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INTRODUCTION

Soybean is a major source of vegetable oil in the 
world, and soybean oil represents 56% of world produc-
tion (Soystat, 2008). Oil concentration in soybean seeds 
ranges from 8.3 to 28%, with a mean of 19.5% (Wilson, 
2004). Soybean oil contains five major fatty acids, two 
saturated fatty acids (palmitic, C16 : 0; stearic, C18 : 0) 
and three unsaturated fatty acids (oleic, C18 : 1; linoleic, 

C18 : 2; linolenic C18 : 3). The concentration of saturated 
fatty acids in soybean oil ranges from 10–12% for pal-
mitic acid and 3–5% for stearic acid. The concentration 
of unsaturated fatty acids in oil is about 24% for oleic 
acid, 54% for linoleic acid, and 8.0% for linolenic acid. 
Lower saturated fatty acids and higher unsaturated fatty 
acid contents are desirable for human health, although 
higher oleic acid and lower linolenic acids are desir-
able for oil stability, long shelf-storage, and processing 
because a higher concentration of oleic acid contributes 
to oxidative stability. An oxidation reaction with poly-
unsaturated fatty acids such as linoleic and linolenic 
acids occurs when they are exposed to oxygen, forming 
oxygenated species such as hydroperoxide and subse-
quent degraded products. The level of oil degradation 
depends on the fatty acid composition of the parent oil.

Soybean oil with higher linoleic and linolenic acid 
contents and lower oleic acid requires an additional 
industrial process, hydrogenation, to increase satura-
tion and improve oil stability and utility properties. It is 
now known that the process of hydrogenation produces 
trans-fatty acids, as opposed to the naturally occurring 
cis fatty acids. Trans-fatty acids have negative effects on 
human health, increasing the risk of coronary heart dis-
ease and are associated with higher LDL-cholesterol and 
lower HDL-cholesterol (Federal Register, 2003). The par-
tial hydrogenation converts polyunsaturated fatty acids 
such as linolenic acid to oleic and stearic acids, reducing 
polyunsaturated fatty acids to about 18% and linolenic 
acid to below 2% (Clemente and Cahoon, 2009). This 
has increased demand for low-linolenic soybean oil that 
allows food processors to reduce the need for hydroge-
nation, thus reducing trans-fatty acids from oil in foods.
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CHAPTER POINTS

	•	 �Higher oleic acid and lower linoleic and lower 
linolenic fatty acids are desirable for oil stability, 
long shelf storage, and processing.

	•	 �Fatty acid profiling is significantly affected by 
genotype and environmental factors, especially 
drought and high heat.

	•	 �To ensure the stability of a desired fatty acid 
trait across environments, further research 
on genotype and environment interactions is 
needed.

	•	 �Breeders and biotechnology researchers continue 
to develop soybean with high levels of healthy 
oils such as oil with trans-fat free, reduced 
saturated fat soybean oil, and increased stability 
for food processing.

	•	 �Advances in genetic modifications continue, and 
soybeans with designed fatty acid profile in seed 
oil may dominate the market in the future.
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DROUGHT EFFECTS ON SEED OIL, 
FATTY ACID COMPOSITION, AND OIL 

STABILITY

Drought stress during seed-fill (R5-R6) stage can 
alter chemical composition of soybean seed, and 
severe drought can result in up to12.4% lower total oil  
(Dornbos and Mullen, 1992). These authors also indi-
cated that drought stress increased stearic acid, but 
decreased oleic acid (Dornbos and Mullen, 1992), and 
the decrease or increase in oil may depend on the level 
of drought (Specht et al., 2001). Lee et al. (2008) studied 
the effects of irrigation on elevated oleic acid, and/or 
reduced linolenic acid genotypes under field condi-
tions. They found that irrigation did not significantly 
affect unsaturated fatty acid concentration in soy-
bean genotypes with modified higher oleic acid and/
or modified low linolenic acid. When comparing irri-
gated with non-irrigated soybean genotypes, Lee et al. 
(2008) indicated that oleic acid tended to increase and 
linolenic acid tended to decrease in genotypes with high 
oleic acid and low linolenic acid. They concluded that 
near optimum irrigation during the growing season 
could result in the highest levels of oleic acid and low-
est levels of linolenic acid. Boydak et al. (2002) reported 
that cultivar Asgrow 3935 had higher linoleic acid and 
lower oleic acid when soybeans were irrigated every 
12th day after emergence. Table 45.1 shows that seed 
of soybean varieties (maturity group MG IV) grown in 
drought stressed (−90 to −100 kPa soil water potential) 
conditions (Bellaloui et  al., 2011) had higher oil and 
oleic acid concentrations and lower linoleic and lino-
lenic concentrations compared with irrigated soybeans 
(−15 to −20 kPa soil water potential). The alteration of 
fatty acids depended on genotype (Table 45.1) and MG 
(Figure 45.1). List et al. (1980) reported that poor quality 
oil, extracted from soybean seed damaged in the field 
or exposed to frost, heat, and moisture, resulted in low 
refining oil quality, poor refined-bleached color, lower 

flavor, and oxidative stability. In addition, drought 
caused shrinking and cracking, making dehulling much 
more difficult and less efficient for processing. For 
example, Brumm and Hurburgh (1990) reported that in 
the Midwest USA drought in 1988 resulted in soybeans 
with shriveled and wrinkled seed coats, and processors 
expressed concerns about the processing of the seed due 
to size and shape. Carrera et al. (2009) investigated the 
effect of water deficit on soybean seed protein, oil, and 
fatty acids during the reproductive period, and found 
that when precipitation minus potential evapotranspi-
ration was less than 70 mm oil increased linearly with 
the increase of the average daily mean temperature dur-
ing seed-fill and with increase in water deficit. They 
concluded that water stress during seed-fill stage is 
important due to its effects on the inverse relationship 
between oil and protein with temperature. Scherder 
et  al. (2008) studied the stability of soybean lines with 
modified elevated oleic acid, combined with modified 
low saturated fatty acids, 1% linolenic acid, or both low 
saturates and 1% linolenic acid. They found, when these 
lines were grown in 11 environments (one in Missouri 
and four in Iowa, USA) in a 2-year experiment, that the 
mean oleic concentration was 590 g/kg in elevated oleic 
acid and low saturated fatty acid lines, 521 g/kg in ele-
vated oleic acid and 1% linolenic acid lines, and 557 g/
kg in elevated oleic acid and low saturated fatty acids 
and low linolenic acid lines, and 269 g/kg for conven-
tional/normal cultivars. They found that the lines with 
the highest concentration of oleic acid generally had  
the most variation across environments, but the lines 
with the highest mean of oleic acid were most probably 
meeting or exceeding 500 g/kg across environments. Gao 
et al. (2009) evaluated the effect of precipitation on soy-
bean oil and fatty acid composition, and found that oleic 
acid and linoleic acid contents were significantly affected 
by seasonal precipitation, but palmitic, stearic, and lino-
lenic contents were relatively stable. They also found 
that oil quality ratio of oleic/(linoleic + linolenic) had  

TABLE 45.1  Effect of Drought Stress Conditions (−90 to −100 kPa Soil Water Potential) on Soybean Seed Total Oil and Fatty Acids 
Composition (g/kg) in Genotypes of Maturity Group IV Under Greenhouse Conditionsa

Watered Soybean Drought Stressed Soybean

Variety Oil C16 : 0 C18 : 0 C18 :  1 C18 :  2 C18 :  3 Oil C16 :  0 C18 :  0 C18 :  1 C18 :  2 C18 :  3

Hutcheson 209 c 124 a 43 a 244 b 556 b 69 b 238 ab 111 b 46 a 266 b 488 a 54 bc

DT97-4290 211 c 117 c 41 b 243 b 565 a 68 b 234 b 111 b 45 ab 267 b 468 b 52 c

AG 4403 218 b 118 c 43 a 247 ab 560 ab 67 b 239 a 120 a 43 b 280 a 482 a 57 a

AG 4903 225 a 121 b 44 a 251 a 536 c 74 a 239 a 118 a 38 c 278 a 457 b 57 a

Drought stress soybeans were grown at −90 to −100 kPa soil water stress and compared with watered soybean grown at field capacity at −15 to −20 kPa, according to 
Bellaloui et al., (2011). Soybeans were grown under greenhouse conditions similar to those in Bellaloui et al. (2011). Values are means of four replicates. Values within 
columns sharing a letter are not significantly different (P > 0.05) using Fishers’ test.
a  Seed composition analysis was conducted at harvest maturity (R8 stage) according to Bellaloui et al. (2009).
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a quadratic relationship with precipitation. These stud-
ies showed that drought decreases total oil (Dornbos 
and Mullen, 1992), alters fatty acid composition (Gao 
et  al., 2009), and affects oil stability and oil processing 
(Brumm and Hurburgh, 1990). Therefore, development 
of drought tolerant soybeans with stable high oleic and 
low linolenic acid genes across geographical locations 
is critical to maintain the stability of oil production and 
desirable fatty acid composition.

EFFECT OF HEAT STRESS ON TOTAL OIL, 
FATTY ACID COMPOSITION, AND OIL 

STABILITY

The wide range of oil concentration in soybean seed 
is due to genotype, the environmental factors under 
which soybeans grow, and geographic location. It was 
found that genetics and temperature during seed-fill 
stage (Oliva et al., 2006; Bellaloui et al., 2009) and drought 
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FIGURE 45.1  Effects of high temperature on oil composition in maturity group (MG) III and V soybean genotypes. The graph shows the 
alteration of oil composition by temperature “Unpublished.” Values are mean of four replicates ± SE. Seed composition analyses were conducted 
on harvest maturity seed (R8 stage) according to Bellaloui et al. (2009).
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(Bellaloui et al., 2011) play a major role in oil deposition 
and oil composition. Previous research has shown that 
concentrations of linoleic and linolenic acids in soybean 
seed developed under higher temperature decreased, 
but oleic acid concentrations increased (Dornbos and 
Mullen, 1992). Oliva et  al. (2006) studied the effects of 
average temperature over the final 30 days of the repro-
ductive period on oleic and linolenic acids in 17 normal 
and modified fatty acid genotypes across 10 environ-
ments. They found that the concentration of oleic acid 
in modified mid-oleic genotypes were less stable than in 
those of reduced oleic acid, but found mid-oleic (50–60% 
oleic acid) lines, N98-4445A and N97-3363-4 with stabil-
ity coefficients of 3.28 and 2.53, respectively, were the 
most unstable genotypes, and the elevated oleic acid line 
M23 (up to 80% oleic acid) was the most stable (stabil-
ity coefficient of 0.13). Conversely, studying the stability 
of linolenic acid concentration in reduced linolenic acid 
genotype IA 3017 (a line with 1% linolenic acid), Oliva 
et  al. (2006) found that linolenic concentration was the 
most stable across environments, and the higher linole-
nic acid genotypes were less stable. They concluded that 
soybean lines with stable oleic acid and linolenic acid 
across environments could be used as a source of crops 
with desirable fatty acids composition. In an experiment, 
where normal (Century cultivar) and low-linolenic soy-
bean genotypes (C1640 and 9509: genotypes differ in 
linolenic acid due to alleles at the fan locus), Wilcox and 
Cavins (1992) found that palmitic acid concentration 
tended to decrease and stearic acid tended to increase 
with later planting, and linolenic acid was more sensi-
tive to this change than other fatty acids due to tempera-
ture changes coinciding with late planting.

Howell and Collins (1957) found that linolenic acid 
concentration decreased from 105 to 66 g/kg as daytime 
temperatures in the greenhouse increased from 21 to 
29°C. Linolenic acid decreased from 164 to 50 g/kg, lin-
oleic acid decreased from 558 to 403 g/kg, and oleic acid 
increased from 131 to 387 g/kg as day/night tempera-
ture increased from 18/13 to 33/28°C (Wolf et al., 1982). 

There were no changes in palmitic and stearic acids with 
temperature changes (Wolf et  al., 1982). Our research 
showed that seed of similar and different MGs, with dif-
ferent genotypes grown at normal (25/20°C, day/night) 
and at warmer temperature (36/28°C) had higher total 
oil and oleic acid concentrations and lower linoleic and 
linolenic concentrations at warmer temperature com-
pared with those grown at normal temperatures (Table 
45.2; Figure 45.2). Therefore, alteration of fatty acids 
depended on both MG and genotype (Table 45.2; Figure 
45.2). Rennie and Tanner (1989) evaluated fatty acid con-
centration in five low-linolenic acid lines, and found at 
day/night temperatures ranging from 15/12 to 40/30°C, 
a decrease in linoleic and linolenic acids, increase in oleic 
acid, and relatively stable palmitic and stearic acid con-
centrations in the five lines. It was also reported that 
growing soybean cultivars near the northern range of 
their adaptation resulted in 10 to 20 g/kg higher linolenic 
acid concentration and 30 to 60 g/kg higher linoleic acid 
than those grown at the southern range of their adapta-
tion (Collins and Sedgewick, 1959), reflecting influences 
of temperature and geographical location.

The instability of conventional cultivars and mid-oleic 
acid germplasm across environment created a challenge, 
mainly due to temperature changes that influence the 
enzymes controlling biosynthesis of soybean seed fatty 
acids, especially at seed-fill stage (Wilcox and Cavins, 
1992; Bachlava and Cardinal, 2009). The explanations 
of the effects of temperature on oleic and linolenic acid 
were that temperature may affect oleate and linoleate 
desaturases (Burton, 1991), decrease oleyl and linoleyl 
desaturase activities at 35°C (Cheesbrough, 1989), and 
ω-6 desaturase enzyme, encoded by the FAD2-1A gene, 
was degraded at high growth temperatures of 30°C (Tang 
et  al., 2005). Studying the transcript level of the func-
tional GmFAD2 isoforms, FAD2-1A, FAD2-1B, FAD2-2B, 
and FAD2-2C, Schlueter et al. (2007) found that only sig-
nificant increase in expression was observed in FAD2-2C 
when soybean was grown at 18/12°C day/night during 
the pod development stage. Upchurch and Ramirez (2010)  

TABLE 45.2  Effect of Normal (25/20°C) and Warmer (26/28°C) Temperature on Soybean Seed Total Oil and Fatty Acids Composition 
(g/kg) in Genotypes of Maturity Group IV Under Growth Chamber Conditionsa

25/20°C 36/28°C

Variety Oil C16 : 0 C18 : 0 C18 : 1 C18 : 2 C18 : 3 Oil C16 : 0 C18 : 0 C18 : 1 C18 : 2 C18 : 3

Hutcheson 195 c 125 b 39 bc 213 a 561 a 80 b 233 b 114 b 44 a 268 b 461 b 50 c

DT97-4290 205 a 126 a 43 a 218 a 482 c 76 c 245 a 113 b 44 a 306 a 482 a 45 d

AG 4403 198 bc 114 c 40 b 213 a 545 b 75 c 242 a 119 a 35 c 276 b 476 ab 55 b

AG 4903 201 ab 114 c 38 c 201 b 560 a 87 a 242 a 117 a 39 b 278 b 472 ab 61 a

In heat stress experiments, soybean genotypes were grown under growth chamber conditions with photon flux density of about 1000 μmol•m−2•s−1, supplied with 
a combination of 10 high pressure sodium and metal halide lights, each of 400 W. Values are means of four replicates. Values within columns sharing a letter are not 
significantly different (P > 0.05) using Fishers’ test.
aSeed composition analysis was conducted at harvest maturity (R8 stage) according to Bellaloui et al. (2009).
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studied the expression levels of ω-6 desaturase GmFAD2 
genes and genes that determine seed oleic acid concen-
tration in modified mid-oleic acid soybean mutant M23 
(a deletion of GmFAD2-1A, an allele of the microsomal 
ω-6 oleate desaturase gene) with 50–60% oleate. They 
found that there were lower expressions of GmFATB1a, 
GmFAD2-1A, GmFAD2-1B, GmFAD2-2, and GmFAD2-3 

and higher expression of GmSACPD-C. They suggested 
that several soybean genomic loci known or suspected 
could be involved in oleic acid phenotype, and some 
may encode genes involved in regulation of oleate bio-
synthetic genes.

Pham et  al. (2010), through their breeding program, 
were able to create and identify high oleic acid trait of 
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FIGURE 45.2  Effects of drought stress on oil composition in maturity group (MG) III and V soybean genotypes. The graph shows the drought 
stress (−90 to −100 kPa soil water potential) effects on total oil and fatty acids composition “Unpublished.” Watered soybeans were grown under 
field capacity conditions (−15 to −20 kPa soil water potential). Values are mean of four replicates ± SE. Soybeans were grown according to Bellaloui 
et al. (2011). Seed composition analyses were conducted on harvest maturity seed stage (R8) according to Bellaloui et al. (2009).



45.  SOYBEAN FATTY ACID COMPOSITION AND OIL STABILITY382

6.  GRAIN, BEANS, PULSES, NUTS AND SEEDS

80% oleic acid concentration in soybeans seed by iden-
tifying and combining mutations in two delta-twelve 
fatty acid desaturase genes, FAD2-1A and FAD2-1B. 
They found three polymorphisms in the FAD2-1B alleles 
of two soybean lines. The mutant FAD2-1B alleles were 
associated with an increase in oleic acid concentration, 
but the FAD2-1B mutant alleles alone could not produce 
high oleic unless the existing FAD2-1A mutations were 
combined with the novel mutant FAD2-1B alleles. This 
combined mutation resulted in high (80%) oleic acid that 
was recovered only for lines which were homozygous 
for both of the mutant alleles. The developed conven-
tional soybean lines with 80% oleic acid were stable in 
two production environments (Lee et  al., 2012). There-
fore, heat stress is a major environmental factor that 
affects total oil and alters fatty acid composition. Further 
research is needed to establish that non-GMO or GMO 
soybeans with desirable fatty acid composition do not 
compromise production and other seed quality traits 
across environments and geographic locations.

GENOTYPE × DROUGHT × HEAT STRESS 
INTERACTIONS ON OIL QUALITY AND 

STABILITY

The effects of genotype × environment interactions on 
total oil and fatty acids are major concerns because of 
their influence on oil level and fatty acid composition. 
Although seed oil level and composition are genetically 
controlled, environment plays a major role in altering 
the level and composition of oils. Since drought and tem-
perature are major environmental factors altering seed 
oil level and composition, we will discuss the environ-
ment effects in the context of drought and temperature 
and how drought and temperature interact with geno-
type or maturity group (MG). The effect of environment 
on seed composition has been extensively studied (Piper 
and Boote, 1999; Dardanelli et  al., 2006). However, the 
reasons for the variability of oil under different envi-
ronments are still not completely understood. Hou et al. 
(2006) evaluated fatty acids composition in a recombi-
nant inbred line (RILs) population, developed from a 
cross between a modified low palmitic acid line and a 
high stearic acid parent. They conducted this experiment 
for two years and in three environments in Canada, and 
found that linolenic acid was more sensitive to the envi-
ronment, and year effects were greater than the effects of 
location in palmitic, stearic, and oleic acid concentration. 
However, location was more important for the relative 
concentrations of linoleic, and linolenic acids. Dardanelli 
et al. (2006) evaluated oil level in six MG (II–III, IV, V, VI, 
VII, VIII–IX) in 14 to 24 environments from 2000–2003 
in Argentina, using water deficit and temperature data 
from 1970–2003 for each location. They found that the 
oil variations among environments depended mainly on 

MG, and showed that oil concentrations were higher in 
MG II, III, and IV in every environment than in other 
groups in every environment, suggesting broad adap-
tations of early MG, and that high temperature during 
seed-fill could explain the consistent pattern of higher 
oil concentration across seasons and environments in 
early MGs. Another example of the environmental and 
geographical influences on oil concentration in soybean 
seed is that oil concentration in the northern and west-
ern growing area in the USA is greater than in those of 
southern USA (Hurburgh et al., 1990), which is the oppo-
site trend of seed protein due to the inverse relationship 
between oil and protein (Dornbos and Mullen, 1992; 
Bellaloui et al., 2009). This suggests that oil level and its 
composition can be altered by protein also.

Serretti (1993) reported that oil concentration 
increased 6.7 g/kg/°C with the increase of mean tem-
perature, and Kane et  al. (1997) found that oil concen-
tration increased 5.2–6.6 g/kg/°C among six cultivars. 
In growth chamber and greenhouse experiments,  
Gibson and Mullen (1996) and Dornbos and Mullen (1992) 
found that oil concentration increased with increasing 
temperature with an optimum at 25–28°C, above which 
the oil concentration declined. It was concluded that 
oil concentration increased linearly with the increase of 
mean temperature (Gibson and Mullen, 1996; Wolf et al., 
1982). Recently, Bellaloui et  al. (2009) investigated the 
effect of genotypic background and environment and 
their interactions on seed oil in two sets of near isogenic 
lines (Clark and Harosoy isolines), where each set has 
the same genotypic background, but differ in maturity 
genes. Clark (e1 E2 E3 e5) and Harosoy (e1 e2 E3 e5) are 
different only in the E2/e2 locus for the maturity genes. 
Bellaloui et al. (2009) found that year, maturity, and year ×  
maturity interactions were significant (P < 0.0001) for 
seed oil in the Clark isoline set, but in the Harosoy isoline 
set there was no year × maturity effect for oil, suggesting 
that the response of the two genotypic backgrounds to 
the environmental factors in each growing season was 
different. They also found that E-gene (maturity genes), 
E-gene × genotypic background, and E-gene × year were 
the major contributors to oil variability. The physiologi-
cal and biochemical mechanisms of how these variables 
interact with each other and their effects on seed compo-
sition are still not understood (Bellaloui et al., 2009).

ALTERED SOYBEAN FATTY ACIDS  
AND OIL ON THE HORIZON

Private and public sectors have been conducting 
intensive research to develop soybean with desirable 
fatty acids profile. Pioneer, a DuPont company, is devel-
oping soybean using accelerated yield technology under 
the brand Plenish™ with high oleic acid, low linolenic 
acid, less saturated fat, and high monounsaturated fat 
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compared to commodity soybean oil. The Plenish™ 
high oleic soybean oil has zero trans-fat with high stabil-
ity for extended high temperature use with nutritional 
benefits. The Plenish™ high oleic soybean is currently 
in the field and oil testing phase and was projected for 
a limited launch in 2012 (Pioneer, 2012). Monsanto has 
developed through traditional breeding techniques and 
launched Vistive® low linolenic soybean with low levels 
of linolenic acid and low trans-fat in processed oil which 
increase shelf life and flavor stability in processed 
foods. Monsanto is currently developing Vistive® Gold 
soybeans with trans-fat free and reduced saturated 
fat soybean oil with increased stability for food pro-
cessing. The ultra-low linolenic acid (1%) non-GMO 
varieties IA2096, IA2097, IA3042, and Roundup Ready 
variety A2098RR, and low non-GMO saturated fatty 
acids varieties IA1024 and IA2095, were also developed 
(Warner and Fehr, 2008; Healthier Soybean Oils, 2008). 
Monsanto is also developing stearidonic acid (SDA) 
ω-3 soybeans rich with SDA, which the body converts 
to heart-healthy 1 eicosapentaenoic acid (EPA), one of 
the three ω-3 fatty acids used by the body. Both Vistive 
Gold and SDA ω-3 soybeans are developed through bio-
technology and are currently in phase IV of the research 
and development pipeline, and are not commercially 
available yet (Monsanto, 2012). As advances in genetic 
modifications continue, it is more than likely that soy-
beans with designed fatty acid profile in seed oil could 
dominate the market in the future.
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