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Introduction

Domestication of various plant species, a practice that
started some 10,000 years back, considered to be the earliest
form of plant breeding and plant biotechnology led the foun-
dation for modern crop improvement programme which aims
at putting of continuous effort for increasing crop production
and productivity. Early attempts for crop improvement by tra-
ditional breeding through natural selection, mutation breeding
and artificial breeding followed by selection has made several
modifications in plant architecture and genetic background that
made the crop plants tolerant to various stress factors, thus en-

Abstract

The higher crop production and productivity through
advanced crop improvement programme can sustain ad-
equate food supply for the growing population. Crop im-
provement can be ensured through suitable combinations
of genes by conventional plant breeding supplemented by
molecular techniques called transgenic breeding. Higher
yield or potential crop yield is seldom realised due to vari-
ous kinds of stresses the crop plants suffer from. Identifi-
cation of stress-related genes and their transfer to suitable
host crop plants helps in effective stress management so
that the gap between expected yield and actual yield can
be minimized. In the current study, valuable information on
stress related genes has been reviewed for stress manage-
ment in crop plants for increasing crop production through
transgenic breeding. The practical application of transgenic
breeding in the farmers’ field and release of transgenics for
commercial use has also been reviewed.

hancing the crop yield. Nevertheless, the traditional breeding
has its own limitations like cross-incompatibility barrier, impre-
cise selection after gene introgression in cross-compatible spe-
cies. Desired characters available in unrelated species cannot
be transferred by conventional breeding through normal hy-
bridization. The modern molecular breeding methods like rDNA
technology is a powerful method of precise delivery of a desired
trait through DNA segment from any organism to the genomic
back ground of a cultivated species which is not at all possible
through traditional breeding.
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The potential yield of a crop plant can be enhanced in many
diverse ways of modifying basic functions of a plant, such as
growth rate, photosynthesis, plant architecture, nutrient up-
take and metabolism, ratio of above-ground to below ground
biomass, transition to flowering, seed set, harvest index and
source-sink relationship etc. However, the potential yield is sel-
dom realized in the prevailing field conditions due to the various
stress conditions. According to Boyer [1], most crops are at best
only reaching 20 percent of the genetic potential for yield due
to various stress conditions in the field. Therefore, there is ur-
gent need to develop crops where the yield gap can be bridged
to increase the crop production and productivity of a crop.

Stress factors and plant responses

Stress is generally perceived as the reaction of a living system
to any unfavourable environmental conditions that, depending
on their severity and period of occurrence, may trigger consid-
erable alterations in the system [2-4]. Those various environ-
mental factors which bring about functional and structural al-
terations to the extent that stress of the plants induces reduced
growth, physiological adaptation, decreased bio-production,
or some combination of these changes are known as stressors
or stress factors [3,5]. Nilsen and Orcutt [3] have categorised
different sources of stress factors mainly into two as abiotic
(drought, salinity, air pollution, radiation, high temperature or
freezing etc.) and biotic stress (pathogen, competition with oth-
er organisms) which may affect the plants in many ways. When
the plant experiences primary stress due to drought, cold, heat,
salinity or any kind of chemical pollution, it develops in to fur-
ther different kind of stresses called secondary stress like oxida-
tive stress due to reactive oxygen species and osmotic stress
which may lead to damage to functional & structural proteins
and membranes, disruption of osmotic and ionic homeostasis.
Subsequently, various physiological and molecular activities by
the organisms like perception of the stress, signal transduction,
induction of transcription factors and activation of related genes
act in a cascade manner help retrieve functional & structural
protection of proteins & membranes and cellular homeostasis
leading to stress resistance/tolerance [6]. Stress-responsive
transcription leads to expression of regulatory genes which in
turn might start cascades of regulation by transcription factors
as late responses to environmental stresses that manifests in
the form of the metabolomic alterations e.g. the generations
of compatible compounds like phytoalexins, antioxidants, cry
protectants, protein protectants [7] and proteomic changes like
production of novel defence proteins and protein chaperones
and increased expression of constitutive defence proteins [8,9].

Abiotic stress related genes

The toleration to abiotic stresses in crop plants depend on
either preclusion or palliation of cellular damage, the resump-
tion of growth and the retrieval of homeostatic conditions.
Understanding the molecular and physiological basis of these
toleration factors will lead to identification and engineering of
candidate genes for tolerance in plants to abiotic stress.

Osmotic stress related genes

There is formation of compatible solutes as a result of os-
motic stress caused due to primary abiotic stress which allow
the plant to adapt that particular stress situation. A number of
such biosynthates like amino acids & amines and sugars & sugar
alcohols have been identified in plants which ameliorate abiotic
stress-tolerance in crop plants.

Aminoacids

Proline accumulation in plant cells during osmotic stress is
a metabolic response of plants where the enzyme, 1-pyrro-
line- 5-carboxylate synthetase (P5CS), plays a major role in this
pathway [10]. Proline is considered to act as a molecular chap-
erone, as a scavenger of Reactive Oxygen Species (ROS), store
of carbon and nitrogen and even as a signal for other adaptive
responses to abiotic and biotic stresses [11]. Therefore, it is of
definite interest to develop drought tolerant crop plants in vari-
0us crop species.

Amines

Glycine-betaine is an amine that is found in a wide variety of
microorganisms, plants and animals naturally [12]. In general,
it is biosynthesized due to oxidation of choline in a two-step
process via a toxic intermediate, betaine aldehyde where two
important enzymes viz. Choline Monooxygenase (CMO) and
Betaine Aldehyde Dehydrogenase (BADH) play major role [13].
The synthesis of these two enzymes found mostly in the chloro-
plast stroma increases with increase in salt stress.

Sugars

Trehalose (D-glucopyranosyl-D-glucopyranoside) generally
acts as a compatible solute in the stabilization of cellular ac-
tivities under abiotic stress in invertebrates, bacteria and fungi.
But, in case of plants it is synthesized to a detectable level only
in “resurrection plants” tolerant to desiccation [14].

Sugar alcohol

The Mannitol as a sugar-alcohol is found in various organ-
isms [15,16] and its biosynthesis in higher plants is regulated by
three important enzymes viz. Man-6-phosphate (Man6P) isom-
erase, Man6P dehydrogenase, and mannitol-1-phosphatase
(M1Pase). Mannitol, as a compatible solute, takes part in osmo-
regulation, storage and regeneration of reducing power in both
algae [16] and plants [17].

Osmotin genes

Osmotin, belonging to PR-5 protein family gets accumulated
as a result of osmotic stress and maintains cell osmotic poten-
tial. It takes part in osmotic adjustment by the cells either by
facilitating the compartmentation or accumulation of solutes or
by participating in structural or metabolic changes during os-
motic adjustment.

Oxidative stress-related genes

Reactive Oxygen Species (ROS) like superoxide, the hydroxyl
radical, hydrogen peroxide (H,0,) and singlet oxygen are known
to be generated as a result of oxidative stress. The plant defense
systems usually operate either by blocking the formation of ac-
tive oxygen species generated due to stress or by scavenging
them after their formation. The low molecular mass scavengers
such as phenolic compounds, ascorbic acid & the tri-peptide
glutathione and enzymes such as catalase, super oxide dis-
mutase (SOD) and peroxidase are thought to be the compo-
nents of oxidative defence system in plants [18,19].

Regulatory and signalling genes

There are a number of regulatory and signalling genes, which
interact among themselves and regulate the transcription of re-
lated genes into MRNA that translates into either to a structural
protein or to an enzyme which further controls the expression
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of some other genes. These proteins which are of regulatory or
activator in nature are known as transcription factors that are
the main players in cascades or regulatory networks. A no. of
transcription activators have been identified which regulates
the expression of many downstream genes related to different
types of abiotic stresses.

DREB/CBF

One of the greater understood transcription activator, de-
hydration-responsive element binding factor (DREB)/C-repeat
(CRT) binding factor (CBF) was isolated from Arabidopsis thali-
ana, which regulates the expression of gene related to dehydra-
tion caused due to salinity, drought and cold stress [20,21]. The
two classes of DREBs isolated are- 1. DREB1 expression up-reg-
ulated during cold stress, and 2. DREB2 expression up-regulat-
ed in response to drought and salinity [22]. Another regulatory
gene, HARDY (HRD) belonging to the BREB/CRB family, has been
reported to induce increased mesophyll cell layer, dense root
system, and enhanced tolerance to salinity and drought [23].

Protein kinase

Various members of Protein kinases viz. 1. Mitogen-activat-
ed protein kinase (MAPK), 2. Calcineurin B-like protein-inter-
acting protein kinase (CIPK), and 3. Calcium-dependent protein
kinase (CDPK) have been suggested to be involved in drought
tolerance. Sanders et al. [24] have reported that Ca** cytosolic
levels mediated by the members of the CDPK family increase
rapidly in plant cells in response to environmental stress, in-
cluding salinity and drought.

NAC proteins

A group of three major transcription factors having con-
served domains known as NAC proteins viz. 1. NAM (no apical
meristem), 2. ATAF (Arabidopsis transcription activation factor)
and 3. CUC (cup-shaped cotyledon) have been reported to be
related with abiotic stresses [25]. They regulate various stress
signalling pathways which may include interplay of phytohor-
mones.

LEA proteins

LEA (late embryogenesis abundant) proteins are produced
in abundance during seed development, comprising up to 4%
of cellular proteins [26] and prevent protein aggregation during
desiccation or water stress [27]. However, many LEA proteins
are also induced by cold or osmotic stress which protect cellu-
lar or molecular structures with proposed mechanisms like ion
sequestration, hydration buffering, direct protection of other
proteins & membranes, and re-naturation of unfolded proteins
during water stress [28].

Aquaporins

Aquaporins are pore-forming integral membrane proteins
characterized by six transmembrane helices that selectively al-
low water or other small uncharged molecules to pass along the
osmotic gradient [29]. The aquaporins regulating cellular water
transport had also been reported by Knepper [30].

Biotic stress and stress response

Almost all the crops particularly cash crops suffer from huge
economic losses caused by biotic stress. The production of vari-
ous antimicrobial proteins and phytoalexins as part of plant re-
sponses to different biological stresses has been reported by
several group of researchers [31-33]. Plant responds to biotic

stress in two ways-1. Systemic acquired resistance (SAR) involv-
ing ethylene and salicyclic acid and 2. Induced systemic resis-
tance (ISR) involving jasmonic acid as signalling molecules.

Genes for insect resistance

Various organisms usually produce insecticidal molecules
which are effective against insects and innocuous to man and
other organisms and those can be deployed in crop plants in a
sustainable and safe fashion [34].

Resistance genes isolated from micro-organisms
Bacillus thuringiensis (Bt) toxin

The insecticidal crystalline proteins (ICP) produced by B.
thuringiensis during sporulation are highly toxic to insect even
at very low concentrations. The genes for ICPs known as Bt toxin
genes (Cry genes) more than 100 in number are grouped into
distinct families (about 40) designated as Cry 1......to Cry 40, on
the basis of size and sequence similarities.

The important insect resistant genes isolated from other
micro-organisms are -

i. Cholesterol oxidase isolated from Streptomyces has been
transferred to tobacco and the transgenic plants show resis-
tance to boll weevil larvae.

ii. Isopentenyl transferase gene isolated from Agrobacterium
tumefaciens has been transferred to tobacco & tomato and the
transgenic plants show resistance to tobacco hornworm and
peach potato aphid respectively.

Resistance genes isolated from higher plants

The following list of insecticidal proteins have been isolated
from higher plants and are being used to develop transgenic
crops resistant to insects.

Proteinase inhibitors

Proteinase inhibitors (PI’s) are induced in plants in response
to different stress conditions like insect & pathogen attack, me-
chanical wounding and UV exposure. They inhibit the gut pro-
teinases of the insect as a result the insects suffer from growth
retardation and subsequently death, thus, minimizing the crop
damage.

a-Amylase inhibitors

The a - amylase secreted by insect for its starch digestion
can be blocked by a-amylase inhibitor due to which the insect
is killed. Coleoptera type of insects have been controlled by in-
serting a-Amylase inhibitor gene (a-Al-Pv) isolated from bean
in case of tobacco.

Plant lectins

Because of affinity for specific carbohydrate moieties Lectins
bind to glycoproteins of the insect midgut as a result diges-
tive processes and nutrient assimilation are disrupted leading
to death of insect. The tobacco and potato plants transformed
with a lectin gene isolated from snow drop (Galanthus nivalis)
have shown resistance to aphids and the tomato moth (Lacano-
bia oleracea) respectively.

Insect chitinases

Insect chitinases are the insecticidal protein that target chi-
tin found in exo-skeletal and gut lining of insects as insoluble
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structural polysaccharide which protects the insect against
water loss and abrasive agents. Therefore, expressing the chi-
tinases produced by insects themselves interfere with chitin af-
fecting the growth and moulting of insects by which insects can
be controlled.

Genes for disease resistance

Anti-fungal molecules like proteins and toxins (Pathogen-
esis related proteins):

There are proteins known as pathogenesis related proteins
which get accumulated during fungal infections in plants and
break chitin and glucon in the cell walls of fungal pathogen. Ma-
jor classes of such PR proteins like PR-1, PR- 2 (B 1-3 glucanase),
PR-3 (Chitinases), PR-4 (Hevein like), PR-5 (Thaumatin like and
Osmotin) etc. can be exploited to develop crop resistance to
pathogens.

Anti-microbial proteins

Plants and other organisms may contain cysteine rich anti-
microbial protein such as lectins, defensins, thyonins, lysozyme,
polygalacturonase inhibitors etc. which can inactivate the ribo-
somes and hence, exhibit resistance to pathogens.

Phytoalexins

Phytoalexins are secondary metabolites having antimicro-
bial properties synthesized by the plant and provide resistance
to diseases in response to an infection. Reseveratol is one of a
phytoalexin synthesized by the enzyme resveretol synthase also
known as stilbenesynthase or STS.

Transgenic breeding

Transgenic breeding or genetic engineering is the most ad-
vanced method of plant breeding where genes from any organ-
ism can be transferred to a suitable crop species which can con-
fer adaptation to different stresses and improved productivity.
Such transgenic plants can be released as an improved cultivar
or can be used as a donor or germplasm as new source of varia-
tion in breeding programs.

Transgenic crop development

The development of transgenic crops involves identification
of a suitable gene, manipulation and incorporation into a de-
sired organism for getting a novel phenotype. Understanding
biochemical and physiological mechanisms of action, regulation

of gene expression and safety of gene and gene product will
ensure successful development of a transgenic plant. However,
the process of developing a transgenic plant involves a number
of steps. Briefly these are- 1. Identification of a source organism
from which desired gene will be isolated, 2. Isolation of genetic
material from the source organism, 3. Fragmentation of DNA,
cloning and development of gene library, 4. Screening of the li-
brary to get the gene of interest, 5. Suitable manipulation of the
gene and development of gene-construct with desired promot-
er, 6. Genetic transformation using Agrobacterium tumefaciens
or particle bombardment followed by invitro regeneration, 7.
Detection of transgene and subsequently its expression and en-
vironmental safety analysis.

Crops improved through transgenic breeding and impact of
transgenics

The first commercially successful transgenic crop was the
soybean, which is known as Roundup Ready resistant to glypho-
sate herbicide, now also sold generically as glyphosate. Later, Bt
corn was produced with insecticidal gene, isolated from Bacil-
lus thuringiensis which showed resistance some pests. Both of
these innovations in crop improvement programme saved lot of
time and money. These transgenic traits have since been added
to many other major crops including cotton, corn, rice, canola,
alfalfa and sugar beets (Table-1). The area under Biotech crop
has increased manifold almost 113-fold since 1996, with an es-
timated area of 2.5 billion hectares recently, thus, proving that
biotechnology is the fastest accepted crop technology in the
world. Now, average yields for soybeans, corn and other popu-
lar GMO crops have increased since that introduction by 25 per-
cent in corn yields [35].

Ariel and Riesgo [36] in their meta-analysis on all GMO crops
concluded, “On average, GM technology adoption has reduced
chemical pesticide use by 37%, increased crop yields by 22%,
and increased farmer profits by 68%.” Brooks and Barfoot [37]
reported that farmers are growing more without using addi-
tional land due to transgenic crops. As per the estimate, main-
taining global production levels at the 2014 levels would have
required additional plantings of 8.9 million ha of corn, 7.5 mil-
lion ha of soybeans, 3.7 million ha of cotton and 0.6 million ha
of canola, without this transgenic technology in 2014. This total
area requirement is equivalent to 12% of the arable land in the
US, or 14% of the cropping area in China or 33% of the arable
land in Brazil.
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Conclusion

The success of transgenic breeding depends on complete
elucidation of plant response to different stresses, underly-
ing mechanisms and identification of related genes which can
meet the challenging task of producing sustainable higher crop
production under changing climates and stressful environmen-
tal conditions. A number of novel genes for different types of
stress conditions so far have been identified which have been
used to develop transgenic crops with commercial value hav-
ing direct contributions to food quality, clean environment, and
pharmaceutical production in various crops. Thus the transgen-
ic technology has been proved to be a powerful technology for
producing designer crops as per the need of the society.
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