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                                   Abstract 
 In the scenario of global climate change, abiotic stresses such as rising temperature, water defi cit and stress combinations are 

posing serious threats to sustainable agricultural production, and these factors account for more yield losses than any other 

factor. Developing crop plants with enhanced abiotic stress tolerance has become a priority now-a-days. Agricultural biotech-

nology including genomics-assisted breeding and genetic engineering help in studying and understanding the complex nature 

of abiotic stress responses and provide measures for enhancing crop productivity under adverse environmental conditions. 

Plants respond and adapt to adverse environmental factors by activating molecular network cascades that are implicated in 

stress perception, signal transduction, genes expression and accumulation of certain metabolites. Various functional genom-

ics approaches have helped to identify numerous genes involved in stress-associated molecular regulatory networks in both 

model plants and non-model crop species. Thus engineering genes that activate the transcription of other stress responsive 

genes or play important roles in protection and maintenance of cellular components and macromolecules might expedite 

crop improvement programs. Several of these candidate genes have been transformed in agriculturally important crops to 

improve their abiotic stress tolerance. Nonetheless, genetic engineering for stress tolerance not only encompasses attempts 

to engineer “single action genes” and “gene pyramiding” but also introgressions of regulatory machinery involving tran-

scription factors. Further, development of transgenic crops not only depends upon the success rate of genetic transformation 

but also upon their proper integration and evaluation of stress tolerance. This review thus, summarizes the recent progress 

in the application of genetic engineering and/or transgenic technology for crop improvement in order to realize global food 

security by developing varieties superior in abiotic stress tolerance. 
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      Introduction 

 Crops, unlike animals are sessile in nature, and therefore, 

they often encounter adverse environmental challenges 

such as drought, salinity, extremes of temperature (heat and 

cold), heavy metals and pollution in their natural habitat 

at various stages of development, which ultimately leads 

to poor growth and reduced yield (Farooq 2009; Hirayama 

and Shinozaki  2010 ; Lata et al.  2015 ; Driever et al.  2017 ). 

Additionally, limited global arable land, irrigation facilities 

and other natural resources may pose serious threat for ade-

quate food supply in near future in order to feed the rapidly 

growing world population. Therefore, to ensure global food 

security it has become a necessity to sustainably enhance 

global crop production to several folds with limited inputs 

as well as keeping in mind the global climate change. It 

has been anticipated that changing climatic conditions may 

lead to decline in crop yields by 20% or more by 2050 (Gill 

et al.  2014 ). Environmental attacks in the form of abiotic 

and biotic stresses got further aggravated due to climate 

change leading to crop failure, worldwide. Abiotic stresses 

particularly drought and salinity are serious challenges to 

agricultural production and productivity. According to an 

estimate, relative decline in maximum yield potential of crop 
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plants due to abiotic stresses vary from 54–80% (Tuteja et al. 

 2011 ; Shivhare and Lata 2016; Shivhare and Lata  2017 ). 

It has also been reported that simultaneous occurrence of 

two or more stresses, which is a common occurrence in 

fi eld environment is also very lethal for crops, and often 

the response of crop plants to multiple stresses is unique 

and distinct from the response to single stress (Mittler and 

Blumwald  2010 ). It is thus necessary to advance our under-

standing on physiology and molecular biology of crop plants 

for maintaining sustainable crop production under adverse 

environmental stress conditions. Plants usually recognize 

and respond to these altered environments in multifari-

ous, integrated ways with specifi c reactions at molecular, 

biochemical and physiological levels, which permit them 

to adapt or resist to existing conditions and constraints at 

any given time (Bray 2000). The morpho-physiological 

responses of plants to abiotic stresses include rolling and 

wilting of leaves, reduction in leaf area, leaf abscission, 

reduced leaf water potential, decreased stomatal conduct-

ance and net photosynthesis, and increase in root length. 

Biochemical responses include decline in photochemical 

effi  ciency, accumulation of osmolytes such as sorbitol, pro-

line, glycine betaine, malonaldehyde etc., generation of reac-

tive oxygen species (ROS), and activation of antioxidative 

defence machinery. At molecular level, adaptation to abiotic 

stresses involve activation of signalling cascades including 

stress perception, signal transduction and stress-responsive 

gene expression, and synthesis of stress-specifi c proteins and 

metabolites ultimately leading to stress tolerance (Fig.  1 ). 

Hence, the genetic regulation of abiotic stress response and 

tolerance is a very complex phenomenon, which is greatly 

infl uenced by presence of other environmental factors, sever-

ity and duration of stress, and plant developmental stages as 

well. Advancement in our understanding of abiotic stress tol-

erance mechanisms of crop plants and application of modern 

biotechnological techniques, for instance, marker-assisted 

selection (MAS) and genetic engineering are important to 

develop varieties, which can effi  ciently resist these stresses 

without compromising their yield potential. The present 

review thus focuses on recent advances in transgenic tech-

nology, and summarizes their strengths and possibilities in 

improving abiotic stress tolerance of crop plants for realizing 

global food security.         

    Methods of crop improvement: plant 
breeding vs. genetic engineering 

 There are two major approaches through which gene pools 

identifi ed through functional genomics approaches could be 

exploited for developing abiotic stress tolerant crop plants 

(Henry et al.  2016 ), one is the identifi cation of genes or 

quantitative trait loci (QTLs) conferring stress tolerance in 

germplasm collection, development of molecular markers 

and their use in breeding programs; and another is introduc-

tion of stress-responsive gene(s) into crops of interest via 

genetic engineering (Fig.  2 ; Lata  2015 ; Gupta et al.  2017 ; 

Bhatta et al.  2018 ). Both molecular breeding and transgenic 

technology are potentially proven strategies for developing 

crop varieties with high yield, quality and stress resistance.         

 Selection and consequent breeding of any desired trait 

need substantial genetic variation(s) at intra- or inter-spe-

cifi c, or inter-generic levels, which can be realized through 

recombinations, intercrossing genotypes with desired traits 

and introducing new germplasm from other crop improve-

ment programs (Ashraf  2010 ). The traditional plant breeding 

programs for yield stability under abiotic stress conditions 

are time-consuming and labour-intensive, primarily due to 

the complex genetics that controls yield as well as the dif-

fi culty in controlling environmental conditions in the fi eld 

(Yang et al.  2010 ). Only in few cases, they have been suc-

cessfully used for developing abiotic stress tolerant varieties 

with several of them showing inverse relationship with yield 

(Richards  1996 ; Sreenivasulu et al.  2007 ). A comprehen-

sive knowledge about the changes in cellular, biochemical 

and molecular networks in response to abiotic stresses is an 

essential prerequisite for better breeding of crop varieties 

for improved stress tolerance as large number of genes are 

  Fig. 1       A general pathway for abiotic stress response and tolerance 

operating in crop plants (Based on well known concepts and pub-

lished literature)  
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activated upon stress perception resulting in accumulation 

of stress proteins and metabolites, conferring protection to 

plants against these stresses (Bhatnagar-Mathur et al.  2008 ). 

Identifi cation and utilization of molecular markers could 

boost breeding programs nevertheless the introgression of 

QTLs could often lead to undesirable agronomic character-

istics brought along by donor parents. This is mainly due to 

the lack of accurate information about the genes underlying 

the QTLs. 

 On the other hand, comprehensive expression profi ling of 

specifi c stress-responsive genes help in elucidating molec-

ular mechanisms as well as engineering them to enhance 

abiotic stress tolerant traits in crops of economic impor-

tance. Further, genetic engineering maintains the integrity 

of parental genotype as only a particular gene(s) control-

ling a specifi c trait is inserted or deleted in the genome as 

compared to conventional breeding, which relies on sexual 

recombination to completely agitate parental genes (Josine 

et al.  2011 ). Another signifi cant advantage off ered by trans-

genic technology is that it ensures optimal function of the 

introduced gene(s) by allowing regulation of their tissue-

specifi city, timing and level of expression. Therefore, genetic 

engineering helps in faster and accurate insertion of benefi -

cial gene(s) that are involved in stress response and tolerance 

between closely or distantly related individuals to produce 

stress tolerant varieties, thus fast tracking crop improve-

ment programs. However, the generation of transgenic crop 

varieties not only depends on success of the transformation 

process but also on the precise introgression of the desired 

genetic material for stress tolerance. Further screening and 

evaluation of transgenic plants developed for abiotic stress 

tolerance, and understanding the morpho-physiological 

eff ects of the introduced gene on whole plant level are still 

major challenges for plant biotechnologists (Bhatnagar-

Mathur et al.  2008 ; Josine et al.  2011 ). Despite these logical 

challenges, development of genetically manipulated plants 

by introduction or editing of desired gene(s) appear to be 

the only feasible option for stepping up the breeding of 

improved cultivars. Advances in genome editing methods 

have revolutionised crop improvement programmes over 

the last decade, allowing highly effi  cient and accurate gene 

editing up to the level of a single base (Lu and Zhu  2016 ; 

Zong et al.  2017 ). The availability of refi ned genome edit-

ing methods like CRISPR-Cas genome editing techniques 

provides exceptional possibilities for the discovery and 

growth of traits. Then it would further broaden the range of 

novel characteristics, leading to more effi  cient and targeted 

improvement of crop characteristics, especially abiotic stress 

tolerance (Klap et al.  2017 ). 

  Fig. 2       Integrative genetical 

and genomic approaches for 

developing abiotic stress toler-

ant cereal crops (Based on well 

known concepts and published 

literature)  
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    Transgenic approaches for developing 
abiotic stress tolerant cereal crops 

 Each plant type has its own physiological, biochemical and 

molecular mechanisms of coping with adverse stress con-

ditions. An understanding of these mechanisms through 

modern molecular techniques and genomic approaches, 

and their engineering bestows huge potential for developing 

varieties with improved stress tolerance (Singh et al.  2010 ). 

Genes affecting abiotic stress responses and tolerances 

could broadly be categorized into two groups (Lata et al. 

 2011a ). The fi rst group constitutes the genes that encode 

proteins responsible for protecting cells from osmotic stress, 

e.g. enzymes involved in synthesis of osmoprotectants, late 

embryogenesis abundant (LEA) proteins, water channels 

and membrane transporters, ferritin, lipid transfer proteins, 

and detoxifi cation enzymes such as catalase, glutathione 

S-transferase (GST), superoxide dismutase (Shivhare and 

Lata  2019 ). The second group largely comprise of genes 

encoding regulatory proteins that are involved in signal 

transduction and activation of gene expression under stress 

e.g. transcription factors (TFs), protein kinases, and protein 

phosphatases and proteinases. The preliminary eff orts to 

develop transgenic crops for abiotic stress tolerance involved 

engineering ‘single action genes’ that fall in the fi rst cat-

egory mentioned above (Bhatnagar-Mathur et al ,.  2008). 

These genes are mainly responsible for manipulation of a 

single metabolite conferring improved stress tolerance, and 

hence were the initial targets for transgenic development. 

However, since several genes are implicated in abiotic stress 

response and tolerance, it was perceived that a single gene 

mediated tolerance might not be suffi  cient for sustainable 

agriculture. Therefore, attempts were made to develop trans-

genic crops by introducing genes from the second category 

as these genes, particularly, TFs have the ability to regu-

late several downstream stress responsive genes, and hence 

they possess an increased prospect of better stress tolerance 

(Bhatnagar-Mathur et al.  2008 ; Lata et al.  2011a ; Lata and 

Prasad  2011 ; Yadav et al.  2015 ). Further, identifi cation and 

use of various stress promoters in recent years have provided 

a major boost to the development of genetically engineered 

stress-tolerant crops (Bhatnagar-Mathur et al ,.  2008; Her-

nandez-Garcia and Finer  2014 ). 

   Role of promoters in developing transgenic plants 

 A gene promoter can be defi ned as a DNA sequence located 

upstream of the coding region of a gene and contains sev-

eral  cis- acting elements, which serve as specifi c binding 

sites for proteins/TFs involved in transcriptional regula-

tion of downstream gene(s). Hence, promoters are essential 

for expression of genes in all organisms. Studies on gene 

promoters are also important for understanding their role 

in plant gene expression and regulation (Zhu et al.  2010 ). 

Promoter sequences are crucial for genetic engineering as 

they are required for fi ne tuning the regulation of introduced 

gene including both protein-coding genes for overexpres-

sion as well as non-coding DNA sequences for gene silenc-

ing (Hernandez-Garcia and Finer  2014 ). Promoters used 

for genetic engineering applications can be classifi ed into 

four types, namely (i) constitutive, (ii) spatiotemporal, (iii) 

inducible, and (iv) synthetic promoters (Hernandez-Garcia 

and Finer  2014 ). 

   Constitutive promoters 

 Constitutive promoters are the gene promoters that steer 

constant levels of gene expression in almost all tissues and 

developmental stages at all the time points. However, only a 

few promoters are truly constitutive i.e. these promoters usu-

ally drive moderate expression in several tissues under dif-

ferent conditions and drive higher expression in only a few 

tissues such as meristematic and vascular tissues (Hernan-

dez-Garcia and Finer  2014 ). Typically, constitutive promot-

ers are derived either from plant viruses or plant housekeep-

ing genes. CaMV35S promoter is the most widely used viral 

promoter in developing transgenic plants which originated 

from caulifl ower mosaic virus (Odell et al.  1985 ). Viral pro-

moters are considered to be evolved due to some mutation(s) 

of existing elements either within their own promoters or 

by acquiring elements from their host, eventually helping 

them to evolve successfully to utilize or hijack the transcrip-

tional machinery of the host organism (Lam et al.  1989 ). On 

the other hand, constitutive promoters derived from higher 

plants are composed of certain non-specifi c elements, which 

are useful for effi  cient transcription (Wang et al. 1992) as 

compared to viral promoters, which are composed of numer-

ous separate tissue-specifi c elements where each contribute 

towards the total activity of the promoter (Odell et al.  1985 ; 

Benfey and Chua  1990 ). Several plant housekeeping genes 

such as ubiquitin, actin, tubulin and eukaryotic initiation fac-

tor have been used to identify and isolate strong constitutive 

promoters which not only highly express in all the tissues 

and organs but are also highly active throughout the plant 

life cycle (Hernandez-Garcia and Finer  2014 ). Other than 

housekeeping genes, several strong constitutive promoters 

have also been isolated from other gene families such as 

ascorbate peroxidase ( APX ), phosphogluconate dehydroge-

nase ( PGD1 ), R1G1 domain containing protein B ( R1G1 B ), 
cytochrome c1 ( Cc1 )etc. (Jang et al.  2002 ; Park et al.  2012 ). 

    Spatiotemporal promoters 

 Strong constitutive promoters may not be always useful 

for transgene expression. In fact, a strong and continuous 
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expression of certain transgenes such as those related to 

stress tolerance and defence responses may be harmful and 

detrimental to plant cells as the transgenic plants may show 

altered phenotypes, unusual morphology, and unintended 

and abnormal activation of defence pathways etc. (Gurr 

and Rushton  2005 ; Petolino and Davies  2013 ). In order to 

overcome these drawbacks of constitutive promoters, spa-

tiotemporal promoters come to rescue. The spatiotemporal 

promoters provide cell/tissue/organ-specifi c or developmen-

tal stage-specifi c gene expression. Ideally a tissue-specifi c 

or stage-specifi c promoter should only express in certain 

tissues or stage(s) leaving other tissues/stages unaff ected. 

However, in reality the transgene expression driven by a 

spatiotemporal promoter may often be leaky and weak, or 

may be unexpected depending on the native gene expres-

sion linked with the promoter in use (Hernandez-Garcia and 

Finer  2014 ). Therefore, a thorough analysis of  cis- elements 

present in these promoters is a must for a more direct and 

specifi c regulation of the introduced transgenes. A large 

number of spatiotemporal promoters from diff erent gene 

families are available these days, e.g. seed-specifi c promot-

ers have been exploited from  Hordein  and  Glutenin  seed 

storage protein genes in diff erent crop plants (Kawakatsu 

and Takaiwa  2010 ); fruit-specifi c promoters that show spe-

cifi c expression in ripened fruits have been isolated from 

 Expansin  genes (Cosgrove  2000 ); tuber/storage organ-

specifi c promoters have been obtained from pDJ3S, class 

I patatin, GBSS-granule-bound starch synthase, sporamin, 

and β-amylase genes from cassava, carrot, potato and sweet 

potato (Maeo et al.  2001 ; Zourelidou et al.  2002 ; Hernandez-

Garcia and Finer  2014 ), while several anther- and pollen-

specifi c promoters, which are useful in controlling male 

sterility have been isolated using  RA8, A9  and  TA29  genes 

from rice,  Arabidopsis  and tobacco, respectively (Petolino 

and Davies  2013 ). 

    Inducible promoters 

 As discussed earlier, constitutive promoters often bestow 

undesirable phenotypes to the transgenic plants, and there-

fore, in order to generate stress tolerant transgenic plants, it 

is desirable to express the introduced transgene only under 

given stress conditions. Therefore, use of stress-inducible 

promoters, which are responsive to external/environmen-

tal stimuli, and confer specific regulation of transgene 

expression is a viable alternative strategy for transgenic 

development (Bang et al.  2013 ). These are useful for regu-

lating potentially lethal or stress-responsive genes which 

get activated upon biotic or abiotic stress(s). Inducible pro-

moters can be classifi ed into three categories, namely, (a) 

responsive to endogenous growth regulators/hormones; (b) 

responsive to biotic and abiotic stresses or external physi-

cal stimuli; and (c) responsive to external chemical stimuli 

(Hernandez-Garcia and Finer  2014 ). A large number of hor-

mone responsive promoters have been isolated from insects, 

animals and plants, and have been widely used for transgenic 

development to date e.g. ecdysone receptor ligand-binding 

domain from insects (Martinez et al.  1999 ), the glucocorti-

coid-mediated GVG and the estrogen-inducible XVE from 

mammals (Aoyama and Chua  1997 ; Okuzaki et al.  2011 ), 

and the ethanol-inducible  alc  system from fungus (Roslan 

et al.  2001 ). Examples of abiotic stress inducible promoters 

include promoters of  NCED3  (9-cis-Epoxycarotenoid dioxy-

genase 3) (Bang et al.  2013 ) and  Wsi18  (water stress-specifi c 

18) (Yi et al.  2011 ) from rice and  Rd29A  from  Arabidop-
sis  (Pellegrineschi 2004), which were successfully used 

to mediate drought stress-specifi c expression of genes in 

transgenic rice and wheat, respectively. Pathogen-inducible 

promoters rapidly get activated upon pathogen infection or 

in presence of defence response hormones such as salicylic 

acid and have been isolated from several genes including 

 defensin  (Kovalchuk et al.  2010 ),  PR10a  (Hawang et al. 

2008), and  Germin-like GR4  (Himmelbach et al.  2010 ) as 

well as through fusion of maize proteinase inhibitor and 

potato carboxypeptidase inhibitor (Quilis et al.  2014 ) to 

induce defence against pathogens in cereal crops. 

    Synthetic promoters 

 Synthetic promoters contain core promoter sequences and 

specifi c  cis- regulatory elements such as enhancers, activa-

tors or repressors, or their combinations arranged in such 

a manner that leads to precise regulation of gene expres-

sion in transgenic plants (Rushton et al.  2002 ; Hernandez-

Garcia and Finer  2014 ). Synthetic promoters are usually 

packed with regulatory elements and are also minimal in 

nature than most of the commonly used full-length promot-

ers. These promoters are very crucial for understanding the 

basic mechanisms of cell signalling and transcriptional regu-

lation. For example, Rushton et al. ( 2002 ) used synthetic 

minimal promoters harbouring several  cis- elements such as 

W1, W2, GCC boxes and demonstrated that defence signal-

ling in response to pathogens is basically conserved across 

species at the level of promoter regulatory elements. Vari-

ous combinations and copy number of abiotic stress respon-

sive  cis- elements such as DRE/CRT, ABRE, G-box, MYB 

derived from stress-inducible promoters have been used 

in minimal promoters to study drought and salinity stress 

responses and tolerance in  Arabidopsis  (Hou et al.  2012 ). 

Some of the widely used synthetic promoters include DR5 

auxin promoter (Ulmasov et al.  1997 ), CaMV35S promoter 

with duplicated enhancer sequence (Guerineau et al.  1992 ), 

and mac promoter (a fusion of mas promoter and enhancer 

region from CaMV35S promoter (Comai et al.  1990 ). 
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     Genes engineered for improved abiotic stress 
tolerance and their importance 

 Global climate change together with abiotic stress condi-

tions that affect crop growth and productivity demand 

enhanced global food security. The most economical way 

to meet these demands is through developing abiotic stress 

tolerant crops. Transgenic technology off ers targeted crop 

improvement in a shorter time as compared to conventional 

breeding. Initially, transgenic technology was used in model 

plants such as  Arabidopsis  and tobacco with relatively less 

work in crop plants. However, functional genomic tools have 

helped in identifi cation of key stress responsive and regula-

tory genes that can serve as potential candidates for genetic 

engineering. Genes responsible for abiotic stress response 

and tolerance have been isolated from a wide range of organ-

isms including bacteria and fungi and have been exploited 

to confer stress tolerance in various plants including cereal 

crops mainly through overexpression (Table  1 ). Role of each 

class of stress responsive genes in development of transgenic 

crops for abiotic stress tolerance is discussed in subsequent 

sections below.  

   Engineering genes encoding osmoprotectants 

 Accumulation of osmolytes or osmoprotectants such as gly-

cine betaine, polyamines, proline, sugars and sugar alcohols 

in response to osmotic stress generated by adverse environ-

mental factors is one of the most important protective mech-

anisms evolved by plants to combat and survive under stress 

conditions. These compatible solutes help to stabilize vital 

biomolecules of plants in various ways e.g. by decreasing 

water potential of cells, protecting cellular compartments 

from injury, protecting enzymes from inactivation and main-

taining the tertiary structure of proteins, and thus playing 

important role in stress protection (Kolodyazhnaya et al. 

 2009 ; Annunziata et al.  2019 ). Therefore, triggering genes 

involved in osmoregulation in response to abiotic stress(s) 

can be one of the best strategies to enhance the stress toler-

ance. Several studies have also reported that over production 

of these osmolytes help in achieving abiotic stress tolerance 

in crop plants (Bhatnagar-Mathur et al.  2008 ; Zurbriggen 

et al. 2013; Lata et al.  2015 ). 

   Glycine betaine     Glycine betaine (GB) encoding genes 

have been isolated from various microbes and plants, and 

transgenic plants expressing one or more of these genes 

with augmented stress tolerance have also been produced 

(Huang et al.  2000 ; Hussain et al.  2012 ). There are several 

reports on genetic engineering of GB in plants, especially 

in  Arabidopsis  and tobacco for better abiotic stress toler-

ance (Holmstrom 2000; Waditte et  al. 2005; Missihoun 

et al.  2015 ; Yang et al.  2015 ). First transgenic cereal crop 

for salt and low-temperature stress tolerance was reported 

in rice where GB was overproduced by introducing choline 

oxidase  codA  gene from  Arthrobacter globiformis , a soil 

bacterium (Sakamoto et al. 1998). Similarly, Mohanty et al. 

( 2002 ) reported an increased salt stress tolerance in Pusa 

Basmati 1, an elite indica rice variety which also harboured 

 codA  gene from  A. globiformis . While Kathuria et al. ( 2009 ) 

developed transgenic rice with improved drought tolerance 

and better physiological performance at all developmental 

stages. Maize plants expressing choline dehydrogenase  betA  
from  E. coli  showed improved drought tolerance at seedling 

stage as well as signifi cant higher grain yield as compared to 

wild type plants (Quan et al.  2004 ). Similarly wheat plants 

over expressed  BADH  (betaine aldehyde dehydrogenase) 

showed improved salt stress tolerance at seedling stage via 

protecting the thylakoid membrane with better performance 

of photosynthesis system compared to wild type plants 

(Tian et al. 2016). Even with these encouraging results for 

GB accumulation in transgenic plants upon onset of abiotic 

stress(s), there have been instances where reduced accumu-

lation of GB has been observed mainly due to inadequate 

choline supply or impaired choline import into the chloro-

plast as for example, Shirasawa et al. ( 2006 ) reported lower 

GB accumulation in transgenic rice plants overexpressing 

choline monooxygenase from spinach. This highlights the 

need for enhancing choline synthesis in both GB accumula-

tors and non-accumulators in order to increase their poten-

tial for enhanced stress tolerance through expression of GB 

biosynthesis genes. 

    Proline     Proline is one of the most common compatible 

osmolyte that accumulates in response to abiotic stresses in 

many organisms including plants (Lata et al.  2015 ; Tiwari 

et  al.  2015 ). Proline accumulation helps plants to com-

bat adverse environmental conditions primarily through 

hydroxyl radical scavenging, reduction in cell acidity, osmo-

protection and as a molecular chaperone (Hussain et  al. 

 2012 ). Pyrroline-5-carboxylate synthetase ( P5CS ) helps 

in proline biosynthesis via amino acid glutamate, and has 

been used extensively to develop transgenic crops with aug-

mented proline production and stress tolerance (Kishor et al. 

 1995 ; Zhu et al.  1998 ; Sawahel and Hassan  2002 ; Vendrus-

colo et al.  2007 ). Gubisˇ et al. (2007) and Pavei et al. ( 2016 ) 

reported elevated proline content under salt and drought 

stress, respectively, in transgenic tobacco where feedback 

inhibition of  P5CSF129A  by proline was removed by site-

directed mutagenesis. Enhanced salinity and freezing tol-

erance has also been achieved by antisense suppression of 

proline degradation (Nanjo et al.  1999 ). Further, there have 

been reports showing that antisense or knockout proline 

dehydrogenase resulted in higher proline accumulation and 

better stress tolerance in transgenic  Arabidopsis  (Mani et al. 

 2002 ; Nanjo et al.  2003 ) and soybean (Simon-Sarkadi et al. 
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  Table 1       Details of transgenic cereal crops developed with enhanced tolerance to diff erent abiotic stresses in the last 10 years  

  S. No    Gene    Gene function    Source    Plant tested    Type of tolerance    Promoter    Reference  

  1     TaSHN1     Transcription 

factor  

  Bread wheat    Wheat    Drought stress    Ubiquitin    Huihui et al. (2018)  

  2     DaCBF7     -do-    Antarctic hair 

grass  

  Rice    Cold stress    Maize ubiquitin    Byun et al. ( 2015 )  

  3     OsbZIP7     -do-    Arabidopsis    Rice    Salinity and 

drought stress  

   RD29A     Liu et al. ( 2014a , 

 b ,  c )  

  4     Zmhdz1 0     -do-    Maize    Rice    Drought and salt 

stress  

  Ubiquitin    Zhao et al. ( 2014 )  

  5     TaERF3     -do-    Wheat    Wheat    Salinity and 

drought stress  

  Maize ubiquitin    Rong et al. (2013)  

  6     SNAC1     -do-    Rice    Wheat    Drought and salt 

stress  

  Maize ubiquitin    Saad et al. ( 2013 )  

  7     OsWRKY76     -do-    Rice    Rice    Cold stress    Maize ubiquitin    Yokotani et al. 

( 2013 )  

  8     OsDREB2A     -do-    Rice    Soybean    Salt stress     CaMV35S     Zhang et al. ( 2013 )  

  9     ZFP182     -do-    Rice    Rice    Salt, drought and 

cold stress  

   CaMV35S     Huang et al. ( 2012 )  

  10     CBF3     -do-    Oat    Oat    Salt stress     rd29A     Oraby et al. (2012)  

  11     Osmyb4     -do-    Rice    Barley    Cold and drought 

stress  

   cor15a     Soltész et al. 

( 2012 )  

  12     ZmCBF3     -do-    Maize    Rice    Drought and salt 

stress  

  Maize ubiquitin    Xu et al. ( 2011a ,  b )  

  13     TaNAC69     -do-    Wheat    Bread wheat    Dehydration 

stress  

   HvDhn4s     Xue et al. ( 2011 )  

  14     TSRF1     -do-    Tomato    Rice    Drought and 

osmotic stress  

   CaMV35S     Quan et al. ( 2010 )  

  15     BADH     Osmoprotectant     Atriplex hortensis     Wheat    Salt stress    Maize ubiquitin    Tian et al. (2016)  

  16     p5cs     -do-    Wheat    Wheat    Drought stress    Ubiquitin    Pavei et al. ( 2016 )  

  17     BvMTSH     -do-     Brevibacterium 
helvolum   

  Rice    Drought stress     101MTSH  or 

 105MTSH   
  Joo et al. (2013)  

  18     P5CSF129A     -do-     Vigna. aconiti-
folia   

  Rice    Salt stress toler-

ance  

   CaMV35S     Kumar et al. ( 2010 )  

  19     OsLEA3-2     Late embryogen-

esis abundant 

proteins (LEA)  

  Rice    Arabidopsis, 

yeast and 

Rice,  

  Salt and drought 

stress  

   GAL1, CaMV35S     Duan et al. (2012)  

  20     OsLEA3- 2     -do-    Rice    Rice    Drought and salt 

stress  

   2X35S     Duan and Cai 

( 2012 )  

  21     OsCPK4     Kinases    Rice    Rice    Drought and salt 

stress  

  Ubiquitin    Campo et al. 

( 2014 )  

  22     OsSIK2     -do-    Rice    Rice    Drought and salt 

stress  

   CaMV35S     Chen et al. ( 2013a , 

 b )  

  23     OsCDPK1     -do-    Rice    Rice    Drought stress    Ubiquitin    Ho et al. ( 2013 )  

  24     OsMKK6     -do-    Rice    Rice    Salt stress     CaMV35S     Kumar et al. (2013)  

  25     OsSIKI     -do-    Rice    Rice    Drought and salt 

stress  

   CaMV35S     Ouyang et al. 

( 2010 )  

  26     OsHsp1 7.0     Heat shock 

protein  

  Rice    Rice    Drought and salt 

stress  

   CaMV35S     Zou et al. ( 2012 )  

  28     CaMSRB2     Detoxifying 

molecule  

  Pepper    Rice    Drought stress     Rab21     Kim et al. ( 2014 )  

  29     LOS5     -do-    Arabidopsis    Maize    Drought stress    Super-Promoter: 

hygromycin-

phosphotrans-

ferase II gene; 

 CaMV35S   

  Lu et al. ( 2013 )  
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 2005 ). Therefore, improving abiotic stress tolerance of crop 

plants through genetic engineering of proline biosynthesis 

genes is a good existing possibility and should be consider-

ably investigated (Kumar et al.  2010 ; Hussain et al.  2012 ; 

Jha  2019 ). 

    Sugars and  sugar alcohols     Sugars and sugar alcohols are 

known to accumulate in response to osmotic stress in sev-

eral organisms. These molecules usually help in stabilizing 

membranes and proteins during such stresses and thus off er 

a great potential to be exploited for imparting abiotic stress 

tolerance to crop plants. Several studies have reported the 

association of trehalose, an uncommon non-reducing sugar, 

which is normally found in lower organisms and a few desic-

cation tolerant plants, with stress tolerance in plants (Hussain 

et al.  2012 ). Trehalose biosynthesis enzymes from diverse 

sources have been extensively utilized to develop transgenic 

plants including cereal crops with enhanced stress tolerance 

owing to higher trehalose accumulation (Garg et al.  2002 ; 

Jang et al.  2003 ; Miranda et al.  2007 ; Li et al.  2011 ). Poly-

fructose molecules or fructans are known to provide protec-

tion to plants against drought and low temperature stresses 

as evident from tobacco transgenic plants expressing genes 

encoding fructan biosynthesis enzymes (Pilon-Smits et al. 

 1995 ; Bie et al.  2012 ; He et al.  2015 ). These genes have also 

been successfully utilized in developing transgenic rice with 

enhanced chilling tolerance (Kawakami et al.  2008 ). Raffi  -

nose family oligosaccharides, for example, raffi  nose, stachy-

ose and galactinol also play important roles in protecting 

plants from oxidative damage (Nishizawa et al. 2008). There 

have been several reports where genes involved in biosyn-

thesis of these oligosaccharides have been used in develop-

ing transgenic  Arabidopsis  and tobacco with increased abi-

otic stress tolerance (Taji et al.  2002 ; Liu et al.  2007 ; Iftime 

et al.  2011 ; Sun et al.  2013 ). The accumulation of polyols 

or sugar alcohols such as mannitol, inositol and sorbitol has 

been found to be associated with drought and salinity toler-

ance in many transgenic plants including wheat and fi nger 

millet (Abebe et al. 2003; Hu et al.  2005 ; Bhauso et al.  2014 ; 

Hema et al.  2014 ). 

    Polyamines     Polyamines are low molecular weight polyca-

tions that are known to regulate physiological and devel-

opmental processes as well as abiotic and biotic stress 

responses in plants by acting as osmotic regulators and 

ROS scavengers (Pathak et  al.  2014 ). Similarly, genes 

encoding polyamines biosynthetic enzymes such as argi-

nine decarboxylase (ADC), S-adenosylmethionine decar-

boxylase (SAMDC), and spermidine synthase (SPDS) have 

also been targeted for engineering stress tolerance in crop 

plants (Masgrau et al.  1997 ; Roy and Wu  2001 ; Wang et al. 

 2011 ; Pathak et al.  2014 ). Transgenic rice and wheat plants 

expressing datura and oats  adc  under the control of maize 

 ubq1  constitutive promoterexhibited higher drought and 

salt tolerance with increased accumulation of putrescine, 

spermidine and spermine, the agents that are implicated 

in plant protection under stress (Capell et al.  2004 ; Bassie 

et  al.  2008 ). Similarly, transgenic plants introduced with 

SAMDC genes from diff erent sources exhibited improved 

abiotic stress tolerance with elevated accumulation of poly-

amines (Roy and Wu  2002 ; Wi et al. 2006; Wi et al.  2014 ; 

Gong et al.  2014 ; Kim et al.  2015a ). Transgenic  Arabidop-
sis  plants expressing melon  SPDS  cDNA showed increased 

SPDS activity, higher concentration of putrescine, spermi-

Table 1    (continued)

  S. No    Gene    Gene function    Source    Plant tested    Type of tolerance    Promoter    Reference  

  30     OsHAP2E     Signaling mol-

ecules  

  Rice    Rice    Salinity and 

drought stress  

   OsHAP2E  rice    Alam et al. ( 2015 )  

  31     AtGRP2 orAt-
GRP7   

  -do-    Arabidopsis    Rice    Drought stress    Maize ubiquitin    Yang et al. ( 2014 )  

  32     SeCspA     Others     Escherichia coli     Wheat    Drought stress     CaMV35S     Yu et al. ( 2017 )  

  33     TaFER     -do-    Wheat    Wheat    Heat stress    Maize ubiquitin    Zang et al. ( 2017 )  

  34     ZmPIF3     -do-    Maize    Rice    Salinity and 

drought stress  

   CaMV35S     Gao et al. ( 2015 )  

  35     CYP94C2b     -do-    Rice    Rice    Salt stress    Rice actin pro-

moter  

  Kurotani et al. 

( 2015 )  

  36     AtGGP, AtGMP, 
AtGME, AtGPP, 
AtGDH  and 

 BoGalLDH   

  -do-    Arabidopsis and 

rapeseed  

  Rice    Salt stress    Ubiquitin or 

 CaMV35S   
  Zhang et al. ( 2015 )  

  37     OsDIL     -do-    Rice    Rice    Drought stress    Maize ubiquitin    Guo et al. ( 2013 )  

  38     hrf1     -do-    Rice    Rice    Drought stress     CaMV35S     Zhang et al. ( 2011 )  

  39     betA and TsVP     -do-     E.coli  and  T. 
halophila   

  Maize    Drought stress    Maize ubiquitin    Wei et al. ( 2011 )  
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dine and spermine as well as enhanced tolerance to various 

abiotic stresses suggesting the important role of this gene in 

plant stress tolerance (Kasukabe et al.  2004 ). 

     Engineering genes encoding antioxidative enzymes 

 Reactive oxygen species (ROS) are produced as a result of 

environmental stresses and need to be quickly detoxifi ed in 

order to protect cell, cellular organelles and essential bio-

molecules from oxidative damage (Lata et al.  2011b ). Plants 

have developed an intricate antioxidant defence system that 

includes various antioxidative enzymes such as catalase 

(CAT), superoxide dismutase (SOD), ascorbate peroxidase 

(APX), glutathione S-transferase (GST) and non-enzymatic 

metabolites, to control the level of detrimental ROS for 

protecting the cellular machinery (Bhatnagar-Mathur et al. 

 2008 ; Lata et  al.  2011b ). These antioxidative enzymes 

have widely been utilized to develop transgenic plants with 

improved environmental stress tolerance (Bhatnagar-Mathur 

et al.  2008 ). Transgenic tobacco over expressing  SOD  exhib-

ited enhanced tolerance to methyl viologen-induced oxida-

tive stress (Van Camp et al. 1996) and chilling stress (Sen 

Gupta et al. 1993). A Cu/Zn superoxide dismutase from 

 Jatropha  was found to enhance salt  tolerance  of transgenic 

 Arabidopsis  (Liu et al.  2015 ). Similarly, overexpression of 

 APX  from diff erent sources in transgenic  Arabidopsis  led to 

enhanced abiotic stress tolerance (Lu et al.  2007 ; Chen et al. 

 2015 ; Guan et al.  2015 ). A tau class  GST  from rice improved 

tolerance to salinity and oxidative stresses in transgenic 

 Arabidopsis  (Sharma et al.  2014 ). However, there has been 

only one report where a detoxifying enzyme has been used 

to develop transgenic cereal crop with better stress tolerance 

(Sato et al.  2011 ). In this study, overexpression of  OsAPXa  
resulted in superior chilling tolerance at the booting stage 

in transgenic rice. 

    Engineering genes encoding late embryogenesis abundant 
(LEA) proteins 

 LEA proteins are important high molecular weight proteins 

that play important roles during late embryogenesis, seed 

desiccation and water stress (Bhatnagar-Mathur et al.  2008 ; 

Lata and Prasad  2011 ). There have been abundant reports 

showing the involvement of diff erent  LEA  genes in imparting 

stress tolerance to  Arabidopsis  and tobacco upon overexpres-

sion (NDong et al. 2002; Shimamura et al.  2006 ; Brini et al. 

 2007 ; RoyChoudhury et al. 2007; Liu et al.  2014a ,  b ,  c ). 

LEA protein encoding genes have also been used to gener-

ate stress tolerant transgenic cereal crops. Transgenic rice 

plants expressing wheat LEA protein genes were tolerant to 

dehydration stress (Cheng et al.  2002 ), while basmati rice 

expressing barley  HVA1  gene was tolerant to both salt and 

water stress (Rohila et al.  2002 ). Rice plants overexpressing 

a  LEA  gene were more resistant to drought under field 

conditions (Xiao et al.  2007 ), while those overexpressing 

 OsLEA3-2  were more tolerant to salt and drought stress 

(Duan and Cai  2012 ). Transgenic maize plants also showed 

increased resistance to abiotic and biotic stresses when over 

expressed with diff erent  LEA  genes (Amara et al.  2013 ; Liu 

et al.  2013 ).  LEA  genes thus off er huge potential for their 

extensive exploration to develop transgenic cereal crops with 

superior stress tolerance. 

    Engineering transporter genes 

 Restoration of both ionic and osmotic homeostasis under 

adverse stress conditions is one of the most eff ective ways of 

achieving greater abiotic stress tolerance in crop plants. This 

strategy has been one of the major approaches for improv-

ing salt and drought tolerance in plants through genetic 

engineering. Several stress tolerant transgenic plants have 

been developed by manipulating transporter genes (Zhang 

and Blumwald et al.  2001 ; Gao et al.  2010 ; Gouiaa et al. 

 2012 ; Li et al.  2014 ; Huang et al.  2014 ).Various transporter 

genes have also been exploited for developing transgenic 

cereal crops with superior stress tolerance. A water chan-

nel protein  RWC3  when over expressed under the control 

of a stress-inducible promoter SWPA2 demonstrated higher 

root hydraulic conductivity, higher leaf water potential and 

higher cumulative transpiration rate resulting in drought 

avoidance in the transgenic rice plants (Lian et al.  2004 ). 

Overexpression of  NHX1  under both constitutive ( Actin1 ) 
and stress-inducible ( Hva22 ) promoters enhanced drought 

tolerance of transgenic rice under fi eld conditions (Xiao 

et al.  2009 ). While the rice plants expressing  AtHKT1;1  
showed improved salinity tolerance with an increase in fresh 

weight under stress as well (Plett et al.  2010 ). The expres-

sion of an  Arabidopsis  vacuolar  H + -pyrophosphatase gene 

( AVP1 ) improved shoot biomass and increased grain yield 

in transgenic barley under fi eld saline conditions (Schilling 

et al.  2014 ). 

    Engineering genes encoding transcription factors 

 Genetic engineering of ‘single action genes’ which encode 

single stress-specifi c proteins may not always be useful in 

achieving required tolerance for crop plants that encoun-

ter multiple stresses at a time. In order to overcome these 

constraints, it is necessary to target genes with pleiotropic 

eff ects e.g. transcription factors. TFs play important roles in 

transcriptional regulation of stress responsive genes as they 

bind to the  cis- elements present in their upstream promoter 

region. They trigger cascades of genes that act synergisti-

cally to impart tolerance towards multiple stresses (Bhatna-

gar-Mathur et al.  2008 ). TFs thus regulate the expression 

of a large number of downstream genes and are attractive 
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targets for gene manipulation for developing transgenics 

with enhanced stress tolerance. TFs can largely be classifi ed 

into two groups namely, abscisic acid (ABA)-dependent e.g. 

ABA-responsive element-binding proteins(AREBs)/ABA-

binding factors (ABFs), and myelocytomatosis oncogene 

(MYC)/ myeloblastosis oncogene (MYB)TFs; and ABA-

independent e.g. cold-binding factor (CBFs)/dehydration 

responsive element binding (DREBs), and NAM, ATAF, and 

CUC (NAC) and zinc fi nger (ZnF) TFs (Lata and Prasad 

 2011 ).Numerous transgenic plants including transgenic 

cereal crops for improved abiotic stress tolerance have been 

developed by manipulating transcription factor genes (Lata 

et al.  2011a ). 

   AREBs/ABFs     AREB/ABF TFs are components of the basic 

leucine zipper (bZIP)-type family and act as major regu-

lators of ABA responsive gene expression in plants under 

various environmental stress conditions (Lata et al.  2011a ).

These TFs usually bind to an ABRE  cis- motif and activate 

ABA-dependent gene expression (Lata et al.  2011a ). These 

have also been exploited for generation of plants with better 

stress tolerance e.g. a wheat ABI-like TF  TaABL1  improved 

tolerance to multiple abiotic stresses in transgenic  Arabi-
dopsis  and tobacco (Xu et  al.  2014 ). A soybean bZIP TF 

 GmbZIP1  improved drought tolerance of transgenic wheat 

without any compromise in growth traits of the host plants 

(Gao et  al.  2011 ). Over expression of an ABA-inducible 

 OsABI5  improved salinity tolerancein rice (Zou et al.  2008 ). 

Similarly  OsbZIP23  and  OsbZIP71  both signifi cantly 

enhanced drought and salinity tolerance in transgenic rice 

(Xiang et al.  2008 ; Liu et al.  2014b ). 

    MYC/MYBs     The MYC/MYB family TFs are universally 

found across plant and animal kingdom with diverse func-

tions including growth, metabolism, cell morphogenesis, 

fl ower and seed development, and defence and abiotic 

stress response (Lata et  al.  2011a ). They participate in an 

ABA-dependent stress signalling for activation of stress 

responsive genes. Overexpression of these TF genes led 

to enhanced tolerance towards several abiotic stresses in 

 Arabidopsis  (Abe et al.  2003 ; Dai et  al.  2007 ; Ding et al. 

 2009 ). A R2R3-type MYB  OsMYB2  imparted tolerance 

to salt, cold and dehydration in transgenic rice (Ying et al. 

 2012 ). Similarly, rice  OsMYB3  led to better germination and 

enhanced frost tolerance when expressed in barley (Soltész 

et al.  2012 ). While transgenic rice plants constitutively over-

expressing a novel  MYBS3  gene were able to tolerate cold 

stress up to one week without any yield penalty under nor-

mal fi eld conditions (Su et  al.  2010 ).There are no reports 

on transgenic crops developed using MYC TF genes so far. 

    DREB TFs     The DREB proteins play signifi cant roles in 

regulating abiotic stress response and tolerance in plants 

(Lata and Prasad  2011 ).  DREB1s  are involved in regulation 

of the low temperature signal transduction pathway while 

 DREB2s  regulate the dehydration and heat stress response 

signalling cascade. These TFs distinctively bind to the 

DRE/CRT (C-repeat responsive)  cis- motif(s) and activate 

the expression of the downstream genes. DREB are one of 

the most studied groups of TF genes as these are involved 

in activation of several target genes implicated in osmopro-

tection and metabolism, and therefore are attractive targets 

for gene manipulation (Lata and Prasad  2011 ). There have 

been numerous reports where DREB TFs have been used to 

develop transgenic crops for enhanced abiotic stress toler-

ance (Chen et al.  2008 ; Lata and Prasad  2011 ; Lata et al ,.  
2011a). Overexpression of a rice  OsDREB1F  improved salt, 

drought and cold tolerance of both transgenic  Arabidop-
sis  and rice (Wang et  al.  2008 ) while induced expression 

of a DREB transcriptional activator conferred improved 

drought tolerance to transgenic wheat (Wang et al.  2006 ). 

 OsDREB2A  conferred enhanced drought and salt tolerance 

in transgenic rice (Cui et al.  2011 ; Mallikarjuna et al.  2011 ) 

and signifi cantly increased salt tolerance in transgenic soy-

bean (Zhang et al.  2013 ). Transgenic wheat and barley gen-

erated using constitutive (double 35S) and inducible (maize 

rab17) by expressing two wheat DREB genes namely, 

 TaDREB2  and  TaDREB3 , showed improved stress tolerance 

with increased expression of  CIR/LEA/DHN  genes (Morran 

et al.  2011 ).  TaDREB3  when constitutively over expressed 

under the control of rice  WRKY-71  gene promoter appeared 

to be promising for enhancing cold and frost tolerance in 

transgenic barley (Kovalchuck et al. 2013). 

    NAC TFs     The NAC TFs constitutes one of the largest groups 

of plant-specifi c TFs in the plant genome with varied roles 

in plant developmental processes, disease resistance and 

environmental stress responses (Lata et  al.  2011a ; Shao 

et al.  2015 ). NAC  TFs have also been widely used for genera-

tion of improved transgenic crop plants. A NAC family  TF 
OsNAP  conferred abiotic stress tolerance through an ABA 

dependent pathway in transgenic rice (Chen et al.  2014 ). A 

rice stress-responsive NAC gene,  SNAC1  provided drought 

and salt tolerance to transgenic wheat (Saad et  al.  2013 ) 

and cotton (Liu et al.  2014a ,  b ,  c ). Earlier studies suggested 

that  SNAC2 ,  OsNAC5, OsNAC6, OsNAC10  and  OsNAC45  
improved drought and salt tolerance in transgenic rice 

(Nakashima et al.  2007 ; Hu et al.  2008 ; Zheng et al.  2009 ; 

Jeong et al.  2010 ; Takasaki et al.  2010 ). Overexpression of 

a wheat  NAC  gene,  TaNAC69  enhanced drought tolerance of 

transgenic bread wheat with an increased accumulation of 

stress-responsive gene transcripts (Xue et al.  2011 ). 

    Other TFs     There are also several other classes of TFs 

involved in abiotic stress response and tolerance in plants 

other than those that fi t into the well-known regulons 



73Proceedings of the Indian National Science Academy (2021) 87:63–83 

1 3

described above. Zinc fi ngers and WRKYs are two such 

important class of TFs that play important roles in plant 

adaptation to stress (Lata et al.  2011a ). As for example sev-

eral C2H2 and SAP (stress associated proteins) zinc fi ngers 

have been known to improve abiotic and biotic stress tol-

erance on overexpression in  Arabidopsis , tobacco or other 

crop plants (reviewed in Kiełbowicz-Matuk et  al. 2012; 

Giri et al.  2013 ; Tyagi et al. 2014). A rice ZNF  OsZFP245  
increased tolerance to cold, drought and oxidative stresses 

in transgenic rice by elevating the levels of free proline, 

 P5CS  and proline transporter genes expression (Huang et al. 

 2009 ). Similarly, a TFIIIA-type zinc fi nger protein encoding 

gene,  ZFP182  conferred multiple abiotic stress tolerance in 

transgenic rice by activating the expression of  P5CS, LEA, 
DREB1A  and  DREB1B  (Huang et  al.  2012 ). On the other 

hand, a novel C2H2-type zinc fi nger protein,  ZFP36  played 

an imperative role in ABA-induced antioxidant defence as 

well as oxidative stress tolerance in transgenic rice (Zhang 

et al.  2014 ).  TaCHP , a wheat zinc fi nger which was found 

to be down regulated in response osmotic stress, ABA and 

salinity stress, enhanced stress tolerance in transgenic wheat 

and  Arabidopsis  via activation of several stress reporter 

genes such as  CBF3  and  DREB2A  (Li et al.  2010 ). A bread 

wheat transcription factor,  TaSHN1  involved in cuticle bio-

synthesis in wheat as well as in  Arabidopsis  overexpressed 

in wheat transgenic plants maintained their growth and their 

yield potential under drought stress (Bi et al.  2018 ). 

 WRKYs are another important family of TFs that are 

involved in various plant processes including biotic and 

abiotic stress response (Lata et al.  2011a ). Several of these 

genes from different cereal crops are known to be up-

regulated or diff erentially expressed under various abiotic 

stresses including drought, salt, heat and cold, and thus have 

been manipulated for transgenic development (Lata et al. 

 2011a ). However, most of these genes have been function-

ally analyzed for their abiotic stress tolerant properties in 

 Arabidopsis  and tobacco only (Niu et al.  2012 ; Wang et al. 

 2013 ,  2015 ; Qin et al.  2015 ). There has been only one report 

where a WRKY gene,  WRKY76  has been implicated in both 

biotic and abiotic stress tolerance (Yokotani et al.  2013 ). 

Overexpression of this gene in rice suppressed the manifes-

tation of pathogenesis related and phytoalexin genes upon 

 Magnaporthe oryzae  infection while increased the expres-

sion of abiotic stress-associated genes such as peroxidise and 

lipid metabolism genes on exposure to cold stress. 

     Engineering stress signalling genes 

 Plants being sessile in nature are forced to thrive under 

adverse environmental conditions, and in order to combat 

such situations they have evolved mechanisms of stress 

perception and signal transduction in order to activate the 

protective machinery for achieving morphophysiological, 

biochemical and molecular changes for stress adaptation 

and tolerance. The abiotic stress signalling components in 

plants comprise of receptor-coupled phosphor-relay, heat 

shock factors (Hsfs), receptor-like kinases, phosphoionosi-

tol-induced  Ca 2+  changes, mitogen activated protein kinase 

(MAPK) cascade, and TFs for induction of stress responsive 

genes (Bhatnagar-Mathur et al.  2008 ). Furthermore, more 

than one abiotic stress factors may share components of the 

same signalling pathway. Therefore, one of the major advan-

tages of manipulating a signalling factor through genetic 

engineering is that a large number of downstream events can 

be controlled resulting in greater stress tolerance. 

   Histidine kinases     A sensor molecule is required to perceive 

the initial stress signal(s) for initiating the signalling cas-

cade, in turn activating several TFs, and thus induction of 

specifi c stress responsive genes. Until now only a few sensor 

molecules have been identifi ed, the two component sensor-

response regulator system involving histidine kinases being 

the most important (Singh et  al.  2010 ). Inducible expres-

sion of an  Arabidopsis  response regulator 22, a type-C 

ARR improved dehydration, drought and cold tolerance 

of transgenic  Arabidopsis  in a dexamethasone-dependent 

manner while a mutation of Asp to Asn in ARR22 termed 

ARR22(D74N) eliminated any such tolerance (Kang et al. 

 2013 ). While three  Arabidopsis AHP2, AHP3  and  AHP5  
histidine phosphotransfer proteins were found to function as 

negative regulators of response to drought stress (Nishiy-

ama et al.  2013 ). Though Karan et al. ( 2009 ) reported the 

diff erential transcript abundance of 31 members of the two 

component system (TCS) in contrasting rice genotypes sug-

gesting their important role in salinity tolerance, not much 

work has been done towards developing transgenic rice or 

any other cereal crop utilising the TCS members until now. 

    Heat shock factors     Heat shock factors (Hsfs) are essentially 

TFs that exist in a monomeric non DNA-binding form in the 

non-stressed cells and get activated upon stress into a trim-

eric DNA-binding form that bind to the heat-shock gene pro-

moters (Bhatnagar-Mathur et al.  2008 ). The Hsfs are known 

as direct sensors of ROS in animals and yeast, and in plants 

these are believed to function as sensors of  H 2 O 2  since pro-

moters of several antioxidative enzymes and TFs involved 

in  H 2 O 2  signalling contain Hsf binding motif(s) (Singh et al. 

 2010 ). There are several reports indicating genetic engineer-

ing of  Hsfs  increased thermo-tolerance in plants (Bhatnagar-

Mathur et al.  2008 ; Yoshida et al.  2008 ). A heat shock TF 

 HsfA3 has been deduced as a key player in regulating heat 

stress tolerance in  Arabidopsis  via  DREB2A  (Yoshida et al. 

 2008 ) and  DREB2C  (Chen et  al.  2010 ) stress regulatory 

systems. A rice cultivar pusa basmati 1 showed improved 

high temperature tolerance when introduced with  Athsp101  
(Katiyar-Agarwal et al.  2003 ). Similarly, overexpression of 
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 OsHsp17.0  and  OsHsp23.7  enhanced drought and salt toler-

ance in transgenic rice as evident from low electrolyte leak-

age, low malonaldehyde content, and increased free proline 

(Zou et al.  2012 ). 

    Receptor-like kinases     The roles of a few receptor-like 

kinases (RLKs) have also been suggested in abiotic stress 

tolerance (Singh et al.  2010 ). Several RLKs from diff erent 

sources have been exploited to develop transgenic  Arabi-
dopsis  and tobacco with improved abiotic stress tolerance 

(Osakabe et  al.  2010 ; Zhao et  al. 2013; Lee et  al.  2014 ). 

There are only two reports where cereal crops have been 

engineered using RLKs. An S-domain RLK,  OsSIK2 con-

ferred abiotic stress tolerance and delayed leaf senescence 

in transgenic rice (Chen et al.  2013a ) while a plasma mem-

brane RLK,  leaf panicle 2  was found to be transcription-

ally regulated by a drought associated ZNF and acted as 

a negative regulator in drought response as the transgenic 

rice plants overexpressing this gene were hypersensitive to 

drought stress (Wu et al.  2015 ). 

    Calcium dependent protein kinases     Calcium ion  (Ca 2+ ) is 

a key secondary messenger in all eukaryotes that trigger 

physiological alterations in response to external stimuli. 

Calmodulins, calcineurin B-like (CBL) proteins, CBL-

interacting protein kinases (CIPKs), and calcium dependent 

proteins kinases (CDPKs) are important  Ca 2+ -binding pro-

teins (Singh et al.  2010 ). Calmodulins have been found to 

enhance salt and drought tolerance in transgenic  Arabidop-
sis  (Yoo et al.  2005 ; Xu et al.  2011a ,  b ). CBLs and CIPKs 

also mediate plant responses to a variety of stress condi-

tions, and thus have been widely used to generate transgenic 

plants with increased stress tolerance (Cheong et al.  2010 ; 

Deng et al.  2013 ; Meena et al.  2015 ). Transgenic rice plants 

constitutively overexpressing  OsCIPK03 ,  OsCIPK12 , and 

 OsCIPK15  showed signifi cantly enhanced cold, drought, 

and salt tolerance, respectively suggesting their diverse 

roles in various stress responses and hence their potential 

for crop improvement (Xiang et al.  2007 ). A maize CDPK, 

 ZmCPK4  was found to positively regulate ABA signalling 

as well as enhanced drought stress tolerance in transgenic 

Arabidopsis (Jiang et al.  2013 ) while  PeCPK10  from  Popu-
lus euphratica  conferred both drought and cold tolerance to 

transgenic  Arabidopsis  plants (Chen et al.  2013a ,  b ). None 

of the CDPKs have been engineered for improving stress 

tolerance in cereal crops until now. 

    Mitogen activated protein kinases     MAP-kinase cascades 

characteristically consist of three functionally interlinked 

protein kinases namely, MAP kinase kinase kinase (MAP-

KKK), MAP kinase kinase (MAPKK) and MAPK, which 

are involved in transferring information from sensors to 

cellular responses in plants (Singh et al.  2010 ). Numerous 

components of the MAPK-cascade have been identifi ed and 

functionally characterized for abiotic stress responses in 

plants until now (Moustafa et al.  2014 ). These genes have 

also been widely used for generation of transgenic  Arabi-
dopsis  and tobacco with enhanced abiotic stress tolerance 

(Kong et al.  2011 ; Cai et al.  2014 ; Hao et al.  2015 ). There 

have been only a few reports on engineering cereal crops 

with MAPK-cascade genes. OsMAPK5  enhanced cold, 

drought and salt stresses in transgenic rice (Xiong and Yang 

 2003 ). A  Hordeum vulgare MPK4  ( HvMPK4 ) acts as a reg-

ulator of both biotic and abiotic stress responses with the 

overexpression lines showing elevated levels of jasmonic 

acid and ethylene as well as greater tolerance to salt stress 

(Abass and Morris  2013 ). 

       Gene pyramiding for enhancing abiotic 
stress tolerance in crop plants 

 The term ‘gene pyramiding’ refers to the process of intro-

duction of more than one gene or QTL with similar eff ects 

that also do not negatively interact with each other into one 

genetic background in order to provide desired trait/toler-

ance. It is a preferred technique for introduction of more 

than one ‘single action’ genes. It can be achieved both by 

MAS and transgenic approach, however genetic engineering 

is the most precise way to improve a desired trait by pyra-

miding of genes as it not only helps in incorporating spe-

cifi c cloned genes but also limits the transfer of undesirable 

genes from the donor, thus helping in achieving considerable 

advancement in crop abiotic stress tolerance (Ashraf  2010 ). 

Transgenic tobacco plants overexpressing both Na( +)/H( +) 

antiporter ( TNHXS1 ) and H( +)-pyrophosphatase ( TVP1 ) 
showed improved salt tolerance (Gouiaa et al.  2012 ). Co-

overexpression of two sunfl ower heat chock factor genes 

 A4a  and  A9  in tobacco enhanced seed longevity and also 

had synergistic eff ects on tolerance towards severe dehydra-

tion and oxidative stress in seedlings of transgenic tobacco 

to (Personat et al.  2014 ). Simultaneous overexpression of 

both  CuZnSOD  and  APX  conferred improved tolerance to 

multiple abiotic stresses in tall fescue (Lee et al.  2007 ) while 

the co-overexpression of same two genes in sweet potato 

chloroplast enhanced tolerance to sulphur dioxide (Kim 

et al.  2015a ,  b ). However transgenic approach has not been 

utilized for gene pyramiding in crop plants yet, pressing the 

need for more concerted and focused eff orts for developing 

cereal crops with improved stress tolerance by pyramiding 

genes of interest. 
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    Evaluation of transgenics 

 All genetic engineering studies on plants including model 

and crop plants have reported regarding for evaluation of 

transgenic constructs in diff erent plant species as well as 

in diff erent abiotic stress conditions as described in above 

sections. The modulation of expression of introduced genes, 

changes in morpho-physiological parameters as well altera-

tions in the levels of metabolites have been reported by dif-

ferent researchers in great details. However very little infor-

mation is available regarding the method(s) used to evaluate 

the transgenics for their stress response. The methodolo-

gies used for assessing the transgenic lines under various 

stress conditions reported so far are too severe, which are 

unlikely to be found in natural fi eld conditions. Though it 

is implicit that most of these methods intend to analyze the 

gene expression in transgenic plants under a given stress, the 

results could often be misleading to draw inferences from a 

physiology or agronomic perspective. In fact, the methods 

of evaluation also vary signifi cantly from study to study. 

For example for assessing plant performance under drought 

stress some authors use water withdrawal technique for 

defi ned periods and some use polyethylene-induced osmotic 

stress. Similarly, some researchers use hydroponics as a 

medium to evaluate stress tolerance of transgenic materials 

but again in natural soil conditions the water availability 

is fi nite and also the soil volume surrounding the roots is 

also limited resulting in a quick decline of the water poten-

tial making it virtually impossible for plants to take up any 

considerable amount of water. Therefore, a soil system is a 

better choice over hydroponics for evaluating the ability of 

transgenics to take up water. Some studies report on water 

use effi  ciency of transgenic plants. In such cases precau-

tion should be taken to consider the water loss through soil 

evaporation also. However, any of the above methods off er 

relatively diff erent conditions than those occurring in soils. 

Further some measures to analyze drought stress responses 

such as germination rate, fresh weight, shoot length, survival 

rate, growth rate are bound to give inconsistent results. It 

is thus crucial to know about the various stages of drought 

stress to which plants are exposed, duration of stress imposi-

tion, watering interval, developmental stages of the plants 

under study, growth conditions, plant density and size, pot 

size, water availability and transpiration rate in order to have 

a thorough investigation of drought stress responses of trans-

genic plants. It is therefore necessary to chalk out a proper 

lay out with a standard protocol for assessing the perfor-

mance of transgenics developed in order to obtain error-

proof consistent results. Further evaluation of a transgenic 

crop for its performance under normal fi eld conditions is a 

must for the stakeholder’s point of view. 

    Conclusion and future challenges 

 This review thus summarizes recent updates on enhancing 

abiotic stress tolerance of cereal crops through genetic engi-

neering of stress responsive and regulatory genes. Trans-

genic approach remains an attractive option for a substantial 

improvement in stress tolerance of cereal crops. It is also 

imperative to note that targeting a regulatory gene e.g. a TF 

is better than targeting a single-action gene. Further trans-

formation of a single gene may not be as useful as compared 

to transformation using more than one gene. Thus pyramid-

ing of the candidate genes, which are eff ectively involved 

in stress response and tolerance is a practical option for 

augmenting abiotic stress tolerance in cereals, and should 

be explored extensively. A detailed understanding of the 

physiological and biochemical responses to diverse abiotic 

stresses can be also be helpful in infl uencing the choice of 

promoter as well as transgene to be used for engineering the 

crop plants for better stress tolerance. Moreover, the evalu-

ation of transgenic lines for tolerance to diff erent abiotic 

stresses is an important issue to be addressed. It should be 

benefi cial to assess the performance of the transgenics on the 

basis of achieved tolerance vs. existing tolerance, as well on 

the basis of estimation of the biological cost of metabolites 

production to combat stress and their eff ect(s) on yield and 

yield potential of crop plants. However, recently CRISPR-

Cas9 genome-editing technique is fast gaining momentum 

for genetic manipulation of agricultural crops. Through a 

long proactive shift in the genetic and molecular processes 

for crop enhancement and production, the genome editing 

tool CRISPR / Cas9 has fi nally revolutionized the scien-

tifi c world as a solution to crack barrier and provide trans-

lational genomics for improving crops (Zafar et al.  2020 ). 

In the last 5 years, the introduction of the Type II CRISPR / 

Cas9 method as a robust technique has intensifi ed the site-

specifi c mutagenesis in a wide range of species, including 

model plants and crop plants (Ma et al. 2012; Debbarma 

et al.  2019 ). Finally, an integrative strategy uniting molecu-

lar, biochemical, physiological and metabolic facets of abi-

otic stress tolerance in cereal crops is mandatory for fi lling 

up the knowledge gaps on genes and gene products, their 

expression and their eff ects on plant phenotype under stress 

conditions. 
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