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Chapter

The Moditication of Abscisic Acid
and Cytokinin Signaling with
Genome Editing to Increase Plant
Drought Tolerance

Ilya Zlobin, Marina Efimova, Natalia Permykova,
Irina Sokolova, Viadimir Kugnetsov and Elena Deineko

Abstract

Due to climate aridization, the need to increase the resilience of plant productivity
lo water stress becomes urgent. Abscisic acid and cytokinins have opposing biologi-
cal roles during water deficit and post-drought recovery, but both these regulators
can be utilized to maintain plant productivity under water stress. Downregulation
of abscisic acid biosynthesis and signaling can aid in the maintenance of photosyn-
thesis, growth, and productivity in plants, although increasing the susceptibility to
severe stress. Cytokinin upregulation can maintain photosynthesis and productivity
during water stress and aid recovery processes, whereas downregulation can lead to
increased root growth, thus improving plant water balance, nutrient absorption, and
hence productivity in water-limited conditions. The use of modern genome editing
methods makes it possible to specifically modify genes involved in the implementa-
tion of complex traits in plants, such as resistance to stress factors. This review will
examine the main areas of work on genome editing of gene families involved in plant
responses to water deficiency using CRISPR/Cas technologies. Our current work on
editing the ABF gene family, encoding transcription factors for ABA (AREB1/ABF2,
AREB2/ABF4, and ABF3), as well as the CKX gene family (CKX1 and CKX4), encod-
ing cytokinin oxidase/dehydrogenases, will be presented.

Keywords: stress factors, plant drought resistance, molecular methods, plant genome
modification, genome editing, abscisic acid, cytokinin signaling

1. Introduction

Drought is the most important abiotic factor challenging plant survival, per-
formance, and productivity on the planet. The rapidly increasing risk of coupled
negative effects of water deficit and heat stress implies that we need to adapt the
physiology of major crop plants to a hotter and drier future. Generally, the adaptation
of annual crop plant to water stress can be confined to two capabilities:
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* to survive water stress without major irreversible effects on plant performance

* to quickly and fully recover after restoration of water supply, thus decreasing the
cumulative drought impact on plant performance

It is clear that these capabilities depend on different or even conflicting plant
traits. Survival during water deficiency depends mainly on the ability to prevent
the irreversible desiccation of plant tissues and maintain the hydraulic integrity of a
plant [1]. Plants need to minimize water losses, whereas photosynthesis and growth
can be drastically diminished during this period without the major threat for plant
survival during drought. In contrast, recovery occurs when water is plenty again and
depends on the ability to recover photosynthesis, growth, and resource allocation to
productive organs. Therefore, it is likely that opposing regulatory mechanisms would
be required to make plants more tolerant to water stress per se and to make them abler
to recover form water stress [2]. A clear example of such opposing pair of regulatory
mechanisms are abscisic acid (ABA) and cytokinins (CKs). This chapter is devoted
to the effects of these regulatory molecules on plant performance during water
stress and recovery, on their regulatory modes, and on the usage of genome editing
technologies to change plant ABA and CK balance to increase drought tolerance and
post-drought recovery.

2. Abscisic acid

The response to water deficit is the major biological function of abscisic acid, and
ABA can be considered as a versatile hormone that regulates plant water status in an
integrated fashion. Abscisic acid increases water acquisition by affecting root growth
and plant osmotic balance, affects water transport from the root surface to leaf tissues
through regulation of aquaporin genes, and regulates water spending through the
regulation of stomatal conductance, possibly influencing cuticular conductance. In
case of stress severe enough to exert a substantial degree of dehydration in plant cells,
ABA regulates the biosynthesis of stress-protective compounds such as dehydrins [3],
but such intensive stress is likely of minor importance for agricultural plants [4]. The
major biological functions of ABA during water stress are considered below.

2.1 Abscisic acid and plant water spending

The most-studied biological effect of ABA is stomatal closure, which enables
plants to greatly diminish water losses, thus making a major contribution to the
maintenance of plant water status during drought [5]. The paramount importance of
ABA for stomatal regulation is clearly illustrated by ABA-deficient mutants, which are
extremely sensitive to increasing vapor pressure deficit even under well-watered con-
ditions [6]. In more ancient plant lineages, ABA biosynthesis is rather slow, likely due
to a reliance on non-specific enzymes during ABA biosynthesis, and therefore, ABA
accumulation can occur only if water stress is rather prolonged [7-9]. For example,
in [10], ABA increment in drying leaf tissues in several coniferous species occurred
only after 2-h of dehydration. In contrast, angiosperms can induce ABA biosynthesis
rapidly within few tens of minutes through the activation of NCED gene expression
in ABA-producing tissues [7]. ABA catabolism genes are often upregulated simultane-
ously with ABA biosynthesis genes, but the expression of the former is lower than
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the latter, resulting in net ABA accumulation under inductive conditions [11]. ABA
accumulation in dehydrating cells occurs due to the decreasing of cell volume, rather
than of turgor or water potential [12]. After water stress relief, the activity of ABA
biosynthesis genes stayed elevated in guard cells, thus achieving drought memory
effects favorable in case of subsequent droughts [13]. ABA controls memory processes
through signaling pathway SnRK2/ABF/ABRE [14]. ABA biosynthesis in roots also
occurs under water stress, but leaf is likely a major site of ABA biosynthesis [15,

16]. There are conflicting evidences whether leaf ABA biosynthesis occurs mainly

in vascular buds and guard cells or in mesophyll tissues, with solid evidences in

favor of mesophyll as the main site of ABA biosynthesis [7, 10, 15]. Additionally, in
angiosperms, rapid ABA-induced stomatal closure occurs within seconds to minutes,
thus indicating the presence of ABA-dependent non-transcriptional mechanisms

in stomatal closure [17]. Abscisic acid is among the key mechanisms underlying the
difference between isohydric (R-type) and anisohydric (P-type) strategies under
drought stress, as isohydric plants achieve high leaf ABA levels during stress, whereas
anisohydric plants respond to stress with an initial peak and subsequent decline of
ABA content [5, 18, 19]. In ferns or lycophytes, the stomatal closure is independent of
ABA [5], thus indicating that stomatal regulation by ABA is a relatively late evolution-
ary achievement.

Besides regulation of stomatal conductance, ABA probably plays a role in the
regulation of residual cuticular conductance. This type of conductance, although
quantitatively minor in well-watered plants, becomes the major determinant of plant
survival during prolonged water deficiency, when water absorption by the plant root
system reaches zero, and the ability to preserve the water already present in tissues
becomes crucial [1]. Cuticle is often viewed as a rather stable structure hard to be
modified, but in fact, recent assimilates can be incorporated rapidly in the cuticle
[20], indicating that cuticle can be probably abler to modifications than it is thought
currently. Plant minimum leaf conductance can decrease under drought stress from
—4 to —70%, with a decrease of 30-40% being typical [21]. It is known that ABA can
change the chemical composition of cuticle, but whether it aids in decreasing minimal
conductance is unknown and requires further clarification [21].

2.2 Abscisic acid and regulation of water acquisition and transport

ABA effect on root growth is biphasic, with mild ABA increase stimulating root
growth through ethylene-dependent mechanisms, whereas higher ABA concentra-
tions inhibit growth through auxin signaling pathway [22, 23]. The ABA-dependent
increase in main root elongation concomitantly with the inhibition of lateral root
formation aids plants in reaching deep water-containing soil horizons with minimal
carbon expenditure on root growth, and the biological effects of ABA and drought
on root growth are similar [24]. However, in [25], ABA increased lateral root number
and length at mild water deficit, likely also suppressing primary root growth to a
certain extent. Not only the biological effects of ABA but also the source of ABA in
root remain somewhat controversial. Mild drought leads to local ABA accumulation
in roots [26]. Earlier, root tip was thought to be the main source of ABA biosynthesis
during water stress, but now, it is clear that leaf-derived ABA plays a major role in
shaping root growth [27], whereas ABA biosynthesis in roots can be limited by carot-
enoid substrate limitation under water stress [10]. ABA effects on root growth take
place via interacting network with cytokinins, ethylene, and auxin [23]. Synthesis of
ABA in roots of transgenic poplar increased root growth and drought tolerance [28].
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ABA is involved in the stimulation of reversible suberization of root endodermis,
which is required to regulate the apoplastic movement of water [17]. The decrease in
root hydraulic conductance, in turn, leads to stomatal closure and water economy,
aiding in adaptation to water deficiency [29]. The decrease in ABA accumulation in
root tissues during water stress can be also observed, probably due to increased ABA
translocation to the above-ground plant part [30]. In addition to root growth, ABA
can also positively affect osmotic adjustment, thus increasing plant water absorbing
capacity [31].

Abscisic acid participates in regulation of the plant aquaporin system [32]. ABA
positively affects root hydraulics [25] and is involved in jasmonate-mediated increase
of root hydraulic conductivity [33]. However, not only promoting but also inhibiting
effects of ABA on root hydraulic conductivity are observed [26]. Also, ABA can play
arole in increasing the water-transporting ability of mycorrhizal fungi [26]. ABA is
among the key regulators of expression of aquaporin genes [26]. In Zea mays, ABA
increases both gene expression and protein content of different PIP aquaporins,
although the results can vary between studies [34]. Also, ABA participates in the
regulation of aquaporin activity through phosphorylation [32]. Although ABA is
generally viewed as hormone inhibiting the above-ground growth, the positive ABA
influence on plant hydraulic conductance through the regulation of aquaporin system
can translate into positive effect on leaf extension growth, thus making the total ABA
effect on growth less straightforward [34]. ABA-induced decrease of leaf hydraulic
conductivity can participate in the regulation of stomatal closure [35].

The role of ABA in the regulation of axial water transport through xylem is less
well studied, compared to cell-to-cell transport through aquaporins. ABA is well-
known to regulate the blockage of plasmodesmata in dormant cambium, making it
unresponsive to activating environmental signals, and is involved in the termination
of wood differentiation [36]. Exogenous ABA treatment often leads to reduced stem
growth through inhibition of cambial activity, whereas occasional reports of second-
ary growth stimulation by ABA treatment likely stem from specific experimental
approach rather than from ABA effects per se [37]. In cambial and xylem tissues of
Eucommia ulmoides trees, the seasonal dynamics of ABA and IAA was the opposite,
and ABA negatively influenced cambium reactivation by IAA [38]. ABA treatment
decreases the hydraulic diameter of vessels, which negatively affects xylem hydraulic
conductance [39]. Therefore, ABA likely plays a negative role in the formation of
water-transporting tissues during plant secondary growth.

2.3 Trade-offs of ABA effects on plant performance

The above-described integrative positive effects of ABA on plant drought toler-
ance are linked with several important trade-offs. Although ABA biosynthesis is
down-regulated quite rapidly during post-stress period, the major increment of
ABA in leaves can sustain for prolonged period after drought release [5]. This limits
a plant’s ability to rapidly restore gas exchange and photosynthesis and underlies, at
least partially, the hysteresis between stomatal conductance and other leaf hydraulic
characteristics post-drought [40], although these limitations can be also unrelated
to ABA accumulation. However, it should be noted that sustained ABA accumula-
tion may aid the recovery processes by facilitation of embolism repair by decreasing
stomatal conductance and water loss, which favors embolism refilling processes
[41, 42]. Also, memory effects due to ABA increase during the first stress encoun-
ter can increase the tolerance to subsequent stresses and yield [43]. The negative
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influence of ABA on leaf growth can be mainly due to the inhibition of assimilation
resulting in source limitation of growth [10]. However, direct negative ABA effects
on growth processes through ABF transcription factors is also well-known [44].

The ABA-induced increase of biosynthesis of osmolytes and protective compounds
would distract these resources from growth and reproduction. Also, allocation of
belowground growth to the deeper root system would probably lead to deterioration
of mineral nutrition, since the deeper soil layers are deprived with mineral nutrients
compared to upper layers [45].

Given these trade-offs, it is not surprising that constitutively increased ABA
biosynthesis and ABA signaling results in depressed growth and productivity in
non-stressed conditions, whereas the suppression of ABA signaling increases growth
in the absence of abiotic stressors [46]. Crop plants are usually grown in more favor-
able conditions compared to native plants, and severe water stress is less prevalent for
agricultural ecosystems compared to native ones [4]. Also, the maintenance of pro-
ductivity during mild water stress is obviously more important from the economical
point of view compared to the ability to survive severe water deficiency, since in the
latter case, the productivity would be anyway lost. Therefore, for annual crops, the
downregulation rather than upregulation of ABA biosynthesis and/or signaling can
be a more promising strategy to maintain productivity during mild stress, although
making plants more susceptible to severe stresses, which are devastating for plant
productivity no matter whether plants survive the stress period or are desiccated.
However, it is known that the logarithmic character of dependence of carbon fixa-
tion on stomatal conductance means that plants can decrease stomatal conductance
to a certain extent without trade-off with CO2 uptake and assimilation activity [5].
It can be therefore proposed that mild increase in ABA biosynthesis/signaling with
the associated moderate decrease of stomatal conductance can result in substantially
improved water use efficiency without compromising plant productivity, making
such plants more effective from the economical point of view.

3. Cytokinins and their effects on plant performance during drought
and recovery

Generally, biosynthesis and signaling of cytokinins are negatively affected by
drought, consistent with the view on CKs as negative regulators of drought tolerance
[11]. However, the regulation of CK metabolism under water-stress conditions can be
rather specific, with different IPT genes demonstrating differently directed regula-
tion under drought, whereas for CK OXIDASES/DEHYDROGENASES (CKX), more
uniform upregulation is observed [47]. The directional changes in CK biosynthesis
and signaling can have rather contrasting effects on plant ability to tolerate drought
and to recover from its impact. Both CK signaling mutants and transgenic plants with
enhanced CK signaling often demonstrate increased drought tolerance (Hai 2020).
CKs generally exacerbate water loss by plants, thus making them more prominent
to severe drought, whereas decreased CK levels contribute to more parsimonious
water spending and better maintenance of plant water status during stress [48]. Also,
CKs are positive regulators of shoot meristem activity and hence shoot growth [11,
49], and the increased above-ground growth can be maladaptive under severe water
deficiency. The decreased CK accumulation can be associated with higher tolerance
of photosynthetic processes during drought [48]. CKs and ABA reciprocally down-
regulate the biosynthesis and signaling of each other, thus exerting contrasting
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effects in plants under non-stressed conditions and under drought stress [50]. ABA
decreases CK contents, which increase plant sensitivity to ABA, thus making plants
abler to respond to water deficiency [50]. Cytokinins repress SnRKs as major com-
ponents of ABA signaling, thus inhibiting ABA effects on plant under non-stressed
conditions [50].

On the other hand, when water stress is not severe and plants are not at risk of
desiccation, CKs can have numerous positive effects on plant drought and post-
drought performance. Both exogenous CK treatment and modulation of endogenous
CK levels were reported to positively affect plant drought tolerance [48]. Increased
CK biosynthesis delayed drought-induced leaf senescence in tobacco and maintained
photosynthesis, thus decreasing yield loss [4]. Under water deficiency, CKs promote
stomatal conductance and chlorophyll biosynthesis [47], which can be detrimental
under severe stress but is advantageous for productivity under relatively mild water
stress conditions. CK-mediated inhibition of stomatal closure is the conserved
response in diverse plant species [5]. CKs promote plant antioxidant defense by
increasing the activity of antioxidant enzymes and decreasing the activity of ROS-
generating systems such as xanthine oxidase [47]. CKs may positively affect plant
osmotic adjustment under water deficiency [51]; in contrary, in [4], much lower
proline accumulation in tobacco plants with increased CK biosynthesis was observed,
likely due to their higher drought tolerance and lower degree of stress compared to
wild-type plants. Also, CKs positively influence cambial activity and radial growth,
thus increasing stem hydraulic conductance [37]. Generally, many of the positive CK
effects during mild stress can be due to a delay in activation of drought response, thus
decreasing stress impact [48]; CKs are known to suppress SnRK2 functioning and
thus stress response [50]. It can be very promising for agricultural plants, since plant
productivity and not plant survival is of the most interest for agriculture, thus mak-
ing CK-induced desensitization of plants to environmental stress a promising strategy
to maintain crop productivity under relatively mild stresses, typical for agricultural
conditions [4].

CKs have numerous positive effects on plant post-drought recovery processes,
making plants with upregulated CK content superior in recovery compared to
wild-type plants. CKs in plants decreases under drought [11] while increasing promi-
nently during the recovery period, together with compensatory growth acceleration
compared to non-stressed plants [48]. Higher CK content during the post-drought
recovery period can elevate auxin content in leaves [48] and also in cambium [52],
which is necessary for active post-drought growth. CKs positively affect stomatal
opening in post-drought period [53], helping to restore photosynthesis and to mini-
mize cumulative negative drought impact on assimilation. Therefore, despite negative
effects of CKs on tolerance to severe stress, their upregulation can be a promising way
to increase the performance and productivity of crop plants.

However, downregulation of CKs can also have positive effects on crop perfor-
mance under water shortage. Cytokinins are negative regulators of root meristem
activity [11, 54], suppressing both primary root elongation and root branching
[50, 55]. Negative CK effect on primary root growth is exerted through increase in
ethylene biosynthesis [54]. As a result, CKs decrease both drought tolerance and
absorption of mineral nutrients [56], whereas reduction of endogenous CKs can have
prominent positive effects on root growth, increasing the number and length of lat-
eral roots and root biomass accumulation [47]. For example, root-specific expression
of CKX gene in Zea mays improved both root growth and mineral nutrition of plants,
which was surprisingly achieved without trade-offs with above-ground growth [57].
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The fact that such prominent changes in whole-plant architecture were made possible
by expressing a single gene is quite promising for plant improvement. Therefore, both
decrease and increase in CK biosynthesis and signaling can be viewed as a potential
way to increase the resilience of crop productivity to water shortage.

4. Methods for modifying plant genomes

Plant genetic traits are inherited from parents from generation to generation and
are encoded by genetic information contained in DNA. At the same time, genetic
information is subject to constant changes due to the presence of spontaneous or
induced mutations, errors arising during transcription, the activity of transpos-
able elements, the processes of meiotic crossing over, and cross-fertilization. Some
pathogenic and symbiotic bacteria, such as Agrobacterium spp. [58], can transfer
part of their DNA into the genome of the host cell, thereby changing the functioning
of the host cell to suit their needs. Thus, genome modification occurs constantly in a
plant cell.

Plant breeding is the process of obtaining new varieties of plants that contain in
their genome a set of genes that make it possible to grow plants that are suitable for
agricultural production, processing, and consumption and at the same time have
properties beneficial to humans and animals. Thus, plant breeding involves system-
atic selection among the entire population of plants of samples bearing target proper-
ties. It is estimated that humans have been successfully breeding plants for over ten
thousand years [59] when seeds of plants with favorable features were saved for the
next plantation, a practice known as domestication. The most significant advances
in plant breeding techniques have been achieved as knowledge and understanding
of plants and their genetic structures have accumulated. In the second half of the
twentieth century, with an increase in the quantity and quality of food consumption,
arevolution in plant breeding occurred, the key achievements of which were achieved
in the creation of hybrids and transgenesis. The most important stage in plant breed-
ing was the Green Revolution, which made it possible to dramatically increase the
productivity of agricultural crops through the development of high-yielding varieties
of cereals, particularly dwarf wheat and rice. Norman Borlaug, Nobel Prize laureate
and father of the Green Revolution, emphasized that the key to the success of these
semi-dwarf varieties was their wide adaptability, short plant height, high sensitivity
to fertilizers, and resistance to disease, which ultimately made it possible to obtain
more yield at a lower cost [59]. Later, these requests were addressed to the emerging
technology of transgenesis, which led to its rapid development. Transgenic crops are
now widespread globally and are increasingly accepted as food and feed. Transgenesis
changes the genetic information of a plant cell, resulting in a so-called genetically
modified organism (GMO) that carries in its genome a fragment of foreign DNA that
gives the plant new useful traits that cannot be obtained by conventional breeding
methods. However, GMO organisms were perceived ambiguously by society, which
led to the fact that obtaining state registration for a GMO variety in some countries is
significantly difficult or completely impossible.

4.1 Development of the genome editing tools

With the development of genetic engineering methods and the accumulation
of data on plant genomes, gene editing technologies began to develop—making
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it possible to make site-specific changes in the target site of the genome. The first
methods that appeared were zinc-finger nuclease (ZFN) and later transcription
activator-like effector nucleases (TALEN). Both TALEN and ZFN are composed of
repeated tandem sequences of DNA-binding domains and an attached Fok1 nuclease
protein, such that the recombinant protein can be targeted to recognize a target DNA
sequence and therefore create double-strand breaks (DSBs) at the target site. For each
target site, a new TALEN or ZFN protein must be prepared to recognize the target
DNA sequence, which required labor-intensive genetic engineering and significantly
limited the widespread use of these gene editing technologies [60, 61]. However, there
are examples of successful use of ZFN to manipulate genes in tobacco, Arabidopsis,
and maize [62-64]. TALENSs, which are easier to target to a specific DNA region
because each TALEN domain recognizes one target nucleotide, as opposed to ZFN,
where each domain recognizes a triplet of nucleotides, have been successfully used

in horticultural crops such as soybeans, wheat, rice, tomatoes, and potatoes [65, 66].
However, the major drawback related to ZFNs and TALENS are their off-targeting
effects, prolonged screening process, toxicity to the host cell, and complex genetic
engineering procedures, limiting their applicability. The most modern method of
genome editing is CRISPR technology; the first article on the successful application of
this technology on plant cells was published in 2013, and the first edited plants were
Arabidopsis thaliana and Nicotiana benthamiana [67].

Typically, CRISPR/Cas9 is a complex consisting of two components: the Cas9 endo-
nuclease protein and a single guide RNA (sgRNA) with 20-nucleotide homology to the
target DNA region [68-70]. The Cas9 endonuclease binds to the protospacer adjacent
motif (PAM) DNA sequence (for Cas9 the PAM site is NGG), the sgRNA complementa-
rily binds to the DNA sequence adjacent to the PAM site, and if the binding is successtul,
Cas9 carries out a DSB in the target site [68, 71]. DSBs caused by the Cas9 endonuclease
lead to the activation of DNA repair systems, which can take two pathways, the error-
prone non-homologous end-joining (NHE]) or homology-directed repair (HDR).
Errors of DNA repair system result in deletions, insertions, or substitutions of DNA at
DSB sites, which in turn disrupt gene function or cause a reading frameshift, known as
a gene mutation or knockout [68-70]. As a result of DSB repair via the NHE] pathway,
insertions/deletions (indels) of several bases are usually observed during plant genome
editing based on CRISPR/Cas9. The use of the mechanism of HDR, in turn, makes it
possible, using editing systems, to replace individual nucleotides in the DNA sequence
and even obtain a site-specific insertion of a gene or group of genes.

At the moment, editing technologies have become so widely developed that they
make it possible to influence any stage of the implementation of genetic information
in a cell—at the level of transcription, translation, post-translation, epigenetic and
so on [72]. Over the past 10 years, a number of different CRISPR-based tools have
been developed, allowing editing at almost any desired location in the genome. Some
examples include DNA base editors [73], epigenetic modifiers [74, 75], prime editors
[76, 771, and transcription regulators [78, 79]. Fusion of various additional molecules
with partially disrupted (nickase Cas9, nCas9) or nuclease-deficient (dead Cas9,
dCas9) Cas9 has been used as a vehicle to deliver the CRISPR fusion protein to the tar-
get genomic site. RNA-targeting Cas proteins also enable a variety of RNA manipula-
tions beyond simple RNA editing, such as RNA degradation, detection of ribonucleic
acids and pathogens, single RNA base editing, and live imaging of RNA, which can
be read in more detail in recently published reviews [72, 75]. Plants cope with stress
through a range of finely tuned mechanisms, which involve both protein-coding
genes and non-coding regions of the plant genome, along with various epigenetic
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mechanisms realized through the control of DNA packaging. The CRISPR-based tools
described in this section can exploit the full range of molecular mechanisms mediated
by these genomic elements.

4.2 Editing genes associated with transport and signaling of ABA and CKs

Major thriving areas of research include gene discovery (allele mining, investigation
of cryptic genes) and introgression of new traits to achieve the desired goal—biotic/
abiotic stress-resilient crops. Today, there is already a fairly large pool of works devoted
to editing genes associated with the transport and signaling of ABA and CKs [75, 80].
Editing and transgenesis have helped to establish the functions of a number of genes
associated with the ABA signaling pathway and their participation in the response to
stress [81, 82]. For example, the enzymes SAPK1 and SAPK2 belonging to the SnRK2
family are members of the ABA signaling pathway in rice. Loss-of-function mutants
of SAPK2 generated by CRISPR/Cas9 were insensitive to ABA [81]. The SAPK2
mutants displayed high sensitivity to dehydration and ROS, highlighting the role
of SAPK2 in drought stress, the same as how CRISPR-edited OsERA1 mutant lines
displayed enhanced tolerance to drought stress [83]. Another example is the work with
histone acetyltransferase (HAT) enzyme that relaxes chromatin folding and promotes
enhanced gene expression fused with dCas9 protein. Tools for gene activation and
epigenetic modification combined with the CRISPR system made it possible to cre-
ate the dCas9-HAT system, which increased the expression of AREB1 and as a result
increased the resistance of Arabidopsis plants to drought [84]. CRISPR/Cas9 was
successfully used to create new alleles of the OST2 gene in Arabidopsis, and as a result,
edited plant lines carrying the new alleles exhibited an enhanced response to stress
due to changes in stomatal closure under drought stress [85]. A number of genes have
been shown to be involved in the negative regulation of plant responses to salinity and
other abiotic stresses. Reducing the expression level of the RR22 gene, which encodes
atype B response regulator (ARR B) involved in CK signaling, using the CRISPR/
Cas9 system, made it possible to increase the tolerance of rice plants to soil salinity
[86]. Additional examples of negative regulators research using editing tools include
work in Arabidopsis and rice. Editing of the C/VIF1 gene encoding the fructosidase
inhibitor protein 1 showed that it is a regulator of the response to ABA and is involved
in the development of salt tolerance [87]. Editing of the RR9 and RR10 genes in rice,
encoding proteins involved in the CK signaling pathway and associated with response
regulators type A (ARR A), allowed to establish their function as negative regulators
in response to salinity [88]. As recent work on AITR family genes has shown, targeting
mutations in genes with redundant or unclear functions using CRISPR editing systems
can help elucidate their role in plant stress biology [89, 90].

As it can be seen, various genome editing tools have been successfully used to
study genes associated with plant stress resistance and to create stress-tolerant plants
belonging not only to model plant species but also to plant species important for
agriculture. The ever-expanding set of CRISPR tools allows you to make changes to
any process occurring in a plant cell and thereby regulate the growth, development,
and all life processes of plants, through precise and effective genetic engineering.
Consistent changes and grouping of genes responsible for resistance to various types
of stress, both biotic and abiotic, can help in the development of new lines for plant
breeding. Accelerated identification of new genes, as well as the creation of gene-
edited crops that do not fall under the regulatory requirements developed for trans-
genic plants, could be a step toward the next Green Transformation.
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4.3 AREB/ABF and CKX gene families as potential targets for editing

CKX genes, which are key regulators of the level of CKs in plant cells and,
accordingly, can influence the homeostasis of CKs in the cell, have long attracted the
attention of researchers as providing ample opportunities for improving crops. Most
studies investigating the function of CKX genes have been carried out using RNAi-
based silencing or overexpression of CKX genes. Overexpression of AtCKX7 in the
model plant results in shorter primary roots [91]. Overexpressing the AtCKS2 gene
in oilseed Brassica napus increased the root-to-shoot ratio [92]. A number of studies
have shown that reducing the expression level of CKX genes in some cases can lead to
increased crop yields. For example, in barley, cotton, rice, and Arabidopsis, downreg-
ulation of CKX family genes through RNAi-based silencing or various genome editing
systems, or with the help of mutations, has resulted in increased seed number and/
or seed weight [93-96]. Also, in a number of works on editing genes of the OsCKX
family in rice, it was shown that OsCKX genes serve as a link between CK and other
plant hormones, in particular ABA [97, 98]. The perspectives of utilization of genome
editing technologies to improve crop performance were discussed recently [80, 99].
The findings support the critical role of CKs in a variety of model plants.

There are significantly fewer studies on the AREB/ABF family. There is work to
increase ABF2 expression using dCas9-HAT [84], but most of the research has been
done on T-DNA-induced mutations in Arabidopsis obtained in the early 2000s [100-
102]. In Arabidopsis, three members of the AREB/ABF family that respond to water
stress and participate in the ABA signaling pathway, ABF2, ABF4 and ABF3, are the
master transcription factors that co-regulate ABF-dependent ABA signaling and require
ABA for full activation [100]. At the same time, the incomplete functional redundancy
of ABF transcription factors gives reason to expect that differential manipulations of
ABF can be used to create plants with the desired mode of ABA signaling, for example,
to reduce trade-offs between ABA-induced stress tolerance and productivity.

Over the past few years, experimental evidence has been obtained on changes in
DNA regions located at some distance from the site of T-DNA integration [103, 104].
This prompted a reconsideration of the relevance of using such mutations to identify
the functions of genes of interest, since the manifestation of a mutation caused by the
insertion of foreign DNA into the region of the gene under study and causing the loss
of its function (knockout) can be masked by other insertions in regions remote from
the region of the target gene. The development of new genome editing tools using
CRISPR/Cas9 makes it possible to specifically make changes only in the target gene
and obtain new series of knockouts for genes of interest. This work firstly examines
the possibility of editing genes of the ABF family encoding the AREB1/ABF2, AREB2/
ABF4, and ABF3 transcription factors using Arabidopsis thaliana as an example, tak-
ing into account the possible participation of other genes included in the network of
regulation of abscisic acid biosynthesis. Secondly, the possibility of multiplex editing
of CKX1 and CKX4 genes of Arabidopsis thaliana to establish their role in the response
of plants to abiotic stress. Crossing the resulting mutants will make it possible to
establish the details of the interaction between ABA and CKs.

5. Conclusion

The development and improvement of molecular biology methods by the begin-
ning of the twenty first century stimulated the creation of modern tools that make it
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possible to modify plant genomes by targeted changes in the functioning of genes of
interest. This opens up great opportunities for researchers to modify genes involved in
the control of complex traits in plants, such as resistance to water deficiency. The use
of genome editing to knockout individual genes that control plant response to various
stress conditions, including water deficiency, will reveal the role of both regulatory
genes encoding transcription factors for ABA biosynthesis and genes that provide
interconnections between the signaling pathways of various phytohormones, in
particular, the relationship between ABA and CKs.

Acknowledgements

This work was supported by the development program of National Research
Tomsk State University (Priority-2030, project no. 2.1.2.22 “Genome editing as an
innovative technology for studying the mechanisms of stress tolerance and increasing
plant productivity under unfavorable environmental and climate changes”).

Conflict of interest

The authors declare no conflict of interest.

Author details

Ilya Zlobin?, Marina Efimoval, Natalia Permyl<ova1’3, Irina Sokolova’,

Vladimir Kuznetsov>? and Elena Deineko™*

1 National Research Tomsk State University, Tomsk, Russia
2 Institute of Plant Physiology, Russian Academy of Sciences, Moscow, Russia

3 Institute of Cytology and Genetics, Siberian Branch of the Russian Academy of
Sciences, Novosibirsk, Russia

*Address all correspondence to: deineko@bionet.nsc.ru

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

11



Plant Physiology Annual Volume 2023

References

[1] Hammond WM, Adams HD. Dying
on time: Traits influencing the dynamics
of tree mortality risk from drought.
Tree Physiology. 2019;39(6):906-909.
DOI: 10.1093/treephys/tpz050

[2] Verslues PE, Bailey-Serres ],
Brodersen C, Buckley TN, Conti L,
Christmann A, et al. Burning questions
for a warming and changing world:

15 unknowns in plant abiotic stress.
The Plant Cell. 2023;351:67-108.

DOI: 10.1093/plcell/koac263

[3] Agarwal PK, Gupta K, Lopato S,
Agarwal P. Dehydration responsive
element binding transcription factors
and their applications for the engineering
of stress tolerance. Journal of
Experimental Botany. 2017;68(9):2135-
2148. DOI: 10.1093/jxb/erx118

[4] Avni A, Golan Y, Shirron N,

Shamai Y, Danin-Poleg Y, Gepstein S,

et al. From survival to productivity mode:
Cytokinins allow avoiding the avoidance
strategy under stress conditions.
Frontiers in Plant Science. 2020;11:879.
DOI: 10.3389/fpls.2020.00879

[5] Hasan MM, Gong L, Nie Z-F, Li F-P,
Ahammed GJ, Fang X-W. ABA-induced
stomatal movements in vascular plants
during dehydration and rehydration.
Environmental and Experimental
Botany. 2021;186:104436. DOI: 10.1016/j.
envexpbot.2021.104436

[6] Brodribb T, Brodersen CR,
Carriqui M, Tonet V, Dominguez CR,
McAdam S. Linking xylem network
failure with leaf tissue death. New
Phytologist. 2021;232(1):68-79.

DOI: 10.1111/nph.17577

[7] Brodribb TJ, McAdam SAM, Carins
Murphy MR. Xylem and stomata,

12

coordinated through time and
space. Plant, Cell & Environment.
2017;40(6):872-880. DOI: 10.1111/
pce.12817

[8] Martins SCV, McAdam SAM,

Deans RM, DaMatta FM, Brodribb TJ.
Stomatal dynamics are limited by leaf
hydraulics in ferns and conifers: Results
from simultaneous measurements of
liquid and vapour fluxes in leaves. Plant,
Cell & Environment. 2016;39(3):694-
705. DOI: 10.1111/pce.12668

[9] Sussmilch FC, Schultz J, Hedrich R,
Roelfsema MRG. Acquiring control:
The evolution of stomatal signalling
pathways. Trends in Plant Science.
2019;24(4):342-351. DOI: 10.1016/j.
tplants.2019.01.002

[10] McAdam SAM, Brodribb TJ.
Mesophyll cells are the main site of
abscisic acid biosynthesis in water-
stressed leaves. Plant Physiology.
2018;177(3):911-917. DOI: 10.1104/
pp.17.01829

[11] Salvi P, Manna M, Kaur H, Thakur T,
Gandass N, Bhatt D, et al. Phytohormone
signaling and crosstalk in regulating
drought stress response in plants.

Plant Cell Reports. 2021;40:1305-1329.
DOI: 10.1007/s00299-021-02683-8

[12] Sack L, John GP, Buckley TN. ABA
accumulation in dehydrating leaves is
associated with decline in cell volume,
not turgor pressure. Plant Physiology.
2018;176(1):489-495. DOI: 10.1104/
pp.17.01097

[13] Virlouvet L, Fromm M. Physiological
and transcriptional memory in guard
cells during repetitive dehydration stress.
New Phytologist. 2015;205(2):596-607.
DOI: 10.1111/nph.13080



The Modification of Abscisic Acid and Cytokinin Signaling with Genome Editing to Increase...

DOI: http://dx.doi.org/10.5772/intechopen.113928

[14] Sadhukhan A, Prasad SS, Mitra J,
Siddiqui N, Sahoo L, Kobayashi Y, et al.
How do plants remember drought?
Planta. 2022;256(1):7. DOI: 10.1007/
s00425-022-03924-0

[15] Buckley TN. How do stomata respond
to water status? New Phytologist.
2019;224(1):21-36. DOI: 10.1111/
nph.15899

[16] Flexas ], Carriqui M, Nadal M. Gas
exchange and hydraulics during drought
in crops: Who drives whom? Journal of
Experimental Botany. 2018;69(16):3791-
3795. DOI: 10.1093/jxb/ery235

[17] Polle A, Chen SL, Eckert C,
Harfouche A. Engineering drought
resistance in forest trees. Frontiers in
Plant Science. 2019;9:1875. DOI: 10.3389/
fpls.2018.01875

[18] Brodribb TJ, McAdam SAM.
Abscisic acid mediates a divergence in
the drought response of two conifers.
Plant Physiology. 2013;162(3):1370-1377.
DOI: 10.1104/pp.113.217877

[19] Brodribb TJ, McAdam SAM,

Jordan GJ, Martins SCV. Conifer

species adapt to low-rainfall climates

by following one of two divergent
pathways. National Academy of Sciences
of the United States of America.
2014;111(40):14489-14493. DOI: 10.1073/
pnas.140793011

[20] Heinrich S, Dippold MA, Werner C,
Wiesenberg GLB, Kuzyakov Y, Glaser B.
Allocation of freshly assimilated carbon
into primary and secondary metabolites
after in situ 13C pulse labelling of
Norway spruce (Picea abies). Tree
Physiology. 2015;35(11):1176-1191.

DOI: 10.1093/treephys/tpv083

[21] Duursma RA, Blackman CJ, Lopéz R,
Martin-StPaul K, Cochard H, Medlyn BE.
On the minimum leaf conductance: Its

13

role in models of plant water use, and
ecological and environmental controls.
New Phytologist. 2019;221(2):693-705.
DOI: 10.1111/nph.15395

[22] Li X, Chen L, Forde BG, Davies WJ.
The biphasic root growth response to
abscisic acid in arabidopsis involves
interaction with ethylene and auxin
signalling pathways. Frontiers in Plant
Science. 2017;8:1493. DOI: 10.3389/
tpls.2017.01493

[23] Rowe JH, Topping JF, Liu J,

Lindsey K. Abscisic acid regulates root
growth under osmotic stress conditions
via an interacting hormonal network
with cytokinin, ethylene and auxin.
New Phytologist. 2016;211(1):225-239.
DOI:10.1111/nph.13882

[24] Ranjan A, Sinha R, Singla-Pareek SL,
Pareek A, Kumar SA. Shaping the

root system architecture in plants for
adaptation to drought stress. Physiologia
Plantarum. 2022;174(2):e13651.

DOI: 10.1111/ppl.13651

[25] Rosales MA, Maurel C,

Nacry P. Abscisic acid coordinates dose-
dependent developmental and hydraulic
responses of roots to water deficit. Plant
Physiology. 2019;180 (4):2198-2211.
DOI: 10.1104/pp.18.01546

[26] Calvo-Polanco M,

Armada E, Zamarrefio AM,
Garcia-Mina JM, Aroca R. Local root
ABA /cytokinin status and aquaporins
regulate poplar responses to mild
drought stress independently of the
ectomycorrhizal fungus Laccaria
bicolor. Journal of Experimental Botany.
2019;70(21):6437-6446. DOI: 10.1093/
jxb/erz389

[27] McAdam SAM, Brodribb TJ, RossJJ.
Shoot-derived abscisic acid promotes
root growth. Plant, Cell & Environment.
2016;39(3):652-659. DOI: 10.1111/
pce.12669



Plant Physiology Annual Volume 2023

[28] Rosso L, Cantamessa S, Bergante S,
Biselli C, Fricano A, Chiarabaglio PM.
Responses to drought stress in poplar:
What do we know and what can we
learn? Life. 2023;13(2):533. DOI: 10.3390/
1ife13020533

[29] Domec J-C, King JS, Carmichael M]J,
Overby AT, Wortemann RR, Smith WK,
et al. Root water gates and not changes
in root structure provide new insights
into plant physiological responses

and adaptations to drought, flooding
and salinity. bioRxiv. 27 Oct 2020.

DOI: 10.1101/2020.10.27.357251

[30] De Diego N, RodriguezJL,

Dodd IC, Pérez-Alfocea F, Moncaledn P,
Lacuesta M. Immunolocalization of

IAA and ABA in roots and needles of
radiata pine (Pinus radiata) during
drought and rewatering. Tree Physiology.
2013;33(5):537-549. DOI: 10.1093/
treephys/tpt033

[31] Brito C, Dinis L-T, Ferreira H,
Moutinho-Pereira J, Correia CM. Foliar
pre-treatment with abscisic acid
enhances olive tree drought adaptability.
Plants. 2020;9(3):341. DOI: 10.3390/
plants9030341

[32] Gambetta GA, Knipfer T,

Fricke W, McElrone AJ. Aquaporins
and root water uptake. In: Chaumont F,
Tyerman S, editors. Plant Aquaporins:
From Transport to Signaling.

Cham: Springer; 2017. pp. 133-153.
DOI: 10.1007/978-3-319-49395-4_6

[33] Sanchez-Romera B, Ruiz-Lozano JM,
Li G, Luu D-T, Martinez-Ballesta MC,
Carvajal M. Enhancement of root
hydraulic conductivity by methyl
jasmonate and the role of calcium and
abscisic acid in this process. Plant, Cell
& Environment. 2014;37(4):995-1008.
DOI: 10.1111/pce.12214

[34] Parent B, Hachez C, Redondo E,
Simonneau T, Chaumont F, Tardieu F.

14

Drought and abscisic acid effects on
aquaporin content translate into changes
in hydraulic conductivity and leaf growth
rate: A trans-scale approach. Plant
Physiology. 2009;149(4):2000-2012.
DOI: 10.1104/pp.108.130682

[35] Prado K, Maurel C. Regulation of
leaf hydraulics: From molecular to whole

plant levels. Frontiers in Plant Science.
2013;4:255. DOI: 10.3389/fpls.2013.00255

[36] Aloni R. The role of hormones in
controlling vascular differentiation.
In: Fromm J, editor. Cellular

Aspects of Wood Formation. Berlin,
Heidelberg: Springer; 2013. pp. 99-139.
DOI: 10.1007/978-3-642-36491-4_4

[37] Butto V, Deslauriers A, Rossi S,
Rozenberg P, Shishov V, Morin H. The
role of plant hormones in tree-ring
formation. Trees. 2020;34:315-335.
DOI: 10.1007/s00468-019-01940-4

[38] Mwange KNK, Hou H-W, Wang Y-Q,
He X-Q, Cui K-M. Opposite patterns in
the annual distribution and time-course
of endogenous abscisic acid and indole-
3-acetic acid in relation to the periodicity
of cambial activity in Eucommia
ulmoides Oliv. Journal of Experimental
Botany. 2005;56(413):1017-1028.

DOI: 10.1093/jxb/eri095

[39] Rodriguez-Zaccaro FD, Groover A.
Wood and water: How trees modify
wood development to cope with drought.
Plants, People, Planet. 2019;1(4):346-355.
DOI: 10.1002/ppp3.29

[40] Blackman CJ, Brodribb TJ,

Jordan GJ. Leaf hydraulics and drought
stress: Response, recovery and
survivorship in four woody

temperate plant species. Plant, Cell &
Environment. 2009;32(11):1584-1595.
DOI: 10.1111/j.1365-3040.2009.02023.x

[41] Lovisolo C, Perrone I, Hartung W,
Schubert A. An abscisic acid-related



The Modification of Abscisic Acid and Cytokinin Signaling with Genome Editing to Increase...

DOI: http://dx.doi.org/10.5772/intechopen.113928

reduced transpiration promotes gradual
embolism repair when grapevines

are rehydrated after drought. New
Phytologist. 2008;180(3):642-651.

DOI: 10.1111/j.1469-8137.2008.02592.x

[42] Tombesi S, Nardini A,

Frioni T, Soccolini M, Zadra C,
Farinelli D. Stomatal closure is induced
by hydraulic signals and maintained
by ABA in drought-stressed grapevine.
Scientific Reports. 2015;5(1):12449.
DOI: 10.1038/srep12449

[43] Kambona CM, Koua PA,

LéonJ, Ballvora A. Stress memory and
its regulation in plants experiencing
recurrent drought conditions.
Theoretical and Applied Genetics.
2023;136(2):26. DOI: 10.1007/
s00122-023-04313-1

[44] Zhang H, Zhao Y, Zhu JK. Thriving
under stress: How plants balance growth
and the stress response. Developmental
Cell. 2020;55(5):529-543. DOI: 10.1016/j.
devcel.2020.10.012

[45] Querejeta JI, Ren W, Prieto I. Vertical
decoupling of soil nutrients and water
under climate warming reduces plant
cumulative nutrient uptake, water-

use efficiency and productivity. New
Phytologist. 2021;230(4):1378-1393.
DOI: 10.1111/nph.17258

[46] Waadt R, Seller CA, Hsu P-K,
Takahashi Y, Munemasa S, Schroeder JI.
Plant hormone regulation of abiotic
stress responses. Nature Reviews
Molecular Cell Biology. 2022;23(10):680-
694. DOI: 10.1038/s41580-022-00479-6

[47] Hai NN, Chuong NN, Tu NHC,
Kisiala A, Hoang XLT, Thao NP. Role and

regulation of cytokinins in plant response

to drought stress. Plants. 2020;9(4):422.
DOI: 10.3390/plants9040422

[48] Prerostova S, Dobrev PI,
Gaudinova A, Knirsch V, Korber N,

15

Pieruschka R. Cytokinins: Their impact
on molecular and growth responses

to drought stress and recovery

in arabidopsis. Frontiers in Plant
Science. 2018;9:655. DOI: 10.3389/
fpls.2018.00655

[49] Romanov GA. Perception,
transduction and crosstalk of auxin
and cytokinin signals. International
Journal of Molecular Sciences.
2022;23(21):13150. DOI: 10.3390/
1jms232113150

[50] Cortleven A, Leuendorf JE,
Frank M, Pezzetta D, Bolt S,
Schmiilling T. Cytokinin action in
response to abiotic and biotic stresses
in plants. Plant, Cell & Environment.
2019;42(3):998-1018. DOI: 10.1111/
pce.13494

[51] De Diego N, Pérez-Alfocea F,
Cantero E, Lacuesta M, Moncalean P.
Physiological response to drought in
radiata pine: Phytohormone implication
at leaf level. Tree Physiology.
2012;32(4):435-449. DOI: 10.1093/
treephys/tps029

[52] Immanen ], Nieminen K, Smolander
O-P, Kojima M, Serra JA, Koskinen P.
Cytokinin and auxin display distinct
but interconnected distribution

and signaling profiles to stimulate
cambial activity. Current Biology.
2016;26(15):1990-1997

[53] Hu L, Wang Z, Huang B. Effects

of cytokinin and potassium on

stomatal and photosynthetic recovery
of Kentucky bluegrass from drought
stress. Crop Science. 2013;53(1):221-231.
DOI: 10.2135/cropsci2012.05.0284

[54] Qin H, He L, Huang R. The
coordination of ethylene and other
hormones in primary root development.
Frontiers in Plant Science. 2019;10:874.
DOI: 10.3389/fpls.2019.00874



Plant Physiology Annual Volume 2023

[55] Waidmann S, Sarkel E, Kleine-Vehn J.

Same, but different: Growth responses
of primary and lateral roots. Journal of
Experimental Botany. 2020;71(8):2397-
2411. DOI: 10.1093/jxb/eraa027

[56] Kurepa J, Smalle JA. Auxin/cytokinin
antagonistic control of the shoot/

root growth ratio and its relevance for
adaptation to drought and nutrient
deficiency stresses. International Journal
of Molecular Sciences. 2022;23(4):1933.
DOI: 10.3390/ijms23041933

[57] Ramireddy E, Nelissen H,
Leuendorf JE, Lijsebettens MV, Inzé D,
Schmiilling T. Root engineering in maize
by increasing cytokinin degradation
causes enhanced root growth and leaf
mineral enrichment. Plant Molecular
Biology. 2021;106:555-567. DOI: 10.1007/
s11103-021-01173-5

[58] Gelvin SB. Integration of
agrobacterium T-DNA into the plant
genome. Annual Review of Genetics.
2017;51:195-217. DOI: 10.1146/
annurev-genet-120215-035320

[59] Lee J, Chin JH, Ahn SN, Koh H.
Brief history and perspectives on plant
breeding. In: Current Technologies

in Plant Molecular Breeding.
Dordrecht: Springer; 2015. 343 p.

DOI: 10.1007/978-94-017-9996-6

[60] Mahfouz MM, Li L. TALE nucleases
and next generation GM crops. GM
Crops. 2011;2(2):99-103. DOI: 10.4161/
gmcr.2.2.17254

[61] Wood AJ, Lo T-W, Zeitler B,
Pickle CS, Ralston EJ, Lee AH, et al.
Targeted genome editing across
species using ZFNs and TALENS.
Science. 2011;333:307. DOI: 10.1126/
science.1207773

[62] Shukla VK, Doyon Y, Miller JC,
Dekelver RC, Moehle EA, Worden SE,

16

et al. Precise genome modification in the
crop species Zea mays using zinc-finger
nucleases. Nature. 2009;459:437-441.
DOI: 10.1038/nature07992

[63] Townsend JA, Wright DA,

Winfrey R], Fu F, Maeder ML, Joung JK,
et al. High-frequency modification of
plant genes using engineered zinc-finger
nucleases. Nature. 2009;459:442-445.
DOI: 10.1038/nature07845

[64] Osakabe K, Osakabe Y, Toki S.
Site-directed mutagenesis in arabidopsis
using custom-designed zinc finger
nucleases. Proceedings of the National
Academy of Sciences of the United States
of America. 2010;107:12034-12039.

DOI: 10.1073/pnas.1000234107

[65] Carlson DF, Tan W, Lillico SG,
Stverakova D, Proudfoot C, Christian M,
et al. Efficient TALEN-mediated gene
knockout in livestock. Proceedings

of the National Academy of Sciences

of the United States of America.
2012;109:17382-17387. DOI: 10.1073/
pnas.1211446109

[66] Zhang Y, Zhang F, Li X, Baller JA,
QiY, Starker CG, et al. Transcription
activator-like effector nucleases enable
efficient plant genome engineering. Plant
Physiology. 2013;161:20-27. DOI: 10.1104/
pp-112.205179

[67] Li J-F, Norville JE, Aach],
McCormack M, Zhang D,

Bush J, et al. Multiplex and homologous
recombination-mediated genome
editing in arabidopsis and Nicotiana
benthamiana using guide RNA and Cas9.
Nature Biotechnology. 2013;31:688-691.
DOI: 10.1038/nbt.2654

[68] Jinek M, Chylinski K, Fonfaral,
Hauer M, Doudna JA, Charpentier E. A.
A programmable dual-RNA—Guided
DNA endonuclease in adaptive bacterial
immunity. Science 2012;337:816-822.
DOI: 10.1126/science.1225829



The Modification of Abscisic Acid and Cytokinin Signaling with Genome Editing to Increase...

DOI: http://dx.doi.org/10.5772/intechopen.113928

[69] Cong L, Ran FA, Cox D, Lin S,
Barretto R, Habib N, et al. Multiplex
genome engineering using CRISPR/
Cas systems. Science. 2013;339:819-823.
DOI: 10.1126/science. 1231143

[70] Mali P, Yang L, Esvelt KM, Aach],
Guell M, DiCarlo JE, et al. RNA-guided
human genome engineering via Cas9.
Science. 2013;339:823-826. DOI: 10.1126/
science.1232033

[71]1 LiW, Teng F, Li T, Zhou Q.
Simultaneous generation and germline
transmission of multiple gene mutations
in rat using CRISPR-Cas systems.
Nature Biotechnology. 2013;31:684-686.
DOI: 10.1038/nbt.2652

[72] Pramanik D, Shelake RM, Kim M],
Kim JY. CRISPR-mediated engineering
across the central dogma in plant biology
for basic research and crop improvement.
Molecular Plant. 2021;14:127-150.

DOI: 10.1016/j.molp.2020.11.002

[73] Jeong YK, Song B, Bae S. Current
status and challenges of DNA base
editing tools. Molecular Therapy.
2020;28:1938-1952. DOI: 10.1016/j.
ymthe.2020.07.021

[74] Shelake RM, Pramanik D, Kim JY.
Evolution of plant mutagenesis tools:

A shifting paradigm from random

to targeted genome editing. Plant
Biotechnology Reports. 2019;13:423-445.
DOI: 10.1007/s11816-019-00562-z

[75] Shelake RM, Kadam US,

Kumar R, Pramanik D, Singh AK,

Kim JY. Engineering drought and salinity
tolerance traits in crops through CRISPR-
mediated genome editing: Targets,

tools, challenges, and perspectives.

Plant Communications. 2022;3:100417.
DOI: 10.1016/j.xplc.2022.100417

[76] Huang TK, Puchta H. Novel CRISPR/
Cas applications in plants: From prime

17

editing to chromosome engineering.
Transgenic Research. 2021;30:529-549.
DOI: 10.1007/s11248-021-00238-x

[77] Lin Q, Jin S, Zong Y, Yu H,
ZhuZ, Liu G, et al. High-efficiency
prime editing with optimized,
paired pegRNAs in plants. Nature
Biotechnology. 2021;39(8):923-927.
DOI: 10.1038/s41587-021-00868-w

[78] Piatek A, Ali Z, Baazim H, Li L,
Abulfaraj A, Al-Shareef S, et al. RNA-
guided transcriptional regulation

in planta via synthetic dCas9-

based transcription factors. Plant
Biotechnology Journal. 2015;13:578-589.
DOI:10.1111/pbi.12284

[79] Rehman RS, Zafar SA, Ali M,

Pasha AN, Naveed MS, Waseem M, et al.
CRISPR-Cas mediated genome editing:
A paradigm shift towards sustainable
agriculture and biotechnology. Asian
Plant Research Journal. 2022;9:27-49.
DOI: 10.9734/aprj/2022/v9i130197

[80] Mandal S, Ghorai M,

Anand U, Roy D, Kant N, Mishra T,

et al. Cytokinins: A genetic target for
increasing yield potential in the CRISPR
era. Frontiers in Genetics. 2022;13:1-12.
DOI: 10.3389/fgene.2022.883930

[81] Lou D, Wang H, Liang G, Yu D.
OsSAPK?2 confers abscisic acid sensitivity
and tolerance to drought stress in rice.
Frontiers in Plant Science. 2017;8:1-15.
DOI: 10.3389/fpls.2017.00993

[82] He QY, Jin JF, Lou HQ, Dang FF,
XuJM, Zheng §J, et al. Abscisic acid-
dependent PMT1 expression regulates
salt tolerance by alleviating abscisic
acid-mediated reactive oxygen species
production in arabidopsis. Journal of
Integrative Plant Biology. 2022;64:1803-
1820. DOI: 10.1111/jipb.13326

[83] Ogata T, Ishizaki T, Fujita M, Fujita Y.
CRISPR/Cas9-targeted mutagenesis of



Plant Physiology Annual Volume 2023

OsERAL1 confers enhanced responses

to abscisic acid and drought stress and
increased primary root growth under
nonstressed conditions in rice. PLoS
One. 2020;15:1-12. DOI: 10.1371/journal.
pone.0243376

[84] Roca Paixdo JF, Gillet FX, Ribeiro TP,
Bournaud C, Lourenco-Tessutti IT,
Noriega DD, et al. Improved drought
stress tolerance in arabidopsis

by CRISPR/dCas9 fusion with a

histone acetyltransferase. Scientific
Reports. 2019;9:1-9. DOI: 10.1038/
s41598-019-44571-y

[85] Osakabe Y, Watanabe T, Sugano SS,
Ueta R, Ishihara R, Shinozaki K, et al.
Optimization of CRISPR/Cas9 genome
editing to modify abiotic stress responses
in plants. Scientific Reports. 2016;6:1-10.
DOI: 10.1038/srep26685

[86] Zhang A, LiuY, Wang F, Li T,
Chen Z, Kong D, et al. Enhanced rice
salinity tolerance via CRISPR/Cas9-
targeted mutagenesis of the OsRR22
gene. Molecular Breeding. 2019;39:47.
DOI:10.1007/s11032-019-0954-y

[87] Yang W, Chen S, Cheng Y,

Zhang N, MaY, Wang W, et al. Cell
wall/vacuolar inhibitor of fructosidase
1 regulates ABA response and salt
tolerance in arabidopsis. Plant
Signaling & Behavior. 2020;15:4.

DOI: 10.1080/15592324.2020.1744293

[88] Wang WC, Lin TC, Kieber ], Tsai YC.
Response regulators 9 and 10 negatively
regulate salinity tolerance in Rice. Plant
& Cell Physiology. 2019;60:2549-2563.
DOI: 10.1093/pcp/pcz149

[89] Chen S, Zhang N, Zhou G, Hussain S,
Ahmed S, Tian H, et al. Knockout of

the entire family of AITR genes in
Arabidopsis leads to enhanced drought
and salinity tolerance without fitness
costs. BMC Plant Biology. 2021;21:1-15.
DOI: 10.1186/s12870-021-02907-9

18

[90] Wang T, Xun H, Wang W, Ding X,
Tian H, Hussain S, et al. Mutation of
GmAITR genes by CRISPR/Cas9 genome
editing results in enhanced salinity stress
tolerance in soybean. Frontiers in Plant
Science. 2021;12:1-15. DOI: 10.3389/
fpls.2021.779598

[91] Kollmer I, Novak O, Strnad M,
Schmiilling T, Werner T. Overexpression
of the cytosolic cytokinin oxidase/
dehydrogenase (CKX7) from Arabidopsis
causes specific changes in root growth
and xylem differentiation. The Plant
Journal. 2014;78:359-371. DOI: 10.1111/
tpj.12477

[92] Nehnevajova E, Ramireddy E,

Stolz A, Gerdemann-Knorck M, Novak O,
Strnad M, et al. Root enhancement in
cytokinin-deficient oilseed rape causes
leaf mineral enrichment, increases

the chlorophyll concentration under
nutrient limitation and enhances the
phytoremediation capacity. BMC Plant
Biology. 2019;19:1-15. DOI: 10.1186/
s12870-019-1657-6

[93] Zalewski W, Galuszka P, Gasparis S,
Orczyk W, Nadolska-Orczyk A. Silencing
of the HvCKX1 gene decreases the
cytokinin oxidase/dehydrogenase level

in barley and leads to higher plant
productivity. Journal of Experimental
Botany. 2010;61:1839-1851. DOI: 10.1093/
jxb/erq052

[94] Bartrina I, Otto E, Strnad M,
Werner T, Schmiilling T. Cytokinin
regulates the activity of reproductive
meristems, flower organ size, ovule
formation, and thus seed yield in
Arabidopsis thaliana. The Plant

Cell. 2011;23:69-80. DOI: 10.1105/
tpc.110.079079

[95] Li S, Zhao B, Yuan D, Duan M, Qian
Q, Tang L, et al. Rice zinc finger protein
DST enhances grain production through
controlling Gnla/OsCKX2 expression.



The Modification of Abscisic Acid and Cytokinin Signaling with Genome Editing to Increase...

DOI: http://dx.doi.org/10.5772/intechopen.113928

Proceedings of the National Academy of
Sciences of the United States of America.
2013;110:3167-3172. DOI: 10.1073/
pnas.1300359110

[96] Zhao ], Bai W, Zeng Q, Song S,
Zhang M, Li X, et al. The abscisic acid-
responsive element binding factors
MAPKKK18 module regulates abscisic
acid-induced leaf senescence in
arabidopsis. The Journal of Biological
Chemistry. 2023;299:103060.

DOI: 10.1016/jjbc.2023.103060

[97] Tao Y, Miao ], Wang J, LiW, Xu Y,
Wang F, et al. RGG1, involved in the
cytokinin regulatory pathway, controls
grain size in rice. Rice. 2020;13:76.
DOI: 10.1186/s12284-020-00436-x

[98] Zhang W, Peng K, Cui F, Wang D,
Zhao ], ZhangY, et al. Cytokinin oxidase/
dehydrogenase OsCKX11 coordinates
source and sink relationship in rice

by simultaneous regulation of leaf
senescence and grain number. Plant
Biotechnology Journal. 2021;19:335-350.
DOI:10.1111/pbi.13467

[99] Mahto RK, Singh C, Chandana BS,
Singh RK, Verma S, Gahlaut V. Chickpea
biofortification for cytokinin
dehydrogenase via genome editing to
enhance abiotic-biotic stress tolerance
and food security. Frontiers in Genetics.
2022;13:900324. DOI: 10.3389/
fgene.2022.900324

[100] Yoshida T, Fujita Y, Sayama H,
Kidokoro S, Maruyama K, Mizoi ], et al.
AREBI1, AREB2, and ABF3 are master
transcription factors that cooperatively
regulate ABRE-dependent ABA signaling
involved in drought stress tolerance

and require ABA for full activation.

The Plant Journal. 2010;61:672-685.

DOI: 10.1111/j.1365-313X.2009.04092.x

[101] Du ], Zhu X, He K, Kui M, Zhang ],
Han X, et al. CONSTANS interacts with

19

and antagonizes ABF transcription
factors during salt stress under long-
day conditions. Plant Physiology.
2023;193:1675-1694. DOI: 10.1093/
plphys/kiad370

[102] Zhao ], Bai W, Zeng Q, Song S,
Zhang M, Li X, et al. Moderately
enhancing cytokinin level by down-
regulation of GhCKX expression

in cotton concurrently increases
fiber and seed yield. Molecular
Breeding. 2015;35:60. DOI: 10.1007/
s11032-015-0232-6

[103] Pucker B, Kleinbélting N,
Weisshaar B. Large scale genomic
rearrangements in selected Arabidopsis
thaliana T-DNA lines are caused by
T-DNA insertion mutagenesis. BMC
Genomics. 2021;22:1-21. DOI: 10.1186/
s12864-021-07877-8

[104] Edwards B, Hornstein ED,

Wilson NJ, Sederoff H. High-throughput
detection of T-DNA insertion sites

for multiple transgenes in complex
genomes. BMC Genomics. 2022;23:1-20.
DOI: 10.1186/s12864-022-08918-6



