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Soybean (Glycine max) is an economically important crop, ranking first among the edible oilseed crops in the world due to its oil
content and nutritional value. Besides, it is used as a dietary supplement and a source of pharmaceuticals. The recent rapid climate
changes and increasing global population have led to increasing demand for vegetable oil. In the recent past, advances in the field
of plant biotechnology have revolutionized agricultural practices at a global level to enhance the yield of crops. This technology not
only makes an impact on the agricultural market but also opens up new corridors for agriculture-related industrial applications of
this important crop. Therefore, in the last two decades, soybean has gained attention for genetic improvement with remarkable
developments in the manipulations of genes for the induction of desired characteristics. In this review, we introduced the
transgenic approach as a promising tool for the improvement of soybean oilseed quality and productivity. Then, the enhancement
of nutritional and pharmaceutical value together with biotic and abiotic stress-resistant ability was summarized and compared.
The methods and strategies for achieving soybean crops with improved abiotic stress tolerance, productivity, and pharmaceutics

are categorized to help with future research.

1. Introduction

Soybean (Glycine max (L.) Merr.) is an important annual
edible oilseed crop belonging to the Fabaceae family. It is
the fourth largest crop in the world, mainly cultivated in
tropical and subtropical regions [1]. At a global level, the
soybean crop is one of the major and cheapest sources of
vegetable protein for millions of people and animals.
Being high in protein content and having very less or no
starch, it is good food for diabetics [2]. In some parts of
the world, it is consumed in the form of soymilk (whitish
liquid extract from the seed), tofu (curd prepared from
seed extract), soy sauce, and some other fermented
products. Besides, it is an attractive crop for biodiesel
production [3]. The crop also plays a key role in biological

nitrogen fixation and the improvement of soil fertility [4].
Ataglobal level, there is a tremendous increase in demand
for soybean oil and food products. On the other hand,
climate change and biotic and abiotic stress exposure
cause pressure on agriculture and result in the decline of
yield. Therefore, there is a need for improved soybean
cultivars which can manage growth and yield under
stressful environment.

Several soybean cultivars are available but with con-
stricted germplasm [5]. The gene pool of soybean requires
the incorporation of multiple genes for its improvement.
There are rich genetic resources in wild relatives of soybean,
but incompatibility issues make it difficult to transfer useful
traits via interspecific crosses [6]. Therefore, genetic engi-
neering is essential for the introduction of elite genes and to
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achieve the improvement of soybean cultivars with desirable
traits.

Over the past decade, numerous studies on the appli-
cation of biotechnological approaches have been reported
[7]. The transgenic methods take a relatively short duration
for gene manipulation and field-testing period for new
variety establishment. In contrast, conventional breeding
programs require extensive backcrossing and time duration
[8]. Genes responsible for biotic and abiotic stress tolerance
and other yield-related traits have already been identified,
and gene transformation methods were applied for crop
improvement [9]. The whole-genome sequence, availability
of genomic information, and improved technologies have
widened the knowledge of the relationship among genes,
their functionality, and their vital applications in the im-
provement of soybean germplasm [10].

In this review, we specifically introduced the applications
of transgenic approaches for the improvement of soybean
crops which can be employed in the fulfillment of edible oil
and seed protein demand of growing population and live-
stock. Moreover, the optimization strategy of metabolic
pathways for improvement of dietary supplements, lipid and
protein quality and content, pharmaceuticals, biotic and
abiotic stress tolerance, and herbicide resistance was dis-
cussed. In addition, the current cultivation status of ge-
netically modified soybean cultivars was also summarized.

2. Economic Perspective of Soybean

Soybean is the leading economic edible oilseed crop
worldwide and is a source of protein for human and animal
consumption and a significant crop for biodiesel production
[11, 12]. Besides oil and protein, soybean seeds consist of
about 22-23% carbohydrates, 3-6% fiber, and 3-6% minerals
[13]. It is cultivated in tropical and subtropical regions of the
world. More than 80 countries in the world are producers of
soybean; among them, Brazil, United States, India, Argen-
tina, and China are major soybean producers. Its production
in the world accounted for 360.993 million metric tons in
2018-2019 [14]. Generally, out of total soybean production,
85% contributes to oil and meal production. The meal of
soybean contains 50% of protein which also remains intact
after oil extraction. Among these, farm animals consume
19% of the meal [12]. Besides this, it is also used as dog food
[15]. Therefore, soybean is widely consumed as feed for farm
animals [16, 17]. In addition to regular routine foods,
humans also use soybean and their products in day-to-day
life. These products include soybean oil, soy sauce, soymilk,
tofu, soy meal, soy flour, protein, tempeh, and soy lecithin
[18]. In Japan, the pods of soybean are boiled and served
with salt as “edamame” which is minimally processed food
[19]. In India, soybean seeds and meal are used as a vegetable
[20]. To compensate for low lysine deficiency in cereal
proteins, soybean protein products (10-20%) are added to
flour [21]. In addition, soybean is also used in the production
of biodiesel fuel, crayons, cleanup solvents, biodegradable
paints/varnishes, fiberglass, etc. [11, 22].

Different cosmetics, oils, soap, plastics, crayons, resins,
and inks can beprepared from soybean. It is also used to
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prepare different solvents and clothes. Saponin is one of the
important chemical components to regulate different human
disorders, and soybean is the major source of it [23]. The
different biomolecules such as phytic acid, daidzein, gen-
istein, and isoflavones obtained from soybean are useful for
cancer, cardiovascular diseases [24, 25], and various other
disorders. Soybean food is important to lower cholesterol
and reduce heart and diabetes diseases with other health
benefits [26]. The phytic acid obtained from soybean showed
antidiabetic, anti-inflammatory, and anticancer properties
and acted as a good chelator for mineral absorption [27-30].
Due to diverse applications in different fields, it boosts world
trade and the economy. Soybean is an important crop in the
sense of farmers’ socioeconomic status; therefore, it attains
first position among oilseed crops. The versatile applications
of soybean made it a hot topic of genetic engineering for
turther improvement. The various purposes to apply the
transgenic approach in soybeans are given in Figure 1, and
the transformation details and outcomes of the developed
transgenic soybean are given in Table 1.

3. Enhancement of Dietary Supplements Using
a Transgenic Approach

3.1. Oil and Fatty Acid Content. Soybean oil has several
health benefits such as relatively high smoke point, richness
in heart-healthy fats, support in bone health, high content of
omega-3 fatty acids, and promotion of skin health. These
features have increased global demand for soybean oil and
stretched the attention of researchers. The research was
targeted towards the development of transgenic approach
for increasing the oil content of soybean seeds by manip-
ulating substrates and enzymes involved in oil-producing
pathways. Conversely, this approach showed less success as
increased oil content reduced protein content and vice versa.
The overexpression of fungal diacylglycerol acetyltransferase
(DGAT?2) protein in soybean resulted in a 1.5% increase in
seed oil content without any reduction in protein content
[49]. This DGAT?2 protein converts diacylglycerols (DAGs)
to triglycerols (TAGs). The transgenic lines” overexpressed
DGAT?2 proteins were tested in about 63 locations within the
United States and Argentina for five growing seasons. In
another example, overexpression of yeast sphingolipid
compensation (SLC1) protein in seeds resulted in a 3.2%
increase in the oil content of somatic embryos and trans-
genic plants with a 1.5% increase in seed oil content [44].
This protein possesses lysophosphatidic acid transferase
activity which converts lysophosphatidic acid into phos-
phatidic acid. As per the pricing of soybean oil, a 1.5%
increase in soy oil adds ~1.2 billion USD to the US economy.
For further enhancement in oil content, it is essential to
target other related metabolic pathways and metabolic en-
gineering strategies.

The application of transgenic techniques offers new tools to
improve soybean genotypes in terms of superior soy oil used
for food and other industrial applications. Such nutritional
advancements can be achieved by directed manipulation of
fatty acid synthesis which will modify the content of fatty acids
naturally present in soy oil. High amounts of oleic acid and low
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FiGure 1: Transgenic approach used for the enhancement of potential traits of soybean crop.

amounts of linolenic acid (LA) containing soy oil must be
targeted for genetic engineering. The LA accounts for
10-13% of the total fatty acid content of soy oil. It reduces
the oxidative stability of oil and causes rancidity and de-
creased shelf life. The GmFAD3 gene family plays an
important role in LA biosynthesis. Flores et al. [103] used
gene silencing techniques to suppress GmFAD3 with the
help of a single RNAi construct. This resulted in soybeans
with low linolenic acid (below 2%). Soy oil contains a high
amount of oleic acid (~18%) having good nutritious value.
However, there was a decrease in yield due to alteration in
fatty acid profiles in vegetative tissues of soybeans. To
overcome this Delta-12 fatty acid desaturase (FAD2-1A
and -1B), gene was downregulated [34]. The resulting seeds
showed an increase in ~80% OA content without altering
the fatty acid content of vegetative tissues. For confec-
tionery applications, a combination of elevated OA and
stearic acid content is essential. In another study, down-
regulation of Delta-12 oleate desaturase (GmFAD2-1) gene
using Agrobacterium tumefaciens mediated gene transfer
and antisense RNA method in Williams 82 variety of
soybean. The resulting transgenic plants showed a tre-
mendous increase in oleic acid content (51.71%) and
a significant reduction in palmitic acid content (to <3%) in
total seed oil content. More importantly, there was no
structural difference in fatty acids of transgenic and wild
plant oil extracts. Similarly, Monsanto [104] targeted the
FAD?2 gene along with the Acyl-ACP thioesterase (FATB)
gene encoding enzyme in the biosynthetic pathway of
soybean fatty acid synthesis. The suppression of these two
genes resulted in a high level of oleic acid (mono-
unsaturated) and lower levels of palmitic acid (saturated)

and linoleic acid (polyunsaturated). The field trials of
transgenic soybean (MON 87705) were taken from 17 sites
across 10 states of U.S. soybean-producing regions. In-
terestingly, this transgenic plant confers tolerance to
glyphosate [104].

To mitigate the high w-3 fatty acid demand, private
companies released several oleic, linoleic, and STA-
improved cultivars. Monsanto [104] developed the trans-
genic soybean cultivar “Vistive Gold™ (MON87705)” having
increased oleic acid content and released it in Columbia,
Australia, Canada, Indonesia, European Union, USA,
New Zealand, Japan, Singapore, Mexico, Philippines, Tai-
wan, South Korea, Vietnam, and MONS87705-
x MON87708 x MON89788 and MON 87705 x MON
87708 x MON 89788 were released in Canada. Cultivar with
increased oleic acid and linoleic acid was released in Mexico,
Taiwan, South Korea, and European Union. The other
cultivars of Monsanto company MON 87769 x MON 89788
were released in South Korea, Mexico, and Taiwan, and
MONB87769 was released in European Union, Indonesia,
Australia, Canada, Columbia, New Zealand, Japan, South
Korea, USA, Vietnam, Mexico, Philippines, and Taiwan
which are rich in STA. The Dupont-released transgenic
soybean cultivars G94-1, G94-19, and G168 have increased
oleic acid content in Japan, Australia, USA, New Zealand,
and Canada, and Treus™ and Plenish™ (DP305423) were
released in Japan, Australia, China, Canada, European
Union, South Korea, New Zealand, USA, Mexico, Singapore,
Taiwan, Philippines, and South Africa, while Treus™ (DP
305423 x GTS 40-3-2) was released in Japan, Argentina,
Philippines, Canada, South Korea, China, Taiwan, Mexico,
and South Africa [35].
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3.2. Protein and Amino Acid Content. An increase in demand
for dietary protein with diverse amino acid content stretches
researchers’ attention towards plant systems [36]. Plant
system is an alternative cost-effective platform to synthesize
protein and amino acids than the conventional one. It can
express complex proteins on a large scale with proper
molecular folding and modifications. Soybean is one of the
important crops reported as a rich source of protein in their
seed and highly utilized as a human and animal food [37, 38].
Therefore, it was a soft target of recombinant technology to
make a biofactory not only for dietary supplements but also
for pharmaceuticals [24]. The expression of recombinant
protein in soybean provides advantages like no contami-
nation and infection risk, high innate protein content,
specialized compartments for proteins storage, low pro-
duction cost, long-term storage of proteins, reduced cost of
cold storage, and simple purification process over the
prokaryotic expression system [36, 37].

To develop a transgenic soybean and utilize the seed as
a biofactory, Cho et al. [105] constructed an expression
cassette with seed-specific lectin promoter and, using
p-glucuronidase, confirmed its expression. Later on,
Maughan et al. [39] produced bovine -casein (0.1-0.4% of
TSP) with the same expression cassette, while Philip et al.
[40] demonstrated f-casein localization in the vacuole,
posttranslational modification, and purification from
transgenic soybean seed commercial value for target-specific
expression of proteins.

Soybean lacks the sulfur-containing amino acid cysteine
and methionine. Therefore, Kim et al. [41] overexpressed the
O-acetylserine sulfhydrylase (OASS) gene in the soybean
“Maverick” cultivar through Agrobacterium-mediated gene
transfer. They reported 58-74% of protein-bound cysteine
and 22-32% of free cysteine in the seed. Dinkins et al. [42]
overexpressed the maize zein gene via Agrobacterium-
mediated gene transfer in soybean “Jack” cultivar seeds.
They reported normal protein composition with an increase
in 15-35% cysteine and 12-20% methionine. To enhance the
dietary essential amino acid lysine in Soybean, Falco et al.
[36] transferred enzymes aspartokinase and dihy-
drodipicolinate acid synthase obtained from E. coli and
Corynebacterium via Agrobacterium-mediated gene transfer.
The engineered lysine biosynthetic pathway reported an
increase in free lysine >100-fold and total seed lysine 5-fold.
To increase threonine level, Qi et al. [106] transferred as-
partate kinases obtained from Xenorhabdus bovienii in
“A3525” soybean cultivar with seed-specific promoter via
Agrobacterium-mediated gene transfer. They reported no
change in seed germination and morphological trait with an
increase in 3.5-fold total free amino acid and 100-fold
threonine levels.

Recently, Song et al. [107] expressed Arabidopsis cys-
tathionine y-synthase (AtD-CGS) as a Met-insensitive form
with seed-specific promoter legumin B4 in the “Zigong-
dongdou” soybean cultivar. They found an increase in
methionine content 3.8-7-fold in developing transgenic
green seeds and 1.8- and 2.3-fold in mature dry seeds with an
increase in other amino acids and total protein content.
However, positive regulation of Met content regulates other
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amino acid synthesis and gives higher protein content in
seed. From the above examples, soybean proves as an effi-
cient alternative platform for protein and amino acid syn-
thesis with increased nutritional value without altering its
agronomic traits when grown in field conditions.

3.3. Tocopherols. Based on the methyl group present in
tocopherol molecule, soybean seed tocopherols were clas-
sified as «, 3, y, and §; among them, a-tocopherol has the
highest nutritional value. These are the most essential
molecules collectively called vitamin E and are considered
one of the fat-soluble antioxidants. There is an increase in
deficiencies associated with vitamin E, and its demand in the
market increased tremendously. The soybean seed was a rich
source of & and y-tocopherols and was mainly utilized for
commercial oil stabilization. Therefore, the recombinant
technology approach is mainly utilized to enhance the to-
copherol content in soybean seeds. However, a slight in-
crease in tocopherol content was reported in transgenic
seeds in which homogentisate phytyltransferase (HPT) as
the first tocopherol synthesis pathway enzyme encoding
gene was overexpressed [43]. A modest 1.5-fold increase in
total tocopherol content was reported by transferring the
same gene with seed-specific promoters obtained from
Synechocystis and Arabidopsis [45]. Later on, expression of
the chorismate mutase-prephenate dehydrogenase (TYRA)
gene obtained from bacteria with seed-specific promoters
resulted in >10-fold enhancement in total vitamin E content.

To address the low tocopherol content issue in transgenic
plants, Kim et al. [108] transformed rice tocopherol bio-
synthetic gene homogentisate geranylgeranyl transferase
(HGGT) via Agrobacterium-mediated gene transfer with the
constitutive and seed-specific promoter. The transgenic lines
overexpressing the HGGT gene reported increased to-
copherol content in addition to newly reported tocotrienols
as an exceptional S-form in soybean.

To increase the a-tocopherol, Van Eenennaam et al.
[109] transformed VTE3 and VTE4 genes using the
Agrobacterium-mediated gene transfer method obtained
from Arabidopsis which was responsible for tocopherol head
group methylation. The expression of these genes in
transgenic soybean seed reported more than a 95% increase
of a-tocopherol content without disturbing the total to-
copherol content of the seed. However, it demonstrates
tocopherol shift from other forms to a-form where a-form
amplifies the 5-fold activity of vitamin E. This research
demonstrates increased vitamin E content in soybean oil and
makes soybean an important dietary supplement for con-
sumers that enhances its commercial value.

The a-tocopherol is one of the important bioactive
molecules synthesized from y-tocopherol, but it is necessary
to have an adequate amount of final step catalyzing enzyme
y-tocopherol methyltransferase (y-TMT) in the seed. Soy-
bean oil is the major edible vegetable oil consumed, so
manipulating the tocopherol biosynthetic pathway in
soybean seed to convert tocopherols into a more active
a-tocopherol form could have significant health benefits.
Therefore, Tavva et al. [58] transformed y-TMT gene
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obtained from Perilla frutescens in soybean “Jack cultivar”
with the seed-specific promoter. They found an increase in
a-tocopherol content 10.4-fold and B-tocopherol up to
14.9-fold in transgenic seeds which showed 4.8-fold higher
vitamin E activity. In addition, they reported that
a-tocopherol restored seed storage and seed germination
activity by minimizing oxidative damage caused due to
lipid peroxidation. The above mentioned attempts dem-
onstrate that the enhancement of total tocopherol and
a-tocopherol content in transgenic soybean can eradicate
the deficiencies caused due to low levels of vitamin
E. However, to date, it is in the primary phase of com-
mercialization; if commercialized, it could be used as
a potential dietary supplement.

3.4. B-Carotene. f-Carotene is one of the important dietary
supplements and works as a precursor molecule for vitamin
A biosynthesis. Its limitations cause vitamin A-associated
diseases like xerophthalmia, night blindness, breakdown of
the human immune system [110], and fatal instances in
pregnant women. These were major problems concerning
p-carotene in many developing countries where single crops
were utilized for dietary supplements [111]. Therefore,
transgenic plants can be an alternative platform to enhance
the level of fB-carotene (provitamin A) in crop plants to
mitigate this problem. Kim et al. [47] utilized a transgenic
approach to enhance f-carotene levels in the soybean
“Kwangan” cultivar. They manipulated the carotenoid
biosynthetic pathway by overexpressing the phytoene syn-
thase-2A-carotene desaturase (PAC) gene prepared by
fusing Capsicum phytoene synthase (Psy) and Pantoea
carotene desaturase (CrtI) gene. This expression cassette was
transferred by Agrobacterium-mediated gene trans-
formation with linked CaMV-35S (35S) or f3-conglycinin (f3)
seed-specific promoter. They obtained 19 for f-PAC and 18
for 35S5-PAC transgenic lines. Among them, the 8-PAC line
found the highest amount of carotenoid (146 mg/g of total
carotenoids), ~62-fold higher than non-transgenic seeds;
from them (112 mg/g), 77% was f3-carotene. Therefore, they
have demonstrated p-carotene production in soybean
through genetic manipulation of the carotenoid pathway.

In another example, the phytoene synthase gene (crtB)
was obtained from Pantoea ananatis bacteria combined with
seed-specific chloroplast targeting peptide cassette and
transferred in soybean “Jack” cultivar via particle bom-
bardment method. It was found that the transgenic line
overexpressing crtB gene accumulated 845 ug B-carotene g~
dry seed weight. They reported f3-carotene and «a-carotene in
a 12:1 ratio. In addition, a shift in oil content as an increase
in oleic acid and a decrease in linoleic acid was reported
while a 4% (w/w) increase in seed protein content was re-
ported [38]. However, increased [-carotene, protein, and
oleic acid content improved the nutritional quality of
soybean seed.

To increase the intake of pink or red ketocarotenoids,
canthaxanthin, and astaxanthin in poultry and aquaculture
produce, animal feed should be a rich source of this. The
conventional feed and delivery system is unable to reach this
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demand. Therefore, the highly utilized animal feed com-
ponent soybean could be the efficient source and cost-
effective delivery platform after synthesizing this caroten-
oid in it. Therefore, Pierce et al. [46] transformed the soy-
bean “Jack” cultivar with the first step regulating the
carotenoid pathway phytoene synthase enzyme (crtB) gene
obtained from Pantoea ananatis via particle bombardment
method. To synthesize ketocarotenoids, they fused this gene
with ketolase genes (crtW) obtained from Brevundimonas
sp. strain SD212, bktl gene obtained from Haematococcus
pluvialis, and seed-specific promoter. The result reported
almost 52 yg canthaxanthin per gram seed dry weight along
with astaxanthin, lutein, -carotene, phytoene, a-carotene,
lycopene, and f-cryptoxanthin as a product of carotenoid
pathway in the transgenic seed. Counterpart non-transgenic
seed reported only lutein. However, transgenic soybean
showed their ability to synthesize ketocarotenoids as an
alternative source of costly animal feed additives [46]. After
all these successful attempts of nutritionally rich transgenic
soybean development, it is still in the primary phase of
commercialization, but in the future, it could be released as
a biofortified food and have nutritional benefits for humans
and farm animals.

4. Improvement in Pharmaceuticals Using
a Transgenic Approach

Increase in market demand for pharmaceutically important
proteins and enzymes led to the discovery of rDNA tech-
nology in the early 1970s which gained popularity among
biopharmaceutical, medicinal, food, nutritional, and agri-
cultural industries. In the early days, the prokaryotic ex-
pression system was highly utilized as a protein expression
system. Since the 1970s, E. coli has been widely utilized for
insulin production [112]. Later on, fungal and yeast cells
were utilized as expression platforms to fulfill the complex
posttranslational modification demands. However, the
problems associated with them were chances of contami-
nation, failure for complex posttranslational modification,
and inappropriate glycosylation. These problems were
solved by transgenic animals, but manufacturing costs,social
and ethical issues associated with them make this platform
unfeasible for most protein production. The discovery of
plant cell culture techniques and bioreactors that overcome
all these limitations attracts attention towards plants as an
efficient platform for pharmaceutical production. Soybean is
one of the widely utilized crops for food, food products, and
fodder in humans and livestock; therefore, it attracts the
attention of researchers to produce pharmaceutically im-
portant compounds.

4.1. Vaccines. An increase in human bacterial and viral
diseases severely affects the human population, and there-
fore vaccines are the landmarks to overcome this. However,
there is a problem to reach every person in highly populated
countries. Plants are used as an efficient platform for protein
production and also attract attention to the production of
edible vaccines. Therefore, soybean seeds and seed-based
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products like soymilk are highly utilized in diet and are
considered a perfect source to produce vaccines and their
delivery. Soybean seeds can store vaccine antigens without
degradation for many years at room temperature [48, 50, 51]
which reduces the need and cost of cold storage. Smith et al.
[52] expressed hepatitis B surface antigen (HBsAg) in
Glycine max L. Merr. cv. Williams 82 through
Agrobacterium-mediated gene transformation method to
resolve the problem of its immunogenicity which requires
complex and substantial posttranslational modifications.
They obtained 20-22mg/L HBsAg from soybean cell sus-
pension culture and batch culture, which was synthesized
intracellularly. The plant-derived antigen consisted pre-
dominantly of disulfide cross-linked HBsAg protein (p24(s))
dimers, which were all membrane-associated. Piller et al. [57]
constitutively overexpressed the E. coli FanC antigen by
Agrobacterium-mediated gene transfer method in soybeans
and reported stable accumulation up to ~0.4% TSP in both
leaves and seeds. The Enterotoxigenic E. coli (ETEC) and (K99)
strains are considered a major cause of enteric disease-diarrhea
in humans and livestock. If untreated, it causes death; therefore,
it is regularly vaccinated in pregnant livestock to induce innate
immunity and protect new infants. Recently, Garg et al. [53]
also showed chloroplasts targeting FanC, a vaccine subunit
antigen in soybean, by using a gene transformation approach.
Therefore, to control the several E. coli diseases, an edible
vaccine with an E. coli fimbrial subunit protein is a potential
approach to increase effectiveness to induce mucosal immunity
against pathogen attacks on site.

To increase the efficacy of antigen administered orally
and nasally, mucosal adjuvant is required because it gen-
erates systemic immunity when delivered at mucosal sur-
faces. Therefore, in search for a powerful mucosal adjuvant,
E. coli heat-labile toxin A (LTA) and B (LTB) subunit has the
potential as an antigen and powerful mucosal adjuvant [113].
Therefore, Moravec et al. [54] demonstrated the production of
a powerful mucosal adjuvant by transferring E. coli Enter-
otoxigenic heat-labile toxin B subunit (LTB) to soybean
cultivar “Jack” by the particle bombardment method. The
administration of seed extract containing LTB orally to mice
and found a response of mucosal IgA anti-LTB and systemic
IgG antibody against it. They reported an increase in antibody
response 500-fold against bacterial FigHt antigen adminis-
tered with soybean-derived LTB, demonstrating the func-
tional ability of soybean-derived LTB as an oral adjuvant.

To solve the problem of the porcine reproductive and
respiratory syndrome (PRRS) among breeding swineherds
because current vaccines against it did not show efficacy
when applied on the field, Vimolmangkang et al. [37]
overexpressed a nucleocapsid protein (PRRSV-ORF7) of
PRRS virus in soybean cultivars Jack and Kunitz by the
Agrobacterium-mediated gene transformation method. They
found 0.64% TSP in transgenic seed and induced specific
humoral and mucosal immune responses against
PRRSV-ORF7 in mice administered with this seed extract
without adjuvant. Similarly, Hudson et al. [114] expressed
S. aureus enterotoxin B (mSEB) via the Agrobacterium-
mediated transformation method in soybean and charac-
terized its non-toxic form as a model vaccine candidate. The
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soy-mSEB vaccine was produced at a high vaccine-to-bio-
mass ratio, which resulted in approximately 76 theoretical
doses of human vaccine per single soybean seed. They also
assessed the subcellular environmental impact on protein
accumulation and stability by localizing it extracellularly and
intracellularly and found no change in the accumulation and
stability of mSEB protein. The produced model vaccine also
compared bacterial expression system-produced protein and
native protein and found that they are immunologically and
biochemically similar. Administration of mSEB-containing
seed extract to mice for immunization showed an immune
response within 14 days after the first administration.
However, the transgenic soybean proteins show their effi-
cacy as a vaccine, but commercializing and using them as
a potential renewable oral vaccine needs more research.

4.2. Antibodies. The development of antibody technology
has made significant strides in biotechnology, with appli-
cations ranging from disease diagnosis to therapeutic pro-
duction. To mitigate antibodies, monoclonal antibodies
(mAbs) played a major role in the advancement of the
pharmaceutical field to produce mAb-based therapeutics
and diagnostic systems. The plant is an efficient platform and
has great potential to produce therapeutic use antibodies.
Zeitlin et al. [59] demonstrated the production of human-
ized monoclonal anti-herpes simplex virus 2 (HSV-2) an-
tibodies in transgenic soybean. It was an attempt to develop
an efficient method of mucosal immunoprotection to
overcome the problem of sexually transmitted diseases. They
expressed humanized HSV-2 mAbs in soybean by trans-
ferring its gene by the particle acceleration method and
found that these are expressed in soybean leaf tissue. They
applied both soybean-produced and mammalian cell-
produced HSV-2 mAbs to human semen and cervical
mucus for 24 hours in a murine model and found that both
antibodies diffuse in human cervical mucus, and they are
similar in their stability and showed efficacy to prevent
vaginal HSV-2 infection.

4.3. Therapeutics. An increase in health issues in the human
population boosts the protein therapeutic market. However,
the high cost of protein therapeutics because of the lengthy
manufacturing and purification process limits utilization. Its
potential use and its growth in the future largely depend on
resolving the therapeutic delivery and lengthy
manufacturing process problem that could reflect its low
cost. To overcome these problems, protein-rich plants attract
attention as a cost-effective alternative platform for syn-
thesizing complex therapeutic proteins. The transgenic
soybean is one of the best platforms for therapeutic protein
production because of the high protein content in seed, low
production cost, safe to use, and simple purification method.

There is increasing demand for human growth hormone
(hGH) as therapeutic, and only the E. coli system-produced
hGH makes it unaffordable to common people for therapy.
To lower its price, Russell et al. [56] transferred human
growth hormone (hGH) synthesizing gene in soybean
through Agrobacterium-mediated gene transfer with
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soybean seed-specific promoter 7S B-conglycinin and con-
stitutive 35S promoter. They found 0.0008% TSP hGH ac-
cumulation in the seed, but it was a negligible amount. Later
on, Cunha et al. [55] expressed the same gene with a strong
expression cassette of 7S «' subunit of f8-conglycinin pro-
moter and a-coixin signal peptide. They found 2.9% TSP
fully active hGH accumulation in seed and localized in seed
protein storage vacuole. This increasing bioactive hGH could
lead these soybean expression systems as an economically
feasible alternative for large-scale therapeutic molecule
production.

Ding et al. [60] expressed another highly valued therapeutic
human basic fibroblast growth factor (bFGF) used for tissue
repair, wound healing, and treatment of cardiovascular and
neurodegenerative diseases in soybean seeds. They transferred
bFGF ¢DNAs obtained from the human fetal brain with
soybean seed-specific G1 promoter and endogenous signal
sequence by the Agrobacterium-mediated gene transfer
method in soybean “Sichuan” cultivar. The expression of this
therapeutic in seed accumulated ~2.3% of TSP, and admin-
istered seed extract to mice showed its mitogenic activity.

Goeddel et al. [112] first demonstrated the transgenic
expression of insulin in E. coli since it has been exploited as
an important therapeutic agent. The therapeutic production
from different expression systems has remained with high
costs and contamination risk. Therefore, to resolve these
problems of insulin expression, Cunha et al. [93] used
a soybean expression system. They transferred the human
proinsulin gene with seed-specific promoter y-kafirin de-
rived from sorghum in soybean cultivar “Conquista”
through the particle bombardment method. To target
transgenic proinsulin expression in soybean seed, they used
a-coixin PSV signal peptide in the expression cassette. The
transgenic proinsulin was stably expressed in soybean seed
and remained stable at ambient storage conditions for up to
seven years.

Yamada et al. [101] utilized this soybean expression
system to produce cardiovascular therapeutics. One of them
is Novokinin which has a vasorelaxation property and
controls blood pressure [61]. They expressed the Novokinin
peptide gene in the soybean “Jack” cultivar via the whisker-
mediated transformation method with the modified
p-conglycinin promoter. They found that transgenic seed
accumulated 0.5% of total seed protein. Further, they ad-
ministered a single dose of transgenic seed raw defatted flour
formulation, purified formulation, orally to the hypertensive
rat group and reported decreased systolic blood pressure.
Cunbha et al. [115] overexpressed human coagulation factor
IX (hFIX) in soybean seed to prove a cost-effective method
for overcoming the problem of the higher cost of current
intravenous infusion of plasma-derived or other systems
producing hFIX protein to arrest and prevent hemorrhage
and its low quantity production. Using the particle bom-
bardment method, they transferred hFIX to the soybean
“BR16” cultivar. For targeting this protein in the seed, they
used soy 7S promoter and coixin signal peptide. The
transgenic hFIX accumulated to 0.23% of TSP. The trans-
genic seed-produced purified protein showed their efficacy
and activity of blood clotting up to 1.4% of normal plasma
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and is stable for up to six years at 22 + 2°C storage conditions.
Powell et al. [116] demonstrated the ability of soybean to
produce complex and large subunit proteins where currently
utilized expression systems fail to produce them. They
transferred the human thyroglobulin (hTG) gene in soybean
“Williams 82” cultivar via the Agrobacterium-mediated gene
transfer method. The hTG is a homodimeric protein of
660kDa and is utilized as a source of standard protein and
thyroid disease diagnosis. For the above use, this protein
required proper folding and posttranslational modification.
Until now, the expression system fulfills required hTG
demands; therefore, hTG is derived from surgically removed
thyroid tissue and cadaver utilized commercially but still has
a problem of heterogeneity and lack of uniformity in
producer-purified hTG because the used kit showed the
variation in result. For the potential use of the soybean-
derived expression system, they used 7S promoter and seed
targeting endogenous hTG signal peptide. Transgenic seed
accumulated full-length hT'G dimeric protein of 1.5% of TSP
over generations and reported functionality through ELISA
kits. Therefore, they successfully demonstrated the soybean-
derived expression system as one of the most efficient
systems to produce the biggest hTG functional protein than
other plants reported to date, and it proves their practicality
and capability as a refractory to express any proteins than
conventional systems.

The ability of soybean for protein production and storage
stretches expectations to enhance its level, and it may be
possible by applying protein distribution knowledge.
Therefore, Schmidt and Herman [117] demonstrated
a proteome rebalancing approach to enhance recombinant
protein levels in seeds. For this, they expressed green
fluorescent protein (GFP) in soybeans with suppressing
B-conglycinin to observe green fluorescent yield and found
that it was increased ~4-fold while the increase in protein
level was >7% of TSP. Thus, the proteome rebalancing
strategy is one of the important strategies that could help to
develop transgenic lines that can increase levels of
recombinant proteins in the future. Recently, He et al. [118]
expressed human epidermal growth factor (EGF) in soybean
“Jack” cultivar to address the life-threatening disease nec-
rotizing enterocolitis (NEC) of premature infants caused due
to gut microbiome. Necrotizing enterocolitis is treated by
surgically removing diseased and dead tissues. In infants,
necrotizing enterocolitis is reduced by EGF as an intesti-
notrophic growth factor found in the mother’s breast milk,
salvia, and amniotic fluid. The expression cassette of the
human EGF gene has an ER signal tag at the N’ terminal and
a seed-specific codon bombarded on soybean embryos. They
found 6.7 to 129 ug EGF/g protein in dry soybean seed. This
level is biologically significant and showed activity like
commercially available EGF. Proteomic and immunoblot
assay confirmed its relatedness to human EGF protein. This
work highlights the practicability of soybean seeds as
a biofactory for therapeutic molecule production.

All these examples confirmed the plant as a promising
alternative system for valuable recombinant therapeutic
production. Recently, Israeli company Protalix Bio-
therapeutics developed the first plant-derived therapeutic
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product as an enzymatic drug ELELYSO™ to treat Type 1
Gaucher’s disease and it reached marketable status [119].
This confirms the intrinsic ability of plant systems for the
demanding scale production of pharmaceuticals and ther-
apeutics with competitive low cost and high quality.

4.4. Bioactive Metabolites. Plants are a rich source of bio-
active metabolites that are utilized for the production of
different medicines [46]. The advancement in biotechnology
makes it possible to enhance these bioactive molecules from
plant cells through cell suspension culture and well-designed
bioreactors. The advancement of the transgenic approach
makes it possible to manipulate the desired metabolite
pathway from the cell for continuous synthesis of these
metabolites in the cell [118, 120]. Yu et al. [121] engineered
a phenylpropanoid biosynthetic pathway to increase soy-
bean isoflavone levels. They transferred maize Cl1 and R
transcription factors in the “Jack” cultivar by the particle
bombardment method to activate the phenylpropanoid
biosynthetic pathway, which in turn increased the daidzein
level and decreased genistein level in the seeds. The daidzein,
genistein, and isoflavones obtained from soybean are useful
againstcancer and cardiovascular diseases [25] and various
other disorders. The expression of C1 and R transcription
factors in soybean seed increased isoflavone levels by si-
multaneous co-suppression of flavanone 3-hydroxylase that
blocked the anthocyanin branch of the pathway [25]. It well
demonstrates that the combinational phenomenon of the
C1/R transcription factor induces gene activation and in-
hibition of competing pathways providing a useful tool to
enhance isoflavone accumulation in soybean seed [62, 121].

5. Enhancement of Abiotic Stress Tolerance
Using a Transgenic Approach

The change in climate leads to an increase in abiotic and
biotic stresses in crop plants [63]. Among the abiotic
stresses, salinity, drought, cold, heat, UV rays, and heavy
metals are the major factors severely influencing crop
plants. Increased abiotic stresses and decreased crop
production raise the problem of food security in near
future. If it continues, today’s agriculture will fail to fulfill
the growing population demands. It was estimated that
agricultural production needs to increase by up to 70% in
upcoming years to meet the demand of the increasing
population and livestock [64, 66]. Thinking of the future
increasing population, sustainable agriculture is the big
challenge in front of us. The stresses not only directly
influence crop plants but also indirectly influence crop
plants by reducing the cultivable agricultural land area.
This is because of climate change, availability of fresh water
for irrigation, use of chemical fertilizers and pesticides, soil
erosion, and intrusion of seawater [122]. It leads to det-
rimental effects on crop yield and productivity by reducing
crop plant growth and development [72]. To face these
challenges, transgenic soybean is an alternative strategy to
make stress-tolerant plants or genotypes for better yield
and production.

15

5.1. Salt Tolerance. Soybean is a leading cash crop. However,
soil salinity and sodicity significantly affect its production.
The salt in soil and water negatively affects the physiology
and growth of soybean which subsequently reduces yield.
Therefore, it is classified as a moderately salt-sensitive gly-
cophyte [71]. Several salt stress-responsive genes were
identified and characterized in soybean, but very few of them
were successful in field trials. An overexpression of
MSWRKYI11 of alfalfa in the DongNong-50 cultivar of
soybean by the Agrobacterium-mediated gene transfer
method increased the salt tolerance of soybean seedlings
[123]. Upon salt exposure, the transgenic plants showed
longer hypocotyls, high content of chlorophyll, proline,
catalase, superoxide dismutase, and soluble sugars, and
reduced ROS (H,0, and O;) and MDA content than non-
transgenic plants. In addition, the agronomic traits like plant
height, pods per plant, seed weight, and seeds per plant were
significantly higher in transgenic plants than in non-
transgenic plants [123].

Two transporter genes from Arabidopsis (vacuolar H*
pyrophosphatase 1 and vacuolar Na*/H" antiporter 1) were
co-expressed in soybean. These genes help in the com-
partmentalization of toxic sodium ions from the cytoplasm
to vacuoles. The co-expressed transgenics are more tolerant
to short-term salt stress than individually expressed genes
and non-transgenic plants [67].

Another transcription factor AtMYB44 involved in
abscisic acid-induced stomatal closure is a well-known salt-
responsible gene. This gene was overexpressed in soybean by
the cotyledonary-node method. The resulting homozygous
transgenic lines showed dwarf phenotype throughout the
growth period in greenhouse conditions and improved salt
and drought stress tolerance as compared to non-transgenic
lines. In field conditions, transgenic plants showed a re-
duction in growth; however, after harvesting, they showed
higher yield, and their amino acid and fatty acid content and
compositions were at par with non-transgenic plants. These
transgenic lines also showed improved environmental stress
tolerance [70].

The GmFDL19 is a member of the basic leucine zipper
family (bZIP) which acts as a promoter of flowering in soybean.
Upon overexpression, it induced early flowering in transgenic
soybean. It also showed enhanced drought and salt stress. Its
expression is induced by ABA, PEG, and high salinity [68].
Although many genes have been identified that can improve
salt tolerance in plants and some salt-tolerant crops have been
developed, progress has been rather limited regarding pro-
ducing such crops for field conditions or commercialization.

5.2. Drought Tolerance. Drought is the major abiotic con-
straint, which severely affects crop growth and productivity
[69]. Soybean possesses a set of adaptive mechanisms to
ameliorate drought-induced damage [65]. Incorporation of
these traits in soybean germplasm for enhanced tolerance
and yield is essential. In model plants like Arabidopsis and
tobacco, overexpression of a single gene showed potential
against drought stress [85]. However, it has to be translated
into multiple crop plants [65, 124]. The introduction of
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binding protein (BiP), an endoplasmic reticulum localized
molecular chaperone, into soybean showed improved
drought stress tolerance [125]. The transgenic lines showed
a decrease in wilting of leaves, water potential, and stomatal
closure under drought stress. Overexpression of a tran-
scription factor, DREBI1A in soybean, showed improvement
in the total number of pods, number of pods with seeds, and
number of seeds at field level under drought stress [83].
Moreover, in the greenhouse, due to the lower transpiration
rate, the survival rate of transgenic plants was increased. One
more transcription factor, AREB (ABA-responsive element
binding), was introduced in soybean, and transgenic lines
were tested under irrigated and non-irrigated field condi-
tions. The results showed that the transgenic line 1Ea2939
has high water use efficiency and leaf area index and the oil
and protein content was not affected [85]. The LOS5/ABA3
overexpression using constitutive super promoter resulted
in at least a 21% increase in seed yield of transgenic lines
under drought stress conditions in the field [65]. Transgenic
soybean expressing P5CR, encoding L-Al-pyrroline5-car-
boxylate reductase, which catalyzes the final step in proline
biosynthesis, under the control of an inducible heat shock
promoter was more tolerant to drought and high temper-
ature than non-transgenic plants [84, 126].

The Arabidopsis ABF3 transcription factor (ABRE binding
factor) is overexpressed in soybean using Agrobacterium-
mediated gene transformation. The results showed that the
transgenic lines conferred salt and drought stress under low
watering conditions [86]. Although many genes have been
identified that can improve drought tolerance in plants and
some drought-tolerant crops have been developed, progress
has been rather limited regarding producing such crops for
field conditions or commercialization.

6. Enhancement of Biotic Stress Tolerance Using
a Transgenic Approach

Biotic stresses including insect pests, fungi, bacteria, viruses,
and nematodes are the prime challenge for sustainable
agriculture and food production as they may decline the
forthcoming yields in crop plants by 60-70% [73, 75]. The
United States, Brazil, and Argentina are the three major
soybean-growing countries in the world where more than
50% of all soybeans are harvested. Such geographic distri-
butions impeded the spread of pathogens and diseases.
Hence, soybean can be hampered by several different
pathogens and diseases, including fungi, bacteria [76], vi-
ruses, pests, and nematodes. The pathogen’s attack is usually
tissue-specific and/or can cause damage to roots, stems,
leaves, pods, and seeds [75, 77]. The insect-pest and disease
control management are currently paying attention to ag-
ronomic practices such as the use of cultivating resistant
genotypes, genetically improved varieties, planting under
tillage, wide row planting, and rotation with non-host
specific crop varieties [127]. The use of chemical spray
remedies has poor success because of low penetration rate,
dose-dependent tissue damage, and uneven application due
to an already formed canopy cover; additionally, the
chemical application cannot be cost-effective for farmers
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and can be harmful to the environment. There has been little
achievement with conventional plant breeding approaches
for insect pests and disease resistance in soybean [128].
Recently, biotechnological approaches have emerged to
produce genetically modified soybeans (transgenic) that
have disease resistance [129]. Therefore, insect pest and
disease resistance in crop plants is an additional area of
interest for both researchers and farmers.

6.1. Virus Tolerance. The viral diseases are most widespread
in crop plants worldwide. The development of viral re-
sistance with the use of a transgenic approach has been
studied a little more extensively in soybean. Successful re-
sistance to several viruses in several crop species has been
achieved through pathogen-derived resistance with the use
of viral coat proteins and interference with viral assembly. Di
et al. [130] developed a bean pod mottle virus (BPMV)
resistant soybean by introducing a BPMV coat protein and
by inserting a BPMV capsid polyprotein into the soybean
genome. The events generated in BPMV resistance in soy-
bean were analyzing the infectivity assays and exhibiting
systemic infection which resulted in no visible symptoms.
The infection of soybean mosaic virus (SMV) can cause yield
loss by 90%; to overcome yield loss, the development of
SMYV -resistant soybean is important. To produce genetically
modified soybean lines resistant to SMV, the plants contain
a coat protein gene and the 3’ UTR from SMV. The coat
protein gene and the 3’ UTR sequences were screened in
transgenic lines, and two of the soybean lines were highly
resistant to SMV. These results suggested that this is the first
report of stable SMV resistance in genetically modified
soybean [131]. Tougou et al. [132] studied soybean dwarf
virus (SbDV) and developed SbDV-resistant soybean plants
through the sense coat protein gene with overexpression of
SbDV-CP mRNA, or repression accumulation of SbDV-CP
mRNA, and siRNA by RNA analysis. The results of these
transgenic lines remained with no symptoms. Similarly,
Tougou et al. [81] achieved RNA silencing to develop re-
sistance for SbDV using inverted repeat-SbDV coat proteins
spaced by a f3-glucuronidase sequence. Upon infection with
SbDV, the transgenic soybean plants were symptomless,
which was suggesting that the SbDV-resistance was achieved
through an RNA silencing-mediated approach.

6.2. Bacterial Tolerance. Bacterial diseases in plants may
affect roots, stems, and leaves or can be impeded internally
without external symptoms [76, 82]. Hence, in soybean,
bacterial diseases are most prevalent that occur mainly in the
early-season juvenile and young leaves [75]. Particularly, the
bacterial blight of soybean is the most common soybean
bacterial disease caused by the bacterium species Pseudo-
monas syringae pv. glycinea, and it is most prevalent in the
early season at the juvenile stage. In addition, there are
several bacterial diseases in soybean resulting in poor seed
quality and loss in potential yield [133]. On the other hand,
there has been a promising achievement in the development
of bacterial disease resistance in rice, tomato, banana, and
tobacco crop plants using biotechnological approaches
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[134]. The literature survey suggested that there have been
few efforts made on the development of bacterial disease
resistance for soybean [87]. Therefore, the present research
may facilitate new approaches for the development of
bacterial disease resistance in soybean crops.

6.3. Fungal Tolerance. Fungal pathogens are the most fre-
quent in soybean crops and therefore represent targets for
the development of fungal disease-resistant varieties. Scle-
rotinia stem rot (SSR) fungal pathogen is caused by Scle-
rotinia sclerotiorum, and it is the most commonly found
pathogen in soybeans [135] cultivated in the countries of the
United States and Brazil. The pathogen has been associated
with the presence of oxalic acid (OA), and the metabolism of
OA is correlated with fungal resistance [136]. Cunha et al.
[93] studied OA-dependent SSR resistance and developed
transgenic soybean lines with the use of overexpressed
oxalate decarboxylase enzymes (OXDC). A significant re-
duction of disease severity was achieved with the expression
of OXDC, and the higher levels of OXDC exhibited complete
SSR resistance suggesting the feasibility of this approach.
An alternative technology demonstrated by Li et al. [89]
was to develop multigene resistance by overexpressing
multiple anti-fungal genes such as bean chitinase (CHI) and
the barley ribosome-inactivating protein (RIP). Efforts were
made to produce successful transgenic fungal-resistant
soybean by the overexpression of both genes, also con-
trolling fungal diseases through the use of the single-chain
variable fragment (scFv) antibody approach, and similarly,
Brar and Bhattacharya [77] demonstrated control of Fusa-
rium virguliforme which is responsible for sudden death
syndrome (SDS) in soybean through the antibody approach.
Use of the pathogenic toxin Tox1 as a target, soybeans were
transformed with an antibody gene encoding scFv anti-
FvToxl with improved foliar SDS resistance. The de-
veloped biotechnological strategy could be beneficial for
resistance to other plant pathogen-induced diseases.
Developing durable non-host resistance (NHR) for crop
protection often necessitates the identification and transfer
of NHR-linked genes to the target crop. Langenbach et al.
[128] demonstrated the identification of genes associated
with NHR and transfer of NHR-linked genes in Arabidopsis
thaliana-exhibited Phakopsora pachyrhizi fungus causing
Asian soybean rust (ASR) disease resistance. But Asian
soybean rust disease is only treatable with fungicides, and the
developed transgenic soybean lines are becoming less ef-
fective due to the emergence of fungicide resistance. To date,
there are no commercial soybean cultivars with long-lasting
resistance to P. pachyrhizi, and although soybean resistance
loci have been mapped, no resistance genes have been ex-
plored. The introduction of CcRppl (Cajanus cajan Re-
sistance against Phakopsora pachyrhizi 1) gene from pigeon
pea to soybean resulted in better resistance against
P. pachyrhizi [73]. The transgenic soybean lines were pro-
duced by introducing the desired DNA sequence into the
embryogenic callus using particle gun bombardment. The
most devastating and widespread oomycete pathogen Phy-
tophthora sojae causes Phytophthora root and stem rot
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(PRR) disease throughout soybean-producing regions
worldwide. Niu et al. [129] introduced the harpinggg.-
encoding hrf2 gene isolated from rice bacterial pathogen
Xanthomonas oryzae into soybean for resistance to P. sojae
pathogen by eliciting multiple defense responses mediated
by different signaling pathways. The pathogen resistance
assessed through molecular analysis confirmed the in-
tegration and expression of hrf2 in the produced transgenic
soybean. The potential functional role of the hrf2 gene in
plant resistance against P. sojae makes it a promising tool for
broadening disease resistance to other pathogens in soybean.
Therefore, this is an important step in the direction of de-
veloping the first commercially available transgenic fungal-
resistant soybean cultivar.

6.4. Nematode Tolerance. Nematode microorganisms are
noticeably devastating parasites causing crop productivity
loss of approximately $157 billion (USD) worldwide [90].
Recent techniques used to combat agricultural losses due to
nematode parasites include the use of nematicides, culti-
vation techniques, and varieties with spontaneous resistance.
The majority of yield loss can be attributed to infection of the
root-knot nematodes (RKNs) and soybean cyst nematodes
(SCNs) caused by Meloidogyne and Heterodera, respectively
[137].

RNA interference (RNAi) has become a powerful tool
for silencing genes in crop plants. An approach that has
emerged in recent years is the use of RNA interference
(RNAI) to target genes of feeding nematodes for resistance in
soybean. Also, Steeves et al. [99] demonstrated the efficacy of
an RNAi-based strategy to develop resistance against SCN.
The ingestion of plant-derived dsRNAs inactivating targeted
genes can be attributed to producing nematode resistance by
silencing essential nematode genes. Gheysen and Vanholme
[138] and Lilley et al. [139] discovered that there are a variety
of candidate genes known to be important for nematode
survival, and many of these were implemented candidates
through planta RNAI strategies to control nematode dis-
eases. The nematode-resistant transgenic soybeans were
produced by introducing an RNAi expression vector con-
taining inverted repeats of a cDNA clone of the SCN major
sperm protein (MSP). RNA-associated gene silencing was
produced in the cyst nematode by ingestion of dsRNA
molecules and resulted in ~75% suppression of reproductive
capabilities nematodes in the host. Recently, Tian et al. [140]
reported that the expression of hairpin RNAIi constructs
derived from two SCN genes (HgY25 and HgPrp17) related
to reproduction and fitness enhances resistance to SCN in
developed transgenic soybean. Similarly, RNAi was used to
interrupt genes associated with root-knot nematode (RKN)
gall formation to provide resistance to soybean [94].
Moreover, genes encoding tyrosine phosphatase (TP) and
mitochondrial stress-70 protein precursor (MSP) were stably
expressed in soybean roots, and following infection with
RKN, the number of galls was decreased by >90%, and
nematode proliferation within roots was reduced 5-fold over
in the developed transgenic soybean roots over control.
Nematode infection activates plant defense responses
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mediated by salicylic acid (SA). The overexpression of
GmSAMT! affects the development of soybean cyst nem-
atode, which contributes to the plant's resistance to this pest
[126]. Therefore, the developed transgenic strategies
exhibited nematode resistance in soybean.

6.5. Insect Tolerance. Insect resistance in plants through
applying chemical insecticides has brought about consid-
erable protection to crop yield [96]. Unfortunately, extensive
use of chemical insecticides has resulted in the eradication of
beneficial insects, environmental degradation, and adverse
effects on human health and other organisms. As farmers
move forward to achieve greater crop productivity, it will be
imperative to replace chemical inputs with safer alternatives
to manage insect pests in agricultural ecosystems [141].
Within agricultural biotechnology, insect resistance is
a prime research area that has the potential to improve
agricultural productivity and provide many alternatives to
insecticides while being effective against pests, innocuous to
non-target organisms, and cost-effective. Nowadays, bio-
technology has enabled the creation of genetically modified
plants for insect resistance on a commercial scale, and one of
the most extensive strategies for insect resistance in soybeans
involves the Bacillus thuringiensis (Bt) gene [87, 97].

In the last decade, Bacillus thuringiensis (Bt) is a com-
mon bacterium found in the environment that has been used
as a biological control agent against lepidopteran insects for
more than 50 years. Bt targets a class of compounds re-
sponsible for an insecticidal activity known as crystalline
proteins or cry proteins (Cryl) that are highly toxic after
ingestion [98]. Particularly, the Cryl toxins are involved in
the disruption of the midgut cellular membranes of insects
leading to subsequent cell death. One of the major advan-
tages of using Bt genes for insect resistance in transgenic
crops is the eradication of Lepidoptera dipteran and Co-
leopteran class of insects [142]. Therefore, inserting Bt toxins
into plants, by genetic transformation, is an attractive
strategy for developing insect-resistant transgenic crops.

Using Bt toxin, to date, several different plant species
have been genetically modified to confer insect resistance. So
far, the Bt trait has been commercialized in cotton and
maize, while it is still progressing in soybean. Trans-
formation of soybean with Bt to induce resistance to Lep-
idoptera has been performed, and by 1994, fertile
transformed soybeans containing a synthetic Bt (CrylA (b))
were generated [143, 144]. The synthetic Bt (CrylA (b)) gene
caused complete A. gemmatalis larval mortality and sig-
nificantly reduced Pseudoplusia includens and Helicoverpa
zea larval survival. The detached leaf bioassays exhibit that
the transgenic soybean lines were resistant to multiple
soybean insects with <3% leaf defoliation compared to 20%
observed in conventionally produced lepidopteran re-
sistance [144]. Walker et al. [145] used a relevant model by
evaluating soybean lines modified with CrylAc for re-
sistance to Lepidoptera under field conditions. Likewise,
Macrae et al. [146] and Mcpherson and MacRae [141] have
been evaluating Bt soybean lines for resistance against
Lepidoptera in the field for over 2 years. In this case, soybean
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plants expressing Bt Cryl Ac showed <1.5% defoliation when
compared to 53% defoliation in control plants. Soybean lines
expressing a crylA gene with a high degree of resistance
against Pseudoplusia includens, Helicoverpa zea, and Anti-
carsia gemmatalis were reported by Miklos et al. [147].
Similarly, soybean expressing a synthetic Bt cryl Ac gene was
highly toxic to A. gemmatalis; in addition, the Bt crylAc
transgene does not affect the agronomic performance and
yield in soybean by evaluating in vitro and field bioassays
[148, 149]. Application of transgenic (Bt) soybean has be-
come apparent through gene pyramiding strategies (Bt
CrylAc) with native plant resistance genes to increase plant
resistance against insect resistance. Gene pyramiding
through several quantitative trait loci (QTLs) from soybean
genotypes has been produced which results in antixenosis
and antibiosis resistance towards Lepidoptera [100, 150], and
Walker et al. [151] reported the development of transgenic
soybean lines by combining QTLs with synthetic CrylAc.
Therefore, Bt in consortium with other pesticides has the
potential to drastically reduce the consumption of chemical
pesticides; however, it will be important to continue research
and have a development model for the future generation
technique, to ensure that insects do not rapidly adapt to
resistance.

7. Enhancement of Herbicide Resistance Using
a Transgenic Approach

The amino acids required for plants from aromatic amino
acids are the essential amino acids synthesized through the
shikimate biosynthetic pathway. 5-Enolpyruvylshikimate-3-
phosphate synthase (EPSPS) is one of the important en-
zymes of the aromatic amino acid biosynthesis pathway
[102, 152]. The highly growing plants regulate this pathway
continuously to synthesize higher amounts of aromatic
amino acids to fulfill the needs of growing cells. Therefore,
they showed their higher efficiency of nutrient uptake from
soil. Among these plants, unwanted herbs include weeds also
growing with agriculture crops that have a faster growth rate
because of faster nutrient uptake. It makes soil nutrients
unavailable for growing crops and hampers crop growth
[153]. To control these unwanted herbs, in 1970, glyphosate
was discovered [154], and it was utilized commercially in
1974. They achieved success by showing their strong ability
to control these fast-growing unwanted herbs by blocking
the aromatic amino acid synthesizing enzyme 5-enolpyr-
uvylshikimate-3-phosphate synthase (EPSPS). Glyphosate
used in the USA reached up to 4.5 million kg until 1995.
However, simultaneously, to a certain extent, it also inhibits
crop 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
enzymes which leads to a decrease in crop yield. Due to the
fame and wide use of glyphosate as an herbicide by farmers,
it became a target of recombinant DNA technology to de-
velop herbicide-resistant soybean.

Padgette et al. [155] utilized recombinant DNA tech-
nology to transfer herbicide-resistant EPSPS gene isolated
from Agrobacterium spp. strain CP4 via the particle ac-
celeration method in soybean. The developed transgenic
soybean plant meets the plant demands of aromatic amino
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acids and other essential metabolites necessary for growth
and development in presence of glyphosate. Later on,
Monsanto commercialized transgenically developed
Roundup Ready® herbicide tolerant soybean crop as one of
the first commercially available transgenic crops. The ex-
pression of EPSPS in transgenic soybean provides re-
sistance to glyphosate (Roundup™). The fame of these
soybeans grew with farmers since Roundup™ could be
applied to a field of Roundup Ready® soybeans to con-
siderably decline weed populations without harming soy-
bean crops. This inbuilt property of resistance of Roundup
Ready® soybeans was easy to use and presented many
advantages to farmers. In addition, they offer wider ap-
plication than currently used herbicides in soybean in
terms of growth stage-specific response and effective
control of larger weeds. These factors make this technology
popular for effective weed control.

After Monsanto’s success with Roundup Ready® soy-
bean, Liberty Link® soybean was another herbicide-tolerant
soybean cultivar released by Bayer Crop Science. They
attempted to develop glufosinate ammonium, another type
of herbicide-tolerant cultivar, to overcome the problem of
decreased photosynthesis and inhibition of glutamine amino
acid synthesis in soybean crops. For this, they transformed
the phosphinothricin-N-acetyltransferase (PAT) gene
isolated from Streptomyces viridochromogenes. PAT is
a glutamine synthetase inhibitor that binds to glutamate,
making plants resistant. The phosphinothricin herbicides
have an active part of glufosinate ammonium (Basta®,
Ignite®, Rely®, Liberty®, Harvest®, and Finale®) which is
used to control different weeds when crop grows or for total
plant control on uncultivable land. The glufosinate
ammonium-based herbicides have a different mode of ac-
tion than glyphosate-based herbicides, and the emerging
Liberty Link® provides an alternative strategy for farmers to
control weeds.

Several herbicide-tolerant soybeans were developed and
are in various stages of development. However, for effective
control of the weed population, Mathesius et al. [156] de-
veloped glyphosate and acetolactate synthase (ALS)-inhib-
iting herbicide-tolerant soybean cultivar. These soybean
cultivars express the glyphosate acetyltransferase (GAT4601)
and modified versions of soybean acetolactate synthase
(GMHRA) proteins. This was a different approach than
previous genetic modification where multiple genes were
utilized to confer two-herbicide tolerance. German company
BASF developed an imidazolinone class of herbicide-
tolerant soybean utilizing the same technology. Inhibition
of the native enzymes by imidazolinone herbicides causes
plant death. Therefore, they transferred the imidazolinone-
tolerant AHAS-large subunit (csr1-2) gene obtained from
Arabidopsis thaliana in soybean. This helps in the synthesis
of valine, leucine, and isoleucine branched-chain essential
amino acids [157]. The Embrapa (the Brazilian Agricultural
Research Corporation) researcher group developed imida-
zolinone chemical class herbicide-tolerant soybean cultivar
CV127 (Cultivance) having csr1-2 gene which was approved
for commercial release by National Technical Commission
on Biosecurity in Brazil [120].
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Monsanto has developed a dicamba herbicide-resistant
soybean cultivar [158]. Dicamba (3, 6-dichloro-2-methoxy
benzoic acid) eco-friendly broadleaf weed control highly
used low-priced herbicide. To develop a dicamba-resistant
plant, dicamba monooxygenase (DMO) gene obtained from
bacteria was transformed in soybean. Soybean with trans-
formed gene neutralized dicamba impact on plants. It is now
in the final stage of commercialization.

Hydroxyphenylpyruvate dioxygenase (HPPD) is re-
sponsible for the synthesis of plastoquinones through the
catabolism of tyrosine and further regulating photo-
synthesis, tocopherols, and carotenoid biosynthesis.
Some herbicide inhibits this enzyme and leads to de-
creased plant growth. However, Syngenta and Bayer
Crop Science companies developed HPPD-inhibiting
herbicides and glufosinate-resistant transgenic soybean
cultivars cooperatively [159]. The transformation of gene
acetohydroxyacid synthase (AHAS) isolated from Ara-
bidopsis in soybean confers imazapyr herbicide re-
sistance while the introduction of  4-
hydroxyphenylpyruvate dioxygenase (HPPD) isolated
from Pseudomonas fluorescens confer isoxaflutole her-
bicide resistance. The same phosphinothricin herbicide
resistance was achieved by transferring the bialaphos-
resistant  soil  bacteria  phosphinothricin = N-
acetyltransferase (PAT) gene [160-162]. However,
these new emerging multiple herbicide tolerance ap-
proaches are efficient tools for farmers to control weeds
that developed resistance against single herbicides. In the
future, it is expected to introduce another novel in-
novative approach for generating GM soybeans having
the ability to control not only weed but also increase
weed resistance and eliminate environmental causes and
cost issues.

8. Impact on Root Nodulation

Root nodulation is a crucial process for biological nitrogen
(N,) fixation in legume plants [163]. Gwata et al. [164]
suggested that the process of root nodulation could be used
to rapidly identify genetic segregants resulting from selec-
tion in plant breeding programs and biotechnological
strategies. Symbiotic atmospheric nitrogen fixation is
a multifaceted physiological process subjected to the in-
teraction of genetic elements in legumes and rhizobia and
Frankia [165, 166]. Hayashi et al. [166] reported that the
formation of symbiotic root nodules in soybean (Glycine
max) is regulated by numerous host genes like Rj (rj) genes;
however, molecular cloning of Rj genes is vulnerable due to
large genome size and complicated genome structure. For
instance, Sinorhizobium fredii is a fast-growing Rhizobium
that can establish a nitrogen-fixing symbiosis in soybean
legume crops. In a limited set of soybean genotypes, the root
nodulation with S. fredii strains showed a higher level of
specificity. The previous literature exhibited the dominant
gene Rfgl in soybeans that restrict root nodulation with
S. fredii strains (USDA193, USDA257, and USDA205) [167].
A gene GmEXPB2 is preferentially expressed at the early
stage of root nodule development. In contrast,
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overexpression of GmEXPB2 noticeably modified soybean
root architecture such as an increase in size and several
cortical cells, root hair density, and size of root hair zone
[156]. Likewise, the AP2, GRF5, and C3H family TF regu-
latory networks were associated with early root nodule
development, and nodule maturation was associated with
GRAS, LBD41, and ARR18 family TFs in soybean crops. This
attempt supported the experimental confirmation in the
future to determine key gene targets for genetic engineering
approaches to optimize root nodule development and en-
hance nitrogen fixation for higher productivity [168].
Hayashi et al. [166] reported that the particular Rj genotypes
can exclude nodulation with indigenous Bradyrhizobium
strains that have vital importance in agriculture for im-
proving the efficiency of B. japonicum strains that reveal
efficient nitrogen fixation in soybean.

9. Current Cultivation Status of Genetically
Modified Soybean

ISAAA [169] report revealed that genetically modified
soybean cultivation occupied about 50% of the world which
covers about 94.1 million hectare area; of the global 189.8
million hectare GM area, a 3% rise in the cultivation rate or
2.7 million hectare more area comes under the cultivation as
compared with 2016. Out of 94.1 million hectares, 69.7
hectares comprise herbicide tolerance (HT) and about 24.4
million hectares cover insect resistance and/or herbicide
tolerance (IR/HT) (Intacta™) soybean; there was a rise of 4%
or 9,79,000 hectares in 2017. The slant attributes were
deployed magnificently in Argentina, Paraguay, and Uru-
guay and utmost without any alteration in Brazil. Worldwide
countries that planted genetically modified soybean were as
follows: USA (34 million hectares), Brazil (33.7 million
hectares), Argentina (18.1 million hectares), Paraguay (2.7
million hectares), Canada (2.5 million hectares), Bolivia (1.2
million hectares), Uruguay (1.1 million hectares), Chile
(1,000 hectares), and South Africa (243,000 hectares). The
transgenic soybean is grown in the USA, Brazil, South
Africa, and Bolivia but is not cultivated in Mexico due to
legal restrictions.

Genetically modified soybean was not planted in Costa
Rica in 2017; instead, crops were planted for export
depending on the seed demands. [170] In 2017, approxi-
mately 77% of the global soybean hectarage, equivalent to
121.5 million hectares, consisted of genetically modified
soybean crops [161]. Notably, Brazil approved four trials for
genetically modified soybean planting that year, which in-
cluded a stacked trait providing resistance against both
insects and herbicides (IR (lep)/HT glyphosate), as well as
three herbicide-tolerant events that involved resistance to
glyphosate, glufosinate, and methozone, respectively,
stacked with IR (lep). There were 14 recombinant soybean
traits approved for food and feed in 2017.

The impact of the genetically modified herbicide-tolerant
soybean technology boosts the gross income of the farm. The
rise in the farm grains is the result of a reduction in the
production cost and or decrease in the expenditure needed for
weed control, especially herbicides. An increase in yield gain

Advances in Agriculture

occurred from the enhancement in the level of weed control,
and the average farm income setback has been higher, in
countries such as Romania, Mexico, and Bolivia. In 2009,
a second generation of genetically modified herbicide-tolerant
soybean became available for commercial soybean cultivators
in the USA and Canada. This technology provides the
equivalent tolerance as the first generation as well as is proven
as cost-effective with high-yielding potential.

The potential reflects in the form of higher gross farm
income benefits. Genetically modified herbicide-tolerant soy-
beans have also enabled the assumptions of no-tillage pro-
duction systems, shortening the production cycle [153]. This
advantage has facilitated a lot of farmers in South Africa to
plant the crop of soybean straightaway after a wheat crop in the
same growing season. The second crop, in addition to tradi-
tional “one crop” soybean production, has added significantly
to farm income and the volumes of soybean production in
countries like Argentina and Paraguay. As a whole, in 2016,
genetically modified herbicide-tolerant technology in soybean
(excluding second generation “Intacta” soybeans) has increased
gross farm income by $ 4.37 billion, and since 1996, it has
delivered $54.6 billion of additional farm income [171, 172]. Of
the total collective income gains from using genetically
modified herbicide-tolerant soybeans, $24.6 billion (45%) has
been due to yield gains/second crop benefits, and the balance,
55%, has been due to cost saving [173].

The combination of genetically modified herbicide-tolerant
and insect-resistant (Intacta) (to glyphosate) soybean was first
grown commercially in 2013, in South Africa. During the first
four years, the technology covered about 49.6 million hectares
and attributed an additional $5.2 billion to the gross farm
income of soybean farmers in Argentina, Brazil, Paraguay, and
Uruguay, with higher yields and decreased cost of production.
The genetically modified soybean helped the increase in in-
come benefits for farmers during 1996-2016 which was about
US $ 59.7 billion for 2016 itself [173].

10. Conclusion and Future Prospects

As estimated, by 2050, the world population and livestock
demand for grain will rise by 40-70% for oil and protein or
nutrient-rich diets. While considering the economic use of
soybeans and increasing population demand, it is necessary
to enhance the traits that have the potential to give higher
grain yield with increased levels of protein, oil, and other
nutrient content. The identification of various agricultural
strategies to improve abiotic stress, herbicide, insect, and
disease resistance will make it possible for farmers to obtain
better yields with reduced ecological inputs. The increase in
the nutritional value of soybean oil will significantly raise the
value and worth of soy as a food crop to meet the needs of an
increasing population and benefit human health. Utilizing
the full perspective of the soybean as an efficient expression
platform will depend on overcoming the problems of effi-
cient transformation methods, stable transgene expression
levels, organ-specific expression, developing efficient puri-
fication methods, obtaining interest from pharmaceutical
partners, and overcoming issues related to commercializa-
tion. The production of vaccines, antibodies, and other
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therapeutic proteins will indubitably help to control diseases
not only in humans but also in livestock and is necessary to
continue its development over the upcoming future.
Therefore, overall, in the future, the demand for soybean oil
and soybean protein will be fulfilled through efficient soy-
bean grain production with a transgenic approach.
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