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Summary

Soybean (Glycine max (L.) Merr) is valued for both its protein and oil, whose seed is composed of
40% and 20% of each component, respectively. Given its high percentage of polyunsaturated
fatty acids, linoleic acid and linolenic acid, soybean oil oxidative stability is relatively poor.
Historically food processors have employed a partial hydrogenation process to soybean oil as a
means to improve both the oxidative stability and functionality in end-use applications. However,
the hydrogenation process leads to the formation of trans-fats, which are associated with
negative cardiovascular health. As a means to circumvent the need for the hydrogenation
process, genetic approaches are being pursued to improve oil quality in oilseeds. In this regard,
we report here on the introduction of the mangosteen (Garcinia mangostana) stearoyl-ACP
thioesterase into soybean and the subsequent stacking with an event that is dual-silenced in
palmitoyl-ACP thioesterase and A12 fatty acid desaturase expression in a seed-specific fashion.
Phenotypic analyses on transgenic soybean expressing the mangosteen stearoyl-ACP thioester-
ase revealed increases in seed stearic acid levels up to 17%. The subsequent stacked with a
soybean event silenced in both palmitoyl-ACP thioesterase and A12 fatty acid desaturase activity,
resulted in a seed lipid phenotype of approximately 11%-19% stearate and approximately 70%
oleate. The oil profile created by the stack was maintained for four generations under
greenhouse conditions and a fifth generation under a field environment. However, in generation
six and seven under field conditions, the oleate levels decreased to 30%-40%, while the stearic

Agrobacterium, Glycine max. level remained elevated.

Introduction

Soybean (Glycine max (L.) Merr.) is a major feedstock for protein
and oil in the world. In 2011, an estimated 76.3 million acres of
soybean were harvested in the United States resulting in a
production of approximately 3.1 billion bushels with a market
value of $35.8 billion (nass.usda.gov). Soybean primary storage
components protein and oil accumulate in seeds to 40% and
20%, respectively. The protein component of the seed, referred
to as the meal, is utilized extensively in poultry and swine feeds,
while soybean oil occupies approximately 65% of the US
edible vegetable oil market (USDA Economic Research Service,
www.ers.usda.gov). Implementing genetic approaches to
improve functional and nutritional qualities of oils has attracted
significant attention over the past decade. To this end, the fatty
acid profile of oil has a significant influence on functionality and
nutritional aspects in food and feed applications.

Commodity soybean oil is composed of five major fatty acids at
percentages of approximately 10% palmitic acid (16 : 0), 4%
stearic acid (18 : 0), 20% oleic acid (18 : 1), 55% linoleic acid
(18 : 2) and 10% linolenic acid (18 : 3). Due to the relatively high
percentage of polyunsaturated fatty acids, linoleic and linolenic,
soybean oil possesses poor oxidative stability which is an
important parameter associated with shelf life of food and feed
products and engine performance when bio-based oil is used as a

liquid transportation fuel (Clemente and Cahoon, 2009; Kinney
and Clemente, 2011). Food processors have relied upon a
hydrogenation process as a means to chemically improve the
oxidative stability of soybean oil. This chemical approach will
reduce the percentage of polyunsaturated fatty acids in the oil
with a concomitant increase in monounsaturated and saturated
fatty acids. However, this chemical approach leads to the
formation of so-called trans-fatty acids, which have been linked
to negative cardiovascular health (Minihane and Harland, 2007),
and can also compromise engine performance if the hydroge-
nated oil is subsequently converted to a biodiesel (Graef et al.,
2009; Kinney and Clemente, 2011).

In baking applications, oils are preferred that possess reduced
polyunsaturated fatty acids, combined with elevated saturated
fatty acids, so to address both oxidative stability and high melting
temperatures. The two most prevalent saturated fatty acids in
plant-based commodity oils are palmitic acid and stearic acid.
Most dietary recommendations suggest limiting the amount of
saturated fat intake due to the relationship to cardiovascular
health. However, stearic acid has been shown to be more
cardiovascular neutral in comparison with palmitic acid in many
studies (Bonanome and Grundy, 1988; Kris-Etherton et al., 2005;
Schwab et al., 1996; Stanley, 2009). Hence, genetic approaches
to simultaneously reduce polyunsaturated fatty acids and
enhance stearic acid levels in soybean oil would be expected to

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd 1035



1036 Hyunwoo Park et al.

have value in food application as a margarine replacement, as
well for use as a biodiesel in warmer climates (Duffield et al.,
1998).

A number of genetic approaches have been pursued as a
means to elevate stearic acid levels in oil seeds, including soybean
(Clemente and Cahoon, 2009). As a means to simultaneously
elevate stearic acid and reduce polyunsaturated fatty acids in
soybean, we pursued a strategy similar to the biotechnology
design implemented by Liu et al. (2002) to raise stearic acid and
oleic acid levels in cotton seed oil. Here, we first introduced into
soybean the mangosteen (Garcinia mangostana) stearoyl-ACP
thioesterase (Hawkins and Kridl, 1998) and subsequently stacked
this transgene with a soybean event designated 335-13 that is
down-regulated in both palmitoyl-ACP thioesterase activity and
A12 fatty acid desaturase activity in a seed-specific fashion (Buhr
et al., 2002). We report herein on the molecular and phenotypic
characterizations of soybean carrying the mangosteen steroyl-
ACP thioesterase alone and stacked with the dual-silenced event
335-13.

Results

Transgenic soybean events carrying the mangosteen
stearoyl-ACP thioesterase

A two-T-DNA binary vector was assembled that carries a codon-
optimized version of the stearoyl-ACP thioesterase, and the
vector is designated pPTN811 (Figure 1). Simultaneous delivery of
two T-DNAs from a single binary plasmid is a means to derived
transgenic plants free of the marker gene, including soybean
(Xing et al., 2000). We generated a total of 20 transgenic
soybean events from transformations conducted with Agrobac-
terium tumefaciens transconjugants carrying pPTN811. Segrega-
tion analysis on Ty progeny derived from these transgenic events
is shown in Table S1. The T individuals were categorized into
four phenotypic classes, herbicide tolerant (HT) with a elevated
stearic acid phenotype (HT/18 : 0), herbicide sensitive (HS) with
the 18 : 0 phenotype (HS/18 : 0), HT with normal 18 :0
percentage designated as wild type (WT) given phenotypic
category of HT/WT and the double null category of HS/WT.

As can be seen in Table S1 from three events we identified
marker-free individuals, phenotype as HS/18 : 0, these events are
designated as 683-2, 687-2 and 688-5. Fatty acid profiles of all
the derived events are listed in Table 1. The data show that

grown under greenhouse conditions, mean stearic acid levels
were increased higher than the control seed grown at the same
time, except in two of the events 679-11 and 679-13. In the
remaining events, mean stearic acid levels ranged from 8.4% to
17.3% (Table 1) in T, seed. The nulls were not used in the
calculation the respective means.

Three of the pPTN811 soybean events were selected to
propagate further. These are 680-2, 688-5 and 683-2. Fatty acid
profiles on either T, or T3 generations from these events are
shown in Table 2. As can be seen from the data mean stearic acid
levels, under a greenhouse environment, from these events range

Table 1 Fatty acid profile on T seed derived from pPTN811

Event  Palmitic%e  Stearic% Oleic% Linoleic%  Linolenic%
679-2 81+32 94+17 80+£10 485+21 104+15
679-5 120+04 120417 142+12 543+13 146+13
679-11 113 £06 54+17 118+£06 570413 104 +06
679-13 118+ 1.0 44412 123+13 566406 109+ 1.2
680-2 93+47 92+35 101+10 560+06 109+12
680-3 10.0 £ 0.5 90+23 11.0£15 544+20 96+13
680-9 103+05 84+13 132+17 549+34 10.1+1.1
681-9 87+05 11.1+19 129+09 537+10 93+08
681-10 96 +06 88+24 143+30 540+ 1.1 89+ 12
681-14 92+06 96410 13.1+06 544+ 1.1 9.6 £0.9
683-2 87+08 173+44 82+03 47.7+27 121+06
686-5 108+13 86+27 1374+20 513+£17 108+ 14
686-6 94+£03 106+16 152+16 508+ 1.2 92 +07
686-8 94+03 104+19 133+21 513+15 10814
687-1 10.1 £ 1.1 96+32 119+25 527+20 98+12
687-2 99+10 102+£32 101+£13 536417 11.2+£12
687-3 100+ 06 107427 101+12 532411 108+0.7
687-8 90+08 114+£29 138+£13 521+13 92+29
688-4 91+07 108+£31 139+£36 518+17 104+14
688-5 92+08 108+28 94+11 520+19 137+12
WT 109 £ 0.7 33+£02 160£15 548+06 10.7+07

Numbers within the respective fatty acid columns reflect mean percentage of
the corresponding fatty acid + standard deviation. Means were tabulated on
seed chips from 2 to 11 seeds per event confirmed to be carrying the stearoyl-
ACP thioesterase transgene.

app.3.4 kb ~ Sstl

(a) Sst 1 <

\

FatB RZ FAD2-1RZ RB

5511

LB 35S TEV T35S

(0) st 1 app.3.2kb
. ar ’{;<;<,{}¢

LB Tnos Pnos RB

er B i
LB T35S TEV B-con RB

Figure 1 Diagrammatic representation of T-DNA elements in binary plasmids pPTN303 and pPTN811. (a) T-DNA element within pPTN303 and (b) two
T-DNA elements in pPTN811. The location of the Sst 1 restriction sites used in Southern analysis (Figure S1) is shown. LB and RB refer to left and right
border, respectively. Elements 35S and T35S indicate 35S CaMV promoter and terminator regions, respectively. Pnos and Tnos designate nopaline synthase
promoter and terminator elements, respectively. TEV refers to tobacco etch translational enhancer element. B-con designates the seed-specific beta-
conglycinin promoter, while bar, FAD2-1, fatB and ster refer to the bar resistance gene A12 fatty acid desaturase, palmitoyl-ACP thioesterase and stearoyl-
ACP thioesterase, respectively. RZ designates the self-cleaving ribozyme (Buhr et al., 2002).
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from 13.4% to 17.4%, hence, revealing the phenotype is stable
over generations.

Stacking of the elevated stearate phenotype with a high
oleic acid and low palmitic acid soybean

The selected events were subsequently crossed with event 335-
13, a soybean event high in oleic acid and low in palmitic acid
(Graef et al., 2009). The silencing allele in 335-13 resided initially
in an Asgrow® (Asgrow® Seed Company, Dekalb, IL) genotype,
A3237 (Buhr et al, 2002), this event was developed at the
University of Nebraska in January 2000. The A3237 event
designated 335-13 was backcrossed into high oil/yielding germ-
plasm developed at the University of Nebraska’s soybean breed-
ing programme, with the genotype designated Ux1625-83-165.
The soybean genotype Ux1625-83-165 is referred to by the
transgenic event 335-13. The 335-13 event used for stacking
with the stearoyl-ACP thioesterase was a lineage derived from the
backcrossing. Fatty acid profiles of derived F; seed from the
crosses are listed in Table 2. The creation of this gene stack
manifested a fatty acid profile in the seed with oleate percentages
in the mid-60s to upper 70s, combined with stearate percentages
from approximately 7% to just over 11% (Table 2). Molecular
analysis of the stack, and corresponding parents from one of
these crosses, is shown in Figure S1, confirming the presence of
both transgenic alleles in the stack.

These Fy seeds were followed to the F, population (Table S2),
and fatty acid levels monitored, in which mean percentages were

Stacking of a stearoyl-ACP thioesterase 1037

calculated on seed carry both transgenic alleles determined by
PCR using primer sets that specifically amplify the targeted
transgenes in the stack. In the F, population, the gene stack led to
oleic acid percentages in the 70s and stearic acid percentages of
5.2%-13.6% (Table S2). Based on these data (stearate and
oleate percentages), populations derived from the cross of 335-
13 x 680-2 were carried on to homozygosity under greenhouse
conditions.

Homozygous lineages at the F, generation were identified
from the stack created by crossing event 335-13 with the
elevated stearic acid event 680-2. Fatty acid profiles of five
homozygous lineages are shown in Table 3, wherein the oleic
acid and stearic acid percentages of the oil ranged from 67.7% to
70.5% and 16.7% to 19.7%, respectively.

Field evaluations of transgenic event 680-2 and stack

Field releases of the populations derived from 680-2, and 335-
13 x 680-2 stack, was carried out initially in the 2009 growing
season to gain insight on the stability of the phenotype under
field conditions and to secure sufficient seed to carry out small-
scale agronomic testing in subsequent years. Field trials were
conducted at the University of Nebraska’s Plant Biotechnology
Field Facility located outside Mead, Nebraska.

Fatty acid profiles of seed samples taken following the 2009
harvest are shown in Table 4, which tended to mirror that
observed under greenhouse conditions of the parents (Table 2),
but slightly lower stearate levels in the stack under field

Table 2 Fatty acid profiles of parental and F,

seed stacks Event/Stack Palmitic% Stearic% Oleic% Linoleic% Linolenic%
680-2 (T,) 89 + 0.5 136 £ 1.7 109 +£ 1.2 439 + 2.0 123+ 1.4
688-5 (T3) 80+ 0.4 14.7 £ 0.6 11.7 £ 0.9 477 £ 1.4 109+ 1.4
683-2 (T3) 8.7 +£0.7 17.8 £1.9 10.5 £ 0.8 454 + 19 13.0+23
683-2 (T3,) 95+ 0.5 134 +£1.8 9.0+ 0.8 490 £ 1.2 144 + 1.0
335-13 33+04 2.8 +£0.5 82.1+22 1.6 £03 3.8+ 09
335-13 x 680-2 (F1 4) 3.9 11.5 70.9 2.8 4.5
335-13 x 680-2 (F_s) 53 10.5 65.8 4.9 6.7
335-13 x 688-5 (Fy_4) 3.6 9.1 76.0 1.7 5.3
335-13 x 688-5 (F1 ) 3.4 8.5 75.0 4.1 4.4
335-13 x 688-5 (Fy 3) 2.8 7.3 79.9 1.2 3.9
683-2 x 335-13 (Fy_4) 4.0 9.4 74.0 1.6 6.3
683-2 x 335-13 (Fy ) 4.4 10.2 73.3 1.9 6.6
683-2 x 335-13 (Fy_4) 4.0 9.8 73.3 2.0 6.8
335-13 x 683-2 (Fy_4) 4.0 10.2 743 1.2 5.4
335-13 x 683-2 (F1_4) 3.5 10.6 75.8 1.2 4.7

Event/stack column indicates the parental events used for crossing. 335-13 refers to high oleic acid event

335-13. Event listed first in stacks indicates parent used as male. Numbers within each column refer to

the percentage of corresponding fatty acid as determined by GC analysis.

Table 3 Fatty acid profile of homozygous

lineages derived from 335-13 x 680-2 stack Stack Palmitic% Stearic% Oleic% Linoleic% Linolenic%
335-13 x 680-2 3.7+03 167 £ 1.4 705 £ 2.4 1.7 £06 3.7+ 05
335-13 x 680-2 37 +04 18.0 £ 2.2 68.4 + 3.8 1.9+£12 40+09
335-13 x 680-2 38+ 05 182 £ 1.7 67.9 £ 35 24+ 1.4 41407
335-13 x 680-2 36+03 16.5 £ 0.9 69.7 £ 1.6 22+08 49 +£0.6
335-13 x 680-2 37403 19.7 £ 0.9 67.7 £1.9 1.5+£03 38+0.2

Stack column is five F4-derived populations from two F seed of a cross between the high oleic acid event
335-13 and elevated stearic acid event 680-2.
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Table 4 Fatty acid profile of soybean events

119 19 1c9 1 19 H 19
Event/Stack Palmitic% Stearic% Oleic% Linoleic% Linolenic% under field conditions in 2009
WT (Thorne) 11.3 +0.5 30+19 154 + 1.7 51.0 + 1.7 143 + 1.2
680-2 8.4 + 0.6 102+ 14 15.1 £ 1.8 48.0 £ 1.5 152 £ 1.6
335-13 x 680-2 4.1 +09 127 £22 67.3 £ 5.4 414+ 26 80+ 19

Event/Stack column refers to control seed (genotype Thorne), event 680-2 and stack line with high oleic
acid event 335-13. Numbers within the columns are mean percentages of corresponding fatty

acid + standard deviations based on 50-90 samples.

conditions (Table 4) as compared to the populations grown under
greenhouse environment (Table 3).

Isolated oil from the 2009 harvest, along with oil extracted
from 335-13, was analysed for oxidative stability, cloud and
melting points. The data from these analyses are shown in
Table 5. The oxidative onset temperature (OOT) was higher in
both event 335-13 and stack (Table 5) as compared to the
elevated stearate parent 680-2 and control oil, which undoubt-
edly reflects the reduction in polyunsaturated fatty acids in the
former two. Moreover, the cloud point, temperature at which
crystals initiate, is increased in the oils with the higher level of
stearate, where cloud point is approximately 0 °C, while cloud
point of standard soybean oil is about —12 °C (Table 5). Change
in melting temperatures appears to be influenced by both
stearate levels and reduction in polyunsaturated fatty acids in
the oil, where in the soybean oil tested two endothermic peaks
were observed in the heating curve (Table 5).

The change in melting temperature across the oils is visually
represented in Figure S2, where the respective oil samples were
placed at —20 °C for 1 h and removed, the degree of melting
visualized closely parallels melting point 1 data of the oil
(Table 5).

A second field trial was conducted in 2010 at the University of
Nebraska’s Plant Biotechnology Field Facility, with sufficient plot
replications to monitor both fatty acid profiles and gain insight on
agronomics. However, due to hail event which severely damaged
the leaves approximately 30 days prior to harvest, agronomic
parameters were not measured, only fatty acid profiles from the
across the plots. In 2010, plots were replicated under both
irrigated and nonirrigated conditions.

Fatty acid profiles from the 2010 harvest are shown in Table
S3. Cropping under simulated dry land conditions or irrigation did
not influence oil composition across the genotypes. However, in
the gene stack, the percentage of oleate fell below 50%, with a

Table 5 Oxidative stability and cold properties of derived oils

Cloud Melting Melting
Oxidative Point Point 1 Point 2
Event/Stack (°C) (°C) (°Q) (°C)
WT (Thorne) 173.7 —-12.3 —34.7 —-15.7
335-13 194.2 —15.6 -13.4 -0.9
680-2 174.5 -0.3 —19.1 -1.8
335-13 x 680-2 207.6 0.4 —-15.6 —-6.7

All values are means of derived from duplicate tests. Oxidative column refers to
the oxidative onset temperature (OOT). Cloud point indicates temperature at
which a cloud is formed in the oil reflecting first stage of crystallization. Melting
point 1 and 2 columns are the onset of endothermic peaks in the heating curve,
in which two such peaks were observed in the analysis.

relatively high standard deviation about the means. Northern blot
analysis on immature embryos sampled from the respective plots
approximately 15-20 days postflowering revealed the presence
of FAD2-1 transcript in the stack (Figure 2), which was not
observed in the parental event 335-13, where the high oleate
phenotype was maintained. Moreover, in the 680-2 plots and
stack plots, the transcript level of steroyl-ACP thioesterase was
comparable, with similar levels of stearate produced at harvest
(Table S3).

A third field trial was carried out in 2011 at the University’s
Plant Biotechnology Field Facility, and in this trial, the stack,
control plots and 335-13 event were planted. Replicated plots
were planted under both irrigated and nonirrigated environ-
ments. Data were ascertained on various yield parameters
including yield, days to maturity, plant height, 100 seed weight,
and total protein and oil, in addition to fatty acid profiles. The
2011 growing season was a relatively wet year; hence,
simulated dry land conditions under nonirrigated conditions
were not met. Nonetheless, within each environment, no
significant difference was observed with exception of days to
maturity (Table S4).

However, in a similar fashion to what was observed in 2010,
oleate levels in the gene stack were significantly lower (Table 6),
with FAD2-1 transcript accumulation observed in the gene stack
from sampled immature embryos (Figure 3), while in the parent
event, 335-13, remained silenced in FAD2-1, and the steroyl-ACP
thioesterase transcript accumulating in the stack (Figure 3). These
results were reflected in the elevated stearate levels in the latter
and high oleic acid in the former (Table 6).

To confirm the identity preservation of the stacked plots, we
randomly selected 50 seed from 2011 harvest, genotyped each
for the presence of the silencing allele and subsequently
monitored fatty acid profile on each seed. The results showed
all 50 seed had elevated stearic acid levels in the oil with
means ranging from 14.7% to 16.9%, reflecting the steroyl-
ACP thioesterase activity during seed development. In regard to
oleate percentages, 15 of the seed were high (>60%), 26 seed
were categorized as mid-oleic (35%-50%), and nine contained
wild-type levels of oleic acid. The subsequent genotyping of the
seed confirmed the presence of the silencing allele. Hence,
these data combined with those shown in Figure 3 reflect
that in this stack, we are observing silencing of the silencing
allele.

Discussion

The influence of fatty acid profile on end-use nutritional and
functionality attributes of oils for food, feed and industrial
applications is well documented (Cahoon et al., 2007; Damude
and Kinney, 2008; Kinney, 2003; Kinney and Knowlton, 1997; Lu
et al., 2010). When considering applications for oils in deep-frying,

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 12, 1035-1043
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Figure 2 Northern blot analyses on immature embryos from 2010 field trial. Total RNA was isolated from immature embryos (15 pg). (a) first two lanes,
control Thorne immature embryos, and last four lanes, immature embryos from 680-2 plots. Membrane hybridized with stearoyl-ACP thioesterase probe.
Bottom panel 255 rRNA image. (b) first two lanes, control Thorne immature embryos, and last four lanes, immature embryos from 335-13 x 680-2 stack.
Membrane hybridized with stearoyl-ACP thioesterase probe. Bottom panel 255 rRNA image. (c) first two lanes, control Thorne immature embryos, and last
four lanes, immature embryos from 335-13 plots. Membrane hybridized with the FAD2-1 probe. Bottom panel 25s rRNA image. (d) first two lanes, control
Thorne immature embryos, and last four lanes, immature embryos from 335-13 x 680-2 stack plots. Membrane hybridized with FAD2-1 probe. Bottom

panel 25s rRNA image.

Table 6 Fatty acid profile of soybean events

under field conditions in 2011 Event/Stack Palmitic% Stearic% Oleic% Linoleic% Linolenic%
WT (Thorne) 109 £ 0.3 3.6+ 0.2 19.7 £ 0.7 55.1 + 0.9 83+ 04
335-13 34 +0.2 24 + 0.2 84.6 + 1.2 22 +03 3.2 +03
335-13 x 680-2 56 + 0.6 15.2 £ 1.1 385+ 9.5 29.8 £ 9.0 834 1.1
WT (Thorne) 1.1 +£0.8 3.4+ 0.2 194+ 19 545 + 2.0 8.1+ 0.6
335-13 3.7 +04 2.3+ 0.1 82.5 + 3.7 36+ 26 3.5+ 04
335-13 x 680-2 58 + 0.7 16.4 +£ 1.3 339+78 335+76 8.0 +£ 0.8

Event/stack column refers to control seed (genotype Thorne), 335-13 refers to high oleic acid event 335-
13 and stack line 680-2 with high oleic acid event 335-13. Top three rows plots were under irrigated

conditions, and bottom three rows plots were under nonirrigated conditions. Numbers within the

columns are mean percentages of corresponding fatty acid + standard deviations based on 10 ground

bulk seed samples from plots.

margarine type uses or as a liquid transportation fuel, that is,
biodiesel, two critical parameters are oxidative stability and
functionality. Oxidative stability impacts shelf life of a food/feed
product and can negatively affect engine performance if the
oxidative stability of the biodiesel is low (Knothe, 2005). In regard
to functionality, fatty acid composition of oils will need to shift
towards more saturated fatty acids to create a solid/semi-solid
state at room temperature for such end uses in baking- or
confectionary-type applications.

Among the majority of commodity plant oils, the saturated
fatty acids present are palmitic acid, found as the predominant
saturated fatty acid in palm oil (Elaeis sp.), and stearic acid,
present in high percentages in cocoa butter (Theobroma cacao
L.), along with palmitic acid. Given that high palmitic acid
consumption and chemical approaches such as hydrogenation as
a means to improve oxidative stability while increasing solid
content of oils both tend to be linked with cardiovascular health
problems (Stanley, 2009), researchers have been actively pursuing
genetic approaches to simultaneously raise stearate levels, with a
concomitant reduction in polyunsaturated fatty acid, as a means
to produce a low-cost high-volume vegetable oil that addresses
the functionality requirements for margarine-type applications.

As a means to raise stearate levels in seed oil researchers have
implemented two approaches, a biotechnology avenue (Hawkins

and Kridl, 1998; Merlo et al., 1998) and a mutational breeding
strategy (Bubeck et al., 1989; Pérez-Vich et al., 2006; Salas et al.,
2008; Zhang et al., 2008). In soybean, high stearate mutants
have been identified (Rahman et al., 1995; Spencer et al., 2003).
The elevated stearate mutants of soybean, as with those for high
oleate (Bachlava et al., 2008; Pham et al., 2010; Scherder and
Fehr, 2008), tend to be recessive alleles, which may require
combination of recessive alleles to create the desired trait into
elite germplasm. Moreover, the recessive alleles governing high
oleic acid levels in soybean tend to be linked with a yield drag
(Scherder and Fehr, 2008). However, more recently, new mutant
FAD2 alleles have been identified that have been shown to
mitigate the negative agronomics seen in earlier characterized
FAD2 mutant soybean lines (Pham et al, 2012). These new
mutant FAD? alleles, along with novel sources of FAD2 mutations
that can be obtained through genome editing tools (Gaj et al.,
2013; Voytas, 2013), offer promising approaches to broaden the
soybean germplasm with an elevated oleate trait for soybean
breeders to draw upon. The study communicated herein,
however, pursued the stacking of two dominant transgenic
alleles, combining expression of the stearoyl-ACP thioesterase,
with a dual-silencing element to create soybean oil with elevated
stearate and high oleate. A similar approach was used to create
the same phenotype in cotton oil with the exception dual
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(a)

WT (Thorne)

335-13

FAD2-1

255 rRNA

©) wr (Thorne) 335-13 X 680-2

(d) WT (Thorne) 335-13 X 680-2

Stearoyl-ACP

FAD2-1

258 rRNA

Figure 3 Northern blot analyses on immature embryos from 2011 field trial. Total RNA was isolated from immature embryos (15 ug). (a) first two lanes,
control Thorne immature embryos, and last four lanes, immature embryos from 335-13 nonirrigated plots. Membrane hybridized with FAD2-1 probe.
Bottom panel 25S rRNA image. (b) first two lanes, control Thorne immature embryos, and last four lanes, immature embryos from 335-13 irrigated plots.
Membrane hybridized with FAD2-1 probe. Bottom panel 25S rRNA image. (c) first two lanes, control Thorne immature embryos, and last four lanes,
immature embryos from 335-13 x 680-2 stack nonirrigated plots. Membrane hybridized with stearoyl-ACP thioesterase probe (top) and FAD2-1 probe
(middle). Bottom panel 25s rRNA image. (d) first two lanes, control Thorne immature embryos, and last four lanes, immature embryos from 335-13 x 680-
2 stack irrigated plots. Membrane hybridized with stearoyl-ACP thioesterase probe (top) and FAD2-1 probe (middle). Bottom panel 25s rRNA image.

silencing of the cotton FAD was stacked with a silenced A9-
steroyl-ACP desaturase (Liu et al., 2002).

Our approach took a two-step process whereby we first
introduced the mangosteen stearoyl-ACP thioesterase gene into
soybean. We produced a total of 20 transgenic events, in which
three events produced marker-free progeny (Table S1). This is a
higher frequency of unlinked integration events than previously
observed in soybean (Sato et al., 2004; Xing et al., 2000). While
we monitored for the presence of the bar gene cassette in the
marker-free individuals, we did not conduct a deeper molecular
analysis to determine what elements beyond the second, gene of
interest T-DNA, integrated within the soybean genome.

Monitoring of the fatty acid profile of the transgenic events,
the maximum percentage of stearate observed was just under
20% under greenhouse conditions and 10% to approximately
13% under field conditions (Tables 3 and 4). The stearate level
under greenhouse conditions is comparable to what was
observed when this approach was used to raise stearic acid levels
in canola (Hawkins and Kridl, 1998). We assume the environ-
mental impact, most likely temperature (Ferndndez-Moya et al.,
2002), led to differences observed under field conditions.

To create the target phenotype, reduction in polyunsaturated
fatty acids, combined with high stearic acid, we subsequently
crossed the stearoyl-ACP thioesterase transgene with event 335-
13 (Buhr et al., 2002; Graef et al., 2009). This resulted in a
soybean oil with oleic acid levels at approximately 70% and
stearic acid levels greater than 17%, with total saturates over
20% under greenhouse conditions (Table 3), with slightly
reduced saturates under a field environment (Table 4). The fatty
acid profile of the oil extracted from the stack (Table 4) displayed
changes in oxidative stability, cloud point and melting point
(Table 5). The change in physical properties observed (Table 5) is
likely not sufficient to meet the parameters necessary for end use
in baking- or margarine-type applications (Cahoon et al., 2009).
A critical parameter that was not met with the specific gene stack
described here is the oil did not remain in a semi-solid state at
room temperature, which likely would require total saturated
fatty acid composition >25%, coupled with reduced polyunsat-
urated fatty acids. However, an oil with the physical character-

istics manifested by the gene stack created herein may serve as a
feedstock in a combined blending with other higher saturated
lipids or be suitable for interesterification of TAG, if the stearate
levels can be obtained and maintained in the mid-20% or greater,
(Neff and List, 1999) or in a fractionation process similar to is
utilized for palm oil (Kellens et al., 2007).

The stacked lineage developed in this study did not maintain
the high oleic acid phenotype after five generations (Tables S3
and 6), yet the elevated stearic acid phenotype was still observed.
Northern blot analysis on the reduced oleic acid observed in the
stack line revealed accumulation of the FAD2-1 transcript
(Figures 2 and 3), and subsequent random genotyping and
phenotyping of the 2011 field harvest confirmed identity pres-
ervation of the stack lineages. This apparent loss in silencing was
not observed in parental 335-13 grown under the same environ-
ments. These results were not expected, for we initially assumed
it would be difficult to maintain stearic acid levels when stacked
with the silencing element in 335-13. The stacking potential of
the soybean event 335-13 may be compromised due to the
insertion complexity of the transgenic allele. Molecular data
conducted on this event suggest two linked inserts are present in
the genome of this event (Buhr et al., 2002); however, the
elucidation of the structure of this transgenic locus will require
sequence analysis about the insertion site. Nonetheless, our data
do demonstrate that a novel soybean oil elevated in stearic and
high in oleic acid can be achieved through biotechnology.
Perhaps a path forward towards the development of stable high
stearate combined with elevated oleate soybean oil is a more
strategic design of the transgenic elements. For example, one
potential design may include hairpin element targeting FAD2-1,
embedded in a intron, placed just upstream of the stearoyl-ACP
thioesterase, under control of a heterologous seed-specific
promoter, thereby creating a single cassette that can simulta-
neously down-regulate FAD2-1, with enhanced stearoyl-ACP
thioesterase activity, while reducing the number of gene cassettes
and thus duplication of genetic elements in the transgenic alleles.
This in turn will theoretically produce an oil with the oleate and
stearate levels, with a slight increase in palmitate leading to the
synthesis of the required levels of saturates, with oxidative
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stability to meet the requirements for margarine-type applica-
tions.

Experimental procedures
Construction of two-T-DNA binary vector

The mangosteen stearoyl-ACP thioesterase (GenBank accession
AAB51523.1) was codon-optimized (GenScript, Piscataway, NJ)
for soybean. The open reading frame (ORF) was fused to the
tobacco etch virus translational enhancer element (Carrington
and Freed, 1990) and subsequently assembled into a expression
cassette under control of the soybean seed-specific B-conglycinin
promoter (Allen et al., 1989) and terminated by the cauliflower
mosaic virus 35S transcription terminator. The resultant cassette
was subcloned into the binary vector pPZP101 (Hajdukiewicz
et al., 1994) and the plasmid referred to as pPTN802 (not shown).
The T-DNA element of pPTN802 was excised as a Sca | fragment
and cloned into the binary vector pPTN200, which carries a single
Sca | site outside of a T-DNA element harbouring a bar gene
(Thompson et al., 1987) cassette under control of the Pnos
promoter from A. tumefaciens. The resultant two-T-DNA binary
vector is designated pPTN811 (Figure 1). The two-T-DNA vector
pPTN811 was mobilized into A. tumefaciens strain EHA101
(Hood et al.,, 1986) via tri-parental mating. The integrity of
pPTN811 was confirmed by plasmid rescue and the resultant
transconjugant used to transform soybean.

Soybean transformation

Soybean transformations were conducted as previously described
(Xing et al., 2000; Zhang et al., 1999) using the genotype Thorne
(McBlain et al, 1993). The derived transgenic events were
established and grown to maturity in the greenhouse for
subsequent molecular and phenotypic characterizations. The
targeted gene stack phenotype of combining elevated stearic
acid and high oleic acid was carried out via sexual crossing of
selected pPTN811 derived transgenic events with an event
designated 335-13 which carries a dual-silencing element
designed to simultaneously down-regulate the soybean fatB
gene, a palmitoyl-ACP thioesterase and FAD2-1 a A12 fatty acid
desaturase gene (Buhr et al., 2002). The silencing allele in 335-13
was originally characterized in soybean genotype A3237 (Asgrow
Seed Company, Dekalb, IL), which was subsequently backcrossed
into high yielding/oil genotypes at the University of Nebraska's
soybean breeding programme (Graef et al., 2009). A genotype
from this backcrossing effort designated Ux1625-83-165 was
utilized in this study, referred to as merely 335-13 herein.

Molecular characterizations of transgenic events

Southern and Northern blot analyses on the selected event and
stack were carried out as previously described (Buhr et al., 2002).
Briefly, for DNA hybridizations, total genomic DNA was isolated
from leaves (10 ug) and restriction digested with Sst | and
separated on 0.8% agarose gel. RNA was isolated from immature
embryos using TRIzol® reagent following the manufacturer’s
protocol (Ambion; Life Technologies, Carlsbad, CA). A total of
15 ug of RNA was separated on a 1% formaldehyde agarose gel.
The separated DNA and RNA were subsequently transferred to a
nylon membrane (Zeta Probe GT; Bio-Rad, Hercules, CA) and
fixed by UV cross-linking. Probes, approximately 50 ng, were
labelled with dCT??P by random prime synthesis (Prime-It I
Random Synthesis Kit; Agilent Technologies, La Jolla, CA, Cat #
300385). Membranes were hybridized in a 1 mm EDTA, 0.5 m
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Na,HPO4 (pH 7.2), 7% SDS and 1% BSA at 65 °C over night.
Following the hybridization, step membranes were washed twice
with 5% SDS, 40 mm Na,HPO, solution for 30 min at 65 °C,
with a subsequent third wash with 1% SDS, 40 mm Na,HPO,4
solution for 30 min at 65 °C. Membranes were exposed on X-ray
film for 1-3 days at —80 °C.

Confirmation screening for seed identity preservation of the
2011 field plots planted with the gene stack lineages was carried
out by genotyping seed for the presence of the silencing allele in
the stack via PCR. Primers used in the PCR were designated
FatBFad2-F and FatBFad2-R, which specifically hybridized to fatB
and fad2-1 gene regions within the silencing element carried in
soybean event 335-13 (Buhr et al., 2002). Primer sequences are;
FatB-Fad2-F: 5'-GCCACGGCGACCTGACATGC and FatB-Fad2-R:
5 AGTGATGGCGGCGATGGCTT-3.

Phenotypic analyses of transgenic events and stack

Segregation analysis on Ty individuals derived from transgenic
soybean events carrying the two-T-DNA binary vector pPTN811
was conducted using a dual-scoring approach. Fatty acid profile
of individual seeds was determined from cotyledon chips through
gas chromatography as previously described (Buhr et al., 2002).
Derived methyl esters were analysed on a 6890N gas chromato-
graph (Agilent Technologies, Santa Clara, CA, USA) fitted with a
30 M x 250 pm HP-INNOWAX column (Agilent Technologies
Cat# 19091N-133). A leaf painting technique (Zhang et al.,
1999) was subsequently used to score for the presence of the bar
gene. Leaf paining was carried on V2-stage plants grown from
the corresponding seed. T, individuals were subsequently placed
into one of four phenotypic categories, HT/elevated stearic acid
(18 : 0); HT/wild-type stearate level <4% (WT); HS/18 : O; or
double the double null HS/WT. The phenotypic classifications
were re-confirmed via PCR using the primer set Stear5:
5-CCATGGCACTTAAACTCTCCTCATCC-3" and Stear3: 5'-TCTA-
GATCATCTTGTTGGTTTCTTCCTCC -3’ to amplify the stearoyl-
ACP thiocesterase transgene and primer set Pnos: 5-AG-
TTGACCGTGCTTGTCTCGATGT-3' and bar3: 5-CGTTTGGAACT-
CACAGAACCGCAA-3 to amplify an element with the bar gene
cassette.

Monitoring of physical properties of derived oils

Soybean oil samples with elevated stearic acid, high oleic/low
palmitic and stack phenotype of elevated stearic/high oleic
were monitored for oxidative stability and cold properties,
cloud and melting points. Oxidative onset temperatures of the
tested oils were determined by differential scanning calorimetry
(DSC, Mettler Columbus, OH) using the ASTM E 2009-02
method (2009-02, 2002). Approximately 3 mg of test oil
sample was placed in an aluminium pan. The pan was heated
at a rate of 10 °C per min in an aerobic environment. Heat
flow was monitored as a function of temperature until
oxidative reaction was triggered by heat evolution on the
thermal curve.

Cloud and melting points of the test oils were determined with
a DSC. Qils samples, 35-40 mg, were cooled from 10 °C to
—40 °C at a cooling rate of 1 °C per min and stayed at —40 °C
for 2 min, followed by heat rate of 1 °C per min to 10 °C. Cloud
point reflects the onset of temperature of the initial small
exothermic peak on the cooling curve, while melting point refers
to the onset temperature at which the initial small endothermic
peak on the heating curve is observed. Samples were run in
duplicate.
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Field trials with selected transgenic soybean event and
stack

Field tests on selected homozygous lineages derived from
transgenic events and stacks described were conducted in
2009, 2010 and 2011. Plots consisted of four 10-feet rows, with
data collected from the inner two rows. Limited seed in 2009 and
storm damage in 2010 limited the value of agronomic measure-
ments in those years; hence, only fatty acid phenotypic analysis
was tabulated. In 2011, in addition to fatty acid analysis of the
harvest, data were ascertained on estimated yields, 100 seed
weight, days to maturity, plant height, along with total protein
and oil determinations via proximate analysis (Eurofins, Des
Moines A, USA).
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