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Abstract Soybean seed is a major source of oil for

human consumption worldwide and the main renewable

feedstock for biodiesel production in North America.

Increasing seed oil concentration in soybean [Glycine max

(L.) Merrill] with no or minimal impact on protein con-

centration could be accelerated by exploiting quantitative

trait loci (QTL) or gene-specific markers. Oil concentration

in soybean is a polygenic trait regulated by many genes

with mostly small effects and which is negatively associ-

ated with protein concentration. The objectives of this

study were to discover and validate oil QTL in two

recombinant inbred line (RIL) populations derived from

crosses between three moderately high-oil soybean culti-

vars, OAC Wallace, OAC Glencoe, and RCAT Angora.

The RIL populations were grown across several environ-

ments over 2 years in Ontario, Canada. In a population of

203 F3:6 RILs from a cross of OAC Wallace and OAC

Glencoe, a total of 11 genomic regions on nine different

chromosomes were identified as associated with oil con-

centration using multiple QTL mapping and single-factor

ANOVA. The percentage of the phenotypic variation

accounted for by each QTL ranged from 4 to 11 %. Of the

five QTL that were tested in a population of 211 F3:5 RILs

from the cross RCAT Angora 9 OAC Wallace, a ‘‘trait-

based’’ bidirectional selective genotyping analysis

validated four QTL (80 %). In addition, a total of seven

two-way epistatic interactions were identified for oil con-

centration in this study. The QTL and epistatic interactions

identified in this study could be used in marker-assisted

introgression aimed at pyramiding high-oil alleles in soy-

bean cultivars to increase oil concentration for biodiesel as

well as edible oil applications.

Introduction

Soybean [Glycine max (L.) Merrill] is the largest oil seed

crop in the world, which accounted for 56 % of global

edible oil production in 2011 (Soystats 2011). Soybean

seed oil, which accounts for 18–20 % of the seeds weight,

is used for human consumption as well as renewable raw

materials for a wide variety of industrial products,

including biodiesel (Lee et al. 2007; Clemente and Cahoon

2009). Oil concentration in soybean seeds is a complex

quantitative trait governed by a number of genes mostly

with small effects and under influence from the environ-

ment (Burton 1987; Lee et al. 2007). A well-documented

negative relationship between seed oil and protein makes it

difficult for breeders to develop high-oil soybean genotypes

while retaining a high level of protein concentration

(Wilcox and Shibles 2001; Hyten et al. 2004).

Molecular markers have been used in the past two

decades to discover quantitative trait loci (QTL), or chro-

mosomal regions associated with seed oil concentration in

soybean to be exploited in marker-assisted selection (MAS)

programs, which could facilitate the development of high-

oil genotypes (Diers et al. 1992; Lee et al. 1996; Orf et al.

1999; Csanádi et al. 2001; Specht et al. 2001; Hyten et al.
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2004; Panthee et al. 2005; Qi et al. 2011). Since the first

documented attempt to detect oil QTL in soybean (Diers

et al. 1992), more than 130 QTL have been reported across

the 20 linkage groups (Qi et al. 2011; Soybase 2011).

Among these oil QTL, however, only a few have been

detected in multiple genetic backgrounds or environments,

and none have been widely used in marker-assisted selec-

tion (MAS) for high oil in soybean breeding programs.

This could be due to several factors affecting the usefulness

of QTL, including large confidence intervals, QTL 9

environment and QTL 9 genetic background interactions,

which all impede the use of QTL in breeding programs

(Bernardo 2010; Qi et al. 2011).

Current soybean breeding programs use segregating

populations derived from elite parents to improve poly-

genic quantitative traits such as yield (Palomeque et al.

2009). In contrast, most previous studies aimed at detecting

oil QTL used mapping populations that were derived from

parental lines with large differences for oil concentration or

from plant introductions and exotic germplasm (Hyten

et al. 2004). Oil QTL detected in populations that are

derived from elite parental lines with high or moderately

high oil could increase the chance of detecting more

practically suitable oil QTL, which could be used in either

marker-assisted selection or introgression programs to

develop new varieties with higher levels of oil in the seed.

In the present study, two recombinant inbred line (RIL)

populations derived from crosses involving three moder-

ately high-oil soybean cultivars with high seed yield and

protein concentration were used to address the following

objectives: (1) to identify QTL in the OAC Wal-

lace 9 OAC Glencoe RIL population (main population)

across multiple environments, (2) to validate detected QTL

in the main population in a different environment and

genetic background using a population derived from the

cross RCAT Angora 9 OAC Wallace.

Materials and methods

Plant materials

A population of 203 F3:6 RILs derived from a cross

between two moderately high-oil concentration soybean

genotypes, OAC Wallace and OAC Glencoe, made at the

University of Guelph was used as the main population for

mapping QTL in this study. Both parental lines were

developed at the University of Guelph; OAC Wallace is a

2,750 crop heat unit (CHU) cultivar (OOPSCC 2012) from

a cross between OAC Bayfield and OAC 95-06, and OAC

Glencoe is a 3075 CHU cultivar (OOPSCC 2012) from a

cross between Talon and OAC Dorado. A RILs population

comprised of 211 F3:5 lines developed from a cross

between RCAT Angora and OAC Wallace, also created at

the University of Guelph, was used as a validation popu-

lation to confirm detected oil QTL in the main population

in this study. RCAT Angora is classified as a 3,150-CHU

cultivar (OOPSCC 2012) and was developed at the Uni-

versity of Guelph, Ridgetown Campus, from a cross of

B152 and T8112.

Experimental design

For the main mapping population, the study was conducted

over 2 years (2009 and 2010) at three locations: Woodstock,

Ridgetown, and Ottawa [Eastern Cereal and Oilseed Research

Centre (ECORC), Agriculture and Agri-Food Canada

(AAFC)]. The St. Pauls location in Ontario, Canada, was used

for the validation population in 2010. The RILs populations

were planted using randomized complete block designs

(RCBD) with two replications adjusted for spatial variation

with nearest neighbor analysis (NNA) in each of seven

environments. At the Ottawa location, each plot consisted of

four rows 5 m long, with a 40 cm between row spacing. Plots

were trimmed to 4 m in length before harvest and all rows

were harvested at this location. At the Ridgetown location,

each plot consisted of five rows 4 m long, with 43 cm

between row spacing. Plots were trimmed to 3.8 m in length

after emergence and only the inside three rows were har-

vested. At the Woodstock location, each plot consisted of four

rows 6.2 m long, with 35.5 cm between row spacing. Plots

were trimmed to 5 m in length after emergence and all rows

were harvested. For the above three locations, 500 soybean

seeds were planted in each plot, which were resulted in plant

densities of 50, 54, and 59 seeds/m2 at Ottawa, Ridgetown,

and Woodstock, respectively. At the St. Pauls location, each

plot consisted of two rows 6.2 m long, with 35.5 cm between

row spacing. Plots were trimmed to 5 m in length after

emergence and both rows were harvested. At St. Pauls, 250

soybean seeds were planted in each plot, which was resulted in

a plant density of 59 seeds/m2.

Phenotypic and genotypic data collection

Seed oil concentration was measured on a 5-g seed sample

using a Minispec nuclear magnetic resonance (NMR)

analyzer (Minispec Mq10, Bruker Inc.) for all trials, except

for the test at Ottawa in 2010 in which oil concentration

was measured using a near infrared transmission (NIT)

machine. The measurements were calculated on a mois-

ture-free basis.

Leaf tissue samples for RILs of both populations were

collected from the Woodstock location in 2009 and 2010,

respectively. Fifteen leaf tissue disks for each RIL were

sampled from seven newly emerged leaflets taken from

seven different plants per plot using a single-hole punch
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designed to fit a 2 mL screw cap tube. Tissue samples were

stored at -80 �C after freeze-drying for 72 h using a Savant

ModulyoD Thermoquest (Savant Instruments, Holbrook,

NY, USA). Genomic DNA was extracted either from 10

seeds for the parental lines or from 15 leaf disks for each RIL

using the Sigma GenEluteTM DNA Extraction Kit

(SIGMA�, Saint Louis, MO, USA) according to manufac-

turer’s directions. For the polymerase chain reactions

(PCRs), genomic DNA was diluted 1:100 and stored at 4 �C.

The PCR amplifications were performed in 15-lL aliquots

of each reaction mix containing 1.5 lL 109 PCR buffer

(Invitrogen Life Sciences Burlington, ON, USA), 1.5 lL

50 mM MgCl2, 1 lL 3 mM deoxyribonucleotide triphos-

phates (dNTPs) (Invitrogen Life Sciences, Burlington, ON,

USA), 2 lL 2.25 mM forward and reverse marker primers

(Lab Services, University of Guelph, Guelph, Canada),

0.4 lL 2.5 U/lL Taq DNA polymerase (Invitrogen Life

Sciences, Burlington, ON, USA), 3 lL genomic DNA, and

3.6 lL sterile water. The PCR reactions for the SSR markers

were performed in a 96-well Stratagene Robocycler�

(Stratagene Inc., La Jolle, CA, USA) machine with the fol-

lowing thermal sequence: 2 min at 95 �C, followed by 35

cycles of 45 s denaturation at 92 �C, 45 s annealing at

47 �C, 45 s extension at 68 �C, and a final extension for

5 min at 72 �C to complete the reactions. The PCR reactions

for gene-based markers were the same as the SSR markers,

except for the annealing temperatures that were different for

each pair of primers (Table 1). To separate the PCR prod-

ucts, 4.5 % (w/v) agarose gels electrophoreses were used.

To begin, 3 lL of loading buffer (69) was added to the PCR

products, and 12 lL samples were loaded on the gels using a

BRL SunriseTM 96 Horizontal Gel Electrophoresis System

(Life Technologies, Gaithersburg, MD, USA). A 0.59 TBE

solution served as a running buffer and the gels were run at a

constant 120 V for 3 h using an EC105 Electrophoresis

Power Supply (ThermoEC, Holrook, NY, USA). To score

DNA bands, they were stained with ethidium bromide and

visualized under UV light.

SSR and gene-specific markers

SSR markers in the soybean molecular lab at the University

of Guelph, which currently include 555 primer pairs

selected from the integrated soybean genetic map (Song

et al. 2004), were initially used to search for polymor-

phisms between OAC Wallace and OAC Glencoe which

were the parental lines for the main population. Diacyl-

glycerol (DGAT) genes have been selected for this study

due to their involvement in the Kennedy pathway leading

to triacylglycerol (TAG), i.e., oil synthesis. Three pairs of

gene-based primers (Table 1) were also used in QTL

analyses; (1) GmDGAT1B marker which was designed for

the isoform of DGAT1 gene on chromosome 17 (Gly-

ma17g06120), (2) GmDGAT2B marker, designed for the

isoform of DGAT2 gene on chromosome 16 (Gly-

ma16a21960), and (3) GmDGAT2C marker, designed for

another isoform of DGAT2 gene on chromosome 16

(Glyma16a21970). The names of gene-specific markers

corresponded to the gene names (http://www.uky.edu/Ag/

Agronomy/PLBC/Research/enzymes/DGAT.htm). Selec-

ted polymorphic SSR markers along with these gene-

specific markers were used in genotyping the entire main

population. For the marker validation population, RCAT

Angora 9 OAC Wallace, all markers which were signifi-

cantly associated with oil concentration in the main pop-

ulation were screened against RCAT Angora and OAC

Wallace to identify polymorphic markers between these

genotypes. These selected polymorphic markers were tes-

ted against 47 RILs with the highest oil concentration

selected from the upper tail of the population and also

tested against 47 RILs with the lowest oil concentration

selected from the lower tail of the population.

Linkage mapping

A linkage map was obtained using the QTL IciMapping

software (Li et al. 2007). Markers were assigned to linkage

groups based on a minimum likelihood of odds (LOD) C3

and recombination frequencies B0.45 centiMorgan (cM).

Map distances were estimated using Kosambi’s mapping

function. Segregation distortion was calculated with the

same program to determine the departure from the expec-

ted 1:1 allelic frequency ratio. Because of varying levels of

heterozygous loci among the RILs and the low frequency

of the heterozygous lines for a giver marker, the hetero-

zygous lines were eliminated from the analysis, therefore,

Table 1 Primer information and PCR product sizes for three gene-specific markers used in this study

Marker name Gene accession Primer sequence Amplicon

length (bp)

Ta �Ca

Forward (50 ? 30) Reverse (50 ? 30)

GmDGAT2B Glyma16g21960 GGAGCCAAAAGTTCTAATC GAAAATCCCTCAAAAGTAAA 1,098 51

GmDGAT2C Glyma16g21970 CAATGACAAGAAAAGAACTAT AGGAAGAAAAACAAAGTAAA 955 56

GmDGAT1B Glyma17g06120 AATCTGAGTGGAATCTTTTACAT GCAGTTCTTGTTTGTGTTAGTC 495 55

a The annealing temperature
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all reported data is based on two contrasting homozygous

genotypes only. Markers extremely distorted toward one of

the parents were also excluded from the study.

QTL and statistical analyses

Simple interval mapping (IM) and composite interval

mapping (CIM) were performed using MapQTL�6 soft-

ware (Van Ooijen 2009). To do CIM, the multiple QTL

mapping (MQM) algorithm of MapQTL�6 software (Van

Ooijen 2009) was used. In MQM analyses, the significant

markers resulting from simple IM analyses were used as

cofactors. The empirical LOD threshold values were cal-

culated by performing a permutation test with a set of

2,000 iterations at a Type-I error rate of 0.05.

Variance components analyses were performed for

combined environments using the REML algorithm in

PROC VARCOMP procedure. The estimated variance

components were used to calculate broad-sense heritability

(H2) across environments using the following formula:

H2 ¼ ½ðVgÞ=ðVg þ Vgy=yþ Vgl=gþ Vgyl=ylþ Ve=rylÞ�
ð1Þ

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

genotype 9 year variance, genotype 9 location variance,

genotype 9 year 9 location variance, and the residual

variance, respectively (Falconer and Mackay 1996).

Coefficients y, l, and r refer to the number of years,

locations, and replications per location per year,

respectively. The variance components attributable to

variation among genotypes (Vg) and residual variation

(VE) used to estimate the broad-sense heritability at each

environment using the following formula:

H2 ¼ Vg þ =ðVg þ VEÞ: ð2Þ

SAS version 9.2 (SAS Institute Inc., Cary, NC, USA)

was used for estimating LSMEANS for seed oil

concentration, performing single-marker ANOVA and

stepwise regressions, estimating two-way epistatic effects,

and building the best-fit model for individual and combined

environments. The Type-I error rate of 0.05 was set for all

analyses unless specified otherwise. NNA were conducted

to obtain adjusted LSMEANS for the oil concentration trait

(Bowley 1999). Single-marker effects were calculated

separately for individual and combined environments

using PROC GLM, with the LSMEANS estimates of

seed oil concentration as the dependent variable and the

marker genotypic scores as the independent variable. For

each marker, an R2 statistic was calculated as an estimate

of the proportion of the phenotypic variance accounted for

by the marker. To determine a suitable subset of significant

single markers associated with the dependent variable,

backward stepwise regressions using the PROG REG

procedure for individual and the combined environments

were conducted. Backward elimination process was used in

stepwise regression analyses since the probability of Type

II error or missing markers associated with the dependent

variable is less than the forward solution (Field 2005).

Two-way epistatic effects between each pair of markers

and the magnitude of variation accounted for by the

interactions (R2) were calculated by the EPISTACY 2.0

macro, which was run in SAS v. 9.2 (Holland 1998). To

reduce the experimental-wise error in epistatic interaction

analyses, the Type-I error rate (a = 0.05) was divided by

g(g - 1)/2, where g is the number of chromosomes in

soybean (Holland, 1998), and it was set at a = 0.0003 for

all pair-wise comparisons. The type-I error rate was set at

0.01 for single-factor ANOVA analyses. Best-fit models

were built for individual and combined environments using

significant single markers from single-factor ANOVA

along with paired markers with significant epistatic inter-

action effects from EPISTACY analyses to identify the

total amount of variation accounted for by the models.

After establishing a model which included significant

individual markers followed by a backward stepwise

regression for each data set, a PROC GLM procedure was

used to add interaction terms to the model, one at a time,

and they were kept in the model if they remained signifi-

cant. The best-fit models for individual and combined

environments were identified at the highest R2 value

regardless of the number of markers included.

Selective genotyping

A ‘trait-based’ selective genotyping method (Navabi et al.

2009) was used to confirm those markers associated with

oil concentration, detected in the main population, which

were also polymorphic between the parental genotypes of

the validation population. This analysis was based on a

normal approximation of a binomial distribution of allele

frequencies, which was applied to the data obtained from

bidirectional selective genotyping. Markers were con-

firmed as associated with the trait if |Dq| C Z(a/2)Sq, where

|Dq| is the absolute value of the difference between allele

frequencies of a given marker. Z(a/2) is the ordinate of the

area under the curve from -? to z(a/2) obtained from the

standardized normal distribution which equals 1 - a/2,

and Sq is the standard error of the difference between

marker allele frequencies. In this study, |Dq| was estimated

as the difference in allele frequencies between two upper

and lower tails, and Sq was calculated using the following

formula:

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

puqu

nu

þ plql

nl

r

ð3Þ
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where pu and qu are alternate allele frequencies for RILs

selected from the upper tail, and pl and ql are alternate

allele frequencies for RILs selected from the lower tail, and

nu and nl are, respectively, the number of RILs in the upper

and lower trails of population.

Results

A genetic linkage map consisting of 80 markers on 18

linkage groups with an approximate total length of 505 cM

and an average distance of 6.2 cM among markers, as well as

13 unlinked markers was generated in this study. Apart from

inverted orientations of two pairs of closely linked markers

on two linkage groups, the mapping orders and relative

linkage distances of the SSR markers within the linkage

groups did not show any major discrepancies with the inte-

grated public soybean genetic linkage map by Song et al.

(2004). Adjacent SSR markers Sat_020 and Satt196 on

Chromosome 9 (LG K), and Sat_244 and Satt643 on Chro-

mosome 7 (LG M) although assigned to their corresponding

linkage groups, were inverted compared to the reference

linkage map of Song et al. (2004). It should be noted that the

orientation of SSR markers Sat_244 and Satt643 on Chro-

mosome 7 (LG M) showed the same marker order when

compared with the ‘‘high-density’’ soybean genetic linkage

map by Hwang et al. (2009). The low density of polymorphic

markers for some of the linkage groups in this study resulted

in gaps of up to 50 cM between some adjacent markers;

hence they were split into separate linkage groups.

The average seed oil concentration for OAC Wallace

(224.2 g/kg) and OAC Glencoe (221.1 g/kg) over six dif-

ferent environments did not show any statistical difference

from one another. However, OAC Wallace had significantly

greater oil concentration than OAC Glencoe at Woodstock

and Ridgetown in 2009 and 2010, respectively, while no

statistical differences were detected for the rest of the

environments (Table 2). Significant transgressive segrega-

tion (P B 0.05) was present in both RILs populations in all

environments. The plot basis broad-sense heritability esti-

mates for oil concentration in the main population ranged

from 0.79 to 0.87 in different environments and was 0.81

across the environments (Table 2). In the validation popu-

lation, the heritability estimate for oil concentration was

0.76 (Table 2).

A total of 11 putative QTL located on eight different

chromosomes: Chromosome 9 (LG K), 12 (LG H), 13 (LG

F), 14 (LG B2), 16 (LG J), 7 (LG M), 1 (LG D1a), and 17

(LG D2), were identified as associated with oil concen-

tration at either individual environments or in the combined

environments based on single-factor ANOVAs followed by

stepwise regression analyses (Table 3). The stepwise

regression was used to ensure that the QTL were inde-

pendent of each other and not explaining the same varia-

tion. The individual phenotypic variances accounted for by

each QTL ranged from 4 to 11 %. Seven of the high-oil

QTL alleles were contributed by OAC Glencoe and four

QTL alleles by OAC Wallace.

The results of MQM analyses revealed seven genomic

regions on six different chromosomes associated with the

seed oil concentration in either individual environments or

in the combined environments (Table 4; Fig. 1). Using the

MQM analyses, we detected six putative QTL identified

also by single-marker ANOVAs, and also detected an

additional QTL on Chromosome 19 (LG L). The QTL

flanked by markers Satt182 and Satt523, on chromosome

19, had been detected at Ottawa in 2010 and accounted for

6.8 % of the total phenotypic variation for oil. This QTL

received its oil favorable allele from OAC Wallace.

Table 2 Mean, standard deviation, range, heritability, and parental means for soybean seed oil concentration (g/kg) in two RIL populations of

OAC Wallace 9 OAC Glencoe and RCAT Angora 9 OAC Wallace in different environments (measurements were taken on a zero-moisture

basis)

Environment Mean

(g/kg)

Standard deviation

(g/kg)

Heritabilityb Range

(g/kg)

OAC

Wallace

OAC

Glencoe

RCAT

Angora
Location Years

Ottawa 2009 222.3 6.0 0.87 (0.02) 200.1–234.6 215.70 209.74 NA

Ridgetown 2009 226.0 5.5 0.79 (0.03) 212.3–240.2 231.45 230.79 NA

Woodstock 2009 212.1 5.5 0.81 (0.03) 197.2–224.9 219.33 209.68 NA

Ottawa 2010 214.7 4.4 0.81 (0.02) 203.4–227.8 215.49 218.14 NA

Ridgetown 2010 227.2 5.5 0.81 (0.03) 214.3–240.1 234.32 226.18 NA

Woodstock 2010 228.9 5.2 0.86 (0.02) 210.4–242.7 228.15 229.18 NA

St. Paulsa 2010 205.1 13.1 0.76 (0.03) 174.4–233.2 197.20 NA 199.1

Combined environments 219.1 4.4 0.81 (0.03) 205.9–234.1 224.2 221.1 NA

NA not available
a The validation population was derived from RCAR Angora 9 OAC Wallace
b Standard errors are in parentheses
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The QTL flanked by markers Satt317 and Satt302 on

Chromosome 12 (LG H) was detected at four different

environments and also in the combined environments and its

R2s ranged from 4.5 to 9.3 %. The QTL linked to the gene-

specific marker GmDGAT2B on Chromosome 16 (LG J)

identified using single-factor ANOVA was also detected by

MQM analysis at Woodstock in 2009 and explained 5.8 % of

total phenotypic variation for seed oil concentration.

A total of seven two-way epistatic interactions were

identified as significantly (P B 0.0003) associated with oil

Table 3 Putative QTL associated with soybean seed oil concentration identified by single-factor ANOVA in a RIL population of OAC

Wallace 9 OAC Glencoe at different Ontario locations in 2009 and 2010

Loci Chr. Posa 2009 2010

Ottawa Woodstock Ottawa

R2 b P value Add. effectc R2 P value Add. effect R2 P value Add. effect

Sat_284 17 30.8 – – – – – – – – –

Sat_120 13 76 0.05 0.0073 -1.8 0.08 0.0004 -1.5 0.09 0.0002 -1.7

Satt335e 13 77.7 – – – – – – 0.05 0.0049 -1.2

Satt490 13 98 – – – – – – – – –

Satt317 12 89.5 0.10 0.0000 3.0 – – – – – –

Satt463 7 50.1 – – – – – – – – –

GmDGAT2B 16 – – – – 0.05 0.0082 -1.1 0.04 0.0137 -5.0

Satt129e 1 110 – – – – – – – – –

Sat_020 9 104 0.06 0.0037 2.9 – – – – – –

Satt001e 9 50.6 0.05 0.0070 1.6 – – – – – –

Satt066e 14 78.8 0.04 0.0100 -1.4 – – – – – –

Satt273 9 56.6 – – – – – – – – –

Model R2 f 0.18 0.10 0.11

Loci Chr. Posa 2010 Combined environmentsd

Ridgetown Woodstock

R2 P value Add. effect R2 P value Add. effect R2 P value Add. effect

Sat_284 17 30.8 0.08 0.0002 -1.5 – – – 0.05 0.0006 -1.9

Sat_120 13 76 0.06 0.0021 -1.7 – – – 0.08 0.0005 -1.7

Satt335e 13 77.7 – – – – – – – – –

Satt490 13 98 – – – 0.05 0.0047 1.0 – – –

Satt317 12 89.5 0.11 0.0000 3.0 0.05 0.0047 2.3 0.10 0.0002 3.0

Satt463 7 50.1 – – – – – – 0.05 0.0008 -2.3

GmDGAT2B 16 – 0.04 0.0133 -3.0 – – – – – –

Satt129e 1 110 – – – – – – 0.05 0.001 1.8

Sat_020 9 104 – – – – – – – – –

Satt001e 9 50.6 – – – – – – – – –

Satt066e 14 78.8 – – – – – – – – –

Satt273 9 56.6 0.06 0.0023 -1.4 – – – – – –

Model R2 f 0.23 0.08 0.27

a As per Song et al. (2004)
b The proportion of the total variance accounted for by the loci
c Additive effect (g/kg) at each locus was estimated as half the difference of the phenotypic LSMEAN values of each homozygous genotype.

The estimates of additive effect are based on the OAC Wallace allele. A negative value for the estimate indicates that the higher mean was

obtained for the alternate, OAC Glencoe allele
d Data from Ottawa in 2010 was not included in the combined environments due to using a different machine (NIR) to measure oil concentration

at that location
e The markers also polymorphic between RCAT Angora and OAC Wallace
f The proportion of the total variance accounted for by present loci in the model
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concentration across six different environments (Table 5).

The proportion of the total phenotypic variance accounted

for by each two-way interaction ranged from 9 to 12 %.

Five of these seven markers contributing to the significant

two-way interactions affecting the oil concentration were

also individually associated with oil concentration in the

present study. The Satt367 marker, which showed an

association with oil concentration by interacting with three

other markers, was previously reported as affecting seed oil

concentration in soybean (Reinprecht et al. 2006).

The results of best-fit models for separate and combined

environments, which were derived from stepwise regres-

sions combined with the significant two-way epistatic

interactions, are presented in Table 6. The proportion of

phenotypic variation accounted for by each model ranged

from 12 to 45 %. The epistatic interactions that were not

significant at P \ 0.01 in their corresponding best-fit model

were discarded from the model. Among the eight markers

individually associated with oil concentration detected by

best-fit models, five markers also showed significant con-

tributions to the trait through interaction with other markers.

Four putative oil QTL on Chromosome 9 (LG K), 13

(LG F), 14 (LG B2), and 19 (LG L) from the population of

OAC Wallace 9 OAC Glencoe have been confirmed in a

population of 211 RILs derived from RCAT Angor-

a 9 OAC Wallace using a bidirectional selective geno-

typing method (Table 7). In total, there were five SSR

markers associated with oil concentration in the OAC

Wallace 9 OAC Glencoe population which were poly-

morphic between RCAT Angora and OAC Wallace

(Tables 3, 4). While QTL linked to markers Satt001 and

Satt182 received their beneficial alleles from OAC Wal-

lace, QTL tagged by markers Satt066 and Satt335 received

their favorable oil alleles from RCAT Angora.

Table 4 Genomic regions associated with soybean seed oil concentration identified by multiple QTL mapping (MQM) in a RIL population of

OAC Wallace 9 OAC Glencoe at different Ontario locations in 2009 and 2010

Interval 2009 2010

Ottawa Woodstock Ottawa

Locusi Pos Locusj Pos Chr. R2 a LODb Add. effectc R2 LOD Add. effect R2 LOD Add. effect

Satt317 4.34 Satt302 0.0 12 0.07 3.4 2.8 – – – 0.05 2.8 1.7

Satt182f 0.00 Satt523 11.5 19 – – – – – – 0.07 3.6 1.9

Satt510 63.5 Satt335f 73.5 13 – – – – – – 0.06 3.1 -1.3

Satt490 100.0 Satt335f 73.5 13 – – – – – – – – –

GmDGAT2B 20.8 Satt132 0.0 16 – – – 0.06 2.6 -1.5 – – –

Satt001e 34.7 Satt273 42.3 9 0.05 2.7 2.1 – – – – – –

Satt323 24.8 Satt463 19.7 7 – – – – – – – – –

LOD Threshold 2.6 2.5 2.6

Interval 2010 Combined environmentsd

Ridgetown Woodstock

Locusi Pos Locusj Pos Chr. R2 LOD Add. effect R2 LOD Add. effect R2 LOD Add. effect

Satt317 4.34 Satt302 0.0 12 0.1 4.8 2.8 0.05 2.7 1.8 0.09 5.7 2.7

Satt182f 0.00 Satt523 11.5 19 – – – – – – – – –

Satt510 63.5 Satt335f 73.5 13 – – – – – – – – –

Satt490 100.0 Satt335f 73.5 13 – – – – – – 0.05 3.0 1.9

GmDGAT2B 20.8 Satt132 0.0 16 – – – – – – – – –

Satt001e 34.7 Satt273 42.3 9 – – – – – – – – –

Satt323 24.8 Satt463 19.7 7 – – – – – 0.06 3.9 -1.5

LOD Threshold 2.7 2.5 2.6

a The proportion of the total phenotypic variance accounted for by QTL
b The value on the QTL tagged by the first loci
c The estimates of additive effect (g/kg) are based on the OAC Wallace allele. A negative value for the estimate indicates that the higher mean

was obtained for the alternate, OAC Glencoe allele
d Data from Ottawa in 2010 did not take into account the combined analyses due to using a different machine to measure oil concentration
e The markers also polymorphic between RCAT Angora and OAC Wallace
f The proportion of the total variance accounted for by present loci in the model
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Discussion

It is an old and well-accepted adage in plant breeding,

especially for quantitative traits, that crossing ‘‘good by

good’’ has a high probability of producing superior new

genotypes (Bernardo 2010). This is true also for modern

soybean breeding programs, which mostly utilize elite

germplasm to improve complex traits, including seed oil

concentration. Previous attempts to discover QTL associ-

ated with seed oil concentration in soybean mostly focused

on populations developed from low and high-oil concen-

tration parents or studying at QTL in exotic germplasm for

introgression purposes (Hyten et al. 2004). To our knowl-

edge, our study is the first one aimed at discovering and

validating oil QTL using segregating populations derived

from hybridizing moderately high-oil soybean modern

cultivars with different genetic backgrounds. In the current

study, for both populations, while the parental cultivars

were not significantly different for seed oil concentration

across different environments, the RILs populations

exhibited transgressive segregation.

A comparison of the identified oil QTL in the current

study with previously reported QTL in many different

studies revealed some QTL, which mapped to similar

Fig. 1 LOD scores and map distances for oil QTL on chromosomes

7, 12, 13, 16, and 19 in a RIL population derived from the cross of

OAC Wallace and OAC Glencoe. The data is based on trials grown in

the following locations and years: Ott09 Ottawa 2009, Ott10 Ottawa

2010, Rid10 Ridgetown 2010, WST09 Woodstock 2009, WST10
Woodstock 2010, Comb combined across environments, except for

Ottawa 2010

Table 5 Markers with significant epistatic effects on soybean seed

oil concentration and the amount of phenotypic variation accounted

for by each interaction in a RIL population of OAC Wallace 9 OAC

Glencoe at three locations in 2009 and 2010

Environment Locii Chr. Locij Chr. Rij
2 a P value

Ottawa 2009 Sat_284c 17 Satt367 20 0.10 0.0000

Satt129c 1 Satt367 20 0.12 0.0000

Ridgetown

2009

Sat_109 10 Sat_120c 13 0.12 0.0003

Woodstock

2009

Satt001c 9 Satt560 14 0.12 0.0002

Ottawa 2010 Satt199 18 Satt273c 9 0.09 0.0001

Ridgetown

2010

Sat_062 6 Satt411 15 0.12 0.0000

Woodstock

2010

Satt367 20 Satt474 14 0.10 0.0000

Combinedb Satt129c 1 Satt367 20 0.12 0.0000

Satt367 20 Satt474 14 0.12 0.0000

a The proportion of the total phenotypic variance accounted for by

the loci
b Data from Ottawa in 2010 did not take into account the combined

environments due to using a different machine to measure oil

concentrations
c Markers solely associated with seed oil concentration detected by

either single-factor ANOVA or MQM analyses at any environment
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Table 6 Best-fit models consisting of significant markers (ANOVA) and epistatic interactions (Holland, 1998) for soybean seed oil concen-

tration in a RIL population of OAC Wallace 9 OAC Glencoe at three locations in 2009 and 2010

Locus Chr. 2009 2010

Ottawa Ridgetown Woodstock Ottawa

R2 a P value Add.

effectb
R2 P value Add.

effect

R2 P value Add.

effect

R2 P value Add.

effect

Sat_120 13 0.05 0.0073 -1.8 – – – 0.08 0.0004 –1.5 0.09 0.0002 -1.7

Satt001 9 0.05 0.0070 1.6 – – – – – – – – –

Satt317 12 0.10 \0.0001 1.3 – – – – – – – – –

Sat_284xSatt367 15 9 20 0.10 \0.0001 – – – – – – – – – –

Satt129 1 – – – – – – – – – – – –

Sat_109 9 Sat_120 10 9 13 – – – 0.12 0.0003 – – – – – – –

Satt129 9 Satt367 1 9 20 – – – – – – – – – – – –

GmDGAT2B 16 – – – – – – 0.08 0.0082 -1.1 0.04 0.0137 -5.0

Satt001 9 Satt560 9 9 14 – – – – – – 0.12 0.0002 – – – –

Satt199 9 Satt273 18 9 9 – – – – – – – – – 0.09 0.0001 –

Satt273 9 – – – – – – – – – – – –

Sat_284 17 – – – – – – – – – – – –

Sat_062 9 Satt411 6 9 15 – – – – – – – – – – – –

Satt490 13 – – – – – – – – – – – –

Satt367 9 Satt474 20 9 14 – – – – – – – – – – – –

R2 c 0.45c \0.0001 – 0.12 0.0003 – 0.31 \0.0001 – 0.24 \0.0001 –

Locus Chr. 2010 Combined environmentsd

Ridgetown Woodstock

R2 P value Add. effect R2 P value Add. effect R2 P value Add. effect

Sat_120 13 0.06 0.0021 -1.7 – – – 0.08 0.0005 -1.7

Satt001 9 – – – – – – – – –

Satt317 12 0.11 \0.0001 3.0 0.05 0.0047 2.3 0.10 0.0002 3.0

Sat_284xSatt367 15 9 20 – – – – – – – – –

Satt129 1 – – – – – – 0.05 0.0010 1.8

Sat_109xSat_120 10 9 13 – – – – – – – – –

Satt129xSatt367 1 9 20 – – – – – 0.12 0.0000

GmDGAT2B 16 0.04 0.0133 -3.0 – – – – – –

Satt001xSatt560 9 9 14 – – – – – – – – –

Satt199xSatt273 18 9 9 – – – – – – – – –

Satt273 9 0.06 0.0023 -1.4 – – – – – –

Sat_284 17 0.08 0.0002 -1.5 – – – 0.05 0.0006 -1.9

Sat_062xSatt411 6 9 15 0.12 \.0001 – – – – – – –

Satt490 13 – – – 0.05 0.0047 1.0 – – –

Satt367xSatt474 20 9 14 – – – 0.10 \0.0001 – – – –

R2 c 0.44 \0.0001 – 0.29 \0.0001 – 0.38 \0.0001 –

a The proportion of the total phenotypic variance accounted for by the loci
b Additive effect (g/kg) at each locus estimated as half the difference of the phenotypic LSMEAN values of each homozygous genotype. The

estimates of additive effect are based on the OAC Wallace allele. A negative value for the estimate indicates that the higher mean was obtained

for the alternate, OAC Glencoe allele
c The proportion of the total Phenotypic variance accounted for by present loci in the best-fit model
d Data from Ottawa in 2010 did not take into account the combined environments due to using a different machine to measure oil concentrations
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genomic regions. For instance, one QTL on Chromosome

12 (LG H), tagged by SSR marker Satt317, had been also

reported to be associated with oil concentration in a study

by Panthee et al. (2005). These authors used CIM in a

population of 101 RILs from a cross between ‘N87-984-16’

and ‘TN93-99’ soybean genotypes (Panthee et al. 2005).

While the marker that tagged the oil QTL between these

two studies is the same, we cannot say with certainty that

our study has confirmed the Panthee et al. (2005) QTL.

In another study, Shan et al. (2008) also reported an oil

QTL in this genomic region, linked to the marker Satt293,

by studying a population of 154 RILs derived from a cross

of ‘Charleston’ 9 ‘Dongnong’. The SSR marker Satt293 is

located only about 0.4 cM away from the Satt317 (Song

et al. 2004). This genomic region was also identified to be

carrying oil QTL based on an integrated map of oil-asso-

ciated QTL in soybeans (Qi et al. 2011). This integrated

map consisting of 20 ‘‘consensus’’ genomic regions asso-

ciated with oil concentration was constructed by integrating

130 QTL from different studies using a ‘‘meta-analysis’’

method that narrowed down the confidence interval of the

QTL to increase the precision and validity. On this linkage

group four additional oil QTL have been reported (Lee et al.

1996; Brummer et al. 1997; Qui et al. 1999; Hyten et al.

2004). However, they are at least 34 cM away from the

QTL detected in the current study, indicating that they

probably represent different QTL.

The putative oil QTL on Chromosome 13 (LG F), which

was tagged by markers Satt510 in the interval of Satt510-

Satt335 and detected in Ottawa 2010 using MQM, may

represent the same QTL as that associated with individual

SSR markers Sat_120 and Satt335, which was identified in

different specific environments using single-factor

ANOVA. The marker Sat_120 is about 4.6 cM and the

marker Satt335 is about 6.3 cM away from the marker

Satt510 (Song et al. 2004). This putative QTL received its

oil beneficial allele from OAC Glencoe. In the present

study, also a putative oil QTL was detected in the interval

of Satt490–Satt335 in combined environments, which was

tagged by Satt490 and inherited its positive oil allele from

OAC Wallace. Due to the distance of more than 26 cM

between the markers Satt490 and Satt510 and the fact that

favorable oil allele at these loci came from different par-

ents, we believe that QTL tagged by these markers are

different in this genomic region.

In the current study, an oil QTL marked by Satt335 was

detected using bidirectional selective genotyping in a

population of RCAT Angora 9 OAC Wallace. Specht

et al. (2001) discovered a putative oil QTL linked to the

marker Satt510 in a RIL population derived from a cross of

‘Minsoy’ 9 ‘Noir 1’. There are two more QTL which have

been reported to be associated with oil on this linkage

group (Shan et al. 2008; Qi et al. 2011), however, they are

located more than 55 cM away from the QTL identified in

the present study, and so they are likely different oil QTL

on this linkage group.

Hyten et al. (2004) reported a QTL for oil in close

proximity to our QTL on Chromosome 19 (LG L) in the

interval of Satt182–Satt523. They discovered this putative

oil QTL linked to the marker Satt523 by studying a

population of 131 F6-derived RILs from a cross of

‘Essex’ 9 ‘Williams’. Reinprecht et al. (2006) also

detected a QTL associated with the marker Satt182 in a

population of 169 RILs derived from a cross between a low

linolenic acid line, ‘RG10’, and a lipoxyygenase null line,

‘OX948’. There are also some other reported QTL in close

proximity to this genomic region that had been detected in

different genetic backgrounds and environments (Diers et al.

1992; Lee et al. 1996; Qi et al. 2011). They are located at

3–9 cM from the marker Satt523. However, due to the low

density of markers on this linkage group in the current study,

we could not determine if these QTL were the same as ours.

One oil QTL on Chromosome 17 (LG D2) was identi-

fied as linked to the SSR marker Sat_282 in Ridgetown in

2010 and also in the combined environments using single-

marker ANOVA. The marker Sat_282 is located about

6.3 cM away from the SSR marker Satt458, which was

reported to be associated with oil concentration by Hyten

et al. (2004). There are also four more oil QTL on this

chromosome which are located at more than 40 cM away

from this QTL (Lee et al. 1996; Hyten et al. 2004). The oil

QTL linked to marker Sat_282 was not associated with

seed protein concentration in this study (data not shown).

The putative oil QTL on Chromosome 7 (LG M),

located in or close to the interval of Satt323–Satt463 was

detected in the combined environments using both single-

marker ANOVA and MQM. The oil beneficial allele was

Table 7 Putative QTL associated with soybean seed oil concentra-

tion confirmed using a ‘trait-based’ bidirectional selective genotyping

analysis (Navabi et al. 2009) by genotyping 44 % of two high-oil and

low-oil subsets of the lines in a RIL population of RCAT Angor-

a 9 OAC Wallace at St. Pauls in 2010

Locus Chr. Allele frequency Dq
c Sq

d P value

High oil Low oil

Wa Ab Wa Ab

Satt001 9 0.68 0.32 0.39 0.61 0.29 0.10 \0.01

Satt066 14 0.31 0.69 0.71 0.29 0.40 0.09 \0.01

Satt182 19 0.67 0.33 0.36 0.64 0.31 0.10 \0.01

Satt335 13 0.37 0.63 0.69 0.31 0.32 0.10 \0.01

a The frequency of the allele which was shared by OAC Wallace
b The frequency of the allele which was shared by RCAT Angora
c The absolute value of the difference in marker allele frequencies
d The standard error of the difference between marker allele

frequencies
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from OAC Glencoe and explained 6 % of the total phe-

notypic variation. The closest previously reported oil QTL

to this QTL was linked to RFLP marker R079_1 (Lark

et al. 1995) and SSR marker Satt540 (Hyten et al. 2004),

which are 10.9 and 16.6 cM away from Satt463, respec-

tively (Song et al. 2004).

The putative oil QTL associated with marker Satt129,

located on Chromosome 1 (LG D1a), was detected in the

combined environments using single-marker ANOVA.

This QTL was also reported by Hyten et al. (2004) as

associated with SSR marker Satt147, which is located less

than 1 cM away from Satt129 (Song et al. 2004). There are

three more oil putative QTL on this linkage group that are

more than 50 cM away from our putative QTL (Hyten

et al. 2004).

This study also discovered novel oil QTL. The oil QTL

on Chromosome 16 (LG J) tagged by the gene-specific

marker GmDGAT2B was identified using both MQM and

single-factor ANOVAs in three different environments.

The GmDGAT2 marker was designed based on a 2-bps

indel mutation on the second exon of the DGAT2 isoform

on chromosome 16 (Eskandari and Rajcan, in preparation).

This mutation generated an immature stop codon that

resulted in a truncated polypeptide with only 141-amino

acids, which might be ineffective. The protein encoded by

the wild type gene has a sequence of 350-amino acid. Since

the wild type allele from OAC Glencoe contributed to an

increase in seed oil concentration in the RILs, this gene is

suggested to be involved in the oil biosynthesis process.

A substantial role for DGAT2 genes in triacylglycerol

(TAG) formation has been previously reported in soybean

and other species (Zou et al. 1999; Lardizabal et al. 2008).

Moreover, Lardizabal et al. (2008) reported that they could

increase seed oil concentration up to 1.5 % in soybean by

introducing a fungal DGAT2 with no significant impact on

seed yield or protein concentration. In the current study,

this QTL did not have any association with protein con-

centration, which was in agreement with Lardizabal et al.

(2008). DGAT2 genes, however, have been reported in

some plant species to only affect the quality of the seed

storage oils due to their effect on unusual fatty acid accu-

mulation (Shockey et al. 2006; Burgal et al. 2008; Li et al.

2010). There are two previously identified QTL for oil

concentration on Chromosome 16 (LG J), which were

reported earlier by Lee et al. (1996) and Kabelka et al.

(2004). Due to a limited number of markers on this linkage

group in this study, we could not determine if the previ-

ously discovered QTL were also linked to this gene.

Within the genomic region flanked by SSR markers

Satt001 and Satt273 on Chromosome 9 (LG K), a new oil

QTL has been detected using MQM and single-marker

ANOVAs in two environments. The closest previously

reported oil QTL to this genomic region was the QTL

associated with the RFLP marker A315-1 (Mansur et al.,

1993) which is located about 21.9 and 27.9 cM away from

the Satt001 and Satt273, respectively. Brummer et al. (1997)

also discovered an oil QTL on this linkage group, which was

associated with the RFLP marker K387-1 and located about

42.3 cM far away from the marker Satt273. The putative

QTL associated with the marker Satt001 was also identified

associated with oil concentration in a RCAT Angor-

a 9 OAC Wallace RIL population in the current study.

On Chromosome 9 (LG K), we also detected an oil QTL

tagged by Sat_020 at the Ottawa location in 2009. The

favorable oil allele for this QTL came from OAC Wallace

and also showed a positive significant association with seed

protein composition at Ridgetown in 2010 and in the

combined analysis. The closest previously reported oil QTL

on this chromosome is the QTL linked to the RFLP marker

K387-1 (Brummer et al. 1997), which is located about

24.1 cM away from SSR marker Sat_020 (Song et al. 2004).

The region on Chromosome 14 (LG B2), linked to SSR

marker Satt066 where we mapped an oil QTL, was not

previously reported as associated with seed oil concentra-

tion, but rather seed yield (Concibido et al. 2003). How-

ever, this marker did not show any association with either

seed yield or protein concentration in this study (data not

shown). This QTL was also confirmed as associated with

oil concentration in the RCAT Angora 9 OAC Wallace

validation population. The closest oil QTL to the marker

Satt066 was reported by Csanádi et al. (2003), which was

tagged by Satt020 and is located 6.7 cM away from our

QTL, which means that it may represent the same QTL.

Two more oil QTL on this chromosome have been reported

(Diers et al. 1992; Brummer et al. 1997), which were at

least 39 cM away from the marker Satt066.

Epistatic interactions have not received much attention

in QTL analysis of seed oil concentration in soybean. This

could be due in part to the difficulty of exploiting them in

plant breeding programs especially when a large number of

interactions are involved and associated with the trait of

interest (Bernardo 2010). It could also be because the

amount of total phenotypic variances explained by each

interaction tends to be small (Bernardo 2010). However, in

our study, using a population of 203 RILs, the proportion

of phenotypic additive 9 additive variance accounted for

by each interaction was relatively high and ranged from 9

to 12 % of the total phenotypic variation for seed oil.

In this study, 71 % of the epistatic interactions included a

marker that was individually associated with oil concen-

tration whereas in the rest neither marker was. The results

of the current study show the importance of two-way

interaction effects on oil concentration in this population.

These oil-associated interaction effects could be fixed

through selecting appropriate RILs from this population to

establish new RILs populations that will probably have
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pure lines with greater breeding values for the oil con-

centration due to the conversion of a portion of epistatic

variance into additive variance (Lark et al. 1995; Bernardo

2010).

The results of best-fit models with and without epistatic

interactions (Tables 2, 7) provided further support for the

existence of ‘‘environmentally stable’’ oil QTL on different

chromosomes. QTL linked to markers Sat_120, Satt317,

and GmDGAT2B were present in their corresponding best-

fit model in three or more different environments.

In conclusion, we identified an oil QTL on Chromosome

9 (LG K) which also had a significant positive effect on

seed protein composition, and three oil QTL on Chromo-

somes 14 (LG B2), 16 (LG J), and 17 (LG D2) that had no

significant effects on seed protein concentration in any of

the environments. These QTL could be used in breeding

programs targeted at increasing the oil concentration

without affecting protein concentration. Our detection of

new oil QTL in this study also demonstrated the impor-

tance of using moderately high-oil elite soybean cultivars

as valuable sources for detecting minor QTL, which could

be masked by major ones in populations derived from

parents with large differences in the oil concentration

(Asins 2002; Winter et al. 2007). These QTL along with

the epistatic interactions identified in this study could be

used in either marker-assisted selection or allele intro-

gression to increase the frequency of favorable QTL alleles

by pyramiding the beneficial high-oil alleles using from

novel sources while maintaining the current ones. The

partial genetic map for population OAC Wallace 9 OAC

Glencoe developed in the current study provided insight

into genomic regions that govern seed oil concentration in

soybean; however, the development of a more saturated

genetic linkage map would enhance the chance of identi-

fication of more oil QTL, especially within the gaps in our

current genetic map.
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