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Abstract
Wheat is one of the world’s most consumed cereal grains. During abiotic stresses, the physiological and biochemical alterations 

in the cells reduce growth and development of plants that ultimately decrease the yield of wheat. Thus, understanding the effects 
of these stresses becomes indispensable for wheat improvement programs which have depended mainly on the genetic variations 
present in the wheat genome through conventional breeding. Notably, recent biotechnological breakthroughs in the understanding 
of gene functions and access to whole genome sequences have opened new avenues for crop improvement. Despite the availability 
of such resources in wheat, progress is still limited to the understanding of the stress signaling mechanisms using model plants 
such as Arabidopsis, rice and Brachypodium and not directly using wheat as the model organism. This chapter presents an inclusive 
overview of knowledge on the identified mechanisms of perception and signal transduction in wheat. Specifically, this chapter 
provides an in-depth analysis of different signaling mechanisms observed during abiotic stress response in wheat.
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Introduction
Agriculture as an occupation depends on the ability to cul-

tivate crops suitable for a particular climate in a defined region. 
Prolonged exposure to high temperatures in rainfed areas of the 
world may lead to drought stress. Exposure to high temperatures 
may also induce osmotic stress if water evaporates from soils re-
sulting in elevated salt concentrations. Although drought and salt 
stress are the major stressors affecting crop production worldwide, 
the presence of a combination of these as well as heat is not un-
common and could lead to a drastic reduction in crop fitness and 
productivity. Among the main staple crops across the globe, cereals 
such as wheat, rice and maize are the most important for providing 
daily calories and protein intake. Of these, wheat was the first crop 
to be domesticated and forms the major staple food globally [1]. 
Wheat is the vital staple that provides around 20% of the calories 
and >25% of the protein to humans [2]. It occupies 30% of world 
cereal production (734 million tons) from 214 million hectares [3]. 
It provides quite a satisfactory level of dietary fiber [4] and is con 

 
sidered a nutritious food grain [5,6]. Future predictions suggested 
that there will be an increased demand for wheat by about 60% in 
2050 to feed an estimated 9.7 billion population in the world [7].

However, during the last decade, wheat productivity enhance-
ment was not satisfactory to meet the future demand as it was in-
creased by only 1.1% [8]. Recently, several international organiza-
tions such as IPCC, International Maize and Wheat Improvement 
Centre (CIMMYT)-International Centre for Agricultural Research in 
Dry Areas (ICARDA), and The Organization for Economic Co-oper-
ation and Development (OECD)-Food and Agriculture Organization 
(FAO) have forecasted that the extreme events of abiotic stresses 
such as drought, high temperature, salinity, etc. will reduce wheat 
yield by 20–30% especially in the developing countries. Addition-
ally, global climate change has caused various biotic (such as wheat 
blast disease [9,10] and hostile environmental events such as 
drought, thermo-stress, erratic rain, hailstorm, and salinity which 
instigated yield loss. Conventional breeding to improve stress tol
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erance is time and labor intensive and involves multigene fam-
ilies that govern the molecular and physiological mechanisms. In-
terestingly, this mechanistic complexity is further magnified due to 
the striking differences in the tolerance levels of different cultivars 
under similar stress conditions.

One of the key principles of crop improvement involves utiliz-
ing the genetic variation in the gene pool and identifying the de-
sired traits important for attaining stress tolerance. Bread wheat 
(Triticum aestivum) is a hexaploid, that is composed of three closely 
related, but independently maintained genomes: Triticum urartu 
(the A-genome donor), Aegilops speltoides (the B-genome donor) 
and Aegilops tauschii (the D-genome donor), formed as a result of a 
series of naturally occurring hybridization events. The natural ge-
netic variation in the germplasm has helped breeders to introgress 
new traits but has attained limited success due to the redundancy 
in the genomes [11,12]. However, recent biotechnological break-
throughs in the understanding of gene functions and the access to 
whole genome sequences have unearthed new avenues for crop im-
provement. Interestingly, despite the availability of such resources 
in wheat, progress is still limited to the understanding of the stress 
signaling mechanisms using model plants such as Arabidopsis, rice 
(monocot) and Brachypodium (as a model plant for wheat). Con-
siderable research and development in employing these biotechno-
logical breakthroughs have lacked thus far in wheat improvement. 

Stress-tolerance response is the coordinated interaction of various 
molecular signaling pathways involving the perception of stress 
and downstream activation of regulatory proteins.

Environmental signals are first sensed by a receptor/sensor 
present on the membrane and transduced downstream to the nu-
cleus by a complex signaling system triggering various genes in 
stress response (Figure 1). The products expressed by stress re-
sponse genes eventually participate in adaptation and mitigation of 
plant. The outcomes of the primary signaling pathway may contrib-
ute to the generation of regulatory molecules, which can initiate an-
other signaling pathway, although with some common components 
involved. Most of the stress-responsive signaling pathways are 
regulated by the regulatory components like transcription factors 
(TFs), protein kinases, membrane ion channels, protein modifiers 
(lipidation, methylation, ubiquitination, and glycosylation), and 
adaptors. Systemic studies on the mechanism of signal transduc-
tion pathway at molecular level in response to abiotic stress are of 
vital importance for the sustainable advancement of plant breeding 
approaches in agriculture. In this review, we discuss the role of var-
ious signaling pathways in the mitigation of salt, drought, cold, and 
waterlogging stress. Additionally, this chapter aims to summarize 
the role of various signaling molecules and pathways that involves 
various stress-responsive genes in model and crops.

Figure 1: Stress signal perception and gene expression during abiotic stresses in plants. The external stress signals are sensed by 
the plasma membrane receptors and trigger signaling pathways. These signaling pathways lead to cellular adjustments through 

the expression of genes involved in stress response and development of stress mitigators.
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Signaling Response in Salt Stress

Stress caused by salt is one of the abiotic hazards for plant 
growth and development. In the last three decades, advances in 
understanding salt stress signaling systems and their regulatory 
pathways have been increased based on genetic and biochemical 
studies. Stress caused by salt leads to disruption in cellular ionic 
and osmotic homeostasis, and their readjustments are important 
for sustaining regular cellular processes. During salt stress, regula-
tion and maintenance of cellular ion homeostasis are a vital adap-
tive trait of salt-tolerant plants. Cellular mechanisms to decrease 
cytoplasmic Na+ comprise limiting Na+ uptake, increasing Na+ efflux, 
and transporting Na+ from the cytoplasm into the vacuole. At pres-
ent, an accepted model for salt sensing hypothesizes that increased 
levels of reactive oxygen species (ROS) can be sensed by a ROS re-
ceptor and further transduced to activate stress-responsive genes. 
Recently it is proved that perception of high salinity occurs through 
direct binding of monovalent Na+ to the glycosyl inositol phosphor-
yl ceramide (GIPC). Na+ binding to GIPCs leads to the activation 
of unknown Ca2+ influx channels resulting in the activation of the 
downstream pathways. However, the components and mechanisms 
connecting the sensation of extracellular Na+ and Ca2+ influx are 

still unknown.

Salt stress activates the evolutionarily conserved salt overly 
sensitive (SOS) pathway to exclude Na+ ions out of cells (Figure 
2). Elevated Ca2+ spikes drive an adaptive response in which Ca2+ 
binds and activates both SOS3 and SOS3-like Ca2+-binding protein 
(SCaBP8). SOS3 activates a protein kinase enzyme SOS2, which, in 
turn, activates the antiporter SOS1 to exclude Na+ out of the cell 
[13]. SOS2 can substantially increase Na+/H+ exchanger (NHX) anti-
porter activity during stress conditions. Detailed analyses have fur-
ther demonstrated SOS2 role in the compartmentalization of Na+ 
ions from the cytoplasm into vacuole through coordinated interac-
tion with CBL10 protein (Tanpure et al., 2021). Salt redistribution 
being of crucial mechanism in salt detoxification, as shown by vari-
ous studies on Na+ transporters such as high-affinity K transporter 
1 (HKT1) and Na+/H+ exchangers (NHX). HKT1 is localized in the 
plasma membrane and regulate cellular Na+ homeostasis, for main-
taining an optimum K+/Na+ balance in the cytoplasm in response to 
salt stress. HKT1 is mostly expressed in vascular tissues throughout 
the plant in xylem parenchyma and guards from toxic effects of Na+ 
ions. HKT1 increases K+ ions in shoot tissue by decreasing the Na+ 
level through unloading into xylem parenchyma cells.

Figure 2: Schematic representation of signaling response for mitigation of salt stress in plants. The salt overly sensitive (SOS) 
pathway plays essential roles in Na+ exclusion. The calcium sensor, SOS3/SCaBP8, recruits SOS2 to the plasma membrane and 

promotes SOS2-mediated phosphorylation of the Na+/H+ antiporter. GIPCs-mediated Ca2+ influx is required for the activation 
of the SOS signaling pathway. MAP kinase cascades, including MAPKKK, MKK2, MKK4, MPK3, MPK4, and MPK6, are 

involved in the relay of salt stress signals.
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Figure 3: ABA-independent signaling pathway in response to cold and heat stress. The stress is perceived by receptor/ion 
channel such as OSCA1 and COLD1 present on the plasma membrane. ABA-independent signaling in response to cold stress is 

mediated by the ICE1 signaling cascade involving DREB. Heat stress can activate stress response through induction of ROS. This 
leads to activation of MPKs, protein kinases (PKs) and other phosphatases, that can trigger the Heat Shock Factors (HSF), which 

is kept from entering the nucleus by HSPs (HSP70/90 complex). An increase in misfolded cytosolic proteins following heat shock 
can destabilize this complex allowing HSF to enter the nucleus and induce transcription of stress responsive genes by binding to 

their HSE.

Molecular studies have identified class I and II group HKT 
transporters, which mediate cellular transport of Na+- and Na+-K+ 
cotransport, respectively. HKT1 (TaHKT2;1) gene was first isolated 
from wheat (Triticum aestivum), which regulates Na+/K+ transport 
and has led to the identification of several HKT transporters from 
various plant species. For example, HKT type transporters in Arabi-
dopsis AtHKT1 and rice OsHKT1;5 mediates removal Na+ from the 
xylem during high salinity. In Arabidopsis, HKT1 also participates in 
long distance transport of Na+ through vascular tissues. SOS path-
way regulates Na+/K+ homeostasis. SCaBP8 is an inhibitor of the K+ 
channel (AKT1) activity and through interaction with the C-termi-
nus of AKT1. Similarly, ABA insensitive 4 (ABI4) TF is a negative 
regulator of AtHKT1 expression in root. HKT1 has also been shown 
to interact with the SOS pathway to regulate Na+/K+ homeostasis 
in plant cells. The Na+-selective transporters in tomato, that is, 
HKT1; 2 showed to mitigate salt stress through suppressing Na+ ag-
gregation and increasing K+ homeostasis in shoots [14]. Positively 
charged Na+ of excess salt binds to negatively charged glycosyl ino-
sitol phosphoryl-ceramides (GIPCs) situated on plasma membrane. 
Na+-bound GIPCs activate Ca2+ channel that subsequently results 
in Ca2+ influx.

Higher Ca2+ levels are recognized by SCaBP8 and SOS3, which, 

in turn, activates the SOS2 protein. Activated SOS2 activates SOS1 to 
extrude Na+ out of the cell to regulate ionic homeostasis. H+-ATPase 
and NHX activities are also stimulated by SOS2 protein. Ca2+-de-
pendent and MAPK signaling pathways also participate during 
the salt-stress response. Vacuolar Na+ compartmentalization is a 
key cellular mechanism for decreasing cytoplasmic ion toxicity in 
plants grown under salt stress. This adaptive mechanism is con-
served in halophytic and glycophytic plants. NHX proteins localized 
in the tonoplast are important for the reduction of Na+ toxicity via 
sequestration of Na+ within the vacuole. Vacuolar transportation of 
Na+ is facilitated by the NHX present in vacuoles, through proton 
gradient formed by vacuolar H+-ATPase and H+-pyrophosphatase. 
AtNHX1 was the first identified plant transporter that mediates 
vacuolar Na+ influx. Tomato NHX3 and NHX4 are identified in the 
establishment of cellular ion homeostasis [15]. NHX antiporters 
participate in long-distance transport of Na+ from root to shoot 
during salt stress. Furthermore, several studies have demonstrated 
the crucial role of NHX antiporters in osmotic homeostasis, growth, 
and development.

NHX transporters are important for cellular processes such as 
vesicular trafficking and protein modifications. NHX1 and NHX2 lo-
cated in tonoplast play a key role in the active K+ influx for turgor 
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maintenance. Vacuolar H+-ATPase and NHX activity are posi-
tively regulated by SOS2 and elevate their exchange activity during 
salt stress. Stimulation of stress-induced osmotic signaling path-
ways induces the biosynthesis of nontoxic, highly soluble, low mo-
lecular weight compounds called osmolytes. Osmolytes maintain 
cellular osmotic potential, protein stability, and membrane integ-
rity. The increased level of osmolytes such as proline, glycine, beta-
ine amino acid, and carbohydrates enhances tolerance to osmotic 
stress. Osmotic stress pathways are common to most stress condi-
tions and are not specifically stimulated by high salinity. Ca2+-per-
meable channel such as reduced hyperosmolality induced calcium 
ion increase 1 (OSCA1), regulated by osmotic changes, is a sensor 
during osmotic stress. The K+ exchange antiporter (KEA)1/2 and 
KEA3 transporters localized in plastids mediates accelerated Ca2+ 
responses due to osmotic stress. SNF1-related kinases (SnRK) iso-
forms are known to be involved in mediating osmotic stress con-
ditions. Salt-induced stresses also include the production of ROS.

ROS are comprised of free radicals such as superoxide, hydrox-
yl, and nonradicals comprising singlet oxygen and hydrogen perox-
ide (H2O2). Plants mitigate the toxicity created from ROS by employ-
ing the antioxidant system. Detoxification signaling pathway plays a 
critical part in ROS scavenging and repair. ROS has also been shown 
to regulate Ca2+ channels. Osmotic stress induces enzymatic and 
nonenzymatic systems to mitigate ROS stress. Enzymatic scaven-
gers consist of glutathione reductase (GR), glutathione-S-transfer-
ase (GST), superoxide dismutase (SOD), and ascorbate peroxidase 
(APX), whereas nonenzymatic scavengers involve ascorbic acid, 
phenolic compounds, and secondary metabolites. Protein kinas-
es participates in response to abiotic stress by perceiving signals, 
triggering signal transduction pathways through the activation of 
downstream genes. The mitogen-activated protein kinase (MAPK) 
family is a protein kinase group that is well conserved in plants. 
Plant MAPKs are involved in signaling pathways in counter to abiot-
ic and biotic stresses. MAPKs direct reprogramming of various cel-
lular processes in the nucleus and mitochondria, which ultimately 
results in various physiological and biochemical alterations. MAPKs 
can be activated by stress signals such as ROS, abscisic acid (ABA), 
and osmotic stress.

A typical MAPK cascade is composed of three sequentially 
phosphorylating and activating protein kinases, a MAP kinase ki-
nase (MAPKKK/MEKK, or MAP3K), a MAP kinase kinase (MAPKK/
MKK, or MAP2K), and a MAP kinase (MAPK). Sequence homology 
studies have revealed around 60 members of MAPKKKs, 10 mem-
bers of MAPKKs, and 20 members MAPKs in Arabidopsis. About 15 
MAPKs have been found in rice, and 19 in maize. In Arabidopsis, 
the MAPK cascade involving MKK2, MPK4, MPK6, and MEKK1 reg-
ulates signaling responses during salt stress. During abiotic-stress 
counter-action process, MAPKKKs protein activates MAPKKs by 
phosphorylation at serine/threonine residues, which, in turn, ac-
tivates a MAPK through phosphorylation at threonine and tyrosine 
residues in conserved motif of MAPKs. MAPK proteins, along with 
phosphatases, regulate the function of various downstream pro-

teins such as TFs and cytoskeletal proteins. During the salt stress 
response, phosphatidic acid has been shown to activate SOS1 anti-
porter activity via interaction with MPK6 in Arabidopsis. SnRK2, in 
reaction to osmotic stress, also activates MAPK1 and MAPK2. MAPK 
cascades in tomato have shown a key role in signaling response to-
ward salt stress [16].

In abiotic-stress conditions, Ca2+ acts as a secondary mes-
senger in the signal transduction pathway that is identified by 
Ca2+-binding proteins or Ca2+ sensors mediating downstream ac-
tivation of cellular adaptation. Moreover, these activated Ca2+ bind-
ing proteins interact with other regulatory proteins and activate 
downstream signaling comprising gene expression, ion transport 
alteration, and posttranslational modification. Several Ca2+ binding 
proteins, namely, calmodulins (CaMs), CaM-like proteins (CMLs), 
calcineurin B-like proteins (CBLs), and Ca2+-dependent protein 
kinases (CDPKs) are functionally characterized. CDPKs are multi-
gene family members that are known to be triggered in response 
to osmotic stress and act as crucial sensors of cellular Ca2+. CDPKs 
are serine/threonine protein kinases consisting of CaM-like do-
main-containing EF-hand domain at C-terminal, a middle kinase 
domain, and N-terminal domain. Upon stress sensing, elevated 
Ca2+ interacts with EF-hand leading to conformational changes re-
sulting in CDPK activation. CBL-interacting protein kinase (CIPK) is 
another member of Ca2+-binding protein kinases participating in 
Ca2+-dependent salt stress signaling.

In Arabidopsis, 10 CBLs and 26 CIPKs genes showing diverse 
CBLCIPK interactions are identified. CIPKs perform transduction 
of Ca2+ signals through phosphorylation of target proteins such 
as the ion transporters. Another study demonstrated that high sa-
linity triggers phosphorylation of the K+ channel TPK1 located in 
vacuoles through CDPK and modifies K+ transport rate into the cy-
tosol. In rice, 10 CBLs and 33 CIPKs are identified. Further stud-
ies showed that transgenic rice overexpressing OsCIPKs exhibited 
enhanced tolerance against multitude of stresses like drought, salt, 
and cold stress suggesting their multiple functional roles in stress 
tolerance. CBL proteins are known to coordinate with CIPKs to reg-
ulate their activity. CBLCIPK system is involved in different signal 
transduction pathways, for example, salinity, drought, and cold re-
sponses. CBL1/9-CIPK23 also regulates the AKT1 potassium chan-
nels activity. Dubrovina et al. [17] demonstrated that VaCPK21 acts 
as a positive regulator in tolerance response to salt stress in grapes 
by the induction of salt-induced genes. In tomato, various CBLs 
have been induced during salt, drought, and cold stress [18]. Ex-
pression pattern analysis in Chinese cabbage showed CDPK-SnRK 
genes participate in signaling response during cold, salt, high tem-
perature, and osmotic stress [19]. CaM and CML genes have shown 
deferentially expressed genes under cold, drought, and salt stress 
in wild tomato [20].

Signaling Response in Drought Stress

Drought induces intricate responses in plants, comprising clo-
sure of stomata, decreased turgor pressure, and lowered photosyn
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thesis rates, resulting in decreased growth and development. 
Due to the response complexity of plant to water-deficit condi-
tions, true sensors of drought cannot be identified, even though 
numerous sensing mechanisms have been suggested. Drought is 
likely sensed by several transmembrane proteins such as OSCA1 
and CSC1, which are triggered by increased plasma membrane 
tension leading to the influx of Ca2+ [21]. However, the exact func-
tional role of CSC1/OSCA1 in plants needs further investigation. 
Transcriptional regulatory pathways involved in stress response 
to drought are the ABA-independent pathway regulated by DREB 
TFs and the ABA-dependent pathway, mediated by AREB/ABF, NAC, 
and MYB TFs families. ABA-responsive element binding proteins/
factors (AREB/ABF) are plant TFs belonging to the family of basic 
leucine zipper (bZIP) and function in ABA-dependent signaling un-
der drought stress. AREB/ABF regulates drought tolerance at the 
cellular level by inducing expression of stress-related genes. In 
Arabidopsis, 78 bZIP TFs have been identified and classified into 10 
- 13 groups. ABA-inducible genes are activated by the cis-element 
sequence called ABA-responsive element (ABRE) in their promoter 
region.

In response to ABA, AREB/ABF binds to the ABRE, which here-
by trigger ABA-dependent gene expression. In AREB/ABF regulat-
ed signaling network, an elevated cellular ABA level in response to 
drought is sensed by the ABA receptor complex, that is, PYR/PYL/
RCARs (pyrabactin resistance/pyrabactin resistance 1-like/reg-
ulatory component of ABA receptors) and leads to the inhibition 
of protein phosphatase 2C (PP2C) activity. PP2C acts in regulating 
ABA signaling negatively and dephosphorylates SnRK2s. Activated 
SnRK2 phosphorylates and activates AREB/ABF TFs, which bind 
to the cis-acting element of ABRE in the promoters and invoke ex-
pression of stress-associated genes. SnRK2s have shown to phos-
phorylate and colocalize with AREB/ABFs in the nucleus. Universal 
stress protein (USP) isolated from wild tomato has been shown to 
increase drought tolerance response by significantly increasing 
the ABA level in transgenic tomato [22]. Dehydration-responsive 
element-binding proteins (DREBs) are vital plants TFs, controlling 
expression of several stress-inducible genes, thus representing a 
major ABA-independent pathway in drought stress.

It has a very significant role in the creation of tolerance against 
stress in plants through interacting with cis-element called DRE/
CRT sequence in the segment of promoter of stress-inducible 
genes. DRE-binding protein 1/CRT-binding factor (DREB1/CBF) 
and DREB2 are key DREB subfamily that recognizes DRE/CRT core 
sequence and regulates downstream gene expression. DREB1 and 
DREB2 participate in two independent signaling pathways consist-
ing of cold and drought responses, respectively. Both DREB1/CBF 
and DREB2 are members of the APETALA2/ethylene-responsive 
element-binding factor (AP2/ERF) type TFs and forms a plant-spe-
cific conserved subgroup. In Arabidopsis, DREB2A and DREB2B 
are significantly expressed against osmotic stress caused by vari-
ous abiotic conditions. DREB1/CBF protein activities are mediated 
through transcriptional mechanisms, whereas further regulation 
via proteolysis by the 26S proteasome is required in activating the 
DREB2A-mediated gene transcription. Apart from functional genes 

such as those encoding antioxidant proteins or late embryogenesis 
abundant (LEA) enzymes, DREB2A also regulates regulatory genes, 
such as TFs. Arabidopsis and transgenic rice plants overexpress-
ing rice DREB1A showed greater tolerance to cold, salinity, and 
drought conditions suggesting that DREBs/CBFs are involved in the 
gene-regulation in multiple stress [23].

AREB/ABFs are involved in the induction of DREB2A and indi-
cate the cross talk between ABA-independent and ABA-dependent 
pathways. Several transgenic plants expressing DREB TFs showed 
significantly improved tolerance against drought, high salinity, 
and cold. For example, dwarf apple MbDREB1 TF has evidenced 
increased tolerance to salt, drought, cold stress through activation 
of ABA-dependent and ABA-independent genes in transgenic Ara-
bidopsis [24]. Gene expression analysis of drought-stressed peach 
leaves showed upregulation of DREB and WRKY genes [25]. NAC is 
another plant-specific, one of the largest TFs gene family, involved 
in plant developmental processes and stress response. NAC TFs are 
induced during high salt, cold, ABA, ethylene, and methyl jasmo-
nate, suggesting considerable cross talk between various stresses. 
NAC proteins contain highly conserved NAC domains and variable 
domains at C-terminal, which are responsible for DNA-binding 
activity and transcription activity, respectively. The DNA-bind-
ing domain of the NAC TF targets the NAC recognition sequence, 
containing cis-acting elements in the promoter region of several 
stress-induced genes. NAC TFs activate the transcription of the ear-
ly responsive to dehydration stress 1 (ERD1) gene via the ABA-in-
dependent pathway. Also, NAC TFs are induced by ABA and upreg-
ulate the ABA-inducible genes. Rice SNAC genes, that is, OsNAC5, 
OsNAC6, and SNAC1 are involved in salt, drought, and cold stress 
and have been shown to be inducible by ABA.

The aforementioned evidences suggest a crucial role played by 
NAC TFs in stress tolerance and the successful survival of plants 
in both ABA-independent and ABA-dependent pathways. Tomato 
WRKY81 has been shown to negatively regulate the drought-toler-
ance response through the aggregation of H2O2 in the guard cells 
[26]. Overexpression of Banana NAC68 TF in transgenic banana 
lines has been shown to enhance drought as well as salt tolerance 
through altered expression of auxin-responsive factors and IAA-in-
ducible genes [27]. Several genetic and biochemical studies have 
reported the key role of Ca2+ in drought stress. Ca2+ is one of the 
crucial second messengers involved in drought stress signaling via 
ABA-dependent and ABA-independent pathways by activating dif-
ferent protein kinases such as the CDPK family. CDPKs are shown 
to have a critical role in stomatal closure and induction of gene ex-
pression in ABA-dependent stress signaling during drought stress. 
Under drought stress, extracellular Ca2+ and apoplastic ABA acti-
vates guard cell plasma membrane ion channels, which results in an 
intracellular Ca2+ spike. CDPKs, that is, AtCPK6 and AtCPK23, also 
phosphorylate SLAC1, a slow anion channel, which plays a role in 
stomatal closure by ion transport regulation in guard cells. CDPKs 
also mitigate drought stress through the inhibition of KAT1 chan-
nels. Additionally, H2O2 and NO increase cytoplasmic Ca2+ and stim-
ulate SLAC1 channels, resulting in stomatal closure.
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ABA receptor proteins ABI1 shows negative regulation of the 
ABA response and is repressed upon interaction with ABA. The 
silencing of Arabidopsis ABI1 receptors resulted in increased ABA 
sensitivity and decreased water intake. CDPKs shows interaction 
with group A protein phosphatases type 2C (PP2C), as well as 
SnRK2s, suggesting that alternative functional role of CDPKs in 
the ABA signaling pathway. In Arabidopsis, CPK3 and CPK6 genes 
regulate ABA functions in guard stomatal cells whereas CPK4 and 
CPK11 show positive regulation of ABA responses. Additionally, 
CPKs phosphorylate AREB/ABF TFs in the ABA-dependent path-
way. Overexpression of grape VaCIPK02 protein in Arabidopsis 
displayed enhanced tolerance to drought stress through increased 
accumulation of ABA and decreasing cellular ROS levels [28]. MAPK 
signaling cascade is another player responding to drought stress. 
Transcriptional studies of MAPK cascade showed that Arabidopsis 
MPK2, MPK3, MPK4, MPK5, MPK12, and MAPKKK4 are invoked 
in drought conditions [29]. In Gossypium hirsutum, MAPK genes 
have shown their potential in enhancing drought and salt stress tol-
erance [30]. Similarly, MAPK signaling genes have been shown to 
participate during drought stress in grapevine and pepper. GWAS 
and transcriptome studies identified 21 MAPK genes from cassa-
va during drought stress [31]. Transcriptome studies in cassava 
revealed significant differential expression of MAPKKK genes sug-
gesting its role in drought tolerances [32].

Signaling Response in Cold Stress

Plants perceive cold signals and activate downstream signal 
transduction pathways to induce stress-responsive genes. The po-
tential cold signal sensors in plants comprise Ca2+ regulated chan-
nels, histidine kinases, and receptors associated with G-proteins. 
Furthermore, an alternation in temperature leads to a modification 
in membrane fluidity and cytoskeleton organization, subsequent-
ly followed by Ca2+ influx, which leads to downstream signaling. 
Downstream responses consist of the general transcriptional reg-
ulation pathways such as Ca2+ signaling pathways, MAPK cascades, 
and C-repeat binding factor (CBF)-dependent or CBF-independent 
pathways. Ca2+ signaling relays cold-signaling responses through 
different Ca2+-binding proteins. CaMs, CBLs, and CDPKs play im-
portant roles as Ca2+ sensors in response to cold stress. CaMs con-
sist of a small, conserved gene family and well characterized small 
acidic Ca2+-binding protein. CaMs have four EF-hand domains and 
the binding of Ca2+ causes change in conformation that leads in the 
activation of CaMs interacting proteins. Additionally, MAPK cas-
cade is also governed by CaMs. Similarly, Calcineurin B-like (CBL) 
proteins also known as SOS3-like Ca2+-binding proteins (ScaBLs), 
also act as Ca2+ sensors. During cold conditions, CBL proteins act as 
plants Ca2+ sensors that regulate cellular Ca2+ levels by interacting 
with CIPKs. For instance, evidence suggests that Arabidopsis CBL1 
plays an important role in mediating cold tolerance via interacting 
with cold-induced CIPK7. CIPKs are known to act downstream of 
Ca2+ signal but upstream of TFs for regulation of cold stress. CDPKs 
act as stress sensors and are positive regulators of Ca2+-mediated 
signaling response during cold tolerance.

MAPK cascade is crucial for signal transduction of cold-stress 
signals and performs distinct roles during cold-stress response in 
various species. The functional roles of signaling components of 
MAPKs cascade during cold stress have been mostly investigated 
in Arabidopsis. Ca2+/calmodulin-regulated receptor-like kinases 
(CRLK1/2) are involved in positive regulation of cold tolerance via 
inhibition of (MPK3/6) activity. CRLK1 regulates cold-stress re-
sponses by phosphorylating MEKK1, which, in turn, phosphorylates 
MKK2 during cold treatment. MKK2 regulates the expression of 
cold-responsive genes to mitigate damage due to cold stress. MKK2 
has also been shown to regulate MPK4 and MPK6 activity. MPK3/6 
acts as negative regulators of the CBF signaling pathway via phos-
phorylation of ICE1 (inducer of CBF expression 1) to decrease its 
stability and binding activity, resulting in reduced cold tolerance. 
Under cold stress, ROS is known to activate signaling cascade, in-
cluding ANP1, MPK3, MPK4/6, and nucleoside diphosphate kinase 
2 [33]. In rice, MPK3 phosphorylates ICE1 leading to its interrup-
tion in interaction with HOS1. This results in increased stability of 
ICE1 protein and its ability to interact with trehalose-6-phosphate 
phosphatase1 (TPP1) enzyme, which catalysis the production of 
carbohydrate trehalose, thus increasing cold tolerance.

The ABA-independent signaling pathway responds to cold 
stress without the requirement of ABA activation. In Arabidopsis, 
cold stress has been shown to induce expression of ICE1, encoding 
a bHLH TF that is capable of activating downstream DREB1/CBF 
members [34]. In wheat, homologs of ICE1 have been identified as 
TaICE141 and TaICE187 which regulate CBF genes, demonstrating 
conservation of cold stress signaling between species [35]. Overex-
pression lines of ICE1 and TaICE141/TaICE187 in Arabidopsis sub-
jected to cold stress demonstrated the importance of ICE homologs 
for enhanced cold tolerance [35]. Induced DREB1A/CBF3 can then 
interact with DRE/CRT promoter elements to regulate the expres-
sion of various cold-responsive genes [36,37]. Persistent ICE1 activ-
ity is known to be regulated by protein modifications; simulation of 
ICE1 by SIZ1 can increase the stability of ICE1, driving a prolonged 
cold response [38]. The activation of various cold-responsive genes 
downstream can then mitigate the effects of cold stress. To mod-
erate or repress the cold response, ICE1 can be polyubiquitinated 
by HOS1, which targets ICE1 for 26S proteasomal-mediated degra-
dation (Figure 3) [39]. Increasing ABA content in response to cold 
stress can facilitate the accumulation of various second messenger 
molecules including Ca2+ and ROS [40]. Arabidopsis FRY1, required 
for inositol triphosphate (IP3) turnover, functions as a negative reg-
ulator of ABA and abiotic stress responses and functions in attenu-
ating these responses [41].

In wheat seedlings, ABA application induces a marked increase 
in Ca2+, which can subsequently increase the activity of NADPH 
oxidase leading to accumulation of hydrogen peroxide [40]. An in-
crease in ABA and cytosolic Ca2+ can also signal the activation of 
calcium-dependent protein kinases (CDPKs) to mitigate the effects 
of various abiotic stresses. Li et al. [42] analyzed 20 CDPKs in wheat 
and identified seven different CDPKs that responded to exogenous 
ABA treatment. From the ABA-responsive CDPKs, CDPK9 was re

http://dx.doi.org/10.32474/CTBM.2023.03.000165


Citation: Faiçal Brini*. Signaling Responses and Their Role in the Mitigation of Abiotic Stresses in Wheat. Curr Tr Biotech & Microbio 
3(3)- 2023. CTBM.MS.ID.000165. DOI: 10.32474/CTBM.2023.03.000165.

                                                                                                                                                          Volume 3 - Issue 3 Copyright @ Faiçal BriniCurr Tr Biotech & Microbio.

603

sponsive to drought and salinity suggesting that CDPK may play 
a role in abiotic response and integration of various stresses. In 
rice, CPK24 has involved stress response during cold tolerance, via 
increased accumulation of proline and phosphorylation of glutathi-
one-dependent thioltransferase enzyme. Apart from CBF regulatory 
pathway, there is distinct CBF-independent signaling pathway that 
mediates cold responsive gene expression. Genomic analysis indi-
cated that CBFs regulate only a limited set of cold-responsive genes, 
indicating that other transcriptional networks might contribute to 
cold-signaling response. For example, Arabidopsis eskimo1 (ESK1) 
mutant shows freezing tolerance through higher accumulation of 
proline. ESK1 has a distinct molecular basis and provides cold tol-
erance by regulating genes that are independent of CBF regulatory 
pathway [43].

Signaling Response in Heat Stress

At the cellular level, high temperature can lead to misfolding, 
denaturation or loss of function of proteins which affects optimal 
cellular functions triggering stress responses. Temperature fluctu-
ation-induced changes in plasma membrane fluidity have been as-
sociated with the generation of PA and phosphatidylinositol 4,5-bi-
sphosphate (PIP2). Whether PA, PIP2 or related molecules have 
any role in perception is unclear, but it was shown that PIP2 is gen-
erated through activation of PIPK, and PIP2 requires small mono-
meric G-proteins or the α-subunit of the heterotrimeric G-protein 
for its activation [44]. Such receptors which respond to elevated 
temperatures are yet to be characterized, and the role of self-ac-
tivating heterotrimeric G-protein is still under investigation [45]. 
Heat stress may be perceived via chaperone-mediated signaling 
proteins, wherein, under non-stressed conditions, chaperone pro-

teins may be bound to heat-stress response TFs (Heat shock fac-
tors; HSFs) keeping them inactive. Upon elevation of temperatures, 
the chaperone proteins dissociate from the heat-stress response 
transcription factors, and this allows them to bind to heat-stress 
responsive genes known as heat shock elements (HSE) and activate 
downstream physiological responses [46]. Under non-stressed 
conditions, bZIP28 (ER membrane bound TF) is bound by the chap-
erone BIP preventing its movement into the nucleus.

Stress-induced protein unfolding or misfolding abolishes the 
BIP-bZIP28 interaction that mobilizes bZIP28 to the Golgi where it 
is proteolytically processed for its migration to the nucleus which 
activates transcriptional changes [47,48]. Heat stress changes 
membrane fluidity which leads to rapid generation of ROS and in-
creased Ca2+ influx [49-51]. Like other abiotic stresses, ROS and Ca2+ 
can trigger heat shock responses by activating the heat shock TF, 
HsfA1, which is referred to as the master-regulator of heat respons-
es in plants [52]. However, the cytoplasmic pool contains multiple 
forms of heat shock proteins (HSPs), the levels of which are signifi-
cantly upregulated under heat stress conditions [53]. The upregu-
lation of these HSPs is controlled through the activation of HSFA1, 
the activation of which is proposed to occur in two possible path-
ways, the chaperone titration model [54] and HsfA1-independent 
heat shock response [55,56]. In chaperone titration model, HSP70 
and HSP90 are shown to bind HsfA1, which prevents activation of 
HsfA1 by another regulatory protein involved in post-translational 
modifications of HsfA1 [57]. During heat stress, the stoichiometric 
increase in the abundance of unfolded proteins leads to the destabi-
lization of the HSFA1-HSP70-HSP90 complex, ultimately releasing 
the HsfA1 for its entry into nucleus and inducing the transcription 
of heat shock response genes (Figure 4).

Figure 4: ABA-dependent signaling pathway in response to temperature stress. Under heat stress, ABA-dependent signaling 
is mediated by NAC, AP2/ERF, and WRKY TFs. Under cold stress, ABA can promote expression of CBF4 which can mediate 

transcription of downstream stress responsive genes. ABA interaction with receptor components can activate phosphorylation of 
ABREs which can mediate downstream gene expression.
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The HsfA1-independent activation occurs through an increase 
in response to oxidative load and free cytosolic Ca2+, where the in-
crease in free Ca2+ levels is correlated with IP3 levels leading to ac-
tivation of DREB2A [58]. The activation of DREB2A has also been 
observed during osmotic stress signaling, indicating that activation 
of HSFs is not limited to the regulation of HSPs, but otherwise forms 
an elaborate network that regulates a multitude of functions [59]. 
Compared to non-plant species such as yeast and humans which 
only have 1 and 3 HSFs respectively, Arabidopsis, rice, and wheat 
have 21, 23, and 56 HSFs respectively [60,61]. The increased num-
bers of these HSFs indicate that these genes are important for di-
verse cellular functions and likely became increasingly redundant 
to overlap or complement metabolic needs [62]. Interestingly, out 
of 56 known HSFs in wheat, only a few have been characterized for 
their roles in signaling. In another finding, overexpression of TaHs-
fC2a-B was shown to induce expression of TaHSP70d and TaGalSyn 
conferring tolerance to heat stress in an ABA-dependent manner 
[63], and TaHSP26 overexpression was shown to confer tolerance 
of Arabidopsis to continuous exposure to high heat [64]. Other TFs 
such as TaWRKY1, TaWRKY33, and TaNAC2L offered significant tol-
erance to heat stress when overexpressed in Arabidopsis (Figure 4) 
[65,66].

Modulation of Signaling Responses by Genetic Engineer-
ing Approach to Mitigate Abiotic Stresses

Genetic engineering strategies are efficiently used in crop im-
provement, specially to answer various stresses. It is a rapid solu-
tion compared to the traditional breeding approaches and is in 
practice for crop improvement. Various gene delivery methods such 
as Agrobacterium-mediated, as well as particle bombardment tech-
niques, are generally used for engineering desired plant cells for 
the improvement of targeted traits. A huge number of literatures 
are obtainable on the improvement of various environmental stress 
tolerance in plants by genetic engineering. For example, scientists 
in Egypt have successfully developed drought-tolerant wheat cul-
tivar through the transformation of ‘HVAI1’ gene from barley to 
wheat [67]. More work is going on to develop genetically modified 
drought-tolerant wheat cultivar in China and other countries [68]. 
Genes from wheat TNHX1 and TVP1 transferred in Arabidopsis and 
the transgenic exhibited enhanced tolerance to both drought and 
salt stresses [69].

The transgene(s) encoding key signaling factors such as TFs, 
protein kinases, receptor kinases, ion transporter, phytohormones, 
osmolytes, and detoxification enzymes involved in signaling re-
sponses have been proved to be crucial for augmenting tolerance 
level in stress conditions in crop plants (for review, see [70-72]). 
Genetic engineering of key-signaling pathways has contributed sig-
nificantly for the development of transgenic stress-tolerant plants 
over the past decade. The conventional transgenic events are usu-
ally performed by a single-gene approach under control of the con-
stitutive promoter. Transcription factors are the major transgenes 
that regulate the expression of other genes under stress. TFs can 

control the regulation of stress-related genes during signaling re-
sponses and, thus, have enormous potential applications in engi-
neering stress tolerant crops. Thus, such approaches provide a new 
direction for the advancement of stress-tolerant transgenic plants 
against abiotic stresses.

In transgenic wheat, drought tolerance is improved by utiliz-
ing stress-inducible promoter rd29A with DREB1 from Arabidop-
sis [73]. Although hundreds of thousands of candidate genes were 
identified for abiotic stress tolerance, their practical utilization in 
developing commercial variety is very slow. The application of the 
revolutionary CRISPR-Cas genome editing technology should ac-
celerate the development of new wheat varieties tolerant to mul-
tiple abiotic stresses [74]. Bhowmik et al. [75] have developed a 
convenient method for mutagenesis of wheat using CRISPR-Cas 
technology. Recent genome editing tools comprising clustered reg-
ularly interspaced short palindromic repeats/CRISPR-associated 9 
(CRISPR/Cas9), zinc-finger nucleases (ZFNs), and transcription ac-
tivator-like effector nucleases (TALENs) have opened many exciting 
opportunities to enhance stress tolerance in plants. These genetic 
tools have been used not only for genomic enhancement of desir-
able traits but also for functional validation of plant genes. Selec-
tion of inducible promoters or cell type-specific promoters instead 
of constitutive promoters may offer optimum levels of transgene 
expression and avoid the growth penalty under stress conditions.

Conclusion and Future Prospects
Global food security is a major concern being addressed 

worldwide. Rapid population increases and unpredictable climatic 
events continue to pressure the need to increase crop productivity. 
Climatic events can induce abiotic stresses not limited to drought 
and temperature stress, while diminishing soil conditions can 
enhance saline stress. Wheat is an important crop accounting 
for a large portion of human caloric consumption, therefore 
minimizing abiotic stress is critical to preserve global food security. 
Understanding perception and signaling cascades activated in 
response to abiotic stress will provide valuable information 
which can be used to design new technologies to mitigate yield 
loss induced by abiotic stress. Identifying novel players involved 
in abiotic stress signaling will allow researchers to design new 
technologies and farming strategies for mitigating abiotic stress. 
The key would be to generate new wheat germplasms that can 
maintain their growth vigor and yield traits while maintaining an 
enhanced ability to withstand adverse environmental assaults. 
There also appears to be potential for generating transgenic wheat 
varieties that have altered expression of upstream regulators or 
downstream stress responsive genes involved in various abiotic 
stresses. This, however, seems like an unlikely avenue due to 
the regulatory agencies and public fear of genetically modified 
organisms. Ultimately, the advancement and identification of novel 
stress signaling players will be critical for designing technologies to 
increase plant productivity and yield when exposed to unfavorable 
growth conditions.
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