
ORIGINAL PAPER

Combinations of mutant FAD2 and FAD3 genes to produce
high oleic acid and low linolenic acid soybean oil

Anh-Tung Pham • J. Grover Shannon •

Kristin D. Bilyeu

Received: 12 July 2011 / Accepted: 10 March 2012 / Published online: 4 April 2012

� Springer-Verlag (outside the USA) 2012

Abstract High oleic acid soybeans were produced by

combining mutant FAD2-1A and FAD2-1B genes. Despite

having a high oleic acid content, the linolenic acid content

of these soybeans was in the range of 4–6 %, which may be

high enough to cause oxidative instability of the oil.

Therefore, a study was conducted to incorporate one or two

mutant FAD3 genes into the high oleic acid background to

further reduce the linolenic acid content. As a result, soy-

bean lines with high oleic acid and low linolenic acid

(HOLL) content were produced using different sources of

mutant FAD2-1A genes. While oleic acid content of these

HOLL lines was stable across two testing environments,

the reduction of linolenic acid content varied depending on

the number of mutant FAD3 genes combined with mutant

FAD2-1 genes, on the severity of mutation in the FAD2-1A

gene, and on the testing environment. Combination of two

mutant FAD2-1 genes and one mutant FAD3 gene resulted

in less than 2 % linolenic acid content in Portageville,

Missouri (MO) while four mutant genes were needed to

achieve the same linolenic acid in Columbia, MO. This

study generated non-transgenic soybeans with the highest

oleic acid content and lowest linolenic acid content

reported to date, offering a unique alternative to produce a

fatty acid profile similar to olive oil.

Introduction

Soybean is the largest oilseed crop worldwide with over

half of the total oilseed production, and 38 % of the soy-

beans were produced in the US (Oilseeds: World Markets

and Trade 2010). Accordingly, soybean is an important

provider of oil globally and in the US, representing 24 % of

the total vegetable oil consumption in the world and

approximately 70 % total fat and oil consumption in the

US in 2010 (Soystats 2010). The majority of soybean oil

was used for edible products, including salad and cooking

oil (50 %), baking and frying fat (25 %) and margarine

(4 %) (Soystats 2010).

Oil extracted from commodity soybeans contains 11 %

palmitic acid (16:0), 4 % stearic acid (18:0), 23 % oleic

acid (18:1), 54 % linoleic acid (18:2), and 8 % linolenic

acid (18:3) (Wilson 2004). The high concentration of

polyunsaturated fatty acids (PUFA) such as linoleic acid

and linolenic acid in soybean oil was demonstrated to be

responsible for the low oxidative and frying stability of

soybean oil, resulting in rancidity, rapid decrease in opti-

mum flavor, and shortened storage time of manufactured

food products (Warner and Fehr 2008). To overcome this

disadvantage, soybean oil is usually hydrogenated to

reduce the PUFA contents and increase the content of oleic

acid, which was shown to be more resistant to oxidation

and has many health benefits (Mattson and Grundy 1985;

Perez-Jimenez et al. 1995). However, an unwanted out-

come of the hydrogenation process is the creation of
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10–40 % trans fatty acids, for which consumption has been

linked to a number of health problems including higher risk

of obesity and coronary heart disease (Hu et al. 1997;

Mounts et al. 1994; Mozaffarian et al. 2006; Zaloga et al.

2006). Hence, there have been numerous efforts to increase

the oxidative stability of soybean oil without hydrogena-

tion by means of producing soybean with high oleic acid

and low polyunsaturated fatty acid concentration.

In soybean, one trait is often controlled by several

homologous genes, and this presents a major challenge for

breeding soybean lines with multiple traits (Chi et al. 2011;

Schmutz et al. 2010). Initiated by USDA-ARS in 1952,

traditional breeding has been successful in identifying loci

responsible for oleic acid and linolenic acid contents, but

selection was primarily based on phenotype because of

limited knowledge about the genes and molecular markers

associated with the trait (Fehr 2007). Genes that control the

oleic acid content and PUFA content in soybean seed oil

have been characterized (Bilyeu et al. 2003; Heppard et al.

1996; Schlueter et al. 2007; Schmutz et al. 2010). The

two oleate desaturase genes FAD2-1A (Glyma10g42470)

and FAD2-1B (Glyma20g24530) and the three linoleate

desaturase genes FAD3A (Glyma14g37350), FAD3B

(Glyma02g39230) and FAD3C (Glyma18g06950) were

unambiguously assigned a chromosomal position. Muta-

tions identified in either FAD2-1A or FAD2-1B resulted in

elevated oleic acid contents in the range of 27–50 % (Anai

et al. 2008; Dierking and Bilyeu 2009; Pham et al. 2010).

Mutations in FAD3 resulted in lower linolenic acid content

from 7 to 10 % in lines containing wild-type alleles to

approximately 4 % for lines containing mutations in FAD3A

(Chappell and Bilyeu 2007). Combinations of mutations in

FAD3A with either FAD3B or FAD3C lower linolenic acid

to approximately 3 % of the seed oil, while mutations in

FAD3A, FAD3B, and FAD3C result in 1 % linolenic acid

(Bilyeu et al. 2005, 2006, 2011; Reinprecht et al. 2009).

Although utilization of the mutant alleles of the FAD2-1

and FAD3 genes was successful in creating either high

oleic acid or low linolenic acid soybean, respectively, these

soybean lines still have some disadvantages. Soybeans with

low linolenic acid content (3–4 %) were shown to be

influenced by temperature with lower linolenic acid content

often seen with higher temperature (Rennie and Tanner

1989; Wilcox and Cavins 1992). In addition, Warner and

Fehr (2008) showed that oils having 1 % linolenic acid

content had higher stability than those prepared with nor-

mal soybean oil, but are significantly less stable than high

oleic acid oil (80 %). The authors reasoned that this result

might be due to the wild-type oleic acid and linoleic acid

content in the oils with 1 % linolenic acid content. On the

other hand, high oleic acid soybean (80 % oleic acid)

generated by the combination of mutant FAD2-1A and

FAD2-1B genes had the linolenic acid content reduced to

only half of the linolenic acid content in commercial soy-

bean oil (4–6 %), which may result in hydrogenation

requirement for high oleic oils (Hoshino et al. 2010; Pham

et al. 2010). Moreover, the linoleic acid content is usually

equal or lower than the linolenic acid content in the high

oleic acid soybean lines (Hoshino et al. 2010; Pham et al.

2010). It was suggested that the linoleic acid content

(which was lower than the linolenic acid content) in the

high oleic acid oil is partially responsible for the deep fried

flavor of the foods (Warner and Gupta 2005). Therefore, in

order to have soybean oils with high stability but without

adverse effects on the food flavors, it is rational to intro-

duce mutant FAD3 genes into the high oleic acid back-

ground to reduce the linolenic acid content at the expense

of the linoleic acid content to potentially improve the

functional properties of the oil.

One question addressed in this study was to determine

the number of mutant FAD3 genes needed to be combined

with two mutant FAD2-1 genes in high oleic soybean lines

to lower linolenic acid content to less than 3 %, which is

the current industry standard for a low linolenic acid soy-

bean oil. Because the amount of linoleic acid in 80 % high

oleic acid soybean oil is only 3–5 % compared to 55 % in

commercial soybeans, we hypothesized that less than three

mutant FAD3 genes would be needed to produce the target

linolenic acid content in the high oleic acid background.

The FAD3A gene was shown to have a greater impact on

linolenic acid level in soybean seed than FAD3B and

FAD3C, consistent with higher expression of FAD3A in

developing seeds (Bilyeu et al. 2003, 2005). We hypothe-

sized that crossing an 80 % high oleic soybean line car-

rying two mutant FAD2-1 genes to a low linolenic soybean

line carrying two mutant FAD3A and FAD3C genes will

produce in the progeny soybeans with oleic acid content

more than 80 % and linolenic acid content lower than 3 %.

Although this may require incorporation of four genes into

one soybean line and a larger effort to develop populations,

it may be possible to achieve this goal using only a single

FAD3 mutation in combination with two FAD2 mutations.

The objectives of this study were to : (1) combine two

mutant FAD2-1 genes with one or two mutant FAD3 genes

to produce high oleic acid ([75 %) low linolenic acid

(\3 %) soybean (HOLL); (2) examine the stability of the

HOLL lines in appropriate environments to select the most

stable phenotype/genotype combination.

Materials and methods

Population development

The soybean line designations and genotype descriptions

used here are provided in Table 1. The two crosses made for
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this study were: Cross 1 = HO(D)LL, the high oleic soy-

bean line S08-1692 [designated HO(D): homozygous for

mutant M23 FAD2-1AD allele and mutant PI 283327

FAD2-1B P137R allele] was crossed to soybean line KB07-1

#123, a mid-oleic low linolenic acid [designated MO(D)-

LLac: homozygous for mutant M23 FAD2-1AD allele,

homozygous for mutant CX1512-44 FAD3A and FAD3C

alleles] (Bilyeu et al. 2005). The mutant FAD2-1AD alleles

were fixed in this population while the mutation in

FAD2-1B is the P137R missense mutation from PI 283327,

and the FAD3A splice-site mutation and FAD3C G128E

misense mutation are derived from CX1512-44 (Bilyeu

et al. 2005; Pham et al. 2010). Cross 2 = HO(S117N)LL,

an early flowering high oleic F2 parent 17D/PI 283327 #67

or #92 [designated HO(S117N): homozygous for mutant

17D FAD2-1A S117N alleles and PI 283327 FAD2-1B

P137R alleles], was crossed to 10–73, a normal oleic, 3 %

linolenic acid line (designated NOLLac: wild-type for

FAD2-1A and FAD2-1B, homozygous for mutant FAD3A

and FAD3C alleles from CX1512-44). The two mutant

FAD2-1 alleles (FAD2-1A S117N and FAD2-1B P137R) as

well as mutant FAD3A and FAD3C were segregating in this

population. The mutant FAD2-1B, FAD3A and FAD3C

genes used in this research are identical, while two mutant

FAD2-1A alleles were evaluated: the FAD2-1A alleles

donated from either M23 (D) or 17D (S117N) (Dierking and

Bilyeu 2009; Pham et al. 2010; Sandhu et al. 2007).

Naming convention: the combination of four mutant

genes: FAD2-1A, FAD2-1B, FAD3A and FAD3C herein is

represented as either HO(D)LL4ac or HO(S117N)LL4ac, to

distinguish the null FAD2-1A allele donated from either M23

(D) or 17D (S117N) (Dierking and Bilyeu 2009; Sandhu et al.

2007). The three mutant gene combination of FAD2-1A,

FAD2-1B and FAD3A is designated as HO(D or S117N)

LL3a, while the three mutant gene combination of

FAD2-1A, FAD2-1B and FAD3C is designated as HO(D or

S117N)LL3c. An additional control line included the 1 %

linolenic acid line B1-52abc with wild-type FAD2-1 genes

and mutant FAD3A, FAD3B, and FAD3C genes (splice site

mutant FAD3B alleles derived from A29 (Bilyeu et al. 2006).

The reference cultivar Williams 82 with wild-type alleles of

the FAD2 and FAD3 genes was also used as a check.

True F1 seeds were planted in the field to produce F2

seeds, which were germinated and genotyped for three

mutant genes [FAD2-1B, FAD3A and FAD3C in Cross 1’s

population (HO(D)LL)] or four mutant genes [Cross 2’s

population (HO(S117N)LL)], respectively.

For the Cross 1, nine F2 plants with the genotype FAD2-1

(aabb) FAD3(AaCc) and two plants for each of the three

genotypes FAD2-1(aabb) FAD3(aacc) = HO(D)LL4ac,

Table 1 Gene combination of high oleic low linolenic acid (HOLL), parental, and control lines

Genotype Gene

FAD2-1A FAD2-1B FAD3A FAD3B FAD3C

HO(D)LL4ac Da P137Rd Splice site (G810A)e WT G128Eg

HO(D)LL3a D P137R Splice site (G810A) WT WT

HO(D)LL3c D P137R WT WT G128E

Parent: HO(D) D P137R WT WT WT

Parent: MO(D)LLac D WT Splice site (G810A) WT G128E

HO( S117N LL4ac S117Nb P137R Splice site (G810A) WT G128E

HO( S117N) LL3a-1 S117N P137R Splice site (G810A) WT WT

HO( S117N) LL3a-2 S117N P137R Splice site (G810A) WT WT

HO( S117N) LL3a-3 S117N P137R Splice site (G810A) WT WT

HO(S117N )LL3c S117N P137R WT WT G128E

Parent: HO( S117N) S117N P137R WT WT WT

Parent: NOLLac WTc P137R Splice site (G810A) WT G128E

B1-52abc WT WT Splice site (G810A) Splice site ( G466A )f G128E

Williams 82 WT WT WT WT WT

a FAD2-1A allele derived from M23 (Sandhu et al. 2007)
b FAD2-1A allele derived from 17D (Dierking and Bilyeu 2009)
c A wild-type allele of the gene
d FAD2-1B allele derived from PI 283327 (Pham et al. 2010)
e FAD3A allele derived from CX1512-44 (Bilyeu et al. 2005)
f FAD3B allele derived from A29 (Bilyeu et al. 2006)
g FAD3C allele derived from CX1512-44 (Bilyeu et al. 2005)

Theor Appl Genet (2012) 125:503–515 505

123



FAD2-1(aabb) FAD3(aaCC) = HO(D)LL3a or FAD2-

1(aabb) FAD3(AAcc) = HO(D)LL3c were identified. For

this cross, only F2 plants with the desirable gene combina-

tions FAD2-1(aabb) FAD3(aaCC/AAcc/aacc) were selected

and advanced to F2:3 generation in Sears growth chamber,

University of Missouri, Columbia, MO. F2:3 seeds were

harvested, bulked by genotype [HO(D)LL4ac, HO(D)LL3c

or HO(D)LL3c] and were used for stability test at the

Bradford Research and Extension Center (BREC) in

Columbia, MO and Delta Research Center, Portageville,

MO. Data from field produced F4 seeds were used for sta-

tistical analysis.

For the Cross 2 [HO(S117N)LL], ten true F1 plants were

identified and produced seed at a winter nursery center near

Upala, Costa Rica. The F2 populations were planted at the

winter nursery in February 2010, and DNA samples from

289 individual F2 plants were collected on Whatman FTA

(Whatman, Clifton, NJ, USA) cards for genotyping assays

conducted in our lab at the University of Missouri,

Columbia, MO in March 2010. After genotyping, one F2

plant with the genotype FAD2-1(aabb) FAD3(AaCc), and

two plants with genotype FAD2-1(aabb) FAD3(aaCC) were

advanced to F2:3 seeds in the nursery center. A total of 120

F3 seeds were harvested from the F2 plant with genotype

FAD2-1(aabb) FAD3(AaCc) in May 2010, shipped to

Columbia, MO and germinated there for another round of

genotyping. Subsequently, three F3 soybean plants with

genotype FAD2-1(aabb) FAD3C(aacc) = HO(S117N)

LL4ac, four with genotype FAD2-1(aabb)FAD3(aaCC) =

HO(S117N)LL3a-3, and one with genotype FAD2-1(aabb)

FAD3C(AAcc) = HO(S117N)LL3c were identified and

transplanted to the field at BREC in Columbia, MO for seed

production. Approximately two hundred F3 seeds were

harvested from each of the two F2 plants in the winter

nursery with genotype FAD2-1(aabb) FAD3(aaCC), desig-

nated as HO(S117 N)LL3a-1 and HO(S117N)LL3a-2, and

F3 seeds from each of the two F2 plants with genotype

FAD2-1(aabb) FAD3(aaCC) were also directly planted in a

row at the same time as the transplants in the same field in

Columbia, MO for seed increase. F3 plants were single plant

threshed for F4 seeds, and three random individual plants

for either HO(S117N)LL3a-1 or HO(S117N)LL3a-2

genotype were used for fatty acid analysis together with

seeds from plants with genotypes HO(S117N)LL4ac,

HO(S117N)LL3a-3 and HO(S117N)LL3c.

Allele-specific molecular marker assays

A SimpleProbe assay for the mutation in the FAD2-1A of

17D was developed based on the SimpleProbe protocol

described by Pham et al. (2010). The Probe contained

50-Fluorescein-SPC-GTACTTGCTGAAGGCATGGTGA-

Phosphate-30 [the underlined base is mutated to T in the

FAD2-1A (S117N) allele]. Primers used to generate tem-

plate for SimpleProbe genotyping assay were designed by

aligning the FAD2-1A and FAD2-1B region containing the

SNPs. Primers were selected to be as close as possible to

the SNPs while differing in at least three nucleotides

between the two genes to specifically amplify the targeted

region in FAD2-1A. Genotyping reactions were performed

with a 5:1 asymmetric mix of primers (50-CCAAGGTTG

CCTTCTCACTGGT-30 at 0.5 lM final concentration, and

50-TAGGCCACCCTATTGTGAGTGTGAC-30 at 0.1 lM

final concentration). Reactions were carried out in 20 ll

containing template, primers, 0.2 lM final concentration of

SimpleProbe, buffer (40 mM Tricine-KOH [pH 8.0]

16 mM MgCl2, 3.75 lg ml-1 BSA,), 5 % DMSO, 200 lM

dNTPs, and 0.29 Titanium Taq polymerase (BD Biosci-

ences, Palo Alto, CA, USA). Genotyping reactions were

performed using a Lightcycler 480 II real time PCR

instrument (Roche Applied Sciences, Indianapolis, IN,

USA), using the following PCR parameters: 95 �C for

5 min followed by 40 cycles of 95 �C for 20 s, 65 �C for

20 s, 72 �C for 30 s, and then a melting curve from 50 to

68 �C. 17D and all soybean lines with an identical mutant

FAD2-1A allele had a characteristic peak at 54 �C, while

Williams 82 (wild-type FAD2-1A) had a peak at 62 �C.

Heterozygous individuals showed both peaks.

Similarly, SimpleProbe assays were developed for the

FAD2-1B (P137R) allele from PI 283327. The FAD2-1B

probe consisted of 50-Fluorescein-AGTCCCTTATTTC

TCATGGAAAATAAGC-Phosphate-30 [C[G mutation

(P137R allele from PI 283327) is underlined]. Genotyping

reactions were performed with a 5:2 asymmetric mix of

primers (50-GGTTCTCCAAGGTTGCATTCTTACT-30 at

0.2 lM final concentration, and 50-AGGGTTGTTCAGGT

ACTTGGTGT-30 at 0.5 lM final concentration). Reactions

were carried out as described above, using the following

PCR parameters: 95 �C for 5 min followed by 40 cycles of

95 �C for 20 s, 60 �C for 20 s, 72 �C for 20 s, and then a

melting curve from 50 to 70 �C. PI 283327 and all soybean

lines with an identical FAD2-1B allele had a characteristic

peak at 56.5 �C, wild-type FAD2-1B samples had a peak at

62.5 �C. Heterozygous individuals showed both peaks.

When genotyping the F2 seeds of the Cross 1, seeds

were chipped to get a small portion for fatty acid deter-

mination (data not shown). The remaining portion with

embryo was germinated in germination packages to collect

unifoliate leaf tissue for DNA on Whatman FTA cards, and

the DNA was collected for PCR according to the manu-

facturer’s instructions. PCR templates were prepared by

using a hammer to pound a folded leaflet enclosed in the

FTA card, excision of the template sample with a 1.2-mm

micropunch, and two rounds each of 5 min washes with

100 ll FTA reagent (Whatman) and TE-1 (10 mM Tris–

HCl, 0.1 mM EDTA, pH 8.0). F2 seeds of the Cross 2 were
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not chipped and DNAs were collected from the F2 plants,

which were grown in the field in our nursery center near

Upala, Costa Rica.

For Cross 1, genotyping assays were conducted to select

genotypes of interest in the F2 generation while for Cross 2,

genotyping assays were conducted to select desirable

genotypes in F2 and F3 generations. SimpleProbe assays of

FAD3A and FAD3C alleles were conducted as described

(Bilyeu et al. 2011).

Analysis of fatty acid, oil and protein contents

Fatty acid profiles of individual F4 seeds were determined by

gas chromatography of total fatty acid methyl esters of

extracted oil (Beuselinck et al. 2006). For the field produced

seeds from the Cross 1-derived lines, seeds from five plants

in one replication of a genotype were bulked and five seeds

from each bulk were assayed individually for fatty acid

composition. For the field produced seeds from the

HO(S117N)LL-derived lines, seeds from individual F3 plants

of each genotype were bulked and five F4 seeds from each

bulk were assayed individually for fatty acid composition.

Oil and protein contents were determined by near infrared

reflectance (NIR) spectroscopy (NIR System Model 6500;

Silver Springs, MD, USA) on whole seed samples, as

described (Hartwig and Hurburgh 1990; Choung et al.

2001).

Stability of high oleic acid and low linolenic

acid soybean

F3 seeds of three genotypes HO(D)LL4ac, HO(D)LL3a

and HO(D)LL3c from the Cross 1 were planted in

Columbia, MO on Mexico silt loam soil on May 28th 2010

and in Portageville, MO on Dundee silt loam soil on June

2nd 2010 together with the parents, MO(D)LLac and a

soybean line with the same FAD2 genotype as S08-1692

HO(D), and checks including Williams 82 [Maturity Group

(MG) III with wild-type FAD2-1 and FAD3 genes], B1-52

(1 % linolenic acid content controlled by three mutant

FAD3 genes). There were three replications for each

location utilizing Randomized Complete Block Design. In

both locations, plantings were made in rows spaced 76 cm

apart. Within the rows, ten seed of each soybean line was

planted in a hill plot, spaced 5 cm apart. After seedling

emergence, hills were thinned to five plants from which all

data were collected for each soybean line.

For the Cross 2 (HO(S117N)LL), at the F3 generation

when the mutants FAD2-1A and FAD2-1B were fixed, the

plants containing wild-type and mutant alleles of FAD3A

and FAD3C were selected based on seedling genotype:

HO(S117N)- (two F3 plants, with mutant FAD2-1 genes

and wild-type FAD3A and FAD3C genes), HO(S117N)

LL4ac- (three F3 plants), HO(S117N)LL3a-3- (four F3

plants) and HO(S117N)LL3c- (one F3 plant). These

selected genotyped seedlings were transplanted 10 cm

apart from each other in a hill plot adjacent to the exper-

iment for the population derived from Cross 1 at the BREC

on June 9th, 2010. F3 seed rows from each of two lines

with either HO(S117N)LL3a-1 or HO(S117N)LL3a-2

genotype were grown in the same field. Ten seeds each for

the two parents and control lines were also planted in the

field at the same time.

Data were determined from F4 seeds for Cross 2 with

genotypes HO(S117N)LL4ac, HO(S117N)LL3a, and

HO(S117N)LL3c derived from one F2 high oleic acid plant

heterozygous for FAD3A and FAD3C and two additional

HO(S117N)LL3a lines derived from two independent F2

high oleic acid plants that were genotyped to be homozy-

gous for mutant FAD3A and wild-type FAD3C. The three

HO(S117N)LL3a lines are designated as HO(S117-

N)LL3a-1, HO(S117N)LL3a-2, HO(S117N)LL3a-3.

Statistical analysis

The normal distribution of the data of each fatty acid

species for each genotype in both populations was exam-

ined using Kolmogorov–Smirnov test in SAS 9.2 software

(SAS Institute Inc. 2008). Because the data of the Cross 1

[HO(D)LL] showed normal distribution for all of the five

fatty acid species or for each of the four or three gene

combination of interest, the genotype and environmental

interactions (G 9 E) for each fatty acid species of Cross

1-derived lines were evaluated using proc mixed procedure

in SAS 9.2. Due to the G 9 E interaction found for stearic

acid and linolenic acid, the fatty acid data of each genotype

from two locations were not combined, and the comparison

of fatty acid composition of any pair of genotypes in

the Cross 1 was conducted with proc mixed procedure for

each of the two testing environments. For the Cross 2

[HO(S117N)LL], HO(S117N)LL4ac and HO(S117N)

LL3a-1 were not normally distributed while data of the

other genotypes were. Therefore, comparisons of signifi-

cant differences between any two soybean HO(S117N)LL

lines or between a HO(S117N)LL and a parental line or a

control line in Cross 2 were conducted using Wilcoxon

rank-sum test in SAS 9.2 program with significant level

a = 0.05 (Wilcoxon 1945).

Results

We developed two populations of high oleic acid soybean

lines containing the same mutant FAD2-1B alleles, but that

differed in their mutant FAD2-1A alleles, with the lines

derived from Cross 1 containing the deletion alleles
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[FAD2-1A(D)] from M23, and the lines from Cross 2

containing the missense alleles from 17D [FAD2-1A

(S117N)]. To determine the allele combinations necessary

to produce HOLL oil, lines were identified with different

combinations of functional and mutant FAD3A and FAD3C

alleles in the high oleic acid background in both popula-

tions and evaluated for fatty acid profile. Lines derived

from Cross 1 were evaluated in two locations, while lines

derived from Cross 2 were evaluated in one location.

The HOLL soybean lines with null FAD2-1A(D) alleles

derived from M23 (Cross 1)

Cross1: combination of four mutant genes

(FAD2-1aabb FAD3aacc)

Because interaction of genotype and environment was

found significant for stearic and linolenic acids (data not

shown), all the data of the cross 1 were presented by

location (Table 2). At Portageville, MO, except for stearic

and oleic acids, the contents of the other three fatty acids of

HO(D)LL4ac were significantly different from those of

HO(D)LL3a or HO(D)LL3c (Table 2). The oleic acid

contents of HO(D)LL4ac in both locations were approxi-

mately 85 % on average, and not significantly different

from those of HO(D)LL3a or HO(D)LL3c. The linolenic

acid content of HO(D)LL4ac was 1.5 %, significantly

higher than that of B1-52abc, the low linolenic acid control

soybean line (1.2 %) and lower than that of HO(D)LL3c

(2 %), but not significantly different from that of

HO(D)LL3a (1.8 %) (Table 2). In contrast, at Columbia,

MO the linolenic acid content of HO(D)LL4ac was 1.9 %,

significantly higher than that of B1-52abc (1.3 %),

but significantly lower than those of HO(D)LL3a or

HO(D)LL3c, which were 2.6 and 2.5 %, respectively

(Table 2). In this location, stearic acid, oleic and linoleic

acid contents of the four mutant gene combination were

also significantly different from those of the three mutant

gene combinations while no difference was seen for pal-

mitic acid contents. Stearic acid content of HO(D)LL4ac in

Columbia, MO was significantly lower than that of

HO(D)LL3a, but not different from that of HO(D)LL3c.

Oleic acid content of HO(D)LL4ac in Columbia, MO was

significantly lower than that of HO(D)LL3c, but not dif-

ferent from that of HO(D)LL3a. Linoleic acid content of

HO(D)LL4ac was significantly higher than that of both

HO(D)LL3a and HO(D)LL3c, which reflects less enzy-

matic activity for two mutant FAD3 genes combined

compared to one mutant FAD3 gene in HO(D)LL3a and

HO(D)LL3c. Location-wise, palmitic, oleic, and linoleic

Table 2 Fatty acid profiles and protein and oil contents for high oleic low linolenic acid [HO(D)LL] soybeans with M23 FAD2-1A allleles in

field trials in Portageville and Columbia, MO in summer 2010

Fatty acid Seed component

16:0 18:0 18:1 18:2 18:3 Oil Protein

Percent of total fatty acid Percent of seed at 13 % moisture

Genotype Portageville, MO

HO(D)LL4aca 7.9 ± 0.2cb 2.7 ± 0.2a 85.3 ± 0.9a 2.5 ± 0.6b 1.5 ± 0.1b 18.1 ± 0.1 39.3 ± 0.4

HO(D)LL3a 7.6 ± 0.2b 2.9 ± 0.3a 85.9 ± 1.0a 1.9 ± 0.4a 1.8 ± 0.4bc 18.4 ± 0.3 39.8 ± 0.3

HO(D)LL3c 7.5 ± 0.0b 2.8 ± 0.1a 85.9 ± 0.4a 1.8 ± 0.2a 2.0 ± 0.2c 18.1 ± 0.3 39.8 ± 0.9

Parent: HO(D) 7.2 ± 0.2a 4.4 ± 0.3c 82.8 ± 0.4b 2.4 ± 0.1b 3.2 ± 0.2e 19.4 ± 0.4 38.6 ± 0.3

Parent: MO(D)LLac 10.8 ± 0.4d 3.8 ± 0.1b 29.6 ± 2.0c 53.1 ± 1.9c 2.6 ± 0.2d 19.1 ± 0.4 36.8 ± 1.5

B1-52abc 10.7 ± 0.6d 3.9 ± 0.3b 28.1 ± 5.7c 56.2 ± 5.3d 1.2 ± 0.1a 20.0 ± 0.3 33.9 ± 0.6

Williams82 11.2 ± 0.2e 3.7 ± 0.2b 22.5 ± 2.7d 56.1±2.0d 6.5 ± 0.6f 19.4 ± 0.1 35.9 ± 0.1

Genotype Columbia, MO

HO(D)LL4ac 7.5 ± 0.1b 2.9 ± 0.1a 84.5 ± 0.7b 3.3 ± 0.6c 1.9 ± 0.2b 17.5 ± 0.5 39.5 ± 0.5

HO(D)LL3a 7.5 ± 0.2b 3.3 ± 0.2b 84.4 ± 0.6b 2.2 ± 0.3b 2.6 ± 0.2c 17.9 ± 0.6 39.1 ± 0.7

HO(D)LL3c 7.5 ± 0.1b 2.8 ± 0.1a 85.9 ± 0.5a 1.4 ± 0.4a 2.5 ± 0.1c 17.6 ± 0.3 39.8 ± 0.3

Parent: HO(D) 7.3 ± 0.1a 3.5 ± 0.2b 82.7 ± 1.4b 2.0 ± 1.0ab 4.2 ± 0.6d 19.1 ± 0.2 37.8 ± 0.5

Parent: MO(D)LLac 10.1 ± 0.0c 3.8 ± 0.1c 33.6 ± 1.9c 49.8 ± 1.8d 2.6 ± 0.1c 18.7 ± 0.2 36.1 ± 0.3

B1-52abc 10.2 ± 0.1c 4.2 ± 0.1d 24.9 ± 0.9d 59.4 ± 0.8f 1.3 ± 0.1a 20.1 ± 0.1 35.2 ± 0.6

Williams 82 10.8 ± 0.1d 3.8 ± 0.1c 21.0 ± 0.5e 57.1 ± 0.9e 7.4 ± 0.3e 19.5 ± 0.2 33.8 ± 0.6

a Combination of FAD2 and FAD3 genes were described in Table 1
b Mean value ± standard deviation was obtained by averaging means of three replications which were averaged from fatty acid values of five

individual seeds per replication; two values with same letter are not statistically different at a = 0.05
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acid contents of HO(D)LL4ac lines were significantly

different between two testing locations.

Compared to its parents, HO(D)LL4ac had significantly

higher palmitic acid, and linoleic acid contents, and lower

stearic acid and linolenic acid contents than those of the

high oleic parent HO(D) in both Columbia, MO and

Portageville, MO. However, in Portageville, MO the lin-

olenic acid content was not significantly different for

HO(D)LL4ac from that of the high oleic acid parent, but

the oleic acid content was significantly higher for

HO(D)LL4ac from that of the high oleic acid parent.

HO(D)LL4ac also had significantly lower linolenic acid

contents than those of the mid oleic low linolenic parent

MO(D)LLac in both locations. Compared to the control

cultivar ‘Williams 82’, there was a significant change in

the fatty acid profile of HO(D)LL4ac soybeans as it was

observed a significantly higher oleic acid content and a

significant reduction in contents of all of the other fatty

acids (Table 2). It was reported that there is often a

reduction in palmitic acid content but not stearic acid

content in high oleic acid soybean (80 %) compared to the

commodity soybean cultivar Williams 82 (Hoshino et al.

2010; Pham et al. 2010). The HO(D)LL4ac soybean line

developed in this study showed a significant increase in

palmitic acid content and a significant reduction in stearic

acid content compared to the high oleic parent line, and a

significant reduction in both palmitic and stearic acid

contents compared to those of Williams 82 (Table 2). The

smallest significant change observed was for stearic acid,

which was about a 25 % reduction in the high oleic acid

lines compared to the wild-type stearic acid content of

Williams 82 (from 3.6 to 2.7 %). Connected to the dra-

matic change in oleic acid content in the high oleic acid

lines was a reduction in linoleic acid content, which was

equivalent to a 97 % reduction compared to the wild-type

linoleic acid content of Williams 82 (from 56 % to less

than 3 %).

Cross1: combination of three mutant genes

(FAD2-1aabb FAD3aaCC or FAD2-1aabb FAD3AAcc)

There were no significant differences in fatty acid contents

between HO(D)LL3a and HO(D)LL3c in Portageville, MO.

In average, both HO(D)LL3a and HO(D)LL3c have about

86 % oleic, 2 % linoleic and 2 % linolenic acid. However, in

Columbia, MO these two genotypes have statistically dif-

ferent contents of stearic, oleic, and linoleic acid but not the

contents of palmitic and linolenic acid. Location-wise, only

the linolenic acid content of the three mutant gene combi-

nation is influenced by the planting location with linolenic

acid levels in Columbia, MO significantly higher than

those of Portageville, MO (P value \0.0001 for linolenic

and[0.05 for other four fatty acid species).

HO(D)LL3a or HO(D)LL3c lines had significantly

higher oleic acid contents in Portageville, MO compared to

that of the high oleic acid parent (Table 2). In Columbia,

MO the oleic acid content of the HO parent was signifi-

cantly lower than that of HO(D)LL3c, but not significantly

different from that of HO(D)LL3a. These two genotypes

had significantly lower linolenic acid content in both

locations compared to the linolenic acid content of the high

oleic acid parent. In addition, the linolenic acid content of

HO(D)LL3a and HO(D)LL3c was significantly lower in

Portageville, MO but was not significantly different to that

of the MO(D)LL parent in Columbia, MO. Compared to

Williams 82, HO(D)LL3a or HO(D)LL3c lines not only

had higher oleic and lower linolenic acid content as tar-

geted but also had significantly lower content of palmitic,

stearic and linoleic acids. The largest difference was seen

for linoleic acid content with a reduction from 57 % in

Williams 82 to under 3 % in both HO(D)LL3 lines and the

least difference was seen for stearic acid content with

reduction from 3.7–3.8 % in Williams 82 to 2.8–3.3 % in

both HO(D)LL3 lines.

HOLL soybean lines with S117N missense FAD2-1A

alleles derived from 17D (Cross 2)

Because Cross 2 involved the segregation of all four can-

didate genes, an alternate strategy was employed to obtain

enough plants with the selected genotypes for the evalua-

tion. This strategy involved the identification of two

homozygous plants in the F2 generation that were advanced

as F3 lines. In addition, the remainders of the tested F3

plants were siblings that were selected for contrasting

FAD3 genotypes derived from a single F2 plant that was

heterozygous for both FAD3A and FAD3C.

Cross 2: combination of four mutant genes

(FAD2-1aabb FAD3aacc)

HO(S117N)LL4ac had significantly lower palmitic and

linolenic acid contents, higher linoleic content and similar

stearic and oleic acid contents compared to HOLL3a-1

(Table 3). Compared to HOLL3a-2, HO(S117N)LL4ac

had significantly higher palmitic content and lower linole-

nic acid content, and similar stearic, oleic and linoleic acid

contents. Fatty acid composition of HO(S117N)LL4ac was

not significantly different from that of HO(S117N)LL3a-3,

except for linolenic acid content. Linolenic acid content of

HO(S117N)LL4ac (2.5 %) was significantly lower than

that of HO(S117N)LL3a-3 (3.5 %).

The fatty acid composition of HO(S117N)LL4ac was

significantly different from that of HO(S117N)LL3c

except for stearic and oleic acids. The palmitic and lino-

lenic acid contents of HO(S117N)LL4ac were significantly
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lower than those of HO(S117N)LL3c, while the linoleic

acid content was significantly higher than that of

HO(S117N)LL3c (Table 3).

The oleic acid content of HO(S117N)LL4ac (80.2 %)

was not significantly different from that of the high oleic

parent HO(S117N) but significantly higher than that of

Williams 82 (Table 3). Its linolenic acid content was not

significantly different from that of 10–73, the normal oleic

low linolenic acid parent NOLLac with similar mutants

FAD3A and FAD3C, but was significantly lower than those

of the HO(S117N) parent and Williams 82 (Table 3). The

palmitic acid content of HO(S117N)LL4ac was signifi-

cantly lower than that of the HO(S117N) parent, the

NOLLac parent and Williams 82. The stearic acid content

of this genotype was not different from those of the

HO(S117N) parent and Williams 82, but significantly

lower than that of the NOLLac parent. The linoleic acid

content of HO(S117N)LL4ac showed a significant reduc-

tion compared to those of the NOLLac parent and Williams

82, but a significant increase compared to that of the

HO(S117N) parent.

Cross 2: combination of three mutant genes genes

(FAD2-1aabb FAD3aaCC or FAD2-1aabb FAD3AAcc)

In contrast to the situation with HO(D)LL lines, there was

a marked difference between fatty acid composition

of seeds of HO(S117N)LL3a and HO(S117N)LL3c.

HO(S117N)LL3c soybean lines had significantly higher

palmitic and linolenic acid contents, lower stearic and

linoleic content and similar oleic acid content compared to

the three HO(S117N)LL3a lines (Table 3). There were

two exceptions in which HO(S117N)LL3c’s stearic acid

content was not significantly different from that of

HO(S117N)LL3a-3, and the linoleic acid content of this

genotype was not significantly different from that of

HO(S117N)LL3a-1. Three HO(S117N)LL3a lines had

stearic and oleic acid contents not significantly different

from each other with approximately 3.7 % stearic and

80 % oleic acid. Their palmitic, linoleic acid and linolenic

acid contents varied depending on the individual line.

HO(S117N)LL3a-2 had the lowest palmitic acid content

(6.4 %) and highest linoleic acid content (7 %) among

three HO(S117N)LL3a lines (Table 3). The linolenic acid

content of HO(S117N)LL3a-1 was significantly lower than

that of HO(S117N)LL3a-3, and the linolenic acid content

of HO(S117N)LL3a-2 is in between these two values and

not different from that of either HO(S117N)LL3a-1 or

HO(S117N)LL3a-3. The oleic acid contents of all the

HO(S117N)LL3a or HO(S117N)LL3c were not signifi-

cantly different from that of the HO(S117N) parent, but

significantly higher than those of the NOLLac parent and

Williams 82. In addition, their linolenic acid contents were

significantly lower than that of Williams 82, but higher

than that of the NOLLac parent. The palmitic acid contents

of HO(S117N)LL3a-2 and HO(S117N)LL3a-3, but not

Table 3 Fatty acid profiles and protein and oil contents for high oleic low linolenic acid [HO(S117N)LL] soybeans with 17D FAD2-1A alleles in

field trials in Columbia, MO in summer 2010

Fatty acid Seed component

N 16:0 18:0 18:1 18:2 18:3 Oil Protein

Percent of total fatty acid Percent of seed at 13 % moisture

Genotype Columbia, MO

HO(S117N)LL4aca 15b 7.0 ± 0.2bc 3.6 ± 0.5ab 80.2 ± 1.5ab 6.7 ± 1.3b 2.5 ± 0.7b 19.4 ± 0.1 38.2 ± 0.0

HO(S117N)LL3a-1 12 7.4 ± 0.3c 3.7 ± 0.5b 80.8 ± 0.8a 4.9 ± 0.8a 3.1 ± 0.5c 20.2 ± 0.6 36.6 ± 0.2

HO(S117N)LL3a-2 15 6.4 ± 0.2a 3.6 ± 0.1b 79.7 ± 1.2ab 7.0 ± 0.8b 3.3 ± 0.3cd 20.1 ± 0.1 36.4 ± 0.6

HO(S117N)LL3a-3 20 7.0 ± 0.3b 3.6 ± 0.4ab 79.5 ± 2.1ab 6.3 ± 1.4b 3.5 ± 0.5d 19.9 ± 0.1 37.3 ± 0.3

HO(S117N)LL3c 15 7.7 ± 0.4d 3.3 ± 0.1a 80.1 ± 2.3ab 4.3 ± 2.0a 4.5 ± 0.5e 19.4 ± 0.2 37.4 ± 0.5

HO(S117N) 10 7.1 ± 0.2b 3.4 ± 0.2a 80.1 ± 1.7ab 4.3 ± 0.8a 5.3 ± 0.7f 19.7 ± 0.5 36.7 ± 1.4

Parent: HO(S117N) 4 7.6 ± 0.4cd 3.3 ± 0.4a 80.1 ± 2.2ab 4.0 ± 1.0a 4.9 ± 1.0ef 19.4 ± 0.7 37.8 ± 1.5

Parent: NOLLac 10 11.6 ± 0.4g 4.2 ± 0.3c 21.8 ± 3.0d 59.9 ± 2.8d 2.5 ± 0.1b 20.4 ± 0.3 33.6 ± 0.2

B1-52abc 15 10.2 ± 0.2e 4.2 ± 0.3c 24.9 ± 3.0c 59.4 ± 2.9d 1.3 ± 0.1a 20.1 ± 0.1 35.2 ± 0.6

Williams 82 15 10.8 ± 0.3f 3.8 ± 0.3b 21.0 ± 1.6d 57.1 ± 1.4c 7.4 ± 0.6g 19.5 ± 0.2 33.8 ± 0.6

a Combination of FAD2 and FAD3 genes were described in Table 1
b Number of seeds used for fatty acid analysis
c Mean value ± standard deviation was obtained by averaging fatty acid values of all seeds used for fatty acid analysis for each genotype, five

seeds for each plant with the genotype of interest, except for HO(S117N)LL3c in which all the seeds were from one plant only. Letters of

significance are based on P values of Wilcoxon rank-sum tests. Two values with same letter are not statistically different at a = 0.05
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HO(S117N)LL3a-1 and HO(S117N)LL3c, were signifi-

cantly lower than those of the two parents and Williams 82.

Comparison between Cross 1 and Cross 2 lines

in Columbia, MO

The total content of linoleic and linolenic acid in Cross 1

lines was approximately 5 % lower than those in Cross 2

lines (Fig. 1). On the other hand, the oleic acid contents of

Cross 1 lines were 5 % higher than those of Cross 2 lines

(Tables 2, 3). Unlike Cross 1 lines, which showed an

increase in palmitic acid content and a reduction in stearic

acid content compared to those of their high oleic acid

parental line, Cross 2 lines generally had an equal or sig-

nificantly reduced content of palmitic acid and an equal or

significantly increased content of stearic acid content

compared to those of their high oleic acid parent.

Agronomic characteristics and oil and protein content

of HOLL lines

The soybean lines used in this study responded similarly to

the photoperiod requirement for flowering time and matu-

rity, with maturity equivalent to those of MG III. The

plants from population 1 were short, with thick green

leaves, and appeared to have inherited a dominant gene for

determinate growth habit (Tian et al. 2010). Seed weight of

these soybean lines with FAD2-1A derived from either

M23 or 17D was not different from that of the parents (data

not shown).

In Columbia, MO, average days from planting to har-

vesting of HO(D)LL4ac and HO(D)LL3c were 111 days,

of HOLL(D)3a was 118 days, which were similar to

Williams 82 with MG III (114 days). In Portageville, MO,

average days from planting to harvesting of HO(D)LL4ac

were 110, of HO(D)LL3a was 106, of HO(D)LL3c was

111, which were also similar to Williams 82 (112 days). In

Columbia, MO, average days from planting to harvesting

of HO(S117N)LL4ac was 116 days, of HO(S117N)LL3a

and HO(S117N)LL3c was around 120 days.

The lines HO(D)LL4ac, HO(D)LL3a and HO(D)LL3c

had reduced oil (approximately 1 %) compared to those of

their Cross 1 parents and Williams 82, but this was not

observed for Cross 2 lines (Tables 2, 3). The protein con-

tents of the Cross 1 lines were approximately 1 % higher

than those of the parents and 3–4 % higher than that of

Williams 82. While the oil contents of Cross 2 lines, in

general, were similar to those of the parents and Williams

82, the protein contents of these lines were 3–5 % higher

than those of the parents and Williams 82. The oil and

protein contents of HOLL4ac were not significantly dif-

ferent from those of HOLL3a and HOLL3c independent of

the source of the mutant FAD2-1A alleles.

Discussion

Conventional breeding and genetic engineering have been

employed to combine elevated oleic acid and low linolenic

acid in one soybean line (Brace et al. 2011; Rahman et al.

2001). The mid oleic acid low linolenic acid soybean

developed by Rahman et al. (2001) had approximately

55 % oleic acid and 4.2 % linolenic acid and possesses

three mutant genes: FAD2-1A(D) from M23, mutant

Fig. 1 Seed linoleic (18:2) and linolenic acid (18:3) content of

HOLL soybean lines developed with either M23 or 17D FAD2-1A
alleles in Columbia summer 2010. Linoleic and linolenic acid

phenotype data of each genotype are the mean of linoleic and

linolenic acid content as a percentage of the total fatty acid content

of the oil. Error bars for the HO(D) lines represent plus and minus

one standard deviation from the mean from three replicates; standard

deviation for HO(S117N) lines was obtained by averaging fatty acid

values of all seeds used for fatty acid analysis for each genotype, five

seeds for each plant with the genotype of interest, except for

HO(S117N)LL3c in which all the seeds were from one plant only
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FAD3A from M24 and FAD3B from M5 (Anai et al. 2005;

Rahman et al. 2001). By combination of a transgenic event

which silences transcriptional activities of FAD2-1A and

FAD2-1B genes and two mutant FAD3A (C1640) and

FAD3B (RG10) genes, HOLL soybeans with oleic acid

content in the range of 77–79 % and linolenic acid content

in the range of 2.1–2.8 % have been produced by Brace

et al. (2011). The novelty of our study is the production of

non-transgenic HOLL lines conditioned by three or four

mutant genes with similar fatty acid profiles to that of

transgenic HOLL. In this study, the four mutant gene

combination with null FAD2-1AD or FAD2-1A S117N

alleles produced higher oleic acid contents and lower lin-

olenic acid contents compared to those of the transgenic

HOLL lines developed by Brace et al. (2011). However,

this difference may be due to the relative maturity differ-

ence between soybean lines and/or temperature differences

between testing locations. Because our testing locations are

at lower latitudes compared to those of Brace et al. (2011),

we predict that our HOLL lines with four mutant genes

may have a fatty acid profile similar to that of the trans-

genic HOLL soybeans reported by Brace et al. (2011) when

the genes are incorporated into the appropriate maturity

group for planting in locations in more northern latitudes.

Our study indicates that in two testing environments in

Missouri, with M23 mutant FAD2-1AD contributing to the

high oleic acid background, only one mutant FAD3 gene

(either FAD3A or FAD3C) is needed to lower the linolenic

acid content to less than 3 %. The HO(S117N)LL with

either mutant FAD3A or FAD3C had 3–5 % linolenic acid

content in the Columbia, MO location and was not tested in

the Portageville, MO location. In the Columbia, MO

environment it requires four mutant genes with the 17D

FAD2-1A missense allleles contributing to the high oleic

background to produce less than 3 % linolenic acid content

consistently, and combining four genes could be more

challenging for soybean breeders. Recently, our group has

generated another source of high oleic acid soybeans with

nearly 85 % oleic acid and less than 3 % linolenic acid

content with a combination of a mutant FAD2-1A allele

containing a single base deletion resulting in a frameshift

and premature translation termination from PI 603452 and

the missense mutant FAD2-1B gene from PI 283327 (Pham

et al. 2011). We anticipate that with this high oleic acid

soybean background, similar to the situation with the null

FAD2-1 alleles from M23, only one mutant FAD3 gene

will be needed to lower the content of linolenic acid to

below 3 % in Missouri production environments, and

possibly two mutant FAD3 genes will be necessary to

further reduce linolenic acid content to 1 % in cooler

environments.

Oleic acid and linolenic acid contents were demon-

strated to be influenced greatly by temperature and

modifier genes in several studies (Chapman et al. 1976;

Dornbos and Mullen 1992; Graef et al. 1988; Hyten et al.

2004; Wilcox et al. 1993). It is shown clearly in this study

that when two mutant FAD3A and FAD3C genes were

incorporated into a high oleic acid background to reduce

the enzymatic activity of FAD3, the linolenic acid content

of HOLL soybeans was still affected by environmental

factors while the oleic acid content showed a reduction in

the Columbia, MO location compared to Portageville, MO

that was statistically insignificant. Although the oleic acid

content was not reduced significantly in a cooler environ-

ment, the stability of the fatty acid composition of the oil of

HOLL soybean needs further evaluation by conducting

experiments in a wider scale, with more diverse environ-

ments, and across different years. The instability of lino-

lenic acid content across environments was possibly due to

the influence of temperature on the enzymatic activity of

the wild-type FAD3B enzyme in the HOLL lines, because

mutant FAD3A and FAD3C genes from 10–73 used in this

study would not produce enzymes with proper function.

A study demonstrated that FAD2 and FAD3 enzymatic

activities in soybean seeds cultured in vitro greatly

declined when the temperature increased from 20 to 25 �C

(100-fold for FAD2 and 60-fold for FAD3, and were

almost inactive at 35 �C for both of the enzymes)

(Cheesbrough 1989). To date, it was demonstrated that it is

not the change of mRNA level but actually the regulation

at the protein level (phosphorylation or degradation by a

combination of cis-acting degradation signals and the

ubiquitin–proteasome pathway) that regulate the response

of FAD2 and FAD3 to cold temperature (O’Quin et al.

2010; Somerville 1995; Tang et al. 2005). In addition to the

environmental effect, modifier genes may also play a role

in controlling the linolenic content in the HOLL lines

developed in this study. We identified three HO(S117-

N)LL3a lines with the same gene combination that had

significantly different linolenic acid contents when planted

in Columbia, MO. Because they were planted close to each

other in the same environment, the FAD3 enzymes in each

plant in each line would have received the same environ-

mental signals and cues, and therefore should respond in

the same fashion. However, the existing variation for lin-

olenic acid content between these HO(S117N)LL lines is

significant, indicating more complicated regulatory mech-

anisms that may involve other genes besides the FAD3

genes for linolenic acid content.

The changes of saturated fatty acid contents, oil and

protein contents of HO(D)LL compared to those of high

oleic acid parents were different from HO(S117N)LL lines.

HO(D)LL lines showed a small but significant increase in

palmitic acid content and a small but significant decrease in

stearic acid content compared to those of the high oleic

acid parent, while it was a reduction for palmitic acid and

512 Theor Appl Genet (2012) 125:503–515

123



an increase for stearic acid for HO(S117N)LL compared to

its high oleic acid parent. The change in the saturated acid

content of HO(D)LL is more valid because it was shown in

both of the testing locations, while data for HO(S117N)LL

were obtained from individual plants grown only in

Columbia, MO. In addition, few but not all of the

HO(S117N)LL lines showed the described changes. The

reverse changes in the palmitic and stearic acid content of

these HOLL lines resulted in no overall change in the total

content of saturated fatty acids compared to that of the high

oleic acid parent; the changes in the HOLL lines resulted in

significantly lower saturated fatty acid content compared to

Williams 82. Therefore, this change should not affect the

usage values of the HOLL soybean lines. The increase in

protein content at the expense of a reduction in oil content

of the HO(D)LL lines with M23-derived null FAD2-1A

alleles is in agreement with the report by Brace et al. (2011).

In contrast, the HO(S117N)LL lines with 17D mutant

FAD2-1A alleles maintained the oil content equivalent to

those of the high oleic parent (19–20 %), and had higher

protein contents compared to those of the two parents and

Williams 82 in the Columbia, MO location. The small

reduction in oil content of the HO(D)LL lines, however, can

be improved when they are incorporated into an elite

background to enhance agronomic traits, including oil and

protein content. Although the HOLL transgenic lines in the

study of Brace et al. (2011) showed a small but significant

reduction (\5 %) in yield compared to soybeans with the

normal fatty acid composition, we are not pessimistic about

the impact of HOLL content to soybean yield. Neither high

oleic acid nor low linolenic acid content has been shown to

negatively influence yield and other agronomic traits of

soybean and rapeseed (Graef et al. 2009; Rücker and

Röbbelen 1996). Therefore, the stability and the effect of

HOLL content generated in our study to yield and other

agronomic traits should be evaluated after three or four

mutant genes are incorporated in an elite background.

The new high oleic acid and low linolenic acid oils

produced from our HOLL soybeans need to be tested for

their effect on flavor of foods. Although the oils extracted

from HOLL soybeans may have the highest oxidative

stability of soybean oil to date, the influence on charac-

teristics of food products including taste, flavor, and tex-

tures must be carefully evaluated considering that 75 % of

soybean oils is being used for food preparation and pro-

duction. Warner and Gupta (2005) have shown that

although having the highest oxidative and frying stability,

HOLL oil with 85 % oleic, 1.3 % linoleic and 2 % lino-

lenic had the lowest sensory scores compared to those of

low linolenic acid oil (2 %) and the 1:1 mixture of the high

oleic acid and low linolenic oils (50 % oleic, 2 % linole-

nic). They also suggested that as the linolenic acid contents

were the same in the three tested types of oil, the low

sensory scores of high oleic soybean oil may be due to the

extremely low content of linoleic acid; the low linolenic

acid oil which had the highest linoleic acid content also had

the highest sensory scores (Warner and Gupta 2005).

However, in another study, only the potato chips that were

freshly fried with high oleic low linolenic sunflower oil

(8 % saturated fatty acids, 78 % oleic acid, 12 % linoleic,

0.1 % linolenic) had lower flavor scores compared to those

fried in other oils. During the storage time up to 6 months,

the flavor scores of food prepared with HOLL sunflower oil

were still lower than those with other oils but they were not

significantly different (Warner et al. 1997). It is hoped that

by combining mutant FAD3 gene with two mutant FAD2-1

genes, the linolenic acid content of the HO soybean would

be reduced and become less than the linoleic acid content

so that the flavor issue can be evaluated. It was reported in

three studies in human infants, rat and chicken that the

most beneficial ratio of linoleic: linolenic acid content to

improve health is equal or higher than 4:1 (Clark et al.

1992; Puthpongsiriporn and Scheideler 2005; Yehuda et al.

1996). Olive oil, which has 15 % saturated fatty acid, 75 %

oleic, 9 % linoleic and 1 % linolenic acid has been long

claimed to be one of the most healthy natural vegetable oils

(White 2007). Among the HOLL lines we created, seeds of

HO(S117N)LL4ac soybean lines with 17D FAD2-1A

(S117N) alleles had the fatty acid profile that is close to

that of olive oil with 11 % saturated fatty acids, 80 % oleic,

7 % linoleic and 2 % linolenic, and the ratio of linoleic is

as follows: linolenic acid content was 3.5:1. It is believed

that with this olive-like fatty acid composition, high oleic

acid low linolenic acid soybean can offer more applications

for industrial purposes and can be used as a less expensive

but equally functional alternative to olive oil.
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