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Abstract Soybean is the most important bean that produces the finest herbal oil
and protein for usage in the food sector and industrial products. Lecithin has use in
pharmaceuticals to protective coatings. Among the leguminous crops, soybean con-
tains utmost content of protein (40%), whereas other species have 20-30% protein
content. Soybean oil is composed of linoleic, palmitic, stearic, oleic, and linolenic
acids. The genetic variation related to oil content is trivial than the protein content,
making it challenging to boost oil content at genetic levels. In soybean, the key
functional genes associated with fatty acid (FA) biosynthesis are fatty acid desatu-
rase (FAD) genes, 3-ketoacyl-ACP synthase II (KAS II) genes, and diglyceride
acyltransferase (DGAT) gene. Genetic editing via transcription activator-like effec-
tor nucleases (TALENSs) of FAD2-1A and FAD2-1B genes produced nearly fourfold
more oleic acid in mutant soybean plants by silencing genes of fatty acids.
Overexpression of various DGAT types enhances seed oil content. Overexpression
of GmDof11, GmNFYA, GmbZIP123, GmDof4, and GmMYB73 transcription fac-
tors has imperative roles in regulation of lipid accumulation and significantly
increased TAG content in transgenic plant seeds by direct promoter binding of lipid
biosynthesis genes.
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11.1 Introduction

Soybean (Glycine max L. Merr.) is the richest and cheapest annual commercial
legume (Fabaceae) and major oilseed and protein dual-use crop worldwide that
produces the best and most of global vegetable oil and protein (Broun et al.
1999; Kim et al. 2012). In 2018, soybean yields accounted for approximately
60% of the world’s oilseed production (http://soystats.com). Cultivated soy-
bean seeds have the highest protein content (around 40%) among legumes
(between 20 and 30%) and contain approximately 18-22% oil (Patil et al. 2018;
Liu 1997). Soybean oil which is a complex mixture of five fatty acids includes
palmitic acid (10%), oleic acid (18%), stearic acid (4%), linoleic acid (55%),
and linolenic acid (13%). Soybean oil has role in growth and development and
reproductive biology of soybean crop (http://www.soystats.com; Lee et al.
2007; Mekhedov et al. 2000; Clemente and Cahoon 2009). Soybean oil is one
of the key sources of edible herbal oil for individuals and finds competitive use
in food products, for instance, margarine, cooking oils, salad dressings, and
beverage production and industrial applications, for instance, sizing for cloth,
plastics, fire-extinguisher fluids, and soy-based biodiesel production from
above 1 billion gallons of oil in 2011 and bioenergy resource for sustainable
development (Mekhedov et al. 2000; http://www.soystats.com). Soybean oil-
based emulsifier and lubricant known as lecithin finds application in pharma-
ceuticals to protective coatings (http://www.soystats.com). Current trends in
health awareness and increased demands of soybean seed oil have given much
concern to quality and content of oil. Soybean oil quality depends on fatty acid
composition. The fatty acid composition in soybean influences flavor, dietetic
value, and strength of oil. The unsaturated fatty acids regulate immune system,
clotting of blood, neurotransmission, metabolism of cholesterol, and organiza-
tion of membrane phospholipids in the brain and retina. But unsaturated fatty
acids are prone to oxidation causing off-flavor and reduced shelf life of oil
(Smouse 1979; Mounts et al. 1988; Abedi and Sahari 2014). To address these
needs, substantial evolution has been achieved by soybean breeding to increase
the yield of soybean. Marginal progressions have been achieved in high-yield-
ing germ lines due to contrary association between contents of seed oil and
protein. Crop needs to have increased content of monounsaturated fatty acids
(e.g., oleic acid) and decreased content of polyunsaturated fatty acids (e.g.,
linoleic acid and linolenic acid). This will increase oxidative stability of soy-
bean oil and fatty acid content and total content of seed oil with increased
health benefits to humans (Clemente and Cahoon 2009; Lee et al. 2012). The
genetic variation determining oil content is smaller than of protein content,
making it challenging to increase oil content at genetic basis. Several induced
changes in the genetic makeup improved oil composition with reduced
Glym4(C6T3L5) allergens in soybean seed by fatty acid desaturase (GmFAD3),
gene silencing of metabolic pathways that are responsible for encoding fatty
acids, and developing value-added soybeans (Nazrul et al. 2019).
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11.2 Biosynthetic Pathway of Lipids (TAG) in Seeds

Vegetable oil synthesis is a complex process. Oilseed plants are renewable sources
of fatty acids which are a significant component of oil. Oilseed plants accumulate
fatty acids in seeds in the form of triacylglycerols (TAGs) (Thelen and Ohlrogge
2002). De novo fatty acid (FA) biosynthesis initiates mainly in stroma of chloro-
plasts wherein fatty acids undergo two interconnected metabolic pathways of acyl-
CoA-dependent pathway and acyl-CoA-independent pathway and are exported to
the cytoplasm (Okuley et al. 1994; Ohlrogge et al. 1979; Reed et al. 2000; Kroon
et al. 2006). Acyl-CoA-dependent pathway or Kennedy pathway involves priming
via acetyl-CoA carboxylase (ACCase) and elongation via malonyl-CoA of nascent
acyl chains as direct precursors up to 18 carbons in length (Kennedy 1961).
Glycerol-3-phosphate acyltransferase (G;PAT) catalyzes transfer of fatty acid to
glycerol-3-phosphate (G;P) and forms lysophosphatidic acid (LPA). LPA is acyl-
ated by cytosolic lysophosphatidic acid acyltransferase (LPAAT) by incorporating
oleic acid at sn-2 position to produce phosphatidic acid (PA). Then PA is dephos-
phorylated by phosphatidic acid phosphatase (PAP) to form diacylglycerol (DAG).
The last step of DAG acylation is catalyzed by a key rate-limiting enzyme diacylg-
lycerol acyltransferase (DGAT) found in oil bodies or endoplasmic reticulum (ER)
which transfers an acyl group from acyl-CoA at sn-3 position of sn-1,2-diacylglycerol
to synthesize triacylglycerol (TAG) neutral lipids in plant seeds (Kamisaka et al.
1997; Cagliari et al. 2010; Jako et al. 2001). TAG is important for oil formation in
seeds and mainly synthesizes, assembles, and accumulates in oil bodies (Barthole
et al. 2012).

Acyl-CoA-independent pathway uses phospholipid:diacylglycerol acyltransfer-
ase (PDAT) for final acylation reaction. PDAT directly relocates one acyl group
from phosphatidylcholine (PC) to DAG and produces TAG (Dahlqvista et al. 2000).
Regulation of genes encoding complex enzyme machinery of lipid biosynthetic
pathway may affect oil content in seeds (Okuley et al. 1994; Reed et al. 2000). This
complex genetic mechanism of oil concentration and composition is challenging to
study but provides prospective to increase oil content and composition of fatty acids
(Liu et al. 2013).

11.3 Genomic Traits Linked to Soybean Seed Oil

Fat biosynthesis in soybean comprises synthesis, termination, discharge, and desatu-
ration of fatty acid chain and triglyceride (TAGs) synthesis along with formation of
polyunsaturated fatty acids and liposomes. The synthesized fat is deposited as glyc-
erine and phospholipid and as TAG in seeds (Mekhedov et al. 2000). Identification
and verification of a number of lipid metabolism genes have been reported (Barthole
et al. 2012). DGATs are four types in plants (Yen et al. 2008). The DGAT genes (10)
in soybean have subfamilies of DGAT1, DGAT2, or DGAT3 with distribution on
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different chromosomes. DGAT1 is primarily present in germinated and mature seeds.
DGAT?2 occurs in nodules, leaves, flowers, green pods, and matured seeds. DGAT3
is expressed in leaves, roots, and seeds (Liu et al. 2013). Transformation of soybean
seed cells expressed UrDGAT2A positioned on endoplasmic reticulum and mem-
brane of the oil body (Lardizabal et al. 2008). Thus, DGAT expression relates to
variations in content of seed oil. GmDGAT2D hairy root soybean transgenic synthe-
sizes 18:1 or 18:2 TAG. GmDGATIA transgenic hairy roots synthesize 18:3 acyl-
CoA for TAG biosynthesis (Chen et al. 2016). Genetic engineering, genetic editing,
or RNAI interference of key enzyme-encoding genes can activate or deactivate
enzyme activity and improve oil quality. The rstDGAT1 gene was cloned in mice
(Cases et al. 1998) and Arabidopsis thaliana (Hobbs et al. 1999), DGAT1 gene in
Tropaeolum majus (Xu et al. 2008) and Ricinus communis (He et al. 2004), and
DGAT?2 in Mortierella ramanniana (Lardizabal et al. 2001) and Arabidopsis thali-
ana (Salanoubat et al. 2000). A number of investigations focus on identification and
verification of multiple related genes of lipid metabolism (Barthole et al. 2012).
Genome-wide association studies (GWAS) also discovered some genes linked with
content and composition of oil (Cao et al. 2017; Zhang et al. 2018a). The content and
composition of seed oil in soybean are under regulation of multiple quantitative trait
loci (QTLs)/genes and are also influenced by the environment (Burton 1987; Diers
etal. 1992). QTLs associated with seed oil (>322 oil QTLs) and fatty acids (228 fatty
acid QTLs) have been recognized on 20 chromosomes in SoyBase database (Diers
et al. 1992; Spencer et al. 2004; Shibata et al. 2008; Bachlava et al. 2009; Qi et al.
2011; Sun et al. 2011; Mao et al. 2013; Pathan et al. 2013; Ha et al. 2014; Kim et al.,
2010; https://www.soybase.org). QTL regions of 1.64-2.09 Mb and 33.35-35.95 Mb
on Chr. 20 are for the oil content, and QTL region of 44.58—48.58 Mb on Chr. 14 is
for linolenic acid of seeds (Qi et al. 2011; Spencer et al. 2004; Bachlava et al. 2009;
Csanadi et al. 2001; Wang et al. 2014; Han et al. 2015; Reinprecht et al. 2006; Patil
etal. 2018; Xie et al. 2012). Based on high-density genetic map, one QTL on Chr. 05
(qOil-5) for seed oil and two QTLs (qOill0-1 and qOill10-2) for oil content and
stable QTLs for oil content on Chr. 02 (qOil_02), Chr. 08 (qOil_08), Chr. 15
(qOil_15), and Chr. 20 (qOil_20) (3 K-SNP) were identified (Cao et al. 2017; Zhang
et al. 2018b; Patil et al. 2018). Specific-locus amplified fragment (SLAF) markers
detected 26 stable QTLs for 5 fatty acids (Li et al. 2017). Twenty-four stable QTLs
for content and composition of oil in seed were identified by model-based composite
interval mapping (CIM) in soybean. QTLs (23) overlapped with or were adjacent to
previously reported QTLs. One QTL, gPAI0_1 (5.94-9.98 Mb), on Chr. 10 is a novel
locus for palmitic acid (Yao et al. 2020).

11.4 Soybean Genetic Improvements

Biotechnology proposes novel tools for designing soybean plants with improved oil
quality via direct modification of fatty acid biosynthesis or by producing novel fatty
acids. Only few success stories are available involving modification of enzymes and
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substrate pools in Kennedy pathway with novel technologies for the enhanced rela-
tive production of triacylglycerols (TAGs) in soybean seed oil. The synthesis of fat
includes the metabolisms of sugar, pyruvate, fatty acids, and other pathways. Seed
oil content is regulated by synthesis of fatty acids, accumulation of lipids, and
development of seeds (Bao and Ohlrogge 1999; Yun and Isleib 2000). Refining oil
content depends principally on the manipulation of fatty acid biosynthesis pathway.
Synthesis of fatty acids and assembly of TAG undergo regulation at the levels of
transcription, post-transcription, and metabolism, but the regulatory networks are
uncharacterized. ABI3, LEC1, LEC2, Dof, WRII, and FUS3transcription factors
play vital roles in lipid biosynthesis (Libeisson et al. 2010).

Enhancing expression of DGAT which converts diacylglycerols (DAGs) to TAGs
inoil seed crops improves both oil content and fatty acid composition. Overexpression
of Umbelopsis ramanniana diacylglycerol acetyltransferase (UrDGAT?2) gene was
reported in soybean seeds and designed a new soybean variety with better oil con-
tent (Lardizabal et al. 2008). DGAT1 overexpression promotes accumulation of
TAGs in Arabidopsis thaliana and Nicotiana (Bouvier-Navé et al. 2000). WS/DGAT
bifunctional genes and cytoplasmic peanut AhDGAT genes regulate lipid biosyn-
thesis and accumulation. P24 oleosin isoform B, P24 oleosin isoform A, and two
oleosin-5 showed upregulation in mature soybean transgenic plants. Overexpression
of oleosin genes improved total content of fatty acids (Shimada and Hara-Nishimura
2010). GmDGAT -2 after transfer to WT soybean (JACK) increased total fatty acid
contents and 18:1 composition in transgenic soybeans, but lowered linoleic acid
(18:2) than in WT. Differentially expressed proteins (436) and differentially
expressed metabolites (180) were reported in WT (JACK) and transgenic soybean
pods (Xu et al. 2021). Overexpressing DGAT?2 transgenic soybeans showed 1.5%
increase in total seed oil without reduction in seed protein content or yield.
Overexpression of yeast sphingolipid compensation (SLC1) protein which pos-
sesses lysophosphatidic acid acyltransferase (LPAT) activity leads to 1.5% increased
oil content in soybean seeds and 3. 2% increased oil content in somatic embryos.
SLCI converts lysophosphatidic acid to phosphatidic acid which is a precursor of
DAG (Rao and Hildebrand 2009).

Genetic engineering can enhance content of seed oil for a specific fatty acid or a
class of fatty acids. Transgenic soybean with oleic acid content of around 80% of
total oil was designed by downregulation of FAD2 genes encoding enzymes for
conversion of monounsaturated oleic acid to polyunsaturated linoleic acid (Kinney
1997). Linolenic acid (LA) reduces oxidative stability of oil resulting in rancidity
and reduced shelf life. Three desaturase genes (GmFAD?3) subscribe to LA synthe-
sis, and targeted gene silencing approach suppression or downregulation of
GmFAD3 gene resulted in low (LA contents <2%) linolenic soybeans (Flores et al.
2008). Higher oleic acid (OA-a precursor of linolenic acid) mutant soybean variet-
ies with four times more oleic acid were generated via genetic editing using tran-
scription activator-like effector nucleases (TALENS) tools. TALENS bind and target
specific DNA loci in FAD2-1A and FAD2-1B genes and create small deletions in
their coding sequence and downregulate desaturases which converts OA to
LA. Transgenic seeds ad OA content increased up to ~80% (Haun et al. 2014;
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Mazur et al. 1999; Buhr et al. 2002). Overexpression of borage A6desaturase which
converts LA and a-linolenic (ALA) to GLA and SDA, respectively, increased stea-
ridonic acid (SDA) and y-linolenic acid (GLA) fatty acid contents in soybeans
which exhibit pharmacological properties and nutritional value (Sato et al. 2004).
Borage A6desaturase transgenic soybean produced GLA to ~27% and SDA to ~3%
in seed oil (Clemente and Cahoon 2009). Pyramiding of borage A6desaturase and
Arabidopsis AlSdesaturase which converts LA to ALA increases SDA levels
(21.6%)in soybean lines (Eckert et al. 2006). SDA is a precursor of long-chain poly-
unsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) and has nutritional value of cardiovascular fitness in humans. EPA levels
reached to 20% and DHA levels up to 3% of total seed fatty acid content (Kinney
et al. 2004). Tocopherol (a, f, v, and d,) molecules or vitamin E act as antioxidants
and add to oil stability. Biotechnological approaches of soybean tocopherols focused
on increasing a-tocopherol contents due to its highest nutritional value. Upregulation
of homogentisate phytyltransferase (HPT) which catalyzes first step in tocopherol
synthesis increased in little total tocopherol levels in transgenic seeds (Savidge et al.
2002; Karunanandaa et al. 2005). Total tocopherol content increased by 1.5-fold in
soybean, by expressing HPT genes from Arabidopsis and Synechocystis with a
strong seed specific promoter (Karunanandaa et al. 2005). Bacterial chorismate
mutase-prephenate dehydrogenase (TYRA) gene expression in soybean with sev-
eral other enzymes under the control of seed specific promoters increased >ten-fold
total tocopherol content. Overexpression of rice homogentisate geranylgeranyl
transferase (HGGT) involved in biosynthesis of tocopherols in monocots increased
antioxidant activities and total tocopherol contents in soybean (Kim et al. 2011).
Metabolic engineering involving co-expression of VTE3 and VTE4 responsible for
methylation of tocopherol, from Arabidopsis, generated transgenic plants with
a-tocopherol levels >90% of total tocopherol content. The total levels of tocopherol
remained the same, but only a form yielded a fivefold increase in vitamin E activity
in soybean oil (Van Eenennaam et al. 2003).

GmNFYA, GmDof4, GmbZIP123, GmDof11, and GmMYB73 transcription fac-
tors regulate accumulation of lipids by direct binding to lipid biosynthesis gene
promoters. The overexpression of these transcription factors significantly increased
lipid accumulation in transgenic seeds (Lu et al. 2016; Wang et al. 2007; Song et al.
2013; Liu et al. 2014). Overexpression of GmNFYA transcription factor enhanced
seed oil content in transgenic plants (Lu et al. 2016). Overexpression of GmDof4
and GmDof11 improved lipid accumulation in Arabidopsis, microalgae, and rape-
seeds. In rapeseed, oleic acid increased, and linoleic acid and linolenic acid reduced.
GmDof4 activated FAB2 expression by directly binding to its promoters, whereas
GmDof11 directly inhibited FAD2 expression and thus regulates genes associated
with fatty acid biosynthesis (Wang et al. 2007).GmbZIP123 transgene overexpres-
sion enhanced lipid content and enhanced expression of sucrose transporter genes
(SUCI and SUCS) and cell-wall invertase genes (cwINV1, cwINV3, and cwINV6) by
binding directly to their promoters and increased levels of glucose, fructose, and
sucrose in Arabidopsis thaliana seeds. GmbZIP123 regulates lipid accumulation in
soybean seeds by controlling seed sugar transport (Song et al. 2013). MYB-type
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gene GmMYB73 involved in upregulation of fatty acid accumulation shows differ-
ential expression in seeds at different developmental stages. GmMYB73 interacted
with GL3 and EGL3 and suppressed GL2 which is a negative regulator of oil accu-
mulation. GmMYB73 overexpression enhanced total lipid contents (linoleic acid
(18:2) and linolenic acid (18:3)) in transgenic hairy roots of soybean plants (Liu
et al. 2014).

11.5 Conclusion

Soybean has the maximum protein content (40%) among leguminous crop plants
and contains approximately 18-22% oil contents which is a complex mixture of
oleic acid (18%), palmitic acid (10%), linoleic acid (55%), stearic acid (4%), and
linolenic acid (13%). Enhancing expression of DGAT (UrDGAT2, GmDGAT1-2,
and DGAT2) and SLC1 improves both the oil content and fatty acid composition in
soybean plant. Only few success stories of designer soybean crops with improved
oil content and composition are available. Biotechnological approaches using novel
tools for designing soybean plants via manipulations of homogentisate phytyltrans-
ferase (HPT), homogentisate geranylgeranyl transferase (HGGT), and TYRA
enhanced soybean tocopherols. Overexpression of borage A6desaturase and pyra-
miding of borage Ab6desaturase and Arabidopsis AlS5desaturase increased steari-
donic acid and y-linolenic acid in soybean. GmNFYA, GmDofll, GmDof4,
GmbZIP123, and GmMYB73 transcription factors increased considerably accumu-
lation of lipids in transgenic seeds.

References

Abedi E, Sahari MA (2014) Long-chain polyunsaturated fatty acid sources and evaluation of their
nutritional and functional properties. Food Sci Nutr 2(5):443-463

Bachlava E, Dewey R, Burton J, Cardinal A (2009) Mapping and comparison of quantitative trait
loci for oleic acid seed content in two segregating soybean populations. Crop Sci 49(2):433-442

Bao X, Ohlrogge J (1999) Supply of triacylglycerol in developing embryos. Plant Physiol
120:1057-1062

Barthole G, Lepiniec L, Rogowsky PM et al (2012) Controlling lipid accumulation in cereal
grains. Plant Sci 185-186:33-39

Bouvier-Navé P, Benveniste P, Oelkers P et al (2000) Expression in yeast and tobacco of plant ¢
DNAs encoding acylCoA:diacylglycerol acyltransferase. Eur J Biochem 267(1):85-96

Broun P, Gettner S, Somerville C (1999) Genetic engineering of plant lipids [J]. Annu Rev Nutr
19:197-216

Buhr T, Sato S, Ebrahim F, Xing A, Zhou Y, Mathiesen M, Schweiger B, Kinney AJ, Staswick P,
Clemente T (2002) Ribozyme termination of RNA transcripts down-regulate seed fatty acid
genes in transgenic soybean. Plant J 30:155-163

Burton JW (1987) Quantitative genetics: results relevant to soybean breeding. Am Soc Agron
16:211-247



210 D. Pandita et al.

Cagliari A, Margis-Pinheiro M, Loss G et al (2010) Identification and expression analysis of cas-
tor bean (Ricinus communis) genes encoding enzymes from the triacylglycerol biosynthesis
pathway. Plant Sci 179:499-509

Cao'Y, Li S, Wang Z, Chang F, Kong J, Gai J, Zhao T (2017) Identification of major quantitative
trait loci for seed oil content in soybeans by combining linkage and genome-wide association
mapping. Front Plant Sci 8:1222

Cases S, Smith SJ, Zheng YW (1998) Identification of a gene encoding an acyl-Co A: diacylglyc-
erol acyltransferase, a key enzyme in triacylglycerol synthesis. PNAS 95(22):13018-13023

Chen BB, Wang JJ, Zhang GY (2016) Two types of soybean diacylglycerol acyltransferases are
differentially involved in triacylglycerol biosynthesis and response to environmental stresses
and hormones. Sci Rep 6:28541

Clemente TE, Cahoon EB (2009) Soybean oil: genetic approaches for modification of functional-
ity and total content. Plant Physiol 151(3):1030-1040

Csanadi G, Vollmann J, Stift G, Lelley T (2001) Seed quality QTLs identified in a molecular map
of early maturing soybean. Theor Appl Genet 103(6-7):912-919

Dahlqgvista SU, Lenman M et al (2000) Phospholipid: diacylglycerol acyltransferase: an enzyme
that catalyzes the acyl-CoA-independent formation of triacylglycerol in yeast and plants. Proc
Natl Acad Sci U S A 97:6487-6492

Diers BW, Keim P, Shoemaker RC, Fehr WR (1992) RFLP analysis of soybean seed protein and
oil content. Theor Appl Genet 83(5):608-612

Eckert H, LaVallee BJ, Schweiger BJ, Kinney AJ, Cahoon EB, Clemente T (2006) Co-expression
of the borage A6 desaturase and the Arabidopsis A 15desaturase results in high accumulation of
stearidonic acid in the seeds of transgenic soybean. Planta 224:1050-1057

Flores T, Karpova O, Su X, Zeng P, Bilyeu K, Sleper DA, Nguyen HT, Zhang ZJ (2008) Silencing
of GmFAD3 gene by siRNA leads to low alpha-linolenic acids (18:3) of fad3mutant phenotype
in soybean [Glycine max (Merr.)]. Transgenic Res 17(5):839-850

Ha B, Kim H, Velusamy V, Vuong TD, Nguyen HT, Shannon JG, Lee J (2014) Identification of
quantitative trait loci controlling linolenic acid concentration in PI483463 (Glycine soja).
Theor Appl Genet 127(7):1501-1512

Han Y, Teng W, Wang Y, Zhao X, Wu L, Li D, Li W (2015) Unconditional and conditional QTL
underlying the genetic interrelationships between soybean seed isoflavone, and protein or oil
contents. Plant Breed 134(3):300-309

Haun W, Coffman A, Clasen BM et al (2014) Improved soybean oil quality by targeted mutagen-
esis of the fatty acid desaturase 2 gene family. Plant Biotechnol J 12:934-940

He XH, Grace QC, Lin JT et al (2004) Regulation of diacylglycerol acyltransferase in developing
seeds of castor. Lipids 39(9):865-871

Hobbs HD, Lu C, Hills M (1999) Cloning of a ¢ DNA encoding acyltransferase from Arabidopsis
thaliana and its functional expression. FEBS Lett 452:145-149

Jako C, Kumar A, Wei YD et al (2001) Seed-specific over-expression of an A r a bid o p sis cDNA
encoding a diacylglycerol acyltransferase enhances seed oil content and seed weight. Plant
Physiol 126:861-874

Kamisaka 'Y, Mishra S, Nakahara T (1997) Purification and characterization of diacylglycerol acyl-
transferase from the lipid body fraction of an oleagious fungus. J Biol Chem 121:1107-1114

Karunanandaa B, Qi Q, Hao M, Baszis SR, Jensen PK, Wong YH, Jiang J, Venkatramesh M, Gruys
KJ, Moshiri F, Post-Beittenmiller D, Weiss JD, Valentin HE (2005) Metabolically engineered
oilseed crops with enhanced seed tocopherol. Metab Eng 7(5-6):384—400

Kennedy EP (1961) Biosynthesis of complex lipids. Fed Proc 20:934-940

Kim H, KimY, Kim S, Son B, Choi Y, Kang J, Park Y, Cho Y, Choi I (2010) Analysis of quantita-
tive trait loci (QTLs) for seed size and fatty acid composition using recombinant inbred lines in
soybean. J Life Sci 20(8):1186-1192

Kim YH, Lee YY, Kim YH, Choi MS, Jeong KH, Lee SK, Seo MJ, Yun HT, Lee CK, Kim WH, Lee
SC, Park SK, Park HM (2011) Antioxidant activity and inhibition of lipid peroxidation in ger-
minating seeds of transgenic soybean expressing OsHGGT. J Agric Food Chem 59(2):584-591



11 Transgenic approach: A Key to Enrich Soybean Oil Quality 211

Kim MY, Van K, Kang YJ, Kim KH, Lee SH (2012) Tracing soybean domestication history: from
nucleotide to genome. Breed Sci 61:445-452

Kinney AJ (1997) Genetic engineering of oilseeds for desired traits. In: Setlow JK (ed) Genetic
engineering. Genetic engineering (Principles and methods), vol 19. Springer, Boston. https://
doi.org/10.1007/978-1-4615-5925-2_8

Kinney AJ, Cahoon EB, Damude HG, Hitz WD, Kolar CW, Liu ZB (2004) Production of very long
chain polyunsaturated fatty acids in oilseed plants. World Patent Application

Kroon JTM, Wei W, Simon WJ et al (2006) Identification and functional expression of a type
2 acyl-CoA:diacylglycerol acyltransferase (DGAT?2) in developing castor bean seeds which
has high homology to the major triglyceride biosynthetic enzyme of fungi and animals.
Phytochemistry 67:2541-2549

Lardizabal KD, Mai JT, Wagner NW et al (2001) DGAT2 is a new diacylglycerol acyltrans-
ferase gene family: purification, cloning, and expression in insect cells of two polypep-
tides from Mortierella ramanniana with diacylglycerol acyltransferase activity. J Biol Chem
276(42):38862-38869

Lardizabal K, Effertz R, Levering C, Mai J, Pedroso MC, Jury T, Aasen E, Gruys K, Bennett K
(2008) Expression of Umbelopsis ramanniana DGAT2A in seed increases oil in soybean. Plant
Physiol 148:89-96

Lee JD, Bilyeu KD, Shannon JG (2007) Genetics and breeding for modified fatty acid profile in
soybean seed oil. J Crop Sci Biotechnol 10(4):201-210

Lee JD, Bilyeu KD, Pantalone VR, Gillen AM, SoYS, Shannon JG (2012) Environmental stability
of oleic acid concentration in seed oil for soybean lines with FAD2-1A and FAD2-1B mutant
genes. Crop Sci 52(3):1290-1297

Li B, Fan S, Yu F, ChenY, Zhang S, Han F, Yan S, Wang L, Sun J (2017) High-resolution mapping
of QTL for fatty acid composition in soybean using specific-locus amplified fragment sequenc-
ing. Theor Appl Genet 130(7):1467-1479

Libeisson Y, Shorrosh B, Beisson F et al (2010) Acyl-lipid metabolism. Arabidopsis Book
8(8):e0133

Liu K (1997) Soybeans: chemistry, technology, and utilization. Springer Science & Business
Media, Singapore

Liu GQ, Shao Q, Huang R, Feng XZ (2013) Characterization and expression analysis of D G AT
gene family in soybean. Chin Agric Sci Bull 29(12):55-61

Liu YF, Li QT, Lu X, Song QX, Lam SM, Zhang WK, Ma B, Lin Q, Man WQ, Du WG, Shui GH,
Chen SY, Zhang JS (2014) Soybean GmMYB73 promotes lipid accumulation in transgenic
plants. BMC Plant Biol 14:73

Lu X, Li Q, Xiong Q, Li W, Bi Y, Lai Y, Liu X, Man W, Zhang W, Ma B, Chen S, Zhang J (2016)
The transcriptomic signature of developing soybean seeds reveals the genetic basis of seed trait
adaptation during domestication. Plant J 86(6):530-544

Mao T, Jiang Z, Han Y, Teng W, Zhao X, Li W (2013) Identification of quantitative trait loci under-
lying seed protein and oil contents of soybean across multi-genetic backgrounds and environ-
ments. Plant Breed 132(6):630-641

Mazur B, Krebbers E, Tingey S (1999) Gene discovery and product development for grain quality
traits. Science 285:372-375

Mekhedov S, De Ilarduya OM, Ohlrogge J (2000) Toward a functional catalog of the plant genome.
A survey of genes for lipid biosynthesis. Plant Physiol 122(2):389—402

Mounts TL, Warner K, List GR, Kleiman R, Fehr WR, Hammond EG, Wilcox JR (1988) Effect
of altered fatty acid composition on soybean oil stability. ] Am Oil Chem Soc 65(4):624-628

Nazrul I, Philip DB, Maria KMJ et al (2019) Quantitative proteomic analysis of low linolenic
acid transgenic soybean reveals perturbations of fatty acid metabolic pathways. Proteomics
19:1800379

Ohlrogge JB, Kuhn DN, Stumpf PK (1979) Subcellular localization of acyl carrier protein in leaf
protoplasts of Spinacia oleracea. Proc Natl Acad Sci U S A 76:1194-1198


https://doi.org/10.1007/978-1-4615-5925-2_8
https://doi.org/10.1007/978-1-4615-5925-2_8

212 D. Pandita et al.

Okuley J, Lightner J, Feldmann K et al (1994) Arabidopsis FAD2 gene encodes the enzyme that is
essential for polyunsaturated lipid synthesis. Plant Cell 6:147-158

Pathan S, Vuong T, Clark K, Lee J, Shannon J, Roberts C, Ellersieck M, Burton J, Cregan P, Hyten
D, Nguyen H, Sleper D (2013) Genetic mapping and confirmation of quantitative trait loci for
seed protein and oil contents and seed weight in soybean. Crop Sci 53(3):765-774

Patil G, Vuong TD, Kale S, Valliyodan B, Deshmukh R, Zhu C, Wu X, Bai Y, Yungbluth D, Lu
F, Kumpatla S, Shannon JG, Varshney RK, Nguyen HT (2018) Dissecting genomic hotspots
underlying seed protein, oil, and sucrose content in an interspecific mapping population of
soybean using high-density linkage mapping. Plant Biotechnol J 16(11):1939-1953

Qi Z, Wu Q, Han X, Sun Y, Du X, Liu C, Jiang H, Hu G, Chen Q (2011) Soybean oil content
QTL mapping and integrating with meta-analysis method for mining genes. Euphytica
179(3):499-514

Rao SS, Hildebrand D (2009) Changes in oil content of transgenic soybeans expressing the yeast
SLCI gene. Lipids 44(10):945-951

Reed DW, Schafer UA, Covello PS et al (2000) Characterization of the Brassica napus extraplastid-
ial linoleate desaturase by expression in Saccharomyces cerevisiae. Plant Physiol 122:715-720

Reinprecht Y, Poysa V, Yu K, Rajcan I, Ablett G, Pauls K (2006) Seed and agronomic QTL in
low linolenic acid, lipoxygenase-free soybean (Glycine max (L.)Merrill) germplasm. Genome
49(12):1510-1527

Salanoubat M, Lemcke K, Rieger M et al (2000) Sequence and analysis of chromosome 3 of the
plant Arabidopsis thaliana. Nature 408(6814):820-822

Sato S, Xing A, Ye X, Schweiger B, Kinney A, Graef G, Clemente T (2004) Production of glinole-
nic acid and stearidonic acid in seeds of marker free transgenic soybean. Crop Sci 44:646-652

Savidge B, Weiss JD, Wong YH, Lassner MW, Mitsky TA, Shewmaker CK, Post-Beittenmiller D,
Valentin HE (2002) Isolation and characterization of homogentisate phytyltransferase genes
from Synechocystis sp. PCC 6803 and Arabidopsis. Plant Physiol 129:321-332

Shibata M, Takayama K, Ujiie A, Yamada T, Abe J, Kitamura K (2008) Genetic relationship between
lipid content and linolenic acid concentration in soybean seeds. Breed Sci 58(4):361-366

Shimada TL, Hara-Nishimura I (2010) Oil-body-membrane proteins and their physiological func-
tions in plants [J]. Biol Pharm Bull 33:360-363

Smouse TH (1979) A review of soybean oil reversion flavor. ] Am Oil Chem Soc 56(11):747-751

Song QX, Li QT, Liu YE, Zhang FX, Ma B, Zhang WK, Man WQ, Du WG, Wang GD, Chen SY,
Zhang JS (2013) Soybean GmbZIP123 gene enhances lipid content in the seeds of transgenic
Arabidopsis plants. ] Exp Bot 64(14):4329-4341

Spencer M, Landau-Ellis D, Meyer E, Pantalone V (2004) Molecular markers associated with
linolenic acid in soybean. J Am Oil Chem Soc 81(6):559-562

Sun Y, Luan H, Qi Z, Shan D, Liu C, Hu G, Chen Q, Qi Z, Wu Q, Han X, Sun Y, Du X, Liu C,
Jiang H, Hu G, Chen Q, Shan D (2011) An integrated quantitative trait locus map of oil content
in soybean, Glycine max (L.) Merr., generated using a meta-analysis method for mining genes.
Euphytica 179(3):499-514

Thelen JJ, Ohlrogge JB (2002) Metabolic engineering of fatty acid biosynthesis in plants. Metab
Eng 4:12-21

Van Eenennaam AL, Lincoln K, Durrett TP, Valentin HE, Shewmaker CK, Thorne GM, Jiang J,
Baszis SR, Levering CK, Aasen ED, Hao M, Stein JC, Norris SR, Last RL (2003) Engineering
vitamin E content: from Arabidopsis mutant to soy oil. Plant Cell 15(12):3007-3019

Wang HW, Zhang B, Hao YJ, Huang J, Tian AG, Liao Y, Zhang JS, Chen SY (2007) The soybean
Dof-type transcription factor genes, GmDof4 and GmDof11, enhance lipid content in the seeds
of transgenic Arabidopsis plants. Plant J 52(4):716-729

Wang X, Jiang G, Green M, Scott R, Song Q, Hyten D, Cregan P (2014) Identification and valida-
tion of quantitative trait loci for seed yield, oil and protein contents in two recombinant inbred
line populations of soybean. Mol Gen Genomics 289(5):935-949

Xie D, Han Y, Zeng Y, Chang W, Teng W, Li W (2012) SSR-and SNP-related QTL underlying
linolenic acid and other fatty acid contents in soybean seeds across multiple environments. Mol
Breed 30(1):169-179



11 Transgenic approach: A Key to Enrich Soybean Oil Quality 213

Xu JY, Francis T, Mietkiewska E et al (2008) Cloning and characterization of an acyl Co
A-dependent diacylglycerol acyltransferasel (DGAT1) gene from Tropaeolum majus, and a
study of the functional motifs of the DGAT protein using site-directed mutagenesis to modify
enzyme activity and oil content. Plant Biotechnol J 6(8):799-818

XuY,Yan F, Liu Y et al (2021) Quantitative proteomic and lipidomics analyses of high oil content
GmDGAT1-2 transgenic soybean, illustrates the regulatory mechanism of lipoxygenase and
oleosin. Res Square. https://doi.org/10.21203/rs.3.rs-211918/v1

Yao Y, You Q, Duan G et al (2020) Quantitative trait loci analysis of seed oil content and com-
position of wild and cultivated soybean. BMC Plant Biol 20:51. https://doi.org/10.1186/
$12870-019-2199-7

Yen CE, Stone SJ, Koliwad S et al (2008) DGAT enzymes and triacylglycerol biosynthesis. J Lipid
Res 49:2283-2301

Yun SL, Isleib TG (2000) Genetic analysis of fatty acids in American peanuts. Chin J Oil Crops
22(1):35-37

Zhang J, Wang X, Lu Y, Bhusal SJ, Song Q, Cregan PB, Yen Y, Brown M, Jiang G (2018a)
Genome-wide scan for seed composition provides insights into soybean quality improvement
and the impacts of domestication and breeding. Mol Plant 11(3):460-472

Zhang Y, Li W, LinY, Zhang L, Wang C, Xu R (2018b) Construction of a high-density genetic map
and mapping of QTLs for soybean (Glycine max) agronomic and seed quality traits by specific
length amplified fragment sequencing. BMC Genomics 19:641


https://doi.org/10.21203/rs.3.rs-211918/v1
https://doi.org/10.1186/s12870-019-2199-7
https://doi.org/10.1186/s12870-019-2199-7

	Chapter 11: Transgenic approach: A Key to Enrich Soybean Oil Quality
	11.1 Introduction
	11.2 Biosynthetic Pathway of Lipids (TAG) in Seeds
	11.3 Genomic Traits Linked to Soybean Seed Oil
	11.4 Soybean Genetic Improvements
	11.5 Conclusion
	References




