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ABSTRACT 
 
 
 

EVALUATION OF SOYBEAN LINES WITH MODIFIED FATTY ACID  

PROFILES FOR AUTOMOTIVE INDUSTRY BIOMATERIAL PRODUCTION 

 
 

Sarah Parkinson       Advisor: 
University of Guelph, 2012      Professor I. Rajcan 
 
 
 
 High linoleic acid soybeans facilitate maximum production of soy-based 

polyurethane. The objectives of this study were to: 1) Evaluate environmental influence on 

yield and seed composition traits; 2) Estimate correlation coefficients between linoleic acid 

with agronomic traits; 3) Validate SSR markers associated with fatty acid QTL in multiple 

environments and across diverse genotypes; and 4) Evaluate the influence of fertilizers 

differing in P and K concentrations on seed fatty acids. RG25 was identified as the best 

genotype to be commercialized for polyurethane production. Strong marker-trait 

associations across environments included Satt_335, Satt389, Satt556 associated with 

palmitic and stearic, Satt389 with oleic, Satt389 and Satt537 with linoleic acid. A significant 

increase in linoleic acid content was observed when plants received modified Hoagland’s 

solution with 2!K compared to without K. Development of a high linoleic acid soybean line 

for polyurethane production is feasible using validated SSR markers and high K fertility. 
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GENERAL INTRODUCTION 

Soybean (Glycine max (L.) Merrill) is the largest oilseed crop produced and consumed 

worldwide, likewise soybean is the largest field crop grown in Ontario (Ontario Soybean 

Growers, 2010; Wilcox, 2004). Fulfilling 58% of the worlds oilseed production, soybean is used 

in multiple applications such as high quality edible oils and vegetable protein; livestock feed; 

nutraceutical compounds such as isoflavones, saponins and tocopherols; and, most recently, as a 

renewable raw material for industrial applications such as polyurethane production (Rajcan et al., 

2005; Soy Stats, 2011). Ontario produces approximately 110.4 million bu per year, with 54% of 

this production occurring in Southern Ontario (McGee, 2011). 

Soy-based polyurethane production for the automotive industry in Ontario has numerous 

environmental advantages and social opportunities. In 2007, Ontario’s plastic processing 

industry was valued at $13.7 billion and employed more that 86,500 people (OMAFRA, 2011). 

Ontario houses more than 2,000 plastics manufacturers and suppliers that have access to 

innovative experts in biobased material development as well as a local supply of feedstocks from 

agriculture (OMAFRA, 2011). Substitution of fossil fuel feedstocks with soy-based polyols for 

polyurethane production reduces automotive production costs without compromising vehicle 

performance, produces lighter weight materials which translates into better mileage, minimizes 

environmental impacts by using less petroleum and reducing carbon dioxide emissions, and 

plant-based parts can be composted instead of land filled (Webster, 2008). Ontario soybean 

producers will benefit from soy-based polyurethane production as a premium may be provided 

for supplying the automotive industry with soybean lines with a tailored oil fatty acid profile 

(John et al., 2002). 
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 Soy-based polyurethane production requires the addition of a hydroxyl group to double 

bonds in fatty acid side chains of triacylglycerides (TAG) in soybean oil, resulting in a hydroxyl-

functionalized monomer called polyols (Guo et al., 2000). TAG are composed of three fatty acid 

side chains esterfied to the hydroxyl groups of a glycerol backbone (John et al., 2002). The fatty 

acid composition of soybean oil is typically 11% palmitic, 4% stearic, 25% oleic, 52% linoleic 

and 8% linolenic (Oliva et al., 2006). Saturated fatty acids, palmitic and stearic fatty acids, 

contain no double bonds; whereas oleic, linoleic, and linolenic acids contain one, two, and three 

double bonds respectively (Yadva, 1996). Linoleic acid is optimal for polyol production as it 

contains two double bonds, whereas the three double bonds in linolenic acid make it highly 

susceptible to oxidation (Clement and Cahoon, 2009). Therefore, soybean oil tailored for 

polyurethane production should have a low concentration of saturated fatty acids and a high 

concentration of linoleic acid. 

 Environmental effects, plant genotype, and the genotype by environment (G!E) 

interaction influence the soybean oil fatty acid profile (Wilson, 2004). Soybeans grown in high 

temperatures during the seed fill stage are high in saturated fatty acids, whereas soybeans grown 

in cool temperatures during the seed fill stage are high in linoleic and linolenic fatty acids 

(Wilcox and Cavins, 1992). The influence of planting date, light quality, intensity, amount of 

intercepted solar radiation per plant, and plant density on soybean fatty acid profile have also 

been evaluated (Wilcox and Cavins, 1992; Maestri et al., 1998; Izquierdo et al., 2009; Butler et 

al., 2010). Inconsistent relationships between soybean seed fatty acid content and various 

fertilizer treatments have been reported, although these studies are old and the effects of 

phosphorus (P) and potassium (K) are largely unknown (Gaydou and Arrivets, 1983; Howell and 

Collins, 1957; Ray et al., 2008). Cultural practices, plant residues, soil type, soil fertility and 
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pressures from weeds, diseases and insects have not been fully investigated, but could possibly 

affect seed fatty acid content (Primomo et al., 2002b).  

Soybean lines with modified fatty acid profiles governed by mutant alleles have been 

developed as a result of chemical mutagenesis and natural mutations. Lines with modified fatty 

acid profiles controlled by mutant alleles included low palmitic acid lines (Erickson et al., 1988; 

Wilcox and Cavins, 1990; Fehr et al., 1991b; Burton et al., 1994; Schnebly et al., 1994; Rahman 

et al., 1996; Stojsin et al., 1998a), high palmitic acid lines (Erickson et al., 1988; Fehr et al., 

1991a; Schnebly et al., 1994; Narvel et al., 2000; Stoltzfus et al., 2000a; Stoltzfus et al., 2000b), 

high stearic acid lines (Hammond and Fehr, 1983; Graef et al., 1985; Rahman et al., 1997; 

Stojsin et al., 1998a), high oleic acid lines (Wilson et al., 1981; Burton et al., 1989; Takagi and 

Rahman, 1996; Rahman et al., 1998; Wilson and Burton, 2002; Burton et al., 2006) low linolenic 

acid lines (Wilson et al., 1981; Wilcox and Cavins 1985; 1986; 1987; Rennie and Tanner, 1991; 

Fehr et al., 1992; Rahman et al., 1997; Fehr and Hammond, 1998), and high linolenic acid lines 

(Takagi et al., 1989; Pantalone et al., 1997). Mutant alleles governing the fatty acid profile have 

been found to be associated with agronomic and seed traits of economic importance (Lundeen et 

al., 1987; Horejsi et al., 1994; Rahman et al., 1994; Hartmann et al., 1997; Walker et al., 1998; 

Ross et al., 2000; Bachlava et al., 2008a; Cardinal et al., 2007; 2008). Establishing correlations 

of linoleic acid with yield components, seed composition traits, and other fatty acids across 

multiple environments and diverse genetic backgrounds could enable breeders to predict the 

influence of mutant alleles on traits of interest and facilitate development of new cultivars using 

mutant fatty acid alleles.  

 The objectives of this study were to: 1) Evaluate the influence of the environment on 

yield components and seed composition traits of soybean lines carrying mutant fatty acid alleles 
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and commercial varieties not known to carry mutant fatty acid alleles to determine the sources of 

variation affecting these traits; 2) Estimate correlation coefficients between linoleic acid and 

yield components and seed composition traits across diverse genetic backgrounds and multiple 

environments; 3) Validate SSR markers associated with fatty acid quantitative trait loci (QTL) in 

multiple environments and across a diverse set of genotypes; and 4) Evaluate the influence of 

fertilizer treatments differing in concentrations of P and K on linoleic acid concentration in a 

high linoleic acid soybean line.  
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LITERATURE REVIEW 

1.0 INTRODUCTION 
 
1.1 FERTILIZER MANAGEMENT FOR SOYBEAN PRODUCTION 

 
Soybeans require a high level of soil fertility, either residual or applied nutrients, to 

promote plant growth and increase plant productivity (Heatherly and Elmore, 2004). There are 

16 essential plant nutrients: the macronutrient nitrogen (N), P and K; the micronutrients boron 

(B), chlorine (Cl) copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo) and zinc (Zn); the 

secondary nutrients calcium (Ca), magnesium (Mg) and sulfur (S); and those that are extracted 

from air and water, carbon (C), hydrogen (H) and oxygen (O; Heatherly and Elmore, 2004). 

Plant nutrients are grouped based on plant requirements for proper growth and development 

(Synder and Thompson, 2011). Macronutrients are the most frequently needed in crop 

fertilization programs as plants require the highest quantity of N P and K, micronutrients are 

required in very small amounts and secondary nutrients are as important to plant growth as 

macronutrients although rarely limit plant growth and are rarely added to soils as fertilizers 

(Snyder and Thompson, 2011).  

Mobile nutrients, N, P, K and Mg, are transferred from older to younger plant producing 

initial deficiency symptoms in older leaves (Heatherly and Elmore, 2004). Immobile nutrients, 

Ca, Cu, Mn, S and Zn, are not transferred with plant tissues causing nutrient deficiencies to 

appear on young leaves. Although nutrient deficiency symptoms have been well documented 

(OMAFRA, 2012) symptoms can vary with soybean variety, environmental conditions and plant 

age (UNL, 2012). Soybean nutrient deficiencies may also be indistinguishable from symptoms 

caused by other abiotic or biotic stresses (UNL, 2012). 
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Table 1.1. Phosphate (P2O5) and Potash (K2O) recommendations for soybean based on 

OMAFRA-Accredited Soil Test for Ontario (Adapted from Baute, 2002). 

 

 

Phosphorus 
Soil Test 

(ppm) 

 
Level 

Phosphate 
Required 
(kg/ha) 

Potassium 
Soil Test 

(ppm) 

 
Level 

Potash 
Required 
(Kg/ha) 

0-3 80 0-15 120 
4-5 60 16-30 110 
6-7 50 31-45 90 
8-9 

Low 

40 46-60 

Low 

80 
10-12 30 61-80 60 
13-15 

Medium 
20 81-100 40 

16-30 High 0 101-120 

Medium 

30 
31-60 Very High 0 121-150 High 0 
61+ Excessive 0 151-250 Very High 0 

   251+ Excessive 0 
1 kg/ha = 90 lb/ac 
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The optimum proportions of N:P:K used in southern Ontario depend upon soil 

conditions, specifically soil moisture, texture and amount of organic matter (Baute, 2002). The 

Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) provides a protocol for soil 

testing to determine whether fertilizer application is required to optimize soybean production. 

The OMAFRA-accredited soil test provides recommendations for P, K and Mg. Nitrogen 

fertilizers are not usually required for soybeans. The test also provides guidelines for the amount 

and type of lime that should be applied to maintain soil pH between 5.5 and 7.0 to enhance 

availability of N and P as well as breakdown of crop residues Baute, 2002; Table 1.1). Fields 

should be sampled once every two or three years.  

Fertilizer mixes may be applied to fields using one of several different methods (Baute, 

2002). Fertilizer mixes may be broadcast, ploughed down and worked into the soil in the fall or 

spring, or may be banded, strips of nutrient placed five centimeters (cm) to the side and five cm 

below where the seed is planted. Foliar fertilization is suggested in the case of deficiency 

symptoms for Mn, Fe and Mg (Baute, 2002). Soybean need for S and Zn fertilization is rare 

(Baute, 2002)"!Soybeans respond exceptionally to crop rotation systems (Baute, 2002). A rotation 

of soybeans, winter wheat and corn enhances seed productivity in soybean. Further, a well-

designed crop rotation will help control insects and disease while maintaining a healthy soil 

structure and organic matter levels. !

 

1.2         ALLOCATION OF CONSTITUENTS IN SOYBEAN SEED 
 

Soybean seed constituents vary with plant genotype, environmental conditions and the 

genotype by environment (G ! E) interaction (Wilson, 2004). Protein content ranges from 34.1 

to 56.8% of seed dry mass, with a mean of 42.1% (Wilson, 2004). Oil content ranges from 8.3 to 

27.9% seed dry mass with a mean of 19.5%. Principal non-structural carbohydrate elements in 
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the seed include sucrose, raffinose and starchyose (Wilson, 2004). Fructose, glucose, galactose, 

mannotriose, pinitol, galactopinitol and myo-inisitol carbohydrates are present in the mature 

soybean seed but in lesser amounts (Nielsen, 1996). Soybean seeds also contain a number of 

minor constituents, such as tocopherols, sterols and isoflavones (Wilson, 2004). A negative 

correlation exists between protein and oil content (Wilson, 2004) while a positive correlation 

exists between carbohydrate and protein content (Nielsen, 1996). Soybean seed development 

follows a chronological sequence of developmental stages (Fehr et al., 1971). The complete 

cycle (V1-R8) is divided into the vegetative stages (V1-Vn), early (R1-R5) and late reproduction 

stages (R5-R8). Soybean plants require approximately 108 to 144 days from germination to 

maturity with seed fill ranging from 18 to 70 days, depending on environmental conditions, 

genotypic differences and stem termination group (Dennis, 2004; Nielsen, 1996).  

Three main storage proteins are deposited in membrane-bound vacuoles called “protein 

bodies”: 2S, 7S and 11S protein fractions (Wilson, 2004). The 7S storage protein is called #-

glycinin and the 11S protein fraction is called glycinin (Nielsen, 1996). Mature soybean seeds 

also contain one to eight percent of non-storage proteins that exhibit either enzymatic activity or 

important amino acid composition (Nielsen, 1996). These proteins include lipoxygenase, the 

Kunitz trypsin inhibitor, Bowman-Birk and the related protease inhibitors, lectin and urease 

(Nielsen, 1996). 

Soybean oil contains a number of glycerolipid classes including phospholipids, 

diacylglycerols and TAG (Wilson, 2004). Each class defines a molecular species formed from 

the combination of glycerol molecules modified at specific hydroxyl groups with the five major 

fatty acids in soybean$palmitic (16:0); stearic (18:0); oleic or omega-9 (18:1); linoleic or omega-

6 (18:2); and linolenic or omega-3 (18:3). The typical distribution of the predominant fatty acids 
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in soybean seeds is palmitic (11%), stearic (4%), oleic (25%), linoleic (52%) and linolenic (8%) 

(Oliva et al., 2006). Palmitic and stearic are saturated fatty acids, whereas oleic, linoleic and 

linolenic acids are unsaturated fatty acids containing one, two or three methyl-interrupted cis 

double bonds respectively (Rahman et al., 1997). 

 

1.3        OIL BIOSYNTHESIS 
 

Plant lipids have four central roles within the plant, acting as the main component of 

cellular membranes, as energy storage molecules, as constituents of surface epidermal layers in 

plant tissue; and, finally, having considerable importance in a plethora of biological activities 

(Harwood, 2005). Soybean oil biosynthesis consists of two discrete, spatially separated 

reactions—initial fatty acid biosynthesis with subsequent desaturation and TAG assembly 

(Figure 1.1; Ohlrogge et al., 1993). Fatty acid- acyl carrier proteins (ACP) are synthesized in 

plastids whereas TAG assembly occurs in the endoplasmic reticulum (Schultz and Ohlrogge, 

2002) 

The onset of fatty acid biosynthesis is catalyzed by acetyl-CoA carboxylase (ACCase; 

Ohlrogge et al., 1993). ACCase is a soluble Class 1 biotin-containing carboxylase that catalyzes 

the adenosine triphosphate (ATP)- dependent formation of malonyl-CoA from bicarbonate and 

acetyl-CoA (Harwood, 2005). The overall reaction of ACCase is catalyzed in two mains steps 

via two physically and kinetically distinct catalytic sites on the multienzyme (Harwood, 2005). 

The first partial reaction is catalyzed by biotin carboxylase, making use of ATP to stimulate the 

carboxylation of the biotin prosthetic group of biotin carboxyl carrier protein (BCCP). The 

second partial reaction involves transfer of BCCP to acetyl-CoA to yield malonyl-CoA.  

Photosynthate provides acetyl-CoA substrate for de novo fatty acid synthesis (Harwood, 1996). 
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Figure 1.1. Schematic diagram outlining the spatially separated fatty acid biosynthesis and TAG 

assembly occurring in soybeans during the seed fill developmental stage (Adapted from 

Ohlrogge and Jaworski, 1997). 
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Two main pathways for acetyl-CoA synthesis have been suggested, with the main pathway being 

a direct supply of plastid acetyl-CoA by pyruvate dehydrogenase/decarboxylase, and the less 

prominent pathway supplying acetyl-Co-A indirectly through mitochondrial pyruvate 

dehydrogenase (Harwood, 2005). This step is the first committed step, as well as the rate-

limiting step in fatty acid biosynthesis. 

Fatty acid synthase (FAS) is the second major enzyme complex involved in fatty acid 

biosynthesis (Ohlrogge et al., 1993). FAS is a type II dissociable multi-protein complex enzyme 

that catalyzes cycles of two-carbon additions of malonyl-ACP using acetyl-CoA. Each FAS 

subunit has its own enzyme activity and specificity for ACP subunits. The four soluble enzymes 

comprising FAS are !-ketoacyl-ACP synthase (KAS), !-ketoacyl-ACP reductase, !-

hydroxyacyl-ACP dehydratase and enoyl-ACP reductase (Yadav, 1996). The overall cycle 

utilizes three different KASs. The first condensation reaction is catalyzed by KAS III, combining 

acetyl-CoA with malonyl-ACP to produce a four-carbon keto-intermediate (Harwood, 2005). 

KAS I is responsible for elongation of the short four-carbon keto-intermediate to 16:0 ACP via 

six rounds of two-carbon additions. The final condensation involves KAS II, primary products of 

which are 16:0-ACP and 18:0-ACP, as it elongated 16:0-ACP to 18:0-ACP (Schultz and 

Ohlrogge, 2002). The three remaining subunits of FAS reduce the remnant 3-ketoacyl-ACP 

byproduct to saturated acyl-ACP (Ohlrogge and Jaworski, 1997). 

Stearoyl-ACP desaturase (SD) alters the end products of the FAS complex by 

introduction of a cis double bond at the 9 position of the 18:0-ACP (Ohlrogge and Jaworski, 

1997). Thereafter, 16:0-ACP, 18:0-ACP, and 18:1-ACP thioesters are released from the plastid 

by the activity of acyl-ACP thioesterases and exported into the cytoplasm (Yadav, 1996). Acyl-

ACP thioesterases have two functions: termination of fatty acid biosynthesis by release of free 
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fatty acids and export of free fatty acids into the cytoplasm (Harwood, 2005). Release into the 

cytoplasm occurs through the agency of the two evolutionarily distinct classes – oleoyl-ACP 

thioesterase (FatA) and thioesterases, which have specificities for saturated acyl-ACP (FatB) 

(Schultz and Ohlrogge, 2002).  

Biosynthesis of linoleic and linolenic-ACPs occur on glycerolipid substrates following 

acylation of 18:1 to a glycerol-3-phosphate backbone in either the endoplasmic reticulum or in 

the plastid (Yadav, 1996). Desaturations are catalyzed by oleate desaturase ("12 DES) and 

linoleate desaturase ("15 DES) respectively. Phosphatidylcholine (PC) is the primary 

glycerolipid substrate for biosynthesis of polyunsaturated fatty acids in the endoplasmic 

reticulum, whereas galactolipids are the main substrate localized in the plastid. While both 

localized pathways operate during fatty acid biosynthesis, the endoplasmic reticulum pathway 

predominates during oil biosynthesis in developing seeds. 

TAG assembly initiates when Acyl-CoAs from the cytoplasmic pool are assembled 

through the action of three membrane-bound acyltransferases in the endoplasmic reticulum 

(Yadav, 1996), an assembly pathway best known as the Kennedy pathway. The lack of rotational 

symmetry of glycerol requires a steriochemical numbering system to identify the three sites on 

the glycerol derivative –sn-1, sn-2 and sn-3– where Acyl-CoA can be attached (Weselake, 2002). 

Glycerol-3-phosphate acyltransferase (GPAT) and lysophosphatidic acid acyltransferase 

(LPAAT) catalyze the addition, in sequence, of acyl moieties to the hydroxyl groups of the 

glycerol backbone at positions sn-1 and sn-2 (Yadav, 1996). This results in the synthesis of 

phosphatidate (PA), which is converted to diacylglycerol by phosphatidic acid phosphatase 

(PAP; Weselake, 2002). Diacylglycerol acyltransferase (DGAT) catalyzes the final acylation at 

the sn-3 position forming the TAG (Yadav, 1996). A second pathway has also been proposed 
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where Acyl-CoA groups are channeled into PC via the activity of lysophosphatidylcholine 

acyltransferase (LPCAT). Finally, Acyl-CoAs are transferred from PC to TAG via the activity of 

phospholipid:diacylglycerol acyltransferase (PDAT; Snyder et al., 2009). 

Saturated fatty acids have been reported as having an affinity for the sn-1 position; 

unsaturated fatty acids usually occupy the sn-2 position; and a combination of fatty acid species 

are found at the sn-3 position (Weselake, 2002). The hydrophobic nature of TAG causes them to 

accumulate within the endoplasmic reticulum, creating a bulge known as an oil body (Vollmann 

and Rajcan, 2009). Oil bodies become a carbon source that provides energy and essential 

precursors in the biosynthesis of carbohydrates, proteins and lipids throughout the seed 

germination process. 

Overall, there are 35 principal structural configurations of fatty acid side chains in TAGs 

(Holcapek et al., 2003; John et al., 2002). The main combinations include LLL (linoleic-linoleic-

linoleic) comprising about 19% of the TAG in soybean oil, LLO at 15%, LLLn at 10%, LOP at 

9%, OLO at 6% and OLLn at 6%.* The fatty acid composition and distribution on the glyceride 

molecule largely determine oil quality and physical properties (Yadav, 1996). 

 

1.4        GENETIC CONTROL OF FATTY ACID BIOSYNTHESIS 
 

1.4.1 USE OF MOLECULAR MARKERS 
 

Molecular markers are heritable genetic differences at specific loci that are tightly linked 

to economically important traits (Collard et al., 2005). Such markers do not themselves affect the 

phenotype of the trait of interest but they are linked to a gene or genes controlling the trait. This 

characteristic makes them available for the increasingly popular and effective tool of Marker-

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!Symbols represent L for linoleic, Ln for linolenic, O for oleic and P and S for palmitic and 
stearic fatty acids.!
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Assisted Selection (MAS) used by plant breeders (Staub et al., 1996). MAS uses the presence or 

absence of a marker as a substitute for phenotypic selection, and offers the potential for 

improving selection efficiency by allowing for earlier reliable selection and for reducing the 

plant population size used during selection.  

Quantitative traits are those in which many genes control the resulting plant phenotype 

(Collard et al., 2005). The regions in the genome that contain genes governing a particular 

quantitative trait are known as QTL. Phenotypic identification of QTLs is not possible and QTLs 

are not necessarily stable across genotypes and environments (Vollmann and Rajcan, 2009). In 

soybean, a large number of QTL governing important agronomic traits have been mapped and 

validated across multiple soybean genotypes, showing potential for use in MAS (Soybase, 2012).  

  Simple sequence repeat (SSR) markers are the most commonly used molecular markers 

in soybean breeding programs, as they are polymorphic at a single locus making them multi-

allelic (Song et al., 2004). SSR markers consist of tandem arrays of two to five base repeat units 

(Staub et al., 1996). Within each individual of a species, the sequences flanking SSRs are 

conserved, permitting the invention of polymerase chain reaction (PCR) primers used to scale up 

the SSR markers in all genotypes (Akkaya et al., 1995). The amplified region lying between the 

primers may differ between genotypes as genotypes may contain a different number of tandem 

repeats, termed polymorphism. 

Selection of SSR markers linked to desirable QTL have several advantages when used in 

a soybean breeding program – accuracy, reliability, increased genetic gain by reducing costs, 

ability to increase the number of lines available for selection, absence of environmental effects, 

and detectability in all stages of plant growth (Sudaric et al., 2008). Advantages of MAS include 

saving time from replacing complex field trials with molecular tests and elimination of often-
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unreliable phenotypic evaluation affected by environmental conditions. It also promotes 

selection on genotypes at seedling stage, gene pyramiding of multiple alleles desired, selection of 

traits with low heritability, and testing for specific traits where phenotypic selection is not 

suitable (Collard et al., 2005). In some cases MAS is not as efficient as expected as negative 

interactions may reduce the efficiency of MAS (Hospital, 2009). Either QTL#QTL epistasis, 

QTL#genetic background interactions, and/or QTL#environment interactions may reduce QTL 

effects after MAS in comparison to what was expected from single-gene effects (Hospital, 2009). 

To date, 73 QTL associated with fatty acid traits in the soybean genome have been 

mapped on the latest integrated soybean genetic linkage map (SoyBase, 2012). A total of 15 

palmitic acid QTL, seven stearic acid QTLs, 12 oleic acid QTLs, 26 linoleic acid QTLs and 13 

linolenic acid QTLs have been mapped. All of the 73 QTLs and molecular markers associated 

with these fatty acid QTLs are listed in the United States Department of Agriculture (USDA) 

SoyBase database (Soybase, 2012). Since the soybean genome has been fully sequenced, 75 

genes in soybean have been found to be orthogonal or paralogous with Arabidopsis thaliana 

genes governing the biosynthesis of fatty acids in plastids (Schmutz et al., 2010).  Therefore, 75 

genes are potentially responsible for the biosynthesis of fatty acids in soybean.    

 

1.4.2 PALMITIC FATTY ACID CONTENT 
 
Palmitic fatty acid content in soybean seeds is genetically controlled by individual alleles, 

represented by the gene symbol Fap, at the same or different loci (Erickson et al., 1988; Wilson 

et al., 2001). Palmitic acid levels in soybean seed oil held in the world collection ranges from 9.3 

to 17.4% with the standard soybean profile of 11% palmitic fatty acid (Oliva et al., 2006). 

Palmitic acid content is not inherited maternally or cytoplasmically, indicating that the embryo 
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genotype of the seed determines palmitic acid content (Primomo et al., 2002a). Increased 

consumption of palmitic acid poses health risks that include coronary heart diseases as well as 

breast, colon and prostate cancers (Hu et al., 1997; Henderson, 1991).  

Soybean lines with low palmitic acid are controlled genetically by recessive alleles 

(Wilson and Burton, 2002). Low palmitic acid lines developed through mutagenesis include 

C1726 and CLP-1, with the fap1fap1 genotype (Erickson et al., 1988; Wilcox and Cavins, 1990; 

Fehr et al., 1991b); ELLP-3 and ELLP-2 with the fapxfapx genotype (Stojsin et al., 1998a); A22 

with the fap3fap3 genotype (Schnebly et al., 1994); and J3 with the sop1sop1 genotype (Rahman 

et al., 1996). Lines N79-2077 (fapnc fapnc genotype) and its derived line, N79-2077-12, have a 

natural mutation conferring reduced palmitic acid content (Burton et al., 1994). Intralocus 

additive inheritance is demonstrated by fap1 and fap3, whereas Fapx has partial dominance over 

the mutant fapx allele (Erickson et al., 1988; Schnebly et al., 1994; Stojsin et al., 1998a). 

Although five major genes have been identified for reduced palmitic acid content, minor effects 

of modifier genes also influence palmitic acid content (Horejsi et al., 1994).  

The allelic relationship between the five alleles governing reduced palmitic acid content 

has yet to be completely deciphered (Cardinal et al., 2007). The three gene designations of fap1, 

fap3 and fapx represent alleles at independent loci (Schnebly et al., 1994; Stojsin et al., 1998a; 

Primomo et al., 2002a). Alleles sop1 and fapnc are independent of the fap1 locus, but their allelic 

relationship to fap3 and fapx is undefined (Kinoshita et al., 1998b). Molecular data suggests that 

fapnc and fap3 are conceivably alleles at the same locus (Cardinal et al., 2008). A major palmitic 

acid QTL is proposed to be the fapnc locus, and maps 14 cM distal of Satt684 on Chromosome 5 

(Li et al., 2002). 
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Agronomic evaluation of lines possessing the major fap alleles reducing palmitic acid 

content also revealed a general trend towards reduced total oil content and reduced total seed 

yield (Horejsi et al., 1994). The fapnc allele has a significant negative correlation with seed yield 

and plant height and the fap1 allele has a smaller but significant negative correlation with seed 

yield in at least some populations (Cardinal et al., 2007; Cardinal et al., 2008). Pleiotrophy or 

linkages to unfavourable yield or height genes may explain this phenomenon (Cardinal et al., 

2007). 

Soybean lines with high palmitic acid content are controlled genetically by inheritance of 

homozygous recessive Fap alleles (Wilson and Burton, 2002). Elevating palmitic acid content in 

soybean seed oil reduces the need for hydrogenation when processing oil into plastic fat products 

such as shortening and margarine (Schnebly et al., 1994). Elevated palmitic acid lines developed 

through mutagenesis include C1727, with the fap2fap2 genotype (Erickson et al., 1988); A21, 

with the fap2-bfap2-b genotype (Fehr et al., 1991a); A24, with the fap4fap4 genotype (Schnebly et 

al., 1994); A27, with the fap5fap5 genotype (Stoltzfus et al., 2000a); A25, with the fap6fap6 

genotype (Narvel et al., 2000); and A30, with the fap7fap7 genotype (Stoltzfus et al., 2000b).  

The allelic relationship between the six alleles governing elevated palmitic acid content 

has yet to be completely deciphered. The fap2, fap5, fap6, fap7 alleles have additive gene action 

meaning each allele represents a single loci in which the effects at each loci cumulatively 

contribute to palmitic acid content (Erickson et al., 1988; Stoltzfus et al., 2000a; Stoltzfus et al., 

2000b; Narvel et al., 2000). Fap2 and fap2-b alleles either occur at the same loci or occur at 

tightly linked loci (Fehr et al., 1991a). The fap5 locus is independent of fap1, fap3, fap4 and fap6 

loci, but closely linked to the fap2-b locus (Stoltzfus et al., 2000a). The fap7 allele is independent 
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of the fap1, fap2-b, fap3, fap4 and fap5 loci but closely linked to the fap6 locus (Stoltzfus et al., 

2000b).  

Interpreting the metabolic activities that are regulated by the different Fap alleles is 

exceptionally complex. The fap1 has been theorized to be an allele of a gene encoding an 

isoenzyme or a cofactor important for the FAS system (Wilson and Burton, 2002).  Kinetic 

analysis suggests that the fap2 mutation results in a decreased KAS II activity by reducing the 

ability of the KAS-II enzyme to elongate 16:0-ACP to 18:0-ACP (Wilson et al., 2001). Reduced 

16:0-ACP thioesterase (FatB) activity has been documented as a result of inheritance of the fap1 

and fapnc alleles. The fapnc allele is associated with a deletion in a gene encoding an isoform of a 

16:0-ACP thioesterase, specifically in the GmFATB1a gene (Cardinal et al., 2007). The 

GmFATB1a enzyme can also release 18:0-ACPs to the cytoplasm (Cardinal et al., 2007). Gene 

products associated with all alleles governing modified palmitic acid content have yet to be 

deciphered (Wilson et al., 2001). 

Linkage between molecular markers and QTL for palmitic acid content have been 

established (Soybase, 2012). Diers and Shoemaker (1992) mapped restriction fragment length 

polymorphism (RFLP) markers associated with palmitic acid content in a population derived 

from the cross of G. max # G. soja. Three RFLP markers were found to be statistically 

significant, pA-343a and pA-18 located on Chromosome 14 and pK-375 located on 

Chromosome 16 (Song et al., 2004). A major QTL for palmitic acid content maps near Satt684 

on Chromosome 5 and the fapnc allele of the GmFATB1a gene mapped to 20cM distal to Satt684 

(Cardinal et al., 2008; Li et al., 2002). A minor palmitic acid QTL maps near Satt175 and 

Satt306 on Chromosome 7 and another minor QTL has been identified on the same chromosome 

(Li et al., 2002). Hyten et al. (2004a) found three palmitic QTL on Chromosomes 9, 17 and 19. 
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Molecular marker Satt537 located on Chromosome 2 was found to be associated with palmitic 

acid content (Panthee et al., 2006). Currently SoyBase provides a genomic map positioning 15 

palmitic acid QTLs on Chromosomes 2, 5, 6, 7, 9, 10, 11, 14, 16, 17, 18 and 19 (SoyBase, 2012). 

 

1.4.3 STEARIC FATTY ACID CONTENT  

The stearic fatty acid content in soybean seeds is controlled by individual alleles, 

represented by the gene symbol Fas, at the same or different loci (Wilson, 2004). The genetic 

action of Fas alleles is partial dominance, with Fas alleles for low stearic acid content partially 

dominant to fas alleles for elevated stearic acid content (Graef et al., 1985). Typical soybean 

varieties have 4.0% stearic acid content, while a range from 2.2 to 7.2% is available in the world 

collection of soybean seeds (Downey and McGregor, 1975). The stearic acid content is governed 

neither by maternal nor cytoplasmic effects (Rahman et al., 1997). High stearic acid content lines 

developed through chemical and X-ray mutagenesis include RG7, with the fasfas genotype 

(Stojsin et al., 1998a); A6, with the fasafasa genotype (Hammond and Fehr, 1983); FA41545 or 

A10, with the fasbfasb genotype (Graef et al., 1985); A81-606085 or A9, with the fasfas genotype 

(Graef et al., 1985); KK-2, with the st1st1 genotype (Rahman et al., 1997); and M25, with the 

st2st2 genotype (Rahman et al., 1997). The line FAM94-41, with the fasncfasnc genotype, carries a 

natural mutation for elevated stearic acid content (Rahman et al., 1997). High stearic acid 

soybean oil is stable and decreases the need for hydrogenation, providing a healthier source of 

saturated fats (Cahoon et al., 2009; Rahman et al., 1997). 

Evaluation of the allelic relationship between alleles governing increased stearic acid 

content shows the fasa, fasb and fas are allelic and fasa and fasb alleles are not dominant to one 

another, but both are completely dominant to the fas allele (Graef et al., 1985). The fasnc allele is 
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partially dominant over the fasa allele representing different mutations in the same gene 

(Pantalone et el., 2002), making fasa, fasb, fas and fasnc allelic. Alleles st1 and st2 represent two 

independently inherited genes although their allelic relationship with the fasa, fasb, fas and fasnc 

alleles are unknown (Rahman et al., 1997; Pantalone et al., 2002).  

Lines possessing recessive fas alleles with elevated stearic acid content commonly have 

negatively associated agronomic and seed trait characteristics. Yields of soybeans harboring the 

fasb or fas alleles do not seem to suffer significant yield losses, although significant differences 

were also found between normal and elevated stearic acid content lines for maturity; lodging; 

plant height; protein content; oil content; and, palmitic, oleic, linoleic, and linolenic acid contents 

(Lundeen et al., 1987; Hartmann et al., 1997). High stearic acid soybeans harboring the fasa 

allele yield about 7.7% less than low stearic acid lines derived from the same parental cross 

(Lundeen et al., 1987). Although the fasa allele generally has a negative influence on seed yield, 

some elevated stearic acid lines have yields similar to the highest-yielding lines in the derived 

population. 

It has been speculated that mutations in at least two independent genes determine the 

activity of one or more enzymes involved in stearic acid synthesis in soybeans (Pantalone et al., 

2002). Enzymes in the fatty acid biosynthesis pathway that are predicted to be controlled by Fas 

alleles are 18:0-ACP desaturase and 18:1-ACP thioesterase. A gene deletion in A6, with the 

fasafasa genotype (Hammond and Fehr, 1983), has been identified as a deletion in the unique SD 

isoform SACPD-C (Zhang et al., 2008). Support for Fas alleles encoding these enzymes comes 

from the strong negative correlation found between stearic and oleic acid content versus the 

weak correlation between palmitic and stearic acid content (Wilson and Burton, 2002).  
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Molecular markers associated with stearic acid QTL in soybeans have been reported 

(Soybase, 2012). Diers and Shoemaker (1992) found the RFLP marker pA-233 on Chromosome 

1 to be associated with stearic acid content. Spencer et al. (2003) mapped the Fas locus to 

Chromosome 14 and found it to be associated with Satt070, Satt474, and Satt556. Hyten et al. 

(2004a) confirmed these results by mapping this stearic acid QTL to Chromosome 14. Two 

modifier QTLs for stearic acid content were detected on Chromosomes 6 and 9; however, the 

effects were suggested to be due to pleiotrophic effects caused by a maturity QTL located on the 

same linkage group (Hyten et al., 2004a). Other modifier QTL for increased stearic acid content 

have been mapped to Chromosomes 14 and 16, associated with molecular markers Satt168 and 

Satt249 respectively (Panthee et al., 2006). Currently, SoyBase provides a genomic map 

positioning seven stearic acid QTLs on Chromosomes 6, 7, 13, 16, 18, and 19 (SoyBase, 2011). 

 

1.4.4 OLEIC FATTY ACID CONTENT 

The oleic fatty acid content in soybean seeds is controlled by individual alleles, 

represented by the gene symbols Ol and Fad, at the same or different loci (Wilson, 2004). Oleic 

acid content is controlled by the embryo genotype of the seed (Takagi and Rahman, 1996). 

Typical soybean varieties profiles show 25% oleic acid content with a desirable range for a 

soybean-breeding program running from 24 to 48% (Lee et al., 2009). Soybean seeds with 

increased oleic acid content have improved human nutritional value by virtue of lowering low-

density lipoprotein cholesterol (Bachlava et al., 2008a). High oleic acid content in soybean oil 

also allows for improved oxidative stability during refining, storage and heating to high 

temperatures. Linoleic and linolenic acids, containing one and two double bonds respectively, 

require hydrogenation to prevent the development of adverse odors and flavors due to the 
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aforementioned processes (Wilson and Burton, 2002). Hydrogenation of soybean oil causes 

production of trans fatty acids, which exposes consumers to several health risks, including 

cardiovascular disease (Lichtenstein, 1997).  

Allelism tests indicate that recessive alleles at the same loci, with a partial dominance 

effect, control increased oleic acid content (Takagi and Rahman, 1996). Investigation of the M23 

soybean line developed through X-ray mutagenesis, with the homozygous recessive genotype 

olol, has a deletion in the Fad2-1 gene (Kinoshita et al., 1998a). Individuals homozygous or 

heterozygous at the embryo specific Fad2-1a loci (OlOl, Olol, olol) overlap for oleic content, 

indicating the significant influence of minor oleic acid QTL (Alt et al., 2005; Sandhu et al., 

2007).  

Another X-ray irradiated mutant soybean line with elevated oleic acid content is M11, 

with the olaola genotype (Rahman et al., 1998). The ola allele in M11 is allelic to the ol allele 

with the ola allele dominant to the ol allele. Both alleles represent a deletion at the Fad2-1a loci. 

The naturally occurring high oleic acid content line N78-2245 has a mutation in the FAD2-1 

gene (Wilson et al., 1981). Other naturally occurring high oleic acid content lines include N85-

2124, N85-2176 and N98-4445A (Burton et al., 1989; Burton et el., 2006). The experimental 

inbred line N97-33633-4 (fadfadfad1fad1 genotype) is believed to harbor mutations at two 

different FAD2 loci (Wilson and Burton, 2002). The allelic relationship of the major alleles 

governing oleic acid content in soybean has yet to be deciphered. Minor and major oleic acid 

QTL explain about 3-28% of the variation in oleic acid content in soybean (Diers and 

Shoemaker, 1992).  

Correlations between oleic acid content, other fatty acid contents and agronomic traits are 

well documented in a population with the mid oleic acid parental line N98-4445A (Bachlava et 
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al., 2008a). This population is segregating for high oleic acid content governed by the ol allele 

and for reduced linolenic acid content governed by the fan allele (Oliva et al., 2006). Negative 

correlations were found between oleic and linoleic, oleic and linolenic, and oleic and palmitic 

acid contents (Bachlava et al., 2008a).  Total oil content, maturity and flowering date were also 

negatively correlated with oleic acid content. Inheritance of the ol allele conferring high oleic 

acid resulted in a negative correlation between total seed yield and oleic acid content. The 

negative influence of the ol allele on important agronomic traits is conceivably due to 

pleiotrophic or linkage drag effects (Bachlava et al., 2008a).  

Comprehending the metabolic activities regulated by Fad alleles is a complex process. 

Mutations in the endoplasmic reticulum-associated "12 DES, encoding the enzyme metabolizing 

oleic acid into linoleic fatty acid, has been associated with increased oleic acid content (Sandhu 

et al., 2007). Mutating or suppressing the expression of "12 DES genes causes soybean seeds to 

accumulate oleic acid, instead of linoleic acid, as the major seed oil component (Cahoon et al., 

2009). Two distinct oleate desaturase genes have been identified within soybean; FAD2-1 and 

FAD2-2 (Heppard et al., 1996). The FAD2-1 gene is highly expressed in developing seeds, while 

the FAD2-2 gene is constitutively expressed in both vegetative tissues and developing seeds. 

FAD2-1 is the gene responsible for the desaturation of oleic acid to linoleic acid in soybean 

seeds. Two closely related, actively expressed isoforms of the FAD2-1 gene exist; the 

temperature dependant unstable FAD2-1A and the stable FAD2-1B (Tang et al., 2005). Three 

distinct isoforms of the FAD2-2 gene exist, FAD2-2A, FAD2-2B and FAD2-2C (Schlueter et al., 

2007). The ol allele has been found to be associated with a deletion in the FAD2-1A gene (Alt et 

al., 2005; Kinoshita et al., 1998a; Sandhu et al., 2007). Investigations into the mechanisms of 

temperature dependant alterations of fatty acid composition has provided evidence of control at 
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both transcriptional and post-transcriptional levels for the genes encoding oleate desaturases 

(Tang et al., 2005).  

Molecular markers associated with oleic acid QTL have been reported. Diers and 

Shoemaker (1992) found six RFLP markers associated with oleic acid QTL located on 

Chromosome 14, pA-82, pA-104 and pA-170, on Chromosome 5, pb, and pA-242b, and on 

Chromosome 16, pA-619. Hyten et al., (2004a) found two oleic acid QTLs on Chromosome 2 

and 19, with the QTL on Chromosome 19 having a major effect on oleic acid content. Hyten et 

al. (2004b) found an oleic acid QTL linked to Satt268 on Chromosome 15. Panthee et al. (2006) 

found two oleic acid QTL on Chromosome 15 associated with Satt263 and Satt185. Satt263 is in 

the same region as molecular marker Satt268, confirming there is an important genomic region 

controlling oleic acid content on Chromosome 15. Currently, SoyBase provides a genomic map 

positioning 12 oleic acid QTLs on Chromosomes 1, 5, 6, 14, 2, 15, 18 and 19 (Soybase, 2012).  

Bachlava et al., (2008b) mapped the oleate desaturase gene isoforms FAD2-1A and 

FAD2-1B to Chromosomes 10 and 20 respectively. Chromosome 10 harbors the minor oleic acid 

QTL associated with Sat_108 and Satt153. FAD2-2A and FAD2-2B oleate desaturase genes have 

been mapped to Chromosome 19 and are considered minor oleic acid QTL associated with 

Satt652 and Satt462. Monteros et al. (2008) mapped six minor oleic acid QTL associated with; 

Satt211 on Chromosome 5; Satt389 on Chromosome 17; Satt394 and Satt191 on Chromosome 

18; and, Satt418 and Satt561 on Chromosome 19. Bachlava et al (2009) mapped a moderate 

oleic acid QTL to Chromosome 13 associated with Sat_309 and confirmed the minor QTLs on 

Chromosomes 15, 19, 5 and 17 from previous studies (Bachlava et al., 2008b; Monteros et al., 

2008). 
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1.4.5 LINOLEIC FATTY ACID CONTENT 

Little attention has been given to the genetic mechanisms controlling linoleic fatty acid 

biosynthesis. Industry predominately focuses on lowering saturated and linolenic acid contents 

where linoleic acid content is naturally high at 52% (Wilson, 2004). Transgenic events have 

reduced linoleic acid content up to 3% through suppression of the oleate desaturase gene but no 

gene symbols for alleles governing linoleic acid content have been designated (Yadav, 1996). 

Molecular markers significantly associated with linoleic acid QTL have been reported. 

Diers and Shoemaker (1992) reported six RFLP molecular markers associated with linoleic acid 

QTL on Chromosome 14, pA-82, pA-104 and pA-107, on Chromosome 5, pA-242b and pb, and 

on Chromosome 12, pA-118. Five out of six molecular markers were common for oleic and 

linoleic acid in Diers and Shoemakers (1992) study, indicating these loci may impact oleate 

desaturase activity. Hyten et al. (2004a) identified linoleic acid QTL on Chromosome 13 and 19. 

Panthee et al. (2006) found two molecular markers within 0.6 cM distance of each other, Satt263 

and Satt185, on Chromosome 15 to be associated with linoleic acid content. Molecular markers 

Satt263 and Satt185 were associated with both oleic and linoleic acid content indicating these 

loci are likely to influence oleate desaturase activity. Currently, SoyBase provides a genomic 

map positioning 26 linoleic acid QTL on Chromosomes 5, 8, 11, 13, 14, 15, 13, 9, 18 and 19 

(SoyBase, 2012).  

 

1.4.6 LINOLENIC FATTY ACID CONTENT 

Linolenic fatty acid content in soybean seeds is controlled by individual alleles, 

represented by the gene symbol Fan, at the same or different loci (Wilcox and Cavins, 1985). 

Typical soybean varieties have 8% linolenic acid content, while recurrent selection and 
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mutagenesis has created a range from 1 to 23% linolenic acid content (Ross et al., 2000; Wilson, 

2004). Decreasing linolenic acid content in soybean oil improves oil stability, quality, flavor and 

reduces the need for hydrogenation (Dutton et al., 1951). Maternal effects can be partial or non-

existent depending in the parental cross although linolenic acid content is predominately 

controlled at the nuclear level (Fehr et al., 1992; Rahman et al., 1997).  

Several soybean genotypes with reduced linolenic acid content have been developed.  

Recurrent selection of germplasm with higher oleic acid content indirectly reduced linolenic 

acid, resulting in the germplasm lines N78-2245, N87-2120-3 and N87-2122-4 (Wilson et al., 

1981). Chemical mutagenesis of the soybean cultivar ‘Century’ with ethyl methanesulfonate 

(EMS) lead to the development of the true breeding low linolenic acid mutant C1640, controlled 

by two recessive alleles with additive gene action at the Fan loci (Wilcox and Cavins, 1985; 

1986; 1987). Low linolenic acid soybean lines N87-2120-3, A16, A17, M-5, and IL-8 are 

similarly controlled by the recessive fan allele at the same loci (Fehr et al., 1992; Rennie and 

Tanner, 1991; Rahman et al., 1996). Low linolenic acid content in A16 and A17 is controlled by 

the fan allele in combination with a second allele at a different locus, fan2 (fanfanfan2fan2 

genotype; Fehr et al., 1992). Low linolenic acid content in the plant introductions, PI 123440 and 

PI 361088B, is also governed by recessive fan alleles (Rennie and Tanner, 1989; Rennie et al., 

1988).  

Low linoleic acid genotypes controlled by alleles independent of the fan loci include A5, 

N78-2245 and N87-2122-4, with the fan1fan1 genotype (Fehr and Hammond, 1998; Wilson et al., 

1981; Burton et al., 1994); A23, with the fan2fan2 genotype (Fehr et al., 1992); A26, with the 

fan3fan3 genotype (Fehr and Hammond, 1998); KL-8, with the fanxfanx genotype (Rahman and 

Takagi, 1997); M-24, with the fanxafanxa genotype (Rahman et al., 1998); and RG10, with the 
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fan-bfan-b genotype (Stojsin et al., 1998b). Linolenic acid content is highly reduced when 

homozygous recessive alleles at independent loci are combined (Fehr and Hammond, 1998). The 

fan1, fan2, and fan3 alleles have been combined in the line A29, with the fan1fan1fan2fan2fan3fan3 

genotype, with each allele showing an additive reduction in linolenic acid content, resulting in 

1.1% linolenic acid content (Fehr et al., 1992; Ross et al., 2000).  

The fan alleles represent mutations in different genes or perhaps different mutations in 

the same gene (Wilson, 2004). The fan allele found in C1640, PI 123440 and N87-2120-3 is 

thought to govern linoleic desaturase activity (Pantalone et al., 1997). Independent work on the 

biochemical basis of low linolenic acid content lead to contradictory naming of three FAD genes 

representing isoenzymes of the microsomal enzyme linoleic desaturase (Bilyeu et al., 2003; Anai 

et al., 2005). Anai et al. (2005) identified the three genes as GmFAD3-1a, GmFAD31-b and 

GmFAD3-2a and Bilyeu et al. (2003) named them GmFAD3A, GmFAD3B and GmFADC. 

Interestingly, GmFAD3A corresponds to the Fan1 locus found on Chromosome 11, GmFAD3B 

corresponds to the Fan3 locus found on Chromosome 2 and GmFADC corresponds to the Fan2 

locus found on Chromosome 18 (Bilyeu et al., 2011). Genotype A23, with the 

fan1fan1fan2fan2fan3fan3 genotype, was shown to possess null alleles for GmFAD3A and 

GmFAD3B and a missense mutation in GmFAD3C (Bilyeu et al., 2011).  

 High linolenic acid mutants exist but little research has been done to develop a high 

linolenic soybean variety (Cober et al., 2009). X-ray irradiation of the soybean cultivar Bay 

resulted in the high linolenic acid content soybean line B739 (Takagi et al., 1989). B739 has 

18.4% linolenic acid, twice the amount of linolenic acid found in the Bay cultivar. A single 

recessive allele designated linh controls high linolenic acid content in the B739 soybean mutant. 

Accessions of G. soja (Sieb. and Zucc.) have oils containing twice the highest linolenic acid 
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concentration found in normal G. max cultivars (Pantalone et al., 1997). Little is known about 

the genetic control of linolenic acid in wild soybeans but it is quite possible that an entirely 

different set of desaturase alleles govern the high linolenic content. 

The influence of alleles governing linolenic acid content on agronomic traits has been 

evaluated. A16 and A17, with the genotype fan1fan1fan2fan2, were not significantly different than 

normal-linolenic lines for maturity, lodging and plant height although evidence exists that low 

linolenic acid content lines yield significantly lower (Walker et al., 1998). A29, with the 

genotype fan1fan1fan2fan2fan3fan3, exhibit similar agronomic traits as the soybean lines A16 and 

A17 (Ross et al., 2000). Undesirable agronomical characteristics associated with the high 

linolenic acid soybean line, B739, include decreased plant height, low total seed yield, 

substantially smaller seed size and weight and shrunken seed shape (Rahman et al., 1994). 

Molecular markers associated with linolenic acid QTL have been reported. Diers and 

Shoemaker (1992) reported seven RFLP markers associated with linolenic acid content on 

Chromosome 5, pSAC-7a, pA-23, pA-242b, pA-203, pA-454 and pK-229, and on Chromosome 

18, pA-65. Hyten et al. (2004b) found one linolenic acid QTL on Chromosome 13 and two on 

Chromosome 19. Spencer et al., (2004) mapped the Fan locus to Chromosome 14 linked to 

Satt534 and Satt560. Panthee et al. (2006) found two linolenic acid QTL, associated with Satt263 

on Chromosome 15 and Satt235 on Chromosome 18. On Chromosome 15, molecular markers 

associated with QTL for oleic, linoleic and linolenic acid content exist in the same genomic 

region. This region is likely to be involved in the desaturation process. Currently, SoyBase 

provides a genomic map positioning 13 linolenic acid QTL on Chromosomes 15, 13, 14, 9 and 

19 (SoyBase, 2012). 
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1.5         INFLUENCES ON SOYBEAN SEED FATTY ACID COMPOSITION 

1.5.1 ENVIRONMENTAL INFLUENCES ON SEED FATTY ACID COMPOSITION 

Soybean seed total protein content, oil content and its fatty acid composition are 

determined by genotype, environment, and the G # E interaction (Wilson, 2004). Temperature 

during the oil deposition phase (R5 to R6; Fehr et al., 1971) influences total seed protein and oil 

content (Wolf et al., 1982). As mean daily temperature increases during seed fill, total protein 

decreases and total oil increases (Wilson, 2004). Planting date has a considerable impact on 

exposure to varying temperatures during the seed fill phase of development. Early planting dates 

produce seeds low in protein compared to seeds from plants that were planted later, of which 

have lower total oil content (Ray et al., 2008).   

The effect of total precipitation accumulation during the oil deposition phase (R5 to R6; 

Fehr et al., 1971) on total protein and oil content was dependant on average daily mean 

temperature (Maestri et al., 1998; Carrera et al., 2009). Total oil content was positively 

correlated with average daily mean temperature under water deficit conditions (Carrera et al., 

2009). Total protein content positively negatively correlated with average daily mean 

temperature when drought stress was minimal, but protein content was negatively correlated with 

average daily mean temperature under severe water deficit conditions (Carrera et al., 2009). In 

drought conditions at the same temperature, biosynthesis of protein and oil are both inhibited yet 

the biosynthesis pathways of oil and protein are not inhibited to the same extent (Rotundo and 

Westgate, 2009). The negative impact of drought stress during seed fill on oil biosynthesis was 

greater than on protein biosynthesis, resulting in a significant increase in protein concentration 

(Rotundo and Westgate, 2009). When plant density increases, protein content is increased and oil 

content decreased in soybean seeds found on the main stem (Butler et al., 2010). 



! 31!

Temperature sensitivity of enzymes controlling the fatty acid biosynthetic pathway 

changes the final fatty acid profile (Wilcox and Cavins, 1992). Soybean grown in warmer 

climates have higher saturated fatty acid content than those grown in cooler climates, that have a 

higher unsaturated fatty acid content. Having extreme minimum temperatures in September 

during the seed fill period instead of maximum temperatures may be responsible for the ratio of 

saturated vs. unsaturated fatty acid in soybean oil (Hou et al., 2006). Daily maximum 

temperatures are negatively correlated with linoleic and linolenic fatty acid seed percentages 

(Howell and Collins, 1957; Wolf et al., 1982). Decreased linolenic acid concentration at high 

temperatures may be due to changes in both or one of the enzymes "12 DES and "15 DES 

(Burton, 1991). "12 DES encoded by the FAD2-1A gene was found to degrade at high 

temperatures (Tang et al., 2005), it has been confirmed that the decreased expression of FAD2-

1A is positively correlated to elevated oleic acid content (Byfield and Upchurch, 2007a & 

2007b). Mean high temperatures correlate positively with oleic acid percentage (Lee et al., 

2009).  

Additional environmental factors can affect the fatty acid profile of soybean seeds. Later 

planting dates lead to exposure to cooler temperatures during the oil deposition phase, suggesting 

unsaturated fatty acid levels increase with successively later planting dates (Wilcox and Cavins, 

1992). Palmitic acid content decreases with later planting dates and linolenic acid content 

decreases with earlier planting dates (Ray et al., 2008). Drought and precipitation do not have a 

significant influence on the seed fatty acid composition in soybean seed oil (Dornbos and 

Mullen, 1992; Maestri et al., 1998). The influence of irrigation on fatty acid levels in soybean 

with altered fatty acid profiles was not significant for unsaturated fatty acid accumulation in 

comparison to genotypes grown under rain fed conditions (Lee et al., 2008). Light quality, 
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intensity and the amount of intercepted solar radiation per plant are negatively correlated with 

the level of polysaturated fatty acids in soybean oil (Wilcox and Cavins, 1992; Izquierdo et al., 

2009). As intercepted solar radiation per plant increased, oleic acid content increased 

accompanied by a reduction in linoleic and linolenic fatty acid. Intercepted solar radiation per 

plant does not affect saturated fatty acid content. Plant density affects linolenic acid content so 

that low seeding rates result in greater linolenic acid content for plants compared to those from 

higher seeding rates (Butler et al., 2010).  

Soybean lines with altered fatty acid profiles follow similar environmental trends as 

unaltered soybean genotypes (Schnebly and Fehr, 1993). Understanding environmental stability 

to predict performance is fundamental for breeding programs developing soybean cultivars with 

altered fatty acid profiles (Maestri et al., 1998). Except for elevated stearic acid content, 

genotypes with altered fatty acid profiles are as or more stable across environments than normal 

profiled soybeans (Primomo et al., 2002b). Cultural practices, plant residues, soil type, soil 

fertility and pressures from weeds, diseases and insects have not been fully investigated, but 

could possibly affect seed fatty acid content. 

 

1.7.2 FERTILIZER EFFECTS ON SEED FATTY ACID COMPOSITION 

The cultural practice of applying fertilizers to soybean crops with altered fatty acid 

profiles has received little attention, despite its importance for the release of novel soybean 

varieties having those traits. Application of N has been found to have almost no effect on the 

seed fatty acid composition (Ham et al., 1957). Nitrogen enters soybean plants via dinitrogen 

fixation through the symbiotic relationship with Bradyrhizobia japonicum or through direct 

nitrate uptake from the soil, and both processes are essential for maximum seed yield (Heatherly 
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and Elmore, 2004). Soil nitrate uptake inhibits symbiotic fixation, however, delaying nodule 

formation. Soybean N uptake reaches a maximum rate of 4.5kg N ha-1 d-1 between the beginning 

of pod development (R3; Fehr et al., 1971) and full pod (R4; Fehr et al., 1971) growth stages, 

requiring large amounts of N in comparison to other field crops (Heatherly and Elmore, 2004). 

High application rates of N at soybean emergence, during the vegetative stages (V1 to Vn; Fehr 

et al., 1971), full bloom (R2; Fehr et al., 1971) or at both stages results in an increase in total oil 

content and a corresponding decrease in total protein content (Ray et al., 2006; Purcell and King, 

1996). Application of late season foliar N fertilizer has little to no effect on total oil and protein 

content in the mature soybean seed (Gutierrez-Boem et al., 2004).  

The effects of P and K application on soybean seed constituents have received less 

attention than N to this point. Phosphorus in plants is necessary for the storage and transfer of 

energy generated via photosynthesis, seed germination, stimulation of root development, as well 

as flowering, prevention of disease, and water use efficiency (The Fertilizer Institute, 2011). 

Phosphorus requirements in soybean are highest from the beginning of pod development (R3; 

Fehr et al., 1971) through full seed development (R6; Fehr et al., 1971), as more than 60% of P 

that enters the plant ends up on the pods and seeds (The Fertilizer Institute, 2011). Little research 

has been conducted on the effects of P on soybean seed composition. Potassium is important for 

maximizing yield through nodule formation, functioning in stress responses, preventing wilting, 

strengthening of roots and stems, and assisting in phloem transport (The Fertilizer Institute, 

2011). Peak absorption of K occurs from flowering (R1; Fehr et al., 1971) through early pod 

development (R3; Fehr et al., 1971; The Fertilizer Institute, 2011). Seeds produced by K-

deficient plants have low total oil content and high total protein content compared to seed from 

soybeans supplied with adequate K (Sale and Campbell, 1986). Significant differences in 
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composition of seeds from the two K regimes appear after the first half of the seed-filling period 

(R6; Fehr et al., 1971). When plants that have been supplied with adequate K prior to the 

reproductive stage are deprived of K during seed fill  (R6; Fehr et al., 1971), total oil and protein 

content are not affected, suggesting that accumulation of K prior to seed fill determines seed oil 

and protein content (Sale and Campbell, 1986). Seed oil content is highly and significantly 

positively correlated with leaf K, seed K concentrations and seed yield (Yin and Vyn, 2003).  

No recent investigations have evaluated the effect of P and K fertilizers and the rate of 

application on individual fatty acid contents in mature soybean seeds. Inconsistent relationships 

between seed fatty acid content and various fertilizer treatments have been reported (Gaydou and 

Arrivets, 1983).  The relationship between linoleic and linolenic acid content in response to 

varying levels of N, P, K, micronutrients, manure and plant residues is small and inconsistent 

(Howell and Collins, 1957). These studies are old and fairly sparse, however, and the effect of P 

and K fertilizers on the individual fatty acid contents in soybean seeds is largely unknown. 

 

1.7.3 FERTILIZER EFFECTS ON RELATED CONSTITUENTS 

A minor constituent of soybean seeds, isoflavones are beneficial to human health as they 

reduce menopausal symptoms and, the incidence of certain cancers and cardiovascular diseases 

(Messina and Messina, 1994). Three principal isoflavones found in soybeans are – diadzein, 

genistein, and glycitein. Seed isoflavone concentration is controlled by genotype, environment 

and the G # E interaction (Vyn et al., 2002; Al-Tawaha and Seguin, 2006). Environmental 

factors affecting isoflavone content include temperature, soil moisture, atmospheric carbon 

dioxide levels, light quality, pest occurrence and nutrient management (Tsukamoto et al., 1995; 

Bennett et al., 2004; Al-Tawaha et al., 2007; Kim et al., 2005; Vyn et al., 2002; Wegulo et al., 
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2005). Soybeans grown at low temperatures – daytime 25°C and night time 10°C — during seed 

fill (R6; Fehr et al., 1971) have up to 18 times higher isoflavone content than seeds grown at high 

temperatures –daytime 38°C and night time 28°C — during seed fill (R6; Fehr et al., 1971; 

Tsukamoto et al., 1995).  

Other factors affecting isoflavone content include irrigation, which increases both total 

content and the proportion of diadzein and genistein, and elevated CO2 levels, which increase 

isoflavone content (Bennett et al., 2004; Kim et al., 2005). Biotic stresses such as wounding due 

to pest occurrence may also increase soybean isoflavone content (Wegulo et al., 2005). Research 

on the effect of specific fertilizer management practices on soybean isoflavone content show that 

application of K to low-K soils also increases total isoflavone content, while increasing the 

proportion of diadzein and genistein in soybean seeds (Seguin and Zheng, 2006). Application of 

varying rates P, K, S, and boron (B) to medium-to-highly fertile soils has no effect on isoflavone 

content; application of these nutrients to low-fertility soils, however, increases isoflavone 

content. Further investigation of the effect of other macro and micronutrients on isoflavone 

content is needed.  

Development of isoflavones in soybeans can be compared to the development of 

lycopene, the red carotenoid found in tomatoes (Sesso et al., 2003). Lycopene content in 

tomatoes is similarly controlled by genotype, environment and the G # E interaction (Saito and 

Kano, 1970; Dumas et al., 2003). Environmental factors that affect lycopene content include 

temperature, light quantity and quality, and soil moisture and nutrient management. 

Development of tomatoes at temperatures above 32°C or below 12°C significantly reduces the 

rate of lycopene biosynthesis and decreased lycopene content is found in tomatoes receiving 

excessive infrared and short wave radiation exposure during ripening (Tomes, 1963; Dumas et 
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al., 2003). Lycopene content is increased in tomatoes by high red light exposure during fruit 

ripening, but decreased by soil moisture stress (Naphade, 1993).  

Specific fertilizer management practices and their effects on lycopene content in 

tomatoes show controversy over the relationship between N availability and lycopene content 

(Dumas et al., 2003; Colla et al., 2003). Different N rates did not influence lycopene content 

during a field experiment using N rates of 0 to 160 kg ha-1, however, a conflicting growth room 

experiment using a hydroponic system found an increase in lycopene content when tomatoes 

were grown in a nutrient solution with low levels of N (Aziz, 1968). One positive influence on 

lycopene development did result from increasing the P supply from 0 to 100 mgl-1 in a 

hydroponic nutrient solution (Colla et al., 2003; Sanito and Kano, 1970).  

Increasing Ca concentration in a hydroponic nutrient solution system decreases lycopene 

content in tomatoes, possibly due to a decrease in K absorption as a result of cationic 

competition (Paiva et al., 1998). Increasing K concentration in a soil-pot growth room 

experiment has a positive correlation with lycopene content in tomatoes, while tomato K 

deficiency may lower the rate of carotenoid synthesis, lycopene synthesis, specifically (Trudel 

and Ozbun, 1970). A comparison between the effects of fertilizers on the carotenoid biosynthetic 

pathway in tomatoes and on isoflavone development in soybeans suggests fertilizers may affect 

the fatty acid biosynthetic pathway in soybean. 

 

1.8      SOYBEAN SEED FATTY ACIDS AS A SOURCE FOR POLYOL DEVELOPMENT 

Production of biodegradable polymers using soybean oil focuses on modifying the oil 

fatty acid profile for optimal polyurethane production (John et al., 2002; Jalilan et al., 2008). 

Polyurethane production involves the addition of a hydroxyl group to double bonds in fatty acid 
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side chains of TAG in soybean oil, resulting in a hydroxyl-functionalized monomer called 

polyols (Guo et al., 2000). Polyols react with a second monomer containing an isocyanate group 

forming an essential urethane bond (Pechar et al., 2006). TAG are composed of three fatty acids 

esterfied to the hydroxyl groups of a glycerol backbone. Sites of unsaturation in fatty acids are 

used to introduce hydroxyl groups, thus the number of functional groups will vary depending on 

the TAG structure (John et al., 2002).  

Soy-based polyols form the basis for sustainable polyurethane production while 

eliminating dependence in petroleum (Guo et al., 2000). Polyurethane is a multipurpose 

polymeric material respecting both processing methods and mechanical properties. The basic 

ingredients for polyurethane formulation are hydroxyl-containing polyols, cross linkers, 

surfactant, catalyst, blowing agent, water and, an isocyanate (John et al., 2002). Different 

combinations of the key components define the final polyurethane properties (Janvi et al., 2003).  

Polyurethane mechanical properties can range from viscoelastic gels to flexible foams such as 

slab stock foams and molded foams to rigid crystalline foams (Zhang et al., 2007).  Applications 

in industry include thermal insulating and packaging, coatings, adhesives, sealants and 

elastomers for use in building construction, various consumer products and for transportation and 

medical supplies (Janvi et al., 2003).  

Polyurethane formation requires functionalized sites that are more reactive than the 

internal double bond sites found in soybean oil’s fatty acid chains (Figure 1.2; Guo et al., 2006). 

Saturated fatty acid branches are essentially non-functional in soy-based polyols (Kiatsimkul et 

al., 2007). The unsaturated fatty acids have internal cis-double bonds with the first being 

positioned between the 9th and 10th carbon from the carboxyl end, the second between the 12th 

and 13th carbon and the third between the 15th and 16th carbon (Nielsen, 1996). The average 
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Figure 1.2. Structure of (a) soybean oil TAG made up of oleic, linoleic and linolenic fatty acid 

side chains and (b) functionalized soy polyol (Adapted from John et al., 2002). 
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number of double bonds per TAG in soybean oil is about 4.6 (Guo et al., 2000). Because the 

number of double bonds per soybean oil molecule is uneven and results in different degrees of 

cross-linking density in polyurethane material, functionality distribution determines success 

(Guo et al., 2000; Latere Dwan’Isa et al., 2003).  

Although isocyanates can be made from dimerized fatty acids, currently only polyols 

derived from vegetable oils are used for polyurethane production, as dimerized bio-isocyanates 

do not have sufficient reactivity for the foam reaction (Javni et al., 2003). The chemical structure 

of the isocyanates determines the rigidity and cross-linking density of polyurethane networks. 

Aliphatic diisocyanates create highly flexible and impact resistant polyurethanes whereas 

aromatic diisocyanates can produce a higher cross-linked polyurethane network. Petroleum-

based aromatic isocyanates include toluline diisocyanate and methane diisocyanate. 

Despite the presence of polar hydroxyl groups, soy polyol molecules remain relatively 

non-polar due to the glycerol backbone comprised of long hydrophobic aliphatic chains (Guo et 

al., 2000). Hence, an efficient surfactant is essential to ensure successful mixing of all 

ingredients. Surfactant in excess can act as a plasticizer and some types of surfactant are 

insufficient for the soy foam reaction. Reactivity and type of catalyst impart their own effects on 

the foaming process and resultant cellular structure of the foams (John et al., 2002). Catalyst 

types (i.e. tin, caprylate, octoate ect.) and amount of catalyst added depends on the method of 

functionalization chosen (Petrovic et al., 2004; Guo et al., 2006; Kiatsimkul et al., 2007; Ionescu 

et al., 2007). Water volume in the reaction affects the reaction time and the density of the 

resultant foam (John et al., 2002). As the amount of water increases, so do reaction time and the 

amount of carbon dioxide released, resulting in lower density polyurethane. 
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Reaction of isocyanate with reactive hydroxyl groups is required for polyurethane 

production (Zhang et al., 2007). Soybean oils do not typically bear hydroxyl groups naturally. 

Currently there are several chemical methods for functionalization of the unsaturated sites in 

TAG producing structurally different polyols (Figure 1.3): hydroformylation followed by 

hydrogenation (Figure 1.3.b; Guo et al., 2006; Kiatsimkulet al., 2007); epoxidation followed by 

oxirane opening (Figure 1.3.c; Petrovic et al., 2004; Ionescu et al., 2007); ozonolysis followed by 

hydrogenation (Figure 1.3.d; Petrovic et al., 2004); transesterification and microbial conversion 

(Figure 1.3.e; Guo et al., 2006). Two types of polyols that characteristically result from these 

techniques – polyols with primary hydroxyl groups or polyols with secondary hydroxyl groups 

(Guo et al., 2006). Primary polyols have an additional carbon atom to which the hydroxyl group 

is attached whereas secondary polyols have the hydroxyl group off the main fatty acid chain with 

methyl groups as side chains.  Primary polyols are desirable for polyurethane synthesis as gelling 

times are much shorter and the reaction is more complete. 

Functionalization procedures differ in the type of reaction created as well as the type of 

polyol produced. Hydroformylation functionalization produces polyols with primary hydroxyl 

groups (Figure 1.3.b; Guo et al., 2006). This process involves the reaction of carbon monoxide 

and hydrogen with the unsaturated double bonds, generating reactive aldehyde groups. 

Aldehydes are hydrogenated to alcohols, which are than converted to primary polyols (Petrovic 

et el., 1998; 2002; 2004). Epoxidation and the subsequent hydroxylation is a two-step 

consecutive process that introduces epoxy groups at the position of the double bond (Figure 

1.3.c; Petrovic et al., 1998). A solvent peroxyacid is added to crude soybean oil wherein the oil 

and the peroxyacid react forming epoxized soybean oil (Petrovic et al., 2004). Alcohol, water, 

and flourbic acid react with epoxy groups causing ring opening resulting in the formation of  
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Figure 1.3. Illustration of functionalized soy polyol based on reaction used to derive the polyol 

from soybean oil. (a) Soybean TAG with an oleic fatty acid side chain. (b) TAG functionalized 

by the hydroformulation process followed by hydrogenation. (c) TAG functionalized by 

epoxidation followed by oxirane ring-opening. (d) TAG functionalized by ozonolysis followed 

by hydrogenation. (e) TAG functionalized by microbial conversion (Adapted from Zhang et al., 

2007). 
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secondary polyols (Petrovic et al., 2004; Ionescu et al., 2007). Ethoxylation further improves 

reactivity by converting secondary polyol groups to primary polyol groups (Ionescu et al., 2007). 

Ozonolysis produces primary polyols with terminal hydroxyl groups (Figure 1.3.d; 

Petrovic et al., 2004). The double bond site is essentially cleaved leading to the formation of a 

carboxylic acid, aldehyde, or a hydroxyl group depending on reaction conditions (Guo et al., 

2006). Theoretically, the results of ozonolysis comprise TAG with a maximum of three hydroxyl 

groups, yet heterogeneity, may produce glycerides that are triols, diols, or monols. 

Transesterification is the one step process of reacting soybean oil with polyfunctional alcohols 

resulting in a mixture of monoglyceride and diglyceride polyols (Petrovic et al., 2004). Microbial 

hydroxylation is a newly emerging field, which is environmentally attractive, however very 

costly due to the expensive catalysts required (Figure 1.3.e; Guo et al., 2006). 
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CHAPTER 2:  

 

AGRONOMIC EVALUATION AND DETERMINATION OF CORRELATION COEFFICIENTS  

FOR MODIFIED FATTY ACID PROFILED SOYBEAN LINES FROM  

DIVERSE GENETIC BACKGROUNDS FOR POLYURETHANE PRODUCTION 
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2.1 ABSTRACT 

 High linoleic oils are desirable feedstocks for polyurethane production and the 

development of high linoleic low saturated fatty acid soybeans would fit this industrial need. 

However, the success of this production depends upon the environmental stability of the linoleic 

acid trait and its correlation with agronomic and other seed quality traits. The objectives of this 

study were to evaluate the influence of the environment on yield components and seed 

composition traits of soybean lines with altered fatty acid composition and to estimate 

correlation coefficients between linoleic acid content and agronomic and seed compositional 

traits. Six commercial soybean lines and 14 altered fatty acid profile soybean lines were planted 

in a RCBD at two locations in Southwestern Ontario in 2010 and 2011. Data was collected on 

emergence, days to maturity, height, lodging, seed yield, seed quality, oil and protein content, 

and seed fatty acid composition. Location was significant for linoleic acid content in 2010, but 

not in 2011. In the combined years and locations analysis of variance, year and genotype#year 

were a significant source of variation for linoleic acid content but location was not. A negative 

correlation exists between linoleic acid and total seed yield when high and normal linoleic acid 

content lines were compared. A negative correlation also exists between linoleic acid and the 

saturated fatty acids. Pleiotrophy or linkage of the fap1, fapx, fas, and fan-b alleles to 

unfavourable yield alleles may be the reason for this negative correlation. It is also possible that 

the chemical mutagenesis EMS method used to develop the high linoleic acid content lines 

generated independent additional mutations in the soybean lines. RG25 was the most promising 

line evaluated in this study, which could be developed into a commercial variety tailored for 

polyurethane production. 
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2.2 INTRODUCTION 

 The development of soybean lines with modified fatty acid profiles by soybean breeders 

(Primomo et al., 2002b) has led to the creation of new breeder goals: the development of soybean 

cultivars tailored for polyurethane production. Polyurethane manufactured from soybean oil 

provides a sustainable green solution to the automotive industry, which may provide a premium 

for soybean producers (Guo et al., 2000). Commercialization of these novel genotypes is 

dependent on their agronomic performance across locations and years and any possible 

associations between the high linoleic trait with yield and other agronomic and seed 

compositional traits.  

Polyurethane formation requires hydroxyl-functionalization of double bonds in the fatty 

acid side chains of soybean oil TAG, which become polyols (Gou et al., 2000).  Soy polyols 

react with a second monomer containing an isocyanate group to form a urethane bond as the 

foundation of bio-based polyurethane production (Pechar et al., 2006). For soybean polyol 

production, oleic and linoleic fatty acid chains are optimal, while saturated fatty acid chains are 

essentially non-functional (Kiatsimkul et al., 2007). The one and two double bonds contained in 

oleic and linoleic fatty acid chains are stable under oxidative conditions, providing sites for 

hydroxyl functionalization (Kiatsumkul et al., 2007). 

Successful development of high linoleic and low saturated acid cultivars for polyurethane 

production will depend on development of cultivars with seed yield and other agronomic and 

seed traits similar to cultivars with typical fatty acid profiles currently in production. Several 

studies have shown that mutant alleles governing the fatty acid profile are negatively associated 

with seed yield (Cardinal et al., 2007; Cardinal and Burton, 2007; Cardinal et al., 2008; Scherder 

and Fehr, 2008). In two populations, lines homozygous for the fannc allele have consistently 
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reduced plant height and seed yield with a small increase in protein content (Cardinal et al., 

2007; Cardinal et al., 2008). In one of the populations, lines homozygous for the fap1 allele have 

reduced seed yield (Cardinal et al., 2008). Total seed yield was negatively correlated with stearic 

acid content in lines homozygous for the fasa allele, and differences in days to maturity, lodging, 

plant height, protein content, oil content, palmitic, oleic, linoleic, and linolenic acid contents 

were also associated with this allele (Lundeen et al., 1987; Hartmann et al., 1997). The ol allele 

that confers high oleic acid content was negatively associated with total seed yield, oil content, 

days to maturity and days to flowering (Scherder and Fehr, 2008; Bachlava et al., 2008a; Oliva et 

al., 2006). Total seed yield reduction in comparison to normal-linolenic acid content lines has 

been attributed to the presence of the fan1fan1fan2fan2 or fan1fan1fan2fan2fan3fan3 alleles found in 

low linolenic acid content lines (Walker et al., 1998; Ross et al., 2000). Plant height, total seed 

yield, seed size and weight, and seed quality are negatively correlated with the linh allele found in 

the high linolenic acid soybean line (Rahman et al., 1994). 

Other studies have shown that mutant alleles governing the fatty acid profile in soybean 

had no influence on yield components. Total seed yield was not affected in low palmitic acid 

lines governed by the fap1 or fap3 alleles, remaining on par with the recurrent high-yielding 

parent (Horejsi et al., 1994). Total seed yield was not significantly different between high and 

low stearic acid progeny developed from a cross using the high stearic acid line A10 harboring 

the fasb allele (Graef et al., 1985; Lundeen et al., 1987). Days to maturity, lodging, and plant 

height were not significantly different in low linolenic acid lines governed by the 

fan1fan1fan2fan2 or fan1fan1fan2fan2fan3fan3 alleles in comparison to normal linolenic acid lines 

(Walker et al., 1998; Ross et al., 2000). An explanation for differences in the effect of mutant 

fatty acid alleles on agronomic and seed composition traits is that genetic background differences 
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can alter the effects of the mutant alleles (Cardinal and Burton, 2007). Given that linkage drag is 

the cause for the unfavourable associations between mutant fatty acid alleles and agronomic and 

seed traits, the more breeding generations performed, the greater the chance these unfavourable 

linkages will be broken through recombination (Scherder and Fehr, 2008). 

In addition to plant genotype governing fatty acid content, allele expression and the 

activity of their gene products depends upon environmental conditions (Wilson, 2004). High 

temperatures during the oil deposition phase of seed maturation (R5 to R6; Fehr et al., 1971) 

results in seed oil high in saturated fatty acids, while in contrast, cooler temperatures leads to oil 

being high in polyunsaturated fatty acids (Howell and Collins, 1957; Wolf et al., 1982; Wilcox 

and Cavins, 1992). High temperatures during the seed fill stage are negatively correlated with 

linoleic and linolenic acid as high temperatures hinder polyunsaturated fatty acid biosynthesis 

(Byfield and Upchurch, 2007a & 2007b). Decreased linolenic acid content in seeds has been 

suggested as resulting from changes in the oleate desaturases enzyme of the fatty acid 

biosynthesis pathway (Burton, 1991). Encoded by the FAD2-1A gene, oleate desaturase has been 

found to degrade at high temperatures (Tang et al., 2005).  

Elevated-unsaturated seed fatty acid levels coincide with later planting dates that expose 

soybeans to cooler temperatures during the oil deposition phase (Wilcox and Cavins, 1992). 

High light quality, intensity and intercepted solar radiation per plant are negatively correlated 

with polyunsaturated fatty acid content in soybean oil (Wilcox and Cavins, 1992; Izquierdo et 

al., 2009). Amount and quality of intercepted solar radiation captured per plant in the field was 

affected by seeding rate, with low seeding rates producing seeds with a high linolenic acid 

content in comparison to those from higher seeding rates (Butler et al., 2010).  
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 The first objective of this study was to determine the influence of the environment on 

economically important agronomic traits and seed quality characteristics of genetically diverse 

soybean lines with modified fatty acid profiles. The second objective was to estimate correlation 

coefficients of linoleic acid with agronomic and seed compositional traits. Identification of the 

influence of the environment and correlations between linoleic acid and economically important 

traits will allow breeders and producers to develop cultivars that will have consistent traits across 

multiple environments and genetic backgrounds.  

 

2.3 RESEARCH HYPOTHESIS  

Agronomic traits, seed quality characteristics, and seed composition of lines evaluated in 

this study will be significantly influenced by genotype and environmental variation. 

Unfavourable negative correlation coefficients will exist for linoleic acid with plant height, seed 

yield and protein content.  

 

2.4 MATERIALS AND METHODS 

Soybean lines grown in this study included six commercial soybean varieties (OAC 

Wallace, OAC Prodigy, OAC Huron, OAC Kent, Katrina, and 1DH530) and fourteen 

recombinant inbred lines (RILs)  with modified fatty acid profiles from Population A and E, all 

of which were developed at the University of Guelph (Guelph, ON, Canada). 
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2.4.1 SOYBEAN GENOTYPE DEVELOPMENT AND SELECTION 

2.4.1.1 DEVELOPMENT OF RILS IN POPULATIONS A AND E 

Parental crosses in 1997 began the development of RIL populations A and E, and in the 

following year all F2 seeds were grown in a growth room. Progeny was advanced to F5 using 

single seed descent (Hou et al., 2006). Single F5 seeds harvested from each F4 plant were planted 

in 2000 at Ridgetown Research Station (ON, Canada). F6 (2001), F7 (2008), and F8 (2009) seeds 

were planted in two locations in southwestern Ontario (Hou et al., 2006; Hemingway, 2010). F9 

RILs included in this field study were selected on the basis of high linoleic acid content, low 

saturated fatty acid content and high total seed yield (Hemingway, 2010).  

 

2.4.1.2 PEDIGREE ANALYSIS OF MODIFIED FATTY ACID PROFILED SOYBEAN LINES CARRYING 

  MUTANT ALLELES 

Six RILs were selected from Population E, a population derived from the parental cross 

of RG10 ! SV64-53 (Figure 2.4.1). Population E segregates for the fan-b, fap1, and fapx alleles 

and, consequently, for reduced linolenic and reduced palmitic acid content. The fan-b allele 

conferring low linolenic acid content in RG10 was obtained by soaking C1640 seeds in 2500 

mg/L aerated solution of EMS for 24 hours (Wilcox and Cavins, 1985; 1986; 1987; Stojsin et al., 

1998b), suiting it to inclusion as a genotype in the field study. C1640 was developed using EMS 

of the soybean cultivar ‘Century’ in a mutation-breeding program conducted cooperatively by 

the USDA-ARS and the Purdue University of Agricultural Experiment Station (Wilcox and 

Cavins, 1990). Crossing two low palmitic acid content lines, ELLP-3 harboring the fapxfapx 

alleles (Stojsin et al., 1998a) and C1726 harboring the fap1fap1 alleles (Erickson et al., 1988; 
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Wilcox and Cavins, 1990; Fehr et al., 1991b), created SV64-53. ELLP-3 and C1726 were 

developed using EMS chemical mutagenesis of Elgin87 and Century, respectively. 

 Two RILs were selected from Population A, a population derived from the parental cross 

of RG2 ! RG7 (Figure 2.4.1). Crossing two low palmitic acid content lines, CLP-1 governed by 

the fap1fap1 alleles (Stojsin et al., 1998b) with ELLP-2 governed by the fapxfapx alleles (Stojsin 

et al., 1998a), created RG2. The fasfas genotype of the high stearic acid content line RG7 was 

developed through EMS chemical mutagenesis of the cultivar Elgin 87 (Primomo et al., 2002b). 

Population A segregates for the fap1, fapx, and fas alleles and, therefore, segregates for reduced 

palmitic and elevated stearic acid content. 

 Alleles for high oleic acid content seem to be present but unidentified in the soybean line 

MFA-1, the progeny of the parental cross RG9 ! RCAT Dover (Figure 2.4.1). Possibly harboring 

ol alleles, the mid-oleic acid content line RG9 was developed by EMS mutagenesis of the 

cultivar Elgin 87 (Primomo et al., 2002b). RCAT Dover was developed from crossing two 

soybean genotypes with good yield potential, A2615 ! S24-92 (Stirling et al., 2006). 

The mid-oleic acid content soybean line MFA-5 is the progeny of the parental cross N98-

4445A ! RCAT Dover (Figure 2.4.1). A naturally occurring mutation at the ol loci is harbored 

by N98-4445A (Burton et al., 2006). N98-4445A was developed through the cross of N94-2473 

! (N93-2007-4 ! N92-3907) and has N78-2245 in its pedigree, which contains a mutation in the 

FAD2-1 gene (Burton et al., 2006). FAD2-1 is responsible for the desaturation of oleic acid to 

linoleic acid in the fatty acid biosynthesis pathway (Wilson et al., 1981; Heppard et al., 1996).  

Crossing low palmitic acid content lines, ELLP-3 harboring the fapxfapx alleles (Stojsin 

et al., 1998a) with CLP-1 harboring the fap1fap1 alleles (Stojsin et al., 1998b) created the high-

linoleic acid content line RG25 (Figure 2.4.1). Two low linolenic acid content lines, OAC07-
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Figure 2.4.1. Source of mutant alleles in experimental soybean lines with non-modified fatty acid profiles.  Major alleles controlling  

fatty acid content are given in italics adjacent to genotypes. Soybean lines included in the field study are given in bold. 
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77C-LLN and OAC07-78C-LLN, were selected from the cross of OAC Shire with 4457 (Figure 

2.4.1; Personal contact with Wade Montminy, 2011). OAC Shire is the progeny of the cross of 

A80-147002 by A1895 (Beversdorf et al., 1994). Unidentified alleles in 4457 are the source of 

the low linolenic acid content in OAC07-77C-LLN and OAC07-78C-LLN. 

 

2.4.2 FIELD MANAGEMENT 

Field locations for the 2010 and 2011 growing seasons included the Woodstock Research 

Station and St. Pauls in Southwestern Ontario, Canada. Field design included three replicates of 

20 soybean genotypes per location planted in a Randomized Complete Block Design (RCBD), 

establishing a total of four different environments. In 2010, Woodstock plots were planted on 

May 18th and St. Pauls plots were planted on May 10th. In 2011, the Woodstock plots were 

planted on June 2nd and the St. Pauls plots were planted on June 3rd. Two 36-cm rows were 

planted in Woodstock in 2010, and four 36-cm rows were planted in Woodstock in 2011. For 

both 2010 and 2011, St. Pauls was planted in four 36-cm rows. All plots in all locations were 

planted at a row length of 6.2 m. Approximately 250 seeds were planted per two-row plot and 

500 seeds per four-row plot, so that seeding density per plot at each location was 54 seeds m2. 

After plant establishment, all plots were trimmed to a row length of 5.0 m.  

Cultural management of plots included conventional tillage and herbicide application. 

Fields in Woodstock and St. Pauls were under the standard crop rotation of corn and soybean. 

Herbicides applied included Basagran Forté at 2.25 L/ha and Pinnacle at 8 g/ha for control of 

broad leaf weeds post-emergence. Grasses and volunteer corn were controlled using post-

emergence Assure II at 0.63 L/ha with the surfactant Suremix at 5 L/1000L. Fertilizers were not 

applied and soil tests were not conducted. In 2010, plots in Woodstock were harvested on 
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October 28th and plots in St. Pauls were harvested on October 12th. In 2011, plots in Woodstock 

were harvested on October 29th and plots in St. Pauls were harvested on October 17th. All rows in 

all 5.0-m trimmed plots were harvested.  

 

2.4.3 AGRONOMIC AND SEED QUALITY DATA COLLECTION 

 Agronomic traits were measured for all plots at each location and in each year, which 

included grain yield in bu/ac after moisture was adjusted to 13% using the Dickey-John Grain 

Analysis Computer (Champion Industrial Equipment, Cornwall, ON, Canada). Days to maturity 

were recorded as the date when 95% of seedpods turned brown (R8; Fehr et al., 1971) on a plot 

basis. Plant height was measured as the average height in cm of a plant in the plot, measured 

from the ground to the tip of the representative plant’s main stem. Standability of plants in a plot 

at maturity was scored by lodging, with a scale of 1.0 = almost all completely erect to 5.0 = 

almost all plants completely flattened. Emergence was measured as an estimation of whole plot 

emergence measured on a scale of 0 = 0% emergence to 10 = 100% emergence. Color of flower, 

pubescence, and hilum in a plot was also recorded. 

Analysis of seed quality characteristics included 100 seed weight of a representative 

sample from each plot to measure seed size, as measured in grams with the OHAUS EB Series 

balance (OHAUS Corporation, New Jersey, USA). Seed quality was based on the amount and 

degree of wrinkling, seed coat defects including growth cracks, greenishness and presence of 

mold or other pigments, and was measured on a scale of 1.0 = very good to 5.0 = very poor. 

Percentages of protein and oil were measured with a GrainSpec NIRT analyzer (Foss Electric, 

York, England). Seed fatty acid composition was measured with a Hewlett Packard 6890 Series 

GC (Hewlett Packard, Palo Alto, CA). 
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2.4.4 SEED COMPOSITION ANALYSIS 

Fatty acid composition analysis began by drying a 5.0-g representative seed sample from 

each plot for 24 hours in an oven set at 110°C. Dried samples were ground into a fine powder 

using coffee grinders. Ground samples were stored in labeled Ziploc bags in the absence of light 

to prevent the degradation of fatty acids. 

 Fatty acid extraction began by transferring one GC capful per ground soybean sample 

into individually labeled 10-mL screwtop glass tubes using a spatula fitted with a GC cap. To 

each test tube, 0.6-mL of 0.25 M KOH solution in methanol:diethyl ether (1:1) (Fisher Scientific, 

Ottawa, ON; Appendix A) was added. Samples were vortexed on the Type 16700 Mixer 

(Thermo Scientific, Mississauga, ON) for 15 sec prior to heating for one minute in a 60°C hot 

water bath. The addition of 2.0-mL of saturated NaCl solution and 2.5-mL of iso-octane HPLC 

grade (Fisher Scientific, Ottawa, ON; Appendix A) to each tube followed cooling of the samples 

for 10 min. Samples were vortexed (Thermo Scientific, Mississauga, ON) for 10 seconds to 

ensure sufficient mixing of solutions. Samples were transferred to a tabletop centrifuge and 

centrifuged at 200 X g for 1 min to allow phases to separate. Approximately 1.0-mL of 

supernatant was pipetted into a 2.0-mL auto sampling GC vial. GC vials were crimp capped with 

an aluminum seal and organized according to location within each block into the GC for analysis 

of seed fatty acid composition.  

The GC was equipped with a Flame Ionization Detector (FID) and fitted with a 15-m 

length and 0.25-mm diameter capillary column (Product Code 19808-1610, Wilmington, DE).  

Oven temperatures started at 180°C and increased sequentially to 240°C during each sample’s 

cycle.  The front inlet temperature was set to 290°C and the front detector temperature was set to 

330°C.  Helium gas was used as the carrier gas, and set at a flow rate of 3.3-mL/min. The 
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hydrogen and airflow rates were set at 45-mL/min and 450-mL/min, respectively. A standard 

fatty acid mixture from the University of Guelph Soybean Breeding Laboratory (Guelph, ON, 

Canada) was used as a control and for standard curve calibration.  

Hewlett Packard’s Agilent ChemStation RevB.04.02 computer software (Agilent 

Technologies, Mississauga, ON) integrated and recorded peaks to determine the fatty acid 

composition for each sample. Area under each peak specifies the percent composition of 

palmitic, stearic, oleic, linoleic and linolenic fatty acids making up the total oil profile. 

 

2.4.5 CLIMATE DATA COLLECTION 

 Climate data was collected from the Environment Canada National Climate Data and 

Information Archive (Environment Canada, 2011). Monthly data collected included maximum, 

minimum and mean temperatures, along with accumulation of precipitation. The weather station 

that collected weather data for the Woodstock Research Station was located at a latitude of 43° 

08' 10.044" N and a longitude of 80° 46' 14.040" W. The elevation of the station is 281.90 m. 

Woodstock weather data for the years 2010 and 2011 (Climate ID: 6149625) is presented in 

Table 2.5.2. The weather station that collected weather data for St. Pauls was located at the St 

Pauls Ministry of Environment Station in Stratford, at a latitude of 43° 22' 08.016" N and a 

longitude of 81° 00' 17.058" W. The elevation of the station is 345.00 m. St Pauls weather data 

for the years 2010 and 2011 (Climate ID: 6148105) is presented in Table 2.5.2.  

 

2.4.6 ESTIMATION OF CORRELATION COEFFICIENTS 

High linoleic acid content lines evaluated in this study included RILs from Population A 

and E and RG25 (Table 2.5.3). Population A is segregating for the fap1, fapx, and fan-b alleles, 
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Population E is segregating for the fap1, fapx, and fas alleles, and RG25 conceivably contains the 

fap1 and fapx alleles. Normal linoleic acid lines evaluated in this study included OAC Wallace, 

OAC Prodigy, OAC Huron, OAC Kent, Katrina, and 1DH530, none of which are known to 

contain mutant alleles that govern the fatty acid profile. Correlations of linoleic acid content with 

yield components and seed composition characteristics were evaluated, as correlations can 

change depending on the presence of mutant alleles in different genetic backgrounds (Cardinal 

and Burton, 2007). Correlation coefficients are a measure of the degree to which two variables 

fluctuate together with no assumed cause and effect relationship between the two variables 

(Cardinal and Burton, 2007). This is not true of correlations established between linoleic acid 

with other fatty acid as the stepwise fashion of fatty acid biosynthesis cause a dependent 

relationship. Also correlation coefficients were calculated using a very small number of samples. 

 

2.4.7 STATISTICAL ANALYSIS 

 PROC GLM in SAS version 9.2 (SAS Institute Inc., Cary NC) was used to obtain 

LSMeans for all traits measured. Combined analyses of variances using PROC MIXED in SAS 

version 9.2 (SAS Institute Inc., Cary NC) were used to analyze agronomic and seed quality data 

collected in the years 2010 and 2011 for both locations (Woodstock and St. Pauls) and for the 

combined years and locations. Combined analysis of variance using PROC MIXED in SAS 

version 9.2 (SAS Institute Inc., Cary NC) was conducted for fatty acid composition to determine 

year and location effects on the expression of fatty acid alleles in this set of materials. PROC 

MIXED in SAS version 9.2 (SAS Institute Inc., Cary NC) was used to obtain F-values for each 

source of variation measured for each agronomic and seed quality trait. Fixed effects included 

genotype and location while the year effect was considered to be random. 
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PROC GLM in SAS version 9.2 (SAS Institute Inc., Cary NC) was used to compare high 

linoleic acid content lines to normal linoleic acid content lines for yield components and seed 

composition traits. PROC CORR in SAS version 9.2 (SAS Institute Inc., Cary NC) was used to 

obtain correlation coefficients for linoleic acid with yield components and seed component traits.  

 

2.5 RESULTS AND DISCUSSION 

2.5.1  ENVIRONMENTAL INFLUENCE ON AGRONOMIC TRAITS AND SEED QUALITY 

 CHARACTERISTICS 

 Agronomic trait values, seed quality characteristics, and individual fatty acid contents 

varied across locations and years when averaged over genotype (Table 2.5.1). Monthly 

environmental conditions during the soybean-growing season were location and year specific 

(Table 2.5.2), suggesting that environmental variation influenced the performance of the soybean 

lines tested in this study. Agronomic performance, seed quality values and fatty acid content for 

each individual line in each environment can be found in Appendix B and Appendix C. 

Agronomic traits, seed quality characteristics, and fatty acid contents were genotype specific 

when averaged over four environments (Table 2.5.3 and Table 2.5.5), indicating genotype has a 

significant influence on the performance of soybean lines tested in this study.  

 Averaged over genotype, total seed yield was highest at Woodstock in 2010 (4335 kg ha -

1), followed by St. Pauls in 2010 (4027 kg ha -1), St. Pauls in 2011 (4011 kg ha -1), and 

Woodstock in 2011 (3757 kg ha -1; Table 2.5.1). Average seed yield was significantly higher in 

2010 (4181 kg ha -1) than in 2011 (3881 kg ha -1; Table 2.5.1). Average plant height was 

significantly higher in 2010 (94.5 cm) than in 2011 (88.3 cm; Table 2.5.1). Significantly higher 
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average plant height in 2010 corresponded to the significantly higher average lodging score in 

2010 (2.4) than in 2011 (1.9; Table 2.5.1).  

High total seed yield at both locations in 2010 is likely due to the earlier planting dates, 

allowing for a longer growing season and a higher accumulation of crop heat units (CHU). CHU 

accumulation was highest at Woodstock in 2010 (3403), followed by St. Pauls in 2010 (3309), 

Woodstock in 2011 (3045) and St. Pauls in 2011 (2999; Table 2.5.2). A positive correlation 

exists between photosynthesis and seed yield in soybean, so, the earlier the seedlings emerge the 

more photosynthesizing the plant is capable of doing under ideal conditions (Baute, 2002; 

Ainsworth et al., 2012). Higher yields could also be attributed to high cumulative precipitation 

over the soybean-growing season (Primomo et al., 2002). Cumulative precipitation was highest 

in Woodstock in 2010 (492.6 mm) followed by St. Pauls in 2011 (361.8 mm), St. Pauls in 2010 

(344.5 mm), and Woodstock in 2011 (281.0 mm; Table 2.5.2). Interactions of physiological, 

abiotic or biotic factors also could have influenced total seed yield, as yield is determined by a 

complex network (Ainsworth et al., 2012). 

 Seed oil content was higher in 2010 (Woodstock = 20.5; St. Pauls = 20.5%) than in 2011 

(Woodstock = 20.3%; St. Pauls = 20.0%; Table 2.5.1). Seed protein content was higher in 2011 

(Woodstock = 43.3%; St. Pauls = 43.1%) than in 2010 (Woodstock = 42.1%; St. Pauls = 41.6%; 

Table 2.5.1). Planting dates in 2010 were earlier than planting dates in 2011, therefore exposing 

soybeans grown in 2010 to higher temperatures during the oil deposition phase (R5 to R6; Fehr 

et al., 1971; Wolf et al., 1982). High temperatures during seed fill results in increased total oil 

content and decreased total protein content (Wilson, 2004; Ray et al., 2008), which is in 

agreement with this study. 
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Table 2.5.1. Agronomic trait values, seed quality characteristics and seed fatty acid content 

averaged across soybean genotype and over four environments. 

Environment Year 
Trait 

WST-10 SP-10 WST-11 SP-11 2010 2011 
Yield3 

(kg ha -1) 
4335 4027 3757 40111 4181 38811!2 

Days to 

Mat4 
131 131 123 125 131 1242 

Lodging 
(1-5)5 

1.9 2.9 1.9 2.0 2.4 1.92 

Height 
(cm)6 

95 96 82 95 96 882 

Emergence 
(1-10)7 

8.3 7.6 7.2 8.3 7.9 7.72 

100-Seed 
Weight (g)8 

17.8 17.2 20.4 21.11 17.5 20.71!2 

Seed Quality 
(1-5)9 

1.3 1.2 1.1 1.51 1.3 1.31 

Oil 
(%)10 

20.5 20.5 20.3 20.01 20.5 20.11!2 

Protein 
(%)10 

42.1 41.6 43.3 43.11 41.9 43.21!2 

Palmitic 
Acid (g kg-1) 

81 80 80 811 80 811 

Stearic 
Acid (g kg-1) 

38 39 35 351 39 351!2 

Oleic 
Acid (g kg-1) 

227 222 210 2111 225 2091!2 

Linoleic 
Acid (g kg-1) 

587 590 602 6021 588 6031!2 

Linolenic 
Acid (g kg-1) 

67 70 73 711 68 721!2 

WST-10:Woodstock 2010;SP-10:St. Pauls 2010;WST-11:Woodstock 2011;SP-11:St. Pauls 2011. 
1The value displayed is based on incomplete data 
2Denotes 2010 data is significantly different than 2011 data (p<0.05) 
3Yield: adjusted to 13% moisture and measured in kilograms per hectare (kg/ha). 
4Days to Mat: when 95% of pods have turned brown (R8). 
5Lodging: standability of plants in plot at maturity-1.0=completely erect;5.0=completely flat. 
6Height: height of an average plant in plot, from the ground to the tip of main stem, measured in 
centimeters (cm). 
7Emergence: estimation of plot emergence - 0 = 0% emergence; 10 = 100% emergence. 
8Weight: weight of 100 seeds in a representative sample, measured in grams (g). 
9Seed Quality: seed appearance according to the amount and degree of wrinkling, defective seed 
coat (growth cracks), greenishness, and mold or other pigments. 
10Oil and Protein: percentage of oil and protein in a representative sample. 
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Table 2.5.2. Monthly daily maximum, minimum, daily mean temperatures, total precipitation and total CHU accumulated during the 

soybean-growing season for Woodstock Research Station and St. Pauls in 2010 and 2011. 

Temperature (°C)  
 

Month 

 
 

Location Daily Maximum  
(Range) 

Daily Minimum 
(Range) 

Daily Mean  
(Range) 

 
Precipitation 

(mm) 

 
 

May 

 
WST-101 

 
SP-102 

 
20.9 (9.0 to 32.0) 

 
21.7 (8.5 to 31.5) 

 
6.5 (-5.0 to 16.5) 

 
8.8 (-2.0 to 15.0) 

 
13.7 (3.5 to 23.0) 

 
15.3 (4.8 to 22.5) 

 
71.4 

 
41.5 

 
 
 

June 

 
WST-10 
WST-113 

 
SP-10 
SP-114 

 
24.8 (19.0 to 28.5) 
25.5 (18.0 to 33.0) 

 
23.1 (17.0 to 29.0) 
24.0 (17.0 to 33.0) 

 
12.8 (5.0 to 20.5) 
11.0 (6.0 to 19.5) 

 
12.8 (4.5 to 21.0) 
12.3 (4.0 to 19.0) 

 
18.8 (12.8 to 22.5) 
18.3 (13.5 to 26.3) 

 
17.9 (12.3 to 22.8) 
18.2 (12.0 to 26.0) 

 
40.6 
51.2 

 
58.5 
99.1 

 
 
 

July 

 
WST-10 
WST-11 

 
SP-10 
SP-11 

 
28.6 (24.0 to 34.5) 
29.9 (26.0 to 36.0) 

 
27.6 (21.0 to 34.5) 
28.7 (24.0 to 35.0) 

 
13.8 (7.0 to 21.5) 
14.9 (2.0 to 22.0) 

 
16.6 (6.0 to 21.5) 
15.5 (8.0 to 21.0) 

 
21.2 (17.0 to 27.3) 
22.4 (16.0 to 29.0) 

 
22.1 (13.5 to 27.3) 
22.1 (18.0 to 29.5) 

 
208.4 
4.6 

 
91.7* 
34.0* 

 
 
 

August 

 
WST-10 
WST-11 

 
SP-10 
SP-11 

 

 
27.1 (23.0 to 32.5) 
27.7 (26.0 to 29.5) 

 
26.7 (21.0 to 33.5) 
26.0 (21.0 to 29.0) 

 
12.9 (2.0 to 21.0) 
13.1 (5.0 to 18.5) 

 
15.8 (7.0 to 20.0) 
14.3 (10.0 to 19.0) 

 
20.0 (13.3 to 24.8) 
20.5 (16.0 to 22.3) 

 
21.3 (16.0 to 25.5) 
20.1 (16.3 to 24.0) 

 
14.6 
17.3 

 
12.5 
46.7 
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Table 2.5.2. Continued. 
 

Temperature (°C)  
 

Month 

 
 

Location Daily Maximum  
(Range) 

Daily Minimum 
(Range) 

Daily Mean  
(Range) 

 
Precipitation 

(mm) 

 
 

September 

 
WST-10 
WST-11 

 
SP-10 
SP-11 

 

 
21.6 (14.0 to 32.0) 
22.1 (15.0 to 27.5) 

 
21.4 (13.0 to 32.0) 
24.0 (13.0 to 30.5) 

 
9.9 (0.5 to 21.0) 
10.8 (3.0 to 18.0) 

 
12.0 (4.5 to 21.0) 
11.0 (3.0 to 18.0) 

 
15.8 (10.5 to 25.8) 
16.3 (10.0 to 21.5) 

 
16.7 (11.326.5) 

15.7 (9.0 to 24.3) 

 
99.2 
89.4 

 
68.8 
83.3 

 
 

October 

 
WST-10 
WST-11 

 
SP-10 
SP-11 

 
13.7 (6.5 to 23.5) 
17.2 (9.0 to 27.5) 

 
14.4 (7.0 to 22.0) 
16.0 (8.0 to 26.0) 

 
3.4 (-5.0 to 11.0) 
5.1 (-6.5 to 13.5) 

 
5.6 (0.0 to14.0) 
7.1 (1.0 to 13.5) 

 
8.6 (1.3 to 10.0) 
11.4 (4.8 to 15.8) 

 
10.0 (5.0 to 17.0) 
11.6 (5.5 to 17.5) 

 
86.4 
90.5 

 
71.5 
97.9 

 
CHU Accumulated During Growing Season (Farmzone, 2012) 
 

WST-10 
WST-11 

 
SP-10 
SP-11 

 

 
3403 
3045 

 
3309 
2999 

 
1Woodstock, 2010; 2St. Pauls 2010; 3Woodstock, 2011; 4St. Pauls, 2011. 
All values displayed are based on incomplete data. 
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 Seed oil fatty acid composition differed across location and year. Temperature during the 

oil deposition phase of seed maturation (R5 to R6; Fehr et al., 1971) is known to cause variation 

in the fatty acid profile (Wilcox and Cavins, 1992). High temperatures cause high saturated seed 

fatty acid content and low temperatures cause high polyunsaturated seed fatty acid content 

(Howell and Collins, 1957; Wolf et al., 1982; Rennie and Tanner, 1989; Wilcox and Cavins, 

1992; Ray et al., 2008). Planting dates in 2010 were earlier than planting dates in 2011, 

therefore, exposing soybeans grown in 2010 to higher temperatures during the oil deposition 

phase (R5 to R6; Fehr et al., 1971; Wolf et al., 1982). Results from this study were consistent 

with the literature as saturated fatty acid content was higher in 2010 at both locations 

(Woodstock =119 g kg-1; St Pauls = 119 g kg-1) than 2011 locations (Woodstock = 115 g kg-1; St 

Pauls = 116 g kg-1; Table 2.5.1). High polyunsaturated fatty acid content was higher in 2011 at 

both locations (Woodstock = 675 g kg-1; St Pauls = 673 g kg-1) than 2010 locations (Woodstock 

= 654 g kg-1; St Pauls = 670 g kg-1; Table 2.5.1).  

High temperatures during seed fill causes the degredation of oleate desaturase, 

specifically the expression of FAD2-1A oleate desaturase gene (Byfield and Upchurch, 2007a & 

2007b).  Degredation of oleate desaturase results in elevated oleic acid content, and this positive 

correlation between mean high temperatures and oleic acid content is supported from data 

collected in this experiment (Lee et al., 2009) as average oleic acid content was higher in 2010 

than in 2011 (Table 2.5.1). 

 

2.5.2  G!E INTERACTIONS FOR TOTAL SEED YIELD AND LINOLEIC ACID CONTENT 

 Combined analysis of variance across two environments in 2010 (Appendix D), two 

environments in 2011 (Appendix D), and across four environments combining both years 



! 64!

(Appendix D) was conducted to evaluate the statistical significance of individual sources of 

variation on agronomic traits, seed quality characteristics and fatty acid contents.  

! Genotype effect was significant (p<0.05) in 2010, 2011, and in combined years and 

locations for all traits measured, except for emergence in 2011 (Appendix D). Total seed yield 

and linoleic acid content were the most important traits evaluated. In 2010 and 2011, location 

effect was significant (p<0.05) for total seed yield. Location effect was not significant in the 

combined analysis of variance for Woodstock and St. Pauls locations over both 2010 and 2011 

years, although year and the year by location interaction were both highly significant (p<0.0001). 

In 2010, the effect of location was significant (p=0.0052) for linoleic acid content but was not in 

2011 (p=0.8131). In the combined years and locations analysis of variance, year and genotype by 

year were highly significant (p<0.0001) for linoleic acid content.  

 

2.5.3  CORRELATION COEFFICIENTS OF LINOLEIC ACID WITH YIELD COMPONENTS AND 

 SEED COMPOSITION CHARACTERISTICS 

Development of high linoleic acid and low saturated fatty acid content soybean lines 

depends on the association of alleles governing the fatty acid profile with yield components 

(Hayes et al., 2002). A significant difference (p<0.05) for mean linoleic acid content was found 

between high and normal linoleic acid content lines (Table 2.5.3 and 2.5.4). High linoleic acid 

lines had on average 110 g kg-1 greater linoleic acid than the normal linoleic acid lines. The 

significant difference between the high and normal linoleic acid content genotype groups 

allowed for evaluation of the associations between elevated linoleic acid content and traits of 

interest. It is worth noting that all high-linoleic acid content lines were developed using the 
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Table 2.5.3. Average fatty acid profile for individual soybean genotypes (g kg-1) planted across 

four environments. Genotypes are categorized based on their fatty acid profile type. 

Fatty Acid (g kg-1) Fatty Acid Profile Type Genotype 
Palmitic Stearic Oleic Linoleic Linolenic 

A-67 44 37 195 627 102 
A-87 46 32 202 623 95 
E-14 46 31 181 665 77 
E-15 82 35 189 626 68 
E-30 52 32 199 672 46 
E-32 47 31 181 693 49 
E-49 46 31 180 691 52 
E-55 54 32 196 625 93 

Low-Palmitic  
and High-Linoleic 

RG25 42 32 199 679 48 
High-Oleic MFA-1 90 38 354 429 89 
Mid-Oleic MFA-5 105 42 282 491 81 

RG10 83 40 209 578 90 
OAC-07-77C-LLN 104 42 204 625 26 

 
 
Low-Linolenic OAC-07-78C-LLN 104 42 217 612 25 

OAC Wallace 112 39 195 578 77 
OAC Prodigy 115 46 213 539 86 
OAC Huron 106 37 245 536 76 
OAC Kent 111 37 218 562 72 
Katrina 105 41 255 530 68 

 
 
Typical 

1DH530 114 42 234 526 84 
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chemical mutagenesis process EMS. EMS chemical mutagenesis can produce mutations in a 

wide spectrum of genes across the genome, possibly in genes governing yield components. 

Therefore, one cannot be certain whether it is the pleiotropic effect of the fatty acid alleles, fap1, 

fapx, fas, and fan-b, unfavourable linkages, modifier genes or independent linked mutations 

affecting yield. 

The impact of elevated linoleic acid on maturity could not be properly assessed because 

the lines chosen for this study were of the same maturity. Although, there was a significant 

(P<0.05) difference in mean maturity between the high and normal linoleic acid lines, with the 

normal linoleic acid content lines maturing an average of 6 days earlier than the high linoleic 

acid lines (Table 2.5.4).  

A strong negative correlation exists between linoleic acid and total seed yield (Table 

2.5.4). High linoleic acid lines yielded on average 18.3% less than normal linoleic acid lines.  No 

high linoleic acid line had a higher yield than the normal linoleic lines when averaged over four 

environments (Figure 2.5.1). Previous studies have also established a negative correlation 

between mutant alleles governing the fatty acid profile and total seed yield (Hayes et al., 2002; 

Cardinal and Burton, 2007; Cardinal et al., 2008; Bachlava et al., 2008; Scherder and Fehr, 

2008). This indicates that it is unlikely high linoleic acid content lines evaluated in this study 

could be commercially developed with seed yields comparable to commercial cultivars.  

A strong negative correlation exists between linoleic acid and 100 seed weight, the 100 

seed weight of high linoleic acid content lines is on average 22.1% lower than normal linoleic 

acid content lines (Table 2.5.4). A moderate positive correlation exists between linoleic acid and 

lodging, which can be attributed to the moderate positive correlation between linoleic acid and
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Table 2.5.4. Correlation coefficients of linoleic acid content with yield components and seed 

composition traits. LSMeans for yield components and seed composition traits for high and 

normal linoleic acid lines and tests for significant differences between the two groups are also 

presented. 

 
Trait 

Correlation 
Coefficient to 
Linoleic Acid 

Content 

LSMean for 
High Linoleic 

Acid Lines 

LSMeans for 
Normal Linoleic 

Acid Lines 

Ho= LSMean 
High = 

LSMean 
Normal 

Yield1 

(kg ha -1) 
-0.5756 3661 4480 <0.0001 

Days to 

Mat2 
0.3019 130 124 <0.0001 

Lodging 
(1-5)3 

0.4371 2.7 1.6 <0.0001 

Height 
(cm)4 

0.3845 96 85 <0.0001 

Weight 
(g)5 

-0.5888 17.3 22.2 <0.0001 

Oil 
(%)6 

-0.6272 19.7 20.9 <0.0001 

Protein 
(%)6 

0.3806 43.2 41.9 <0.0001 

Palmitic  
Acid (g kg-1) 

-0.8956 51 110 <0.0001 

Stearic 
Acid (g kg-1) 

-0.6901 33 40 <0.0001 

Oleic 
Acid (g kg-1) 

-0.8216 191 227 <0.0001 

Linoleic  
Acid (g kg-1) 

na 656 545 <0.0001 

Linolenic  
Acid (g kg-1) 

-0.4733 70 77 0.0041 

1Yield: adjusted to 13% moisture and measured in kilograms per hectare (kg/ha). 
2Days to Mat: when 95% of pods have turned brown (R8). 
3Lodging: standability of plants in plot at maturity-1.0 = completely erect;5.0=completely flat. 
4Height: height of an average plant in plot, from the ground to the tip of main stem, measured in 
centimeters (cm). 
5Weight: weight of 100 seeds in a representative sample, measured in grams (g). 
6Oil and Protein: percentage of oil and protein in a representative sample. 
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height. High linoleic acid content lines were on average 10.8% taller than normal linoleic acid 

content lines. Noise contributed by yield component genes segregating in other genomic regions 

or modifier genes for linoleic acid content were not taken into account, therefore, making it hard 

to provide strong evidence that the fap1, fapx, fas, and fan-b alleles were directly responsible for 

the negative effects on the measured yield components (Cardinal and Burton, 2007). 

A strong negative correlation exists between linoleic acid and total oil content while a 

moderate positive correlation exists between linoleic acid and total protein content (Table 2.5.4). 

A negative correlation between total oil and protein content exists (Clemente and Cahoon, 2009) 

explaining the negative and positive correlations for linoleic acid with total oil and protein 

content. High linoleic acid lines had on average 5.5% less oil and 3.0% more protein on a dry 

weight basis than normal linoleic acid lines. These results are consistent with previous findings 

of a strong negative correlation between seed yield and total seed protein content (Burton, 1991). 

Based on the results of this study, the high linoleic acid lines evaluated in this study, if released, 

would have significantly lower total oil content than the commercial varieties, although the meal 

would be a high source of protein for animal feed. 

Strong negative correlations exist between linoleic acid and each of the other four fatty 

acids. High linoleic acid content lines had on average 16.8% higher linoleic acid than normal 

linoleic acid lines. This increase in linoleic acid was accompanied by on average 53.8% less 

palmitic acid, 19.4% less stearic acid, 15.6% less oleic acid, and 10.0% less linolenic acid than 

normal linoleic acid content lines. The negative correlations between linoleic acid and all other 

fatty acids were presumably due to the stepwise fashion of fatty acid biosynthesis (Ohlrogge et 

al., 1993). 
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2.6 CONCLUSIONS 

Examination of individual genotype performance is vital to the development of a soybean 

line best suited for polyurethane production. As expected, commercial varieties yielded on 

average higher than all of the experimental RILs from Population A and Population E (Table 

2.5.5). MFA-1 had a higher average seed yield than OAC Prodigy and OAC Wallace and MFA-5 

had a higher seed yield than OAC Wallace (Figure 2.5.1). Genotype E-32 had the highest linoleic 

acid content when averaged over location and year (Figure 2.5.2). RG25 was the most promising 

genotype for polyurethane production tested in this study. RG25 had a higher average seed yield 

than experimental lines from Population A or Population E, performed well in the field 

agronomically, had an average total oil content and high total protein content, and very high 

linoleic acid content when averaged across four environments (Table 5.4.5 and Figure 2.5.2). 

Commercial development of a high linoleic and low stearic acid line conferred by 

combinations of the fap1, fapx, fas, and fan-b alleles would have numerous challenges, the most 

notable one being reduced total seed yields in comparison to commercial varieties currently on 

the market. The negative correlation between linoleic acid and total seed yield could be due to 

pleiotrophy or linkage of the fap1, fapx, fas, and fan-b alleles with unfavourable yield alleles. To 

determine if it is pleiotrophy or unfavourable linkages causing this negative correlation, multiple 

generations of crossing the parental lines with the mutant alleles and selection of high linoleic 

acid genotypes should be conducted to see if unfavourable linkages can be broken through 

recombination (Scherder and Fehr, 2008). It is also possible that EMS chemical mutagenesis has 

created mutations in independent areas of the genome that impact yield or yield components.  

It may be possible to introgess the mutant fatty acid alleles used in this study into high 

yielding soybean backgrounds. The mutant alleles used to generate high linoleic acid content are 
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negatively correlated with saturated fatty acid content in the genetic backgrounds used. It should 

therefore be possible to develop a low linoleic high saturated fatty acid content soybean line. 

High linoleic acid and low saturated fatty acid oil would have to be valuable enough for the 

polyurethane production industry to offset the extra cost associated with lower total seed yields 

compared with conventional soybean cultivars.
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Table 2.5.5. Mean agronomic trait and seed quality characteristic values for each soybean genotype planted across four environments. 

Trait  
Genotype Yield1 

(kg/ha) 
Days to 

Mat2 
Lodging 

(1-5)3 
Height 
(cm)4 

Emergence 
(1-10)5 

Weight 
(g)6 

Seed Quality 
(1-5)7 

Oil 
(%)8 

Protein 
(%)8 

A-67 3709 121 3.2 95 7.8 17.8 1.2 19.9 42.8 
A-87 3736 130 3.3 92 7.7 17.6 1.1 20.8 41.8 
E-14 3633 132 3.0 100 7.6 18.0 1.7 19.1 43.9 
E-15 3616 133 2.5 102 7.7 15.8 1.7 19.9 43.7 
E-30 3722 130 1.9 95 7.7 17.5 1.2 19.0 45.0 
E-32 3697 131 2.4 99 7.3 16.9 1.9 19.5 42.6 
E-49 3755 132 2.8 97 7.7 17.1 1.5 19.5 43.0 
E-55 3239 128 2.7 91 7.3 17.0 1.4 19.8 42.9 
RG25 3845 133 2.8 92 7.9 18.2 1.1 20.0 43.5 
MFA-1 4511 127 2.0 98 7.8 19.7 1.2 21.1 40.9 
MFA-5 4405 132 1.8 99 8.0 19.7 1.3 20.1 42.1 
RG10 4037 127 2.2 98 8.2 19.9 1.2 21.0 42.1 
OAC-07-77C-LLN 4004 124 1.5 80 7.9 16.9 1.1 20.3 42.6 
OAC-07-78C-LLN 3935 123 2.0 91 7.9 17.2 1.1 21.2 42.5 
OAC Wallace 3996 116 1.2 78 8.0 19.6 1.1 21.9 39.8 
OAC Prodigy 4503 123 1.2 78 7.8 21.2 1.0 20.6 41.3 
OAC Huron 4522 126 1.9 88 8.2 24.9 1.3 20.2 43.6 
OAC Kent 4730 128 2.0 91 7.8 24.4 1.0 21.1 42.1 
Katrina 4541 126 1.6 93 7.9 23.8 1.1 20.2 43.6 
1DH530 4589 124 1.5 85 8.3 19.6 1.0 21.1 41.1 
1Yield: adjusted to 13% moisture and measured in kilograms per hectare (kg/ha). 
2Days to Mat: when 95% of pods have turned brown (R8). 
3Lodging: standability of plants in plot at maturity - 1.0 = completely erect; 5.0 = completely flattened. 
4Height: height of an average plant in plot, from the ground to the tip of main stem, measured in centimeters (cm). 
5Emergence: estimation of plot emergence - 0 = 0% emergence; 10 = 100% emergence. 
6Weight: weight of 100 seeds in a representative sample, measured in grams (g). 
7Seed Quality: seed appearance according to the amount and degree of wrinkling, defective seed coat (growth cracks), greenishness, 
and mold or other pigments. 
8Oil and Protein: percentage of oil and protein in a representative sample. 
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Figure 2.5.1. Soybean lines ranked based on total seed yield in kg/ha averaged over four environments. 
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Figure 2.5.2. Soybean lines ranked based on linoleic acid content in g kg-1 of total lipid averaged over four environments. 
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CHAPTER 3: 

 

MOLECULAR MARKER ANALYSIS OF MODIFIED FATTY ACID  

PROFILED SOYBEAN LINES FROM DIVERSE GENETIC  

BACKGROUNDS FOR BIOPRODUCT USE
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3.1 ABSTRACT 

Modifying the fatty acid profile of soybean oil for specialized end uses is a research goal 

of many soybean breeders. The objective of this study was to validate SSR markers associated 

with fatty acid QTL in multiple environments and across a diverse set of soybean genotypes. The 

genotyped soybean lines were grown in replicated trials at two locations in Southwestern Ontario 

in 2010 and 2011. Harvested seed was analyzed for palmitic, stearic, oleic, linoleic and linolenic 

fatty acid contents. SSR markers significantly associated (LOD!3.0) with palmitic, stearic, oleic 

and linoleic fatty acids were found. Phenotypic variation explained by the fatty acid QTL linked 

to SSR markers ranged from 34 to 74%. Validation of SSR molecular markers associated with 

fatty acid QTL across genotypes will be useful in MAS targeting modified fatty acid profiles. 

 

3.2 INTRODUCTION 

 Validation of associations between SSR markers and fatty acid QTLs across diverse 

genetic backgrounds and in multiple environments confirms stable marker-trait associations to be 

used for MAS (Collard et al., 2005; Collard and Mackill, 2008). SSR markers are commonly 

used in MAS as they are highly reliable, co-dominant in inheritance, relatively simple and cheap 

to use and generally highly polymorphic (Collard et al., 2005; Collard and Mackill, 2008). 

Detection of significant associations between a SSR marker and phenotypic data reveals genetic 

linkage of the marker with a gene or genes governing the trait of interest (Collard and Mackill, 

2008). Most economically important traits are quantitative traits controlled by QTL, which are 

regions of the chromosome that contain single or multiple genes that have a small or large effect 

on the trait (Hyten et al., 2004a). A large number of soybean QTL have been identified and 

mapped to chromosomes in relation to mapped molecular markers (Soybase, 2012). These 
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components allow for selection of QTL governing economically important traits using molecular 

markers, which is the premise for soybean breeding using MAS (Collard and Mackill, 2008). 

MAS has numerous advantages over conventional phenotypic selection –providing 

earlier and easier selection of traits not phenotypically expressed and selection of traits whose 

expression is environmentally dependent (Collard et al., 2005). MAS also enables single plant 

selection with the ability to distinguish between homozygous and heterozygous individuals if the 

marker is codominant; efficient selection; and, pyramiding of multiple QTL contributing to the 

expression of a single trait into one individual (Collard and Mackill, 2008; Hospital, 2009; Xu 

and Crouch, 2008). These advantages of using MAS in a soybean-breeding program save time, 

resources and effort (Collard et al., 2005). 

The fatty acid profile of soybean is governed by many QTL that regulate the fatty acid 

biosynthetic pathway (Oliva et al., 2006). Genotype, the environment, and the G " E interaction 

influence the genes located at QTL governing the fatty acid profile in soybean (Bernardo, 2008). 

Inconsistencies in QTL by genetic background interactions and QTL by environment interactions 

for QTL governing the fatty acid profile in soybean make it difficult to predict the fatty acid 

profile based on genotype (Bernardo, 2008). MAS has been used for selection of ideal fatty acid 

profiles, but validation in diverse genetic backgrounds and in multiple environments provides 

stable and consistent marker-trait relationships (Lee et al., 2007; Sauer et al., 2008). Validation 

of QTL marker associations is necessary prior to use in MAS because QTL position and effects 

can be inaccurate (Collard and Mackill, 2008). 

MAS in soybean has allowed for the development of a high oleic acid content line (Alt et 

al., 2005). It was accomplished by selection of SSR markers associated with the deletion at the 

Fad2-1a locus controlled by the ol allele (Sandhu et al., 2007). Oleate desaturase activity is 
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dependent upon temperature exposure during seed fill, therefore, using MAS for selection of 

high oleic acid content should increase breeding efficiency (Oliva et al., 2006; Byfield and 

Upchurch, 2007a & 2007b; Lee et al., 2007).  Other alleles controlling fatty acid content in 

soybean have been mapped and show potential in a MAS soybean-breeding program. Such 

alleles include: the fapnc allele of the GmFATB1a gene mapped to Chromosome 5, 20cM distal 

to Satt684 (Cardinal et al., 2008); the fap2 allele of the KASII gene mapped to Chromosome 17 

(Nickell et al., 1994; Aghoram et al., 2006); the fas allele mapped to Chromosome 14 near 

Satt070, Satt474 and Satt556 (Spencer et al., 2003); the fan1 allele of the GmFAD3A gene 

mapped to Chromosome 11 (Bilyeu et al., 2011); the fan2 allele of the GmFADC gene mapped to 

Chromosome 18 (Bilyeu et al., 2011); the fan3 allele of the GmFAD3B gene mapped to 

Chromosome 2 (Bilyeu et al., 2011); the  fan locus mapped to Chromosome 14 near Satt534 and 

Satt560 (Spencer et al., 2004); and, the ola and ol alleles of the Fad2-1a gene mapped to 

Chromosome 10 near Sat_108 and Satt153 (Bachlava et al., 2008b).  

Mapping QTL is the first step in identifying genes responsible for variation in fatty acid 

content, as well as identification of markers associated with a gene or genes controlling this 

variation. Validation of SSR markers that are consistently associated with fatty acid content in 

diverse genetic backgrounds and in different environments can be used in MAS even if genes 

have not been identified (Collard et al., 2005).  

The objective of this study was to validate previously identified SSR markers linked to 

QTL governing fatty acid content in soybean in diverse genetic backgrounds and across multiple 

environments. Twenty soybean genotypes with different genetic pedigrees were grown in four 

different environments and screened with 15 SSR markers. Genotypes included six RILs from 

population E segregating for the fan-b, fap1, and fapx alleles; two RILs from population A 
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segregating for the fap1, fapx, and fas alleles; two high oleic acid content line possibly governed 

by ol alleles; a mid-linoleic acid content line possibly governed by the fap1 and fapx alleles; a 

low-linolenic acid content line governed by fan-b alleles; two low linolenic acid lines OAC07-

77C-LLN and OAC07-78C-LLN, and six commercial soybean varieties developed at the 

University of Guelph, ON that do not harbor any known mutant fatty acid alleles. If consistent 

marker-trait associations can be found, SSR markers linked to QTL governing fatty acid content 

in soybean may be useful in a MAS soybean breeding program focusing on modification of the 

soybean fatty acid profile. 

 

3.3 RESEARCH HYPOTHESIS 

 SSR markers significantly associated with fatty acid QTL in a previous study conducted 

by Hemingway (2010) can be validated across a diverse set of genotypes when tested in multiple 

environments across Southwestern Ontario.  

 

3.4 MATERIALS AND METHODS 

3.4.1 PLANT MATERIAL 

 As described in chapter two, genotypes used in this study included six RILs from 

Population E; two RILs from Population A; MFA-1; MFA-5; RG10; RG25; OAC07-77C-LLN; 

OAC07-78C-LLN; OAC Wallace; OAC Prodigy; OAC Huron; OAC Kent; Katrina; and, 

1DH530. Genotypes were planted in Woodstock, ON and St. Pauls, ON in 2010 and 2011 to 

analyze harvested seed for seed oil and protein content, as well as seed fatty acid content. A 

sample of bulked seed from each plot was analyzed. 
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 A random sample of leaf tissue from each genotype was taken in early summer of 2010 

from plants in block one of the field RCBD in St. Pauls, ON. Leaves sampled were young and 

healthy with minimal damage from disease, insects or soil residue. Highly lignified portions of 

the leaves, such as midrib and large vasculature, were avoided.  

 

3.4.2 SAMPLE PREPARATION 

Leaf disks were taken using a modified single-whole punch fit to genotype pre-labeled 

2.0-mL screw cap centrifuge tubes. Fresh leaf disks were stored in a -80°C freezer prior to 

freeze-drying. For freeze-drying, the centrifuge tubes were uncapped and placed into a tube 

holder and parafilm was placed tightly over all tubes to prevent sample loss and mixing, but 

small holes were made to allow water to escape. Tissue samples were then placed in a Savant 

ModulyoD Thermoquest (Savant Instruments, NY, USA) freeze dryer for 48 hours to remove 

moisture from the frozen leaf tissue by sublimation. Freeze dried samples were stored in a -80°C 

freezer until deoxyribonucleic acid (DNA) extraction. 

 Approximately ten freeze-dried leaf punch disks per genotype were put into pre-labeled 

2.0-mL conical bottom centrifuge tubes. FastPrep grinding of the freeze-dried tissue was 

conducted using a clean 6-mm ceramic grinding bead. Capped centrifuge tubes were placed into 

the FastPrep cell disrupter (Bio/Can Scientific Inc., ON, Canada) using cross balancing. The 

machine was run for 40 seconds at a speed setting of 4.0, pulverizing the freeze-dried samples in 

preparation for DNA extraction. Samples were immediately placed on ice. 
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3.4.3 DNA EXTRACTION 

 Genomic DNA was extracted using the Sigma GenElute™ Plant Genomic DNA 

Miniprep Kit (Sigma-Aldrich Canada Ltd., ON, Canada), with the DNA extraction procedure 

following the manufacturer’s user guide (Sigma-Aldrich Canada Ltd., Catalog Numbers G2N10, 

G2N70, and G2N350). To lyse the cells for release of genomic DNA, 350-µL of Lysis Solution 

(Part A) and 50-µL of Lysis Solution (Part B) were added to each conical centrifuge tube prior to 

vortexing and inverting to mix thoroughly. Mixtures were incubated at 65°C for ten minutes. To 

precipitate debris, 130-µL of Precipitation Solution was added to the mixture and inversion was 

used for complete mixing.  

Samples were incubated on ice for five minutes after which the samples were centrifuged 

using a 5430 Centrifuge (Eppendorf Canada, ON, Canada) at a maximum speed of 12,000 to 

16,000 X g for five minutes to pellet cellular debris, proteins and polysaccharides. The 

supernatant was then transferred into a new 2.0-mL collection tube fit with a filtration column 

and centrifuged for one minute. The filtration column was discarded and the collection tube 

reserved. In preparation for DNA binding, 700-µL of Binding Solution was added to the filtrate 

in the collection tube and mixed thoroughly by inversion.  

The solution was passed through a prepared GenElute Miniprep Binding Column into a 

microcentrifuge tube in two aliquots. Initially, 700-µL of the solution was pipetted into the 

prepared column and centrifuged at maximum speed for one minute. Flow-through was 

discarded, retaining the collection tube and binding column. This step was repeated with the 

remainder of the mixture, after which the binding column was transferred to a new 2.0-µL 

collection tube. After dilution of the Wash Solution, 500-µL of the Wash Solution was added to 

the column followed by centrifuging at maximum speed for one minute. Again, flow-through 
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liquid was discarded but the collection tube retained. Another 500-µL of diluted Wash Solution 

was added to the column and centrifuged at maximum speed for three minutes.  

The binding column was transferred to a new 2.0-µL collection tube and 100-µL of pre-

warmed (65°C) Elution Solution was added to the column and centrifuged again at maximum 

speed for one minute. Elution was repeated releasing the pure genomic DNA. DNA was diluted 

to 50 times the initial concentration (1-µL DNA : 49-µL double distilled water (ddH20)) into 1.5-

mL centrifuge tubes. For long-term storage, diluted DNA was stored at -20°C. The concentration 

and quality of the extracted DNA was measured using an Ultrospec™ 2100 spectrophotometer 

(GE Healthcare, QC, Canada).  

 

3.4.4 SSR Markers Associated with Fatty Acids 

 Refer to Table 3.4.1. 

 

3.4.5 PCR  

To conduct the PCR, 15-µL per well in 0.3-mL 96 well PCR reaction plates (Fischer 

Scientific, ON, Canada) was obtained by combining 3.0-µL of 20% Trehalose (Fischer 

Scientific, ON, Canada); 2.6-µL HyPure™ Molecular Biology Grade Water (Thermo Scientific, 

ON, Canada); 1.5-µL 10"PCR Buffer (TrisBase, Fischer Scientific, ON, Canada); 1.5-µL 25-

mM MgCl (Fischer Scientific, ON, Canada); 1.0-µL 3-mM Deoxyribonucleotide triphosphates 

(Sigma-Aldrich Canada Ltd., ON, Canada); 0.4-µL 2.5-U/µL Jumpstart™ Tag DNA Polymerase 

(Sigma-Aldrich Canada Ltd., ON, Canada); 2.0-µL of 2.25-ng/µL mixed forward and reverse 

SSR primers (Sigma-Aldrich Canada Ltd., ON, Canada) ; and, 3.0-µL of 10-ng/µL template 

DNA.  
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Table 3.4.1. SSR markers evaluated in this study. 

SSR Marker Chromosome Associated Fatty Acid(s) Genetic 
Position Reference 

Satt166 19 16:0, 18:0, 18:1, 18:2, 18:3 66.51 Cregan et al., 1999 
Satt152 3 16:0 22.67 Hou, 2004 
Satt537 2 16:0 75.66 Panthee et al., 2006 
Satt249 16 18:0 11.74 Panthee et al., 2006 
Satt307 6 18:0 121.26 Nyinyi et al., 2008 
Satt556 14 18:0 73.20 Cregan et al., 1999 
Sat_355 14 18:1 66.23 Song et al., 2004 
Satt389 17 18:1 79.23 Monteros et al., 2008 
Satt239 20 18:2 36.93 Hou, 2004 
Satt335 13 18:2 77.69 Nyinyi et al., 2008 
Satt530 3 18:2 32.84 Hou, 2004 
Satt212 15 18:3 32.27 Soybase (QTL:Linolen 1-4) 
Satt387 3 18:3 53.23 Hou, 2004 
Satt534 14 18:3 87.58 Spencer et al., 2004 
Satt560 14 18:3 97.19 Spencer et al., 2004 
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A Progene (UltiDent Scientific, QC, Canada) adhesive film was stuck onto the plate in 

preparation for centrifuging. After centrifuging at 2000 rpm for 20 seconds, the adhesive film 

was removed and 13.0-µL of mineral oil (Sigma-Aldrich Canada Ltd., ON, Canada) was added 

to prevent evaporation or condensation in the PCR machine. The PCR reaction plate was sealed 

again with the Progene film and centrifuged at 1000 rpm for 30 seconds. 

 Prepared PCR reaction plates sealed with ThermalSeal® sealing films (Excel Scientific, 

ON, Canada) were put into a Stratagene Robocycler® 96 (Agilient Technologies, ON, Canada) 

PCR machine. The Robocycler® temperature was adjusted for the different cycles as follows: 

denaturing of DNA at 94°C for one minute, primer annealing at 45°C for 30 seconds, and 

copying of DNA strands by polymerization at 72°C for one minute. Incubation at these three 

temperatures in sequence constitutes one cycle of PCR. The selected program of the 

Robocycler® preformed thirty-five consecutive PCR cycles. 

 

3.4.6 GEL ELECTROPHORESIS 

 Gel electrophoresis using 4.5% Sigma high-resolution agarose gel (Sigma-Aldrich 

Canada Inc., ON, Canada) was used to separate PCR products in TBE buffer. Ethidium bromide 

was mixed into the 300-mL of gel, and the gel was poured into gel casting trays fitted with 

rubber stoppers: each unit requires 150-mL of molten gel. Combs were placed into the first and 

second tiers of the casting trays and allowed to solidify in a 4°C fridge for 60 minutes. 

  Electrophoresis tanks were filled with 900-mL 1!TBE. Eight µg of low mass DNA 

ladder (100 base pairs; Invitrogen, ON, Canada) were added to the first wells in the first and 

second tiers. Ten µL of PCR products were added to gel wells after 3.0-µL of loading dye was 
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incorporated into the PCR product solution by centrifuging. The gel was run at 130VE for 

approximately three and one-half hours. 

 Photo-documentation of electrophoresis gels was conducted using the Alpha Innotech 

FluorChem™ FC8800 Version 3.1 (Alpha Innotech Corporation, ON, Canada) gel docking 

station. Pictures of the gels were taken using Bio-Rad Quality 1-D Analysis (Bio-Rad 

Laboratories Inc., CA, USA) computer software. Scoring of the polymorphic SSR marker bands 

was done visually for each of the individual genotypes.  

 

3.4.7 SEED ANALYSIS 

Crude protein and oil content was measured using a GrainSpec NIRT analyzer (Foss 

Electric, York, England) and seed fatty acid content was measured using a Hewlett Packard 6890 

Series GC (Hewlett Packard, Palo Alto, CA). Procedures followed those mentioned in Chapter 2.  

 

3.4.8 STATISTICAL ANALYSIS 

 The PROC GLM function of SAS version 9.2 (SAS Institute Inc., Cary, NC) was used to 

obtain LSMeans for each fatty acid. A one-way analysis of variance was conducted using the 

PROC GLM function of SAS version 9.2 (SAS Institute Inc., Cary, NC) to obtain coefficients of 

determination explaining variation in each of the five fatty acids that was explained by the SSR 

markers analyzed. A one-way analysis of variance was conducted using GGTGraphical 

Genotypes version 2.0 (Laboratory of Plant Breeding, Wageningen University, NE) to detect 

associations among SSR markers and fatty acid QTL. Associations between SSR markers and 

fatty acid QTL were considered to be significant at LOD " 3.0. 
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3.5 RESULTS AND DISCUSSION 

3.5.1 MOLECULAR MARKERS ASSOCIATED WITH FATTY ACID CONTENT 

 Four SSR markers evaluated in this study had significant associations (LOD"3.0) with 

fatty acid variation across the genetically diverse soybean genotypes used in this study (Table 

3.5.1). Molecular marker Satt556 located on Chromosome 14 was significantly associated with 

palmitic acid content across all four environments (Table 3.5.1). This marker was also 

significantly associated with stearic acid content in both locations in 2011. Satt556 has been 

previously found to be significantly associated with stearic acid when evaluated in two 

independent studies: in six different environments in a population of RILs not known to contain 

major mutant fatty acid alleles and in three and five environments in Population E and 

Population A respectively (Panthee et al., 2006; Hemingway, 2010). Population A segregates for 

the fas allele, which has been mapped to be 3.6cM from Satt556 (Spencer et al., 2003). The Fas 

locus is thought to govern stearoyl-ACP desaturase enzyme, which controls the desaturation of 

stearic acid to oleic acid (Pantalone et al., 2002). Previous research found Satt556 to be 

associated with oleic acid in RILs from Population A across five environments (Hemingway, 

2010), providing supporting evidence that the Fas locus is linked to Satt556. Satt556 was not 

found to be significantly associated with oleic acid and only associated with stearic acid in two 

environments in this study; this could be explained by small effect QTL for oleic acid variation 

falling below the stringent significance threshold or QTL by environment interactions (Collard et 

al., 2005). 

 Moreover, RILs from Population A and E are descendants from a common ancestor, 

C1726 with the fap1fap1 genotype conferring low palmitic acid content (Erickson et al., 1988). 

The fap1 has been theorized to be an allele of a gene encoding an isoenzyme or a cofactor 



! 86!

important for the FAS system (Wilson and Burton, 2002).  A palmitic acid content QTL in 

C1726 has also been mapped to Chromosome 14 using SSR markers (Pantalone et al., 2004). It 

is possible that the fap1 allele is located on Chromosome 14 close to Satt556 causing the 

variation in palmitic and stearic acid content. Within 100 kbp of Satt556 an annotated gene 

(Gene Ontology Term: PTHR13832) important for an intracellular signaling cascade has been 

identified (PANTHER, 2012). The putative gene is thought to be involved with a series of 

reactions within a cell that occurs as a result of a single trigger reaction (PANTHER, 2012). The 

annotated gene could possibly be the locus for the mutant fap1 allele responsible for causing 

variation in palmitic and stearic acid content through altering of the stepwise FAS system. 

On the soybean consensus map Satt556 is on Chromosome 14, close to QTL for oil, seed 

weight, seed yield, iron efficiency, leaflet length, palmitic acid content and stearic acid content 

(Soybase, 2012; Figure E1.3). The association of Satt556 to QTL governing other phenotypic 

traits could also explain variation in palmitic and stearic acid content through pleiotrophic 

effects. 

Molecular marker Satt_355 located also on Chromosome 14 was significantly associated 

with palmitic acid content in all four environments and with stearic acid content in three of the 

four environments (Table 3.5.1). Satt_355 maps 6.0 cM from Satt556 on Chromosome 14 

suggesting that genes linked to Satt556, possibly the fas or fap1 loci, likely represent the same 

genomic region linked together with Satt_355. Satt_355 has been reported as close to QTL for 

seed weight, leaflet length, stem length, and oleic acid content which could also explain variation 

in palmitic and stearic acid content due to pleiotrophic effects (Soybase, 2012; Figure E1.3). In 

particular, leaflet length influences the amount of intercepted solar radiation per plant, which 

directly influences the soybean fatty acid profile (Izquierdo et al., 2009). 



! 87!

Within 100 kbp of Satt_355 an annotated gene (Gene Ontology Term: PNTHR11814) 

important for transmembrane transporter activity has been identified (PANTHER, 2012). The 

putative gene is thought to be a catalyst for the transfer of a substance from one side of the 

membrane to another. It is possible that this catalyst could function in the FatB transmembrane 

thioesterase transfer of saturated acyl-ACPs, thus causing variation in palmitic and stearic acid 

content available for TAG assembly (Schultz and Ohlrogge, 2002). Another plant lipid transfer 

protein (Gene Ontology Term: PF00234) was annotated in this genomic region (Sanger, 2012). 

The gene is proposed to be involved in the shuttling of phospholipids and other fatty acid groups 

between cell membranes (Sanger, 2012), further supporting the theory that a gene important for 

the FatB acyl-ACP thioesterase could be linked to Satt_355 (Schultz and Ohlrogge, 2002). The 

most intriguing annotated gene (Gene Ontology Term: PTHR11374) in this genomic region is 

one proposed to be involved in the lipid metabolic process (PANTHER, 2012). The gene is 

proposed to be involved in the chemical reactions and pathways involving lipids including fatty 

acid biosynthesis (PANTHER, 2012). 

Molecular marker Satt537 located on Chromosome 2 was significantly associated with 

linoleic acid content in St. Pauls in 2011 (Table 3.5.1). Satt537 also explained high phenotypic 

variation of linoleic acid in all other environments that it was tested in, although the marker was 

below the statistical LOD threshold for linoleic acid content (LOD " 3.0). Hemingway (2010) 

also found a significant association (p#0.05) between Satt537 and linoleic acid content. Low-

linolenic RG10 (fan-bfan-b genotype) is a parent used in the development of RILs from 

Population E, and RG10 carries the same alleles at Satt537 as all of the selected RILs from 

Population E. RG10 and the selected RILs from Population E had high linoleic acid content 

when averaged across year and location (Table 3.5.2). Mutations in the GmFAD3A and 
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GmFAD3B genes were found in RG10, which contains the fan-b allele (Reinprecht et al., 2009). 

The GmFAD3B gene is hypothesized to be associated with the fan3 locus that has been mapped 

to Chromosome 2 (Bilyeu et al., 2011). The GmFAD3B gene is an isoenzyme of the linoleic 

desaturase enzyme. Therefore, Satt537 could be linked to the fan-b locus, an allele of the 

GmFAD3B gene on Chromosome 2, as this genomic region appears to be important for 

controlling the accumulation of linoleic acid.  

Satt537 has been reported as close to QTL for flowering time, seed yield and leaflet 

shape (Soybase, 2012; Figure E1.1), which through pleiotrophy could also cause variation in 

linoleic acid content. Within 200 kbp of Satt_355 an annotated gene (Gene Ontology Term: 

PTHR11624:SF1) has been identified and proposed to be involved in the lipid metabolic process 

(PANTHER, 2012). The putative gene is suggested to be involved in chemical reactions and 

pathways involving lipids including fatty acid biosynthesis (PANTHER, 2012). Since Satt537 is 

significantly associated with linoleic acid it is possible that this annotated gene is the GmFAD3B 

gene homolog of the linoleic desaturase family, responsible for the desaturation of linoleate-ACP 

to linolenate-ACP (Yadva, 1996).  

Molecular marker Satt389 located on Chromosome 17 was significantly associated with 

palmitic acid content across all four environments, with stearic acid content in three of four 

locations, with oleic acid content at St. Pauls in both years, and with linoleic acid content across 

all four environments (Table 3.5.1). Satt389 was previously mapped using a population derived 

from the cross of G99-G725!N00-3350 and validated in a different population derived from the 

cross G99-G3438!N00-3350 (Monteros et al., 2008). This marker was found to be significantly 

associated with an oleic acid content QTL (R2=6.0%; Monteros et al., 2008). When tested across 

five environments in Southwestern Ontario, Satt389 was found to be significantly associated 
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(P<0.05) with stearic acid content in three environments, oleic acid content in one environment, 

and with linoleic acid content in four environments (Hemingway, 2010). 

In this study, Satt389 was significantly associated (LOD"3.0) with the accumulation of 

four fatty acids suggesting pleiotrophic gene action or linkage. The gene or genes linked to 

Satt389 may simultaneously affect the content of more than one fatty acid by influencing early 

steps in the fatty acid biosynthesis pathway, cascading changes in fatty acid contents down the 

pathway (Cardinal et al., 2007). Since palmitic, stearic, oleic, and linoleic acid content are all 

affected, it suggests that a step between palmitic and stearic acid biosynthesis is affected. High or 

low content of the substrate preceding the synthesis of the next fatty acid in the biosynthesis 

process would result in low or high content of the next fatty acid (Schultz and Ohlrogge, 2002; 

Cardinal et al., 2007). Linkage of Satt389 to a group of genes involved in the biosynthesis of 

palmitic, stearic, oleic and linoleic acids could also influence the accumulation of these four fatty 

acids. 

Three annotated genes within 100kbp of Satt389 were identified as possibly being 

involved in the fatty acid biosynthesis pathway. A gene with transmembrane transporter activity 

(Gene Ontology Term: PTHR12864) proposed to catalyze the transfer of a substance from one 

side of a membrane to another may influence saturated and unsaturated transport out of the 

plastid via FatA and FatB transmembrane thioesterases (Schultz and Ohlrogge, 2002; 

PANTHER, 2012). Another annotated gene (Gene Ontology Term: PNTHR10277) identified 

was suggested to be involved in catalysis of a biochemical reaction at physiological temperatures 

(PANTHER 2012). The last annotated gene (Gene Ontology Term: PTHR10177) was suggested 

to modulate kinase activity, an enzyme that catalyzes the transfer of a phosphate group, usually 
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from ATP, to a substrate molecule (PANTHER, 2012). This is interesting as the first committed 

step of fatty acid biosynthesis involving ACCase is ATP-dependent (Harwood, 2005). 

Satt389 located on Chromosome 17 is close to QTL for oil, protein, and pH sensitivity, 

which also suggest that pleiotrophic effects could be causing variation in the four fatty acids 

(Soybase, 2012; Figure E1.2). The marker density used to genotype the soybean lines evaluated 

in this study was insufficient to conclude whether tightly linked genes or pleiotrophic effects 

caused several fatty acids being associated with a single SSR marker (Hemingway, 2010). 

Evidence of a QTL by environment interactions for fatty acid QTL was observed in this 

study (Bernardo, 2008). Molecular markers significantly associated with QTL for stearic, oleic, 

and linoleic acid contents were exclusively found in some environments but not others. Satt556 

was significantly associated with stearic acid content only in 2010 suggesting an environment by 

stearic acid QTL interaction (Table 3.5.1). Satt389 was significantly associated with oleic acid 

content only at the St. Pauls location, suggesting an environment by oleic acid QTL interaction. 

 

3.6 CONCLUSIONS 

Using a LOD"3.0 score indicates a 1000 to one probability that the linkage between the 

marker and the fatty acid QTL did not occur by chance, providing evidence of strong association. 

Hence, although there were possible pleiotrophic effects and QTL by environment interactions, 

markers found to be significantly associated with fatty acid QTL using the LOD"3.0 score show 

promise for use in MAS. Satt556, Satt_355, and Satt389 are strong candidate markers for 

palmitic acid content based on significant associations in all four environments and across the 

diverse set of genotypes included in this study (Table 3.5.1). Satt389 was significantly associated 

with linoleic acid content across environments and genotypes, showing potential for use in a 
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MAS soybean-breeding program for the development of high linoleic acid lines. Nevertheless, 

these marker-trait associations were based on evaluation over 20 diverse soybean genotypes in 

four environments. Testing the reliability of marker to predict phenotype in different genetic 

backgrounds and in additional environments should be conducted before these markers are used 

in MAS. (Collard et al., 2005). 

Future research should include fine mapping of identified fatty acid QTL using a larger 

number of markers and a large mapping population size (Collard et al., 2005). The mapping 

population should be constructed based on parental lines that segregate for the desired fatty acid 

QTL. Once a high resolution map is constructed, with QTL resolved to <1cM between flanking 

markers, the gene responsible for the unique fatty acid profile will be mapped in the soybean 

genome (Li et al., 2006). Annotated genes physically mapped in the identified region can be 

presumed to be responsible for the fatty acid phenotypic variation. Comparison of sequences in 

the identified genome region will predictably reveal a mutation that causes amino acid changes, 

leading to a change in protein or protein function resulting in the altered fatty acid phenotype (Li 

et al., 2006). 
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Table 3.5.1. Molecular markers significantly associated (LOD " 3.0) with individual fatty acid 

content in selected experimental and commercial soybean varieties evaluated in four 

environments over two years (2010 and 2011). Coefficients of determination (R2) values for 

significant markers are also included. 

LOD Scores and R2 Values for Each Marker 
Associated with Fatty Acid Content for Each 

Environment 

 
Trait 

 
Molecular 

Marker 

 
Chromosome 

 
Genetic 
Position 

WST-101 WST-112 SP-103 SP-114 

Palmitic 
Acid 

Satt556 
Satt_355 
Satt389 

14 
14 
17 

73.20 
66.23 
79.23 

3.1 
3.8 
5.1 

0.57 
0.66 
0.68 

3.2 
3.6 
4.8 

0.58 
0.65 
0.66 

3.3 
3.7 
4.6 

0.59 
0.65 
0.64 

3.1 
4.6 
4.8 

0.56 
0.74 
0.65 

Stearic 
Acid 

Satt556 
Satt_355 
Satt389 

14 
14 
17 

73.20 
66.23 
79.23 

ns* 
ns* 
3.8 

0.49 
0.46 
0.56 

3.3 
3.0 
4.0 

0.59 
0.58 
0.58 

ns* 
3.6 
ns* 

0.34 
0.65 
0.36 

3.1 
3.2 
3.2 

0.57 
0.61 
0.49 

Oleic 
Acid 

Satt389 17 79.23 ns* 0.38 ns* 0.41 3.0 0.45 3.2 0.48 

Linoleic 
Acid 

Satt389 
Satt537 

17 
2 

79.23 
75.66 

3.5 
ns* 

0.52 
0.60 

3.4 
ns* 

0.51 
0.62 

3.9 
ns* 

0.56 
0.61 

3.6 
3.0 

0.54 
0.63 

1Woodstock, 2010; 2Woodstock, 2011; 3St. Pauls 2010; 4St. Pauls, 2011. 
ns* - Not Significant
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Table 3.5.2. Fatty acid content measured in (g kg-1) for each soybean genotype averaged over 

four environments. 

Fatty Acid Content in g kg-1 Average Over Four Environments Genotype 
Palmitic Stearic Oleic Linoleic Linolenic 

A-67 45 42 201 622 98 
A-87 48 34 209 614 96 
E-14 45 33 189 655 77 
E-15 83 37 196 616 67 
E-30 54 33 207 662 44 
E-32 47 32 187 683 50 
E-49 46 32 188 685 49 
E-55 50 33 194 633 91 
1DH530 115 42 242 520 81 
OAC Huron 106 39 250 531 75 
Katrina 105 42 265 520 67 
OAC Kent 111 38 227 558 67 
MFA-1 90 41 369 416 84 
MFA-5 104 45 298 478 75 
OAC-77C-LLN 104 44 210 615 27 
OAC-78C-LLN 104 45 221 606 25 
OAC Prodigy 115 48 215 537 85 
RG10 83 42 216 573 87 
RG25 42 34 210 668 46 
OAC Wallace 112 40 198 576 74 
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CHAPTER 4: 

 

 SEED COMPOSITION ANALYSIS OF A HIGH-LINOLEIC ACID CONTENT  

GENOTYPE IN RESPONSE TO FERTILIZER TREATMENTS VARYING 

 IN CONCENTRATION OF PHOSPHORUS AND POTASSIUM 
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4.1 ABSTRACT 

Soybean oil fatty acid content varies as a result of genotype and exposure to 

environmental conditions; however, the influence of nutrient management on this variability is 

unknown. The objective of this study was to evaluate the influence of fertilizer treatments 

differing in concentrations of P and K on a high linoleic acid soybean line. A significant increase 

in linoleic acid content was observed when plants received modified Hoagland’s solution with 

2!K compared to seeds of plants that received modified Hoagland’s solution without K. Total 

seed oil content was significantly higher in seeds of plants supplied with modified Hoagland’s 

solution when compared to seeds of plants supplied with either modified Hoagland’s solution 

with 2!K or without K. It is possible that K is involved in the activation of an enzyme or 

enzymes in the fatty acid biosynthesis pathway. Appropriate K fertility management will be 

necessary to optimize linoleic acid content of these specialty lines for polyol production.  

 

4.2 INTRODUCTION 

Fertilizer management practices for high-linoleic acid soybean lines bred for 

polyurethane production is fundamental to optimizing linoleic acid production in the seed. 

Linoleic acid, an unsaturated fatty acid with two double bonds is optimal for soy polyurethane 

production (Guo et al., 2000). The seed fatty acid profile can vary considerably depending on 

genotype, agronomical practices implemented, and exposure of plants to environmental 

influences (Howell and Collins, 1957; Dornbos and Mullen, 1992; Schnebly and Fehr, 1993; 

Primomo et al., 2002b; Ray et al., 2008; Izquierdo et al., 2009; Butler et al., 2010). However, 

research on the influence of different application rates of P and K on seed fatty acid content is 

warranted. Significant positive relationships have been found between oleic acid content and P 
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fertilization as well as linolenic acid content and K fertilization (Gaydou and Arrivets, 1983). 

Nutrient influences on linoleic acid content have not been examined as industries focus mainly 

on lowering the saturated and linolenic acid content, while linoleic acid content is naturally high 

(Primomo et al., 2002a; Wilson, 2004). Evaluation of the influence of fertilizer regimes differing 

in concentrations of P and K on the soybean seed fatty acid profile could provide guidelines for 

nutrient management practices for soybean genotypes developed for polyurethane production. 

Significant environmental and agronomical influences on soybean seed fatty acid content 

have been previously reported (Howell and Collins, 1957; Wolf et al., 1982; Schnebly and Fehr, 

1993; Wilson, 2004; Ray et al., 2008; Izquierdo et al., 2009; Butler et al., 2010). The best 

understood environmental influence is that of temperature; temperature affects enzymes in the 

fatty acid biosynthetic pathway, with high temperatures during the seed fill stages (R5 to R8; 

Fehr et al., 1971) causing low linoleic and linolenic acid contents, high oleic acid content, and no 

consistent change in saturated fatty acid contents (Howell and Collins, 1957; Wolf et al., 1982). 

Early planting dates that expose soybeans to high temperatures during the seed fill stages (R5 to 

R8; Fehr et al., 1971), therefore, reduce linolenic acid content (Schnebly and Fehr, 1993; Ray et 

al., 2008). Planting density is a second factor influencing seed fatty acid content. Increased 

interception of solar radiation per plant during the seed fill stages (R5 to R8; Fehr et al., 1971) 

results in low linoleic and linolenic acid contents, high oleic acid content, and has no effect on 

the saturated fatty acid contents (Izquierdo et al., 2009). Seed development position on the 

soybean plant, also influenced by planting density, impacts seed fatty acid content (Bennett et al., 

2003). Oleic acid content is greatest in seeds developed at the upper nodal position and linoleic 

acid content is greatest in seeds developed at the lowest nodal position, although nodal position 

does not explain variation in palmitic, stearic and linolenic acid contents (Bennett et al., 2003).  
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Previous research in soybean fertilizer management has focused primarily on the optimal 

nutrient requirements of P and K to maximize crop productivity (Sale and Campbell, 1986; Grant 

et al., 2001; Pettigrew, 2008). Total seed yield is positively correlated with increasing 

concentrations of P and K (Yin and Vyn, 2003; Pettigrew, 2008). The influence of P and K 

nutrition on soybean crop quality is less frequently evaluated. The effect of P and K on lycopene 

content in tomatoes has been studied (Sanito and Kano, 1970; Trudel and Ozbun, 1970; Trudel 

and Ozbun, 1971). Total lycopene content in tomatoes is positively correlated with increasing 

concentrations of P and K. In fact a reduced rate of lycopene synthesis occurs in plants 

experiencing a K deficiency (Trudel and Ozbun, 1971). This increase can be compared to the 

effect of K on isoflavone content in soybeans (Vyn et al., 2002). Addition of K to soils low in K 

had a positive influence on total isoflavone content in soybean seeds, and on the individual 

isoflavone contents of diadzein and genistein (Vyn et al., 2002). Understanding the relationship 

between the soybean seed fatty acid profile and nutrient management of P and K is essential for 

soybean growers who may be given financial incentives to produce high-linoleic acid soybeans 

for polyurethane production. The objective of this study is to determine the influence of different 

concentrations of P and K, supplied during the growth cycle in a growth room, on the soybean 

seed fatty acid profile of a high-linoleic acid content line. 

 

4.3 RESEARCH HYPOTHESIS 

 High concentrations of P and K supplied to a high-linoleic acid content soybean line will 

significantly alter the fatty acid profile in soybean oil. 
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4.4 MATERIALS & METHODS 

4.4.1 PLANT MATERIAL 

The high-linoleic acid content line RG25, which was developed at the University of 

Guelph (average linoleic acid content when grown in two locations in southwestern Ontario in 

2010 and 2011 was 668 g kg-1), was used as the plant material. RG25 was developed from the 

cross of two low palmitic acid lines, ELLP-3, with the fapxfapx genotype (Stojsin et al., 1998a), 

and CLP-1, with the fap1fap1 genotype (Stojsin et al., 1998b). 

 

4.4.2 GROWTH ROOM SET UP 

RG25 was planted on October 2, 2010 in pots in a growth room at the Crop Science 

Building at the University of Guelph. Eight-inch pots (Kord Products, Brampton, ON) were 

filled with Sunshine L-4 potting mix (Appendix F; Sun Gro Horticulture Canada Ltd., Seba 

Beach, AB) and saturated with de-ionized water the day prior to planting. Seeds were coated in 

the pre-planting soybean inoculant treatment Nitragin (Becker Underwood HiCoat Peat, 

Goderich, ON) to promote nodule formation. Five seeds per pot were planted at a depth of 

approximately 1.5cm. Growth room conditions were set at 25/20 °C day/night temperatures. A 

16-hour photoperiod with lights turning on at 6:25 and off at 22:25 was used, with humidity of 

80%, and, a photon flux intensity of approximately 320 "mol/m2/s. 

Pots were spaced equally on the growth room bench in a randomized complete block 

design (RCBD), with three replications per block. A random number generator 

(http://www.random.org/) assigned treatments to each pot, and blocks were also randomly 

assigned to a bench location using the same program. Pots were staked for identification 

purposes, using block and treatment numbers. Nine days after planting (VC; Fehr et al., 1971), 
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pots were thinned to two plants per pot and a wire support hoop was put into the pots. Twelve-

inch unattached saucers were placed under each pot to create a closed treatment application 

system, so soybean plants directly absorbed treatment solutions from the bottom of the pot. 

Soybeans were watered with de-ionized water as needed prior to application of fertilizer 

treatments, which commenced 16 days after planting. 

The irrigation system in the growth room was started 27 days after planting, with one 

irrigation stick per pot (Table 4.4.1). Timing was set for five minutes once a day, starting at 

14:45 (Table 4.4.1). All irrigation sticks were removed from pots 128 days after planting. 

 

4.4.3 GROWTH ROOM PEST CONTROL 

A combination of biological controls was used to manage Thrips (Therodiplosis persicae) 

and spider mites (Acari). Predators used to control Thrips included Amblyseius cucmeris 

(Biobest, Westerlo, Belgium), distributed on foliage using bran, and Orius insidiosus (Biobest, 

Westerlo, Belgium), distributed on foliage using buckwheat hulls. The predator used to control 

spider mites was Phytoseiulus persimilis (Biobest, Westerlo, Belgium), distributed on foliage 

using vermiculite. All predators were distributed bi-weekly, and sticky sheets were also used to 

control Thrips. Insecticide sprays –End-all II at 20-mL/L (Woodstream Canada Corporation, 

Scarborough, ON) in rotation with Orthene 85SP at 0.8-g/L (Arvesta Corporation, San Francisco, 

CA) mixed with Thionex 50EC at 1-mL/L (Makhteshim-Agan of North America Inc., Raleigh, 

NC) –were applied to control Mealy bugs (Hemiptera). The sprays were rotated on a bi-weekly 

schedule
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Table 4.4.1. Outline of irrigation system set-up based on developmental stage of soybean plants. 

The days after planting on which the number of irrigation sticks, the watering duration, and/or 

the time watering started, stopped, or changed. 

 
Days After Planting 

Number of 
Irrigation Sticks Per 

Pot 

Duration of 
Watering Time(s) 

(minutes) 

Watering Start 
Time(s) 

27 1 5 14:45 
37 1 8 14:45 
40 2 8 14:45 
47 2 12 14:45 
61 2 6 2:45 and 14:45 
72 2 9 2:45 and 14:45 
75 2 7 2:45 and 14:45 
79 2 6 2:45 and 14:45 
121 2 4 2:45 and 14:45 
128 0 0 n/a 
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4.4.4 APPLICATION OF MODIFIED HOAGLAND’S SOLUTIONS 

Fertilizer solutions applied to the soybeans included modified Hoagland’s solution, 

modified Hoagland’s solution with 2!P, modified Hoagland’s solution with 2!K, modified 

Hoagland’s solution without P, and modified Hoagland’s solution without K. Fifteen liters of 

each solution was prepared and stored initially in the growth room in 20-liter carboy’s. Solutions 

were prepared by adding five liters of nanopure water to the 20-liter carboy. Volumes of 

prepared stock solutions (see Appendix F) were added to the 20-liter carboy. Volumes of 

prepared stock solutions (see Appendix F) were added to each carboy according to each fertilizer 

treatment recipe (Table 4.4.2). The carboy was then filled to the 15-liter mark with nanopure 

water.  

Modified Hoagland’s solution with 2!K contained the same concentration of all other 

nutrients as found in the modified Hoagland’s solution except for 2!K and a higher 

concentration of S. To achieve 2!K, 6-mL of 0.5 M K2SO4 was added to the solution, also 

increasing the concentration of S. The modified Hoagland’s solution without K contained the 

same concentration of all other nutrients as found in the modified Hoagland’s solution except for 

the omission of K and a higher concentration of Ca. To remove K from the nutrient solution, the 

1-mL of 1M KH2PO4 and the 5-mL of 1M KNO3 were replaced with 7.5-mL of 1M 

Ca(NO3)2!4H2O, increasing the concentration of Ca.  

Modified Hoagland’s solution with 2!P contained the same concentration of all other 

nutrients as found in the modified Hoagland’s solution except for 2!K and a higher 

concentration of Ca. To achieve twice the concentration of P, 10-mL of 0.05 M Ca(H2PO4)2 was 

added, increasing the concentration of Ca. The modified Hoagland’s solution without P 

contained the same concentration of all other nutrients as found in the modified Hoagland’s 
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Table 4.4.2. Concentrations and volumes of stock solution added to each 15-liter carboy for 

preparation of the five fertilizer treatments. 

Solution Name Nutrient Concentration 
(M) 

Volume  
(mL) 

KNO3 2.00 37.5 
Ca(NO3)2•4H2O 1.00 75.0 
KH2PO4 1.00 15.0 
MgSO4 (anhydrous) 1.00 30.0 
Micronutrient Stock Solution 2.00 7.5 

 
 

Modified Hoagland’s 
Solution 

Iron Chelate Solution 4.00 15.0 
KNO3 2.00 37.5 
Ca(NO3)2•4H2O 1.00 75.0 
KH2PO4 1.00 15.0 
MgSO4 (anhydrous) 1.00 30.0 
Ca(H2PO4)2 0.05 150.0 
Micronutrient Stock Solution 2.00 7.5 

 
 

Modified Hoagland’s 
with 2!P 

Iron Chelate Solution 4.00 15.0 
KNO3 2.00 37.5 
Ca(NO3)2•4H2O 1.00 75.0 
KH2PO4 1.00 15.0 
MgSO4 (anhydrous) 1.00 30.0 
K2SO4 0.50 90.0 
Micronutrient Stock Solution 2.00 7.5 

 
 

Modified Hoagland’s 
with 2!K 

Iron Chelate Solution 4.00 15.0 
KNO3 2.00 37.5 
Ca(NO3)2•4H2O 1.00 75.0 
MgSO4 (anhydrous) 1.00 30.0 
K2SO4 0.50 15.0 
Micronutrient Stock Solution 2.00 7.5 

 
 

Modified Hoagland’s 
without P 

Iron Chelate Solution 4.00 15.0 
Ca(NO3)2•4H2O 1.00 112.5 
MgSO4 (anhydrous) 1.00 30.0 
Ca(H2PO4)2 0.05 150.0 
Micronutrient Stock Solution 2.00 7.5 

 
Modified Hoagland’s 

without K 

Iron Chelate Solution 4.00 15.0 
*Note: pH of each nutrient solution was taken with litmus paper to ensure that the pH was 
approximately 5.8 to 7.0, which is the adequate pH for soybean growth (Gaydou and Arrivets, 
1983)
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Figure 4.4.1. Outline of growth room set up showing block locations, pot arrangements within 

each block receiving the fertilizer treatments, and pots exposed to different environmental 

conditions. 

Block 2 Block 3 Block 1 

1 5 9 13 1 5 9 13 1 5 9 13 

2 6 10 14 2 6 10 14 2 6 10 14 

3 7 11 15 3 7 11 15 3 7 11 15 

4 8 12 16 4 8 12 16 4 8 12 16 

 
 Key  
  Modified Hoagland’s Solution 
  Modified Hoagland’s Solution with 2!P 
  Modified Hoagland’s Solution with 2!K 
  Modified Hoagland’s Solution with No P 
  Modified Hoagland’s Solution with No K 
 Empty Location 
  Pots Receiving More Water Over the Duration of Experiment 
  Pots Sprayed for Mealy Bugs Causing Early Defoliation 
  Pots that Died Prematurely due to Lack of Water 
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solution except for the omission of P and a higher concentration of S. To remove P from the 

nutrient solution, the 1-mL of 1M KH2PO4 was replaced with 1-mL of 0.5M K2SO4, which 

increased the concentration of S within the solution.  

Treatments were added to the saucers every Monday and Thursday beginning 16 days 

after planting and ending 114 days after planting. A map of the growth room bench (Figure 

4.4.1) was used in conjunction with stakes to ensure the correct fertilizer solution was added to 

the correct potted plant. A 100-mL graduated cylinder was filled with modified Hoagland’s 

solution, with the bottom of the meniscus at the 100-mL line. The modified Hoagland’s solution 

was added to the saucer that belonged to the experimental unit designated to receive modified 

Hoagland’s solution in Block 1. The modified Hoagland’s solution was measured out a total of 

nine times, three times for each of the blocks. Once the modified Hoagland’s solution was 

applied to all experimental units designated to receive it, the graduated cylinder was washed and 

this process was repeated for the four other treatment solutions. 

 

4.4.5 DATA COLLECTION 

Phenotypic symptoms based on fertilizer treatment received were recorded between 103 

to 107 days after planting (Figure 4.5.1a).  Seeds were harvested beginning 129 days after 

planting and ending 165 days after planting. Seedpods were put into paper bags labeled with 

block and treatment and stored until hand-threshed. Harvested and cleaned seed was stored in 

small-labeled seed envelopes.  

Most plants had Thrips damage on older leaves as a result of poor pest control at the 

beginning of the experiment (Figure 4.5.1b). Ninty-six days after planting Mealy bugs were 

found on some soybean plants. A pesticide was sprayed on the source, a highly infected plant 
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(Block-3 Pot-5; Figure 4.5.1c) causing its premature death. No other plants were highly infected, 

although Mealy bugs were found on other plants. Inconsistencies in the irrigation system caused 

Block 1, Pots 9-16 and Block 2 Pots 1-4 to receive excess water over the whole of the 

experiment. Overwatering lead to water damage displayed as mottling of entire leaves (Figure 

4.5.1d). Block 1 pots 9 through 16 also had a larger infestation of Thrips to lower leaves perhaps 

due to the close proximity of plants to the wall. Pot 10 in Block 1 died prematurely due to the 

error of the lack of inclusion of an irrigation stick in the pot. 

 

4.4.6 SEED COMPOSITION ANALYSIS 

Soybean seeds were analyzed for crude oil content, measured using the Nuclear Magnetic 

Resonance (NMR) analyzer Minispec mq10 (Bruker Corporation, Milton, ON), and for seed 

fatty acid composition measured using the GC (Hewlett Packard, Palo Alto, CA). The procedure 

for fatty acid analysis remained consistent with the aforementioned procedure in Chapter Two of 

seed fatty acid extraction followed by analysis using the Hewlett Packard’s Agilent ChemStation 

RevB.04.02 computer software (Agilent Technologies, Mississauga, ON). 

Crude oil content was measured using an NMR procedure. Five grams of seed from each 

sample was dried for 24 hours in an oven set at 110°C. The new weight of the dried sample was 

taken; the sample was placed in the tube so that the seed sample was horizontal to the bottom of 

the tube. A Kim wipe was used to wipe off any fingerprints or debris present on the outside of 

the tube, and the tube was placed into the NMR. Crude oil content were measured and recorded 

with Bruker Analytik 2000 v 2.20 (Bruker Corporation, Milton, ON) software. The measurement 

was repeated three times for each sample to get an average of the crude oil. 
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Figure 4.5.1. (a) Soybean plants from Block 3 showing distinguishing phenotypic characteristics 

caused by fertilizer treatment received. From left to right, plant receiving modified Hoagland’s 

solution, plant receiving modified Hoagland’s solution with 2!P, plant receiving modified 

Hoagland’s solution with 2!K, plant receiving modified Hoagland’s solution without P, and 

plant receiving modified Hoagland’s solution without K. (b) Mature soybean leaf with moderate 

Thrips damage. (c) Mealy bugs infestation on a matured soybean stem. (d) Excess water causing 

extreme leaf mottling on a mature soybean leaf. 
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4.4.7 STATISTICAL ANALYSIS 

LSMeans (Table 4.5.3) and F-values (Table 4.5.1) for fatty acid content based on 

fertilizer treatment was obtained using the PROC GLM function in SAS version 9.2 (SAS 

Institute Inc., Cary, NC). Treatment was considered a fixed effect and block was considered a 

random effect. Bench location was included as a covariate as some locations on the bench 

received more water than other locations over the growing period. LSMeans (Table 4.5.6) and F-

values (Table 4.5.4) for total oil content based on fertilizer treatment was also obtained using the 

PROC GLM function in SAS version 9.2 (SAS Institute Inc., Cary, NC). Treatment was 

considered a fixed effect and block was considered a random effect. Bench location was not 

included as a covariate as it was not statistically significant when included in the total oil content 

model. 

 

4.5 RESULTS AND DISCUSSION 

Analysis of variance indicated linoleic acid content (Table 4.5.1) was significantly 

influenced by fertilizer treatment. Fertilizer treatment was not significant for oleic acid content, 

although there was evidence that seed oleic acid content was influenced by fertilizer treatment as 

it approached significance (Table 4.5.1). Oil content was not significantly influenced by fertilizer 

treatment although plants supplied with Modified Hoagland’s solution had the highest seed oil 

content (Table 4.5.4 and 4.5.6). Linoleic acid was significantly influenced by treatment, 

indicating that P and K nutrient management is important for soybean genotypes developed for 

polyurethane production. 
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Table 4.5.1. Analysis of variance for seed fatty acid content of RG25 based on fertilizer 

treatment received.  Position on the growth room bench was included as a covariate. 

Source of 
Variation 

Degrees 
of 

Freedom 

Sum  
of  

Squares 

Mean 
Square F-Value P-value R2 Value 

Palmitic Acid Content 
Model 7 0.506 0.072 1.70 0.141 0.248 

Block 2 0.243 0.114 2.86 0.071  
Treatment 4 0.275 0.066 1.61 0.192  
Covariate 1 0.016 0.016 0.38 0.544  

       
Stearic Acid Content 

Model 7 0.939 0.134 3.12 0.011 0.377 
Block 2 0.211 0.106 2.46 0.100  
Treatment 4 0.293 0.073 1.70 0.171  
Covariate 1 0.199 0.199 4.62 0.038  

       
Oleic Acid Content 

Model 7 127.624 18.232 3.56 0.005 0.409 
Block 2 28.223 14.112 2.75 0.077  
Treatment 4 53.169 13.292 2.59 0.053  
Covariate 1 31.111 31.111 6.07 0.019  

       
Linoleic Acid Content 

Model 7 102.046 14.578 3.62 0.005 0.413 
Block 2 19.482 9.741 2.42 0.103  
Treatment 4 47.248 11.812 2.93 0.034  
Covariate 1 28.177 28.177 7.00 0.012  

       
Linolenic Acid Content 

Model 7 0.942 0.135 0.81 0.586 0.136 
Block 2 0.303 0.152 0.91 0.411  
Treatment 4 0.687 0.172 1.03 0.404  
Covariate 1 0.018 0.018 0.11 0.741  
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4.5.1 EFFECT OF K ON SOYBEAN SEED FATTY ACID PROFILE 

Comparisons between seeds of soybean plants that received modified Hoagland’s 

solution with 2!K to seeds of plants that received modified Hoagland’s solution without K were 

significantly different for stearic (p=0.033), oleic (p=0.005), and linoleic (p=0.005) acid contents 

(Table 4.5.2). Stearic acid content was highest in the seeds of plants that received modified 

Hoagland’s solution with 2!K and lowest in the seeds of plants that received modified 

Hoagland’s solution without K (Table 4.5.3). In contrast, oleic acid content was lowest in the 

seeds of plants that received modified Hoagland’s solution with 2!K and highest in the seeds of 

plants that received modified Hoagland’s solution without K. As predicted by the stepwise 

process of fatty acid biosynthesis and the negative correlation that exists between oleic and 

linoleic acid contents, linoleic acid content was highest in the seeds of plants that received 

modified Hoagland’s solution with 2!K and lowest in the seeds of plants that received modified 

Hoagland’s solution without K (Gaydou and Arrivets, 1983; Yadav, 1996). Palmitic and 

linolenic acid contents were not significantly influenced by the concentration of K in the 

fertilizer solution. 

Soybean canopies of plants that received modified Hoagland’s solution with 2!K were 

exceptionally full, bushy, and dark green in color (Figure 4.5.2a). Dark green leaves were 

lanceloate shaped (Figure 4.5.2b and 4.5.2c). Leaf senescence and physiological maturation was 

delayed despite the fact that time of seedpod development and the number of seedpods per plant 

appeared to be normal. Plants that received modified Hoagland’s solution without K displayed 

distinctly different phenotypic characteristics (Figure 4.5.3). Soybean canopies were also full and 

bushy but leaves were oval shaped and lighter green colored (Figure 4.5.3a). Older leaves 

displayed chlorosis along the leaf margins, with chlorosis occasionally moving into the 
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interveinal leaf space. In severe cases, young leaves also displayed these symptoms (Figure 

4.5.3c). Development of necrotic areas, which had previously experienced chlorosis, occurred 

towards the margins of severely nutrient stressed leaves in the late seed fill developmental stage. 

Leaf cupping commonly occurred on leaves that experienced chlorosis and leaves that did not 

have chlorosis (Figure 4.5.3b and Figure 4.5.3c). Leaves senesced early, with some plants 

retaining dried leaves at maturity and other plants experiencing premature defoliation. 

Accelerated physiological maturation of plants was initiated by early yellowing of seedpods and 

early leaf senescence. 

Results from this study indicated that a high concentration of K supplied to soybean 

plants throughout their life cycle influenced the seed fatty acid profile. A field experiment had 

comparable results to this study; soybean plants that received fertilizer solutions with a high 

concentration of K (90 kg ha -1) produced seeds with low oleic acid content and high linolenic 

acid content (Gaydou and Arrivets, 1983). K is the most abundant inorganic cation found in plant 

tissue, which is responsible for the activation of numerous enzymes governing energy 

metabolism, protein synthesis, and solute transport (Romheld and Kirkby, 2010). Fatty acid 

biosynthesis depends upon enzyme activation by nutrients supplied to the plant through 

fertilization. It is unknown whether K is directly involved in fatty acid biosynthesis, although K 

is involved in the activation of more than 60 enzymes that catalyze diverse metabolic activities 

(Suelter, 1985; Vyn et al., 2002; Pettigrew, 2008). It is reasonable to believe that K fertilization 

affects the seed fatty acid profile due to activation of a particular enzyme or enzymes in the fatty 

acid biosynthesis pathway, as was suggested for isoflavone synthesis in soybean and lycopene 

synthesis in tomatoes (Vyn et al., 2002; Trudel and Ozbun, 1971).  
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K is involved in many physiological processes inside the plant (Pettigrew, 2008). K 

serves as one of the major osmotic regulators controlling guard cell deformation, which, control 

the opening of the stomatal aperture (Talbott et al., 1998). Insufficient leaf levels of K can lead to 

decreased stomatal conductance, reducing the rate of photosynthesis per unit leaf area (Bednarz 

et al., 1998; Huber, 1985). Decreased stomatal conductance is the principal factor limiting 

photosynthesis at the onset of a developing K deficiency, whereas when K deficiency becomes 

more extreme photosynthesis is depressed due to low stromal K concentrations in chloroplasts 

reducing carbon dioxide fixation (Bednarz and Oosterhuis, 1998; Romheld and Kirkby, 2010). 

Photosynthesis is also depressed in K deficient conditions as a result of reduced phloem loading, 

effecting gene expression as a result of sucrose accumulation (Hermans et al., 2006). Depression 

of photosynthesis causes an excess accumulation of light energy and photoreductants in the 

chloroplasts, leading to the formation of reactive oxygen species and chloroplast damage 

(Cakmak, 2005).  

Reduced rate of photosynthesis per unit leaf area under K deficient conditions leads to the 

reduction in the total photosynthetic assimilate pool produced in the plants source tissue (Sale 

and Campbell, 1986; Pettigrew, 2008). Combining reduced photo assimilate production with 

hindered phloem loading ultimately reduces yield and quality produced by those plants 

(Pettigrew, 2008). Therefore, the positive correlation between K supply and total seed yield is 

consistent with the positive correlation between K supply and seed linoleic acid content found in 

this experiment. Polyurethane production using soybean oil would be best under high K fertility 

conditions, as high total seed yield is combined with high seed linoleic acid content. 
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Figure 4.5.2. RG25 soybean plants at the start of seed set that received modified Hoagland’s 

fertilizer solution with 2!K. (a) Soybean canopy that is full, bushy, very dark green in color, and 

showing no signs of physiological maturation. (b) Severely lancolate leaves that are 

exceptionally dark green in color. (c) Lancolate leaves with Thrips insect damage.  
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Figure 4.5.3. RG25 soybean plants at the start of seed set that received modified Hoagland’s 

fertilizer solution without K. (a) Soybean canopy with evidence of leaf margin chlorosis, 

interveinal chlorosis and physiological maturation. (b) Cupping of older soybean leaves. (c) 

Severe leaf margin chlorosis with some interveinal chlorosis. 

!"#$
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4.5.2 EFFECT OF P ON SOYBEAN SEED FATTY ACID PROFILE 

Seeds of plants supplied with modified Hoagland’s solution with 2!P were significantly 

different than seeds of plants that were supplied with modified Hoagland’s solution with 2!K for 

palmitic (p=0.043), oleic (p=0.028), and linoleic (p=0.012) acid contents (Table 4.5.2). The 

highest palmitic acid content occurred when plants were supplied with 2!P and the lowest 

palmitic acid content occurred when plants were supplied with 2!K (Table 4.5.3). Increased 

oleic acid content and decreased linoleic acid content occurred in the seeds of plants that were 

supplied with modified Hoagland’s solution with 2!P (Table 4.5.3). Inversely, low oleic acid 

content and high linoleic acid content occurred in the seeds of plants that were supplied with 

modified Hoagland’s solution with 2!K (Table 4.5.3). Stearic and linolenic acid contents were 

not significantly different when modified Hoagland’s solutions with 2!P and 2!K were 

compared (Table 4.5.2). Modified Hoagland’s solution with 2!P produced seeds with 

significantly (p=0.048) higher stearic acid content when compared to the seeds of plants that 

received modified Hoagland’s solution without K (Table 4.5.2). Palmitic, oleic, linoleic and 

linolenic contents were not significantly different when seeds of plants supplied with modified 

Hoagland’s with 2!P and modified Hoagland’s without K were compared (Table 4.5.2). 

Vine-like soybean canopies occurred when plants received modified Hoagland’s solution 

with 2!P (Figure 4.5.4). An abundance of green oval leaves filled the canopy, with the presence 

of some veinal chlorosis on older leaves found near the base of the main stem (Figure 4.5.4a). 

Timing of seedpod development and number of seedpods was normal (Figure 4.5.4b). Leaf 

senescence was delayed, causing late physiological plant maturation. Desiccation of seedpods 

was also delayed causing hand harvest at the latest date (Figure 4.5.4c). The growth habit of 

soybean canopy that received modified Hoagland’s solution without P was an exaggerated vine 
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with sparse oval leaves (Figure 4.5.5). Older leaves showed purple discoloration, some 

interveinal chlorosis and leaf distortion (Figure 4.5.5a and Figure 4.5.5b). Purpling of the main 

stem near the base of the plant and some leaf petioles also occurred (Figure 4.5.5c). Premature 

leaf senescence prompted early physiological maturation of plants. 

The concentration of P in the fertilizer solution did not directly influence seed fatty acid 

biosynthesis. Soybean seeds contain a P reserve that is sufficient to sustain approximately two 

weeks of growth and P uptake is most essential in the early stages of plant growth (Crafts-

Brandner, 1992; Grant et al., 2000). Approximately 75% of early season P uptake from the soil is 

stored in plants as mobile inorganic P, which acts as a reserve for metabolically active organic P 

(Crafts-Brandner, 1992). Inorganic P concentration varies significantly with external P 

availability whereas organic P is more stable (Bieleski, 1973). Therefore, high concentrations of 

stored inorganic P from the seed reserve or from early season P uptake can buffer against 

fluctuations in P soil availability to maintain the concentration of metabolically active organic P 

(Grant et al., 2000). 

Metabolically active organic P is essential to plant processes including cellular energy 

transfer, respiration and photosynthesis (Grant et al., 2000). Light energy absorbed by 

chlorophyll throughout photosynthesis is stored in adenosine triphosphate (ATP), where after 

ATP is used as the principal source of energy for energy-requiring processes (Grant et al., 2000). 

ATP is exclusively used in the first step of fatty acid biosynthesis, the conversion of malonyl-

CoA to Acetyl-CoA by Acetyl-CoA carboxylase (Ohlrogge et al., 1993). Since ATP is only used 

in one step of the fatty acid biosynthesis pathway, P in the seed reserve and the early supply of P 

via the Sunshine Potting Mix medium may have been enough for normal fatty acid biosynthesis. 

The Sunshine L-4 Potting Mix Medium initially supplied approximately 1 to 5 ppm of P, a low 



! 116!

Figure 4.5.4. RG25 soybean plants at the start of seed set that received modified Hoagland’s 

fertilizer solution with 2!P. (a) Full soybean canopy with dark green obovate leaves. (b) Veinal 

chlorosis of leaves and the presence of seedpod development. (c) Delayed leaf senescence 

resulting in later physiological maturation of soybean plant.   
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Figure 4.5.5. RG25 soybean plants at the start of seed set that received modified Hoagland’s 

fertilizer solution without P. (a) Soybean canopy with evidence of leaf purpling, interveinal 

chlorosis on younger leaves and signs of the onset of physiological maturation. (b) Leaf 

distortion of older soybean leaves. (c) Purpling of leaf petioles and of the main stem of the 

soybean plant. 
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Table 4.5.2.Pair wise comparisons between all fertilizer treatments for the contents of each 

individual soybean oil fatty acid. Fertilizer solutions are: MH = modified Hoagland’s solution; 

MH 2!P = modified Hoagland’s solution with 2!P; MH 2!K = modified Hoagland’s solution 

with 2!K; MH w/o P = modified Hoagland’s solution without P; MH w/o K = modified 

Hoagland’s solution without K. 

Treatment Comparison Estimate Standard Error t-value P-value 
Palmitic Acid Content 

MH vs. MH 2!P 0.06 0.102 0.55 0.584 
MH vs. MH 2!K -0.15 0.102 -1.46 0.154 

MH vs. MH w/o P -0.03 0.101 -0.32 0.753 
MH vs. MH w/o K -0.14 0.102 -1.35 0.186 

MH 2!P vs. MH 2!K -0.20 0.097 -2.10 0.043 
MH 2!P vs. MH w/o P -0.09 0.104 -0.85 0.401 
MH 2!P vs. MH w/o K -0.19 0.097 -1.99 0.055 
MH 2!K vs. MH w/o P 0.12 0.104 1.12 0.270 
MH 2!K vs. MH w/o K 0.01 0.097 0.11 0.910 

MH w/o P vs. MH w/o K -0.11 0.104 -1.01 0.317 
Stearic Acid Content 

MH vs. MH 2!P 0.01 0.103 0.14 0.887 
MH vs. MH 2!K 0.03 0.103 0.31 0.762 

MH vs. MH w/o P -0.85 0.101 -0.84 0.405 
MH vs. MH w/o K -0.19 0.103 -1.81 0.079 

MH 2!P vs. MH 2!K 0.02 0.098 0.17 0.866 
MH 2!P vs. MH w/o P -0.10 0.108 -0.92 0.362 
MH 2!P vs. MH w/o K -0.20 0.098 -2.04 0.048 
MH 2!K vs. MH w/o P -0.12 0.108 -1.08 0.289 
MH 2!K vs. MH w/o K -0.22 0.098 -2.21 0.033 

MH w/o P vs. MH w/o K -0.10 0.108 -0.92 0.363 
Oleic Acid Content 

MH vs. MH 2!P 1.19 1.120 1.06 0.296 
MH vs. MH 2!K -1.25 1.120 -1.12 0.271 

MH vs. MH w/o P 0.60 1.105 0.54 0.590 
MH vs. MH w/o K 1.96 1.120 1.75 0.089 

MH 2!P vs. MH 2!K -2.44 1.067 -2.29 0.028 
MH 2!P vs. MH w/o P -0.59 1.182 -0.50 0.624 
MH 2!P vs. MH w/o K 0.77 1.067 0.72 0.475 
MH 2!K vs. MH w/o P 1.85 1.182 1.57 0.126 
MH 2!K vs. MH w/o K 3.21 1.067 3.01 0.005 

MH w/o P vs. MH w/o K 1.36 1.182 1.15 0.259 
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Table 4.5.2. Continued. 
 

Treatment Comparison Estimate Standard Error t-value P-value 
Linoleic Acid Content 

MH vs. MH 2!P -1.36 0.993 -1.37 0.181 
MH vs. MH 2!K 1.38 0.993 1.15 0.259 

MH vs. MH w/o P -0.86 0.980 -0.87 0.388 
MH vs. MH w/o K -1.72 0.993 -1.73 0.091 

MH 2!P vs. MH 2!K 2.49 0.946 2.64 0.012 
MH 2!P vs. MH w/o P 0.50 1.048 0.48 0.637 
MH 2!P vs. MH w/o K -0.37 0.946 -0.39 0.701 
MH 2!K vs. MH w/o P -1.99 1.048 -1.90 0.065 
MH 2!K vs. MH w/o K -2.86 0.946 -3.02 0.005 

MH w/o P vs. MH w/o K -0.87 1.048 -0.83 0.414 
Linolenic Acid Content 

MH vs. MH 2!P 0.09 0.202 0.42 0.675 
MH vs. MH 2!K 0.22 0.202 1.07 0.291 

MH vs. MH w/o P 0.37 0.199 1.84 0.074 
MH vs. MH w/o K 0.08 0.202 0.37 0.712 

MH 2!P vs. MH 2!K 0.13 0.192 0.68 0.500 
MH 2!P vs. MH w/o P 0.28 0.213 1.32 0.194 
MH 2!P vs. MH w/o K -0.01 0.192 -0.05 0.959 
MH 2!K vs. MH w/o P 0.15 0.213 0.71 0.484 
MH 2!K vs. MH w/o K -0.14 0.192 -0.73 0.468 

MH w/o P vs. MH w/o K -0.29 0.213 -1.37 0.179 



! 120!

 

 

Table 4.5.3. LSMeans for individual fatty acid seed contents (g kg-1) based on fertilizer treatment 

supplied to RG25 soybean genotype. Fertilizer solutions are: MH = modified Hoagland’s 

solution; MH 2!P = modified Hoagland’s solution with 2!P; MH 2!K = modified Hoagland’s 

solution with 2!K; MH w/o P = modified Hoagland’s solution without P; MH w/o K = modified 

Hoagland’s solution without K. 

Fatty Acid  Treatment LSMeans (g kg-1) 
MH 43 

MH 2!P 43 
MH 2!P 41 

MH w/o P 42 

 
 

Palmitic Acid  

MH w/o K 41 
MH 27 

MH 2!P 27 
MH 2!P 27 

MH w/o P 26 

 
 

Stearic Acid 

MH w/o K 25 
MH 201 

MH 2!P 213 
MH 2!P 189 

MH w/o P 207 

 
 

Oleic Acid  

MH w/o K 221 
MH 692 

MH 2!P 678 
MH 2!P 703 

MH w/o P 683 

 
 

Linoleic Acid  

MH w/o K 674 
MH 39 

MH 2!P 39 
MH 2!P 41 

MH w/o P 42 

 
 

Linolenic Acid  

MH w/o K 39 
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score for P soil concentration based on the OMAFRA-accredited soil test ( Appendix F; Baute, 

2002).  

 

4.5.3 EFFECTS OF P AND K ON SOYBEAN SEED OIL CONTENT 

Analysis of variance revealed that treatment was not significant (P=0.0892) for total seed 

oil content (Table 4.5.3). Pair-wise contrasts of all treatment combinations revealed significant 

differences in total oil content between treatments (Table 4.5.5). High oil content occurred in 

seeds produced on plants supplied with modified Hoagland’s solution and low oil content 

occurred in seeds produced on plants supplied with 2!K (Table 4.5.6). Seed oil was also 

significantly higher in the seeds of plants that received modified Hoagland’s solution when 

compared to the seeds of plants that received modified Hoagland’s solution without K (Table 

4.5.5 and 4.5.6).  

Plants supplied with all the nutrients in the correct proportions for normal plant growth 

were highest in oil content and were closest phenotypically to field grown soybean plants (Figure 

4.5.6), except that plant canopies were more vine-like than field grown soybean plants which is 

typical for growth room studies (Figure 4.5.6a). Plant characteristics of RG25 supplied with 

modified Hoagland’s solution included oval leaves and timely development of seedpods (Figure 

4.5.6c). Leaf senescence and maturation of plants was uniform (Figure 4.5.6b). 

 Previous field research found a significant positive correlation between total oil content 

and increasing K supply when soybeans were grown on low-K soils (Gaydou and Arrivets, 

1983). A significant positive correlation was also found between P oil and P and protein (Gaydou 

and Arrivets, 1983). Studies have also found inconsistent relationships between K deficiency and 
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total oil content (Seguin and Zheng, 2006; Sale and Campbell, 1986). Results from this 

experiment indicate that P or K fertilization did not significantly influence total oil content. 

 

4.6 CONCLUSIONS 

The most interesting influence of nutrient management on seed fatty acid content 

involved the comparison of fertilizer treatments with different concentrations of K. An increased 

concentration of K in the fertilizer solution corresponded to an increased seed linoleic acid 

content, suggests that K may be involved in the activation of an enzyme or enzymes in the fatty 

acid biosynthetic pathway. Although fertilization did not influence total oil content, a positive 

relationship exists between total seed yield and increasing K supply (Sale and Campbell, 1986). 

Adjustment of K nutrient management practices to increase total seed yield may concurrently 

increase linoleic acid content. This is promising for automotive industries producing 

polyurethane from soybean oil and for farmers supplying industries with this bio-renewable 

feedstock. 

The inability to control the levels of P and K independently of S and Ca is a notable 

experimental design compromise. Modified Hoagland’s solution with 2!K and modified 

Hoagland’s solution without P had higher concentration of S than any other fertilizer solutions. 

Likewise, modified Hoagland’s solution with 2!P and modified Hoagland’s solution without K 

had higher concentrations of Ca than any other fertilizer solutions. Little or no consistent effects 

of S on soybean seed fatty acid content have been reported (Ham et al., 1957; Howell and 

Collins, 1957), whereas the effects of S fertilization on the quantity and quality of storage 

proteins in soybean seeds has been reported (Gaylor and Sykes, 1985). Although the effects of 

Ca fertilization on soybean seed fatty acid content have yet to be deciphered, lycopene content in 
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tomatoes decreases with increasing Ca concentration in the nutrient solution (Paiva et al., 1998). 

Increased Ca concentration is thought to inhibit K absorption, as K concentration that has a 

positive correlation with lycopene content and K has been suggested to be involved in lycopene 

synthesis in tomatoes (Trudel and Ozbun, 1970). Ca is an activator of several enzyme systems in 

protein synthesis (Uchida, 2002). It is doubtful that S and Ca concentration had a direct affect on 

soybean seed fatty acid content as S and Ca would have more of an affect on protein quantity and 

quality (Gaylor and Sykes, 1985; Uchida, 2002). 

Evaluation of the response of other modified fatty acid profiled soybeans in response to a 

broader range of P and K fertilization rates would be useful in order extend this relationship 

across genotypes. Altering the P and K concentrations simultaneously in the fertilizer solution 

would uncover the optimal fertilizer regime for economical polyurethane production using 

soybean oil.  

 Management of field K application on soybean seed fatty acid profile is largely unknown. 

It is possible that the achievable field effects of P and K on the seed fatty acid profile were 

estimated because growth room conditions were optimal for plant growth, as the fatty acid 

profile is significantly influenced by the environment (Howell and Collins, 1957; Wolf et al., 

1982; Schnebly and Fehr, 1993; Wilson, 2004; Ray et al., 2008; Izquierdo et al., 2009; Butler et 

al., 2010). Previous research on soil fertility has focused on optimum levels or placement of 

nutrients for high seed yield or high oil and protein content, with little focus on seed oil profile 

(Yin and Vyn, 2003). Field evaluation of the influence of placement of K fertilizer, row width, or 

tillage system on soybean oil fatty acid profile is recommended. 



! 124!

Figure 4.5.6. RG25 soybean plants at the beginning of seed set that received modified 

Hoagland’s fertilizer solution. (a) Soybean canopy that is healthy and bushy with oval leaves. (b) 

Uniform maturation of plant at the onset of leaf senescence. (c) Normal seedpod development 

and presence of a large number of seedpods indicating high yield. 
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Table 4.5.4. Analysis of variance for total seed oil content for the soybean genotype RG25 based 

on fertilizer treatment received. 

Source of  
Variation 

Degrees of  
Freedom 

Sum of  
Squares 

Mean 
Square 

F-Value p-value 

Model 6 14.570 2.428 3.28 0.011 
Block 2 8.136 4.068 5.49 0.008 
Treatment 4 6.483 1.621 2.19 0.089 
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Table 4.5.5. Pair wise comparisons between all fertilizer treatments for total seed oil content. 

Fertilizer solutions are: MH = modified Hoagland’s solution; MH 2!P = modified Hoagland’s 

solution with 2!P; MH 2!K = modified Hoagland’s solution with 2!K; MH w/o P = modified 

Hoagland’s solution without P; MH w/o K = modified Hoagland’s solution without K. 

Comparison Estimate Standard Error t-value P-value 
Total Oil Content 

MH vs. MH 2!P -0.23 0.406 -0.58 0.568 
MH vs. MH 2!K -0.98 0.406 -2.43 0.020 

MH vs. MH w/o P -0.62 0.419 -1.48 0.148 
MH vs. MH w/o K -0.90 0.406 -2.23 0.032 

MH 2!P vs. MH 2!K -0.75 0.406 -1.85 0.072 
MH 2!P vs. MH w/o P -0.39 0.419 -0.92 0.364 
MH 2!P vs. MH w/o K -0.67 0.406 -1.65 0.107 
MH 2!K vs. MH w/o P 0.36 0.419 0.87 0.389 
MH 2!K vs. MH w/o K 0.08 0.406 0.20 0.846 

MH w/o P vs. MH w/o K -0.29 0.419 -0.68 0.499 
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able 4.5.6. LSMeans for total seed oil content based on fertilizer treatment applied. Fertilizer 

solutions are: MH = modified Hoagland’s solution; MH 2!P = modified Hoagland’s solution 

with 2!P; MH 2!K = modified Hoagland’s solution with 2!K; MH w/o P = modified 

Hoagland’s solution without P; MH w/o K = modified Hoagland’s solution without K. 

Total Seed Oil Content (g kg-1)!
Treatment LSMeans 

MH 246.2 
MH 2!P 243.8 
MH 2!K 236.3 

MH w/o P 240.0 
MH w/o K 237.1 
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5.0 GENERAL DISCUSSION 

The objectives of these studies were to: 1) Evaluate the influence of the environment on 

yield components and seed quality characteristics of soybean lines with altered fatty acid 

composition; 2) Estimate correlation coefficients between linoleic acid and agronomic and seed 

quality characteristics; 3) Validate SSR markers associated with fatty acid QTL in multiple 

environments and across a diverse set of genotypes; and 4) Evaluate the influence of fertilizer 

treatments differing in concentrations of P and K on the seed fatty acid profile of a high linoleic 

acid soybean line. 

The combined ANOVA of four different environments showed that year and genotype 

caused significant variation in agronomic traits and seed quality characteristics. Genotype effect 

was significant for fatty acid content whilst all but palmitic acid content was influenced by year. 

The significant influence of year on the aforementioned traits is likely due to the earlier planting 

dates in 2010 than in 2011. The higher accumulation of CHU during the 2010 growing season 

than in 2011 presumably accounted for significantly higher yields in 2010 than in 2011. The seed 

oil of soybeans grown in 2010 was higher in saturated fatty acids than soybeans grown in 2011 

possibly as a result of exposure to higher temperatures during the oil deposition phase. Results 

from this study indicate that, although development of a high linoleic acid line for polyurethane 

production is possible, environment has a strong influence on the final fatty acid profile. 

A strong negative correlation exists between linoleic acid and total seed yield. The 

negative correlation could be due to multiple events: pleiotrophy, linkage of the fap1, fapx, fas, 

and fan-b alleles with unfavourable yield alleles, or mutations in independent areas of the 

genome that were created by EMS chemical mutagenesis. If linkage drag is the cause of this 

negative correlation, more breeding generations could be preformed to attempt to break the 
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unfavourable linkage between mutant fatty acid alleles and yield alleles. In the case that it is 

linkage drag, it may be possible to integrate mutant fatty acid alleles causing high linoleic acid 

into high yielding soybean backgrounds. These experiments provide evidence that development 

of a high yielding high-linoleic acid soybean cultivar for polyurethane production is highly 

complex. 

Four molecular markers were significantly associated with fatty acid contents across four 

environments and in 20 soybean genotypes. Validation of Satt556, Satt_355, Satt537 and Satt389 

across multiple genotypes provided evidence of stable marker-trait associations, supporting 

previous research in which these SSR markers were evaluated in Population A and E 

(Hemingway, 2010). Satt389 was significantly associated with linoleic acid content across 

environments and genotypes, showing promise for use in a MAS soybean-breeding program for 

the development of soybean cultivars tailored for polyurethane production. An analysis of the 

genomic region surrounding Satt389 identified three putative genes that could be involved in the 

fatty acid biosynthesis process, possibly the FatA and FatB transmembrane thioesterases, a 

catalysis of a biochemical reaction at physiological temperatures, and the kinase activity of 

ACCase. Future research should include fine mapping of areas surrounding the validated 

molecular markers linked to QTL for fatty acid composition. 

Fertilizer treatments varying in concentration of P and K caused significant variation in 

linoleic acid content when the high-linoleic acid content line RG25 was grown in the growth 

room. Linoleic acid content was highest in the seeds of plants that received modified Hoagland’s 

solution with 2!K and lowest in the seeds of plants that received modified Hoagland’s solution 

without K. Conceivably, K affects the seed fatty acid profile through the activation of a certain 

enzyme or enzymes in the fatty acid biosynthesis pathway, as was suggested for isoflavone 
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synthesis in soybean and lycopene synthesis in tomatoes (Vyn et al., 2002; Trudel and Ozbun, 

1971). Reduced total seed yield in K deficient plants has been shown (Sale and Campbell, 1986; 

Pettigrew, 2008). High K fertility is recommended for producers growing high linoleic acid lines 

for polyurethane production to maximize seed linoleic acid content and total seed yield. Future 

research should include treatments with a broader range of P and K concentrations, multiple 

genotypes, and possibly field trials to test this relationship under field production conditions.  

Environment and fertility significantly influenced the soybean seed oil fatty acid 

composition. Although some experimental lines showed promise for polyol production, 

significant yield disadvantage exists when compared to commercial cultivars. For producers to 

grow these lines tailored for polyurethane production a high premium must be given to 

compensate for the yield loss. A more successful technique for development of a soybean 

cultivar designed for polyurethane production would be to use the high linoleic acid lines as 

breeding lines to incorporate the trait into adapted high yielding soybean backgrounds. The SSR 

markers associated with linoleic acid identified in this study would assist in the incorporation of 

the high linoleic acid trait. 
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7.0 APPENDIX A 

 Preparation of Soybean Fatty Acid Analysis Solutions 
 

1. 0.25 M KOH in methanol:diethyl ether (1:1) 
• Weigh out 3.51 g of KOH 
• Transfer the KOH pellets to 125-mL of HPLC grade methanol in a 500-mL 

screwtop bottle 
• Allow all KOH to dissolve into solution by stirring with a stir bar 
• Add 125-mL of diethyl ether to the methanolic KOH 
• This is now the 0.25 M KOH in methanol:diethyl ether in a 1:1 ratio 

 
2. Saturated NaCl 

• Weigh out 215 g of NaCl 
• Transfer the NaCl into a 1-L screwtop bottle 
• Add 600-mL of ddH20 
• Stir with a stir bar until most of the NaCl has dissolved (it will not completely 

dissolve as the solution is saturated) 
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8.0 APPENDIX B 
 
Table B1.1. Agronomic traits and seed quality characteristics for 20 soybean genotypes grown at Woodstock in 2010. 

 
1Yield: adjusted to 13% moisture and measured in kilograms per hectare (kg/ha). 
2Days to Mat: when 95% of pods have turned brown (R8). 
3Lodging: standability of plants in plot at maturity - 1.0 = completely erect; 5.0 = completely flattened. 

Variety 
 

Yield1 

(kg/ha) 
Days to 

Mat2 
Lodging 
(1-5)3 

Height 
(cm)4 

Emergence 
(1-10)5 

Weight 
(g)6 

Seed Quality 
(1-5)7 

Oil 
(%)8 

Protein 
(%)8 

Leaf 
Type9 

FPH10 

A-67 4180 135 3.0 93 8 15.8 1.0 19.9 42.4 ovate PTBL 
A-87 4187 132 2.5 97 8 15.9 1.0 20.9 41.7 ovate PTBL 
E-14 3722 137 3.0 105 7 16.1 1.5 19.1 43.0 ovate PTBL 
E-15 3656 136 2.2 110 8 13.6 1.8 19.8 43.7 ovate PTBL 
E-30 3793 134 1.3 100 8 15.9 1.0 19.4 44.3 ovate PTBL 
E-32 3422 135 2.5 103 8 15.6 1.8 19.7 42.2 ovate PTBL 
E-49 3771 135 2.8 102 8 15.0 1.2 19.7 42.4 ovate PTBL 
E-55 3319 135 3.3 98 7 15.3 1.5 19.9 42.4 ovate PTBL 
OAC Kent 5780 132 1.5 93 8 23.1 1.0 21.9 41.3 ovate PGY 
OAC Prodigy 4990 127 1.0 81 8 19.7 1.0 20.9 40.4 ovate PTY 
OAC Wallace 4103 118 1.0 83 8 18.9 1.3 22.0 39.5 ovate PTBR 
Katrina 5120 130 1.0 97 8 22.7 1.0 19.7 44.3 ovate WTY 
RG 10  4375 131 1.8 107 9 18.6 1.2 21.3 41.7 ovate PTBL 
OAC Huron 4677 131 1.2 80 8 24.3 1.3 20.3 43.4 ovate WGY 
MFA-1 4863 130 1.8 98 9 19.1 1.2 21.2 40.6 ovate PTBL 
MFA-5 4792 137 1.5 103 9 18.4 1.5 19.2 41.9 ovate PTBL 
RG25 4234 137 2.7 97 9 16.3 1.2 20.0 43.2 ovate PTBL 
1DH530 4663 128 1.0 84 8 19.2 1.0 21.6 40.3 ovate PTY 
OAC07-77C-LLN 4782 131 1.7 79 8 16.8 1.0 21.6 42.0 ovate PTBL 
OAC07-78C-LLN 4273 126 1.5 96 8 16.5 1.2 21.5 41.8 ovate PTBL 
Grand Mean 4335 132 1.9 95 8 17.8 1.2 20.5 42.1   
CV (%) 12.19 1.73 28.57 7.79 6.27 4.19 18.33 0.92 0.96   
LSD 873 4 0.9 12 1 1.2 0.4 0.3 0.7   
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Table B1.1. Continued. 
 
4Height: height of an average plant in plot, from the ground to the tip of main stem, measured in centimeters (cm). 
5Emergence: estimation of plot emergence - 0 = 0% emergence; 10 = 100% emergence. 
6Weight: weight of 100 seeds in a representative sample, measured in grams (g). 
7Seed Quality: seed appearance according to the amount and degree of wrinkling, defective seed coat (growth cracks), greenishness, 
and mold or other pigments. 
8Oil and Protein: percentage of oil and protein in a representative sample. 
9Leaf Type: ovate or narrow (lanceolate). 
10FPH: Flower (F), Pubescence (P) and Hilum (H) color. 
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Table B1.2. Agronomic traits and seed quality characteristics for 20 soybean genotypes grown at St. Pauls in 2010. 

Variety 
 

Yield1 

(kg/ha) 
Days to 

Mat2 
Lodging 
(1-5)3 

Height 
(cm)4 

Emergence 
(1-10)5 

Weight 
(g)6 

Seed Quality 
(1-5)7 

Oil 
(%)8 

Protein 
(%)8 

Leaf 
Type9 FPH10 

A-67 3539 132 3.5 97 8 15.5 1.2 20.1 41.6 ovate PTBL 
A-87 3666 136 4.2 95 7 16.6 1.2 20.8 41.0 ovate PTBL 
E-14 3659 136 3.7 102 7 15.5 1.5 19.5 42.3 ovate PTBL 
E-15 3472 137 3.5 107 7 13.7 1.5 20.6 41.7 ovate PTBL 
E-30 4060 133 2.8 103 8 16.1 1.2 19.2 44.5 ovate PTBL 
E-32 3692 135 3.7 102 7 14.7 1.8 19.9 41.2 ovate PTBL 
E-49 3600 138 4.2 100 7 15.3 1.5 19.7 41.6 ovate PTBL 
E-55 3213 132 3.2 99 7 15.5 1.5 19.8 42.5 ovate PTBL 
OAC Kent 4490 130 2.8 97 8 22.4 1.0 21.4 41.1 ovate PGY 
OAC Prodigy 4502 125 1.5 82 7 19.2 1.0 20.9 40.5 ovate PTY 
OAC Wallace 3941 121 1.5 82 8 17.6 1.0 21.7 39.8 ovate PTBR 
Katrina 5109 129 2.3 103 8 22.5 1.0 20.0 43.0 ovate WTY 
RG 10  4113 130 3.3 107 8 17.4 1.2 21.2 41.2 ovate PTBL 
OAC Huron 4750 131 2.2 85 8 22.4 1.0 20.2 42.6 ovate WGY 
MFA-1 4823 129 2.3 102 8 16.9 1.0 21.3 39.9 ovate PTBL 
MFA-5 4413 135 2.5 107 8 17.8 1.3 20.0 41.1 ovate PTBL 
RG25 3832 138 4.3 95 8 17.0 1.0 20.3 42.0 ovate PTBL 
1DH530 4962 128 2.3 87 8 17.8 1.0 21.4 40.3 ovate PTY 
OAC 07-77C-LLN 3859 127 1.7 79 7 14.5 1.0 21.3 42.6 ovate PTBL 
OAC 07-78C-LLN 3819 128 2.5 88 7 14.7 1.2 21.1 42.3 ovate PTBL 
Grand Mean 4076 131 2.9 96 8 17.2 1.2 20.5 41.6   
CV (%) 10.17 1.90 18.89 6.15 7.60 5.45 14.44 1.68 1.72   
LSD 685 4 0.9 10 1 1.5 0.3 0.6 1.2   

1Yield: adjusted to 13% moisture and measured in kilograms per hectare (kg/ha). 
2Days to Mat: when 95% of pods have turned brown (R8). 
3Lodging: standability of plants in plot at maturity - 1.0 = completely erect; 5.0 = completely flattened. 
4Height: height of an average plant in plot, from the ground to the tip of main stem, measured in centimeters (cm). 
5Emergence: estimation of plot emergence - 0 = 0% emergence; 10 = 100% emergence. 
6Weight: weight of 100 seeds in a representative sample, measured in grams (g). 
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Table B1.2. Continued. 
 
7Seed Quality: seed appearance according to the amount and degree of wrinkling, defective seed coat (growth cracks), greenishness, 
and mold or other pigments. 
8Oil and Protein: percentage of oil and protein in a representative sample. 
9Leaf Type: ovate or narrow (lanceolate). 
10FPH: Flower (F), Pubescence (P) and Hilum (H) color. 
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Table B1.3. Agronomic traits and seed quality characteristics for 20 soybean genotypes grown at Woodstock in 2011. 

Variety 
 

Yield1 

(kg/ha) 
Days to 

Mat2 
Lodging 
(1-5)3 

Height 
(cm)4 

Emergence 
(1-10)5 

Weight 
(g)6 

Seed Quality 
(1-5)7 

Oil 
(%)8 

Protein 
(%)8 

Leaf 
Type9 FPH10 

A-67 3507 128 3.0 88 7 20.0 1.0 19.7 43.5 ovate PTBL 
A-87 3511 125 3.3 82 7 18.7 1.0 20.6 42.8 ovate PTBL 
E-14 3426 129 2.2 97 8 20.4 1.5 18.7 45.4 ovate PTBL 
E-15 3522 128 1.8 87 7 17.5 1.5 19.5 45.4 ovate PTBL 
E-30 3564 125 1.7 80 6 19.1 1.0 18.7 46.2 ovate PTBL 
E-32 3734 125 1.5 90 6 18.3 1.5 19.2 43.9 ovate PTBL 
E-49 3773 125 1.8 82 7 18.7 1.5 19.3 44.0 ovate PTBL 
E-55 3097 123 2.2 76 6 18.5 1.2 19.8 43.7 ovate PTBL 
OAC Kent 4260 124 2.0 85 7 25.7 1.0 20.9 42.9 ovate PGY 
OAC Prodigy 3856 119 1.0 67 7 22.0 1.0 20.7 42.1 ovate PTY 
OAC Wallace 3562 112 1.2 68 7 20.3 1.0 22.1 40.1 ovate PTBR 
Katrina 4177 120 1.7 87 7 24.5 1.0 20.5 44.0 ovate WTY 
RG 10  3744 122 1.5 82 8 20.7 1.0 21.1 42.6 ovate PTBL 
OAC Huron 3854 120 2.3 88 8 24.8 1.2 20.4 43.9 ovate WGY 
MFA-1 4309 123 2.5 88 7 21.1 1.0 21.0 42.1 ovate PTBL 
MFA-5 3780 127 1.2 87 7 20.6 1.0 20.2 42.5 ovate PTBL 
RG25 3627 127 2.0 82 7 19.4 1.0 19.7 44.8 ovate PTBL 
1DH530 4111 120 1.3 76 8 20.3 1.0 21.2 41.2 ovate PTY 
OAC 07-77C-LLN 3752 119 1.3 73 8 18.2 1.0 21.1 42.8 ovate PTBL 
OAC 07-78C-LLN 3966 119 2.2 80 8 18.9 1.0 21.2 43.1 ovate PTBL 
Grand Mean 3757 123 1.9 82 7 20.4 1.1 20.3 43.3   
CV (%) 8.56 1.24 27.39 5.42 13.12 3.32 8.28 1.11 0.73   
LSD 531 3 0.9 7 2 1.1 0.2 0.4 0.5   

1Yield: adjusted to 13% moisture and measured in kilograms per hectare (kg/ha). 
2Days to Mat: when 95% of pods have turned brown (R8). 
3Lodging: standability of plants in plot at maturity - 1.0 = completely erect; 5.0 = completely flattened. 
4Height: height of an average plant in plot, from the ground to the tip of main stem, measured in centimeters (cm). 
5Emergence: estimation of plot emergence - 0 = 0% emergence; 10 = 100% emergence. 
6Weight: weight of 100 seeds in a representative sample, measured in grams (g). 
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Table B1.3. Continued. 
 
7Seed Quality: seed appearance according to the amount and degree of wrinkling, defective seed coat (growth cracks), greenishness, 
and mold or other pigments. 
8Oil and Protein: percentage of oil and protein in a representative sample. 
9Leaf Type: ovate or narrow (lanceolate). 
10FPH: Flower (F), Pubescence (P) and Hilum (H) color. 
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Table B1.4. Agronomic traits and seed quality characteristics for 20 soybean genotypes grown at St. Pauls in 2011. 
 

Variety 
 

Yield1 

(kg/ha) 
Days to 

Mat2 
Lodging 
(1-5)3 

Height 
(cm)4 

Emergence 
(1-10)5 

Weight 
(g)6 

Seed Quality 
(1-5)7 

Oil 
(%)8 

Protein 
(%)8 

Leaf 
Type9 FPH10 

A-67 3638 129 3.3 101 8 19.7 1.5 19.8 43.7 ovate PTBL 
A-87 3524 126 3.0 93 8 19.2 1.3 20.9 41.7 ovate PTBL 
E-14 3778 128 3.0 98 8 19.9 2.2 18.9 44.7 ovate PTBL 
E-15 3814 129 2.5 103 8 18.5 2.0 19.6 44.3 ovate PTBL 
E-30 3545 126 1.7 96 8 19.0 1.7 18.8 45.0 ovate PTBL 
E-32 3593 130 1.8 101 8 18.8 2.3 19.0 43.2 ovate PTBL 
E-49 3929 128 2.2 105 9 19.2 1.8 19.2 43.9 ovate PTBL 
E-55 3410 125 2.0 89 8 18.5 1.3 19.7 43.0 ovate PTBL 
OAC Kent 4462 126 1.8 90 8 26.3 1.0 20.4 43.1 ovate PGY 
OAC Prodigy 4680 121 1.2 82 9 23.7 1.2 19.9 42.4 ovate PTY 
OAC Wallace 4467 111 1.0 78 9 21.6 1.0 21.7 39.7 ovate PTBR 
Katrina 3809 124 1.5 84 8 25.5 1.3 20.6 43.2 ovate WTY 
RG 10  4042 125 2.2 97 9 22.9 1.3 20.4 42.8 ovate PTBL 
OAC Huron 4773 122 1.8 98 9 28.0 1.5 19.9 44.5 ovate WGY 
MFA-1 4278 124 1.5 102 8 21.9 1.7 20.7 41.3 ovate PTBL 
MFA-5 4608 129 2.0 98 8 22.1 1.3 21.1 43.0 ovate PTBL 
RG25 3798 129 2.3 93 8 20.2 1.2 19.8 44.0 ovate PTBL 
1DH530 4706 121 1.3 92 9 21.1 1.2 20.2 42.6 ovate PTY 
OAC 07-77C-LLN 3629 121 1.5 90 8 17.9 1.5 20.7 42.9 ovate PTBL 
OAC 07-78C-LLN 3793 119 2.0 98 9 18.6 1.2 21.0 42.9 ovate PTBL 
Grand Mean 4014 125 2.0 94 8 21.1 1.5 20.1 43.1   
CV (%) 9.50 1.62 19.63 6.89 5.29 3.20 19.89 2.61 1.93   
LSD 630 3 0.6 11 1 1.1 0.5 0.9 1.4   

1Yield: adjusted to 13% moisture and measured in kilograms per hectare (kg/ha). 
2Days to Mat: when 95% of pods have turned brown (R8). 
3Lodging: standability of plants in plot at maturity - 1.0 = completely erect; 5.0 = completely flattened. 
4Height: height of an average plant in plot, from the ground to the tip of main stem, measured in centimeters (cm). 
5Emergence: estimation of plot emergence - 0 = 0% emergence; 10 = 100% emergence. 
6Weight: weight of 100 seeds in a representative sample, measured in grams (g). 
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Table B1.4. Continued. 
 
7Seed Quality: seed appearance according to the amount and degree of wrinkling, defective seed coat (growth cracks), greenishness, 
and mold or other pigments. 
8Oil and Protein: percentage of oil and protein in a representative sample. 
9Leaf Type: ovate or narrow (lanceolate). 
10FPH: Flower (F), Pubescence (P) and Hilum (H) color.
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9.0 APPENDIX C 
 

Table C1.1. Fatty acid profile (g kg-1) of the 20 soybean genotypes grown at Woodstock in 2010. 
 

Genotype Palmitic 
Acid 

Stearic 
Acid 

Oleic 
Acid 

Linoleic 
Acid 

Linolenic 
Acid 

A-67 43 35 207 620 96 
A-87 47 35 217 609 92 
E-14 49 33 189 653 77 
E-15 82 38 200 616 64 
E-30 54 33 211 658 44 
E-32 46 33 187 685 49 
E-49 47 33 189 683 47 
E-55 52 34 199 629 86 
OAC Kent 111 37 227 558 66 
OAC Prodigy 115 47 213 540 85 
OAC Wallace 112 38 199 578 72 
Katrina 106 41 269 515 65 
RG10 78 42 220 572 88 
OAC Huron 107 38 254 528 74 
MFA-1 92 41 374 410 84 
MFA-5 105 45 304 472 73 
RG25 42 34 214 664 46 
1DH530 115 43 249 517 77 
OAC07-77C-LLN 103 43 209 619 26 
OAC07-78C-LLN 105 44 217 611 24 
Grand Mean 81 38 227 587 67 
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Table C1.2. Fatty acid profile (g kg-1) of the 20 soybean genotypes grown at St. Pauls in 2010. 
 

Genotype Palmitic 
Acid 

Stearic 
Acid 

Oleic 
Acid 

Linoleic 
Acid 

Linolenic 
Acid 

A-67 48 50 194 624 101 
A-87 48 32 200 620 100 
E-14 42 33 190 657 78 
E-15 83 36 193 617 71 
E-30 54 32 203 667 44 
E-32 49 32 187 681 51 
E-49 45 31 153 687 51 
E-55 47 31 190 636 96 
OAC Kent 110 39 226 557 68 
OAC Prodigy 115 49 218 535 85 
OAC Wallace 112 41 197 574 76 
Katrina 104 43 261 524 68 
RG10 87 42 212 573 87 
OAC Huron 105 40 246 534 75 
MFA-1 88 42 363 422 85 
MFA-5 103 44 292 485 76 
RG25 41 38 207 672 45 
1DH530 115 42 234 523 85 
OAC07-77C-LLN 105 45 211 612 27 
OAC07-78C-LLN 104 45 224 601 26 
Grand Mean 80 39 220 590 70 
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Table C1.3. Fatty acid profile (g kg-1) of the 20 soybean genotypes grown at Woodstock in 2011. 
 

Genotype Palmitic 
Acid 

Stearic 
Acid 

Oleic 
Acid 

Linoleic 
Acid 

Linolenic 
Acid 

A-67 43 30 193 629 105 
A-87 43 30 195 633 93 
E-14 45 29 171 675 80 
E-15 80 33 180 636 71 
E-30 49 29 196 681 45 
E-32 47 29 176 700 48 
E-49 45 29 173 696 57 
E-55 57 32 195 621 96 
OAC Kent 110 36 207 569 79 
OAC Prodigy 114 45 209 543 89 
OAC Wallace 111 38 190 579 82 
Katrina 102 41 245 542 71 
RG10 83 38 202 582 94 
OAC Huron 105 36 238 542 79 
MFA-1 91 36 344 431 98 
MFA-5 106 41 264 503 86 
RG25 42 30 188 688 51 
1DH530 113 41 222 535 89 
OAC07-77C-LLN 102 39 196 637 27 
OAC07-78C-LLN 104 39 212 621 25 
Grand Mean 80 35 210 602 73 
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Table C1.4. Fatty acid profile (g kg-1) of the 20 soybean genotypes grown at St. Pauls in 2011. 
 

Genotype Palmitic 
Acid 

Stearic 
Acid 

Oleic 
Acid 

Linoleic 
Acid 

Linolenic 
Acid 

A-67 43 35 192 632 104 
A-87 47 32 196 631 94 
E-14 47 29 176 674 75 
E-15 82 33 183 635 64 
E-30 51 32 186 680 51 
E-32 46 29 172 705 49 
E-49 47 30 171 698 54 
E-55 60 32 202 614 93 
OAC Kent 113 34 212 565 76 
OAC Prodigy 116 44 214 539 87 
OAC Wallace 112 39 194 579 76 
Katrina 106 40 245 540 69 
RG10 82 38 203 583 93 
OAC Huron 106 36 241 541 77 
MFA-1 88 36 335 450 91 
MFA-5 107 39 266 502 86 
RG25 42 29 189 692 49 
1DH530 115 40 231 529 85 
OAC07-77C-LLN 105 40 200 632 24 
OAC07-78C-LLN 104 39 216 615 26 
Grand Mean 81 35 211 602 71 
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10.0 APPENDIX D 

Table D1.1. Combined analysis of variance and estimate of variance components for agronomic 

traits, seed quality characteristics and fatty acid contents over 20 soybean genotype and two 

locations (Woodstock and St Pauls, Ontario) in 2010. 

Source of Variation Degrees of 
Freedom 

F-value p-value 

Yield    
Location 1 12.49 0.0007 
Block (Locations) 4 1.27 0.2902 
Genotype 19 8.03 <0.0001 
Genotype!Location 19 0.98 0.4908 

Days to Maturity    
Location 1 0.91 0.3419 
Block (Location) 4 1.74 0.1492 
Genotype 19 19.75 <0.0001 
Genotype!Location 19 1.15 0.3191 

Lodging    
Location 1 96.69 <0.0001 
Block (Location) 4 1.28 0.2862 
Genotype 19 12.28 <0.0001 
Genotype!Location 19 1.43 0.1380 

Plant Height    
Location 1 0.20 0.6548 
Block (Location) 4 2.06 0.0937 
Genotype 19 10.72 <0.0001 
Genotype!Location 19 0.40 0.9866 

Emergence    
Location 1 44.64 <0.0001 
Block (Location) 4 6.67 0.0001 
Genotype 19 1.84 0.0323 
Genotype!Location 19 0.76 0.7408 

100 Seed Weight    
Location 1 19.93 <0.0001 
Block (Location) 4 5.28 0.0008 
Genotype 19 62.46 <0.0001 
Genotype!Location 19 1.72 0.0514 

Seed Quality    
Location 1 0.82 0.3676 
Block (Location) 4 0.51 0.7260 
Genotype 19 8.80 <0.0001 
Genotype!Location 19 1.15 0.3260 
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!
Table D1.1. Continued. 
 

   

Seed Oil Content    
Location 1 0.91 0.3439 
Block (Location) 4 1.97 0.1073 
Genotype 19 53.78 <0.0001 
Genotype!Location 19 2.23 0.0075 

Seed Protein Content    
Location 1 21.04 <0.0001 
Block (Location) 4 6.34 0.0002 
Genotype 19 24.68 <0.0001 
Genotype!Location 19 1.99 0.0186 

Palmitic Acid Content    
Location 1 0.10 0.7525 
Block (Location) 4 2.10 0.0897 
Genotype 19 571.24 <0.0001 
Genotype!Location 19 1.91 0.0249 

Stearic Acid Content    
Location 1 1.18 0.2810 
Block (Location) 4 0.61 0.6533 
Genotype 19 8.77 <0.0001 
Genotype!Location 19 1.25 0.2422 

Oleic Acid Content    
Location 1 13.51 0.0004 
Block (Location) 4 0.74 0.5650 
Genotype 19 166.92 <0.0001 
Genotype!Location 19 0.89 0.5908 

Linoleic Acid Content    
Location 1 3.79 0.0052 
Block (Location) 4 1.42 0.2350 
Genotype 19 415.40 <0.0001 
Genotype!Location 19 0.87 0.6199 

Linolenic Acid Content    
Location 1 32.54 <0.0001 
Block (Location) 4 0.11 0.9798 
Genotype 19 378.75 <0.0001 
Genotype!Location 19 1.86 0.0310 
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Table D1.2. Combined analysis of variance and estimate of variance components for agronomic 

traits, seed quality characteristics and fatty acid contents over 20 soybean genotypes and two 

locations (Woodstock and St Pauls, Ontario) in 2011. 

Source of Variation Degrees of 
Freedom 

F-value p-value 

Yield    
Location 1 15.55 0.0002 
Block (Location) 4 0.52 0.7241 
Genotype 19 5.19 <0.0001 
Genotype!Location 19 1.72 0.0506 

Days to Maturity    
Location 1 23.21 <0.0001 
Block (Location) 4 4.89 0.0015 
Genotype 19 35.02 <0.0001 
Genotype!Location 19 0.97 0.4989 

Lodging    
Location 1 1.44 0.2344 
Block (Location) 4 5.35 0.0008 
Genotype 19 9.26 <0.0001 
Genotype!Location 19 1.54 0.0953 

Plant Height    
Location 1 145.06 <0.0001 
Block (Location) 4 7.31 <0.0001 
Genotype 19 8.95 <0.0001 
Genotype!Location 19 1.64 0.0672 

Emergence    
Location 1 71.54 <0.0001 
Block (Location) 4 8.23 <0.0001 
Genotype 19 1.45 0.1314 
Genotype!Location 19 0.73 0.7773 

100 Seed Weight    
Location 1 34.61 <0.0001 
Block (Location) 4 0.97 0.4307 
Genotype 19 84.00 <0.0001 
Genotype!Location 19 2.83 0.0007 

Seed Quality    
Location 1 80.83 <0.0001 
Block (Location) 4 0.12 0.9744 
Genotype 19 9.56 <0.0001 
Genotype!Location 19 1.70 0.0544 

Seed Oil Content    
Location 1 3.07 0.0840 
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!
Table D1.2. Continued. 
 

   

Block (Location) 4 1.68 0.1628 
Genotype 19 4.38 <0.0001 
Genotype!Location 19 1.30 0.2075 

Seed Protein Content    
Location 1 4.67 0.0339 
Block (Location) 4 2.66 0.0390 
Genotype 19 25.32 <0.0001 
Genotype!Location 19 1.70 0.0550 

Palmitic Acid Content    
Location 1 9.74 0.0026 
Block (Location) 4 0.99 0.4208 
Genotype 19 992.84 <0.0001 
Genotype!Location 19 0.79 0.7108 

Stearic Acid Content    
Location 1 0.19 0.6673 
Block (Location) 4 6.40 0.0002 
Genotype 19 83.64 <0.0001 
Genotype!Location 19 1.19 0.2875 

Oleic Acid Content    
Location 1 0.49 0.4848 
Block (Location) 4 2.19 0.0785 
Genotype 19 103.62 <0.0001 
Genotype!Location 19 0.47 0.9683 

Linoleic Acid Content    
Location 1 0.03 0.8732 
Block (Location) 4 1.14 0.3456 
Genotype 19 326.59 <0.0001 
Genotype!Location 19 0.47 0.9652 

Linolenic Acid Content    
Location 1 7.23 0.0089 
Block (Location) 4 4.81 0.0017 
Genotype 19 174.28 <0.0001 
Genotype!Location 19 0.73 0.7794 
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Table D1.3. Combined analysis of variance and estimate of variance components for agronomic 

traits, seed quality characteristics and fatty acid contents over 20 soybean genotypes and four 

environments. 

Source of Variation Degrees of 
Freedom 

F-value p-value 

Yield    
Year 1 30.51 <0.0001 
Location 1 0.39 0.5334 
Block (Location) 4 0.35 0.8413 
Genotype 19 11.65 <0.0001 
Genotype!Location 19 1.40 0.1335 
Genotype!Year 19 1.59 0.0660 
Year!Location 1 27.41 <0.0001 
Genotype!Location!Year 19 0.95 0.5235 

Days to Maturity    
Year 1 72.79 <0.0001 
Location 1 0.93 0.3365 
Block (Location) 4 1.36 0.2494 
Genotype 19 6.44 <0.0001 
Genotype!Location 19 0.12 1.0000 
Genotype!Year 19 2.15 0.0056 
Location!Year 1 1.01 0.3162 
Genotype!Location!Year 19 0.19 0.9999 

Lodging    
Year 1 51.13 <0.0001 
Location 1 66.50 <0.0001 
Block (Location) 4 3.18 0.0512 
Genotype 19 18.04 <0.0001 
Genotype!Location 19 1.64 0.0537 
Genotype!Year 19 3.17 <0.0001 
Location!Year 1 44.21 <0.0001 
Genotype!Location!Year 19 1.20 0.2625 

Plant Height    
Year 1 76.15 <0.0001 
Location 1 59.10 <0.0001 
Block (Location) 4 3.26 0.0133 
Genotype 19 14.90 <0.0001 
Genotype!Location 19 0.58 0.9189 
Genotype!Year 19 3.30 <0.0001 
Location!Year 1 49.41 <0.0001 
Genotype!Location!Year 19 1.08 0.3815 

Emergence    
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!
Table D1.3. Continued. 
 

   

Year 1 4.10 0.0446 
Location 1 6.78 0.0101 
Block (Location) 4 10.45 <0.0001 
Genotype 19 1.75 0.0339 
Genotype!Location 19 1.00 0.4603 
Genotype!Year 19 1.30 0.1900 
Location!Year 1 110.43 <0.0001 
Genotype!Location!Year 19 0.44 0.9799 

100 Seed Weight    
Year 1 1014.31 <0.0001 
Location 1 0.05 0.8229 
Block (Location) 4 3.85 0.0052 
Genotype 19 132.48 <0.0001 
Genotype!Location 19 1.62 0.0568 
Genotype!Year 19 1.89 0.0180 
Location!Year 1 48.62 <0.0001 
Genotype!Location!Year 19 2.43 0.0015 

Seed Quality     
Year 1 7.45 0.0071 
Location 1 34.17 <0.0001 
Block (Location) 4 0.10 0.9810 
Genotype 19 17.61 <0.0001 
Genotype!Location 19 1.74 0.03848 
Genotype!Year 19 2.22 0.0041 
Location!Year 1 59.52 <0.0001 
Genotype!Location!Year 19 1.46 0.1074 

Seed Oil Content     
Year 1 16.48 <0.0001 
Location 1 1.91 0.1687 
Block (Location) 4 1.32 0.2637 
Genotype 19 13.49 <0.0001 
Genotype!Location 19 1.79 0.0281 
Genotype!Year 19 2.37 0.0020 
Location!Year 1 3.60 0.0597 
Genotype!Location!Year 19 0.90 0.5877 

Seed Protein Content    
Year 1 251.49 <0.0001 
Location 1 19.49 <0.0001 
Block (Location) 4 1.59 0.1786 
Genotype 19 40.84 <0.0001 
Genotype!Location 19 2.10 0.0070 
Genotype!Year 19 2.75 0.0003 
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!
Table D.1.3. Continued. 
 

   

Location!Year 1 1.82 0.1791 
Genotype!Location!Year 19 1.12 0.3348 

Palmitic Acid Content    
Year 1 0.14 0.7119 
Location 1 2.61 0.1080 
Block (Location) 4 1.61 0.3300 
Genotype 19 1395.21 <0.0001 
Genotype!Location 19 1.17 0.2907 
Genotype!Year 19 2.55 0.0008 
Location!Year 1 4.46 0.0364 
Genotype!Location!Year 19 1.73 0.0368 

Stearic Acid Content    
Year 1 82.02 <0.0001 
Location 1 1.33 0.2500 
Block (Location) 4 1.55 0.1900 
Genotype 19 28.55 <0.0001 
Genotype!Location 19 1.29 0.1947 
Genotype!Year 19 1.47 0.1043 
Location!Year 1 0.83 0.3647 
Genotype!Location!Year 19 1.01 0.4537 

Oleic Acid Content    
Year 1 162.60 <0.0001 
Location 1 3.86 0.0512 
Block (Location) 4 1.80 0.1320 
Genotype 19 260.17 <0.0001 
Genotype!Location 19 0.81 0.6951 
Genotype!Year 19 2.69 0.0004 
Location!Year 1 9.24 0.0028 
Genotype!Location!Year 19 0.51 0.9554 

Linoleic Acid Content    
Year 1 129.47 <0.0001 
Location 1 1.30 0.2551 
Block (Location) 4 0.11 0.9784 
Genotype 19 702.58 <0.0001 
Genotype!Location 19 0.85 0.6409 
Genotype!Year 19 3.06 <0.0001 
Location!Year 1 2.06 0.1532 
Genotype!Location!Year 19 0.43 0.9814 

Linolenic Acid Content    
Year 1 69.03 <0.0001 
Location 1 0.62 0.4340 
Block (Location) 4 3.45 0.0099 
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!
Table D1.3. Continued. 
 

   

Genotype 19 443.28 <0.0001 
Genotype!Location 19 0.93 0.5521 
Genotype!Year 19 3.43 <0.0001 
Location!Year 1 27.30 <0.0001 
Genotype!Location!Year 19 1.16 0.3010 
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11.0 APPENDIX E 

Figure E1.1. Reference Soybean-GmComposite 2003 map of Chromosome 2 showing SSR 

marker Satt537 and identified QTL associated with Satt537 (Soybase 2011). 
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Figure E1.2. Reference Soybean-GmComposite 2003 map of Chromosome 17 showing SSR 

marker Satt389 and identified QTL associated with Satt389 (Soybase, 2011). 
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Figure E1.3. Reference Soybean-GmComposite 2003 map of Chromosome 14 showing SSR 

marker Satt556 and Satt_355 and identified QTL associated with Satt556 and Satt_355 (Soybase, 

2011). 
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12.0 APPENDIX F 
 
Modified Hoagland’s Nutrient Solution Preparation 
(Modified from Hoagland and Arnon, 1950) 
 
The five nutrient solution were made by mixing different volumes of stock solutions, as listed 
below, with nanopure water: 
 
Macronutrients Stock Solutions*: 

Nutrient Fresh Weight (g/mol) Stock (g/L) Concentration (M) 
KNO3 101.11 101.11 2.00 

Ca(NO3)2•4H2O 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 

MnCl2•4H2O 197.91 1.81 
ZnSo4•4H2O 287.54 0.22 
CuSO4•5H2O 249.68 0.08 

H2MoO4 (85%) 161.94 0.02 

 
 

2.00 

 
Iron Chelate Solution***: 

Nutrient Fresh Weight (g/mol) Stock (g/L) mL Stock in 1 L Solution 
Fe(NO3)3•9H2O 404.00 7.234 

HEDTA 278.26 4.982 
2.00 

 
 
*Note: Macronutrients should be added to nutrient solution in the order listed 
 
**Note: Micronutrient (except iron) are combined into a single stock solution and should be 
refrigerated  
 
***Note: Iron chelate solution shout be stored in the dark to prevent reduction of the iron atoms 
from +3 to +2 



! 172!

Sunshine L-4 Potting Mix Medium Ingredients 
 

• INGREDIENTS: 63-73% Canadian sphagnum peat moss, horticulture grade perlite, 
dolomitic limestone. 

• pH- 5.5-6.5 
• Soluble salts- 0.5-1.0 mmols/cm 
• Nitrate- 10-25 ppm 
• Phosphorus- 1-5 ppm (low rating based on OMAFARA-Accredited soil test) 
• Potassium- 10-60 ppm (low rating based on OMAFARA-Accredited soil test) 
• Calcium- 30-60 ppm 
• Magnesium- 10-25 ppm 
• Use as a background to your own fertility program; use a starter organic fertilizer to boost 

seedlings; start own feeding program within 7 days of seedling emergence  
!
 
 

 
 


