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Abstract

Providing sufficient food to burgeoning population from the steadily shrinking arable land seems to be very difficult in
near future and is one of the foremost challenges for plant scientists. In addition, there are several biotic and abiotic
stresses which frequently encounter crop plants during various stages of life cycle, resulting in considerable yield
losses. Environmental stresses, including drought, flooding, salinity, temperature (both low and high), high radiation,
and xenobiotics induce toxicity, membrane damage, excessive reactive oxygen species (ROS) production, reduced
photosynthesis, and altered nutrient acquisition. Several indigenous defence mechanisms (physiological and molecular)
are triggered in plants on exposure to environmental cues. Enhancement of resistance of crop plants to environmental
stresses has been the topic of prime interest for agriculturalists and plant scientists since long. Development of water
and salinity stress-tolerant crops through genetic engineering provides an avenue towards the reclamation of farmlands
that have been lost due to salinity and lack of irrigation water/rainfall. Understanding the complexity of stress tolerance
mechanisms in orthodox or model plants at the genetic and molecular levels improves feasibility of enhancing tolerance
of sensitive crop plants.

Additional key words: cold, drought, flooding, gene expression, heat, salinity, reactive oxygen species, transcription factors,
transgenic plants.

Introduction

Several genes and their products are responsive to a
variety of environmental factors. Identification of these
genes is significantly helpful to overcome stress-induced
adverse effects at transcriptional and translational levels
(Yamaguchi-Shinozaki and Shinozaki 2005, Umezawa
et al. 2006, Floris et al. 2009, Yang et al. 2014). Most
important gene products include chaperones, osmotin,
heat shock proteins, antifreeze proteins, late
embryogenesis abundant (LEA) proteins, mRNA binding
proteins, enzymes of osmolyte (like proline, glycine
betaine, polyamines, sugar alcohols) biosynthetic

pathways, antioxidant enzymes, water channel proteins,
kinases, transcription factors, phosphatases, hormone-
related genes, etc. (Giri 2011, Choudhary et al. 2012, Fan
etal. 2012, Ha et al. 2012, Osakabe ef al. 2013, 2014 a,b).
The 20" century has witnessed a significant increase
in quality, yield potential, and disease resistance in crops
using breeding techniques including simple selection,
cross pollination, hybridization, and natural/induced
mutation (Ashraf and Akram 2009). Classical plant
breeders have released different resistant crop
lines/cultivars using conventional breeding techniques
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(e.g., Johnson etal. 1991, Al-Doss and Smith 1998,
Ashraf and O'Leary 1996, Hollington 2000, Johnson
2013). However, the advocates of genetic engineering
argue that compared to conventional breeding this new
approach is efficient, and requiring less labour and less
time consuming. Futhermore, through genetic engineering
only descried/targeted genes can be incorporated into the
lines/cultivars of interest (Ashraf and Akram 2009,
Johnson 2013).

Employing techniques like production of expressed
sequence tags (EST) or expression profiling by
microarrays or RNA sequence analysis, mutagenesis
(random and targeted), complementation, and promoter
trapping can be very helpful in identifying the key stress
responsive genes, thereby providing important clues for
the functional characterization of these stress-responsive
genes, which lead to understanding the mechanisms of
stress tolerance.

Contribution from molecular breeding and genetic
engineering towards the understanding of stress response
processes is of great importance. Complete examination
of tolerance mechanisms, starting from signal perception
and transduction to downstream regulation, is essential.
Understanding of related cellular pathways linked with
stress responses provides valuable insight for future
studies. Genomic, transcriptomic, proteomic, and
metabolomic assisted procedures have helped to reveal
the complex regulatory networks involved in controlling
abiotic stress tolerance mechanisms (Tran and Mochida
2010, Mochida and Shinozaki 2011, Jogaiah et al. 2013).

Functional genomics has an imperative role in
identification of stress-responsive genes involved in
stress tolerance which are later transferred into stress-

Distinctive stress-induced responses in plants

Stresses triggers changes at physiological, biochemical
and molecular levels (Tuteja et al. 2009, Ahmad et al.
2012a, Osakabe et al. 2014a). Model plants, such as
Arabidopsis thaliana and Oryza sativa, have been
preferably used to examine the stress-induced changes
because of the availability of genomic sequences, mutant
resources, and reference databases (Kosova et al. 2011,
Mochida and Shinozaki 2011).

Every physiological and biochemical pathway is
sensitive to environmental variations. Several adaptive
mechanisms like avoidance and tolerance are employed
by the plants to mitigate the stress effects. Tolerance
mechanisms employing selective and efficient utility of
ion transporters, proteins, osmoprotectants, antioxidants
(enzymatic and non-enzymatic), and other cues/
molecules implemented in signalling cascades and
transcriptional level control are activated so that the
alterations triggered in biochemical and physiological
pathways could be made to offset the stress-induced
adverse effects. Stress identification, perception, and
transduction of signals as well as elicitation and initiation
of proper physiological and biochemical mechanisms
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sensitive species so as to confer their tolerance
(Sreenivasulu et al. 2007, Varshneyet al. 2013). In
connection to this, biotechnology has a pivotal role in
unravelling and improving the hidden tolerance
mechanism  pathways. However, biotechnological
approaches need thorough information on the basic
techniques involved in production of crop plants showing
improved yield production. Implementation of integrative
genomic and breeding approach seems vital so as to
achieve enhanced and quality yield in response to varying
environments (Sreenivasulu et al. 2007, Tran and
Mochida 2010, Thao and Tran 2012, Jogaiah et al. 2013).

The highly complex nature of stress-triggered plant
responses is depicted through the studies carried out at
cellular, transcriptome, and physiological levels.
However, responses elicited to multiple stresses are more
complex, as compared to the individual one, bringing
specific induction of gene expression programme that is
actively implemented in counteracting the multiple stress-
induced changes. Exposure of plants to multiple abiotic
stresses can simultaneously increase the chance of biotic
stress outbreaks like pest attack. Various signalling
pathways mediated by different molecules specific to
particular pathway, acting either independently or in
close association, and showing a complex cross talk that
together act for eliciting a series of genetically controlled
molecular protective/tolerance responses/mechanisms
(Atkinson and Urwin 2012).

An increasing understanding of which genes/alleles
are important in stress resistance and a national and
international regulatory system to oversee trade in
genetically modified (GM) crops is necessary (Ha et al.
2012, Choudhary et al. 2012, Thao and Tran 2012).

determine the survival and potential of coping with
stresses (Hasanuzzaman et al. 2013). However, studying
responses of plants to stresses through genomics provides
an overlapping picture between different biotic and
abiotic stresses (Chen et al. 2002, Buchanan et al. 2005).

Environmental stresses induce numerous changes like
metabolic toxicity, membrane disorganization and hence
dysfunction, excessive reactive oxygen species (ROS)
production, reduced photosynthesis, and altered nutrient
acquisition and hence altered metabolism (Hasegawa
et al. 2000, Sreenivasulu et al. 2007, Hasanuzzaman
et al. 2013, Uzilday et al. 2014). Through molecular
techniques, abiotic stress tolerance can be improved by
genetic engineering/trangenic approach of various genes
like  synthesis/accumulation of  osmoprotectants,
chaperone production, ROS scavenging mechanism
pathways, transporter system involved in efficient
exclusion or compartmentation of ions (Cushman and
Bohnert 2000, Hasegawa et al. 2000, Apse and
Blumwald 2002, Zhu 2002, Viswanathan and Zhu 2004,
Sangam et al. 2005, Valliyodan and Nguyen 2006,
Ahmad et al. 2010, 2012a, Uzilday et al. 2014).



Diverse physiological and biochemical processes,
altered ionic equilibrium, and genes and their products
play important roles (Cushman and Bohnert 2000,
Sreenivasulu et al. 2004, Yamaguchi-Shinozaki and
Shinozaki 2005, Umezawa et al. 2006) and under-
standings related to these responses can help in further
tracing the tolerance mechanisms. Contributions from
functional genomics are gaining pace through
continuously adding/discovering new genes by utilizing
techniques like high throughput gene expression,
alteration in expression of specific genes by
transformation, characterizing genes of interest, efc.
(Sreenivasulu et al. 2007). Expression profiling using
microarrays, mutagenesis (random and targeted),
complementation and promoter-trapping aid in the
identifying the key stress responsive genes providing
prelude towards functional characterization of these stress
responsive genes and hence adding to the better
understanding of the stress tolerance mechanisms. In
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connection to this, already sequenced genomes
(Arabidopsis and rice) and expressed sequence tags
(prepared from cDNA libraries of different crops exposed
to stress) serve as precious and valuable source for gene
discovery. However, this information is mostly limited to
laboratory, but this needs to be proved in field studies to
get better results in terms of enhanced agricultural
productivity.

In order to improve plant traits that confer tolerance to
stresses, contributions from molecular and genetic
engineering studies add a substantial knowledge in
understanding of the complexity of stress responses.
Mechanisms and pathways which serve to carry and link
whole regulatory/tolerance strategies starting from signal
perception, its transduction all along up to activation of
downstream regulatory transcription factors have been
now characterized so that a complete understanding about
various protective cellular pathways involved in stress
responses/tolerance can be achieved.

Signal transduction in plants exposed to different stresses

Under stress conditions, understandmg of the physiology
and genetics of plant species is a pre-requisite before
adopting the transgenic approach (Bhat and Srinivasan
2002, Jewell et al. 2010, Pérez-Clemente et al. 2013).
Retrograde signalling, i.e., from perception organelle to
nucleus, has a key role in bringing coordination between
signal receptors and nucleus so that expression of specific
host genes vital for survival under adverse conditions is
increased. Protein phosphorylatlon dephosphorylatlon
phospholipid metabolism, Ca®" sensing, efc., are the
fundamental events that are generally trlggered by
stressful cues.

Specific retrograde signalling molecules (ROS, nitric
oxide, unsaturated fatty acids, etc.) as well as their
understanding continuously provide key insights into the
interactively coordinated network in response to
prevailing environmental conditions (Trewavas and
Malho 1997, Atkinson and Urwin 2012, Huang et al.
2012, Rahal et al. 2014). Thus, we can safely infer that
signalling is instigated by several signal molecules and
each molecule regulates a distinct set of genes (Fig. 1
Suppl.). In addition, any change in these molecules is
highly regulated so a highly complex and specific stress
response regulated by a specific set of genes is delivered.
Some signalling cascades are specific while some show
crosstalk at some steps (Xiong and Yang 2003, Kaur and
Gupta 2005, Gadjev et al. 2006, Huang et al. 2012, Kim
et al. 2013, Ma et al. 2013) so as to bring controlled and
coordinated physiological and biochemical responses
important for adaptation (Trewavas and Malho 1997, Zhu
2002, Jewell ef al. 2010, Pérez-Clemente et al. 2013).

Some researchers have the opinion that oxidized
products of proteolytic breakdown are the key players in
mediating specific signalling pathways, e.g., oxidized
peptides and B-cyclocitral (an oxidative product of
carotenoids) mediate mitochondrial and chloroplast

(Ramel et al. 2012) ROS specific signalling responses
(Moller and Sweetlove 2010).This area of research is a
major focus for applied and fundamental studies these
days. Most of the signalling molecules triggered under
stress conditions have been explained below:

Calcium has been acknowledged as one of the important
secondary messengers. It is ubiquitous and plays a crucial
role in signal transduction under stress conditions (Tuteja
and Mahajan 2007, Yi et al. 2012). Content of calcium
initiate Ca-dependent signalling processes (Knight et al.
1991, 1998, Pandey et al. 2002), e.g., under salinity stress
Ca is believed to lead to ion homeostasis thereby
enhancing stress tolerance (Urao et al. 1994, Saijo et al.
2000, Reddy and Reddy 2004, Cheong ef al. 2010, Huda
etal. 2013).

Calcium bound to different organic molecules
including proteins plays an important role in signalling.
For example, calcineurin B-like proteins cloned from
Arabidopsis (Liu and Zhu 1998) sense the Ca signal and
participate in salt stress signal transduction particularly to
control compartmentation of Na* (Das and Pandey 2010,
Ahmad et al. 2012b, Sarwat et al. 2013). Calcinuerin B
like protein also initiates the activity of salt overly
sensitive (SOS) pathway and its related genes, e.g., Zea
mays calcineurin B-like gene (ZmCBL4), encoding a CBL
protein in maize, can increase salt stress tolerance in
Arabidopsis SOS3 mutant (Wang et al. 2007).

Calcium-dependent protein kinases (CDPKs) have
been considered potential candidates for calcium-
mediated signal transductions in response to abiotic
stresses in plants (Franz et al. 2011, Jiang et al. 2013). It
has been shown that a CDPK, CPK21, is involved in
abiotic stress signalling (Franz ef al. 2011). For example,
a CDPK gene, ZmCPK4, overexpressed in maize plants
under different abiotic stresses show its role as a stress-
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induced signalling molecule. Furthermore, ZmCPK4
introgressed Arabidopsis plants show improved drought
tolerance which triggered abscisic acid (ABA)
metabolism to regulate stomatal movement, seed
germination, or growth. This suggests the role of
ZmCPK4 in ABA-mediated regulation of stomatal
closure under drought (Jiang et al. 2013).

In another study, Manzoor et al. (2012) observed that
Ca’" fluxes at the plasma membrane confer chloroplast
energy dissipation mechanisms as well as increase in
mitochondrial respiration. Ca-signalling molecules or
transporters in mitochondria or chloroplasts are believed
to have a role in controlling intra-/extra-organellar
functions (Nomura and Shiina 2014). Recently, Edel and
Kudla (2014) attempted to link evolutionary tendencies to
functional predictions and concluded that -calcium
dependent regulation of Na™ homeostasis is most ancient
function of this signalling cascade. Therefore, there is a
need to wuse high-throughput technologies for
identification of signalling networks in the Ca** signalling
cascade, roles in cellular processes, their known functions
or components as well as unravelling of complex Ca**
proteomics and genomic technologies.

Reactive oxygen species play a central role in plant
responses to environmental extremes (Breusegem ef al.
2001, Mittler et al. 2004, Baxter et al. 2014). A
significant amount of ROS is generated during electron
transport and several other metabolic processes in
mitochondria and chloroplasts while antioxidant systems
(both enzymatic as well as non-enzymatic) maintain ROS
levels and redox homeostasis. ROS-induced oxidative
burst or elevated ROS content as a result of stress triggers
signalling pathways so as to initiate reprogramming of
expression of genes coding for chloroplast and
mitochondrion localized proteins. ROS have a dual role,
i.e., they can either exacerbate damage to cellular
molecules/organelles or can initiate signalling to activate
multiple defence responses, which is attained only when
production and scavenging are precisely controlled
(Breusegem et al. 2001, Mittler et al. 2011, Suzuki et al.
2012, Foyer and Noctor 2013). In Arabidopsis, a network
of at least 152 genes coding for both ROS-scavenging
and ROS-producing proteins is involved in maintaining
ROS content (Mittler et al. 2004).

Reduced plant growth under stress conditions is
ascribed to reduction in cell division, hence reducing cell
number (Burssens et al. 2000, Granier et al. 2000)
thereby allowing energy conservations and providing a
prelude to appropriate defence response (May et al. 1998,
Vernoux et al. 2000). Cell cycle progression and plant
stress responses are linked through active oxygen species
and oxidative stress induced cell cycle arrest and
checkpoints have been reported (Paulovich et al. 1997,
Tuteja et al. 2009). For example, in tobacco cell
suspensions and tobacco plants oxidative stress induced
by menadione has been reported to restrict transition of
Gl to S phase and to restrict resultantly entry into
mitosis, which leads to impairment in DNA replication.
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Cell cycle arrest induced by oxidative stress is initiated
by inhibition of activity of cyclin dependent kinases
(CDK) and cell cycle gene expression with a concomitant
activation of stress genes (Reichheld ef al. 1999). Cell
cycle progression is under the negative control of ROS
(Cui et al. 1999). Nevertheless, the exact role of ROS in
plant growth and development is still poorly understood.
ROS are believed to have an important role in bringing an
adequate response through their decisive roles at cell
cycle check points.

Nitric oxide is another potential ubiquitous retrograde
signalling molecule. Its content is altered considerably
under biotic as well as abiotic stresses (Wimalasekera
et al. 2011, Gupta ef al. 2012, Habib and Ashraf 2014).
Its function is determined by the site of production and
stage of plant growth (Villanueva and Giulivi 2010). In
animals the function and location of three isozyme forms
of a key enzyme (nitric oxide synthase) involved in NO
biosynthesis has been well documented (Bogdan 2001).
However in plants, its biosynthetic pathway is not clear
yet (Gas et al. 2009, Popova et al. 2010, Hancock et al.
2012, Qiao et al. 2014). Some believe that it is produced
in cytoplasm (Gupta et al. 2011) while the others are of
the opinion that chloroplast is the actual site of its
production (Jasid et al. 2006). Generation of NO can be
either of oxidative or reductive nature.

Polyamine, nitric oxide synthase, and hydroxylamine
mediate pathways where nitrogen compounds such as
arginine and hydroxylamine produce NO for signalling
purposes under stress conditions (Igamberdiev and Hill
2004, Tun et al. 2006, Rumer et al. 2009, Corpas et al.
2006, 2009, Gupta and Igamberdiev 2011, John et al.
2016). Nitrate reductase, electron transport chain (ETC),
and nitrite-nitric acid (operating at plasmalemma) are
reductive pathways and contribute maximally to the NO
pool (Stohr et al. 2001, Sakihama et al. 2002, Planchet
et al. 2005, Gupta and Igamberdiev 2011, Corpas and
Barroso 2013, Qiao et al. 2014).

An evidence from genetic studies has revealed the
role of NO in regulation of nuclear gene expression (Grun
et al. 2006, Palmieri et al. 2008, Qiao ef al. 2014), in the
expression of stress responsive genes by modifying
transcription factors (TFs) and enzymes (Feng et al
2013), and in the interaction with biomolecules like fatty
acids or hormones (Liu et al. 2013, Sanchez-Calvo et al.
2013). An example is oligomerisation of non-expressor
pathogenesis related (NPRI) gene by S-nitroso-
glutathione, a NO donor, which is brought by S-nitro-
sylation of cysteine (Tada et al. 2008, Mukhtar et al.
2009, Lindermayr et al. 2010). Induction of oligomer-
monomer switching of NPRI gene for nuclear
translocation results in systemic acquired resistance (Fu
and Dong 2013). Moreover, S-nitrosylation can also bring
about alteration in expression of nuclear genes coding for
pathogen resistance by modulating the DNA binding
efficiency of transcription factors (Lindermayr et al.
2010, Fu and Dong 2013). Many reports pertain the role
of NO in increasing expression of genes involved in



antioxidants (Neill et al. 2008), nuclear defence (Mandal
et al. 2012), and stress induced signalling molecules
(Qiao et al. 2014).

Besides being involved in leaf expansion, seed
germination and de-etiolation (Leshem and Haramaty
1996, Beligni and Lamattina 2000, Xu et al. 2011,
Piterkova et al. 2012), NO induces defence genes and
phytoalexin production and potentiates the induction of
apoptosis (Delledonne et al. 1998, Durner et al. 1998,
Beligni and Lamattina 2000, Beligni et al. 2002, Grun
et al. 2006, Zhao et al. 2007) and floral transition (He et
al. 2004). The provocation of the roles (stimulatory or
inhibitory) is dependent on its content and interaction
with ROS. By reaction with superoxide anion, NO can
form peroxynitrite, which can potentially damage nucleic
acids, proteins, and can result in perturbed enzyme
activity. On the other hand, reacting with lipid peroxyl
radicals, NO cleaves the self-perpetuating lipid
peroxidation reaction (Beligni and Lamattina 1999).
Inhibition of certain enzymes may provide safeguard for
plant cellular functioning, e.g., inhibition of enzyme
aconitase reduces oxidative stress by restricting the flow
of electrons through electron transport system and also
the induction of alternate oxidase (AOX) activity which
concomitantly results in enhanced synthesis of amino
acids like glycine, serine, leucine, lysine, etc. (Gupta et
al. 2012). But the actual mechanism of NO in addition to
a potent signalling molecule and stress responsive
element remains yet to be established.

MAPK: Other important molecules activated in response
to water/salinity stress and regulating numerous cellular
activities by phosphorylating threonine and serine
residues of substrate proteins are mitogen activated
protein kinases (MAPKs) (Kyriakis and Avruch 1996,
Shou et al. 2004, Teige et al. 2004, Danquah et al. 2014,
John et al. 2015). This phosphorylating activity of MAPK
system links receptors (that are upstream) with their
respective and specific downstream located targets.
Protein polypeptide sequences encoded by MAPK genes
are highly and precisely conserved and so is their
function.

Functionally interconnected three protein kinases, i.e.,
MAPK, MAPKK, and MAPKKK are involved in MAPK
mediated signalling cascade during stress. In addition,
they are involved in other processes like cell wall
biosynthesis and cell growth and differentiation
(Ichimura 2002, Shou et al. 2004, Antonsson et al. 20006,
Colcombet and Hirt 2008, Danquah et al. 2014). By
stimulus perception induced activation of MAPKKK
triggers phosphorylation and activation of specific
MAPKK, which subsequently activates MAPK. After
being transported to nucleus, the activated MAPK
activates particular downstream signalling agents like
transcription factors and elicit a specific response (Xiong
and Yang 2003). Individual MAPK gene encodes
different protein kinases, which play a unique role in
stress tolerance, e.g., in rice nine such genes coding for
specific protein kinase important for drought tolerance
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have been identified. It is widely accepted that plants
quickly activate MAPK when confronted by abiotic
stress.  Different kinase cascade systems are
involved/activated in signal perception and its subsequent
transduction up to the elicitation of response and recovery
(Mikolajczyk et al. 2000). For example, in alfalfa MAPK
module MAPK kinase-stress induced MAPK (SIMKK-
SIMKS55) and in tobacco Nicotiana tobaccum MAPK
kinase-salicylic acid-induced protein kinase/wounding-
induced protein kinase (Nt MEK2-SIPK/WIPK) have
been reported to be involved in osmotic stress signalling
(Yang et al. 2001, Zhang and Klessig 2001). In addition,
a two-component sensor receptor regulatory system
involving histidine kinase for perception of various
environmental stresses has been found. It either couples
with downstream MAPK or directly phosphorylates
specific targets so as to initiate cellular responses, e.g.,
yeast selender 1 (SLN1) osmosensor is the best example
of two component histidine kinase characterized, which
in association with Xenopus protein disulfide isomerase-
supressor of sensor kinase 1 (XPDI-SSK1) response
regulator, regulates the high osmolarity glycerol (HOG)
MAPK cascade, thereby enhancing the synthesis of
glycerol to mitigate osmotic stress.

Variations in the specificity of MAPKs from
functional viewpoint determine their multidimensional
role in response to stresses. This knowledge can provide
insights for enhanced crop tolerance to multiple stresses.
Besides specificity in the individual pathways, existence
of crosstalk between different MAPK modules during
osmotic stress and ROS mediated signalling has been
reported (Ulm et al. 2001, Danquah et al. 2013, Golldack
et al. 2014). Kovtun et al. (2000) demonstrated in
tobacco that expression of tobacco protein kinase
(NPK1), an active orthologue of Arabidopsis NPKI-
related protein kinase 1 (ANPI1), increases tolerance to
multiple stresses and expression of Nicotiana protein
kinase (MAPKKK NPKI1) in transgenic maize, which
causes improved drought tolerance through protected and
maintained photosynthetic rates as well as enhanced
kernel mass (Shou et al. 2004).

There are several other reports which depict the role
of MAPKs in stress tolerance (Ichimura et al. 2000,
Xiong and Yang 2003, Alzwiy and Morris 2007, Xu et al.
2008, Yu et al. 2010). Expression of OsMAPKS5 and
OsMAPK44 genes enhances salt, cold, and drought
tolerance in transgenic rice (Xiong and Yang 2003, Jeong
et al. 2006). Arabidopsis plants overexpressing Zea mays
ZMKK4 gene show improved salt tolerance with a
concomitant increase in free proline as well as soluble
sugars and enhanced activities of antioxidant enzymes
(POD and CAT) because of the upregulation of
transcription factors leading to increased expression of
other genes like A'-pyrroline-5-carboxylate synthase 1
(P5CS) and cold regulated 47 (COR47), which directly or
indirectly contribute to better growth performance under
changing environment (Kong ef al. 2011).

Enhanced activities of antioxidant enzymes and TFs
induced by MAPK, which further controls expression of
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several downstream genes, provide an avenue towards
enhanced stress tolerance. Kong et al. (2011)
demonstrated that transgenic crops showing up-regulation
of transcription factors like DRE binding protein 2A
(DREB2A) also show enhanced expression of P5SC and
COR47 genes, hence resulting in cross tolerance
developed through interaction of signalling molecules
(Wurzinger et al. 2011). For example, Lycopersicum
esculentum CDPKI gene brings interrelation between
wounding and salinity, a good example of cross-tolerance
imparting salt tolerance, through enhanced production of
jasmonic acid and systemin (signal peptide) induced by
wounding (Capiati et al. 2006).

Despite all these discoveries on the role of MAPK in
signal transduction involved in stress tolerance, there is
still a huge gap in knowledge of regulation of genes,
involvement of MAPKSs and differential stress tolerance
capacity of different plant species.

Transcription factors are regulatory proteins that initiate
stress tolerance by modulating the expression of various
downstream genes through interaction with their
promoter regions. Large number of TFs exist in plants,
e.g., Arabidopsis genome has 5.9 % of them. They are
categorized according to the presence of DNA binding
domains (Reichmann er al. 2000). Nevertheless, a
number of stress response TFs have been demonstrated in
transgenic plants, but the information about the function
of transcriptional coactivators associated with abiotic
stresses is still lacking.

Plant specific TFs which impart stress tolerance
through induction and regulation of several stress related
genes through their involvement in binding to
dehydration-responsive element/C-repeat (DRE/CRT),
cis-acting elements in gene promoters and active
transcription of downstream genes have been revealed
through molecular studies (Wang and He 2007, Andeani
et al. 2009, Mizoi et al. 2012, Sazegari and Niazi 2012,
Sun et al. 2012, Nasreen et al. 2013, Zhao et al. 2013,
Keita et al. 2014, Li et al. 2014, Ma et al. 2014, Zhang
etal. 2014). DREB transcription factors belong to the
APETLAZ2/ethylene responsive element binding protein
(AP2/EREBP) family having highly conserved binding
factor domains, AP2/ERF, for APETLA2/EREBP.
AP2/ERF differ from ERF in their amino acid sequences
at the 14™ and 19" position with the former having valine
and glutamic acid, while the latter alanine and aspartic
acid, respectively (Liu et al. 1998, Sakuma et al. 2002,
Latini et al. 2007). DREB transcription factors exist as
two major subclasses, i.e., DREB1 and DREB?2 differ in
their role in response to stress with the former being
employed in freezing, while the latter in drought and
salinity stress tolerance (Liu er al. 1998, Fowler and
Thomashow 2002, Xiong and Fei 2006, Nayak et al.
2009).

Transgenic plants overexpressing DREB TFs have
been reported to show better growth under stress. For
example, Arabidopsis plants overexpressing DREBIA
gene show tolerance to cold (Liu et al. 1998).
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Overexpression of MsDREB2C induces better growth
through enhanced proline content and transcription of
genes functioning downstream of DREs with a
subsequent reduction in water loss in transgenic
Arabidopsis. Furthermore, it represses the expression of
pathogen-related genes (Zhao et al. 2013). Microarray
analysis of transgenic DREB reveals the increased
expression of downstream located genes coding for
various proteins and enzymes of immense use in
metabolism  including proteins such as late
embryogenesis abundance (LEA) or heat shock and
antioxidant and other enzymes (Agarwal and Jha 2010).

In Arabidopsis, DREBI1s/CBFs transcription factor
showing specific interaction with DRE/CRT cis-acting
element controls expression of several stress responsive
genes. Qin et al. (2004) isolated the homologue of
DREBI1/CBF from maize (ZmDREB1A) which remains
specifically bound with DRE because of the presence of
highly conserved valine at the 14™ position in the
ERF/AP2 DNA binding domain. Cold, salinity, and
transient pathogen attack induce expression of
ZmDREBIA gene (Qin et al. 2014). Overexpression of
ZmDREBIA in transgenic Arabidopsis enhances tolerance
to drought and freezing by inducing the expression of
DREBI stress responsive genes.

Transgenic  Arabidopsis  overexpressing  stress
responsive OsDREBI accumulate higher content of
proline and free sugars and are tolerant to cold, drought,
and salinity (Ito et al. 2006). Exposure to cold
temperatures triggers expression of CBF transcription
factor, which further mediates expression of cold
responsive downstream genes (Thomashow 1999,
Chinnusamy et al. 2003, Agarwal et al. 2006), while
upstream located TF and inducer of CBF expression
(ICE) are involved in regulating CBF expression
(Chinnusamy et al. 2003). Overexpression of a novel
bZIPTF gene, GmbZIP1 (isolated from salt tolerant
soybean plants) into Chinese wheat cv. BS93 enhances its
tolerance against drought stress without growth reduction,
which suggests that GmbZIP] may be an important for
introducing stress tolerance (Gao et al. 2011). In addition,
expression of Triticum aestivum ABA insensitive (ABI)-
like transcription factor gene 1 (7aABLI) increases
stomatal closure under drought stress in transgenic wheat
plants (Xu et al. 2014). Induction of AtDREBIA in rice
plants improves chlorophyll and relative water content,
and reduces ion leakage under drought stress (Ravikumar
et al. 2014). Although a number of TFs have been tested
for improving tolerance in different plants usually under a
single stress, new crop cultivars containing multiple
improved traits including nutritional profiles and yield
with safety assessment under several stresses yet need to
be explored.

Members of NAC (NAM-ATAF1, 2-CUC2) family
are another plant specific TFs and have important role in
a wide variety of developmental processes including
stress responses (Fujita et al. 2004, Olsen et al. 2005,
Nakashima et al. 2007, 2012, Tran et al. 2007, Ma et al.
2013, Jiang et al. 2014). Phylogenetic studies reveal that



at least six major groups of NAC genes in ancient moss
lineage and to-date more than 100 NAC genes have been
identified in Arabidopsis and Oryza sativa (Nakashima
et al. 2012).

Exposure to stressful environment triggers expression
of NAC TFs. Apart from having the potential to function
as homo- as well as hetero-dimer forms, several NAC
TFs can share the same or different core recognition
sequence and function via auto- or cross-regulation
(Nuruzzaman et al. 2013). Though the role of NAC in
stress tolerance is well established, the mechanism needs
extensive research (Nakashima et al. 2012). For example,
transgenic Arabidopsis and Oryza sativa overexpressing
stress responsive NAC (SNAC) genes exhibite enhanced
salinity (Hu ef al. 2006) and drought resistance (Hu et al.
2006, Nakashima et al. 2012).

Similarly, expression of NAC gene from Solanum
lycopersicum, SINACI, is enhanced by stresses like
temperature (both low as well as high), salinity, drought,
and wounding (Huang et al. 2013, Ma et al. 2013).
Overexpression of SINAC! in tomato increases freezing
tolerance through maintenance of the photosystem II
efficiency and oxygen evolving activities (Ma et al.
2013). Transcription of SINACI is also increased by
application of phytohormones like ABA, JA, salicylic
acid, gibberellin, ethylene, etc., and plants overexpressing
SINAC1 have higher number of leaves and higher
antioxidant enzyme activities as compared to wild
counterparts (Ma et al. 2013). Similarly, transgenic plants
with SNAC2 gene have higher stress tolerance due to
upregulation of genes coding for enzymes like
peroxidase, ornithine aminotransferase, Na'/H" antiporter
and heat shock proteins (HSPs; Hu et al. 2008).

Oncogene v-MYB was the first member of
myeloblastosis (MYB) TF family identified in avian
myeloblastosis virus (Klempnauer et al. 1982), and MYB
gene CI is the first plant MYB TF which was isolated
from maize (Paz-Ares et al. 1987). Its different sub-
classes are grouped on the basis of number of MYB
repeats, e.g., IR, 2R, 3R, 4R MYBs (Rosinski and
Atchley 1998, Jin and Martin 1999, Dubos et al. 2010,
Chen et al. 2014).

Usually, at N terminus, MYB TFs contain highly
conserved domain of 1 to 4 imperfect MYB tandem
repeats. Each repeat is at least 50 amino acids in length
with tryptophan at regular intervals. Furthermore, their
structure has 2 to 3 helix-turn-helix repeats (Stracke et al.
2001, Feller et al. 2011) and a highly conserved MYB
DNA binding domain conferring the specificity (Katiyar
et al. 2012, Chen et al. 2014). Role of MYB TFs in plant
developmental processes like cell shape determination
and cell differentiation, secondary metabolism, signal
transduction, and stress tolerance is well documented
(Lippold et al. 2009, Dubos et al. 2010, Feller et al. 2011;
Du et al. 2012, Katiyar et al. 2012, Zhang et al. 2012,
Chen et al. 2014, Wang et al. 2014).

More than 100 MYB proteins have been identified in
Arabidopsis and majority of them have a putative role in
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transcriptional regulation of various biological processes
including responses to biotic and abiotic stresses.
Moreover, they have the ability to function through cross-
talk mechanisms, e.g., Arabidopsis thaliana MYB2,
(AtMYB2) enhances salt tolerance through interaction
with calmodulin (Yoo et al. 2005), while overexpression
of AtMYB44 enhances stress tolerance by triggering ABA
induced stomatal closure (Jung et al. 2008). Increased
ABA content induces tolerance to environmental
extremes resulting from overexpression of MYBI15 (Ding
et al. 2009).

Transgenic plants overexpressing MYB TFs show
higher stress tolerance through arbitrating down-
regulation of 2C serine/threonine protein phosphatases
(PP2Cs). For example, transgenic plants overexpressing
AtMYB20 show improved salt tolerance as compared to
that in which AtMYB20 is down-regulated and are found
vulnerable to salinity (Cui et al. 2013), because salinity
induces the expression of PP2Cs, which regulate ABA
induced signalling negatively. However, AtMYB20
reverts this effect by binding to the promoter sites of
various PP2Cs and lowers their expression and enhances
tolerance by maintaining expression of ABA coding
genes (Schweighofer et al. 2004, Jung et al. 2008, Kline
et al. 2010, Cui et al. 2013). Hence, suppression of the
genes bring negative regulation in stress tolerance (Jung
et al. 2008, Cui et al. 2013).

The degree and specificity of transgene expression
depends on the pedigree of host genome, e.g., Vannini
etal. (2007) developed transgenic plants (Arabidopsis
and tomato) overexpressing cold responsive Osmyb4
gene, which shows improved tolerance to drought and
viral outbreaks, but not to cold. In Arabidopsis, Agarwal
et al. (2006) demonstrated the role of MYBI1S5 in
regulation of cold binding factor (CBF) gene and its role
in cold tolerance. They reported that MYBI1S
overexpressing seedlings shows a decline in CBF gene
expression and hence reduced cold tolerance as compared
to wild type. In addition, they also reported that its loss-
of-function enhanced expression of CBF gene thus
suggesting a possible role of MYBI5 in controlling
complex and coordinated framework of TFs.
Overexpression of OsMYB4 imparts cold and drought
tolerance in Arabidopsis and apple (Malus pumila)
through the active induction of several physiological and
biochemical pathways like accumulation of compatible
solutes (Pasquali et al. 2008).

In transgenic rice, overexpression of OsMYB3R-2
shows increased tolerance to cold. OsMYB3R-2 encoding
a TF binds specifically to a highly conserved mitosis
specific cis-activator element, a sequence which is also
reported in cyclin genes, e.g., OsCycB1;1 and/or Oryza
sativa MSA  cis-acting element (OsKNOLLE2).
OsMYB3R-2 overexpression also enhances the transcript
levels of G2/M specific genes, suggesting a putative role
of this TF in mediating mechanisms through regulation of
cell cycle (Ma et al. 2009).
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Advantages and disadvantages of transgenic crops

Plant genetic engineering has made a promising progress
during the last few decades as far as stable gene
transformation and regulation of transgene optimization
are concerned. Availability of target genes is a major
constraint in its widespread applicability and in spite of
this, genetic engineering is witnessing significant
achievements reflected in upsurge in generation of
transgenic crops with enhanced combating potential to
stress. For example, rice genome sequencing provides a
prelude towards better improvement of cereals. One of
the prime bases towards the successful genome
sequencing is the conserved organization of genes within
a large section of chromosomes despite the diversity of
plant genomes (Ku e# al. 2000, Michael and Jackson
2013, Wendel et al. 2016). Nevertheless, recent
advancement in plant molecular biology together with
genomics has provided the possibility of revealing the
blueprint and tailoring as well as modifying genomes.
After Arabidopsis thaliana genome sequencing, plant
genomics has started using new approaches and
technologies to generate transcriptome, genome, and
epigenome datasets of model crop plant species.
However, ploidy, heterozygosity, and paralogy do create
hardships in easy sequencing. However, generating
de novo transcriptome assemblies assist in bypassing the
genome complexes. Technologically driven by new
software and algorithm facilities, the field of genomics
anticipates sequencing, which will continue so as to
improve the genome length and quality as well (Batley
and Edwards 2009, Hamilton and Buell 2012, Edwards
et al. 2013).

Genome editing technologies depends on molecular
tools used to generate DNA double-strand breaks at a
desired site within genome and sequence-specific
nucleases (Cardi 2016). Recently, many sequence-
specific nucleases, including zinc finger nucleases and
TAL effector nucleases have been used into targeted
cultivars in order to improve conventional plant breeding
and genetic modification technologies (Voytas and Gao
2014). In addition to other organism, clustered regularly
interspaced  short palindromic repeats/ CRISPR-
associated  protein-9  (CRISPR/Cas9), a rapidly
developing genome editing technology has been success-
fully used for improving crop plants. CRISPR/Cas9 is a
relatively cheap and easy to implement technology has
the potential to revolutionize plant breeding (Fichtner
et al. 2014, Belhaj et al. 2015).

In plants, numerous stress responsive genes,
characteristic to a particular stress tolerance have been
isolated and characterized so far (Knight et al. 1999,
Tamminen et al. 2001, Hsiech er al. 2002). Genetic
engineering, a challenging field for enhancing tolerance,
depends on some key fundamentals like identification of
stress responsive/regulatory genes and precise isolation as
well as insertion of isolated genes involved in different
defence strategies. The past decade has witnessed the
increasing roles of single function genes, transcription
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factors and other stress associated characters. Though the
establishment of multigenic nature of stress response and
tolerance has shifted genetic engineering to multiple gene
function, TFs, and subsequent cross-talks between them
(Agarwal et al. 2013). The increase in crop productivity,
especially in stress-prone environments through
increasing tolerance to ever-increasing threats of biotic
and abiotic stresses, is the need of current scenario.

Further increasing efficiency of physiological
attributes like water-use efficiency through development
of markers for efficient water uptake and whole plant
water status also seems a plausible approach for
enhancing plant stress tolerance (Martinez-Ballesta and
Carvajal 2014). Application of synthetic biological
techniques not only for food production, but also for
renewable industrial feed stocks are amongst various
open challenges for plant biotechnologists. Besides this,
overexpression of the selected elite genes in order to get
more tolerant physiological and biochemical pathways as
well as developing strategies towards secured global food
supply is also vital keeping in mind the global climate
change causing continuous increase in CO, concentration
and soil degradation. In addition to all challenges pointed
out earlier, several anthropogenically induced
disturbances and fighting malnutrition, a prevalent and
endemic problem in developing countries, through
production of nutrient rich food producing crops or crops
showing efficient nutrient accumulation is a matter of
great concern, and it needs to gain attention from both
plant biotechnologists and geneticists together with
agriculturalists. Besides utilizing biotechnology for
developing saccharide, protein, and fat rich crop products
for combating malnutrition (Perez-Massot et al. 2013),
stress tolerance enhancement to multiple stresses and
transgenic safety risks should be taken into consideration.

Identification of genes and gene products involved in
protecting structural and functional components of
various cellular components and subsequent engineering
of these genes can be very handy. Our limited
information/knowledge about stress responsive/associated
genes remains one of the major gaps in their
comprehensive profiling and in unravelling key stress
responsive genes from stress tolerant model plants, which
can open new avenues in dissecting the complete
mechanisms involved at molecular and gene level
(Grover et al. 1999, Vinocur and Altman 2005, Hong
et al. 2016).

The genetically modified organisms (GMO) have
received a major objection all over the globe and now
many countries have raised safety concerns about these
foods. The rising pressure from various agencies has
made government bodies to impose moratorium on
certain GM plants. For example, in India restriction has
been imposed on the use of GM egg plant on the pretext
that this causes severe malnutrition. Reports from
ecologists, environmentalists, health agencies, and non-
governmental organizations (NGOs) are continuously



adding to the safety risks of GM foods not only human-
related but also to biodiversity. A list of a few
cultivars/varieties of GM crops withdrawn due to
allergies/toxins/political issues have been presented in
Table 1 Suppl.

Safety assessments are mainly keeping in mind:
1) presence as well as characteristics of over-expressed
proteins, genes, and gene products and their probable
bearing on the normal range of naturally occurring
constituents, and 2) unexpected adverse effects of GM
foods. The Organization for Economic Co-operation and
Development (OECD) has formulated stringent rules for
assessing the GM foods for any possible toxicity like
single and repeated dose toxicity, reproductive and
developmental toxicity, and immunotoxicity. Trial

Conclusion and future challenges

Transgenic approach is preferred over the conventional
one with some control measures for the biofortification of
important crops because of it being convenient and time
and labour saving approach of overcoming environmental
problems. For example, rice plants overexpressing iron
storage protein ferritin have been reported to have
increased seed iron content (Lucca et al. 2001). But,
adoption of GM crops is a time-taking process as a
number of policies and laws need to be adopted before
the commercial release of such cultivars/varieties. A
transgene for one of the trait could involve regulation of a
cascade of genes involved therein. That can cause human
health problems. So, keeping in mind this problem, a
number of government agencies are working mostly in
the developed countries, but this issue is not being
contemplated well in developing countries. The World
Health Organization (WHO) and the Consultative Group
on International Agricultural Research (CGIAR) have
taken concrete steps against micronutrient deficiencies on
priority so that malnutrition induced barriers in potential
human socioeconomic development can be addressed.
The CGIAR emphasizes on biofortification through the
improvement in nutrient content of rice, maize, beans,
etc. utilizing both breeding as well as biotechnological
means (Perez-Massot et al. 2013). So, before using
transgenic crops, it is crucial that transgenic crops (seeds
and fruits) must be subjected to a rigorous risk
assessment, and assessment of potential allergenicity/
toxicity along with nutritional examination. So far,
transgenic approach is considered as an extremely useful
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