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ABSTRACT

A groundbreaking application of biotechnology research during the recent past has been improvement
of crop health and production. India being one of the most rapidly developing countries with an
enormous population and remarkable biodiversity, plant biotechnology promises significant potential
to contribute to characterization and conservation of the biodiversity, increasing its usefulness.
However, India’s green revolution was noted to be insufficient to feed the country's teeming millions.
Therefore, novel approaches in crop biotechnology had to be aimed at ensuring better productivity
and quality of cultivars. This paper provides a comprehensive review of research undertaken mainly in
the last couple of decades along with potential strategies in plant biotechnology focusing on specific
grain and seed crops of key agricultural as well as dietary importance to meet the growing demand of
food and nutrition in India, while also proposing potential application of relevant global research
findings in the Indian context. The analysis would help address the ever-increasing worldwide socio-

economic necessity for greater food security, particularly during times of crisis such as the recent

Coronavirus Infectious Disease 2019 (COVID-19) pandemic.

Keywords: Plant biotechnology, crop production and yield, disease resistance, food and nutritional demands, India.

1 Introduction

Several developing, agro-based countries
like India focus their biotechnology research on
food crops and cultivars of high commercial
value to meet increasing food requirements and
reducing poverty, particularly among resource-
poor farming households. Among multifaceted
benefits of plant biotechnology are drought and
salt tolerance, and biofortification that enhances
micronutrient content, while the relevant modern
techniques involve agricultural genome editing,
RNA spraying technology and consideration of
future targets to strengthen environmental and
food security [1]. Indian agriculture currently
entails the search, characterization, isolation, and
utilization of new genes across taxa for imparting
desirable traits in crops through the application
of biotechnology.  Catering to an essential

prerequisite, India’s remarkable biodiversity

provides a fertile ground for research on crop
plant genes.

India’s  Green Revolution initiated
substantial improvements in food security,
poverty reduction and per capita income. The
per capita gross domestic product increased
between 1970 and 1995 by 190%, cereal
production doubled, and calorie availability per
person increased by 24% [2]. In the Green
Revolution, crop yields surged with the use of
new varieties of food plants and modern farming
methods. India’s National Agricultural Research
System (NARS) has been responding to evolving
concerns and is poised to continue doing so in
the years ahead.

However, as a major challenge, the
achievements of the green revolution were
proving insufficient for feeding India's huge
human population of 1.339 billion (2017 data)
and counting. A plateau was observed in India’s
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agricultural yield and pre-existing technologies
may not have any longer been enough to meet the
pressing food demand; additionally, numerous
Indian children, especially aged 1 to 4 years, were
found undernourished [3]. Apart from that,
globalization and wurbanization of late have
exposed Indian masses to easier access to calorie-
rich, sugary and fat food items as regular
inclusion of cereals in daily diet has been
declining across developing nations, concomitant
with a rise in consumption of processed or
purchased food and animal-based proteins [4].
These can lead to a lot of nutritional deficiencies
and adverse health consequences.

Biotechnology could help solve several
of the problems that limit production of crop,
livestock, and fisheries in developing countties.
Biotechnological interventions can play a vital
role by increasing crop productivity as well as
countering the increasing threat of biotic and
abiotic stresses to crop plants. Genetically
modified (GM) crops are so useful to farmers
because they can be engineered to have increased
nutritional value and be resistant to diseases and
pests. Better understanding of plant physiology,
genomics, proteomics, phytochemistry,
biosynthetic pathways, molecular biology and
metabolic regulation have catapulted the quantity
and quality of food supply in India through
biotechnologically

triggered  efficiency  of

photosynthesis, resilience against extreme
environments such as frost, drought, salinity and
alkalinity, ability to combat plant pathogens or
insect pests, and greater responsiveness to
agrochemicals  to  increase

crop  yields.

Application  of  biotechnology in  crop
improvement programmes has started giving
dividends, with entirely indigenous efforts.
About 50 public research units in India have been
constructed to use tools of modern
biotechnology for agriculture.

This paper aims at reviewing and
suggesting key plant biotechnological strategies
undertaken mainly in the past couple of decades
or those that could potentially be considered by
scientists in near future to meet the increasing
demand of food and nutrition for humans and

domestic animals in India.

2  Crop-specific biotechnological
approaches

A number of multi-institutional projects
have been launched in India, bringing forth
transgenics for resistance to Gemini-viruses in
cotton, mung-bean, and tomato, to ‘tungro’
disease in rice, to bollworms in cotton, to develop
a nutritionally uplifted potato with a balanced
amino acid composition, and to regulate the
molecular mechanisms for heterosis breeding.
The first GM crop to be released for commercial
cultivation in India was Bt cotton, ‘Bt’ referring
to the soil bacterium Bacillus thuringiensis from
which the crylAc gene was incorporated into
cotton, rendering it toxic to bollworms, though
further cost-effective varieties have been
produced [5]. Considerable research progress has
been made with cardamom and wvanilla, both
prevalent crops. Other transgenic crops that
have awaited approval for commercial cultivation
include transgenic herbicide-tolerant mustard
hybrids

varieties.

and nutritionally enhanced potato

Notable biotechnological measures
undertaken or likely useful for pertinent Indian
food plants of

agricultural and  dietary

significance are reviewed below.

2.1 Rice

India’s Green Revolution owes much to
the introduction of genetically improved vatieties
of rice and wheat. Dwarfing genes were
successfully transferred from the well-known
Japanese Notin-10 wheat and Chinese Dee-geo-
woo-gen (DGWG) rice cultivars. The new
varieties  increased food-grain  production
manifold. Biochemical and molecular assays can
be effectively employed to identify alternate
sources of dwarfing gene compared to the Green
Revolution rice gene sd7 [6]. Two rice species,
Oryza sativa and Oryza glaberrima have been pre-
their wild and

uncultivated species are the source of genes for

dominantly cultivated but

better rice varietie. For resistance against grassy
stunt virus, the gene (Gsv 1) was transferred in
rice from Oryza nivara; likewise, the source for the
genes to develop resistance to brown plant
hopper and white-backed plant hopper was Oryza
officinalis.

from wild species of rice into the cultivated

Other important genes introgressed
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species include genes for tolerance to drought
trom Oryza glaberrima, resistance to rice ‘tungro’
virus from Oryza latifolia, resistance to drought
coming from Oryza rufipogon, and resistance to
Yellow stem borer (YSB) being introgressed
from Oryza ridleyi 7).

An International Rice Research Institute
(IRRI) project promising immense benefit to
human nutrition has been golden rice, genetically
engineered to over-express beta-carotene — the
precursor to vitamin A as an inexpensive way to
deliver the vitamin to millions of poor people in
their staple food, rice. Golden rice was designed
to produce beta-carotene in the edible part of
rice, the endosperm [8]. The rice plant can
naturally generate beta-carotene, which is a
carotenoid pigment in the leaves involved in
photosynthesis. However, since photosynthesis
does not take place in the endosperm, the plant
does not normally produce the pigment in the
endosperm.  Golden rice was created by
transforming rice (by an endosperm-specific
promoter), with three beta-carotene biosynthesis
genes: psy (phytoene synthase) and /¢ (Iycopene
cyclase) — both from daffodil (Narcissus
psendonarcissus), and ¢l from the soil bacterium
Erwinia nredovora. This engineered pathway leads
to formation of the end product, lycopene. The
plant's endogenous enzymes convert the
lycopene to beta-carotene in endosperm as
depicted in figure 1 [9], giving the rice the yellow
color for which it is named.

Geranxlgeranyl— PP
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fi Phytoene synthase
Phytoene + 2 pyrophosphate
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v

Zeta carotene
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P Lycopene
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Figure 1: Schematic representation of the carotenoid
biosynthesis pathway showing the enzymes expressed
in the endosperm of golden rice [9].

The original golden rice was called
SGRI1. In 2005, a new variety called golden rice
2 (GR2) was created with more intense yellow
rice grains due to considerably greater amounts
of beta-carotene than in SGR1, shown in figure 2
[10]. The golden rice benefitted children and
pregnant women suffering from vitamin A
deficiency.

Golden Rice 1

Figure 2: Grains of original golden rice (SGR1)
and golden rice 2 (GR2) compared to wild type
rice. GR2 contains beta-carotene levels that will
provide adequate quantities of provitamin A as part
of children’s diet in southeast Asia [10].

Along with the golden rice, attempts
have been made to produce a new rice variety
with a bacterial gene for combating stem borer,
or with additional rice genes for resistance to
bacterial blight and sheath blight, as well as with
genes from other plant species and bacteria with
the purpose of creating an iron-rich rice and
improving grain filling. Another variety is known
as “aerobic rice”, requiring lesser water to survive
[11]. Broad-spectrum resistance to bacterial
blight in rice has been developed recently
through genome editing, and paddy trials
indicated that genome-edited SWEET promoters
produce rice lines with such robust resistance
[12]. A relevant project has identified and cloned
genes encoding putative rice serine protease
inhibitors (‘serpins'), a conserved superfamily of
proteins that inhibit serine protease targets and
prevent plant programmed cell death (PCD) in
absence of pathogen infection [13]. Biotic stress
of rice and its control by biotechnological and
molecular aspects have been documented with
the goal of decreasing the use of insecticides and
fungicides to eventually ascertain the safety of
rice as food as well as of the environment.
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2.2 Wheat

Wheat is the most common staple cereal
after rice in India and probably was the earliest
The

tremendous damage to wheat crop. Agricultural

cultivated. rust disease has caused
scientists are engaged the world over in bringing
betterment of wheat varieties through transfer of
genes that impart rust resistance. Leaf rust
(Puccinia triticina) is one of the major biotic stress
that affect the

Transgtression of the genes for resistance to black

factors yields of wheat.
rust and brown rust in wheat have come from
Aegilops speltoids and Aegilops elongatum. Research
aspiring to attain varieties of wheat showing
higher yield potential, improved nutritional
quality, biotic and abiotic resistance have resulted
in overall enhancement of wheat germplasm. The
development of tetraploid and hexaploid wheat
are well known examples of hybridization
New

sources of resistance to wheat stem rust in

influencing the nutritional quality [14].

Alegilops spp. have been identified in the tertiary
gene-pool of wheat [15]. Another recent study
has detected novel genetic sources of disease
resistance that can be successfully applied in
breeding of wheat [16]. In addition to high yield,
abiotic stress factors including drought tolerance
and temperature, and biotic stress tolerance traits
like pathogen and insect pest resistance needs
clarification of how to fight the adverse
climate on wheat

influences of change

productivity.  Hence, generation of disease-
resistant, high-yielding varieties with stronger
nutritional value should be the overarching
putpose of wheat breeding [17]. Segregating
population of dwarfing genes (RA4), Rht1 and
Rh8 generated by European winter wheats and
spring wheat varieties have highlighted the
potential of alternate dwarfing gene in the Indian
subcontinent, as candidate for conservation
agriculture — an emerging breeding objective in
response to climate change [18]. Current and

future concerns and challenges to wheat

agriculture in India involve sustenance of
production and quality with decreased input of
agrochemicals, and propagating lines with
heightened quality for human nutrition and

biofuels [19].

2.3 Potato

The nutritive value of various crop
plants has been successfully improved as a major
long-term goal of plant breeding programs.
Potato is one of the most important non-cereal
food crops. In order to add to the nutritional
quotient of potato, the coding sequence of the
cloned gene for AmA1 seed albumin protein
trom Amaranthus hypochondriacus was successtully
introduced and expressed in tuber-specific and
constitutive manner by using granule-bound
starch synthase (GBSS) and cauliflower mosaic
virus (CaMV) 355 promoters, respectively [20].
It increased the growth and production of tubers
in transgenic populations particularly rich in the
essential amino acids lysine and tyrosine as well
as sulfur amino acids with rise in total protein
[21].

localized in cytoplasm and vacuoles of the

content The expressed protein was
transgenic tubers. Thus, to develop a transgenic
crop plant, a seed albumin gene product with a
well-balanced amino acid composition has been
used as a donor protein. Proteome rebalancing
in transgenic tuber resulted in expression of the
seed protein gene AmAl in next-generation,
protein-rich potato [22]. In quality improvement
programs of potato, the priorities have been to
strengthen disease- and pest-resistance, to propel
yields, and to increase adaptability to biotic and
abiotic conditions — for instance, a synthetic
antifreeze protein gene expressed in plants
decreased leakage of electrolytes from leaves at
freezing temperatures [23]. Marked advances
have been made in genetic transformation of
potato to enrich in its nutritional and therapeutic
values by augmenting functional secondary
metabolites, carbohydrates, essential amino acids,

proteins, lipids, vitamins and edible vaccines [24].

2.4 Tomato

Recent  progress and  challenges
associated with tomato mutagenesis research
have reviewed that tomato yield and quality could
be uplifted by judicious combination of existing
well-characterized tomato mutant resources with
cutting-edge mapping approaches to accelerate
mutation breeding; for example, Mutmap,
MutChromeSeq and whole-genome sequencing-

based mapping [25]. The WRKY1 transcription
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factor augments resistance to early blight (EB) in
wild tomato, which could be tapped as a putative
target via genetic engineering to induce defense
against Alternaria solani that causes EB in crop
[26].
Cry2ax1 was conducted by Bolistic Gun Method
for imparting resistance to the fruit borer insect,
Helicoverpa armigera Hubner [27].

plants Tomato transformation with

2.5 Maize/Corn

In maize, common rust and northern
corn leaf blight resistance can be obtained from
L34, a durable wheat disease resistance gene
[28]. Introgression of genes from two close wild
relatives of maize, T7ipascum and Zea mexicana,
have enhanced yields in maize. A relevant review
discussed two critical aspects of the pathosystem
of Northern corn leaf blight (NCLB; the most
devastating leaf pathogen affecting maize): the
genetics of the fungus Setosphaeria turcica as well as
the inheritance mechanisms of the host plant
maize, along with successful breeding strategies
to build resistance to NCLB [29]. Quantitative
resistance to many pathogens have recently been
reported to be conferred by a gene encoding
maize caffeoyl-CoA O-methyltransferase [30].
Moreovet, a novel quantitative trait locus (QTL)
has been identified, characterized and mapped to
a single gene NAC-domain
transcription factor (NAC7), which could be a

target for improving functional stay-green and

containing a

yvield in maize and other crops [31].

2.6 Sugarcane

Nobilization of cane, referring to
breeding theory of development and utilization
of wild germplasm, is a well-established case of
varietal improvement by harnessing the plant
genetic resources. In case of sugarcane, genome
characterization, mapping for specific traits,
molecular variability of pathogens, selection for

insect/disease resistance by virtue of markers,

accurate identification of plant pathogens,
transformation etc. have been aided by
biotechnological modulations [32]. Sugarcane

production technologies, integrated to foster
cane and sugar productivity, would also serve to
meet the goal of raising farmers' income [33].

2.7 Others

Some of the crops tested by the
Department of Biotechnology (DBT) and the
Indian Council of Agricultural Research (ICAR),
are: 1) Bt cotton carrying the CrylAc gene,
with resistance to American bollworm; 2) Bt rice
with the CrylAc gene, resistant to yellow stem
borer; 3) Bt brinjal (eggplant) carrying the
CrylAb gene, with resistance to fruit and shoot
borer; 4) tomato carrying the AmAIl gene from
amaranth, with resistance to leaf curl virus; 5)
protein-enriched potato; and 6) tomato and
mustard with tolerance to salinity and drought.
Since introduction of Bt technology, empirical
evidences of improved cotton yield in India and
a positive effect on long-term productivity at the
national level have been reported [5]. Moreover,
the formation of harmful substances such as
aflatoxin in groundnuts, neurotoxins in &hesari dal
besides

undesirable elements in sweet pea, chickpea and

and cyanide in tapioca, several
potato can be prevented by modern plant
biotechnological underpinnings towards ensuring
the quality and safety of the edible components.

As reviewed here, the crop-specific
interventions proven to meet the heightening
requitements of food/grain production and
nutritional quality in Indian regions could
contribute to further improve research in plant
biotechnology or related disciplines of research in
other parts of the country as well as the world.
This relies on the predominance of tissue culture
and micropropagation, exploitation of heterosis
vigor, genetic enhancement of important crop
plants, development of new hybrids and planting
material with desirable traits in India; some useful
traits have been noted practically in every
cultivated crop, field or horticultural, through
intergeneric or interspecific crossing. On the

hand, the
strategies cited in this report could potentially be

other effective global research
applied to add value to the booming agricultural

sectors within India.

3 Discussion

Leveraging plant biotechnology is crucial
in enhancing crop production to supply growing
domestic needs and new export market demands.

However, multiple legal and regulatory hurdles
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along with socio-economic and health concerns
may limit transfer of transgenic plants from
Besides,
biotechnologists as well as the public often

laboratory  to  crop-fields.
apprehend the likelihood of development of
super weeds, resistance genes in insects etc.
Additionally, the seed terminator technology
compels farmers to purchase seeds for each new
cultivar. Optimizing fundamental plant
developmental traits such as overall plant
architecture, leaf structure and morphological
features, vascular system and flowering time
could play key roles in increasing biomass and
crop yield [34].

Interestingly, non-controlled activation
of protein translation and photosynthesis has
been revealed by proteomic investigations in a
rice npp1 mutant under conditions of elevated
temperature and carbon dioxide [35]. In the npp?
mutants, increased expression of several 14-3-3
proteins was noted, indicating that the NPP1
gene disruption can alter protein phosphorylation
status. Expression of Os14-3-3 gene has been
studied in in indica rice cultivars which vary in
tolerance to abiotic stress [36]. The 14-3-3 gene
family members were analyzed in sorghum,
foxtail millet, and maize, highlighting their gene
structure,  evolutionary and  phylogenetic
relationships, protein structure, and patterns of
expression amid hormonal treatments and abiotic
stresses; this study also suggested influence of 14-
3-3 proteins in splicing processes [37]. The 14-3-
3 acts as a stress response protein against heat,
salinity and drought in Triticum aestivum (wheat)
and related species, and mutational effects on its
structure and function have been analyzed [38].
The 14-3-3 (YWHA or

monooxygenase/tryptophan 5-monooxygenase

tyrosine  3-

activation protein) are a family of homologous,

acidic proteins expressed abundantly and
ubiquitously in most eukaryotes, and exist as
different species-specific isoforms, with seven in
mammals [39-42]. They govern critical cellular
events such as cell cycle, cell division, signalling
and development in various animal species [43-

47].
serve as stress-adaptive signalling agents [48].

These proteins are highly conserved and

Comparable to the above observations in plants,
the 14-3-3 are known to interact with and control

the expression, distribution and/roles of other

cell  cycle regulatory  proteins in a
phosphorylation-dependent manner (e.g. cell
division cycle 25B or CDC25B) in various tissues
and organs of several animal species [49-54].
Biotechnological approaches such as 7
vitro culture could be very useful for the
maintenance of ex sizu germplasm collections of
asexually propagated crop species like banana,
onion and garlic, low fertility polyploid species,
and species which are not easy to be maintained
For

instance, potato, an important component of diet

either as seeds or in field gene-banks.

for many people in developing as well as
developed countries, must be targeted for
healthier human nutrition. The biological
function of AmA1 is not known but it might act
by inducing protein synthesis or mitogenic
activity, similar to the result of over-expressing
AmA1 or its turn-over products as signal
molecules [20]. Genetic analyses as well as
morphological studies used to distinguish among
taxonomically different plants could assist better
utilization of biotechnological manipulations and
breeding in plants [55]. Given the present global
economic crisis due to the Coronavirus
Infectious Disease 2019 (COVID-19) pandemic,
knowledge of plant biotechnology to address
real-world issues such as intensifying food
demand could also enhance awareness and
interest in science and technology research
among today’s youth through innovative modes
of currently online science education like mobile
applications and virtual classrooms [56-58]. On
the other hand, owing to this pandemic,
stockpiling and panic-purchasing of foods have
added to the agricultural needs across the world
[59].

Implementation of the scientific
techniques require trained human resources and
an effective infrastructure. Furthermore, the

biotechnological ~ advances need to be
complemented by appropriate legislation and
regulatory bodies to not only raise food
production but also ensure food safety and
security [60]. As in the case of golden rice,
thorough testing of transgenic plants is essential.
Quality control laboratories may be established to

prove that the transgenic products created do not
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pose any health-related, environmental, or other
hazards whatsoever.  Since new agricultural

technologies  are  increasingly = complex,
knowledge intensive, expensive, and location-
specific, establishment of clear priorities could be
recommended. Appropriate strategies must be
designed and implemented towards generating
and sustaining high-yield, disease-resistant crops
food

bioremediation, and environmental conservation.

for  poverty  reduction, security,

4  Conclusions

This paper encapsulates notable plant
biotechnological strategies reported by scientists,
mainly during the last two decades, targeting
relevant grain and seed crops of prominent
agricultural as well as dietary importance to meet
the increasing demand of food and nutrition for
animals in India.

humans and domestic

Furthermore, key global research results
regarding improvements in productivity and
quality of major food-grains are reviewed to
guide their potential application in the Indian
context. Such information would be valuable to
address the pressing worldwide requirement of
better and more food production in times of
contemporary crisis such as the recent COVID-

The

biotechnological interventions undertaken to

19  pandemic. plethora of plant
foster crop health and production in the second
most populated and a highly biodiverse country,
India,
developing nations striving to meet the growing

The

scientific advances achieved during the recent

could serve as a model for other

global demand of food and nutrition.

past would form a foundation for development

of novel technologies in plant genetic
engineering, tissue culture and transgenics to
foster agricultural productivity at present and in

future.
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