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Abstract The uses of vegetable oils are determined by
functional properties arising from their chemical com-
position. Soybean oil was previously used in margarines
and baked foods after partial hydrogenation to achieve
heat and oxidative stability. This process, however,
generates trans fats that are now excluded from food
use because of cardiovascular health risks. Also present
in soybean oil are the anti-oxidant tocopherols, with α-
tocopherol (vitamin E) typically present as a minor
component compared to γ-tocopherol. Genetic im-
provement of the fatty acid profile and tocopherol pro-
file is an attractive solution to increase the functional
and health qualities of soybean oil. The objective of this
research was to develop resources to directly select with
molecular markers for the elevated vitamin E trait in
soybean oil and to use a molecular breeding approach to
combine elevated vitamin E with the high oleic/low
linolenic acid seed oil trait that improves oil functional-
ity and nutrition. New soybean germplasm was devel-
oped from the molecular breeding strategy that selected

for alleles of six targeted genes. Seed oil from the novel
soybean germplasm was confirmed to contain increased
vitamin E α-tocopherol along with a high oleic acid/low
linolenic acid profile.

Keywords Soybean . Oilseed . Seed composition .

Nutrition

Introduction

Oil extracted from soybean seeds accounts for 56% of
the vegetable oil consumption in the USA. Soybean oil
is a reliable source of many beneficial health com-
pounds for both livestock and humans and naturally
contains vitamin E, which is made up of four forms of
structurally related tocopherols and tocotrienols, includ-
ing α-, β-, δ-, and γ-forms (Hunter and Cahoon 2007;
SoyStats 2020). These four forms are differentiated by
the number and position of methyl groups on the aro-
matic ring (Fryer 1992; Hunter and Cahoon 2007). Of
these forms, α-tocopherol has the highest vitamin E
activity in human and livestock nutrition due to its
higher bioavailability (Schneider 2005). Tocopherols
are lipid-soluble antioxidants produced in chloroplasts,
where they protect membrane integrity and prevent
oxidative stress through scavenging fatty acid peroxy
radicals, improving oil stability (Munné-Bosch and
Alegre 2002; Schneider 2005). Plant tocopherols also
are crucial for seed germination, early growth, and lon-
gevity (Sattler et al. 2004). Photosynthetic tissues con-
tain higher amounts of α-tocopherol, while tocopherols
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of conventional soybean seeds are comprised of ~ 65%
γ-tocopherols but < 10% of α-tocopherols. This com-
position provides a breeding opportunity for developing
soybean seeds with enhanced α-tocopherol content (el-
evated vitamin E) for improved nutritional quality
(Konda et al. 2020; Ujiie et al. 2005).

Plant tocopherols, particularly α-tocopherol, have
been identified as beneficial health compounds to
enhance immune system function, providing a role
in prevention of cancer, cardiovascular diseases, and
neurodegenerative diseases (Bramley et al. 2000;
Buring and Hennekens 1997). According to one
study, only 8% of men and ~ 2% of women in the
USA are consuming the estimated average require-
ments for vitamin E in their diets (Maras et al. 2004).
The majority of α-tocopherol consumed in the Amer-
ican diet comes from seed oils, due to the large role
that vegetable oils play in culinary culture (Grusak
and DellaPenna 1999). In addition to its health ben-
efits for humans, α-tocopherol is commonly added to
animal feeds; dietary α-tocopherol has been shown to
improve the meat quality of chicken and pigs and
improve the sensory perception of pork (Dirinck et al.
1996; Morrissey et al. 1994).

The vast majority ofα-tocopherol in the worldwide
vitamin E market, 85–88%, is synthetically derived
(Subramaniam et al. 2008). However, it only has 50–
74% of the biological activity of naturally derived α-
tocopherol (Clemente and Cahoon 2009). The remain-
ing 12–15% of worldwide α-tocopherol comes almost
entirely from soybean oil processing and typically
involves chemical methylation of γ-tocopherol, the
predominant tocopherol form in soybean oil, to pro-
duce “natural” α-tocopherol (Valentin and Qi 2005).
As such, enhancement of α-tocopherol content is a
target for improvement of the health-promoting prop-
erties of soybean oil and may mitigate the need for
chemical methylation (Van Eenennaam et al. 2003). A
forward genetics screen in Arabidopsis thaliana iden-
tified a tocopherol biosynthetic enzyme VTE3,
encoding a 2-methyl-6-phytylbenzoquinol methyl-
transferase, and when the gene was transformed into
soybean lines, there was enhanced conversion of δ-
and β-tocopherols to γ- and α-tocopherols (Van
Eenennaam et al. 2003). While these efforts resulted
in an eight-fold increase in α-tocopherol concentra-
tion and a five-fold increase in vitamin E activity,
these transgenic soybean lines are subject to regulato-
ry approval prior to commercial release.

In the last 30 years, a number of the genes responsi-
ble for the tocopherol biosynthetic steps have been
cloned in carrot, Arabidopsis, sunflower, and soybean
(Dwiyanti et al. 2011; Garcia et al. 1997; Hass et al.
2006; Keller et al. 1998; Norris et al. 1995; Norris et al.
1998; Van Eenennaam et al. 2003). A key step in
tocopherol biosynthesis is the final methylation of δ-
and γ-tocopherol by γ-tocopherol methyltransferase,
encoded by VTE4 in Arabidopsis and γ-ΤΜΤ3 in soy-
bean, to produce β- and α-tocopherols (Dwiyanti et al.
2011; Kumari et al. 2019). Plant breeders can now
characterize variant alleles of these target genes and
create new soybean lines through traditional plant
breeding and molecular selection; soybean lines with
increased ⍺-tocopherol content have already been iden-
tified in soybean germplasm collections (Dwiyanti et al.
2011; Kumari et al. 2019).

Conventional soybean breeding has also led to de-
velopment of soybean varieties with superior oil fatty
acid profile (Pham et al. 2012). Edible soybean oil is
typically chemically hydrogenated in order to increase
the more healthful and stable oleic acid component and
to reduce the amount of the oxidatively unstable poly-
unsaturated fatty acids (PUFAs) linoleic and linolenic
acids. While hydrogenation improves the shelf life of
soybean oil by reducing the levels of the less oxidatively
stable PUFAs, it creates trans fats which have been
regulated in foods because of negative effects on health
(FDA 2003; FDA 2015). A typical commodity soybean
seed contains about 25% oleic acid (18:1) as well as
52% linoleic acid (18:2) and 8% linolenic acid (18:3) in
the seed oil (Fehr 2007). We have been able to mine the
USDA’s GRIN collection for lines containing alleles
encoding increased oleic acid and decreased linoleic
and linolenic acids, and combine these alleles for the
high oleic/low linolenic acid (HOLL) trait (Pham et al.
2011; Pham et al. 2010; Pham et al. 2012). HOLL
soybean germplasm has seeds with over 80% oleic acid,
3–7% linoleic acid, and less than 3% linolenic acid
(Pham et al. 2012).

Combining HOLL lines with the increased α-
tocopherol trait through molecular-assisted breeding
would enable the creation of nutritionally enhanced,
improved stability soybean oil with a reduced require-
ment for processing. Little is known about potential
interactions between improved fatty acid profile and
increased α-tocopherol composition in seed oil. In this
work, we report the development of a novel molecular
marker assay to screen for the presence of the elevated
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vitamin E trait/increased α-tocopherol allele, OE
γ-ΤΜΤ3, and a molecular marker-driven breeding strat-
egy that successfully combined the five alleles respon-
sible for a HOLL/elevated vitamin E soybean line along
with the seed composition analyses for the novel soy-
bean germplasm.

Results

Analysis of γ-ΤΜΤ3 gene region genomic variation
and molecular marker assay development for increased
seed α-tocopherol/elevated vitamin E

In order to screen soybean accessions for the presence of
the over-expression allele of γ-ΤΜΤ3 (VTE4) originally
identified by Dwiyanti et al., the DNA sequence up-
stream from the γ-ΤΜΤ3 gene (Glyma.09g222800,
Wm82.a2.v1; Phytozome start codon position
09:44,342,003) was surveyed in a number of whole
genome resequenced soybean accessions using SNPViz
(Dwiyanti et al. 2011; Langewisch et al. 2014;
Valliyodan et al. 2020; Valliyodan et al. 2016; Zhou
et al. 2015). The γ-ΤΜΤ3 promoter region was putative-
ly indicated to be responsible for the gain-of-function
mutation resulting in over-expression of γ-ΤΜΤ3 found
in soybean accessions with increased α-tocopherol
(Dwiyanti et al. 2011; Kumari et al. 2019). There were
38 Plant Introduction (PI) accessions that contained the
“G” SNP that created a MYB binding site (“CTGTTA”)
present in the promoter region ~ 638 bases upstream
from the start codon of γ-ΤΜΤ3 (09:41,625,605A
Wm82.a1.v1.1 and 09:44,341,365A Wm82.a2.v1)
(Table 1). Herein, we designate the over-expression
alleles (OE γ-ΤΜΤ3) as those containing the “G” SNP
variant in the promoter at position 09:44,341,365
Wm82.a2.v1. The ratio of α-tocopherol to total tocoph-
erol was determined from field produced seed for a
small subset of these accessions along with the reference
cultivarWilliams 82 (Table 1). The four accessions with
the OE γ-ΤΜΤ3 promoter SNP had ratios higher than
Williams 82 with wild-type (WT) γ-ΤΜΤ3. The OE
γ-ΤΜΤ3 soybean variety Hutcheson was previously
demonstrated to contain a high α-tocopherol to total
tocopherol ratio (0.12), similar to our results (Britz
et al. 2008). The cultivar Williams 82 without the refer-
ence γ-ΤΜΤ3 allele was the only accession to have anα-
tocopherol to total tocopherol ratio below 0.11.

A molecular marker assay based on a SimpleProbe
was designed to theOE γ-ΤΜΤ3 promoter SNP (Fig. 1).
The molecular marker assay uses real-time PCR and a
fluorescent probe to differentiate between DNA samples
containing homozygous WT γ-ΤΜΤ3 alleles, heterozy-
gous alleles, and homozygousOE γ-ΤΜΤ3 alleles. Melt
curve analysis of the reaction products revealed distinct
peaks for each of the two different homozygous alleles
and heterozygous individuals: samples containing WT
γ-ΤΜΤ3 alleles produced peaks at 62.5 °C, and samples
with OE γ-ΤΜΤ3 alleles produced peaks at 58.5 °C,
while heterozygous samples produced both peaks (Fig.
1). Soybean accessions Keszthelyi Aproszemu Sarga
(PI 209129B) and Dobrudza No. 14 (PI 248397) were
previously found to have high α-tocopherol content
(Ujiie et al. 2005), and DNA from those accessions
produced peaks at 58.5 °C, demonstrating the presence
of OE γ-ΤΜΤ3 alleles (data not shown).

Molecular breeding strategy to combine the HOLL seed
oil trait with the elevated vitamin E trait

Soybean germplasm lines containing variant alleles for
the HOLL seed oil phenotype were selected from our
germplasm collection and were combined with the OE
γ-ΤΜΤ3 alleles from PI 248397 (Fig. 2). We have
previously reported that four genes are responsible for
the most dramatic increase in oleic acid and decrease in
linolenic acids, and the combination of these four alleles
results in ~ 80% oleic acid in the seed oil and reductions
in linolenic acid to less than 3%. We targeted variant
alleles with the most dramatic improvements in oil
profile from our germplasm collection: null alleles of
FAD2-1A and FAD3C as well as missense alleles of
FAD2-1B and FAD3C (Fig. 2) (Bilyeu et al. 2018).
Genotypic selection for these alleles paired with our
novel molecular marker assay for the OE γ-ΤΜΤ3 al-
leles enabled the creation of quintuple mutant lines
developed after 3 years of crossing and genotype selec-
tion (Fig. 2). The final desired genotype was for the five
alleles (FAD2-1A, FAD2-1B, FAD3A, FAD3C, and OE
γ-ΤΜΤ3) controlling the seed oil HOLL trait plus the
elevated vitamin E trait, in a functional E2maturity gene
background (Fig. 2). A confounding factor was the
presence of null alleles for the major maturity gene e2
in the parents (PI 248397 and experimental line KB11-
8#192) of the germplasm development scheme
(Langewisch et al. 2017; Watanabe et al. 2011). The
e2 alleles were originally physically linked to the indel
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alleles of FAD2-1A (from the PI 603452 donor), but that
linkage was broken for the high oleic germplasm line

KB12-1#70 (Fig. 2) (Pham et al. 2011; Watanabe et al.
2011). Two of our developed soybean germplasm lines

Table 1 Soybean reference genome Williams 82 and resequenced plant introduction (PI) accessions with variation for OE γ-TMT3
promoter variant

Accession Name Taxonomy Origin Maturity group Gm09: 44341365 Ratioa

PI 518671 “Williams 82” G. max Illinois, USA III A 0.06

PI 58955 Common Yellow Variety G. max Shandong Sheng, China IV G

PI 68521 -1 205 G. max China II G

PI 70466 -3 7336 G. max Jilin Sheng, China IV G

PI 84637 S-62 G. max Kyonggi, Korea, South II G

PI 84973 Takiya G. max Saitama, Japan III G

PI 153231 B-63 G. max Unknown III G

PI 153262 Roumanie G. max Belgium 0 G 0.22

PI 189873 Miko Saumon G. max France 0 G

PI 209334 No. 9 G. max Hokkaidô, Japan III G

PI 253661 B No. 12 G. max China III G

PI 378680 E (VNIIMK 9186) G. max Russian Federation I G

PI 398296 KAS 173-3 G. max Kyonggi, Korea, South II G

PI 398614 KAS 390-9 G. max Chungcheongbuk-do, Korea, South V G

PI 407131 RB 1072 G. soja Kumamoto, Japan VI G

PI 407801 G. max Kyonggi, Korea, South VI G 0.11

PI 408105 A KAS 633-19 G. max Gyeongsangbuk-do, Korea, South IV G

PI 424391 KAS 521-15 G. max Jeollabuk-do, Korea, South VI G 0.12

PI 437112 A VIR 249 G. max Russian Federation II G

PI 437240 CSchi 1069 G. max Moldova 0 G

PI 437662 Gun’-tszu-lin’ 658 G. max China II G

PI 437793 VIR 3024 G. max China II G

PI 438230 A VIR 4521 G. max China I G

PI 438323 Grignon 53-F-3 G. max France I G

PI 438336 Sao 208 G. max Algeria 0 G

PI 445824 A Wolfsthaler G. max Germany 0 G

PI 458538 G. soja Heilongjiang Sheng, China 0 G

PI 464927 A LS-005 G. soja Liaoning Sheng, China 0 G

PI 468916 G. soja Liaoning Sheng, China III G

PI 479752 GD 50388-2 G. soja Jilin Sheng, China I G

PI 507467 Tousan kei F 764 G. max Japan IV G

PI 507471 Tousan kei na 16 G. max Japan III G

PI 518664 “Hutcheson” G. max Virginia, USA V G 0.11

PI 549021 A Na hei dou G. max Liaoning Sheng, China III G

PI 603154 GL 2622 /96 G. max Korea, North V G

PI 603397 Hei qi huang da dou G. max China IV G

PI 603559 ZDD08590 G. max China IV G

PI 612611 “Browngilgun” G. max Korea, North III G

PI 639550 E (KSHI 713) G. max Moldova II G

a Ratio represents seed α-tocopherol/total tocopherol
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contained the targeted alleles of those six genes: KB14-
7#1025 and KB14-7#1046. The other developed germ-
plasm lines either were still segregating for the FAD3C
alleles or contained the undesirable nonfunctional e2
alleles (Fig. 2).

Increasedα-tocopherol content does not impact the high
oleic trait in soybean seeds

Soybean lines containing the high oleic trait from
FAD2-1A indel and FAD2-1B P137R and either WT
γ-ΤΜΤ3 or OE γ-ΤΜΤ3 alleles (disregarding alleles for
low linolenic acid) were field tested and analyzed for
seed oil oleic acid content, elevated α-tocopherol con-
tent, the ratio of α-tocopherol to total tocopherol, and
total tocopherol (Fig. 3). All of the lines were high in
oleic acid (overall mean of 82.3%), and there was no
significant difference in seed oil oleic acid between the
WT γ-ΤΜΤ3 or the OE γ-ΤΜΤ3 group. The OE
γ-ΤΜΤ3 group contained significantly higher seed α-
tocopherol content and a significantly higher ratio of α-
tocopherol to total tocopherol compared to the WT
γ-ΤΜΤ3 group (Fig. 3). The OE γ-ΤΜΤ3 group

contained significantly lower seed total tocopherol
(Fig. 3).

Seed fatty acid profile and tocopherol profile of control
and experimental soybean germplasm

Seed oil fatty acid profiles were determined for field-
produced seed of the control and experimental soybean
germplasm utilized or developed in this study. Palmitic
(16:0), stearic (18:0), oleic (18:1), linoleic (18:2), and
linolenic (18:3) acid contents are reported as percent-
ages of the seed oil (Table 2). Seeds from lines contain-
ing the alleles (ab) for the high oleic acid oil trait
showed somewhat variable but significantly lower mean
values for palmitic acid, linoleic acid, and linolenic acid
compared to lines without those alleles. There were
significantly higher mean values for oleic acid for lines
containing the alleles (ab) for the high oleic acid oil trait
compared to lines without those alleles (Table 2). The
control line KB13-15_14-224 (abcdE_) with the HOLL
trait alone was not significantly different for mean
linolenic acid compared to the three lines with the
HOLL trait in combination with theOE γ-ΤΜΤ3 alleles

a

b

GGGATTGAATTTGGTCTATAATCGATTATGGATTTTATTTTTAGTTTTAATTTAATCAAT
TCAAAAGTTTAACTTGTTCTATTAATCAATTTAAACATGTATTTTATATTCAAGTTTTTA
CATAAGTGTAGATAAATTATATTTTTTTAAATTAATATATATATATAAATTAGTAAACTA
AAATAATTTAAACAAATTAAAACAAAAGAACACTCACTTTTTAAAAAAAAAAGTTGTAAA
AAAATAAAAAAATTAAACAAAAACAAAATCAAACACGTAATTTTTTTTAAAAAAATATAG
GGTAACAAGAAATAGAAA

Fig. 1 A SimpleProbe molecular marker assay for the OE γ-
ΤΜΤ3 alleles. a The DNA sequence shown represents the WT γ-
ΤΜΤ3 promoter 318 bp amplicon on Williams 82 (Wm82.a2.v1)
chromosome 09 from position 44,341,285 to 44,341,602. The
underlined sequences represent the marker assay forward and
reverse primers, the gray-highlighted region represents the
SimpleProbe sequence, and the bold “A” base is the polymorphic

site at position 44,341,365 that is a “G” base in OE γ-ΤΜΤ3
alleles. b Melting curve results from the OE γ-ΤΜΤ3 molecular
marker assay. The negative first derivatives of the disappearance in
the florescence with increasing temperature of three samples is
shown, with the homozygous WT γ-ΤΜΤ3 allele sample in blue
(peak at 58.5 °C), the homozygous OE γ-ΤΜΤ3 sample in red
peak at 62.5 °C, and a heterozygous sample in green (both peaks)
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*
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a

KB11-8#192        x       PI 248397

KB12-5#331     x       KB11-1#590

KB13-5#449    x    KB12-1#70

a b c D E f A B C D e f

a b c D e f

a b c d e F/f a b C D E F

a' b c d E F

KB14-7# 976
KB14-7#1002
KB14-7#1030
KB14-7#1025
KB14-7#1046

a b C/c d e F

a b c d e F

a b c d e F

a b c d e f

a b C/c d e f

b

Fig. 2 Molecular marker based breeding scheme to combine the
HOLL seed oil trait with the elevated vitamin E trait. a Gene
names, identification in Wm82.a2.v1, and allele information for
six targeted genes. For simplicity, each targeted gene is coded by
an uppercase (functional allele) or lowercase letter (alternate al-
lele). The details of the alleles are provided, and bold plus gray
shading represents the targeted allele for this study. b Breeding
scheme with experimental line names and allele code for the six
targeted genes. The genotypes are listed for the parents of each

cross and the selection of lines derived from those crosses indicat-
ed by the triple arrows (for three generations of advancement and
selection in the F2 or F2 and F3 generation). Arrows represent the
advancing generations from each cross, with the asterisks
representing the F2 generation molecular selection steps. Shaded
and bolded codes represent the desired alleles of each gene. Black
boxes with F/f or C/c represent lines that were still segregating for
those genes. The two developed soybean lines in bold font were
homozygous for the desired alleles of all six of the targeted genes
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(abcde_) (Table 2). The OE γ-ΤΜΤ3 alleles did not
interfere with the HOLL lines’ seed composition achiev-
ing the target of > 75% oleic acid and < 3.0% linolenic
acid in the seed oil.

Similarly, tochopherol profiles were determined for
field-produced seed of the control and experimental

soybean germplasm utilized or developed in this study.
Here we report δ-tocohpherol, γ- and β-tocopherols
combined (γ/β), and α-tocopherol as content contribut-
ing to the total vitamin E, in μg/g seed dry weight, as
well as the ratio of α-tocopherol to total tocopherol
(ratio) (Table 3). There were variable mean values for

b
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(n=15)
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(n=9)
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Fig. 3 Seed oil phenotypes for control and experimental soybean
lines contrasting for either WT orOE γ-ΤΜΤ3 alleles but fixed for
the alternate alleles of FAD2-1A and FAD2-1B conditioning the
high oleic acid oil trait. For the two categories, the box plots
present the 25 to 75% quartiles as the box, whiskers representing
the range, a bold horizontal line as the median, and a dot as the
mean. The p values are listed from the t tests. There were nineWT

γ-ΤΜΤ3 samples and 15 OE γ-ΤΜΤ3 samples (highlighted in
gray). a Fatty acid results for oleic acid as a percent of the seed
oil for high oleic acid soybean lines with WT or OE γ-ΤΜΤ3
alleles. b Seed α- tocopherol results for high oleic acid soybean
lines with WT or OE γ-ΤΜΤ3 alleles. c Results for ratio of α-
tocopherol to total tocopherols for high oleic acid soybean lines
with WT or OE γ-ΤΜΤ3 alleles
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seed δ-, γ/β-, α-tocopherol, and total tocopherol for the
lines studied, but the parental line PI 248397 with OE
γ-ΤΜΤ3 alleles was significantly higher for mean α-
tocopherol and significantly lower for mean δ-
tocopherol than all of the other lines investigated. Seeds
from soybean lines containing the OE γ-ΤΜΤ3 alleles
had generally lower mean γ/β-tocopherol than lines
with WT γ-ΤΜΤ3 alleles. The ratio values showed the

WT γ-ΤΜΤ3 lines forming a group with no significant
difference in ratio values in the 0.06 to 0.08 range. The
OE γ-ΤΜΤ3 lines were more variable for ratio values,
but all were significantly higher than the WT γ-ΤΜΤ3
lines. The parental line PI 248397 with OE γ-ΤΜΤ3
alleles had the highest ratio value (0.33), and it was
significantly higher than all of the experimental lines
with OE γ-ΤΜΤ3 alleles. The experimental lines with

Table 2 Fatty acid components of the seed oil in experimental soybean lines

Soybean line γ-TMT3 allele Genotype Samples Fatty acids

Palmitic (16:0) Stearic (18:0) Oleic (18:1) Linoleic (18:2) Linolenic (18:3)
no. Percent of total oil

Williams 82 WT ABCDEF 2 11.6ba 3.8bc 25.1e 52.5a 7.1b

PI 248397 OE ABCDef 3 13.6a 4.2a 24.1e 50.0b 8.1a

KB11-8#192 WT abcDEf 3 8.6cd 3.1e 82.6ab 2.7e 2.9e

KB11-1#590A WT a'bcdEF 3 8.3de 3.6cd 79.5d 6.3c 2.3f

KB12-1#70 WT abCDEF 3 8.0ef 3.3e 82.0abc 2.2ef 4.5c

KB13-15_14-224 WT abcdEF 3 7.3g 3.3de 83.1a 3.8d 2.5f

KB14-7#976 OE ab(C/c)deF 3 8.5cd 3.3e 82.9ab 1.7f 3.6d

KB14-7#1002 OE abcdef 3 8.2de 3.1e 82.4abc 4.1d 2.3f

KB14-7#1030 OE ab(C/c)def 3 8.4cd 3.1e 81.2c 4.0d 3.4d

KB14-7#1025 OE abcdeF 3 8.8c 3.1e 81.7bc 4.0d 2.4f

KB14-7#1046 OE abcdeF 3 7.8f 3.9b 82.3abc 3.8d 2.2f

a Values followed by a common lowercase letter are not significantly different according to LSD (p = 0.05)

Table 3 Tocopherol components of the seed in experimental soybean lines

Soybean line γ-TMT3 allele Genotype Samples Tocopherols

δ γ/βa α Total Ratiob

no. μg/g seed

Williams 82 WT ABCDEF 2 89.6ac 221.6a 19.8ef 331.0a 0.06f

PI 248397 OE ABCDef 3 38.8g 135.6de 86.1a 260.5bcde 0.33a

KB11-8#192 WT abcDEf 3 81.3abc 171.6bc 16.9f 269.7bcd 0.06f

KB11-1#590A WT a’bcdEF 3 84.4ab 172.6bc 17.5f 274.4bc 0.06f

KB12-1#70 WT abCDEF 3 74.2bcd 200.7ab 23.1ef 298.0ab 0.08f

KB13-15_14-224 WT abcdEF 3 88.1a 188.5b 20.0ef 296.6ab 0.07f

KB14-7#976 OE ab(C/c)deF 3 70.6cd 152.5cd 29.4de 252.5cdef 0.12e

KB14-7#1002 OE abcdef 3 50.8fg 128.5de 41.2bc 220.5f 0.19bc

KB14-7#1030 OE ab(C/c)def 3 63.4de 133.4de 35.4cd 232.3def 0.15d

KB14-7#1025 OE abcdeF 3 55.7ef 121.8e 49.4b 226.8ef 0.22b

KB14-7#1046 OE abcdeF 3 65.4de 149.0cde 42.5bc 256.9cdef 0.17cd

aγ/β indicates both γ-tocopherol and β-tocopherol unresolved by HPLC
bRatio represents α-tocopherol/total tocopherol
c Values followed by a common lowercase letter are not significantly different according to LSD (p = 0.05)
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OE γ-ΤΜΤ3 alleles had ratios in the range of 0.12 to
0.22.

Molecular breeding for targeted alleles of six genes
resulted in the development of two soybean germplasm
lines (KB14-7#1025 and KB14-7#1046) that produced
seeds with improved seed composition with the HOLL
oil trait in combination with the elevated vitamin E trait.

Discussion

Our research demonstrated that the soybean elevated
vitamin E trait resulting from an increase in seed ⍺-
tocopherol and conditioned by the OE ɣ-TMT3 alleles
can be successfully combined with the four fatty acid
desaturase alleles responsible for the HOLL seed oil trait
in soybean. Substantial interactions between fatty acid
profile of the oil and α-tocopherol content were not
detected. These seed composition traits were stacked
together to achieve a healthier, more oxidatively stable
and nutritionally enhanced soybean. Oil produced from
these non-GMO soybean lines would enhance the value
of soybean with elevated vitamin E in a more oxidative-
ly stable oil.

While seeds from soybean lines containing combina-
tions of the HOLL alleles with the OE ɣ-TMT3 alleles
did show a significant reduction in ⍺-tocopherol when
compared to the OE ɣ-TMT3 allele donor PI 248397
with an unmodified fatty acid profile background, the
novel soybean germplasm lines (abcdeF) still showed
significantly higher seed ⍺-tocopherol levels than the
reference WT ɣ-TMT3 line Williams 82 (Table 3). The
decrease in ɣ/β tocopherol observed in OE ɣ-TMT3
allele-containing lines was expected as a result of the
enhanced activity of the ɣ-TMT3 gene drawing from the
pool of ɣ-tocopherol in the biochemical pathway.

It is not clear if the PI 248397 has additional genetic
components contributing to the significantly higher seed
vitamin E content than all other soybean lines evaluated
in this research. Seeds from other soybean lines contain-
ing the OE ɣ-TMT3 alleles generally produced about
two- to three-fold higher ratios of α-tocopherol to total
tocopherol in this study. It was notable that the cultivar
Hutcheson was identified as a potential OE ɣ-TMT3
allele donor, since it was shown here to have the OE
ɣ-TMT3 alleles and previously ranked at the top of
soybean accessions evaluated for ratio (Britz et al.
2008; Buss et al. 1988).

The work of McCord et al. investigated the tocoph-
erol content of seeds from soybean lines with either
normal seed oil fatty acid profiles or the ultra-low
linolenic acid oil trait (~ 1% of the seed oil). In that
study, there was lower total tocopherol in the ultra-low
linolenic acid lines that was due to a proportionate
decrease in all of the tocopherols except the β-
tocopherol component (McCord et al. 2004). We did
not design our study to tease apart the differences in total
tocopherols for the various seed composition combina-
tions; however, despite high variation, we did observe
significantly reduced seed total tocopherols for high
oleic acid lines with the OE ɣ-TMT3 alleles compared
to high oleic acid lines with WT ɣ-TMT3 alleles (Fig.
3d). When comparing individual soybean lines, it was
not possible to discern if this effect was related to the
fatty acid profile (Table 3).

Although generating soybean germplasm with the
appropriate plant maturity for mid-Missouri environ-
ments (maturity group III/IV) was a component of this
work, evaluating the effect of temperature during podfill
was beyond the scope of this research. Warmer environ-
ments have been shown to positively impact seed com-
position with regard to fatty acid profile and tocopherol
content: Carrera et al. (2011) reported that warmer en-
vironments favored increased seed ⍺-tocopherol accu-
mulation and improved oleic to linolenic acid ratio in the
seed oil of unmodified soybeans. These data suggest
that future research into the environmental stability of
the HOLL oil plus elevated vitamin E combination
should include production across a range of maturity
zones in order to establish the stability of the seed
composition phenotypes as well as their yield potential
so that the value of the grain can be priced appropriately
for the production of these novel value-enhanced
soybeans.

Materials and methods

SNPViz analysis

The analysis to investigate the haplotypes in the γ-ΤΜΤ3
gene region was initially done with the original SNPViz
(Langewisch et al. 2014), but the final analysis utilized
an updated SNPViz2.0 and 775 unique resequenced
soybean accessions (http://soykb.org/newSNPViz/).
The region 1000 bp upstream from the start codon and
including the coding sequence of Glyma09g35680
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/Glyma.09g222800 or the 1000 bp surrounding the
promoter SNP were analyzed. Soybean accessions
with the promoter SNP (09:41,625,605A Wm82.a1.
v1.1and 09:44,341,365A Wm82.a2.v1) were present
as a subset of a distinct haplotype from the reference
accessions and one other distinct haplotype. The
promoter SNP was present in the “non-reference”
haplotypes. Within 100 bp upstream of the promoter
SNP, there were six additional potential variant
sequence positions present in both Wm82.a1.v1.1 and
Wm82.a2.v1, but none of those positions correlated
perfectly with the defined promoter SNP; the
additional potential variant sequence positions present
in both data sets that were present between the promoter
SNP and the γ-ΤΜΤ3 start codon also did not correlate
with the promoter SNP.

Molecular marker assays

The OE γ-ΤΜΤ3 SimpleProbe assay was based on the
disassociation kinetics of a SimpleProbe oligonucleo-
tide (XCR Diagnostics, Salt Lake City, UT) to be ex-
actly complimentary to the Williams 82 WT reference
sequence. The SimpleProbe consisted of 5′-Fluorescein-
SPC-CAATTCAAAAGTTTAACTTGTTCTATTAA
TCAATT-phosphate-3′. The A > G mutation is indicat-
ed by bold font. Genotyping reactions were performed
with a 5:2 (reverse to forward) asymmetric mix of
primers (5′-GGGATTGAATTTGGTCTATAATCG-3′
at 2 μM final concentrat ion, and 5 ′ -AATT
TATCTACACTTATGTAAAAACTTGA-3′ at 5 μM
final concentration). Reactions were carried out in
20 μl, containing DNA template, primers, 0.2 μM final
concentration of SimpleProbe, buffer (40 mM Tricine-
KOH [pH 8.0] 16 mM KCl, 3.5 mM MgCl2,
3.75 μg ml−1 BSA,), 5% DMSO, 200 μM dNTPs, and
0.2X Titanium Taq polymerase (BD Biosciences, Palo
Alto, CA). Genotyping reactions were performed using
a Lightcycler 480 II real-time PCR instrument (Roche
Life Sciences, Indianapolis, IN), 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 °C to 70 °C. Reference alleles
produced a peak at 62.5 °C, mutant alleles produced a
peak at 58.5 °C, and heterozygous samples produced
both peaks.

The molecular marker assay for FAD3A was similar
to above, with the anti-sense SimpleProbe 5′-Fluoresce-
in-SPC-GTTACCTTGCCGCGATACCA-phosphate-

3′ along with 5:2 forward 5′-TTGCATCACCATGG
TCATCAT-3′ to reverse 5′-AGCTATTATCTAGC
ATTAACCTCA-3′ primers. The melting curve was 50
to 75 °C; reference alleles produced a peak at 64 °C,
mutant alleles produced a peak at 54 °C, and heterozy-
gous samples produced both peaks.

Likewise, the molecular marker assay for FAD3C
had an anti-sense SimpleProbe 5′-Fluorescein-SPC-
AGGAACCGACCATCCATGGTATGGTACA
AGAAT-phosphate-3′ along with 5:2 forward 5′-GTCC
TTTGTTGAACAGCATT-3′ to reverse 5′-CTCC
TGCAAAAAATCCATGAGTTGT-3′ primers. The
melting curve was 60 to 75 °C; reference alleles pro-
duced a peak at 68 °C, mutant alleles produced a peak at
64 °C, and heterozygous samples produced both peaks.

The molecular marker assays for FAD2-1A, FAD2-
1B, and E2 were performed as previously described
(Langewisch et al. 2017; Pham et al. 2011; Pham et al.
2010; Pham et al. 2012).

Seed composition analyses

Tocopherols were extracted from powdered seeds and
content and composition were measured by HPLC with
fluorescence detection as previously described (Konda
et al. 2020). Fatty acid analyses were conducted on
mature seeds as described (Beuselinck et al. 2006).

Breeding scheme for germplasm development and field
experiment

Novel soybean germplasm was developed through a
molecular breeding approach that consisted of soybean
crossing at the South Farm Research Center near Co-
lumbia, Missouri, during the annual field season (May–
October) and two generations of advancement and ge-
notype selection in a winter nursery. The F1 seeds were
sent to a winter nursery in Costa Rica and advanced one
cycle to produce F2 seeds. In the second off-season
generation, the F2 plants were sampled with
Whatman® FTA® cards (Whatman, Clifton, NJ,
USA) for genotyping with molecular marker assays for
the desired alleles, and selected F2:3 seeds from single
plant threshes were returned to Missouri to be planted
and used as parents in the subsequent Missouri field
season. After true leaves emerged from plants in the
Missouri plots, genotyping assays were used to
confirm the status of targeted alleles or identify
selections that were still segregating from some of the
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genes. This scheme was followed for crossing in 2012,
2013, and 2014 (as in Fig. 3). The PI 248397 was the
OE γ-ΤΜΤ3 promoter variant donor, and several differ-
ent experimental soybean germplasm lines contributed
the targeted alleles for FAD2-1A, FAD2-1B, FAD3A,
FAD3C, and E2. The undesirable e2 alleles were phys-
ically linked on chromosome 10 to the targeted indel
alleles of FAD2-1A in the original donor PI 603452
(Langewisch et al. 2017; Pham et al. 2011).

In the 2015 Missouri field season, control soybean
lines and a subset of the PI accessions that were found to
contain theOE γ-ΤΜΤ3 promoter variant were grown in
50 seed plots in a random design. The developed exper-
imental soybean lines (F2:3 plants) were grown in ap-
proximately 30 seed plots in a random design, and five
plants from each plot were single plant threshed for seed
composition analyses (F3:4 seeds). Single plant threshed
seeds were used for analyses of the control soybean
lines, but the PI accessions (Table 1) were bulk harvest-
ed by plot. Separate three seed samples from three
different single plants per plot were analyzed for fatty
acids and tocopherols; a single three seed sample from
each plot bulk was used for tocopherol analysis for the
PI accessions in Table 1.

Statistics

Box plots were created in R using the boxplot()
function. In box plots, points for the means were
calculated by colMeans() and added to the plots with
points(). The Student t test (two-sample assuming
unequal variances) was used in the Excel Data Anal-
ysis package for discriminating differences in means
for oleic acid, α-tocopherol, and ratio in Fig. 3. For
statistical comparative analyses of the seed fatty acid
and tocopherol data in Tables 2 and 3, a one-way
ANOVA was conducted in R version 3.5.1 using the
aov() function. There were three replications per
line, except for Williams 82 which had only two
replications. To generate LSD values, the R package
“agricolae” was used for multiple comparisons with
the function LSD.test().
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