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Abstract Drought stress is currently one of the
major threats to the global food security as it pri-
marily is the main cause behind yield loss and hence
overall productivity. While conventional breed-
ing, molecular breeding and genetic engineering
approaches were widely used in developing drought
tolerant varieties, but these techniques are laborious,
time consuming and also transgenics developed have
some ethical issues hence are not widely accepted.
Plant breeders and biotechnologists are now keenly
approaching towards genome editing and using vari-
ous genome editing principles for improving vari-
ous agronomically important traits in plants. Among
all available genome editing principles, the clustered
regularly interspaced short palindromic repeat-Cas
(CRISPR/Cas) system is widely accepted due to its
robust nature, simplicity, adaptability, flexibility and
wide applicability. CRISPR Cas’s highly advanced
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technique of multiple sequence-specific nucleases
has facilitated precise gene modification leading to
development of novel climate resilient crops. In this
review, we will try to understand the molecular mech-
anism of drought response in plants and the appli-
cation of CRISPR/Cas genome-editing system for
improving drought tolerance in plants for mitigating
drought stress.
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Introduction

Improving characters like resistance to abiotic
stresses has a deep root in agriculture globally.
There are many ways which breeders and agricul-
turists used to overcome these stresses but adapt-
ing novel technologies is the need of the hour for
sustaining crop yield and overcoming the ill effects
of global warming and climate change. Among
the various abiotic stresses, drought is the main
agent beyond the yield related agricultural loses
and hence to food security (Lobell and Gourdji
2012), so it the epic cause of undernourishment
and arisen hunger index worldwide (Martignago
et al. 2020). Drought varies differentially round
territories of world and also in its effects too, so
plants have developed a variable number of struc-
tural and physiological responses towards drought.
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These include various degrees of drought escape,
drought avoidance and drought tolerance (Fahad
et al. 2017). Conventional plant breeding and trans-
genic methods have successfully improved drought
tolerance character in crops like rice, wheat, maize
and soybean (Ashraf 2010), but problem with these
drought tolerant lines is that many of the promising
lines among them does not show high yield perfor-
mances under drought conditions. It indicates that
there is still a wide scope for novel tools and tech-
niques which can enhance drought tolerance in such
a manner that under stress conditions there is least
effect on yield performance. Conventional plant
breeding is delivering goods since its beginning but
is highly time consuming, laborious and expensive.
Also a tremendous role has been played by molecu-
lar markers in characterizing the specific sections of
plant genome under drought conditions (Rao et al.
2016). With the aid of these molecular markers sev-
eral drought tolerance responsible QTLs of differ-
ent crops have been identified (Khan et al. 2016),
but the certainty and appropriateness in recognizing
the QTLs is tough and so much complicated. The
another means of improving the weaklings of vari-
ous agricultural crops is Genetic engineering, but
due to some social and ethical issues related trans-
genics and the biosafety regulations, these geneti-
cally modified crops face a lot of hindrances (Prado
et al. 2014). Bearing these facts in mind, there is

a need of novel technologies to be developed and
implied for improving plants against various biotic
and abiotic stresses. The arrival of genome edit-
ing technologies and its allied principles has revo-
lutionized the field of agriculture. Genome editing
principles like ZFNs, TALENs, CRISPR Cas etc.
use sequence-specific nucleases for the purpose of
making precise genome modifications (Costa et al.
2017). Among all the available genome-editing
platforms, CRISPR/ Cas system is widely accepted
because of its robust nature and simplicity. The
CRISPR/Cas system has a complex consisting
of a Cas9 endonuclease and a single guide RNA
(sgRNA), which moves along the DNA strand and
creates double-stranded breaks (DSBs) on the DNA
strand. These breaks are subsequently repaired by
the cell’s endogenous repair mechanisms result-
ing in the development of novel mutants (Voytas
and Gao 2014). In its recent progress, CRISPR/
Cas technology has been efficiently used in modify-
ing polygenic characters like salinity, submergence
and drought in major crops (Shi et al. 2017; Zhang
et al. 2019). In this review we will focus on the pro-
gress made by CRISPR Cas in mitigating drought
and also the short comings and future aspects of
CRISPR Cas system in mitigating abiotic stresses
like drought effectively, for meeting the demands of
globalization and increasing population (Fig. 1).
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Fig. 1 Depicting about why CRISPR Cas9 technology has an edge over other procedures of developing a variety with a specific char-
acter under study in 4—6 years compared to other procedures which require a large amount of time, labour and cost (Chen et al. 2019)
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How plants respond to drought stress?

A climatic situation resulted due to low level of
water available in soil brought up by lack of water
and high rate of evaporation affecting the normal
growth and development of the plant is drought
stress. During plant growth, drought affects plant
water—interactions, which in turn disrupt the entire
metabolical pathways at the molecular as well as
physiological levels, depending on the magnitude
and duration of stress (Sharma et al. 2020). The
remarkable signs of plants subject to drought stress
at the early vegetative stages of their life cycle are
reduced height, wilted leaves, and disrupted flow-
ering (Zafar et al. 2020). For overcoming drought
stress, plants have adopted a variable number of
morphological, biochemical, physiological and
molecular mechanisms (Fang and Xiong 2015).
Plants resist drought possibly by four means like
drought avoidance (DA), drought escape (DE),
drought recovery (DR) and drought tolerance (DT)
(Fang and Xiong 2015). Drought avoidance may
be defined as a phenomenon implied by plants in
which despite scarcity of water in soil plants by
morphological adjustment are able to maintain
relatively higher tissue water content and perform
normal physiological processes (Luo 2010). Plants
achieve drought avoidance via stomatal closure,
wax accumulation on leaves, thick leaves, lim-
ited vegetative growth including number and size
of leaves, modified root system, enhanced water
uptake to avoid dehydration etc. Drought escape
is achieved by plants via modifying their life
cycle by either natural or artificial means during
water stress before the onset of drought. Likewise,
drought recovery (DR) mechanism involves plant’s
ability to refurbish growth and vigour after expo-
sure to severe drought stress. In contrast to these
mechanisms, Drought tolerance (DT) marks the
plant’s potential to carry on physiological activi-
ties despite severe drought conditions by regulat-
ing the stress responsive genes and signalling path-
ways (Fang and Xiong 2015). These physiological
activities occur either individually or in cumilation
and are witnessed in diverse plants under differ-
ent developmental stages. Drought tolerance is a
polygenic trait controlled by many genes, hence
it is mandatory to understand the molecular as
well as physiological mechanisms controlling this

character. Various morpho-physiological traits
used as indicators for evaluating drought tolerance
in plants are water potential, proline content, absci-
sic acid content, root traits, osmatic adjustment
etc. (Fang and Xiong 2015). In addition to these,
other mechanisms like osmotic adjustment, anti-
oxidation and osmo-protection also enable plants
to tolerate water stress condition and act as tools
for indicating drought (Luo 2010). As per Walter
et al. (2009) leaf morphology, an important agro-
nomic trait is useful in generating drought toler-
ant plants, genotypes having rolled leaves reduce
water loss content and enhance drought tolerance
character (Xiang et al. 2012). The Fig. 2 represents
the generalized mechanism of drought tolerance
by depicting out various signalling molecules like
reactive oxygen species (ROS), calcium, ABA and
allied Phytohormones plus different factors which
play an important role during drought stress like
condition (Hu and Xiong 2014). The biosynthe-
sis of Phytohormones and the subsequent signal-
ling triggers various dehydration responsive genes
which encode ion transporters, calcium dependent
protein kinases (CDPKs), calcineurin interacting
protein kinases (CIPKs), mitogen-activated protein
kinases (MAPKs), sucrose non fermenting pro-
tein (SNF1)-related kinase 2 (SnRK2), calcineu-
rin B-like interacting protein kinase (CIPK) and
transcription factors (Fang and Xiong 2015). Up-
regulated expression of OsCDPK7 and OsCIPK23
positively regulate drought tolerance in rice (Yang
et al. 2008). In Arabidopsis, drought tolerance is
conferred by SnRK2C molecule as it regulates the
stress responsive gene expression (Umezawa et al.
2004). According to Joshi et al. (2016), there are
various transcription factors like AP2/EREBF,
AREB/ABFs, MYB, NAC and zinc-finger tran-
scription factors which are predicted to exhibit tol-
erance during drought conditions in plants (Joshi
et al. 2016) (Fig. 1). In Arabidopsis, transcription
factors like AREB1, AREB2 and AREB3 on vali-
dation in coordination with ABA mediated posi-
tive regulation provide drought tolerance (Yoshida
et al. 2010), drought tolerance is enriched by AP2/
EREBF TF SHN as it enhances wax biosynthesis
(Aharoni et al. 2004). Among the phytohormones
associated with signalling process, ABA signals
stresses like drought, salinity etc. Drought toler-
ance governed by abscisic acid (ABA) is regulated
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Fig. 2 A generalized
scheme of drought tolerance
in plants. (Rev by Joshi

Water
et al. 2020) ool — w\\‘

Stomatal
closure

by coordinative action of three classes of proteins
namely (a) the Pyrabactin Resistance 1 (PYRI)
and/or PYRI1-like protein (PYL) and/or Regula-
tory component of the ABA receptor (RCAR)
(here with referred as PYLs), (b) Protein phos-
phatase 2C (PP2C) and (c) SnRK2s (Joshi et al.
2016). When ABA is absent, PP2Cs associate with
SnRK2s inactivates kinases by dephosphorylating
the association loop. Under drought stress condi-
tions, Abscisic acid binds PYLs and inhabits phos-
phate activity of PP2C due to which PP2C releases
SnRK2s which are auto phosphorylated and phos-
phorylate downstream effectors too which add on
drought tolerance. In ABA biosynthetic pathways,
modification in key enzymes enhances yield as
well as improves drought resistance character (Park
et al. 2008). A combinative approach of Absci-
sic acid and Ca* together with the osmolytes like
sorbitol, proline, mannitol, glycine, betaine etc.
and osmoprotective proteins also called as late
embryogenesis abundant proteins enhance water
efficiency by reducing water loss through stomatal
closure. The effector proteins enhance drought tol-
erance by activating the antioxidant enzymes like
superoxide dismutase (SOD), ascorbate peroxidase
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(APX) and glutathione peroxidase (GPX) which
facilitates ROS detoxification and lead to over-
coming drought. The understanding of these
enzymes and there molecular mechanisms have
enabled in improving drought resistance in plants
using conventional breeding techniques and trans-
genic technologies. Since last few decades, vari-
ous approaches like classical breeding techniques,
molecular tools and genomic operations led by
these tools have played a key role in deciphering
the molecular mechanism of various genes control-
ling different traits and associated mechanisms like
drought resistance mechanism, salinity tolerance
mechanism etc. (Kulkarni et al. 2017; Cao et al.
2017; Sahebi et al. 2018). QTL mapping of QTLs
linked to root, leaf structures and various physi-
ological traits has been successfully performed,
which liberated that there are as many as hun-
dreds of drought responsive genes found by RNA
sequencing which lead to drought resistance in
plants (reviewed in Hu and Xiong 2014). As con-
ventional breeding is intensive labours and time
consuming and transgenics having ethical issues,
the current scenario demands novel techniques like
genome editing principles especially CRISPR-Cas9
to be implied by plant breeders which are labour



Genet Resour Crop Evol (2022) 69:2011-2027

2015

Fig. 3 Structure of CRISPR 1

CRISPR Cas (Tomida et al. E]
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as well as time efficient and have no grudges of
GMO regulations and hence are a good prospectus
for mitigating highly emerging abiotic stresses like
drought brought up by global warming and climate
change (Fig. 3).

CRISPR/Cas9

CRISPR/Cas9 was first used to edit plant genes
in 2013 since then, it is the most prevalent genome
editing tool (Li et al. 2013a, b; Nekrasov et al. 2013;
Shan et al. 2013). It was discovered as a prokaryotic
immune system which protects cells by selectively
targeting and destroying foreign DNA like viruses or
plasmids (Horvath and Barrangou 2010; Marraffini
and Sontheimer 2010). The CRISPR—Cas system of
genome editing has been highly acknowledged for its
adaptability and ease of operation. CRISPR Cas uses
a single guide RNA in addition to complex Cas endo-
nuclease that alters along the DNA strand for enact-
ing to arose double-stranded DNA breaks, which are
subsequently repaired by endogenic cell mending
mechanisms, leading to the expansion of novel muta-
tions (Raza et al. 2020). The engineered CRISPR/
Cas9 has three main domains/components i.e. the
CRISPR associated protein 9 (Cas9), and two non-
coding CRISPR RNAs (crRNAs): a trans-activating
crRNA (tracrRNA), and a precursor crRNA (precr-
RNA) (Horvath and Barrangou 2010; Bhaya et al.
2011). Cas9 is an endonuclease (DNA endonuclease)
containing a HNH nuclease domain and a RuvC-like
nuclease domain and it is Cas9 that is involved in the
crRNA maturation process plus crRNA-guided DNA
cleavage (Horvath and Barrangou 2010; Bhaya et al.
2011). The tracrRNA, a small transencoded RNA
which contains a sequence having almost perfect
complementarity with the repeats within the pre-
crRNA so as to allow the formation of an RNA duplex
which is necessary for crRNA maturation and also the
DNA cleavage guided by crRNA (Horvath and Bar-
rangou 2010; Bhaya et al. 2011). The pre-crRNAs are

Cas2 Cast Cas9

RAMP (Csm$) CRISPR 2

—
Ancestral spacer

transcribed from CRISPR loci consisting of a recur-
ring repeat-spacer array with usually 23-47 bp typi-
cally identical in length as well as sequence within
a loci but varying between different loci. Mostly the
repeats are palindromes or short inverted repeats
forming hairpin loop like structures (Horvath and
Barrangou 2010). The spacers, derived from invad-
ing viral or plasmid DNA can guide Cas9 to cleave an
invading protospacer (Horvath and Barrangou 2010;
Bhaya et al. 2011). Within a CRISPR locus the spacer
sequences are typically unique and there size is simi-
lar to that of the repeats in the same array (Grissa
et al. 2007). The pre-crRNA is composed mainly
of the CRSIPR repeat-spacer array and both RNAs
L.e. pre-crRNA and tracrRNA which are transcribed
together. Subsequently, the tractrRNA and pre-crRNA
hybridize together resulting in an RNA duplex which
then associates with Cas9. The RNase III enzyme acts
on this RNA hetero duplex to produce mature crR-
NAs with a truncated spacer at one end. The 20 nucle-
otide spacer at 5° end of crRNA direct Cas9 to target
sequence consisting of protospacer adjacent motifs
(PAM) and complementary protospacer sequence.
The DNA strand that is complementary to RNA is
cleaved by Cas9 HNH nuclease domain while as the
DNA domain is cleaved by the RuvC-like nuclease
domain and creates a DSB within the protospacer
about 3—4 nucleotides upstream of PAM (Horvath
and Barrangou 2010; Bhaya et al. 2011; Cong et al.
2013). Engineered CRISPR/Cas9 systems developed
on the basis of the type II CRISPR (Jinek et al. 2012;
Cong et al. 2013; Mali et al. 2013) which is having
both the RNAs (crRNA and tracrRNA) fused giving
single guide RNA (sgRNA) to make it technically
simple with only two components: the Cas9 endonu-
clease, used for cleavage, and a sgRNA, for specificity
and guidance of Cas9 to its target (Cong et al. 2013;
Mali et al. 2013). The engineered CRISPR Cas9
system for targeting a specific sequence in genome
with sgRNA requires an introduction of 20 bp spacer
sequence. This makes CRISPR Cas9 much simpler
and easier for manipulation compared to the other
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genome editing principles like ZFNs, TALENS etc.,
also most important character which CRISPR Cas9
possesses is that it has much higher efficiency in pro-
ducing targeted mutations. Also multiple editing is
possible by CRISPR Cas9 by using multiple sgRNAs
with different target sequences simultaneously, giving
CRISPR Cas9 an edge over rest genome editing tools.
The various plant species were, CRISPR Cas9 has
been successfully used since 2013 when it was first
successfully used in plants are; rice, wheat, tobacco,
Arabidopsis, sorghum, tomato, maize, potato, pop-
lar, soybean, barley, moss, Brassica oleracea, sweet
orange, apple, liverwort, grape, lettuce, cotton, Lotus
japonicus, dandelion, flax, petunia, citrus, water-
melon and mushroom (Jiang et al. 2013; Li et al.
2013a, b; Mao et al. 2013; Nekrasov et al. 2013; Shan
et al. 2013; Brooks et al. 2014; Feng et al. 2017; Jia
and Wang 2014; Sugano et al. 2014; Fan et al. 2015;
Lawrenson et al. 2015; Li et al. 2015; Svitashev et al.
2015; Wang et al. 2015; Woo et al. 2015; ITaffaldano
et al. 2016; Lopez-Obando et al. 2016; Nishitani et al.
2016; Ren et al. 2016; Sauer et al. 2016; Waltz 2016;
Wang et al. 2016b; Zhang et al. 2016; Chen et al.
2017b, a; Jia et al. 2017; Tian et al. 2017).

CRISPR Cas based genome editing strategies
for mitigating drought

The CRISPR-Cas system has been professionally
used for inculcating resistance to multiple as well as
diverse range of abiotic stresses likes of, heavy met-
als, salinity, drought, submergence etc. (Hyun 2020).
Abiotic stresses like drought, soil salinity, heat stress,
water lodging, frost etc. have significantly affected
crop yields throughout the world by retarding growth
and development of the plants (Pandey et al.
2017). The successful use of genome editing princi-
ples especially CRISPR Cas for inducing drought tol-
erance has been demonstrated since long. Overex-
pression of specific transcription factors and genes
bound to drought stress signalling, promote the aggre-
gation of signalling molecules as well as metabolites
result ultimately in improving drought tolerance of
crops (Tran et al. 2020). Even though, there are vari-
ous means for tackling drought stress especially QTL
mapping, but However, the accuracy and reliability of
QTL identification remain problematic. In this light,
genetic engineering has proven very successful in
improving crops against abiotic and biotic stresses
(Shinwari et al. 2020). As drought is a polygenic trait
controlled by many genes so editing genes for drought
stress was a catastrophe before the advanced genome
editing tools were furnished. Hence the genome edit-
ing against drought has been demonstrated very
recently (Table 1). Drought tolerance is enhanced in

Table 1 List of genes targeted by CRISPR/Cas genome editing system towards drought tolerance

Plant Target gene Target trait Type of edit References
Arabidopsis oSsT12 Stomatal response CRISPR/Cas9 Osakabe et al. (2016)
Arabidopsis mirl69a Drought tolerance CRISPR/Cas9 Zhao et al. (2016)
Cotton GhRDLI1 Drought tolerance CRISPR/Cas9 Dass et al. (2017)
Sugarcane ScNsLTP Drought tolerance CRISPR/Cas9 Chen et al. 2017b
Arabidopsis GT79B2, UGT79B3 Drought tolerance CRISPR/Cas9 Li et al. (2017)

Arabidopsis, poplar  PtoMYB170

Drought tolerance and lignin deposition CRISPR/Cas9

Xu et al. (2017)

Maize ARGOSS8 Drought tolerance CRISPR/Cas9 Shi et al. (2017)

Tomato SIMAPK3 ABA dependent kinase signalling CRISPR/Cas9 Wang et al. (2017a, b)

Rice OsSAPK?2 ABA signalling-mediated drought CRISPR/Cas9 Lou et al. (2017)
tolerance

Tomato SINPRI Drought resistance CRISPR/Cas9 Liet al. (2019)

Arabidopsis AREBI ABA signalling-mediated drought CRISPR/dCas9HAT Roca-Paixao et al. (2019)
tolerance

Rice OsSRLI, OsSRL2 Leaf rolling CRISPR/Cas9 Liao et al. (2019)
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plants by the over expression of several genes and
transcription factors which are associated with
drought signalling, which results in the accumulation
of signalling molecules and metabolites resulting in
the enhancement of drought tolerance in plants (Fang
and Xiong 2015) e, g drought treatment induced
miR168 and miR396 expression in Arabidopsis (Li
et al. 2021a, b) and tobacco (Frazier et al. 2011) but
inhibited it in rice. A diverse family of endogenous,
small RNA molecules I,e MicroRNAs (miRNAs),
regulate the expression of genes involved in various
developmental processes and signaling pathways
(Zhang et al. 2021). In contrast, expression of some
specific genes called sensitive (S) genes enhances
drought conditions in plants through induced ROS
production, reduced antioxidant activity and hormo-
nal imbalance. For example, in case of cotton, the
yield as well as quality is affected by drought. Pro-
moters that respond to stress conditions and up-regu-
late transgenes are of great significance in crop
improvement using genetic engineering approach.
Dass et al. (2017) isolated and characterized dehydra-
tion responsive gene GhRDLI promotor in cotton and
found that under in-vitro conditions the GARDLI is
upregulated in presence of polyethylene glycol which
creates water stress condition; hence GhRDLI pro-
moter, might be useful in generating drought tolerant
cotton.In sugarcane seedlings a Non-specific lipid
transfer proteins I.e. SCNSLTP transcript levels varied
differentially with signalling molecules. It decreased
in response to SA, whereas it increased under MeJA
treatment, suggesting variable regulatory mechanism
between the signalling molecules of MeJA and SA.
The varied transcription levels under stress conditions
proved that the variation resulted by up regulation of
ScNsLTP gene, increased expression of ScNsLTP
suggests that the signalling pathway of MeJA-induced
may mediate the ScNsLTP gene in response to
drought stress (Chen et al. 2017b). In Populus tomen-
tosa (Chinese white poplar) a transcription factor Pto-
MYBI170 was found which controls lignin deposition
and drought tolerance. Over expression of Pto-
MYBI70 in transgenic popular plants resulted in high
lignified and thick secondary walls of xylem com-
pared to wild type plants, while as the CRISPR Cas9
generated mutants for PtoMYBI170 showed feeble
lignin deposition which results in flexible and col-
lapsed xylem phenotypes. Also in Arabidopsis, heter-
ologous expression of PtoMYB170 enhanced drought

tolerance by closing the stomata in dark compared
PtoMYB216 hence reflecting its diverse role. The
study reveals that PtoMYBI70-dependent positive
transcriptional regulation on lignin deposition in pop-
lar and its coordinated function in enhancing drought
tolerance by prompting stomatal closure in dark (Xu
et al. 2017). In addition, in case of rice (Oryza sativa)
stress related ring finger protein 1 (OsSRFPI),
drought and salt tolerant protein 1 (OsDST) and
drought induced SINA protein 1 (OsDISI) all per-
form as negative regulators for drought stress, on
silencing of these proteins resulted drought tolerance
capacity via enhancing antioxidant enzyme activity
and lowering H,0, levels (Huang et al. 2009; Ning
et al. 2011; Fang et al. 2015; Kumar et al. 2020).
Therefore, by targeting the drought sensitive (S) or
negatively regulating genes in the plant genome, abi-
otic stresses can be countered and abiotic stress toler-
ance character can be incorporated. The proof to the
above strategy was performed in Arabidopsis for sto-
matal response caused by prominent plasma mem-
brane proton H+ ATPase (AHAs), with the aid of
CRISPR Cas technology novel alleles were incorpo-
rated into the gene encoding OPEN STOMATA 2
(0OST2) (Osakabe et al. 2016). The Plasma membrane
proton (H+) ATPases (AHAs) is involved in develop-
ing proton gradients which are required to initiate sto-
matal opening (Merlot et al. 2007). H+ ATPase is
inhabited as ABA binds to C-terminus under dehy-
dration stress leading to the closure of Stomata. Inter-
estingly in the OST2 locus two dominant mutations
have been detected retarding response of stomata
towards ABA resulting in disruption of proton pump
and necrotic lesions (Merlot et al. 2007). In trans-
genic plants mutations were detected with high effi-
ciency (>32%) and no off target modifications using
CRISPR Cas9 laced with truncated sgRNA (tru-
sgRNA) and Cas9 combination. On evaluation for
stomatal response under ABA induced conditions
ost2-crispr mutants had high degree of stomatal clo-
sure coupled with low level of transcription compared
wild type which reflected that drought tolerance
through enhanced stomatal response was facilitated
by the CRISPR Cas9 induced mutations. Most
recently, in case of tomato for generating mutant lines
in mitigating drought CRISPR Cas9 system was used
to supress gene 1 (NPRI) l.e. a pathogenesis related
gene so as to confirm its role in drought tolerance (Li
et al. 2019). As NPRI is a key regulator of biotic
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stresses and has a limited role in abiotic stresses. In
drought responsive apple trees a reduced expression
of MdNPRI has been reported (Bassett et al. 2014),
while as in rice against drought stress a hypersensi-
tive response has resulted by overexpression of
AtNPRI (Quilis et al. 2008). In Tomato, suppressing
the expression of SINRPI gene using CRISPR Cas
principle of genome editing resulted in the production
of mutants demonstrating drought susceptibility, sto-
matal aperture wider than wild type, electrolyte leak-
age prone, monoaldehyde (MDA) and hydrogen per-
oxide produce is high and antioxidant enzymes lower
in concentration than wild type. The role of SINPRI
was also confirmed by down regulating drought
responsive genes like SIGST, SIDHN and SIDREB in
the CRISPR Cas9 driven mutants. Hence it can be
concluded that there is a key role played in mitigating
drought stress by SINPRI gene, also using CRISPR
Cas9 genome editing multiple SINPRI variants can
be developed in tomato to enhance drought resistance
character in it and other solinaceous crops. Compre-
hensive molecular analysis has revealed that the
pramiry factor of drought response in plants is absci-
sic acid (ABA), a phytohormone which regulates the
expression of stress related genes and also controls
stomatal movements to prevent excess transpiration
(Osakabe et al. 2014), in addition to ABA, ethylene
plays a key role in drought and heat response dis-
played by diverse physiological pathways underlying
abiotic stress response (Zia et al. 2020). The crucial
elements of ABA signalling are ABA responsiveele-
ment bindingprotein/ABRE binding factors (AREBs/
ABTSs) also called as bZIP group of TFs (Nakashi-
maet al. 2014). High drought tolerance was demon-
strated on regulating up the expression ofAREBI gene
and on silencing the same gene resulted in high sensi-
tivity to drought stress (Yoshida et al. 2010; Singh
and Laxmi 2015). A huge set of genes downstream of
the ABA signalling pathway are regulated by AREBI
gene. It also acts as a major determinant of ABA bio-
synthesis, antioxidant signalling and osmotic protec-
tion (Barbosa et al. 2013; Li et al. 2013a, b). Due to
the above statistics, AREBI could be used as an effec-
tive weapon in mitigating drought by improving
drought tolerance trait in crop plants. A recent
research suggested that a novel CRISPR Cas9 system
comprising of a dead Cas9 (dCas9) combined with
catalytic domain of enzyme histone acetyl transferase
(HAT) derived from Arabidopsis. These two together
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in calibration with sgRNA were used in targeting the
promoter region of AREBI gene in Arabidopsis
(Roca-Paixdo et al. 2019). The upregulation of
AREBI elevated drought tolerance, while as AREBI
knockout amplified drought susceptibility. AREBI
regulates the expression of a wide range of genes
throughout the ABA signalling pathway and serves as
a key element for water deficit stress response, anti-
oxidant signalling, and ABA biosynthesis (Bouzroud
et al. 2020). The CRISPR dCasHAT system gener-
ated stable phenotypically dwarf lines for the proof of
the above suggested novel character of CRISPER Cas
system in Arabidopsis. The binding of catalytic
domain of Arabidopsis HAT enzyme with dead Cas9
(dCas9) liberated in acetylation of core histone
prompting it to higher exposure of promotor region of
AREBI to the transcriptional machinery for its tran-
scription and expression of the transcribed material.
Molecular and Physiological characterization of the
said mutants revealed that they were laced with
higher chlorophyll content, faster stomatal aperture
variability along with higher expression of AREBI
gene and its regulated RD29A genes under drought
conditions. The mutant lines generated by using
CRISPR Cas9 showed better survival rate compared
wild types under drought conditions. Compiling the
whole in cracks suggests that CRISPR Cas system is
an epic asset for induction of epigenetic modifications
for enhancing drought tolerance by positive regula-
tion of drought responsive genes. A key regulator of
abscisic acid (ABA) dependent hyper osmotic stress
signalling and development in plants is SNF1-related
protein kinase 2 I.e. a family of plant specific protein
kinases (Kobayashi et al. 2004). Different members of
the SnRK?2 are differently implicated in various physi-
ological and biochemical processes like ABA signal-
ling, ABA-mediated stomatal closure, hyper-osmotic
response, drought tolerance, seed germination, seed-
ling growth etc. (rev by Kulik et al. 2011). Particu-
larly in Arabidopsis a distinct network of SnRK2
stress regulatory genes has been identified which in
collaboration with AzSnRK2.8 demonstrate positive
regulation for drought tolerance along with upregu-
lated expression of the genes which show response on
any sort of stress (Umezawa et al. 2004). Also, there
is not a clear cut differentiation for survivability and
stomatal damage between wild type and SnRK2.8
mutant, the SnRK2 gene commands regulation of
AREB/ABF and there point of targets as shown by
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microarray analysis (Mizoguchi et al. 2010). In case
of rice enhanced response towards the abiotic stresses
have been demonstrated by members of subclass I
and I of SnRK2 family (Kulik et al. 2011). Also
OsPYL gene present upstream of OsSAPK2 on
expression causes ABA-hypersensitive phenotype in
rice especially during seedling growth (Kim et al.
2012). ABA mediated stress signalling is positively
regulated by OsSAPK9 gene in rice (Dey et al. 2016).
As per another study OsSAPK2 induces drought tol-
erance by phosphorylasing genes OsbZIP23 and
OsbZIP46 in rice (Zong et al. 2016), hence suggest-
ing OsSAPK?2 being fundamental for ABA mediated
stress tolerance in rice and was confirmed by devel-
oping mutants using CRISPR Cas9 with loss of func-
tion of OsSAPK?2 (Lou et al. 2017). The mutants pro-
duced were more drought sensitive compared wild
type having functional SAPK2 so the wild type were
more tolerant to drought stress by compatible solute
accumulation so as to prevent water loss, early stoma-
tal closure, induced stress responsive gene expression
and reduced antioxidant enzyme genes expression for
promoting ROS scavenging. Bearing in mind all the
above said findings reveal that SAPK?2 could be highly
significant molecule for developing drought tolerant
character in future for welfare of plant breeding.
Among various Phytohormones involved in mitiga-
tion of various abiotic stresses by network of physio-
logical reactions, ethylene plays an important role in
high temperature regulation and water deficit situa-
tions (Kawakami et al. 2010). In maize higher grain
yield under drought conditions has been reported by
silencing 1-aminocyclopropane-1-carboxylic acid
synthase 6 (ACS6) an ethylene biosynthetic gene
(Habben et al. 2014). A study recently reported nega-
tive regulation of ethylene signalling by AUXIN
REGULATED GENE INVOLVED IN ORGAN SIZE
(ARGOS) family genes, it also confers enhancement
in drought tolerance and higher grain yield under
drought conditions (Shi et al. 2017). CRISPR- Cas
based genome editing enhanced shelf life of tomato
without affecting rest of the agronomic parameters,
such as plant growth and fruit firmness. Tomato
plants with mutated fruit ripening gene (InRNA1459)
using a CRISPR—Cas9 mediated knockout of tomato
ripening related gene InRNA1459 (Li et al. 2021a, b).
In maize, the endogenous ARGOSS transcript expres-
sion is relatively low and fluctuating hence a group of
scientists created a novel ARGOSS variants at Dupont

Pioneer for various beneficial traits likes of drought
as well (Shi et al. 2017). The drought tolerant maize
lines were generated by inserting promoter GOS into
ARGOSS gene’s 5" untranslated region.

The ARGOS8 mRNA expression in a diverse popu-
lation of above 400 maize inbreds for drought tolerance
was analysed, which revealed that, the inbreds showed
lower level of expression compared mutant ones, also
an enhanced yield plus no yield loss under drought
stress conditions. By the above studies reported, it
is clear cut point to mark that CRISPR Cas is a great
asset for creating allelic variation lines to mitigate
drought and is hence a crucial weapon for the breed-
ers to be used in future for breeding against drought
stress. Researches have conveyed that MAPK signal-
ling is a three tired process of MAPK, MAPK kinases
and MAPK kinase kinases. The trio recognizes extra-
cellular signals and accordingly regulate various physi-
ological as well as biochemical responses, drought
stress tolerance being one among them (Sinha et al.
2011). In various plants, specific genes have shown
a significant response to abiotic stresses especially
dehydration stress like in Arabidopsis AtMPK3 gene,
in maize ZmMPK3 and in case of rice OsMSRMK?2
and OsMPKS5, this suggests that for analysing drought
stress they could act as active target molecules. In a
recent study on tomato for drought stress tolerance it
was concluded that editing of SIMAPK3 gene enhances
drought stress response (Wang et al. 2017a, b). The
SIMAPK3 mutants created by CRISPR Cas9 displayed
severe wilting symptoms, high accumulation of hydro-
gen peroxide, lower antioxidant enzyme activities and
severe membrane damage under drought stress condi-
tions compared to wild type plants. On knocking out
of the same gene L.e. SIMAPK3 displayed a differential
expression of other drought responsive important genes
like SILOX, SIGST, SIDREB etc. hence proved the role
of SIMAPK3 in tomato for drought stress. By using
CRISPR Cas genome editing tool, novel MAPK vari-
ants can be developed in other plants as well for modu-
lating genes which are downstream to the said gene for
enhancing drought tolerant characteristics. Drought
adaptable plants have a significant feature of leaf roll-
ing, as leaf rolling decreases stomatal conductance
and simultaneously reduces transpiration rate (Fang
and Xiong 2015). Therefore against drought, leaf roll-
ing character is a good asset, hence developing geno-
types with rolled leaves and heaving enhanced yield
under drought like conditions will be and are already
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on priority. In rice the various genes controlling leaf
phenotype, semi rolled leaf 1 (SRL/) and semi rolled
leaf 2(SRL2) are more important as they encode gly-
cosylphosphatidyl inositol-anchored proteins which
are among the major determinants determining num-
ber, size and arrangement of bulliform cells of leaf tis-
sue (Liu et al. 2016). On mutating SRLI lesser lignin
and cellulose contents were marked in bulliform cells
while as SRL2 mutants demonstrated severe cuticular
development (Liu et al. 2016; Li et al. 2017). For this
purpose CRISPR Cas9 system is performing the job of
modifying plants as has been done in rice by modify-
ing the SRLI and SRL2 genes (Liao et al. 2019). The
modified lines having homozygous SRLI and SRL2
were laced with features like retardation in various
characters like stomatal number, stomatal conductance,
transpiration rate, chlorophyll content, vascular bundles
and other agronomic traits in comparison to wild type
ones. On subjecting to drought stress, survival rate was
higher in mutated ones supported by higher ABA con-
tent, super oxide dismutase, catalase activities and grain
filling than wild type. On proteomic analysis it liberated
that mutants derived from CRISPR-Cas9 possessed
up regulated 107 proteins, major of them were abi-
otic stress responsive in nature. In addition to this, the
hybrids developed from mutants, displayed semi rolled
leaves and better agronomic traits like increased no. of
panicles, increase in no. of grains and hence yield per
plant. In rice CRISPR Cas was used for knocking out
GCS1, result in fertilization failure and pollen tube-
dependent ovule enlargement morphology (POEM).
The POEMed-like rice ovule (‘endosperm-focused’)
could develop to near-normal sized seed, contrary to
that which was observed in Arabidopsis in which the
gesl ovules (‘embryo- focused’) were aborted. The
POEMed-like rice ovules contained a very high con-
centration of sucrose (98% of all sugars) (Honma et al.
2020). On conclusion, with this note I conclude that
there is such a vast importance of genome editing and
its scope in mitigating abiotic stresses like drought by
creating leaf rolling genotypes.

Limitations suggested remedies and future
prospectus
The CRISPR-Cas9 technology even though has revo-

lutionized the genome engineering world due to its
noble features but this technology still has some
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weaklings like, downstream of the target sites for
CRISPR-Cas9 cleavage requires a 5-NGG PAM
sequence which may limit the range of available tar-
gets, but some Cas9 homologs from other strains of
archaea or bacteria use quite different PAMs hence
might overcome this limitation. The other limitation
of CRISPR-Cas9 is off-target mutagenesis result by
targeting homologous sequences in unintended loci
45-47, it can be overcomed by avoiding these
sequences and also sequences having homology to
many other sites. CRISPR Cas9 also shows wayward
sgRNA/target as certain sgRNAs may have low effi-
ciencies or may even fail to work properly, this limita-
tion can be restricted by using highly appropriate
sgRNAs. Still the future of genome engineering rests
in the hands of the highly advanced genome editing
technologies like CRISPR Cas9 which is drastically
changing the fate of the genome engineering by pro-
viding scientists and breeders a tool to precisely mod-
ify the DNA of crop plants for welfare of mankind.
Important aspect of the CRISPR-Cas9 led genome
editing is that it enables genome modifications not
only in field crops but also in potential crop plants
like duckweed for which genetic manipulation has
been a challenge, provided efficient high quality
whole genome sequences and reliably good transfor-
mation procedures are available. The first CRISPR-
Cas9 modified organism (Agaricus bisporus) for
resistance to browning can be cultivated and sold
without further oversight of US regulations. Interest-
ingly, without signs of transgenics, CRISPR cas9
alters genome of crops by conveying preassembled
Cas9-sgRNA ribonucleoproteins or by brief expres-
sion of the in vitro driven transcripts of Cas9-coding
sequence plus sgRNA in such a manner that they
can’t be summed up in GMOs (genetically modified
organisms) category as per devised biosafety regula-
tions by various world treaties. For crop improvement
especially against abiotic stresses, CRISPR Cas tech-
nology has been widely used for genome modification
by modifying specific genes and associated molecular
mechanisms. However, among the mutants a large
number of them especially transgenic ones are a sort
of barrier to CRISPR Cas’s flare due to some ethical
reasons and hence a catastrophe in the eye of the reg-
ulatory authorities, to overcome, transgene free inte-
gration is required to limit the off target mutations
e.g. using preassembled CRISPR Cas9 based ribonu-
cleoproteins (RNPs) can develop DNA free mutants
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possessing merely any off target activity in plants
(Woo et al. 2015). It has been successfully used in
crops like maize (Svitashev et al. 2016), wheat (Liang
et al. 2017) and rice (Toda et al. 2019) etc. For moni-
toring transgene free plants researchers used a fluo-
rescence dependent transgene module in crops like
rice, tomato and wheat (Aliaga-Franco et al. 2019;
Okada et al. 2019). The ribonucleoproteins (RNPs)
can be efficiently delivered by nanoparticles into the
meristematic cells of plants with least off targets
(Glass et al. 2018). Since CRISPR Cas?9 is having the
potential of rapidly improving complex traits e.g.
engineering drought tolerance comprises of manipu-
lating multiple genes governing complex metabolic
pathways concurrently. Practically for drought toler-
ance various molecular techniques are used like mul-
tiple sgRNAs driven by independent promoters multi-
plexed into single CRISPR Cas expression vector
using Gibson assembly or Golden Gate method (Silva
and Patron 2017). CRISPR Casl2a or multiplex
CRISPR Cas9 developed by engineered endogenous
tRNA processing system, can target multi sites simul-
taneously within a single polycistronic gene (Xie
et al. 2015). As in rice, at least six target sites of three
genes were mutated using CRSPR/Casl2a system
having single crRNA array separated by mature direct
repeats (Wang et al. 2017a, b). Hence in modifying
the polygenic traits like drought, CRISPR Cas driven
multi case system is a good asset. As per Liu et al.
(2014), in the promotor region of genes several cis-
regulatory sequences are found, which act as binding
sites for multiple transcription factors as they serve as
negative regulatory module, as in Arabidopsis
ANAO069 binds to a specific sequence CACGT in the
promotor region of various genes responsible for
osmotic stress tolerance and ROS scavenging and
inhabit there expression (He et al. 2017a, b) it is gen-
uine to conclude that these cis-elements in addition to
sensitive and tolerant genes could act as sites to target
for achieving abiotic stress tolerance. Studies suggest
that very recently a CRISPR Cas9 genome editing
approach has been devised as well as used for gener-
ating more than hundred regulatory mutations in
tomato SICLV3 promoters for creating novel pheno-
typic variations for polygenic traits like yield, vigour
etc. (Rodriguez-Leal et al. 2017), hence CRISPR Cas
system has a scope in novel promotor variant devel-
opment via HDR driven gaining function mutations
to modify polygenic traits. Due to low efficiency,

HDR is technically a challenge in plants but with
newly emerging CRISPR Cas toolbox, HDR can be
used for achieving wide range drought tolerance. The
cis-elements not only act as negative regulator but
also as positive regulator by acting as a binding site
for various transcription factors which in turn govern
facilitating other responses to regulate positively e.g.
as OsMYB?2 increases drought and salinity tolerance
in rice by binding to cis-regulatory element MYBR
downstream stress responsive genes (Yang et al.
2012), other OsMYBs while binding the same
sequence and regulating negatively stress tolerance
and metabolic activities. Therefore, by carefully alter-
ing cis-regulatory sequences coupled with overex-
pression of complementary stress responsive genes to
overcome odd effects of cis mutation could be having
a great scope in mitigating drought. The vast genomic
studies reflect the novel variations are the grants of
polymorphism (Henikoff and Comai 2003). In maize,
77 SNPs associated with 10 drought responsive tran-
scription factors have been found (Mittal et al. 2017),
as inducing single base modifications by CRISPR Cas
system is a tedious job as template DNA dependent
HDR approach is less efficient compared template
independent NHEJ approach hence a novel gene edit-
ing strategies is the need of hour for precise point
mutations in plants and CRISPR Cas mediated pre-
cise nucleotide substitution without requiring donor
template has emerged as an advanced tool in perform-
ing the dues (Komor et al. 2016). The catalytically-
inactive CRISPR Cas9 domain (dCas9 or Cas9 nick-
ase) recognises the sequence and substitution trick is
performed by deaminase domain as, the C-G to T-A
substitution results of the cytosine base editors while
as A-T to G-C modification is governed by adenine
base editors. Adding to the base editing tally, by using
a catalytically inactive Casl3 (dCasl3) in combina-
tion with adenosine deaminase acting on RNA
(ADAR), an RNA base editor has been devised, such
combination is for adenosine to inosine conversion in
RNA sequences (Cox et al. 2017). The various crops
were base editing approach has been successfully
demonstrated include rice, wheat, maize, tomato etc.
(Mishra et al. 2020) and has been successfully uti-
lized in crops like wheat, rice, tomato and potato for
herbicide tolerance (Zong et al. 2018; Veillet et al.
2019). In another study Ren et al. (2018) reported the
modulated broad spectrum disease resistance in rice
against blast disease via CRISPR Cas based base
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editing technique with the aid of rBES5 (hAID*A-
XTEN-Cas9n-UGI-NLS) blast resistance gene Pi-d2
was targeted and broad spectrum based disease resist-
ance was achieved, but for complex traits like
drought, salinity etc., none of the reports suggest yet
its usage, but recently several ABE and CBE variants
have been developed that could probably vasten the
range of base editing and make its access valid in mit-
igating complex traits like drought effectively (Mishra
et al. 2020). Summing up with this note that base
editing has on offer new opportunities that can be
comprehensively explored in upcoming times in miti-
gating complex traits.

Conclusion

The continuous climatic changes result in various
abiotic stresses which are currently the major threats
to the global food security as they primarily are the
main cause behind yield loss and hence overall pro-
ductivity. Over the past several decades, conventional
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of time. This limitation created a void which has been
fulfilled by CRISPR Cas9 tool box, with its ability of
precise genome editing and simple nature CRISPR
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Through targeted mutagenesis in sensitive as well as
tolerant genes CRISPR/Cas technology has made it
possible to develop drought tolerant plants. Besides
this, in regulating expression of genes CRISPR/Cas
based alteration of cis-regulatory sequences hold a
great promise for gene regulation which is crucial for
drought tolerance. Also with the arrival of novel tools
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and base editing CRISPR Cas technologies are effec-
tively mitigating drought and other abiotic stresses in
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nology has some short comings like the inefficient
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regeneration ability of the edited plants and off-target
mutations which hinder its path but by using edited
pollens and immature embryo that can outdo the nor-
mal tissue culture and application of CRISPR Cas
technique for stress inducing results in negligible off-
targets (Nandy et al. 2019). Summing up, CRISPR/
Cas based technologies undoubtedly are and will
continue in transforming various breeding programs
towards the development of climate resilient crops.
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