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1.1 Introduction

Abiotic stresses are growth- and yield-limiting 
non-biological factors that constrain crop pro-
duction. The major abiotic stresses limiting crop 
productivity include drought, salinity, waterlog-
ging, temperature extremes, nutrient imbalances, 
metal toxicities, ozone and UV-B irradiation. 
According to global estimates, over 90% of  arable 
lands are prone to one or more of  these stresses, 
and yield losses of  up to 70% have been reported 
in major food crops (dos Reis et al., 2012; Mantri 
et al., 2012). While it is difficult to get accurate 
estimates of  the effects of  each abiotic stress on 
crop production, it is estimated that yield losses 
in agricultural crops are mostly caused by high 
temperature (40%), salinity (20%), drought (17%), 
low temperature (15%) and flooding (Ashraf  
et al., 2008). The extent of  some of  these stresses 
has, however, increased in recent years. For 
instance, salinity in irrigated lands has increased 
by 37%, and more than 50% of  arable land 
could be salt affected by the year 2050 (Munns 
and Tester, 2008; Qadir et al., 2014). Changes in 
precipitation patterns have augmented the 
frequency and severity of  drought stress (IPCC, 
2018; Naumann et al., 2018). The concentra-
tions of  greenhouse gases have increased and 

subsequently air and ocean temperatures have 
warmed (Raftery et  al., 2017). Heavy metals 
contamination of  arable lands also increased in 
many parts of  the world (Rehman et al., 2018); 
and the frequency and severity of  flooding/ 
waterlogging are presently at alarming rates as 
a result of  erratic weather patterns and sea level 
rise (Onaga and Wydra, 2016; Manik et  al., 
2019). All these factors have significant influ-
ences on plant growth and crop yields and will 
be exacerbated by further direct and indirect 
impacts of  climate change. Thus, improved 
understanding of  the molecular, physiological 
and biochemical bases of  plant stress response 
and tolerance is necessary to decipher promising, 
functionally relevant molecular mechanisms for 
accelerated development of  abiotic stress-tolerant 
cultigens.

In response to abiotic stress challenge, plants 
have evolved intricate mechanisms allowing 
optimal perception and subsequent transduction 
of  the stress signals. The first reaction to stress 
involves activation of  extracellular and intra-
cellular receptors/sensors localized at the cell 
membrane such as histidine kinases, phyto-
chromes, receptor-like kinases and G-protein- 
coupled receptors. Second messengers such as 
reactive oxygen species (ROS), reactive nitrogen 
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species (RNS), reactive sulfur species (RSS), react-
ive carboxyl species (RCS), inositol phosphatase, 
Ca2+ ions and abscisic acid (ABA) are subsequently 
triggered. Among the second messengers, ROS 
accumulation is depicted as the earliest signal in 
many plant abiotic stress responses which ultim-
ately determine the cell fate. The response to 
these messengers can be either plastic or elastic 
(Cramer et  al., 2011), depending on cellular 
reactive species accumulation and oxidant– 
antioxidant balance. Plastic responses mainly 
occur through unrestrained accumulation of  
reactive species which cause oxidative damage 
to cellular components and structure, inhibiting 
vital cellular processes such as protein synthesis 
and energy metabolism. When stringently con-
trolled, ROS accumulation, together with other 
secondary messengers – such as H

2S, methylgly-
oxal, NO and stored pools of  Ca2+– and stress 
receptors, form the signalling machinery that 
employs numerous stress-responsive downstream 
transducing molecules, including phosphoryl-
ation cascades, such as calcium-dependent 
protein kinase (CDPK), mitogen-activated protein 
kinase (MAPK) and dephosphorylation phos-
phatases (e.g. ABI1 and ABI2). Transcription 
factors (TFs) are activated or suppressed by 
protein kinases or phosphatases, respectively, 
and the modified TFs form a complex regulatory 
network, mediated by various molecules includ-
ing co-regulators and cross-regulators such as 
G-box and W-box binders. Subsequently, TFs dir-
ectly regulate the expression of  stress-responsive 
genes by interacting with the specific cis-elements 
in their promoter regions. Genes expressed in 
plants exposed to abiotic stress include genes 
encoding metabolic and structural proteins as 
well as regulatory proteins. Abiotic stresses also 
lead to altered DNA methylation/demethylation, 
histone post-translational modifications (PTMs), 
remodelling of  chromatin, small RNAs and long 
non-coding RNAs.

While new molecular pathways are yet to 
be discovered in most crop species, significant 
achievements have been made to discover some 
of  the genes involved in the aforementioned mo-
lecular responses to stress in plants. This chapter 
provides an overview of  the recent significant 
perspectives on molecules involved in response 
and tolerance to drought and salinity, the two 
major abiotic stresses affecting crop production, 
and highlights major molecular components 

identified in major cereals. For some general 
aspects, readers can refer to previous work on a 
related topic (Onaga and Wydra, 2016).

1.2 Molecular Mechanisms  
of Abiotic Stress Response  

and Tolerance

1.2.1 Drought stress

Plant response to drought is brought about by 
various mechanisms and depends on crop 
species, genotype, the age and stage of  plant 
development, and the duration and severity of  
water loss. Under drought plants generally lose 
leaf  water leading to decreased leaf  osmotic 
potential, stomatal conductance, transpiration 
rates and photosynthesis (Farooq et  al., 2009). 
Drought stress can also impair mineral uptake 
by limiting nutrient supply through mineraliza-
tion and reducing nutrient diffusion and mass 
flow in the soil (Samarah et al., 2004). The con-
sequence of  these changes is a reduction in crop 
growth and yields, and sometimes increased 
susceptibility to biotic stresses. The reproductive 
phase of  development is the most sensitive stage to 
drought stress in several crops and investigating 
drought effects during reproductive development 
is of  great relevance due to its direct negative 
impact on crop yields.

The drought stress signal in plants is first 
perceived at the root level through receptors 
from the cell membrane/cell wall which convert 
extracellular stress signals into intracellular sec-
ondary messengers. Although several primary 
sensing mechanisms have been proposed, the 
true primary sensing receptors have not been 
clearly figured out due to the complexity of  plant 
responses to drought stress. Several hypotheses 
have suggested either a redox imbalance or 
changes in the cell-wall integrity as a trigger to 
molecular responses to drought. Redox imbal-
ance causes the pH of  xylem sap to increase, 
triggering the loading and transportation of  
second messengers, such as ABA, throughout 
the plant. Several ABA transporters have been 
reported, including multidrug and toxin efflux 
transporters (MATEs), ATP-binding cassette (ABC), 
NITRATE TRANSPORTER 1/PEPTIDE TRANS-
PORTER FAMILY (NPF) and more recently 
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PLASMA MEMBRANE PROTEIN 1 (OsPM1) in 
rice (Takahashi et al., 2020). Change in cell-wall 
integrity or hydraulic pressure is believed to be 
perceived by Ca2+-permeable mechanosensitive 
channels (MCA1 and MCA2) (Yamanaka et al., 
2010). Recently, a member of  non-selective cat-
ion channels, reduced hyperosmolality-induced 
[Ca2+] increase 1 (OSCA1), which is one of  the 
hyperosmolarity-gated calcium channels located 
at the plasma membrane, was suggested as the 
first potential osmosensor in plants (for review 
see Lamers et  al., 2020). The authors suggest 
that membrane tension or high extracellular 
osmotic potential experienced by plants exposed 
to drought is sensed by OSCA1. Activated OSCA1 
then facilitates the influx of  Ca2+, triggering 
intracellular drought-stress signalling cascades. 
Similar to OSCA1, calcium-permeable stress-gat-
ed cation channel 1 (CSC1A) has been suggested 
as another hyperosmotic stress-induced Ca2+ 
channel (Hou et al., 2014). Both CSC1A and OSCA1 
contain transmembrane domains, which are 
also present in the drought-responsive integral 
protein, Early Responsive to Dehydration 4 
(ERD4). Moreover, the OSCA family members, 
ERD4, CSC1A and the transmembrane chan-
nel-like proteins (TMC) present in bacteria and 
yeast (Singh et al., 2015) contain similar calcium- 
dependent channel (DUF221) domains. Thus, 
OSCAs form a functional complex together with 
ERD4, CSC1A and probably the key enzymes 
(such as phosphatidylinositol-4-kinase) that cause 
the influx of  Ca2+ into the cytoplasm. Several 
members of  the OSCA gene family have been 
identified in Arabidopsis (e.g. AtOSCA1.8), rice 
(e.g. OsOSCA1.4), maize (e.g. ZmOSCA4.1) and 
wheat (e.g. TaOSCA1.4), seeming to have a con-
served regulatory mechanism (Liu, Y. et  al., 
2009; Ding et al., 2019; Cao et al., 2020). Micro 
RNAs (miRNAs) are thought to regulate OSCA1 
activity. miRNAs exert their functions through 
mRNA cleavage or translational repression of  
complementary target mRNAs, and they are 
crucial in regulating gene expression. Over 206 
small regulatory RNAs have been identified in 
sorghum, 42 in wheat and 172 in maize (Kozo-
mara and Griffiths-Jones, 2011). In maize, there 
is a significant negative correlation between the 
expression levels of  miR5054 and ZmOSCA2.4 
under drought stress (Cao et  al., 2020). A 
 depression of  miR5054 potentially promotes ex-
pression of  several other classes of  OSCAs. Thus, 

miRNAs and their target genes could be useful 
for crop improvements to enhance drought 
tolerance. However, more studies are required to 
validate their mode of  interaction and associ-
ated regulators.

The cytoplasmic pool of  Ca2+ is perceived by 
signal receptors such as Calmodulin (CaM)-like B 
proteins (CMLs), calcineurin B-like proteins 
(CBLs), CDPK and calmodulin-dependent protein 
kinase (CaMK) (Mittler et  al., 2006). CaM is 
 conserved in all eukaryotes, whereas CMLs, CBLs 
and CDPKs are present in plants and some prot-
ists (Reddy and Reddy, 2004). Among these fam-
ilies, CBLs are one of  the major sensor relays in 
plants responding to drought.  All CBLs contain 
E-helix and F-helix (EF), which have a high affin-
ity for Ca2+ binding. CBL interacts with CBL- 
interacting protein kinases (CIPK), a family of  
sucrose non-fermenting-1 (SNF1)-related protein 
kinases (SnRKs), to form CBL–CIPK complexes, 
which are directed to a specific cellular target to 
phosphorylate downstream target proteins. 
CIPKs contain a protein–phosphatase inter-
action (PPI) domain capable of  interacting with 
type 2C protein phosphatases (PP2Cs) to mediate 
the specific binding with CBLs. In plants, PYR/
PYL/RCAR (pyrabactin resistance/pyrabactin 
 resistance 1-like/regulatory component of  ABA 
receptors), a ubiquitous ABA receptor, forms a 
complex with PP2C and SnRK2 kinase (PRY/
PRL/RCARs–PP2Cs–SnRK2) in the cytosol 
(Soon et  al., 2012). When plants perceive 
drought stress signals, ABA binds to the PYR/
PYL/RCAR-type receptor to form an activated 
signalling complex through inhibition of  PP2Cs 
and release of  SnRK2 (Fig. 1.1). SnRK2 is auto- 
activated when separated from PP2C and phos-
phorylates ABA-responsive elements-binding 
 protein/ABA-responsive elements-binding fac-
tor (AREB/ABF) such as basic leucine zipper 
(bZIP) (AB15/ABF/ABREB), CBF4 and MYC/
MYB proteins involved in the transcription of  
drought response genes encoding for proteins 
involved in water transport, osmotic balance, 
antioxidants and damage repair (Onaga  and 
 Wydra, 2016). Recently, SnRK2.6 has been 
shown to phosphorylate plasma-membrane 
 intrinsic protein 2 (PIP2) (Grondin et al., 2015), 
SNRK2- SUBSTRATE 1 (SNS1), FLOWERING BHLH 
3 (FBH3)/AKS1 (Takahashi et al., 2013), TATA 
BINDING PROTEIN-ASSOCIATED FACTOR 5 
(TAF5), RBOHD/F, and modulate their activities 
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Fig. 1.1. The response to drought occurs via ABA-dependent and -independent signalling pathways. 
In the ABA-dependent pathway, ABA interacts with several molecules, including the plasma-membrane 
Ca2+-permeable channels (e.g. OSCA1) and NADP(H) for ROS generation. ROS may promote further 
synthesis of ABA and other stress phytohormones like salicylic acid (SA), which stimulate the biosynthesis 
of glycine betaine (GB) and glutathione (GSH) to improve the tissue water status and protect cellular 
membranes (CM) from the effect of ROS. Gasotransmitters like NO also cooperate with GB to promote 
abiotic stress tolerance response. In chloroplast and peroxisomes, H2O2 can be produced in photosystem I 
and II (PSI, PSII) as well as during glycolysis and photorespiration. H2O2 mediates stomatal closure during 
drought by interacting with ABA up- and downstream targets. HPCA1 is a key component of H2O2 
perception and signal modulation in the guard cells. Three main components of the ABA signalling 
pathway, PYR/PYL/RCAR5 ABA receptors, a PP2C negative regulator, PA, and a SnRK2 positive 
regulator, are shown. PA possibly binds PP2C to limit its activity and enhance ABA signalling during 
drought stress. SnRK2 phosphorylates several downstream factors, including TFs, ions channels 
(described in the text), SNRK2-SUBSTRATE 1 (SNS1), FLOWERING BHLH 3 (FBH3)/AKS1, TATA 
BINDING PROTEIN-ASSOCIATED FACTOR 5 (TAF5), RBOHD/F, and modulates their activities. FBH3/
AKS1 is a transcriptional activator of KAT1. It is worth noting that PP2Cs dephosphorylate S-type anion 
channels in the absence of ABA causing stomatal opening. ROS possibly activate GHR1 and mediate the 
ABA activation of SLAC1. GHR1 is phosphorylated by CDPKs and SnRK2.6 (OST1) to activate SLAC1. 
SLAC1 activates guard-cell outward-rectifying K+ (GORK) channels. The outward efflux of K+ leads to loss 
of water from guard cells and stomatal closure. Inward-rectifying channels KAT1 (K+ channel Arabidopsis 
thaliana1) facilitate inward flow of water into the guard cells, which leads to opening of the stomata (these 
channels are deactivated during drought stress (in the presence of ABA)). The key TF phosphorylated by 
SnRK2 is AREB/ABF. SnRK2 also possibly modulates the activity of MYB/MYCs, NACs, WRKYs and 
ZFHD TFs. MYC2 and NAC proteins are involved in JA signalling. In the ABA-independent pathway, 
DREB2A is the main regulator of drought response. Ubiquitin–proteasome pathway mediated by 
DREB2A-INTERACTING PROTEIN1 (DRIP1) negatively regulates drought tolerance by targeting 
DREB2A to 26S proteasome for degradation. DRIP1 is a ubiquitin E3 ligase harbouring a C3HC4-type 
RING domain. DRIPs regulate the levels of DREB2A under unstressed condition. SUMOylation 
probably stabilizes DREB2A and prevents its tagging for proteolysis under drought conditions. Other 
signalling pathways involved include the JA via MYC and gibberellic acid (GA) via the DELLA proteins. 
GA INSENSITIVE DWARF1 (GID1) tag DELLA proteins for degradation. DELLA proteins can be 
responsive to JA and could interact with the JA regulator, JAZ (jasmonic acid ZIM-domain protein), 

Continued
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in an ABA-dependent manner, suggesting the 
role of  these proteins in drought response, al-
though empirical evidence is still limited.

Apart from the ABA–SnRK2 pathway, an 
ABA-independent pathway exists in plants and 
is regulated by multiple families of  TFs including 
the dehydration-responsive element/C-repeat 
(DRE/CRT) binding protein 2 and 1 (DREB2 and 
DREB1), NAC (NAM, ATAF and CUC) and zinc -
finger homeodomain (HD) regulon. Both DREB1 
and DREB2 belong to the plant- specific AP2 
(APETALA2)/ERF (ethylene-responsive element- 
binding factor) family having an AP2/ERF 
DNA-binding motif  and recognize DRE/CRT to 
activate downstream genes, including dehydra-
tion-responsive late embryogenesis abundant 
(LEA) genes, e.g. RD29A, which is induced by 
drought in Arabidopsis. In wheat, TaDREB pro-
motes lignin formation under water stress 
(Egawa et al., 2006) and in maize, transgenic plants 
of  a DREB2 TF, ZmDREBtv, showed improved 
performance compared with the non-transgenic 
plants under drought conditions (Huynh et  al., 
2019). The NAC acronym represents three 
proteins having a specific NAC domain: (i) NAM 
(no apical meristem); (ii) ATAF1/2 (Arabidopsis 
thaliana ACTIVATING FACTOR1/2); and (iii) CUC2 
(cup-shaped cotyledon) in Arabidopsis (Aida et al., 
1997; Shao et  al., 2015). These TFs recognize 
NAC recognition site (NACR) to activate down-
stream genes (Fig. 1.1). NAC family members 
exist in maize (157 members) (Lu et al., 2015), 
durum wheat (168 members) (Saidi et al., 2017) 
and sorghum (131 members) (Sanjari et al., 2019). 
The NAC domain proteins essentially regulate 
stress-inducible genes independent of  ABA. 
Regardless, few of  these proteins have been 
characterized in wheat, maize and sorghum, 
even though they are likely to play important roles 
in plant response to stress. In wheat, TtNAMB-2 
and TaNAC69-1 participate in responses to 
drought stress (Tran et al., 2004; Baloglu et al., 
2012). A NAC TF, SbSNAC1, from sorghum, also 
confers drought tolerance to transgenic Arabidopsis, 

whereas ZmNAC111 is associated with maize 
seedling drought tolerance (Mao et al., 2015). At 
some point in the regulatory cycle, transcrip-
tional repressors and enhancers interact with 
DRE/CRT and ABA-responsive element (ABRE) 
and hence initiate synergistic interactions. For 
instance, Arabidopsis NAC domain-containing 
protein 96 (ANAC096) interacts with ABFs to 
activate ABA-inducible drought-responsive genes 
(Xu et  al., 2013). TaNAC67  was demonstrated 
also to be inducible by ABA treatment (Mao et al., 
2014). Thus both ABA-dependent and -independent 
pathways appear to converge at some point with 
their interacting partners constituting a complex 
network. Regardless of  the mode of  interaction, 
these TFs activate expression of  protective and 
regulatory proteins mediating physiological 
responses such as osmotic adjustments, reduced 
stomatal number and conductance, cuticular 
wax biosynthesis, early flowering, growth inhib-
ition, increased root development, decreased 
leaf  area, increased leaf  thickness and leaf  roll-
ing, among others. The next section discusses 
the downstream targets of  ABA-dependent and 
-independent genes in wheat, maize and sor-
ghum and how these genes interact to bring 
about drought response and tolerance.

Downstream drought response targets  
that trigger tolerance in wheat, maize  

and sorghum

It is well established that under drought stress, 
ABA production increases in both dicots and 
monocots as an important rapid response to 
minimize water loss. In wheat, endogenous ABA 
levels are mainly regulated by upstream genes 
encoding for a biosynthetic 9-cis-epoxycarotenoid 
dioxygenase (TaNCED) enzyme required for the 
cleavage of  carotenoid precursors producing 
xanthoxin, which can subsequently be converted 
into ABA via ABA-aldehyde. Overexpression 
of  TaNCED in Arabidopsis increases ABA and 
proline synthesis and limits water loss through 

under drought. Below each TF are DNA-binding elements corresponding to DNA-binding domains of TFs 
(e.g. W-box, MYBR, etc.). The TFs and these elements fine-tune the activation of a defence response to 
drought, including increased expression of genes encoding for antioxidants such as superoxide dismutase 
(SOD), glutathione reductase (GR), guaiacol peroxidase (GPx) and ascorbate peroxidase (APX); 
compatible solutes and regulatory proteins. Dashed lines indicate possible but unconfirmed routes.

Fig. 1.1. Continued.
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reduced stomatal conductance (Tong et  al., 
2017). The first NCED-encoding gene VIVPA-
ROUS14 (VIP14) was discovered in maize vp14 
mutant (Tan et  al., 1997). Since then, NCED 
homologues have been identified in sorghum 
(e.g. SbNCED5) as well as other cereal crops (Ma 
et al., 2019). Recently, Sato et al. (2018) showed 
that an upstream TF, NGATHA1, induces ABA 
biosynthesis by activating NCED3 in Arabidopsis 
plants exposed to drought stress. Moreover, class 
II HOMEOBOX from Arabidopsis thaliana 1 and 3 
(HAT1 and HAT3) and other TFs such as Arabi-
dopsis NAC domain-containing protein 2 (ANAC2), 
9-cis-epoxycarotenoid dioxygenase insensitive 
1/Bodyguard 1 (BDG1) and WRKY57 have been 
reported to regulate ABA synthesis (Ali et  al., 
2020). NCED3 expression in leaves is also regu-
lated by root-derived peptide CLE25 (CLAVATA3/ 
EMBRYO-SURROUNDING REGION-RELATED 25) 
which transmits long-distance water-deficiency 
signals to the leaves for accumulation of  ABA. 
CLE25 expression signal in the root vascular tis-
sues is translocated to the leaves where it binds 
to BARELY ANY MERISTEM (BAM) and BAM3 
receptor-like protein kinases (RLKs) to induce 
ABA accumulation and stomatal closure in the 
leaves (Takahashi et  al., 2018). As mentioned 
earlier, conventionally ABA accumulation in 
plants is perceived by PYR/PYL/RCAR–PP2C–
SnRK2 complex. In maize, PYL genes (e.g. 
ZmPYL 8, 9 and 12) involved in the ABA path-
way play a significant role in triggering drought 
resistance (He et  al., 2018). In wheat and sor-
ghum, TaPYLs and SbPYLs are highly expressed 
in response to ABA treatments which suggests a 
similar role in the ABA pathway. Associated 
with PYL are the cytosolic SnRK2 kinases that 
phosphorylate downstream targets of  ABA 
signalling. Studies have identified four, ten and 
14 SnRK2 homologues in wheat, maize and sor-
ghum, respectively (Huai et al., 2008; Zhang 
et al., 2016; Ma et al., 2019). In wheat, TaSnRK2.3, 
TaSnRK2.4 and TaSnRK2.8 are the key genes 
required for drought stress signal transduction. 
When TaSnRK2.3 and TaSnRK2.8 are overex-
pressed in Arabidopsis, production of  stress- 
related metabolites, such as proline, increases 
(Zhang et al., 2010). In addition, increased tran-
script abundance of  ABA biosynthetic genes 
(e.g. ABA1 and ABA2), signalling components 
(e.g. ABI3, ABI4, ABI5) and ABA-independent 
genes (CBF1, CBF2 and CBF3) is also observed 

in TaSnRK2.8-overexpressing lines. Expression 
and motif  analysis indicates that the TaSnRK2 
subclass III (SRK2D/SnRK2.2, SRK2E/SnRK2.6/
OST1 and SRK2I/SnRK2.3) is the most strongly 
induced by ABA and interacts with PP2C (TaABI1) 
to regulate ABA responses (Zhang et al., 2010). 
Independent studies have identified SnRK2 
homologues in sorghum, such as SbSAPK8 and 
SbSAPK9; as well as in maize, such as ZmSn-
RK2. Direct phosphorylation targets of  activated 
SnRK2 in plants include slow anion channel 1 
(SLAC1), SLAC1 homologue 3 (SLAH3) and 
inward-rectifying potassium channel 1 (KAT1) 
that control ion fluxes and guard-cell aperture. 
KAT1 is a transmembrane ion channel that fa-
cilitates cellular uptake of  K+ for an inward flow 
of  water into the guard cells. In contrast, SLAC1 
and SLAH3 facilitate the efflux of  anions such as 
malate2−, Cl− and NO3

+ triggered by ABA accumu-
lation, which leads to turgor loss and closure of  
stomatal apertures. SLAC1 is a nitrate sensor 
that has been evolved by both monocots and 
dicots. However, following the evolutionary split 
between dicots and monocots, SLAC1 from dicot 
species lost a distinct tandem amino acid motif  for 
nitrate activation and did not develop a nitrate- 
dependent gating mechanism (Schäfer et  al., 
2018). This change is partly reflected in the 
nitrate-dependent gating ability in monocots 
compared with dicots. The molecular structure 
of  SLAC1-type anion channel is the recent im-
portant discovery that provides an opportunity 
to improve drought tolerance in cereals. For in-
stance, the maize ZmSLAC1 and rice OsSLAC1 
show a strong selectivity to nitrate over chloride 
(Sun et al., 2016). Although SLAC1 is not fully 
studied in sorghum, it appears phylogenetically 
closer to the maize and rice SLAC1 than to the 
Arabidopsis AtSLAC1, which is a nitrate-activat-
ed chloride-permeable channel (Hedrich and 
Geiger, 2017; Müller et al., 2017). It is important 
to further validate the structural and functional 
differences associated with SLAC1 in sorghum, 
wheat and maize and understand genotypic dif-
ferences associated with stomatal closure during 
drought stress. This will provide additional infor-
mation on their pivotal role in transpiration 
regulation during drought stress.

Apart from the SnRK2–SLAC1 pathway, other 
factors influencing stomatal closure in response 
to drought include complex physiological signals 
from ABA, ROS and Ca2+ signalling pathways. 
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Increase in ABA is known to induce Ca2+ cur-
rents by modulating H2O2, a major component 
of  ROS in guard cells (reviewed in Takahashi 
et  al., 2020). Two plasma-membrane NADPH 
oxidases, respiratory burst oxidase homologues 
D and F (RbohD/F), play a crucial role in the pro-
duction of  H2O2 and have two EF‐hand motifs for 
Ca2+ binding (Kwak et  al., 2003). Moreover, 
RbohF is phosphorylated by SnRK2.6/OST1 
(open stomata 1) to enhance H2O2 production 
(Sirichandra et  al., 2009). Accumulated H2O2 
activates Ca2+ channels to modulate stomatal 
closure. Recently, hydrogen peroxide-induced 
Ca2+ increase 1 (HPCA) was reported as a sensor 
of  H2O2 in guard-cell plasma membranes (Wu 
et al., 2020). Mutants of  hpca1 impair stomatal 
closure modulated by ABA and H2O2. Thus, the 
extracellular domain of  HPCA1 is a key compo-
nent of  H2O2 perception and signalling modula-
tion in guard cells. The generation of  H2O2 in 
response to ABA and jasmonic acid (JA) has also 
been reported to activate GUARD CELL HYDRO-
GEN PEROXIDE-RESISTANT1 (GHR1). GHR1 is 
phosphorylated by CPKs/CDPKs and SnRK2.6 
(OST1) to activate SLAC1. Activated SLAC1 
causes plasma-membrane depolarization indu-
cing guard-cell outward-rectifying K+ (GORK) 
channels and subsequently K+ efflux, which 
leads to turgor loss and closure of  stomatal pores 
(reviewed in Ali et  al., 2020). Besides Ca2+ and 
ROS oscillation, SnRK2 also interacts with other 
kinases, enzymes and TFs. As mentioned earlier, 
the major TF targets of  SnRK2 activity include 
AREB/ABFs. The AREB/ABF–SnRK2 pathway is 
ubiquitous and functionally conserved in plants 
(for review see Fujita et  al., 2013). The AREB 
genes are highly expressed in response to drought 
in wheat (e.g. TaAREB3 and TaAREB5), maize 
(e.g. ZmbZIP4) and sorghum (e.g. Sb04g034190). 
Their DNA-binding target genes are involved in 
encoding for the LEA proteins osmotin, proline 
and betaine. For instance, a wheat bZIP gene, 
WLIP19, is induced by drought and exogenous 
ABA application and increases transcriptional 
levels of  cold-regulated genes (e.g. COR15A and 
COR47), dehydrins (WDHN13) and wheat re-
sponse to ABA (WRAB17, WRAB18, WRAB19) 
(Kobayashi et al., 2008). TaAREB3 also induces 
expression of  RD29A and RD29B under stress 
conditions. Several other genes in the LEA family 
have been identified in wheat (e.g. TaDHN18, 
TaDHN23 and TaDHN31) (Liu et  al., 2019), 

maize (e.g. ZmLEA14tv, ZmLEA2, ZmRD20, 
ZmRD21, ZmRab18, ZmNHX3, ZmGEA6 and 
ZmERD) and sorghum (e.g. SbLEA3). Their pro-
tein products are rich in hydrophilic amino acids 
that maintain protein integrity and cell struc-
ture in plants exposed to stress. In modulating 
their downstream activity under osmotic stress, 
AREB/ABFs (AREB1/ABF2, AREB2/ABF4, ABF1 
and ABF3) also form homo- or heterodimers 
(Yoshida et al., 2010). Interestingly, these com-
plex regulatory processes appear to function 
both upstream and downstream of  AREB/ABFs. 
For instance, AREB/ABFs interact with NAC TFs 
(Jensen et al., 2013). Moreover, the promoter 
region of  stress-responsive NAC (SNAC) genes 
possesses ABRE sequences (Nakashima et  al., 
2012), and SNAC genes such as ANAC096 dir-
ectly interact with ABF2 and ABF4 to activate 
ABA-dependent drought response genes (Xu 
et al., 2013). In wheat, TaNAC67 was shown to 
increase expression of  RD29A and RD29B 
genes, and in maize, ZmSNAC1 acts as a mul-
tiple stress-responsive TF in an ABA-dependent 
manner (Kimotho et al., 2019). Moreover, seven 
ZmNTLs NAC TFs genes (ZmNTL1, ZmNTL2, 
ZmNTL3, ZmNTL4, ZmNTL5, ZmNTL6 and 
ZmNTL7), were found to be strongly expressed in 
the stem and roots of  plants exposed to ABA 
(Wang et  al., 2016). A RING finger E3 ligase, 
SDIR1, was also shown to act as a positive regu-
lator of  AREB/ABFs (Zhang et al., 2007). AREB/
ABFs also appear to interact with three WRKY 
TFs, ABO3/WRKY63, WRKY18 and WRKY40, 
upstream in response to ABA and drought stress 
(Ren et al., 2010). In addition, WRKY63 binds to 
the promoter of  AREB1/ABF2 to positively regu-
late its expression. ABF3 also strongly interacts 
with JA and GA signalling pathways (Kumar et al., 
2019). On the other hand, MYC2 appears to be 
the interacting partner of  ABF3 in the JA path-
way because MYC2 interacts with ABA receptor 
PYL6, which provides a direct link between ABA 
and JA signalling pathways (Aleman et al., 2016). 
The wheat MYB family member, TaMYB30-B, 
also induces the expression of  ABA-dependent 
genes, including RD29A and ERD1 (Zhang et al., 
2012). Moreover, RD22BP-1 and AtMYB2 have 
been shown to bind cis-elements in the RD22 
promoter and activate RD22, a gene in the 
ABA-dependent pathway. In maize, ZmMYB30 is 
upregulated under drought, salt and ABA stresses, 
and positively modulates the expression of  abiotic 
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stress-induced genes in the ABA pathway (ABF3, 
ATGolS2, AB15, DREB2A, 270 RD20, RD29B, 
RD29A and MYB2) when exogenously expressed 
in Arabidopsis (Chen et al., 2017). A maize homo-
logue of  NUCLEAR FACTOR Y (ZmNFYB2) was 
previously also shown to improve stomatal con-
ductance and delayed onset of  senescence in 
plants exposed to drought (Nelson et al., 2007). 
NUCLEAR FACTOR Y (NF-Y) is a heterotrimeric 
TF with three distinct subunits, NF-YA, NF-YB 
and NF-YC, which binds to CCAAT box in the 
promoter region of  target genes. In Arabidopsis, 
NF-YA5 is upregulated in an ABA-dependent 
manner in leaves and roots of  plants and modu-
lates stomatal closure during drought stress (Li 
et al., 2008). NF-Y subunit C (NF-YC) also interacts 
with ABF3, ABF4 and the nuclear zinc-finger 
protein CONSTANS (CO) to positively regulate a 
master floral gene, SUPPRESSOR OF OVEREX-
PRESSION OF CONSTANS1 (SOC1), in response 
to drought (Weller and Ortega, 2015). More-
over, drought escape in Arabidopsis is regulated 
by ABA via CO and GIGANTEA (GI), which trig-
gers the expression of  the florigen genes Flower 
Locus T (FT), Twin Sister of  FT (TSF) and SOC1 
(Riboni et al., 2013, 2016). It is relatively clear 
that drought escape is modulated by the rela-
tionship between CO and GI through ABA- 
dependent activation of  FT  genes. Thus, NF-Y 
genes crosstalk with other TFs and regulatory 
proteins modulated by ABA to ensure plant sur-
vival under drought stress. Phospholipase D (PLD) 
has also been reported to regulate stomatal clos-
ure in maize in an ABA-dependent manner (Ali 
et al., 2020). H

2O2 accumulation associated with 
ABA activation of  OST1 and subsequently 
RbohD/F has been reported to enhance NO 
production through nitrate reductase 1 (NR1) 
activity. NO activates conversion of  phospholi-
pases C and D to phosphatidic acid (PA). PA bind-
ing decreases the phosphatase activity of  ABI1, 
promoting ABA signalling (Ali et  al., 2020). 
Moreover, PA has been shown to enhance AtR-
bohD ROS generation causing the closure of  
stomata in response to ABA (Zhang et al., 2009). 
Thus, PA acts as a positive regulator of  ABA sig-
nalling leading to stomatal closure in plants 
exposed to drought stress. PLDs are also regu-
lated by miR169 family during drought stress, 
most probably via the ABA signalling and/or an 
MAPK cascade (Shi et al., 2017). Previous studies 
have implicated MAPK cascades in ABA-mediated 

responses (Jagodzik et  al., 2018). For instance, 
MAP3K18 apparently interacts with both SnRK2.6 
kinase (Tajdel-Zielinska et al., 2016) and PP2C 
phosphatase ABI1 (Mitula et al., 2015). Specific-
ally, ABA is implicated in regulating the MAPK-
K K 1 7 / 1 8 – M K K 3 – M P K 1 / M P K 2 / M P K 7 /
MPK14 cascade (Li et al., 2017), and a positive 
correlation between MAP3K18/MAP3K17 and 
the expression of  ABA signal-transduction genes 
was shown in Arabidopsis (Danquah et al., 2015). 
Several MAPK-related genes have been also 
shown to be expressed in wheat (e.g. TaMAPK1), 
maize (e.g. ZmMAPK3) and sorghum (e.g. 
MAPK10 and MPKKK7) in response to drought, 
having functional association with ABA in regu-
lating root hair growth and stomatal closure 
(Wang et al., 2016). ABA also interacts with the 
ethylene signalling pathway in plants under 
water stress. In wheat, ABA-dependent TaMAPK1 
physically interacts with ethylene-responsive 
factor 1 (TaERF1) in drought-stressed plants 
(Xu et al., 2007). Moreover, plants overexpress-
ing TaERF1 were found to be highly sensitive to 
exogenous ABA treatment, resulting in rapid 
stomatal closure. Another wheat ethylene- 
response factor, TaERF3, contains both ACGT 
and ABRE motifs in its promoter and induces ex-
pression of  ABA-dependent genes such as RAB18 
and LEA3 (Rong et al., 2014), confirming earlier 
reports implicating crosstalk between ethylene- 
and ABA-dependent pathways (Yu et al., 2019).

Apart from ABA-dependent pathways, ABA- 
independent TFs (such as CBF/DREB1, DREB2, 
NAC) modulate drought stress response via drought- 
responsive element (DRE), CRT cis-acting elem-
ents, NAC recognition sequence (NACRS), MY-
BRS and W-box, among others. Well-known 
examples include OsDREB2A and ZmDREB2, 
CBF2-1, CBF2-2, OsMYB3R2, MYB15 and 
ANAC019 (Agarwal and Jha, 2010) and Os-
WRKY08 (Song et al., 2009). However, as men-
tioned earlier, evidence has shown that some 
ABA-independent genes possess ABRE in add-
ition to DRE/CRT cis-element, causing their acti-
vation with and without ABA (Singh and Laxmi, 
2015). AREB/ABF proteins physically interact 
with DREB1A/CBF3, DREB2A and DREB2C to 
modulate downstream gene expression (Lee 
et al., 2010). In maize, ZmDREB1A induces both 
ABA-independent genes (e.g. KIN1 and KIN2) 
and ABA-dependent genes (e.g. RD17, ERD10 
and RD29A) (Qin et al., 2004). Thus, both signalling 
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pathways hold great potential for a better under-
standing of  how genes regulated by them deter-
mine drought response in plants. It can be argued 
that genotypes that integrate both signalling 
pathways cohesively might have stronger and 
more dynamic responses to drought stress.

During drought stress, plants’ protein turn-
over mediated by autophagy also plays a critical 
role in signal transduction regulation (Stone, 
2014; Yu and Xie, 2017), and a number of  genes, 
termed autophagy related (ATG), are required 
for autophagosome formation. Interestingly, it 
has recently been revealed that a gene termed 
constitutively stressed 1 (COST1) regulates con-
stitutive activation of  autophagy and leads to 
drought hypersensitivity and decreased auto-
phagy in response to stress in Arabidopsis (Bao 
et al., 2020). In addition, SUMO (small ubiquitin- 
like modifier) proteins have been found to be 
critical for plant response to stress (Srivastava 
et al., 2017). In rice, knocking out SUMO protein 
(OTS1/2) increases drought tolerance by pro-
moting a basic leucine zipper domain, OsbZIP23, 
SUMOylation. OsOTS1 interacts with OsbZIP23, 
a TF that regulates ABA and drought responses 
in rice. However, in OsOTS1 RNAi lines, OsbZIP23 
is stabilized and has higher levels of  SUMOyla-
tion leading to relatively higher transcription of  
drought tolerance genes (Srivastava et al., 2017). 
It has also been demonstrated that SUMOylation 
stabilizes the DELLA proteins and OTS1/2 are 
the proteases that cleave SUMO from the DELLAs 
(Conti et  al., 2014). DELLA proteins integrate 
multiple hormone- and stress-related pathways 
(Colebrook et  al., 2014), including increased 
production of  sugars, osmoprotectants, antioxi-
dants and ROS scavengers. It would be interesting 
to determine if  molecular mechanisms regulat-
ing autophagy and SUMOylation in Arabidopsis 
and rice apply in crop improvement against 
drought and other stresses. Taken together, drought 
stress response and tolerance in plants is com-
plex, involving many different cellular and 
molecular components as well as metabolic 
pathways. The genes constituting these complex 
networks have been extensively studied but are 
not yet completely understood. Their cellular 
functions are depicted in Fig. 1.1, where SnRK is 
identified as a hub for both up and down signal 
integration. This review has also identified key 
genes involved in molecular regulation pro-
cesses which have been reported as effective for 

improvement of  drought tolerance in wheat, 
maize and sorghum (Table 1.1).

1.2.2 Salt stress

High salt levels in soil solution substantially 
impede plant productivity by affecting key 
biological processes, such as photosynthesis, 
energy metabolism, protein synthesis and lipid 
metabolism. The problem is more serious in the 
irrigated arid and semi-arid regions where there 
is high evapotranspiration and insufficient rain-
fall to leach the salts out of  the plant root zones 
(Assaha et al., 2017). There are two major plant 
divisions in response to salinity: the halophytes 
and the glycophytes, depending on their cap-
acity to grow in saline conditions (Flowers et al., 
1977). Halophytes are equipped with specialized 
adaptation mechanisms such as the presence of  
salt glands and bladders, succulence, life cycle 
avoidance and salt-induced facultative metabol-
isms. Glycophytes, which encompass most culti-
vated crops, are mostly susceptible to salinity 
stress and yield losses of  up to 80% can occur in 
saline conditions (electrical conductivity of  the 
soil extract, ECe = 4–8 dS/m) (Panta et al., 2014). 
However, this depends on the plant genus, spe-
cies, cultivar within the species, duration of  ex-
posure and the stage of  crop development at 
which stress occurs. For instance, in crop fields 
where salinity rises to about 10 dS/m, rice is 
severely affected, while wheat will produce some 
yield. Moreover, bread wheat is more tolerant 
than durum wheat, maize and sorghum (USDA- 
ARS, 2019). The within and outside-species 
genotypic variability in tolerance to saline condi-
tions rationalizes the need to exploit these differ-
ences using molecular approaches.

Plants respond to soil salinity in two main 
phases. The first phase is osmotic, which arises from 
NaCl-induced reduction of  soil water potential, re-
stricting hydraulic conductance, water and solute up-
take, causing stomatal closure and inhibition of cell 
expansion in the shoots (Munns and Tester, 2008). 
The second phase is ionic, arising from the build-up of  
toxic quantities of  Na+ and Cl– in the cells and tissues 
of  the plants, which hinders the entry of  important 
elements (such as Ca2+ and K+), enhances ROS pro-
duction, interfering with cell redox and energy state, 
damaging cell membranes and subcellular organelles, 
slowing down cell signalling and causing premature 
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Table 1.1. Key genes involved in drought response and tolerance in wheat, maize and sorghum.

Gene ID Crop Type/effect Reference

TaWRKY1 Wheat Transcription factor He et al. (2016)
TaWRKY33 Wheat Transcription factor He et al. (2016)
ZmDREB2A Maize Transcription factor Qin et al. (2007)
TaRNAC1 Wheat Transcription factor Chen et al. (2018)
TaNAC29 Wheat Transcription factor Xu et al. (2015)
ZmbZIP4 Maize Transcription factor Ma et al. (2018)
Stay-green (stg2) Sorghum QTL Srinivas et al. (2008)
Stg3 Sorghum QTL Harris et al. (2006)
Stg4 Sorghum QTL Hayes et al. (2015)
Stg5 Sorghum QTL Hayes et al. (2015)
qRDW1 Sorghum QTL Mace et al. (2012)
qTLA Sorghum QTL Mace et al. (2012)
BLMC Sorghum QTL Burow et al. (2009)
qRA Sorghum QTL Mace et al. (2012)
TaMYB74 Wheat Bi et al. (2016)
TdSHN1 Wheat Cuticle biosynthesis-related gene Djemal and Khoudi (2016)
TaATT1 Wheat Cuticle biosynthesis-related gene Bi et al. (2016)
CER1 Cuticle formation Djemal and Khoudi (2016)
ZmFDL1/MYB94 Wheat Cuticle biosynthesis-related gene La Rocca et al. (2015)
ALDH22A1 Maize Aldehyde dehydrogenase Huang et al. (2008)
ASR1 Maize QTL Jeanneau et al. (2002)
NADP-ME Maize NADP–malic enzyme Laporte et al. (2002)
PP2C Maize PP2C Liu, L. et al. (2009)
RFP1 Maize RING finger protein Liu et al. (2013)
ZmACS6 Maize ACC synthase Young et al. (2004)
ZmCPK4 Maize Calcium-dependent protein kinase Jiang et al. (2013)
ZmDREB2.7 Maize DREB transcription factor Liu et al. (2013)
ABP9 Maize bZIP transcription factor Zhang et al. (2011)
CRT Wheat Calreticulin, Ca2+-binding protein Jia et al. (2008)
NAC2a Wheat NAC transcription factor Tang et al. (2012)
PP2Ac-1 Wheat PP2A Xu et al. (2007)
Srg6 Wheat Stress response transcription factor Tong et al. (2007)
TaBTF3 Wheat Basic transcription factor 3 Kang et al. (2013)
WRKY19 Wheat WRKY-type transcription factor Niu et al. (2012)
WRKY2 Wheat WRKY-type transcription factor Niu et al. (2012)
TaWRKY44 Wheat WRKY-type transcription factor Wang et al. (2015)
ZmNF-YB2 Maize Nuclear factor Y transcription factor Nelson et al. (2007)
TaERF3 Wheat Transcription factor Rong et al. (2014)
TaRAP2.1 Wheat Transcription factor Amalraj et al. (2016)
TaER1 Wheat Transcription factor Zheng et al. (2015)
TAZFP34 Wheat Zinc-finger protein Chang et al. (2016)
qRT6 and qRT7 Sorghum QTL Li et al. (2014)
Prf F Sorghum Pre-flowering QTL Kebede et al. (2001)
HVA1 Wheat LEA protein Sivamani et al. (2000)
BADH Wheat Betaine aldehyde dehydrogenase Guo et al. (2000)
TaNF-YB4 Wheat Nuclear factor Y transcription factor Yadav et al. (2015)
TaNAC69 Wheat More root biomass Xue et al. (2011)
CspA and CspB Wheat High chlorophyll, proline and MDA Yu et al. (2017)
TaPEPKR2 Wheat Enhanced drought tolerance, higher root length Zang et al. (2018)
P5CS Wheat Pyrroline-5 carboxylatesynthetase, proline 

biosynthesis
Vendruscolo et al. (2007)

CIPK23 Wheat (CBL)-interacting protein kinase Cui et al. (2018)
TabZIP2 Wheat Increased single-seed weight Luang et al. (2018)
PEPC Maize Proline biosynthesis Qin et al. (2015)

QTL, quantitative trait locus; ACC, aminocyclopropane-1-carboxylic acid; MDA, malondialdehyde.
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senescence (Assaha et  al., 2017). Some plants 
are able to limit these counterproductive effects 
by limiting Na+ uptake, enhancing Na+ exclu-
sion, adjusting cellular ionic balance (especially 
Na+:K+ ratio) and redistributing Na+ in leaves 
(Ishikawa and Shabala, 2019). Both responses 
are governed by a multitude of  physiological and 
molecular mechanisms  that occur following 
conformational changes in membranes follow-
ing depolarization or ligand binding in the pres-
ence of  high concentration or entry of  Na+ in 
the root zone.

Molecular mechanisms of Na+ entry  
and response in plants

The most widely accepted model for Na+ entry 
into the plant through the root system is the 
differential electrochemical gradient mediated 
by non-selective cation channels (NSCCs), al-
though other transporters may also be involved 
(Assaha et al., 2017). There are several classes 
of  NSCC subdivided according to their voltage 
dependence or their responsiveness to ligands 
and physical stimuli (Demidchik and Maathuis, 
2007; Kronzucker and Britto, 2011). These in-
clude constitutive NSCCs, amino acid-gated NSCCs 
(AAG-NSCCs), reactive oxygen species- activated 
NSCC (ROS-NSCCs), cyclic nucleotide-gated chan-
nels (CNGCs), glutamate receptors (GLRs) and 
mechanosensitive ion channels (MSCCs). Con-
stitutive NSCCs are subdivided according to 
their response-membrane electrical potential 
change; these include depolarization-activated 
NSCCs (DA-NSCCs), hyperpolarization-activated 
NSCCs (HA-NSCCs) and voltage-insensitive NSCCs 
(VI-NSCCs). Although conclusive evidence is still 
scanty, cumulative research has demonstrated 
that VI-NSCCs are the main Na+ entry route 
in plants, and this has been demonstrated in 
protoplasts of  wheat root cortex, root cells of  
Arabidopsis and protoplasts of  Arabidopsis roots 
(reviewed by Keisham et  al., 2018). VI-NSCCs 
are sensitive to Ca2+ and are rapidly deactivated 
by cyclic adenosine monophosphate (cAMP) or 
cyclic guanosine monophosphate (cGMP) generated 
by turgor-sensitive membrane-located cyclases 
(Maathuis and Sanders, 2001). Thus, under salt 
stress, this is thought to be the main part of  the 
ameliorative action of  Ca2+, cAMP or cGMP on 
salinity. Indeed, cellular cGMP and Ca2+ eleva-
tion occurs simultaneously, and both cAMP 

and cGMP boost cytosolic Ca2+ concentration 
and downregulate Na+ influx and accumulation 
in Arabidopsis roots (Essah et al., 2003; Isner and 
Maathuis, 2011). Other studies have shown that 
cAMP and cGMP are mainly perceived by CNGCs 
(non-selective) (Guo et  al., 2018). CNGCs are 
composed of  hexa-transmembrane domains, 
calmodulin-binding domain (CAMB) and cyclic 
nucleotide-binding domain (CNBD). CNBD is the 
most conserved in both plants and animals and 
binds cAMP or cGMP for gating. On the contrary, 
a CAMB, CaM, appears to regulate CNBD affinity 
for cAMP or cGMP. CaM binds to the IQ motif  of  
CNGCs to regulate downstream signalling 
(DeFalco et  al., 2016). Positive regulation has 
been recently substantiated, and it appears that 
the association is both Ca2+-independent and - 
dependent due to polymorphism in the IQ peptide 
(Zhang et  al., 2019). To date, there have been 
limited studies able to prove the negative CaM 
regulation. More than ten CNGCs have been re-
ported in Arabidopsis and rice genomes (Keisham 
et al., 2018) and a few have been suggested to be 
negative regulators of  salt tolerance. For instance, 
in rice, OsCNGC1 is suppressed in tolerant rice 
genotypes more than in salt-sensitive ones under 
salinity stress (Senadheera et al., 2009), suggesting 
their negative role in salinity tolerance when highly 
expressed. CNGC-like genes are also present in the 
genomes of  wheat, sorghum and maize. BLASTP 
searches on the plant genome databases has iden-
tified more than ten CNGC genes in both maize 
and sorghum (Saand et al., 2015) and more than 
20 in the wheat genome (Guo et al., 2018). More 
studies are needed to shed light on the role of  
these CNGCs in wheat, maize and sorghum.

Other transmembrane receptors implicated 
in Na+ response include GLRs and MSCC mech-
anosensors. GLRs are ligand-sensitive NSCCs 
gated by glutamate. Their role in Na+ fluxes was 
demonstrated by Demidchik et  al. (2004) in 
patch clamp experiments using Arabidopsis root 
protoplasts, and by Roy et  al. (2008) in gene 
 expression studies using Xenopus laevis oocytes. 
The positive effect of  GLRs on salinity amelior-
ation was shown also by Cheng et  al. (2018) 
when they compared Arabidopsis mutants with 
the wild-type plants. AtGLR3.4-1 and AtGLR3.4-2 
mutants were relatively sensitive to NaCl at seed 
germination and seedling stages. In addition, 
both mutants showed reduced expression of  salt 
overly sensitive (SOS3, SOS2 and SOS1) genes, 
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indicating the positive effect of  GLRs on crop salt 
tolerance. Unfortunately, no functional assays 
have been adequately carried out on wheat, 
maize and sorghum, so functional specificities of  
GLRs remain to be discovered in these cereals. 
MSCCs transduce mechanical stimuli such as os-
motic pressure into the Ca2+ influx. During salt 
stress, MSCCs are probably modulated by aqua-
porins (AQPs) and hydraulic effects on the cyto-
skeleton and exoskeleton (cell wall) (Ismail et al., 
2020). Among the AQPs, the plasma-membrane 
intrinsic proteins (PIPs) likely play a major role 
in Na+ entry into the plant cells (Byrt et  al., 
2017). This has been demonstrated in rice, 
where dopamine was shown to downregulate 
PIP1;3 and reduce Na+ uptake under saline 
 conditions (Abdelkader et  al., 2012). A classic 
example of  MSCCs are OSCAs (previously dis-
cussed; see drought stress response above). 
OSCAs induce Ca2+ influx in response to osmotic 
pressure in the guard cells (Yuan et  al., 2014). 
This Ca2+ influx probably plays a major role in 
gating AQPs to prevent further Na+ influx under 
saline conditions. It has also been reported that 
salt-specific ionic stress disrupts cell-wall integ-
rity, severing pectin crosslinking and displacing 
pectin-bound Ca2+ with Na+ (Feng et al., 2018). 
Pectin is perceived by the extracellular domain 
of  malectin-like RK, FERONIA (FER), and os-
motic stress is detected once the co-receptor- 
glycosylphosphatidylinositol-anchored protein 
(GPI-AP) has been recruited, which activates 
cell-wall reinforcement during growth recovery 
(Feng et  al., 2018). More recently, Jiang et  al. 
(2019) isolated a plasma-membrane-localized 
glucuronosyltransferase gene, monocation-induced 
[Ca2+] increases 1 (moca1), that is defective in 
salt-induced Ca2+ spikes. MOCA1 transfers a 
negatively charged glucuronic acid to inositol 
phosphorylceramide (IPC) to form glycosyl-IPC 
(GIPC), which binds Na+. moca1 mutants induce 
elevated IPC:GIPC ratio on the plasma mem-
brane (Lamers et  al., 2020). IPC is devoid of  a 
negatively charged head, and moca1 membranes 
show limited monovalent ion-binding capacity 
compared with the wild type. Thus, MOCA1- 
mediated GIPC–Na+ interaction depolarizes the 
cell-surface potential, to facilitate Ca2+ influx, 
and is a potential target for regulating Na+ 
influx. The DA-NSCCs and OSCA1 are suggested 
to be the potential candidate channels for Ca2+ 
influx (Ismail et  al., 2020). However, several 

questions remain unanswered regarding signal 
perception by DA-NSCCs, OSCA1 and other re-
ceptors with similar domains such as DORN1 
(DOESN’T RESPOND TO NUCLEOTIDES), when 
Na+ is perceived by MOCA1.

Plant adaptation strategies  
to internal Na+ pools

When excess Na+ escapes to the cytosol it inhibits 
the K+ outward rectifiers (KORs) such as GORK and 
K+ uptake permease (KUP)/K+ transporter (KT), 
which decreases their conductance and affects 
cellular homeostasis (Shabala et  al., 2006; Jay-
akannan et al., 2013). Plants have to block or get 
rid of  the excess Na+ to maintain ion homeostasis 
mechanisms and avoid detrimental effects such 
as increased ROS accumulation and inhibition  
of  plasma-membrane ATPase via membrane  
depolarization (Monetti et al., 2014). Thus in add-
ition to blocking Na+ influx via Ca2+-mediated de-
activation of  NSCCs and probably AQPs, getting rid 
of  excessive cytosolic concentrations requires 
other downstream  signalling components, includ-
ing calmodulins (CaMs), CBLs, CDPKs and CBL–
CIPKs (Møller et  al., 2009). CaMs and CBLs are 
small proteins that relay Ca2+ signals to CDPKs. 
CBLs contain the Elongation Factor-hand (EF-
hand) motif  for perception and transfer of  Ca2+- 
dependent signals to CDPKs and CIPKs for propa-
gation. It is well known that in plants exposed to 
saline conditions CBL4 or SOS3 is the CBL 
 responding to upstream Ca2+ signals (Fig. 1.2). 
Ca2+ binding dimerizes SOS3 to activate CIPK24 
(SOS2) and subsequent formation of  CBL4/
CIPK24 (SOS3/SOS2) protein kinase complex. 
SOS3-like calcium-binding protein 8 (SCaBP8) is 
phosphorylated by SOS2 to stabilize the SOS3/
SOS2 complex for recruitment to the plasma 
membrane where it mediates SOS1 induction 
(Fig. 1.2). Apart from SOS3/SOS2 complex, PLD 
signalling pathway also interacts with SOS1 (Yu 
et al., 2010). PLD derivative, PA, modulates mito-
gen-activated protein kinase 6 (MPK6), which 
phosphorylates SOS1 (Yu et  al., 2010). On the 
other hand, SOS2 interacts with vacuolar Na+/H+ 
antiporter (NHX) to sequester Na+ into vacuoles 
in exchange for H+ efflux from vacuoles or endo-
somes (Reguera et al., 2015). NHX works in tan-
dem with a voltage-independent Ca2+-activated 
K+-selective channel (VK channel) encoded by 
TPK1 gene, sodium-permeable slow (SV) and  
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Fig. 1.2. Molecular regulation of salinity tolerance in plants. This illustration is prepared based on the 
findings from various articles cited throughout the manuscript and shows the main salt response and 
tolerance mechanisms such as Na+ exclusion from the roots, compartmentalization in the vacuoles, 
cell-wall repair (CWR) and ROS remediation. The text provides the roles of the proteins indicated in 
Fig. 1.2. Question marks denote a response or proteins that might be related to tolerance. Proteins 
not clearly defined in the text, such as 14-3-3 and ABI2, are shown as negative regulators of SOS2. 
Also shown is that PKS5 modulates 14-3-3 at high cytosolic Ca2+ to block inhibition of SOS2 by 
14-3-3. GIPCs are salt stress sensors that directly bind Na+ and trigger Ca2+ influx via an unknown 
Ca2+ channel, probably mediated by MOCCA1. This process is required for SOS activation. ROS 
generated by RbohD/F possibly activate Annexin 1 (ANN1)-mediated Ca2+ signalling pathway. ANN1 
can detect extracellular Na+ and modulates ROS-activated Ca2+ influx. The SOS2–SOS3 complex 
inhibits Na+ uptake by HKTs. PIP2;1, CNGCs and GLRs could be blocked by exogenous Ca2+, SOS 
complex or cAMPs. AKT is modulated by SCaBP8 for K+ influx. Under salt stress FER possibly forms 
a complex with secreted peptides (RALFs) at the plasma membrane to trigger Ca2+-mediated CWR. 
RALF and FER are possibly triggered by the perturbation of cell wall extensins (not shown). Salini-
ty-induced ABA possibly activates SnRK2s either via the PYR/PYLs–PP2Cs or through MAPK 
cascades. The SnRK2s subclass I are of particular interest and could be activated via MAPKs. Both 
MPKs and SnRK2s could transduce signals to downstream TFs, including ABFs, ZIPs, MYBs, NACs, 
WRKYs and AP2/ERFs (not shown). These TFs modulate the induction of compatible solutes, 
antioxidants and repair modules. NHXs, CAX1, TPK1, and H+-ATPase are involved in the regulation of 
ion homeostasis in the vacuole. The cation shunt H+-pumping V-ATPase is provided by K+-selective 
release via TPK1 channels. Slow (SV) and fast (FV) vacuolar channels represent Na+ leak pathways 
into the cytosol. Their conductance is tightly regulated in tolerant genotypes to prevent intracellular 
ATP wastage in futile Na+ cycling. PA is involved in activation of mitogen-activated protein kinase 6 
(MPK6). MPK6 can directly phosphorylate SOS1. The Ca2+-dependent kinase (CDPK3) and cytosolic 
Ca2+ lead to activation of vacuolar two-pore K+ channels (TPKs) and subsequent K+ release from the 
vacuole. The binding of CDPK3 to TPKs at the vacuolar membrane could also be modulated by 
14-3-3. Salt-induced K+ loss from the cell is mediated by NSCCs and depolarization-activated 
outward-rectifying GORK K+ channels. Similar to drought, elevated ABA inhibits ABI2 and induces 
phosphorylation of CBL, CIPK and CDPKs in Ca2+-independent manner. Question marks indicate 
unconfirmed routes.
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fast (FV) vacuolar channels, which release vacu-
olar K+ for cytosolic homeostasis. Both SV and 
FV are a major pathway for Na+ leakage into the 
cytosol. In spite of  this, SV channels are a major 
vacuolar Ca2+ channel and facilitate long- 
distance Ca2+ signalling (Pottosin and Dobrovin-
skaya, 2018). Their relationship with NHX  
appears to be via the Ca2+-dependent SOS3/
SOS2 complex which modulates NHX, N-terminus 
of  H+/Ca2+ exchanger (CAX), V-ATPase and 
pyrophosphatase (PPase) (Che-Othman et  al., 
2017). In a more recent review (Shabala et  al., 
2019), the interaction between SOS2, CAX1, 
plasma-membrane H+-ATPases and tonoplast 
H+-ATPases/H+-PPases was suggested as a pos-
sible means to restore vacuolar Ca2+ and Na+ con-
centrations. Cellular Na+ homeostasis is also 
regulated by high-affinity potassium transporter 
(HKT) proteins. The main function of  HKTs is to 
unload Na+ from the xylem transpiration stream 
and to load Na+ into shoot phloem cells for shut-
tling to the roots, preventing excess Na+ accumu-
lation in the shoot (Jiang et al., 2018).

Compared with Arabidopsis, cereals have 
multiple HKT isoforms. The first HKT gene, TaH-
KT2;1, was identified in wheat (Schachtman and 
Schroeder, 1994). Since then, several functional 
HKT genes have been identified in rice (e.g. OsH-
KT1;5), sorghum (e.g. SbHKT1;4), maize (e.g. Zm-
HKT1;5) and many other crops (Ren et al., 2005; 
Wang et al., 2015; Jiang et al., 2018). In wheat, 
two genes, Nax1 and Nax2 (TmHKT1;4 and 
TmHKT1;4), which extrude Na+ from xylem in 
roots and shoots, have been reported to also 
regulate the expression of  SOS1 (Assaha et  al., 
2017). In  Arabidopsis, SHORT ROOT IN SALT 
MEDIUM 1 (RSA1) interacting TF (RITF1) also 
modulates SOS1 gene expression (Guan et  al., 
2013). Thus, SOS proteins interact with other 
protein complexes or individual proteins to form 
functional modules that drive both subcellular 
and cellular signalling pathways. For more infor-
mation on these transporters and other regula-
tory and osmoprotectant proteins, readers are 
referred to Onaga and Wydra (2016), Huang 
et al. (2020) and Ismail et al. (2020).

1.3 Conclusion

Plants’ response to abiotic stress is limited to a few 
options, such as physiological avoidance or toler-
ance. The molecular mechanisms involved in the 
execution of  either option are diverse and depend 
on the plants’ ability to perceive the stress signals 
as well as on effective signal transmission through 
various pathways that evoke appropriate physio-
logical and biochemical changes needed for 
adaptive response. This chapter has highlighted 
representative examples of  the molecular mech-
anisms of  plant response and tolerance to drought 
and salinity, the two major abiotic stresses affect-
ing cereal production. Special emphasis has been 
placed on mechanisms that allow for intercon-
nection of  ABA, SnRK2, other ABA-dependent 
and -independent proteins for drought tolerance, 
and the network of  Ca2+ and SOS pathways for 
salinity tolerance. Emerging biological functions 
of  Ca2+, membrane channels and their inter-
action partners, and mechanisms such as the in-
creasing role of  lipids, autophagy and ubiquitin-
ation/SUMOylation, show promise in addressing 
abiotic stress challenges. Many of  the TFs linked 
to these processes have also been identified and 
offer important targets for use in gene manipula-
tion and regulation of  abiotic stress response and 
tolerance. For drought, it is argued that genotypes 
that coherently integrate both ABA-dependent 
and -independent signalling pathways could have 
a stronger and more dynamic response to drought 
stress. In order to integrate both pathways in 
crops, suitable molecular tools are required. The 
question of  the possible role of  genomic selection 
and clustered regularly interspaced short palin-
dromic repeats (CRISPR) genome editing in this 
regard remains lingering, especially when several 
gene networks are presented without a clear 
deployment strategy through use of  these tools. A 
plausible option, for both drought and salinity, is 
to validate a core set of  genes using both novel 
molecular tools and modern phenotyping tech-
nologies, to select those with high genetic effects 
and develop standardized protocols for their rapid 
integration and deployment in crops.
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