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US Soybean Oil Consumption 2004

Soy Oil consumption by format
8.17 MMT / 18 bln. Lbs.

Baking and Frying Fats 
(Hydro)

40%

Margarines (RBD & 
Hydro)
12%

Other Edible Products
1%

Inedible Products
4%

Salad Oil / Cooking Oil 
(RBD)
43%

40% of soy is partially hydrogenated
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Major US Oils

Major food oils, including soybean, are
rich in polyunsaturated fatty acids (18:2 & 18:3)



Predominant volatile compounds causing flavor reversion 
are result of polyunsaturated fatty acid oxidation
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Soybean is unstable during storage and cooking and
undergoes to “flavor reversion”



For this reason soybean oil is partially hydrogenated
to increase its oxidative stability and other functional

properties
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Hydrogenation results in trans fatty acid formation

The FDA has estimated that 2,100 to 5,600 lives are lost 
each year, and 6,300 to 17,100 cases of fatal and non-fatal 

coronary heart disease occur each year, because people don’t 
realize they are eating this stuff

Consumption of trans fatty acids is linked to CHD

Federal Register, Vol. 64, No. 221, November 17, 1999 at page 62772

http://www.bantransfats.com/federalregister.html
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Polyunsaturated fatty acids are the result of the activity
of fatty acid desaturases (Fads) in the seed: Fad 2

is first step in this process

Blocking this step in the bean will prevent polyunsaturate formation and result in 
oleic acid accumulation in seed oil



Fad 2 gene from soy cloned in 1992 by reverse genetics
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Sense RNA transgene 
AS mRNA

mRNA degradation complex

sde3
ago 1, sgs3
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rgs-cam
HC-pro

ddm1
qde3

RNAi in Plants
(after Vance & Vaucheret, 2001

Science 292: 2277-2280)

Using transgenes to silence endogenous genes in plants 



Using transgenes to silence endogenous genes in plants:
seed specific Fad 2-1 silencing 

BS43
10303 bp

Phaseolin 3'

GUS

NOS 3'

pGem 9Z

Soybean Fad2(sense)

35S promoter

Beta Conglycinin promoterSeed Specific Promoter

Soy Fad 2-1 fragment
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Transformation
(Gene Gun)
Somatic Embryos

Selection MultiplicationMaturation Germination and Plant Growth

Transgenic
Seed: Fatty 

Acid Analysis

4 Weeks
8 Weeks 8 Weeks 4 Weeks 18 Weeks

Maturation

6 Weeks
Fatty Acid
Analysis

6 Weeks

Putting genes into soy: somatic embryos and the particle gun



High Oleic Acid Soybean OilHigh Oleic Acid Soybean Oil

palmitic acid
C16:0

stearic acid
C18:0

oleic acid
C18:1

linoleic acid
C18:2

linolenic acid
C18:3

acetyl CoA
C2

First GMO Soybean Developed for Consumer Benefit

Silencing of Fad 2-1 Gene in Soy Seeds

Clear liquid oil
High Oleic Soy Seed Fatty Acids
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Polyunsaturates reduced from >70% to less than 5%
Oleic acid increased from 15% to 85%
Total saturates reduced from 14% to less than 10% 



Location Avg. Oleic Acid Content

Elite G168-12 L2494*HO7-9
Ames, Iowa 20.3% 86.7% 56.0%
Cedar Rapids, Iowa 22.9% 85.2% 39.4%
Iowa City, Iowa 20.6% 85.7% 44.6%
Kalamazoo, Michigan 19.2% 83.9% 44.2%
Stine, Delaware 21.3% 85.0% 51.1%

High Oleic Acid Trait is Environmentally Stable



AOM Induction Time
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Soybean frying oil

Heavy duty shortening

Clear liquid shortening

Soybean salad oil

High oleic soybean oil

High Oleic Acid Oil is Oxidatively Stable



French Fries, 40 hrs, 190 C

High Oleic Soybean Oil Superior for French Fries

soybean oil high oleic
soybean oil
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Cooking performance similar to partially hydrogenated oils



• US regulatory package (FDA) completed 1996
• USDA-APHIS deregulated in 1996
• Commercialization on hold until 2003

High Oleic Soy: 
first GMO Soybean Developed for Consumer Benefit

Clear liquid oilHigh Oleic Soy Seed Fatty Acids
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Oleic acid increased from 15% to 85%
Total saturates reduced from 14% to less than 10% 



US Soybean Oil Production 2005

At what value?
Cost of hydrogenation: $0.01-0.05/lb

Soy Oil consumption by format
8.17 MMT / 18 bln. Lbs.

Baking and Frying Fats 
(Hydro)

40%

Margarines (RBD & 
Hydro)
12%

Other Edible Products
1%

Inedible Products
4%

Salad Oil / Cooking Oil 
(RBD)
43%

Hydro Soy in Baking and Frying Fat applications (8 billion lbs) is likely to be 
replaced substantially with alternatives



Input
Providers Growers Food

Mfg.
Food
Sales

Grain 
Processors

Qualicon, LiquiBox: 
Food safety, packaging

Crop Protection: 
Crop Protection Solutions

Pioneer: 
Seed, Seed treatments & Traits

Solae Company:
Food Ingredients

DuPont-Bunge Alliance:
Edible oils, animal feed

Eighth Continent:
Soy food products

DuPont Agriculture and Nutrition 2005



In July 2003 the FDA announced that it will require mandatory 
trans fat labeling effective January 2006

Trans Fat 2g



Low linolenic (18:3) soy varieties will begin to replace
hydrogenated soy oil in 2005



Baking and Frying Fats:
High Oleic Soy will replace 10-20% of hydrogenated oil

by 2012

Soy Oil consumption by format
8.17 MMT / 18 bln. Lbs.

Baking and Frying Fats 
(Hydro)

40%

Margarines (RBD & 
Hydro)
12%

Other Edible Products
1%

Inedible Products
4%

Salad Oil / Cooking Oil 
(RBD)
43%



High Oleic Soy Summary:

• Technically straightforward: one gene
• Low added value to grain, very large volume
• Required complex marketing infrastructure and 

stars to be in right place to move to market 

……and now for something completely different



Most saturated fats Bad Low sat soy 

Some saturated fats (stearic) Neutral/Good HO-HS soy

Most monounsaturated fats Good High oleic soy-

Monounsaturated trans fats Bad High oleic soy 

Some trans fats (CLA) Good CLnA soy

Most beneficial fats mediate their
positive health effects through blood lipids (HDL/LDL)

Cardiovascular Effects of Fatty Acid Consumption:
State of the Heart?



• Cardiovascular disease (prevent arrhythmias)

• Anti-inflammatory (transcriptional regulators)

• Anti-thrombotic (platelet aggregation)

• Stimulates NO (vascular control)

• Mental/CNS (depression, schizophrenia, AHD, 
cognitive development)

Beneficial Effects of Long Chain omega-3 PUFAS:
All Unrelated to Blood Lipid Content



Strongest clinical data relate to heart disease

                     GISSI study (1999)  48 months
11324 post-MI
EPA/DHA capsules          26% reduction in mortality/
(850mg/day)                             non fatal MI/CHD

• comparable to drugs in mortality reduction

• reduced ventricular arrhythmia

• synergistic effect  to lowering blood lipids 
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α-Linolenic Acid (ALA)
18:3 Δ9c,12c,15c

Eicosapentaenoic Acid (EPA)
20:5 Δ5c,8c,11c,14c,17c

Docosahexaenoic Acid (DHA)
22:6 Δ4c,7c,10c,13c,16c,19c
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omega-3 PUFAs What are these LCPUFAs?
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γ-Linolenic Acid (GLA)
18:3 Δ6c,9c,12c

Calendic Acid (CLnA)
18:3 Δ8t,10t,12c

omega-6 PUFAs



Pathways in humans

      18:2 Dietary EFAs   18:3

                                          Δ6 Desaturase                                   

   20:4ω6          20:5ω3       22:6ω3
    ARA                     EPA       DHA

Thromboxane A2                Thromboxane A3   Prostacyclins
Leukotriene B4                 Leukotriene B5

PRO-INFLAMMATORY              ANTI-INFLAMMATORY



If our body makes omega-3s why do we need to eat them?
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The ratio of omega-6 to omega-3
 fatty acids has been relatively
constant in the US food supply

for the past 40 years

The ratio of omega-6 to omega-3 in our diet is important
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Thromboxane A2                Thromboxane A3   Prostacyclins
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Current    Nutritional       Medical
                     Recommendations

• Kris-Etherton etal (2000)
Am. J. Clin. Nutr. 71:179S

• ISSFAL Committee (1999)
Ann. Nutr. Metab. 43:127

• American Heart (2000)
Circulation102:2284

An increase in omega-3 consumption to 0.5-1.0 g/day is recommended 
by experts



Where do the LCPUFAS in our diet come from?



Good Source of Protein 19 Lowers risk of Heart Disease 41
General Good Health 17 Lowers Cholesterol 38
Relieves Menopausal Sym. 15 Good for the Skin 14
Lower Cholesterol 15 Lowers Risk of Cancer 11
Prevents Osteoporosis 14 General Good Health 9
Lowers risk of Heart Disease 11 Improves Mental Function 9
Lowers Risk of Cancer 9 Relieves ADD 3
None 25 None 13

Soy Products Omega 3

% Consumer Recognition

Consumer awareness  and market demand high

2001 Gallup Poll



WORLD PRODUCTION OF FISH OIL
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There is increasing consumer demand for LCPUFAS

Current omega-3 fatty acid supply



TOTAL WORLD LANDINGS OF FISH AND SHELLFISH
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Use of omega-3 fatty acids for aquaculture is increasing

There is increasing consumer demand for LCPUFAS



Use omega-3 fatty acids for aquaculture is increasing

CHANGE IN THE MARKET STRUCTURE FOR FISH OIL

0

20

40

60

80

100

120

1995 2002 2010

HYDROGENATION REFINING ANIMAL FEEDS INDUSTRIAL AQUACULTURE

Market Share, %



Providing safe, inexpensive, high quality and renewable 
source of long chain omega-3 for the human diet

Adding an omega-3 lipid pathway pathway to soy:
a technical challenge  
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Food Ingredient Market is Small But High Value

Food Ingredient Market Requires Good Quality Oil 



Where do the LCPUFAS in our diet really come from?

Mortierella alpina
35% LCPUFA
(ARA/EPA)

Saprolegnia diclina
30% LCPUFA
(ARA/EPA)



Adding an omega-3 lipid pathway pathway to soy  

18:1 18:2 18:3α

soybean 
55%                   14%Δ15

Δ17
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Δ6

elo 1

20:4
ARA

γ18:4

20:4

20:5
EPA

Challenge:
expressing 5 to 7 

new genes in soybean
seeds



Key factors for success:

Multiple promoters needed
Model system that measures product
Promoters tested in metabolic/developmental context
Gene source for each enzyme in pathway
Construct design for expressing multiple genes
Minimum complexity of inserts

Introducing a multi-gene metabolic pathway into
soybean seeds 



• Initially only 2 fully tested soy embryo promoters 
effective for lipid modification

• Cosuppression of duplicate β-conglycinin α-subunit promoters

• Known recombination issues of KTi3 promoter on single fragment 

Multiple promoters needed
Promoter issues for expressing multiple genes in soy



MPSS Expression and promoter discovery
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Time from transformation event to phenotype

Model system that measures product





15 DAF                                                        25 DAF

Model system that measures product: 
TAG is formed over time and is not modified once made



M. alpina delta-6 desaturase model for
lipid expression  
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Ranking of promoter effectiveness by GLA content of TAG
M.alpina Δ6 desaturase
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Gene source for each enzyme in pathway
Δ5 desaturases and KTi3 promoter

Activity relative to M. alpina  delta 5
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Construct design for multiple genes

gene A

gene A

gene B

gene B

gene A gene B gene C

gene A gene B gene C

relative expression



The state-of-the-art multi-gene shot: 
6-gene set (2 fragments)

Phas 3’ Sdic Δ6 BC Gy1 Malp Elo Leg Kti Malp Δ5 Kti

Kti KtiSdic Δ17 Arab Δ15BD30AnnAlsAls

pKR275

pKKE2

Soy Als
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Screening the transgene insertion locus

• Multiple copies or fragments of homologous genes leads 
to partial or complete gene silencing in seeds

• Complex insertion loci correlated with reduced transgene activity
or trait instability

• Screen for “simple” inserts: single copy of each transgene 
at single locus



Co-bombarded fragments at single locus: single copy inserts selected



LC-FA profile similar to fish except higher omega-6 content
(and lower in saturated fat)

Seed EPA +DPA = 24%
Total LCPUFA = 40%
Less than 0.5% ARA 
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Fine tuning and tweaking: increasing flux into n-3 products

undesired
n-6 fatty acids



elong 2

Δ4
22:6
DHA
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Fine tuning and tweaking: 
adding DHA steps and optimizing content



Providing safe, inexpensive, high quality and renewable 
source of long chain omega-3 for the human diet

cloning genes

assembling pathway

optimizing pathway

target fatty acid profile

agronomics

commercial product
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