Phenotypic 

Class 

Length cTP† mTP ‡ SP§ Other ¶ Location# RC †† Αlpha  

(ug/g)±(SE) 

Gamma  

(ug/g) ±(SE) 

Delta     

(ug/g) ±(SE) 

Total 

(ug/g)±(SE) 

OAC 

Bayfield 

H 503 0.144 0.345 0.013 0.247 M 5 68.9±0.98 427.2±4.28 192.9±1.34 689.2±4.03 

OAC Shire M 459 0.057 0.134 0.050 0.859 - 2 54.9±0.72 329.4±3.88 164±1.43 549.1±3.30 
T9-1 H 490 0.072 0.320 0.033 0.215 M 5 92.3±0.98 469.8±4.23 193.4±1.91 755.5±3.77 

T9-49 L 481 0.177 0.304 0.020 0.462 - 5 32.5±0.45 195.6±1.94 97.7±1.21 325.9±3.37 

T9-50 M 484 0.144 0.345 0.013 0.247 M 5 50.7±0.69 333.4±2.04 118.8±1.39 502.9±2.98 

Cutoff   0.000 0.000 0.000 0.000       

C) 

Line Phenotypic Class Length Score ††† cTP † CS-score †††† cTP-length 
OAC Bayfield H 503 0.515 Y 4.325 25 

OAC Shire M 459 0.433 - 4.376 56 
T9-1 H 490 0.500 Y 1.999 25 

T9-49 L 481 0.448 - 4.376 59 
T9-50 M 484 0.515 Y 4.325 25 

† cTP = chloroplast transit peptide (-) not to contain a cTP, (Y) contains cTP, ‡ mTP = mitochondrial target peptide, § SP = secretory 

pathway signal peptide, ¶ Other = another subcellular localization, # Location = predicted localization (C = Chloroplast, M= 

Mitochondrion, S = Signal peptide (-) = Any other location) †† = RC = Reliability class (1 : diff > 0.800; 2 : 0.800 > diff > 0.600;  3 : 

0.600 > diff > 0.400; 4 : 0.400 > diff > 0.200; 5 : 0.200 > diff) †††† = output score from the second step network, matrix score for the 

suggested cleavage site. 
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Table 5.14 – A) Translated amino acid sequence highlighting the amino acids changes and B) TargetP (v.1.1) predictions of the 

subcellular localization C) ChloroP (v.1.1) predictions of the soybean γ-tocopherol methyltransferase (VTE4) gene derived from the 

nucleotide sequence of primer set 3, SNP1 in the coding region displayed with the mean of α-, γ-, δ- and total tocopherol values. 

A) 

Line Phenotypic Class Amino Acid Sequence 

OAC Bayfield H F W P A Met I R S A L T W N G L P S L L R 

OAC Shire M F W P A Met I R S A L T W N G L T S L L R 

T9-1 H F W P A Met I R S A L T W N G L T S L L R 

T9-49 L F W P A    V  I R S A L T W N G L T S L L R 

T9-50 M F W P A    V  I R S A L T W N G L T S L L R 

B) 
Line Phenotypic 

Class 

Length cTP † mTP ‡ SP § Other ¶ Location # RC †† Αlpha    

(ug/g)±(SE) 

Gamma  

(ug/g) ±(SE) 

Delta    

(ug/g) ±(SE) 

Total 

(ug/g)±(SE) 

OAC 

Bayfield 

H 22 0.104 0.303 0.199 0.755 - 3 68.9±0.98 427.2±4.28 192.9±1.34 689.2±4.03 

OAC Shire M 22 0.107 0.322 0.166 0.727 - 3 54.9±0.72 329.4±3.88 164±1.43 549.1±3.30 
T9-1 H 22 0.107 0.322 0.166 0.727 - 3 92.3±0.98 469.8±4.23 193.4±1.91 755.5±3.77 

T9-49 L 20 0.088 0.490 0.188 0.547 - 5 32.5±0.45 195.6±1.94 97.7±1.21 325.9±3.37 

T9-50 M 20 0.088 0.490 0.188 0.547 - 5 50.7±0.69 333.4±2.04 118.8±1.39 502.9±2.98 

Cutoff   0.000 0.000 0.000 0.000       

C) 

Line Phenotypic Class Length Score ††† cTP † CS-score †††† cTP-length 
OAC Bayfield H 22 0.432 - 6.488 9 

OAC Shire M 22 0.433 - 6.488 9 
T9-1 H 22 0.433 - 6.488 9 

T9-49 L 20 0.439 - 6.488 7 
T9-50 M 20 0.439 - 6.488 7 

† cTP = chloroplast transit peptide (-) not to contain a cTP, (Y) contains cTP, ‡ mTP = mitochondrial target peptide, § SP = secretory 

pathway signal peptide, ¶ Other = another subcellular localization, # Location = predicted localization (C = Chloroplast, M= 

Mitochondrion, S = Signal peptide (-) = Any other location) †† = RC = Reliability class (1 : diff > 0.800; 2 : 0.800 > diff > 0.600;  3 : 

0.600 > diff > 0.400; 4 : 0.400 > diff > 0.200; 5 : 0.200 > diff) †††† = output score from the second step network, matrix score for the 

suggested cleavage site 
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Table 5.15 – A) Translated amino acid sequence highlighting the amino acids changes and B) TargetP(v.1.1) predictions of the 

subcellular localization C) ChloroP (v.1.1) predictions of the soybean γ-tocopherol methyltransferase (VTE4) gene derived from the 

nucleotide sequence of primer set 3, SNP2 in the coding region displayed with the mean of α-, γ-, δ- and total tocopherol values. 
A) 

Line Phenotypic 

Class 

Amino Acid Sequence 

OAC Bayfield H Stop N K S K Y I Y D S L H D V Y K E X H L 

OAC Shire M Stop N R S K Y I Y D S L H D V Y K E K H L 

T9-1 H Stop N K S K Y I Y D S L H D V Y K E K H L 

T9-49 L Stop N R S K Y I Y D S L H D V Y K E K H L 

T9-50 M Stop N R S K Y I Y D S L H D V Y K E K H L 

B) 
Line Phenotypic 

Class 

Length cTP † mTP ‡ SP § Other ¶ Location # RC †† Αlpha   

(ug/g)±(SE) 

Gamma  

(ug/g) ±(SE) 

Delta  (ug/g) 

±(SE) 

Total 

(ug/g)±(SE) 

OAC 

Bayfield 

H 23 0.100 0.143 0.144 0.890 - 2 68.9±0.98 427.2±4.28 192.9±1.34 689.2±4.03 

OAC Shire M 23 0.091 0.203 0.130 0.878 - 2 54.9±0.72 329.4±3.88 164±1.43 549.1±3.30 
T9-1 H 23 0.114 0.140 0.144 0.893 - 2 92.3±0.98 469.8±4.23 193.4±1.91 755.5±3.77 

T9-49 L 23 0.091 0.203 0.130 0.878 - 2 32.5±0.45 195.6±1.94 97.7±1.21 325.9±3.37 

T9-50 M 23 0.091 0.203 0.130 0.878 - 2 50.7±0.69 333.4±2.04 118.8±1.39 502.9±2.98 

Cutoff   0.000 0.000 0.000 0.000       

C) 

Line Phenotypic Class Length Score ††† cTP † CS-score †††† cTP-length 
OAC Bayfield H 23 0.424 - 0.000 25 

OAC Shire M 23 0.425 - 0.000 25 
T9-1 H 23 0.424 - 0.000 25 

T9-49 L 23 0.425 - 0.000 25 
T9-50 M 23 0.425 - 0.000 25 

† cTP = chloroplast transit peptide (-) not to contain a cTP, (Y) contains cTP, ‡ mTP = mitochondrial target peptide, § SP = secretory 

pathway signal peptide, ¶ Other = another subcellular localization, # Location = predicted localization (C = Chloroplast, M= 

Mitochondrion, S = Signal peptide (-) = Any other location) †† = RC = Reliability class (1 : diff > 0.800; 2 : 0.800 > diff > 0.600;  3 : 

0.600 > diff > 0.400; 4 : 0.400 > diff > 0.200; 5 : 0.200 > diff) †††† = output score from the second step network, matrix score for the 

suggested cleavage site 

 



177 

 

Table 5.16 – A) Translated amino acid sequence highlighting the amino acids changes and B) TargetP (v.1.1) predictions of the 

subcellular localization C) ChloroP (v.1.1) predictions of the soybean γ-tocopherol methyltransferase (VTE4) gene derived from the 

nucleotide sequence of primer set 3, SNP 3,4 and 5 in the coding region displayed with the mean of α-, γ-, δ- and total tocopherol 

values. 

A) 

Line Phenotypic 

Class 

Amino Acid Sequence 

OAC Bayfield H  F T L N L P T G Stop L F I  L P H Met T X X X 

OAC Shire M        I T L N Q P T G Stop L F I P R T Stop V Stop V X 

T9-1 H    I T L N Q P T G Stop L F I P R T Stop L Stop V 

T9-49 L     I T L N Q P T G Stop L F I P R T Stop V Stop V 

T9-50 M    I T L N Q P T G Stop L F I P R T Stop V Stop V 

B) 
Line Phenotypic 

Class 

Length cTP † mTP ‡ SP § Other ¶ Location # RC †† Αlpha    

(ug/g)±(SE) 

Gamma  

(ug/g) ±(SE) 

Delta     

(ug/g) ±(SE) 

Total 

(ug/g)±(SE) 

OAC 

Bayfield 

H 25 0.164 0.146 0.203 0.747 - 3 68.9±0.98 427.2±4.28 192.9±1.34 689.2±4.03 

OAC Shire M 29 0.361 0.155 0.129 0.640 - 4 54.9±0.72 329.4±3.88 164±1.43 549.1±3.30 
T9-1 H 28 0.336 0.126 0.126 0.667 - 4 92.3±0.98 469.8±4.23 193.4±1.91 755.5±3.77 

T9-49 L 28 0.337 0.177 0.134 0.673 - 4 32.5±0.45 195.6±1.94 97.7±1.21 325.9±3.37 

T9-50 M 28 0.337 0.177 0.134 0.673 - 4 50.7±0.69 333.4±2.04 118.8±1.39 502.9±2.98 

Cutoff   0.000 0.000 0.000 0.000       

C) 
Line Phenotypic Class Length Score ††† cTP † CS-score †††† cTP-length 

OAC Bayfield H 25 0.437 - 0.000 27 

OAC Shire M 29 0.473 - 1.608 17 

T9-1 H 28 0.468 - 0.000 31 

T9-49 L 28 0.471 - 1.608 17 

T9-50 M 28 0.471 - 1.608 17 

† cTP = chloroplast transit peptide (-) not to contain a cTP, (Y) contains cTP, ‡ mTP = mitochondrial target peptide, § SP = secretory 

pathway signal peptide, ¶ Other = another subcellular localization, # Location = predicted localization (C = Chloroplast, M= 

Mitochondrion, S = Signal peptide (-) = Any other location) †† = RC = Reliability class (1 : diff > 0.800; 2 : 0.800 > diff > 0.600;  3 : 

0.600 > diff > 0.400; 4 : 0.400 > diff > 0.200; 5 : 0.200 > diff) †††† = output score from the second step network, matrix score for the 

suggested cleavage site
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Table 5.17 - Pearson correlation coefficients for the identified SNPs in the VTE1 and VTE4 

genes to α-, γ-, δ-, and total tocopherols using the parents and a high, medium and low 

tocopherol lines.  

SNPs † Alpha Gamma Delta Total 

VTE1-1-1 -0.664* -0.767* -0.475 -0.698* 

VTE1-13-1 0.852* 0.883* 0.791* 0.866* 

VTE4-1-1 0.756* 0.752* 0.943* 0.824* 

VTE4-3-1 0.852* 0.841* 0.837* 0.863* 

VTE4-3-2 0.226 0.407 0.506 0.412 

VTE4-3-3 -0.226 -0.407 -0.506 -0.412 

VTE4-3-4 0.374 0.144 0.004 0.146 

VTE4-3-5 0.303 0.048 0.001 0.002 

† = second number identified the primer set used, third number is the SNP identity                       

* Significant at the 0.05 probability levels, respectively



179 

 

A)                                                                                        Phosphorylation Sites Numbers 

Line Phenotypic Class Serine Threonine Tyrosine 

OAC Bayfield H 1 0 0 

OAC Shire M 1 0 0 

T9-1 H 1 0 0 

T9-49 L 1 0 0 

T9-50 M 1 0 0 

B)               OAC Bayfield         OAC Shire 

  
C)                OAC Bayfield †                        OAC Shire † 

  

Figure 5.1 – A) The number of predicted serine, threonine and tyrosine phosphorylation sites using NetPhos (v.2.0) B) YinOYang 

(v.1.2) predictions of intracellular O-(β)-glycosylation sites C) SignalP (v.4.0) predicting the presence and location of signal peptide 

cleavage sites in amino acid sequences of the non-coding region of the enzyme tocopherol cyclase for primer set 1.       † = C, S and Y score predicts the probability of cleavage sites 

 † = C, S and Y score predicts the probability of cleavage site 
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A)                                                                                                     Phosphorylation Number 

Line Phenotypic Class Serine Threonine Tyrosine 

OAC Bayfield H 0 2 0 

OAC Shire M 0 2 0 

T9-1 H 0 2 0 

T9-49 L 0 2 0 

T9-50 M 0 2 0 

B)                   OAC Bayfield         OAC Shire 

  
C)        OAC Bayfield †      OAC Shire † 

  

Figure 5.2 – A) The number of predicted serine, threonine and tyrosine phosphorylation sites using NetPhos (v.2.0) B) YinOYang 

(v.1.2) predictions of intracellular O-(β)-glycosylation sites C) SignalP (v.4.0) predicting the presence and location of signal peptide 

cleavage sites in amino acid sequences of the coding region of the enzyme tocopherol cyclase for primer set 3.                                           

† = C, S and Y score predicts the probability of cleavage sites 
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     seq  METEAKLWEA RLFSPTLPLL PPTPPRNSVS DTVPIQNEEK EQTLSSVKPT    50 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  YSPTLPNRDL RTPHSGYHFD GTTRKFFEGW YFKVSIPERR QSFCFMETYS   100 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  VESPSFRKPL TPLELAQYGP RFTGVGAQIL GADDKYICQY SPQSQFFWGS   150 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  RHELMETLGN TFVSNQNSKP PNKEVPPQEF NDRVLEGFQV TPLWHQGFIR   200 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  DDGRSNYVET VKTARWEYST RPVYGWGDVG STQKSTAGWL AAFPVFEPHW   250 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  QICMETAGGL STGWIEWDGE RIEFDNAPSY SEKNWGGGFP RKWFWVQCNV   300 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  FEGASGEIAL TAAGGLRQIP GITETFENAA LIGIHYGGNF YEFVPWNGVV   350 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  NWEVTTWGYW FMETSADNGK YVVELEATTE DPGTTLRAPT AEAGFAPACK   400 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  DTCFGNLKLQ METWERRYDG SKGKIILDVS SNMETAALEV GGGPWFNTWK   450 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  GKTSTPAALS RVLELPIDVE GIFNPVPLFK PPGLSTP  487 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOO 

 

Figure 5.3- Prediction of transmembrane helices of VTE1 using HMM Top (v.2.0) and N-

terminus orientation; seq = protein sequence; pred = predicted location of amino acids N-

terminus = orientation of N-terminus, either in or out (cytosol); i/I = inside; H = transmembrane 

helix; o/O = outside (cytosol)
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     seq  METASLMETL NGAHQNPNLI SGIAPNGLNF HNKCLFQKGV LSHGNKLRVV    50 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  RKNFTPKGSM ETSASSSSSS RPGSQPRFIQ HKKEAFWFYR FLSIVYDHII   100 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  NPGHWTEDME TRDEALEPAD LYNRNLRVVD VGGGTGFTTL GIVKHVDAKN   150 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  VTILDQSPHQ LAKAKQKEPL KECKIVEGDA EDLPFPTDYA DRYVSAGSIE   200 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  YWPDPQRGIT EAYRVLRIGG IACVIGPVHP TFWLSRFFAD VWMETLFPKE   250 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  EEYIEWFKKA GFKDVKLKRI GPKWYRGVRR HGLIMETGCS VTGVKPLSGD   300 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  SPLQLGPKVE DVKKPVNPFV FLYRFILGTI ASTYFVLVPI YMETWIKDKI   350 

     pred OOOOOOOOOo oooooooooo ooooHHHHHH HHHHHHHHHH Hhiiiiiiii  

 

     seq  VPRGMETPIS TP  362 

     pred iiiiiiiIII II 

 
Figure 5.4- Prediction of transmembrane helices of VTE3 using HMM Top (v.2.0) and N-

terminus orientation; seq = protein sequence; pred = predicted location of amino acids N-

terminus = orientation of N-terminus, either in or out (cytosol); i/I = inside; H = transmembrane 

helix; o/O = outside (cytosol) 
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      A)                                                                             Phosphorylation Sites Numbers 

Line Phenotypic Class Serine Threonine Tyrosine 

OAC Bayfield H 13 3 6 

OAC Shire M 15 2 2 

T9-1 H 9 3 4 

T9-49 L 17 3 3 

T9-50 M 12 3 4 

B)                            OAC Bayfield               OAC Shire 

 
C)     OAC Bayfield †              OAC Shire † 

   
 

Figure 5.5 – A) The number of predicted serine, threonine and tyrosine phosphorylation sites using NetPhos (v.2.0) B) YinOYang 

(v.1.2) predictions of Intracellular O-(β)-glycosylation sites C) SignalP (v.4.0) predicting the presence and location of signal peptide 

cleavage sites in amino acid sequences of γ-tocopherol methyltransferase for primer set 1.                  

† = C, S and Y score predicts the probability of cleavage sites 
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A)                                                                                                      Phosphorylation Number 
Line Phenotypic Class Serine Threonine Tyrosine 

OAC Bayfield H 0 1 0 

OAC Shire M 0 1 0 

T9-1 H 0 1 0 

T9-49 L 0 0 0 

T9-50 M 0 0 0 

B)                           OAC Bayfield     OAC Shire 

 
C)                            OAC Bayfield  †          OAC Shire † 

 

Figure 5.6 – A) The number of predicted serine, threonine and tyrosine phosphorylation sites using NetPhos (v.2.0) B) YinOYang 

(v.1.2) predictions of intracellular O-(β)-glycosylation sites C) SignalP (v.4.0) predicting the presence and location of signal peptide 

cleavage sites in amino acid sequences of γ-tocopherol methyltransferase for primer set 3.                      

† = C, S and Y score predicts the probability of cleavage sites 
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A)                                                                                                      Phosphorylation Number  
Line Phenotypic Class Serine Threonine Tyrosine 

OAC Bayfield H 2 0 2 

OAC Shire M 2 0 1 

T9-1 H 2 0 2 

T9-49 L 2 0 1 

T9-50 M 2 0 1 

B)              OAC Bayfield            OAC Shire 

  

C)                           OAC Bayfield †        OAC Shire † 

  

Figure 5.7 – A) The number of predicted serine, threonine and tyrosine phosphorylation sites using NetPhos (v.2.0) B) YinOYang 

(v.1.2) predictions of intracellular O-(β)-glycosylation sites C) SignalP (v.4.0) predicting the presence and location of signal peptide 

cleavage sites in amino acid sequences of γ-tocopherol methyltransferase for primer set 3.                                    

† = C, S and Y score predicts the probability of cleavage sites 
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A)                                                   Phosphorylation Number 
Line Phenotypic Class Serine Threonine Tyrosine 

OAC Bayfield H 0 1 0 

OAC Shire M 1 1 0 

T9-1 H 1 1 0 

T9-49 L 1 1 0 

T9-50 M 1 1 0 

B)                OAC Bayfield    OAC Shire                                                       T9-1 H 

   

C)    OAC Bayfield †           OAC Shire †                                                     

 

Figure 5.8 – A) The number of predicted serine, threonine and tyrosine phosphorylation sites using NetPhos (v.2.0) B) YinOYang 

(v.1.2) predictions of intracellular O-(β)-glycosylation sites C) SignalP (v.4.0) predicting the presence and location of signal peptide 

cleavage sites in amino acid sequences of γ-tocopherol methyltransferase for primer set 3. 

† = C, S and Y score predicts the probability of cleavage sites
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     seq  METAGKEEKE GKLQKGIAEF YDESSGLWEN IWGDHMETHH GFYDPDSTVS    50 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  LSDHRLAQIR METIQESLRF ASVSEERSKW PKSIVDVGCG IGGSSRYLAK   100 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  KFGATSVGIT LSPVQAQRAN ALAAAQGLDD KVSFEVADAL KQPFPDGKFD   150 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  LVWSMETESG EHMETPDKAK FVGELARVAA PGATIIIVTW CHRELGPDEQ   200 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  SLHPWEQDLL KKICDAYYLP AWCSASDYVK LLQSLSLQDI KSEDWSRFVA   250 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  PFWPAVIRSA LTWNGLTSLL RSGLKAIKGA LAMETPLMET IKGYKKNLIK   300 

     pred OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO OOOOOOOOOO  

 

     seq  FAIITCRKPE STP  313 

     pred OOOOOOOOOO OOO 

 

Figure 5.9 – Prediction of transmembrane helices of VTE4 using HMM Top (v.2.0) and N-

terminus orientation; seq = protein sequence; pred = predicted location of amino acids N-

terminus = orientation of N-terminus, either in or out (cytosol); i/I = inside; H = transmembrane 

helix; o/O = outside (cytosol). 
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General Discussion 

 

 
 The purpose of this thesis was to determine the genetic factors affecting tocopherol 

accumulation in soybean seed. Vitamin E is an important antioxidant and is composed of two 

main components, tocopherols and tocotrienols, which are both found in the α-, β-, γ-, and δ 

isoforms. Soybean seed have trace amounts of tocotrienols and β-tocopherol, which were, 

therefore, omitted from this thesis. Soybean seed are known to contain the highest tocopherol 

concentration in the legume species and are the principal source of vitamin E used as a health 

supplement. Clinical studies have demonstrated significant health benefits for humans 

consuming natural tocopherols as a supplement including a decrease in lung cancer risk, heart 

disease, osteoporosis, enhanced immune function and enhance anti-inflammatory response. The 

objectives of this thesis were to: 1) investigate location and year effects on soybean seed 

tocopherol levels in the field; 2) determine environmental factors effecting soybean seed 

tocopherol levels under controlled conditions; 3) identify SSR markers that tag QTL for 

individual and total tocopherols; 4) evaluate the potential role of VTE1, VTE3 and VTE4 genes in 

tocopherol accumulation using the candidate gene approach.  

In the first study, significant (p < 0.001) genotype, environment (location and year), and 

genotypes x environment differences (Table 2.4 to 2.7) were found. The results are in agreement 

with findings in other studies that reported a significant genotype by environment interaction 

(GxE), which effected soybean seed tocopherol concentrations (Britz et al., 2008; Cem et al., 

2008). RILs differed significantly (p < 0.001) for the α-, γ-, δ-, and total tocopherol concentration 

in both years, 2009 and 2010. The parent OAC Bayfield accumulated significantly more 

tocopherols than OAC Shire in a majority of the environments. Some of the RILs exceeded the 
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α-, γ- and δ- tocopherol values of both parents providing evidence of transgressive segregation 

indicating the involvement of multiple alleles controlling the traits. No relationships were 

identified between any of the tocopherol components and the agronomic traits evaluated (Tables 

2.8 and 2.9). It was discovered that the 2010 field season in each location exceeded 2009 for 

tocopherol values. This was likely a result of drier and warmer weather in 2010 favouring higher 

tocopherol values (Agriculture and Agri-Food Canada, 2012). The findings support the first 

hypothesis that location and year have a significant effect on soybean seed tocopherol levels in 

the field.  

 In the second study, both fertilizer concentration and temperature appeared to affect the 

tocopherol concentrations in soybean seed under controlled conditions. The 2 x P fertilizer 

treatment resulted in higher levels of α-, γ- and total tocopherols (Tables 3.1 and 3.2). This is the 

first demonstration of an impact on tocopherol levels in soybean resulting from increased 

phosphorous application. This is contradictory to a past study that tested P and K affects in the 

field and reported no significant impact on soybean seed tocopherols (Seguin et al., 2010). The 

difference between the two studies was that perhaps the conditions were more carefully regulated 

under controlled environments than in the field. Temperature treatments that were set at 30/25 ºC 

day and night could increase the α-, γ-, δ- and total tocopherol concentration (Tables 3.3 and 

3.4). This finding is in agreement with past research that showed temperatures between 25-30 ˚C 

significantly increase tocopherol levels (Almonor et al., 1998; Dolde et al., 1999; Chennupati et 

al., 2011). However, the reseach results reported here should be considered as preliminary since 

the experiment was not replicated over space or time, although the results are consistent with 

those from Wohleser (2007). Drought stress did not consistently cause an increase in any of the 

tocopherol components (Tables 3.5 and 3.6). This was a surprise finding as a past study showed 
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that drought stress can significantly alter tocopherol levels (Britz and Kremer, 2002); however, 

my results were in agreement with Wohleser (2007). Overall, the results are in agreement with 

the hypothesis that higher temperatures and increased fertilizer treatments can increase soybean 

seed tocopherols; however, drought stress did not appear to affect tocopherols under controlled 

conditions. 

 The third study was successful in  identifying 42 QTL through single marker analysis and 

26 QTL through interval mapping across 17 chromosomes 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 

16, 17, 18, and 20 (Table 4.1). The identified QTL explained 7% to 42% with an average of 

13.2% of the total phenotypic variation for tocopherols.  To the best of my knowledge, this was 

the first study that was successful in identifying QTL in multiple years and locations, which also 

compared marker data across different studies (Table 4.2). The following markers for tocopherol 

concentration were confirmed in multiple years, locations and studies: 2 for α-: [Satt079 (Ch 6; 

LG C2); Satt117 (Ch 15; LG E)]; 3 for γ-: [Satt389 (Ch 17; LG D2); Satt181 (Ch 12; LG H); 

Satt317 (Ch 12; LG H)]; 3 for δ-: [Satt252 (Ch 13; LG F); Satt269 (Ch 13; LG F); Satt271 (Ch 2; 

LG D1b)] and 1 for total: [Sat136 - Satt646 (Ch 4; LG C1)]. In addition to the QTL results, 

significant (p < .0001) two-locus epistatic interactions were found with a total of 122 in 2009 and 

152 in the 2010 field seasons, which shows that multiple genes are interacting to influence 

tocopherol levels in soybean seed (Table 4.4 and 4.5). Using the QTL and the two-locus epistatic 

interactions identified, the multiple locus model explained 18.4% to 72.2% and an average of 

45.7% of the total phenotypic variation (Table 4.6 and 4.7). 

 From the analysis, the parents OAC Bayfield and OAC Shire showed distinctive 

tocopherol profiles for all components. The molecular marker analysis demonstrated that OAC 

Bayfield was the parent that contributed the most (34) favourable alleles for high tocopherols. 
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OAC Shire contributed eight positive alleles, specifically for δ- tocopherol. The results confirm 

the third hypothesis that individual and total tocopherol levels can be explained quantitatively 

with QTL for single factor and epistatic interactions. Furthermore, the parents OAC Bayfield and 

OAC Shire have distinctive effects on the progeny for genes contributing to tocopherol 

accumulation. 

The fourth study used the candidate gene approach to discover two SNPs in VTE1, none 

in VTE3 and five SNPs in VTE4 on the exons of the coding regions of those genes using multiple 

sequence alignments. The first SNP located in the VTE1 gene did not result in any functional 

protein changes, however, the second SNP identified a change from a cysteine to a serine at 

amino acid 26 and the presence of that SNP resulted in higher α-, γ- and total tocopherols (Table 

5.17). This region of chromosome 4 co-localizes with the γ- tocopherol QTL interval Sat136 – 

Satt646 (Ch 4; LG C1) found in Chapter 4 and it is suggested that this region of the chromosome 

affects the accumulation of γ- tocopherols in soybean seed. The results are in agreement with 

past research as the overexpression of the VTE1 protein in Arabidopsis leaves lead to a 

significant increase in total tocopherol levels (Shintanib et al., 2002). No SNPs were identified 

on the exons of the VTE3 gene, consequently, no changes in the tocopherol accumulations or 

functional protein changes were witnessed. The first SNP in the VTE4 gene on exon 3 resulted in 

an amino acid switch from an alanine to threonine. ChloroP (v.1.1) transit peptide prediction 

software identified a cleavage site in which a chloroplast transit peptide was confirmed in OAC 

Bayfield, T9-1 H and T9-50 M (Table 5.13 C). The presence of the chloroplast transit peptide 

and the successful identification of YinOYang sites are a strong indication that the function of 

the proteins in OAC Bayfield, T9-1 H and T9-50 M are different from that in OAC Shire and T9- 

49 L. This is a significant finding as this was the only translated sequence in this thesis that 
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identified a chloroplast transit peptide suggesting that the chloroplast transit peptide is likely 

responsible for the transport of the protein to the chloroplast encoded by a nuclear gene.  The 

SNP shows a strong positive correlation to δ- tocopherol (0.943) and it is suggested that the 

presence of this SNP may increase δ- tocopherol accumulation in soybean seed. For the second 

SNP identified in VTE4, translation to a peptide sequence resulted in a change in the amino acid 

from a methionine to a valine at amino acid 5 (Table 5.14 A). This is a significant result as a 

single threonine phosphorylation site on amino acid 7 in the peptide sequence of OAC Bayfield, 

OAC Shire and T9-1 H was discovered with no phosphorylation sites in any of the other lines. 

The results indicate that the identified change in the amino acid sequence could change the 

function of the proteins but could be responsible for post translational regulation that could affect 

the control of total tocopherols in soybean seeds. No other SNPs resulted in any functional 

protein changes but may be responsible for post-translational modifications. The VTE4 gene is 

co-located with Satt181 (Ch 12; LG H) and Satt317 (Ch 12; LG H) that were found to be 

associated with α-, γ- and total tocopherols. The findings are an agreement with the hypothesis 

that the candidate genes (VTE1, VTE3 and VTE4) in the tocopherol synthesis pathway coincide 

with some of the tocopherol QTL and may be the genes contributing to the QTL effects.  

The results of this thesis provide a greater understanding of the genetic mechanisms 

controlling tocopherols in soybean seeds. The SNPs identified here may be used in MAS for 

selecting high tocopherol soybean cultivars. The results from Chapter 5 are the first to show 

SNPs in the tocopherol candidate genes that change the amino acid sequences and possibly the 

function of the proteins in soybeans. It is recommended that the entire RIL population be 

subjected to DNA sequencing of the candidate genes to validate these results. In addition, the 

remaining genes PDS1 = HPPD, VTE2 = HPT, VTE5 = PCT) should be focused on in future 
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studies to help explain more of the genetic variation affecting tocopherol accumulation in 

soybean seeds. 

 In summary, soybean producers should take locations and genotypes into account when 

growing soybeans for enhanced tocopherol production as strong environment and genotype x 

environment effects were present. Higher temperatures and phosphate fertilizer can have a 

significant impact on tocopherol levels; therefore, soybean growers should concentrate on 

warmer growing regions and phosphate fertilizer application as it would benefit production. To 

aid in selecting soybean cultivars for tocopherol concentration, the co-localization of the 

identified QTL and candidate genes are strong indication that the identified genomic regions 

around tocopherol QTL contain genes that greatly affect tocopherol levels. The identified QTL 

may have good potential for MAS in a plant breeding program for high tocopherol soybean lines 

that could potentially benefit human health. 
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Appendix (Tables) 
 

Table A-3.1: Modified Hoagland’s stock nutrient solution preparation ingredients and volume 

(Hoagland and Arnon, 1950). 

Macronutrients Stock Solutions †: 

Nutrient Fresh Weight (g/mol) Stock (g/L) Concentration (M) 

KNO3 101.11 101.11 2.00 

Ca(NO3)24H2O 236.15 236.15 1.00 

KH2PO4 136.09 136.09 1.00 

MgSO4 (anhydrous) 120.37 120.37 1.00 

Ca(H2PO4)2 234.05 234.05 0.05 

K2SO4 174.26 174.26 0.50 

 

Micronutrient Stock Solution ‡: 

Nutrient Fresh Weight (g/mol) Stock (g/L) mL Stock in 1 L Solution 

H3BO3 61.83 2.86  

 

2.00 
MnCl24H2O 197.91 1.81 

ZnSo44H2O 287.54 0.22 

CuSO45H2O 249.68 0.08 

H2MoO4 (85%) 161.94 0.02 

 

Iron Chelate Solution §: 

Nutrient Fresh Weight (g/mol) Stock (g/L) mL Stock in 1 L Solution 

Fe(NO3)39H2O 404.00 7.234 2.00 

HEDTA 278.26 4.982 

 

†: Macronutrients should be added to nutrient solution in the order listed 

‡: Micronutrient (except iron) are combined into a single stock solution and should be 

refrigerated  

§: Iron chelate solution shout be stored in the dark to prevent reduction of the iron atoms from +3 

to +2 
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Table A-3.2: Preparation of the 15 L fertilizer treatments for the growth room tests at the 

University of Guelph (Hoagland and Arnon, 1950). 

Modified Hoagland standard solution: 

Nutrient Concentration (M) Volume (mL) 

KNO3 2.00 37.50 

Ca(NO3)24H2O 1.00 75.00 

KH2PO4 1.00 15.00 

MgSO4 (anhydrous) 1.00 30.00 

Micronutrient Stock Solution 2.00 7.50 

Iron Chelate Solution 4.00 15.00 

 

Modified Hoaglands with twice the phosphate: 

Nutrient Concentration (M) Volume (mL) 

KNO3 2.00 37.50 

Ca(NO3)24H2O 1.00 75.00 

KH2PO4 1.00 15.00 

MgSO4 (anhydrous) 1.00 30.00 

Ca(H2PO4)2 0.05 150.00 

Micronutrient Stock Solution 2.00 7.50 

Iron Chelate Solution 4.00 15.00 

 

Modified Hoaglands with twice the potassium 

Nutrient Concentration (M) Volume (mL) 

KNO3 2.00 37.50 

Ca(NO3)24H2O 1.00 75.00 

KH2PO4 1.00 15.00 

MgSO4 (anhydrous) 1.00 30.00 

K2SO4 0.50 90.00 

Micronutrient Stock Solution 2.00 7.50 

Iron Chelate Solution 4.00 15.00 
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Table A-3.3: Mean square values for α-, γ-, δ- and total tocopherols for 15 selected RILs under 

standard, 2 x potassium and 2 x phosphate treatments. 
ANOVA   Tocopherols  

Source of Variation DF  (α)  (γ)  (δ) Total 

Line 14 1939.33 **** 7913.97 **** 13675.15 **** 47417.66 **** 

Pots 2 22.88 186.75  47.70 268.16 

Treatment 2 5078.65 **** 38986.71 **** 1960.52 **** 68101.53 **** 

Line x Pots 28 27.81 75.42 27.25 132.69 

Line x Treatment 28 1411.79 **** 6540.47 **** 3500.60 **** 24118.15 **** 

Mean  70.88 193.50 111.49 375.87 

CV  7.64 4.90 4.73 3.42 

R
2
  0.98 0.99 0.99 0.99 

*Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001 probability, 

**** = Significant at < 0.0001 levels, respectively. 
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Table A-3.4: Mean square values for α-, γ-, δ- and total tocopherols for five selected RILs under 

100%, 75% and 50% field capacity drought treatments. 
ANOVA   Tocopherols  

Source of Variation DF α- γ- δ- Total 

Line 4 4446.23**** 3021.42* 22640.33* 13443.44**** 

Pots 2 363.03 5215.33* 11740.98 ** 39154.68* 

Treatment 2 451.06 2049.33 21209.43 17587.91 

Line x Pots 8 363.36 8499.56 5288.55 6186.53 

Line x Treatment 7 548.11 9589.41 7994.88 24899.80 

Mean  118.96 332.57 208.04 659.58 

CV  12.92 27.57 19.01 13.50 

R
2
  0.88 0.81 0.85 0.86 

*Significant at the 0.05, ** = Significant at the 0.01, *** = Significant at the 0.001 probability, 

**** = Significant at < 0.0001 levels, respectively. 
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Table A-5.1: The complete nucleotide soybean reference sequence of the tocopherol cyclase 

(VTE1) gene. 

Locus Name: Glyma04g08750   

Location: Chromosome 4, Linkage Group C1: Length: 5046 bp 

ATGGAAGCCAAGCTCTGGGAGGCTCGTCTTTTCTCTCCAACACTCCCTCTTCTTCCTC

CTACTCCTCGTCTTCCTTCTCTCAATCTTCACTTTCCCTCATCATCAACTTCAACGCTC

CACCTAGCTCGCAATTCTGTCTCAGATACCGTTCCCATTCAAAATGAGGAAAAGGAA

CAAACTCTGTCTTCTGTCAAACCTACTTACTCCCCCACTCTTCCCAATCGAGACCTAC

GAACCCCTCATAGCGGGTACTTTTATTCTCATTTTTCAATTGCTCAATTCCAACGTTC

CTATTTTTATTAATTTAATTGGATCAACGAATAGGTACCATTTCGATGGGACTACTCG

CAAATTCTTCGAGGGTTGGTACTTCAAAGTCTCCATTCCCGAACGGAGGCAGAGCTT

TTGCTTCATGTATTCCGTCGAGAGTCCCTCCTTTCGTAAGCCACTGACGCCGCTCGAA

CTGGCCCAATACGGGCCCAGGTTTACCGGTGTCGGGGCCCAAATTCTCGGTGCCGAT

GACAAATATATTTGCCAATACTCTCCCCAATCACAATTCTTCTGGGGAAGTACGCAT

TTCCTTTCCACTCTGCTATGCTCTTTCAACTTTCTTTATTATTTTTTAGAATGACTCAT

GGTAGGTATTCTGTGGATTTCAACAATGCTTAGGTAGGCATGAACTGATGTTGGGGA

ACACTTTCGTGTCCAACCAAAATTCTAAGCCTCCAAACAAGGAAGTCCCTCCTCAGG

TTTATATTCCATCTTAAATTGAATATTTTTCTAGACACATGACATGACTATTCCGTGT

TAAGTTTTCTTCCTAATCTGTTCAACCGATAAGTTAACTGTTTCTATTTTATGTTTGCT

GAGCTTTGTGTTGGAGATTGATCCCTCATTGACTATTGATGTGGTTATAATATTTTAT

AAAAGTAGGGGACAACCTTCACCTTGTGAATTAGCTTTTGTGGGTGTTGAGCTAGAT

GTAAACTCAAATCTAAAATGGTATTAAAGTCTATCCTAGGGATTGCAGATGGGCCTA

TCGGGTCATTGTTATTGAACCACCCATAGATGTCCAATCCTCTAAACTTCCTGTTAAG

AGATGTGTCCAGTTATCGGTGGGGTGTGTTGATTGACTAGTGATATAACCATAATAG

TGTATGTAAGTGAAGGTATGAAAGACAACTCTCGCCTCATCACCGCCTATCGAGGTT

GATTAGGCCTAAACTCAAAATTCTAAGACTTTGGGTGATTATTTTTCATTGGCATCA

GTTTTGTTTCTTTCTTGGACCTTTGTTTTTCTTGTTGGTAGTCCTTCACTGTCTTGCAA

ACTGCAATGGTGATTTTTCTTTCTTTAATTTTCAACAATTTTAAGCTACCCTAGTAAA

TGGTTTATATTCTGTCATAGTTGGCTTCAAGCAACAGGTCTTGTTCTCTATTCCACTT

ATTATGCTTTCTATTTGGTCGTTTTGCTTAGGAATTTAATGATAGAGTGCTGGAAGG 

TTTTCAAGTCACCCCCCTTTGGCATCAAGGTTTTATTCGCGATGATGGAAGGTGGGG

GTTAGATTGCTTTTTAAGTATTGCTTTCTTTGATTGTATTTGTACTTGACACAAATTTT

AAATATAGGTCAAATTATGTAGAGACGGTAAAGACAGCTCGTTGGGAGTATAGTAC

ACGTCCTGTATATGGTTGGGGTGATGTTGGTTCTACGCAGAAGTCTACTGCTGGGTG

GCTTGCAGCTTTTCCTGTTTTTGAACCACATTGGCAAATATGCATGGCTGGTGGACTG

TCAACAGGTATTTTCTACTTGTTCAGCTATTGGCTATTCGATCTTTTATTTATTTTGTG

GTCTAGTGTCCTGCTTGTTATGTTATGTCTGAACTGAAACATGATAATTTCGTTTGAG

CTTTTGATGCGAATCTATCGTGTCAGTAAACTGCTAATGTGATTTGCAAAGGGACCG

ACATTGAGTCATTTAAAAAATGTGAAACATGAAGAAGATTGTAATGCTGAAAGCAT

TTGGTTGTTTCTAGAGCCACAATGTGAGTCGGGAAAAGAAGACAGAGAGAGTGATG

CTATTCACATTTAAAAGGTTATTGTTTTGTTTTAAGACTGGCTTTTAGGATCCTGTTT

GATAATCAGTATGTGAAGTGCATTTGCTCTCCAAAAAATAATCACTCTTGTTTGTGA

TATGATTTTTATATCCTCATTCATTTTCCTCATATAAATATTGGATATCAGGTTGGAT

AGAGTGGGATGGCGAGAGGATTGAGTTTGATAATGCTCCATCTTATTCAGAAAA 

GAACTGGGGTGGAGGATTCCCAAGAAAATGGTTTTGGGTAATTTTTTTTCATCATCA

AAGTATATCTTTAGTGTTCATAAGTACATCAATTCCATGGCTTGCTACAAAACTTCA 
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GCTATAGCTGGTTGTATGTAAGCGATTACAAACCTTATTGTCTTTCGAAAATTATGGT

TAGAATGATTTGTTTCTTCATTTTATTTATTTTTTCTTTTTTAGAATAATCAATTGTCT

ATTTACTTAACAAGCACTAGATGCAAGAACAGTAGTCCTTAATCATCAAGGGCCTGA

AAACTGTAGTAGATGGAGTCCTTTTGTTACTTGTGCATCATGAAGTATTACTTGACA

AAATATAATTTTCAAAAAGTAGTAGCTTTATCGTGATTCATGATCATATATGAAT 

GATAGAACACCAATTGATAAGACTGATAAAATATAATTCTGAACATAGAAATCACA

CACAATACAGCAATACAATTGTTGTCCTAGATATAGAAGTCTCCTAAAGGAGTATTC

TCTGTCCAAAAACTGCAAATAACATCAGACTTGCCTAATTACACAATCTGTTTTCTC

AAATATAATCCTAATACAAAATTGCCATCAGTTATTTTCGATGAATAACTGTCATCA

TGCAGTTTCTAATATAGATAGAACTAATACTTAGTTACTAATACAGGATAAGTTATT

TTCTGTCGCATTCACTCCAAATAATAACTGCCTCCAGTCCATCAATGGATCCTTCCTA

ACCAACCCACTTGGATCTTGGTTTCCATTAGTGTACTTGAAATTTTACAGCTGGTATT 

GTAGGTTAATATGCTTTTATGCAATTATTCTCACCAATATTTGGATTAATGTTTGTAT

ATTTTTATGATCTCAAATAGTTGATGTCTTGTACAGGTTCAATGTAATGTTTTTGAAG

GTGCTAGTGGAGAAATTGCTCTTACAGCAGCTGGTGGATTGAGGCAAATTCCTGGAA

TAACCGAGACCTTTGAAAATGCTGCATTGGTAACTTATACAGCATTTGGCTATCAAT

TTGACTCATTTCATAATTTTATTTCACTGACTTTATTTAATATTAAGTTTTCCTCTGAA

ATAAGTGGGGGTGGTAATGGGATTGACAAAAAAACAATAATCTATAGCTAATTTGA

TTGTTGTCCTTTTTGTCAAAATAAAATTCTGCGCTCATGTTAAATATTCTTTATAACA

AACTCTTGTGTGAGGATGAAAACACTAAGTTCTTTTGTCCTCTGCCTGCAGTCTATGA

GTCATGATATTTCTAGTGAAGTGATTTAATTATTTCAATATTTATTTCAAAATTTTCT

AATTACTAGTATAATGGTAGATAGTGATTTTTTTTATATTTTTTTTTGCATTTCAATTC

ATGGTAAAGTGCGTTTATGTTCTTCTTTTGTGTTTTTTTTTTAACTAAACCTCAAGATT

AGTTGTTGAGAACTTGAGATTGTAAACATTGATCACTTTGGTCCCGACTTTTCTAAAT

CCTTATTTAGTCTCTAACTAAGCAAAATATTATTCACCTTAATCCTTTTCTACTTCATT

TTTCATTGATATTAAGGACTAAAGTGAATGAGTTTTTGCAAAGTCAGGTAAATAAGG

ATTTAAAAAGGTAAGGGACTAAAGTGACCACTACTTACAATCTTAGTGACTAATCTG

AGGTTTATTCCTTTTTATATTTGTTCTATTTACTATCTTCTTTTGGTCACTATGTACAA

TTAATCTTTTTAGTTTTCTATTTTATTATTTTATAATTATTTTTTCTTAATTTTAAAATA

TTTCCCATGTTGCAAACTTCTGCAGATTGGAATTCATTATGGTGGAAATTTTTATGAA

TTTGTGCCATGGAATGGTGTTGTTAACTGGGAAGTTACTACTTGGGGTTATTGGTTTA

TGTCAGCAGACAATGGCAAATATGTGGTAATTATAACTTTCTAATTGCACTTTACTTT

TTCCAGTGGTTAAGGGAATTGTTACACACTACACAGGCCACACTAGTTGTAGTTGTT

ATTAAAGTTTTGCATCTCATTTCTGTTTAATGAGATCCAGGTTGAATGAGCTGAACAT

GTTAATGATTATACGTTAAATTAGGCAGTGGGGATTGCTTTGAGAAACTTGAATTGA

GCTTCTCAATCCAAGAGAAACAAAGTAGTCAGATGGGCCTTATTTGGCTAATGACAG

ACTAAGGCTGTGTTTGTATAGGCGTTCAGCCCGTTGAACGCCAAAACTTCCTCTCAG

TGAAATTGCATTTAACGTGGATTGGAACACAAAAATGGCTTAAACCAAACACACAC

TAAATATCCTATTATTTTGGCAGGTTGAATTAGAAGCAACAACAGAGGATCCAGGTA

CAACATTGCGTGCTCCAACAGCAGAAGCTGGCTTTGCCCCTGCATGTAAAGATACAT

GCTTTGGAAATCTAAAATTACAAATGTGGGAACGAAGATATGATGGCAGCAAGGGG

AAGGTGTCACTCTTATTCACACGTATAAATTAATTGTTTTTCAGATTTAGTGTTTAAT

GGAACATTCTGATGAATAATATTTGGTAAATGGCACAGATCATATTGGACGTTTCAA

GTAACATGGCAGCACTAGAAGTTGGAGGAGGTCCATGGTTTAACACTTGGAAGGGC

AAGACATCAACTCCAGCAGCCCTTAGCCGTGTCCTTGAATTACCCATAGACGTAGAG

GGCATTTTCAATCCTGTTCCTCTATTTAAACCGCCTGGCCTGTAG 

Table A-5.1: Continued 



 

208 

 

 

Table A-5.2: The coding nucleotide soybean reference sequence of the tocopherol cyclase 

(VTE1) gene. 

Locus Name: Glyma04g08750.1 CDS 

Location: Chromosome 4, Linkage Group C1  

Length: 1413 bp 

ATGGAAGCCAAGCTCTGGGAGGCTCGTCTTTTCTCTCCAACACTCCCTCTTCTTCCTC

CTACTCCTCCTCGCAATTCTGTCTCAGATACCGTTCCCATTCAAAATGAGGAAAAGG

AACAAACTCTGTCTTCTGTCAAACCTACTTACTCCCCCACTCTTCCCAATCGAGACCT

ACGAACCCCTCATAGCGGGTACCATTTCGATGGGACTACTCGCAAATTCTTCGAGGG

TTGGTACTTCAAAGTCTCCATTCCCGAACGGAGGCAGAGCTTTTGCTTCATGTATTCC

GTCGAGAGTCCCTCCTTTCGTAAGCCACTGACGCCGCTCGAACTGGCCCAATACGGG

CCCAGGTTTACCGGTGTCGGGGCCCAAATTCTCGGTGCCGATGACAAATATATTTGC

CAATACTCTCCCCAATCACAATTCTTCTGGGGAAGTAGGCATGAACTGATGTTGGGG

AACACTTTCGTGTCCAACCAAAATTCTAAGCCTCCAAACAAGGAAGTCCCTCCTCAG

GAATTTAATGATAGAGTGCTGGAAGGTTTTCAAGTCACCCCCCTTTGGCATCAAGGT

TTTATTCGCGATGATGGAAGGTCAAATTATGTAGAGACGGTAAAGACAGCTCGTTGG

GAGTATAGTACACGTCCTGTATATGGTTGGGGTGATGTTGGTTCTACGCAGAAGTCT

ACTGCTGGGTGGCTTGCAGCTTTTCCTGTTTTTGAACCACATTGGCAAATATGCATGG

CTGGTGGACTGTCAACAGGTTGGATAGAGTGGGATGGCGAGAGGATTGAGTTTGAT

AATGCTCCATCTTATTCAGAAAAGAACTGGGGTGGAGGATTCCCAAGAAAATGGTTT

TGGGTTCAATGTAATGTTTTTGAAGGTGCTAGTGGAGAAATTGCTCTTACAGCAGCT

GGTGGATTGAGGCAAATTCCTGGAATAACCGAGACCTTTGAAAATGCTGCATTGATT

GGAATTCATTATGGTGGAAATTTTTATGAATTTGTGCCATGGAATGGTGTTGTTAACT

GGGAAGTTACTACTTGGGGTTATTGGTTTATGTCAGCAGACAATGGCAAATATGTGG

TTGAATTAGAAGCAACAACAGAGGATCCAGGTACAACATTGCGTGCTCCAACAGCA

GAAGCTGGCTTTGCCCCTGCATGTAAAGATACATGCTTTGGAAATCTAAAATTACAA 

ATGTGGGAACGAAGATATGATGGCAGCAAGGGGAAGATCATATTGGACGTTTCAAG

TAACATGGCAGCACTAGAAGTTGGAGGAGGTCCATGGTTTAACACTTGGAAGGGCA

AGACATCAACTCCAGCAGCCCTTAGCCGTGTCCTTGAATTACCCATAGACGTAGAGG

GCATTTTCAATCCTGTTCCTCTATTTAAACCGCCTGGCCTGTAG 
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Table A-5.3: The coding nucleotide soybean reference sequence of the 2-methyl-6-

phytylbenzoquinol methyltransferase (VTE3) gene. 

Locus Name: Glyma02g00440.1 CDS 

Location: Chromosome 2, Linkage Group D1b 

Length:  1032 bp 

ATGGCCTCCTTAATGCTCAATGGAGCTCATCAAAATCCAAACCTCATTAGTGGCATA

GCTCCAAATGGCCTTAACTTTCACAACAAGTGTTTATTCCAAAAGGGTGTGCTGTCT

CATGGTAACAAGTTAAGGGTGGTCAGAAAAAACTTCACTCCCAAAGGCAGCATGTC

AGCATCATCATCATCATCATCTAGGCCTGGTTCTCAGCCAAGGTTCATCCAGCACAA

GAAGGAGGCATTTTGGTTCTACAGGTTTCTCTCTATTGTGTATGACCACATCATAAA

CCCGGGGCACTGGACCGAAGACATGAGAGACGAGGCACTGGAGCCTGCTGATCTCT

ACAACCGCAACCTGAGAGTGGTGGATGTTGGAGGTGGAACTGGCTTCACCACTCTTG

GTATAGTGAAGCATGTGGACGCCAAAAACGTTACAATTCTCGACCAGTCGCCACAC

CAGCTCGCCAAGGCTAAGCAGAAGGAGCCCTTGAAAGAATGCAAGATTGTTGAAGG

GGATGCTGAAGATCTTCCATTTCCAACTGATTATGCTGATAGATATGTTTCTGCTGGA

AGTATTGAATACTGGCCAGATCCGCAGCGTGGCATTACGGAAGCATACAGAGTGCT

AAGGATAGGAGGCATAGCTTGTGTGATTGGTCCTGTACACCCAACATTTTGGCTGTC

TAGGTTCTTTGCAGATGTGTGGATGCTCTTCCCCAAGGAGGAAGAGTACATTGAATG

GTTTAAGAAGGCTGGTTTCAAAGATGTTAAGCTCAAAAGGATTGGTCCAAAATGGT

ATCGTGGGGTGCGCAGGCACGGCCTTATCATGGGTTGCTCAGTCACAGGTGTGAAGC

CTTTGTCTGGAGACTCTCCCCTCCAGCTTGGTCCCAAGGTAGAGGATGTAAAGAAGC

CTGTAAATCCATTTGTGTTTCTTTATCGGTTCATTCTTGGTACAATTGCATCCACTTAC

TTCGTACTAGTGCCAATTTACATGTGGATCAAAGACAAAATTGTTCCAAGGGGCATG

CCCATCTAA 
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Table A-5.4: The coding nucleotide soybean reference sequence of the γ-tocopherol 

methyltransferase (VTE4) gene. 

Locus Name: Glyma12g01680.1 CDS 

Location: Chromosome 12, Linkage Group H 

Length: 891 bp 

ATGGCAGGGAAGGAGGAGAAGGAGGGGAAACTTCAGAAGGGAATCGCGGAGTTCT

ACGACGAGTCTTCTGGCTTATGGGAGAACATTTGGGGCGACCACATGCACCATGGCT

TTTATGACCCGGATTCCACTGTTTCGCTTTCGGATCATCGTCTTGCTCAGATCCGAAT

GATCCAAGAGTCTCTTCGCTTTGCCTCTGTTTCTGAGGAGCGTAGTAAATGGCCCAA

GAGTATAGTTGATGTTGGGTGTGGCATAGGTGGCAGCTCCAGATACCTGGCCAAGA

AATTTGGAGCAACCAGCGTAGGCATTACTCTGAGTCCTGTTCAAGCTCAAAGAGCAA

ATGCTCTTGCTGCTGCTCAAGGATTGGATGATAAGGTTTCCTTTGAGGTTGCTGACG

CTCTAAAGCAACCATTCCCGGATGGGAAATTTGATCTGGTGTGGTCCATGGAGAGTG

GAGAGCATATGCCTGACAAAGCTAAGTTTGTTGGAGAATTAGCTCGGGTAGCAGCA

CCAGGTGCCACTATAATAATAGTAACATGGTGCCACAGGGAGCTTGGCCCTGATGA

ACAATCCTTACATCCATGGGAGCAAGATCTCTTGAAGAAGATTTGCGATGCATATTA

CCTTCCAGCTTGGTGCTCAGCTTCTGATTATGTCAAATTGCTCCAATCCCTGTCACTT

CAGGACATCAAGTCAGAAGATTGGTCTCGCTTTGTTGCTCCCTTTTGGCCCGCAGTG

ATACGCTCCGCGTTGACATGGAATGGCCTCACTTCACTCTTGCGCAGTGGACTTAAA

GCCATAAAGGGAGCTTTGGCTATGCCATTGATGATAAAAGGATACAAGAAGAATCT

GATTAAGTTTGCCATCATTACATGTCGAAAGCCTGAATAA 
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Appendix (Figures) 
 

 
Figure A-2.1: α- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the Elora crop research station in 2009 and 2010. 

0.0

20.0

40.0

60.0

80.0

100.0

120.0

T
o

cc
o

p
h

er
o

l 
c
o

n
ce

n
tr

a
ti

o
n

 

u
g

/g
 

Genotypes 

2009

2010



 

212 

 

 
Figure A-2.2: γ- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the Elora crop research station in 2009 and 2010. 
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Figure A-2.3: δ- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the Elora crop research station in 2009 and 2010. 
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Figure A-2.4: Total tocopherol levels for selected high, medium and low soybean lines 

including parents grown at the Elora crop research station in 2009 and 2010. 
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Figure A-2.5: α- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the Woodstock crop research station in 2009 and 2010. 
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Figure A-2.6: γ- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the Woodstock crop research station in 2009 and 2010. 
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Figure A-2.7: δ- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the Woodstock crop research station in 2009 and 2010. 
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Figure A-2.8: Total tocopherol levels for selected high, medium and low soybean lines 

including parents grown at the Woodstock crop research station in 2009 and 2010. 
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Figure A-2.9: α- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the St. Pauls crop research station in 2009 and 2010. 
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Figure A-2.10: γ- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the St. Pauls crop research station in 2009 and 2010. 
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Figure A-2.11: δ- tocopherol levels for selected high, medium and low soybean lines including 

parents grown at the St. Pauls crop research station in 2009 and 2010. 
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Figure A-2.12: Total tocopherol levels for selected high, medium and low soybean lines 

including parents grown at the St. Pauls crop research station in 2009 and 2010. 
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Figure A-2.13: HPLC chromatograph depicting the alpha, beta, gamma, delta and tocopherol 

standards at a 10 mg/mL concentration. 

Note: R. time = retention time 
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Figure A-2.14: HPLC chromatograph depicting the alpha, beta, gamma, delta and tocopherol 

peaks in sample T9-1 at a 1 g/mL concentration. 

Note: R. time = retention time 
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Figure A-2.15: Separation of the hexane layers and soybean meal in a 150 mm test tube. 
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Figure A-3.1: Picture of the 20/15 ˚C day/night growth cabinet at the University of Guelph in 

the Crop Science building for the low temperature treatment test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

227 

 

 
Figure A-3.2: Stock solutions for the fertilizer treatments in the growth room at the University of 

Guelph. 
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Figure A-3.3: Lines under drought treatments in the growth room at the University of Guelph. 

 

 

 

 

 

 

 


