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Abstract: Wheat represents one of the most important staple food crops worldwide and its genetic
improvement is fundamental to meeting the global demand of the growing population. However,
the environmental stresses, worsened by climate change, and the increasing deterioration of arable
land make it very difficult to fulfil this demand. In light of this, the tolerance of wheat to abiotic
stresses has become a key objective of genetic improvement, as an effective strategy to ensure high
yields without increasing the cultivated land. Genetic erosion related to modern agriculture, whereby
elite, high-yielding wheat varieties are the product of high selection pressure, has reduced the overall
genetic diversity, including the allelic diversity of genes that could be advantageous for adaptation
to adverse environmental conditions. This makes traditional breeding a less effective or slower
approach to generating new stress-tolerant wheat varieties. Either mining for the diversity of not-
adapted large germplasm pools, or generating new diversity, are the mainstream approaches to be
pursued. The advent of genetic engineering has opened the possibility to create new plant variability
and its application has provided a strong complement to traditional breeding. Genetic engineering
strategies such as transgenesis and genome editing have then provided the opportunity to improve
environmental tolerance traits of agronomic importance in cultivated species. As for wheat, several
laboratories worldwide have successfully produced transgenic wheat lines with enhanced tolerance
to abiotic stresses, and, more recently, significant improvements in the CRISPR/Cas9 tools available
for targeted variations within the wheat genome have been achieved. In light of this, the present
review aims to provide successful examples of genetic engineering applications for the improvement
of wheat adaptation to drought, salinity and extreme temperatures, which represent the most frequent
and most severe events causing the greatest losses in wheat production worldwide.

Keywords: wheat; abiotic stresses; drought; salinity; cold; heat; genetic engineering; genome editing;
transgenesis

1. Introduction

Wheat is one of the most important food crops widely cultivated in the world with
a production of about 780 million tons on an area of 215 million hectares [1]. In addition
to being an important source of dietary calories and proteins for about one-third of the
world’s population, wheat grains also provide minerals, dietary fibres, antioxidants and
vitamins, which have recognized health benefits since they reduce the risk of cancer,
cardiovascular diseases, obesity, type 2 diabetes and other chronic diseases [2]. According
to the FAO’s long-term projections towards 2050, the demand for wheat could reach 900
million tons [3]. To meet this global demand, wheat production must be increased by
approximately 77% of existing production [4]. Fulfilling this demand is very challenging in
view of the current declining of arable land and climate change. An effective strategy to
achieve this goal without increasing the area of cultivated land is to improve the tolerance

Plants 2022, 11, 3358. https://doi.org/10.3390/plants11233358 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants11233358
https://doi.org/10.3390/plants11233358
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0002-7310-8317
https://orcid.org/0000-0003-1704-2541
https://doi.org/10.3390/plants11233358
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants11233358?type=check_update&version=3


Plants 2022, 11, 3358 2 of 34

of wheat to environmental stresses in order to ensure yield stability even under adverse
climate conditions. With this goal in mind, breeders have turned their efforts towards the
selection of key traits driving wheat yield adaptation to environmental challenges, such as
drought, salinity, or extreme temperatures, for the development of resilient cultivars.

Domestication, green revolution, and modern plant breeding have led to a signifi-
cant loss of genetic diversity in wheat. In particular, modern cultivars are less tolerant
to both biotic and abiotic stresses than their wild relatives due to the erosion of useful
genes that occurred in the course of the selection for high-yielding genotypes in fertile
environments [5]. This narrowing of the genetic base restricts the future improvement of
wheat for higher tolerance to environmental constraints through the traditional breeding
approaches, which rely on the existence of genetic diversity to identify contrasting parents
for desired traits to be crossed for the creation of new improved genotypes. One of the
future strategies to overcome the loss of tolerance genes by genetic erosion is the use of
recombinant DNA technology combined with transgenesis, which allows the transfer of
genes from wild relatives or other species. Transgenesis consists of the delivery of a foreign
gene into the plant cell, thus obtaining a stable integration of the gene into the nuclear
genome; then, fertile plants are regenerated from the transformed cells and the expression
of the introduced gene is verified. Over the last two decades, significant achievements have
been made to develop a variety of efficient transformation methods in plants; among these,
particle bombardment-mediated transformation and Agrobacterium tumefaciens systems
have been successfully used for the genetic transformation of wheat. A detailed treatment
of this topic is beyond the scope of this review, and the reader is referred to excellent
reviews that have described in detail the progress made towards the development of robust
systems for the genetic transformation of wheat [6,7].

During the last decade, genome-editing technologies have emerged as a powerful
tool for crop improvement. Genome-editing tools use engineered nucleases that trigger
a double-strand break (DSB) at a desired genomic location. Recently, the possibility of
generating targeted DSB has been greatly simplified by the discovery of the type II Clustered
Regularly Interspaced Short Palindromic Repeat (CRISPR) system, which uses a specific
RNA sequence called ‘single guide RNA’ (sgRNA) to recognize the target region of interest
and direct the nuclease there for editing [8]. The DSB is converted into a mutation (insertion
or deletion) by the cellular repair machinery through an imprecise, non-homologous end
joining, which results in the loss of function of the targeted gene. Precise changes in the
desired gene are also possible through homology-dependent repair. In this case, a ‘donor
DNA’ containing the desired mutation is introduced in the cell together with the sgRNA
and the nuclease; the cellular repair machinery will use the donor DNA to repair the
DSB and the mutation will be incorporated in the targeted gene. Although transgenesis
and genome editing are both based on plant transformation, these two approaches differ
greatly from each other. Transgenesis yields random insertions of foreign genes in the
genome of the recipient plant, while genome editing introduces targeted modifications in
endogenous genes, thus generating genome-edited lines free of foreign genetic elements,
that are therefore identical to their non-transformed counterpart. This overcomes many of
the issues associated with transgenesis and increases the probability of public acceptance
of transgene-free food crops developed by genome editing. For readers interested in
the development of highly efficient tools for the application of genome editing in wheat
breeding, we suggest they refer to recent papers on this topic [9–11].

Unlike traditional breeding, crop improvement using transgenesis or genome editing
requires the identification and validation of candidate genes responsible for the control
of the trait to be improved; therefore, the identification and validation of candidate genes
associated with wheat tolerance to abiotic stresses are essential in such approaches. Studies
on model plants have contributed to the identification of several candidate genes underlying
tolerance to abiotic stresses and the orthologous of some of these genes have been identified
in crops including wheat. This review provides examples of how some of these abiotic
stress-related genes have been successfully used in the genetic engineering of wheat for
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the improvement of tolerance to drought, salinity and high and low temperatures, which
represent the most frequent and most severe events causing the greatest losses in wheat
production worldwide.

2. Candidate Genes

When the biochemical pathway related to a trait of interest is well known, the can-
didate genes may be chosen among the key genes that regulate that pathway. It is well
known that abiotic stresses such as drought, salinity, heat and cold stress, even if very dif-
ferent, cause similar disorders inside the plant cell, including membrane damage, oxidative
damage, protein denaturation and osmotic stress, and lead to the activation of a common
network of pathways that helps plants to survive. As a general scenario, the stress signal is
perceived by specific receptors located in the plasma membrane (Figure 1). After recogni-
tion, the extracellular signal is transduced into the cell through phytohormones and second
messengers including reactive oxygen species (ROS) and calcium ions (Figure 1). These
activate the phosphorylation/dephosphorylation cascade mediated by protein kinases and
phosphatases (Figure 1). The final response is the phosphorylation/dephosphorylation-
dependent activation/suppression of transcription factors, which can in turn regulate
the expression of abiotic stress-responsive genes (Figure 1). These mainly include genes
encoding (i) proteins that function directly in the protection of proteins and membranes,
such as late embryogenesis abundant (LEA) proteins, heat shock proteins (HSPs) and other
chaperones, (ii) enzymes that are involved in the biosynthesis of osmolytes, (iii) antioxidant
enzymes and enzymes involved in the biosynthesis of small antioxidant molecules and
(iv) proteins that are involved in water and ion movement, such as aquaporins and ion
transporters (Figure 1).

2.1. Transcription Factors

Transcription factors take part in the initiation of downstream genes responsive to
different types of abiotic stresses. Therefore, genes encoding abiotic stress-induced tran-
scription factors represent a valuable tool for genetic engineering experiments aimed at
improving plant tolerance to different adverse environmental conditions. Transcription
factors regulate gene expression through the specific binding to the cis-acting elements
in the promoter region of the target gene. Different families of transcription factors have
been shown to be involved in plant response to abiotic stresses either in abscisic acid
(ABA)-dependent or ABA-independent pathways. These include (i) APETALA2/ethylene
response element-binding factors (AP2/ERF), (ii) three groups of transcription factors, no
apical meristem (NAM), ATAF1-2 and cup-shaped cotyledon (CUC2) that constitute a large
family of transcription factors called NAC, (iii) basic leucine zipper (bZIP), (iv) WRKY and
(v) MYB [12] (Figure 1).

The AP2/ERF family includes the ethylene response factor (ERF) and the dehydration-
responsive element-binding protein (DREB)/C-repeat binding factor (CBF) subfamilies [13].
Transcription factors belonging to the ERF subfamily bind to the ethylene-responsive ele-
ment (ERE) containing the AGCCGCC core sequence. Earlier studies showed that ERF tran-
scription factors are mainly involved in biotic stresses, but in the last decade evidence has
been reported on the role of ERFs in plant response to abiotic stresses. In Arabidopsis thaliana,
ERF-IV regulates freezing and osmotic tolerance, whereas ERF-VII is mainly involved in
response to flooding and hypoxia in Arabidopsis and rice [13]. DREBs/CBFs recognize
dehydration-responsive or C-repeat elements (DRE/CRT) containing the A/GCCGAC core
sequence on abiotic stress-responsive genes [13]. Their role as major regulators in drought,
salinity, cold and heat stress has been known for a long time and has been extensively doc-
umented. In Arabidopsis, DREB1s play major roles in the acquisition of freezing tolerance,
whereas DREB2s are mostly involved in plant tolerance to drought and heat. A role in
abiotic stress tolerance has been demonstrated also for DREBs from various crops. The
ZmDREB2A gene is involved in maize response to dehydration, salt, cold and heat stresses,
the rice OsDREB1A and OsDREB1B genes are upregulated by cold, whereas the expression
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of OsDREB2A gene is induced by dehydration and high-salt stress, the TaDREB1 gene has a
role in wheat response to cold and drought, and the HvDRF1 gene in barley is upregulated
under drought, salinity or ABA treatment [13].

Figure 1. Schematic representation of the signalling pathway leading to the plant response to abiotic
stresses. Specific receptors in the plasma membrane perceive the external stress signal and trans-
mit the signal intracellularly through phytohormones and secondary messengers, such as calcium
(Ca2+) and reactive oxygen species (ROS). The second messengers activate different classes of protein
kinases, including mitogen-activated protein kinase (MAPK) cascade, calcium-dependent protein
kinases (CDPKs), and calcineurin-B-like proteins-interacting protein kinases (CIPKs), and protein
phosphatases, such as protein tyrosine phosphatases/dual-specificity phosphatases (PTPs/DSPs),
protein phosphatases 2C (PP2Cs), and serine/threonine-specific protein phosphatases (PPPs). Subse-
quently, the protein kinases and phosphatases catalyze the phosphorylation/dephosphorylation of
transcription factors, including APETALA2/ethylene response element-binding factors (AP2/ERF),
the large NAC family, basic leucine zipper (bZIP), WRKY, and MYB. These finally regulate the expres-
sion of abiotic stress-responsive genes encoding heat shock proteins (HSPs) and other chaperones,
late embryogenesis abundant (LEA) proteins, enzymes involved in the biosynthesis of osmolytes,
antioxidant enzymes and enzymes involved in the biosynthesis of small antioxidant molecules,
aquaporins and ion transporters, which contribute to the tolerance of wheat to abiotic stresses.

NACs regulate the expression of downstream target genes by binding to the NAC
recognition sequence (NACRS) containing the CACG core sequence [14]. Many NAC genes
have been shown to be involved in plant responses to various abiotic stresses. Several
Arabidopsis NAC genes, such as ANAC019, ANAC055 and ANAC072, are induced by drought,
high salinity, cold and freezing. Similarly, in cereal crops, the rice OsNAC6 and OsNAC5
genes, the maize ZmSNAC1 gene and the wheat TaNAC69 TaNAC2a, TaNAC4, TaNAC4a and
TaNAC6 genes are transcriptional activators involved in the response to drought, salinity
and extreme temperatures [14].

Plant bZIP proteins preferentially bind to palindromic and pseudo-palindromic hexam-
ers containing an ACGT core with flanking residues of A-box (TACGTA), C-box (GACGTC)
and G-box (CACGTG). In addition, many bZIP class transcription factors have been re-
ported that bind to the ABA-responsive element (ACGTGT/GC); these bZIPs are called
ABRE binding factors (ABFs)/ABA-responsive element-binding proteins (AREBs) and
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regulate the plant response to abiotic stresses through the ABA-dependent signalling path-
way [15]. A large number of bZIP transcription factors have been characterized and their
role in the response to abiotic stresses both in model plants and crops has been reported. In
Arabidopsis, AtbZIP17, AtbZIP24, AtbZIP60 and AtbZIP62 are involved in plant response to
salt stress, whereas AtbZIP1 and AtbZIP37/AtABF3 play a role in cold and drought stress,
respectively [15]. A deep characterization of the bZIP family has been carried out in rice
and the function of several members has been assessed. OsbZIP05, OsbZIP12/OsABF1,
OsbZIP16 and OsbZIP71 are involved in rice response to salt stress, OsbZIP20, OsbZIP42,
OsbZIP46/OsABF2 and OsbZIP72 in drought, OsbZIP38, OsbZIP73 and OsbZIP87 in cold
stress [15]. In wheat, a role in drought, salt and cold stress has been reported for TabZIP6,
TabZIP8, TabZIP9, TabZIP13, TabZIP14-B and TabZIP60 [15].

WRKY proteins contain either one or two WRKY domains characterized by the amino
acid sequence WRKYGQK and a zinc-finger-like-motif; both of these two motifs are es-
sential for the binding of WRKYs to the TTGACT/C core sequence called W-box [16].
Numerous studies have shown that the WRKY genes are rapidly activated under abiotic
stresses, thus ensuring an immediate and effective response to the adverse condition. In
addition, a single WRKY gene often responds to different abiotic stresses and may, therefore,
has a crucial role in the signalling process when plants are exposed to simultaneous envi-
ronmental cues. AtWRKY25 and AtWRKY33 respond to both heat and salt treatments [16],
whereas in wheat 15 WRKY genes have been identified, 8 of which are induced by low
temperature, high temperature, NaCl and PEG treatment [17].

The MYB family is found both in plants and animals and is known to have different
functions. Different MYB proteins bind to different cis-acting elements in the promoter
of their target genes. In various plants, MYB transcription factors regulate the flavonoid
pathway and are responsible for red/purple/blue pigmentation in different tissues, but
they are also involved in plant growth and development and participate in the ABA-
dependent signalling pathway for the regulation of the abiotic stress-responsive genes [18].
In Arabidopsis, AtMYB2 and AtMYB60 are involved in drought tolerance, AtMYB2 and
AtMYB44 respond to salt stress, AtMYB41 and AtMYB96 are induced by both drought
and salt stress, whereas AtMYB15 and MYB68 are involved in the response to low and
high temperatures, respectively [18]. In rice, OsMYB2 and OsMYBS3 are involved in
cold tolerance, whereas OsMYB4 has a positive effect on both cold and drought tolerance.
TaMYB32, TaMYB33, TaMYB56-B and TaMYB73 are all induced by salt stress in wheat [18].

2.2. Osmolytes

The biochemical response of the plant cell to osmotic stress caused by dehydration
is the accumulation of compatible solutes, also known as osmolytes. Osmolytes are small
molecules with no toxicity at high cellular concentrations, which provide the driving
gradient for water uptake, thus allowing the maintenance of cell turgor [19]. They also
act in the detoxification of ROS, protection of membrane integrity, and stabilization of
protein structure and for this reason, their accumulation is a widespread response to not
only water stress, but also to other abiotic stresses [19]. Therefore, key enzymes involved
in the metabolism of these osmolytes represent potential candidates for enhancing plant
tolerance to abiotic stresses.

Osmolytes include amino acids, sugars and their derivatives [19]. Among amino acids,
proline plays a central role in improving plant tolerance against various abiotic stresses.
Under adverse conditions, proline accumulates in the cytosol where it contributes to the
osmotic adjustment and acts as chaperone maintaining the correct protein folding and
enhancing the activities of different enzymes; in addition, evidence exists suggesting its
role as ROS scavenger and quencher of singlet oxygen [20]. Proline biosynthesis occurs
through both the glutamate and the ornithine pathway. Glutamate is converted to proline
by the sequential reactions catalyzed by the enzymes ∆1-pyrroline-5-carboxylate synthase
(P5CS) and ∆1-pyrroline-5-carboxylate reductase (PYCR), whereas ornithine is converted
to proline by the sequential action of ornithine aminotransferase (OAT) and PYCR [20].
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Under water and salt stress conditions, proline accumulation in plants is regulated by both
P5CS and OAT genes, whose expression is highly induced under these hyperosmotic stress
conditions [19,21].

Glycine betaine is an amino acid derivative that accumulates in chloroplast mainly
in response to water and salt stress, but also in response to cold and freezing [22]. This
molecule contributes not only to the osmotic adjustment but also to the stabilization of
the structure of complex proteins, such as the oxygen-evolving PSII complex and Rubisco,
and the maintenance of the photosynthetic efficiency [22]. In plants, glycine betaine is
synthesized from choline by two-step oxidation: the first step is catalyzed by choline
monooxygenase (CMO), which converts choline to betaine aldehyde, and the second step
is catalyzed by the aldehyde dehydrogenase (BADH), which converts betaine aldehyde to
glycine betaine [22]. Evidence exists that salinity and drought stress increase the expression
levels of the CMO and BADH encoding genes, and consequently the activity of these
enzymes in the chloroplast stroma [22,23].

Sugar alcohols or polyols are sugar derivatives accumulated in high amounts in
plants exposed to drought, salinity, and high and low temperatures [24]. Mannitol is an
important sugar alcohol that under stress not only contributes to the osmotic adjustment
but also helps in redox control through the scavenging of hydroxyl radicals [24]. In higher
plants mannitol is synthesized from mannose-6-phosphate that is converted to mannitol-1-
phosphate by the NADPH-mannose-6-phosphate reductase; then, mannitol-1-phosphate
is dephosphorylated by the mannitol-1-phosphate phosphatase to yield mannitol [24].
The increased expression of these genes was found to be responsible for the increased
accumulation of mannitol observed under drought and salt stress [25].

2.3. Heat Shock Proteins and Other Chaperones

Heat shock proteins (HSPs), also referred to as molecular chaperones, owe their name
to the fact that they accumulate in large amounts under heat stress, but evidence exists
about their induction and involvement also in the plant response to other abiotic stresses,
such as drought, salinity, freezing temperature, high light, heavy metal and oxidative
stress [26]. HSPs are classified into at least six different types according to their molecular
weight: small HSPs (sHSPs), HSP40 (Dna), HSP60 (chaperonins), HSP70 (DnaK), HSP90
and HSP100 (Clp) [27]. HSPs are responsible for protein folding, activation, transport and
degradation in a wide variety of normal cellular processes, but they are also involved in the
stabilization of proteins and membranes under stress conditions to protect them from being
dysfunctional, thus conferring abiotic stress tolerance [27]. In plants, the accumulation of
HSPs is regulated by heat shock factors (HSFs). HSFs can activate the expression of HSP
genes and other abiotic stress-related genes by binding to cis-regulatory motifs in their
promoter known as heat shock elements (HSEs) [28].

Other chaperones whose expression/activity is enhanced under abiotic stress condi-
tions include the protein disulfide isomerase and the peptidyl-prolyl cis/trans isomerase,
which play an important role in the formation of disulfide bonds and in the correct folding
of nascent polypeptides in the endoplasmic reticulum [29]. Experiments carried out in
Arabidopsis have demonstrated that the accumulation of unfolded proteins, which generally
occurs under abiotic stress conditions, induces the upregulation of these enzymes, thus
generating a signalling pathway known as the ‘unfolded protein response’ that helps to
mitigate protein damage [29]. Other chaperones localized in the endoplasmic reticulum are
the calreticulin (Crt) and calnexin (Cnx); these are implicated in many cellular functions
including plant response to a variety of environmental stimuli [30]. The expression of
plant Crts is induced in Arabidopsis and wheat plants exposed to drought, in rice plants
under cold stress and in Brassica napus plants exposed to high temperature and salt stress;
conversely, the expression of Cnxs decreases in roots of soybean plants exposed to osmotic
stress [30]. Evidence exists that also the chloroplast protein synthesis elongation factor
(EF-Tu), a protein that plays a central role in the elongation phase of protein synthesis in
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the organelles of the plant cell, displays chaperone activity and protects heat-labile proteins
in the chloroplast stroma from damages induced by heat stress [31].

2.4. Late Embryogenesis Abundant Proteins

Late embryogenesis abundant (LEA) proteins are so-called because they accumulate
during the late period of seed development accompanied by dehydration. Evidence also
exists that LEA proteins in vegetative organs play a role in plant response to dehydration
stresses, such as drought, salinity and cold stress, probably through the maintenance of
protein and membrane structure, sequestration of ions, binding of water and operation as
molecular chaperones [32].

LEA proteins constitute a highly divergent group of proteins that can be classified into
different groups on the basis of their amino acid sequence similarity and the presence of
specific motifs [32]. While group 1 LEA proteins are found in seeds and are not involved in
plant response to abiotic stresses, some members of groups 2, 3, 4, and 5 respond to different
environmental cues. LEA proteins belonging to group 2, also known as dehydrins, act as
molecular chaperones [32]. Two dehydrins, ERD10 and ERD14, isolated from Arabidopsis
were found to be upregulated in response to low temperature, drought and high salinity;
moreover, in vitro experiments demonstrated that ERD10 and ERD14 prevent the heat-
induced aggregation of various enzymes and interact with phospholipid vesicles, thus
suggesting a protective function of ERD10 and ERD14 under abiotic stress through the
stabilization of proteins and membranes [33]. HVA1 is an LEA protein belonging to group 3,
which accumulates in barley seeds during the late stage of seed development in response
to dehydration [34]. The expression of the hva1 gene was found to be induced by drought,
salinity and cold stress, as well as by ABA treatment [35]. It has been hypothesized that
HVA1 acts by sequestering ions that accumulate during dehydration and that may cause
serious damage to cellular proteins and structures [34]. Similarly, LE25, a group 4 LEA
protein, was found to be expressed in tomato leaves and roots in response to water stress
and ABA accumulation [36].

2.5. ROS Detoxification

A common phenomenon in plants exposed to various abiotic stresses is the overpro-
duction of ROS, which ultimately results in oxidative stress. Oxidative stress damages
biomolecules such as lipid membranes, proteins and nucleic acids and ultimately results in
plant cell death. To minimize the damaging effects of ROS, plants have evolved a complex
network consisting of various enzymatic and non-enzymatic mechanisms that can reduce
oxidative stress and contribute to enhancing the plant’s tolerance to various abiotic stress
conditions. Among all antioxidant enzymes, superoxide dismutase (SOD) represents the
first line of defence by dismutating superoxide anion into hydrogen peroxide and reducing
the possibility of its conversion into hydroxyl radical by Fenton’s reaction [37]. SOD has
different isoforms: the Cu/Zn-SOD isoform in the cytoplasm, chloroplasts, peroxisomes
and apoplast, the Fe-SOD in the chloroplasts, and the Mn-SOD in the mitochondria and
peroxisomes [37]. Hydrogen peroxide produced by SOD is detoxified to oxygen and
water by catalase (CAT), glutathione peroxidase (GPX) and the ascorbate–gluthatione cy-
cle. The ascorbate–glutathione cycle consists of the enzymes ascorbate peroxidase (APX),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) and
glutathione reductase (GR), and the non-enzymatic antioxidants ascorbate and glutathione
(GSH) [38]. In the cycle, the peroxidation of ascorbate by APX gives monodehydroascor-
bate. Monodehydroascorbate is either converted to ascorbate by the MDHAR or undergoes
non-enzymatic disproportionation to dehydroascorbate, which is recovered and converted
into ascorbate by the glutathione-dependent reaction catalyzed by the DHAR; in this latter
reaction, GSH is oxidized to give glutathione dimers GSSG that are re-reduced by GR [38].

While these scavenging enzymes are important in directly regulating ROS levels, there
are other enzymes, which are responsible for the repair of ROS-induced damages. These
include the enzymes belonging to the superfamily of thioredoxins (TRXs) that catalyze the
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reduction of disulfide bonds generated under oxidative stress and restore the structure and
function of proteins [39], the aldo-keto reductases that catalyze the NADPH-dependent
reduction of cytotoxic aldehydes derived from lipid peroxidation, an important process that
favours the reduction of stress-induced damages to biomembranes [40] and the enzymes
involved in the repair of oxidative DNA damages [41].

In addition to ascorbate and GSH, other small antioxidant molecules, such as
carotenoids, tocopherols and phenolic compounds, are also important for the control of
ROS homeostasis in the plant cell. Carotenoids and tocopherols are the two most abundant
groups of lipid-soluble antioxidants in the chloroplast, where they quench and scavenge sin-
glet oxygen, thus protecting the photosynthetic machinery; tocopherols can also scavenge
lipid peroxy radicals and yield a tocopheroxyl radical that can be re-reduced by reacting
with ascorbate or other antioxidants [42]. Phenolic compounds, particularly flavonoids and
phenolic acids, scavenge different free radical molecules and reduce membrane damage
due to lipid peroxidation [42].

A great deal of studies has demonstrated that the activation of antioxidant enzymes
and/or key enzymes involved in the biosynthesis and accumulation of small antioxidant
molecules is crucial for protecting plant cells against ROS overproduction triggered by
abiotic stresses both in model and crop plants. For instance, a significant increase in SOD
activity occurs in tomato, chickpea and mulberry plants exposed to salt stress, and in
Phaseolus vulgaris and rice plants exposed to water stress [43]. An increase in CAT activity
occurs in wheat plants exposed to water stress and in Cicer arietinum plants exposed to
salinity [44]. APX activity increases significantly in Phaseolus vulgaris and Picea asperata
plants exposed to water stress [43], and in Cucumis sativus cold stress activates the enzymes
of the ascorbate-glutathione cycle [44]. As for the small antioxidants, ascorbate, GSH and α-
tocopherol significantly increase in tomato plants exposed to drought stress, and in soybean
total phenolic and tocopherol contents increase with increasing the level of osmotic stress
intensity [42]. These are just a few examples of the involvement of antioxidant enzymes and
small antioxidant molecules in the abiotic stress response, but a comprehensive overview
of the literature can be found in the numerous reviews on this topic [42–44].

2.6. Water Channels and Ion Transporters

Plant cell membranes contain channels for the uptake of water, also known as aquapor-
ins, and transporters responsible for the uptake of ions. Due to their role in maintaining the
plant water status, aquaporins have been deeply investigated in relation to their involve-
ment in plant response to drought and salt stress. The most studied aquaporins are the
plasma membrane intrinsic proteins (PIPs) and the tonoplast membrane intrinsic proteins
(TIPs) [45]. Evidence exists that genes encoding aquaporins belonging to the PIP1 subgroup
are the most responsive to drought and salt stress, undergoing a downregulation in the
roots and an upregulation in the leaves, which suggests a role for these isoforms in gas
exchange and stomatal opening [46,47]. In addition to the regulation of gene expression,
salt stress also causes changes in the activity of aquaporins. The pH decrease observed
in salt-sensitive rice cultivars maintains aquaporin in its closed state [48]. Furthermore,
the reduction in cytosolic Ca2+ concentration caused by salt stress leads to aquaporin
closure [49]. A role of aquaporins in plant response to low and high temperatures has also
been reported. Evidence exists that low root temperature decreases the water uptake ability
of the root [50]. Consistently, in Arabidopsis and rice plants exposed to low temperatures,
different aquaporins of the PIP1 and PIP2 subgroups are downregulated both in the roots
and the aerial part, with only the PIP2;5 aquaporins upregulated in both tissues [51,52].
These results strongly suggest a role for PIP2;5 in cold-stress acclimation through the in-
crease in water uptake [50,52]. Upregulation of PIP genes occurs in tolerant cultivars of tea
exposed to high temperatures, whereas a TIP gene is downregulated both in tolerant and
sensitive cultivars [53]; also, pre-treatment of strawberry plants with sodium hydrosulfide
induces systemic thermotolerance through the upregulation of HSP and PIP genes [54].



Plants 2022, 11, 3358 9 of 34

Regarding the ion transporters, a crucial role is played by Na+ and K+ transporters in
the tolerance mechanisms orchestrated by the plant to counteract salt stress. In glycophytes,
excessive Na+ is toxic for the plant cell because it determines K+ and Ca2+ deficiency and
forces the plant cell to accumulate osmolytes to counterbalance the export of Na+ for osmotic
adjustment [55]. To reduce Na+ levels in the cytoplasm plants may adopt two strategies: (i)
exclude Na+ from the leaf blades, (ii) compartmentalize Na+ in the vacuole [55]. Na+ efflux
outside the plant cell is mediated essentially by the Na+/H+ antiporter SOS1; physiological
analyses of sos1 mutant plants have demonstrated that SOS1 is involved in Na+ efflux from
the cytosol to the apoplast and to the xylem from the parenchyma surrounding the vascular
tissues, thus maintaining low concentrations of Na+ in the plant cells [56]. In addition, gene
expression studies revealed that SOS1 transcript levels increase significantly in roots and to
a much lesser extent in shoots of both model and crop plants exposed to high salinity [56].
The best-known transporter responsible for vacuolar Na+ sequestration is the Na+/H+

antiporter NHX1. Extensive studies on Arabidopsis and rice have demonstrated the key role
played by the NHX1 antiporter in salinity tolerance, by reducing the deleterious effects of
excess Na+ in the cytosol and maintaining osmotic balance in the vacuole by using Na+

as cheap osmolyte [56]. Overexpression of the NHX1 gene significantly increases salinity
tolerance in different plant species, including important crops such as tomato, rice, tobacco
and wheat [56].

3. Improvement of Abiotic Stress Tolerance in Wheat Plants through
Transgenic Approaches

Recent advances in understanding the genetic control of the mechanisms triggered
by plants for counteracting abiotic stresses, including the identification and cloning of
candidate genes, have encouraged private and public researchers to use these genes for
engineering plants that can tolerate the adverse effects of these stresses without any negative
impact on their yield. As already stated, significant progress has been achieved in the
transformation of cereals, including the development of transgenic wheat lines; thus,
researchers have moved from theoretical studies to introducing genes controlling traits
of agronomic importance, and many of the obtained transgenic wheat lines carried better
tolerance to environmental cues. Examples of the most relevant transgenic approaches
aimed at improving the tolerance of wheat to drought, salinity and extreme temperatures
are reported below.

3.1. Drought

Drought is probably the most important abiotic stress that limits crop productivity
worldwide. It occurs when there is less-than-average precipitation over a prolonged period
of time, with a consequent reduction of the atmospheric and soil moisture that leads to an
imbalance between evapotranspiration flux and water absorption from the soil. Wheat is
grown in different environments, but many of these environments have drought stress as
one of the major challenges to its yield. Wheat is susceptible to drought particularly at the
jointing stage when it grows rapidly and the impact of water stress can accumulate quickly,
thus reducing yield potential in a relatively short period of time. In addition, exposure of
wheat plants to drought stress conditions after flowering and until maturity reduces the
period of grain filling and ripening, thus severely reducing yields [57].

Most of the candidate genes exploited to improve drought tolerance in wheat are
transcription factors, which play a key role in signal transduction under drought stress
by regulating the expression of downstream genes involved in plant response to water
deficit. Transcription factors that have been successfully used for the improvement of wheat
tolerance to drought mainly belong to the DREB/CBF (GmDREB1, AtDREB1, GhDREB,
TaDREB3 and TaCBF5L) [58–64], ERF (TaERF3) [65], NAC (TaNAC69-1, SNAC1) [66,67],
HD-ZipI (HaHB4) [68] and WRKY (TaWRKY2, AtWRKY30) [69,70] families, but they also
include the ABA-stress-ripening (ASR) transcription factor (TaASR1-D), which is involved
in drought tolerance through the ABA signalling [71], and the BES/BZR transcription
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factor (TaBZR2) [72] and the nuclear factor Y (NF–Y) subunit A (TaNF-YA7-5B) [73], which
are known to be involved in the modulation of various physiological processes including
response to abiotic stresses (Table 1). When exposed to controlled water-limited conditions
these transgenic lines exhibited better growth performance and higher biomass accumula-
tion compared to the wild-type plants. The most common responses triggered by drought
in these overexpressing lines were the upregulation of ABA- and stress-responsive genes,
the accumulation of compatible solutes and the activation of the antioxidant defence system,
which resulted in better osmotic adjustment, higher water retention and photosynthetic
efficiency, and lower ROS production and oxidative damages to plant membranes (Table 1).
Interestingly, after exposure to drought stress, the overexpression of the GmDREB1 gene
also induced the expression of genes involved in the biosynthesis of melatonin and the
concomitant increase in the melatonin levels in leaves and roots [59] (Table 1). In this regard,
evidence exists on the role of melatonin in counteracting the deleterious effects of biotic
and abiotic stresses in plants through direct scavenging of ROS and indirectly through
the stimulation of plant growth regulators and the improvement of the photosynthetic
and antioxidant systems [74]. Some of the wheat lines overexpressing a transcription
factor were also evaluated for their tolerance to drought under field conditions. When
grown under water-limited conditions in the field, the GmDREB1 overexpressing lines
exhibited better growth performances and consequently higher grain yields compared
to non-transgenic plants [59] (Table 1). A field trial was also carried out for testing the
AtDREBA1 overexpressing lines that under greenhouse drought conditions presented a
high survival rate and water use efficiency (WUE) [61]. Although under field conditions
these transgenic lines did not outperform the wild-type plants, they presented more stable
growth and yield performance across different environments [61] (Table 1). Compared
to wild-type plants, wheat lines overexpressing the HaHB4 gene grown in the open field
under water-limited conditions presented better WUE and higher grain yield due to higher
grain number per square meter that, in turn, was linked to higher number of spikelets per
spike, tillers per plant, and fertile florets per plant [68] (Table 1). These findings indicate
that transgenic approaches can be effective in improving wheat adaptability to marginal
regions characterized by frequent drought events.

Significant improvement in wheat tolerance to drought has also been achieved by
overexpressing genes encoding enzymes involved in the biosynthesis of osmolytes. In par-
ticular, the Vigna aconitifolia P5CS gene [75–77] and the Arabidopsis OAT (AtOAT) gene [78]
have been successfully used to induce proline accumulation, the bacterial mtlD gene, en-
coding the mannitol-1-phosphate dehydrogenase and engineered for expression in higher
plants [79], has been used to induce the accumulation of mannitol [80], whereas the ac-
cumulation of glycine betaine has been induced through the overexpression the bacterial
betA gene encoding the choline dehydrogenase [81] and the BADH gene from Atriplex
hortensis [82]. These overexpressing lines presented higher tolerance to drought stress as
demonstrated by their higher growth rate and biomass accumulation compared to non-
transgenic plants [75–82] (Table 1). Interestingly, the protective effect of these osmolytes
was not always due to their involvement in the osmotic adjustment. Indeed, under water
deficit, the transgenic lines overexpressing the PC5S gene exhibited the same pressure
potential but lower levels of malondialdehyde (MDA)—an end-product of lipid perox-
idation in biomembranes—and higher membrane stability compared to non-transgenic
plants; this prompted the authors to hypothesize that the observed tolerance of these lines
was mainly due to protection mechanisms against oxidative stress rather than to osmotic
adjustment [75–77] (Table 1). In the same manner, the amount of mannitol accumulated
in the wheat lines overexpressing the bacterial mtlD gene was found to be inadequate to
account for osmotic effects and this suggested that the beneficial effect of mannitol was
probably linked to protective mechanisms other than osmotic adjustment [80]. A differ-
ent behaviour was instead observed in the wheat lines overexpressing the betA and the
BADH genes. Under water deficit these lines accumulated not only glycine betaine but
also other osmolytes, such as proline, soluble sugars and soluble proteins, that altogether
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contributed to the osmotic adjustment and determined an improvement in cell water status
and stomatal opening [81,82] (Table 1). The increase in stomatal conductance together
with the protective effect of glycine betaine on proteins of thylakoid membranes led to an
improvement of the photosynthetic efficiency, whereas the protection of the antioxidant
enzymes reduced ROS generation and oxidative damages [81,82] (Table 1).

Among those genes encoding proteins directly involved in the plant cell protection
against abiotic stresses, the HVA1 gene from barley has been used by different research
groups and has proved to be particularly effective in the enhancement of wheat tolerance
to drought [83–87] (Table 1). Under controlled water deficit conditions, the transgenic
wheat lines overexpressing the HVA1 gene had higher water retention, stomatal conduc-
tance and photosynthetic activity, as well as lower electrolyte leakage and higher mem-
brane stability, which resulted in better growth and higher biomass accumulation than
wild-type plants [83–86] (Table 1). Better performances of the HVA1 overexpressing lines
were also observed under rainfed conditions in the field, as demonstrated by the higher
WUE, RWC and stable yields [87] (Table 1). It is feasible that the improvement of drought
stress tolerance conferred to the wheat lines by the HVA1 overexpression is a direct conse-
quence of the dehydration-protective properties of LEA proteins towards membranes and
macromolecules, but it may also derive indirectly from the ability of HVA1 to upregulate
NAC and DREB genes that, in turn, induced the expression of genes encoding dehydrins,
Rab proteins, and antioxidant proteins/enzymes, as demonstrated by the transcriptome
analysis carried on these transgenic lines [85] (Table 1).

As far as the genes involved in the ROS detoxification, the wheat TaNRX gene [88],
which encodes a nucleoredoxin belonging to the TRX family, and the Medicago sativa
MsALR gene [89] encoding an aldose reductase belonging to the aldo-keto reductase
family, were found to be effective in generating drought-tolerant wheat lines (Table 1). The
overexpression of the TaNRX gene affected the expression of several genes including those
encoding WRKY and MYB transcription factors, which are typically involved in the plant
response to drought stress (Table 1). In addition, these transgenic lines exhibited higher
leaf chlorophyll, proline and soluble sugar content, higher catalase, superoxide dismutase
and peroxidase activities, and lower levels of MDA, hydrogen peroxide, and superoxide
anion compared to the wild-type plants (Table 1). This suggests the TaNRX counteracts the
oxidative stress triggered by drought both directly and indirectly through the activation of
the antioxidant system.

The overexpression of C4 photosynthetic genes in C3 plants has been widely used
to improve the photosynthetic efficiency and yield of C3 plants [90]. Consistently, the
wheat transformation with the maize gene encoding the phosphoenolpyruvate carboxylase
(PEPC), the enzyme responsible for the primary fixation of CO2 in C4 and Crassulacean
plants, has proven to be effective in conferring tolerance to drought stress, in which the
yield loss is mainly due to the limited CO2 availability resulting from stomatal closure [91]
(Table 1). Proteomic analysis revealed that under water stress these transgenic lines pre-
sented higher levels of proteins related to photosynthesis and plastid structural stability,
higher activity of enzymes involved in the amino acid metabolism, and higher levels of
cytoskeleton proteins compared to non-transgenic plants; this resulted in higher photo-
synthetic rate, higher accumulation of proline, glycine betaine and polyols and better
growth performance (Table 1). Better growth and higher tolerance to dehydration were
also observed in wheat plants overexpressing the wheat gene TaPEPKR2 encoding the
phosphoenolpyruvate carboxylase kinase-related kinase, an enzyme probably involved in
the phosphorylation of the PEPC, which is essential for its activation [92] (Table 1).

In addition to the main classes of candidate genes, other genes known to be involved
in the response to abiotic stresses of plants and other organisms have been exploited to
enhance drought tolerance in wheat. Successful examples are the bacterial SeCspA and
SeCspB genes [93], which encode cold shock proteins that protect bacteria from cold-induced
damages to RNA [94], the isopentenyl transferase (IPT) gene from Agrobacterium tumefaciens
that catalyzes the rate-limiting step in the cytokinin biosynthesis [95], the Arabidopsis
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SUMO cysteine protease (OVERLY TOLERANT TO SALT-1, OTS1) gene that is involved in
the regulation of plant growth during stress [96], and the wheat ABA receptor (TaPYL4)
gene [97] (Table 1). When exposed to drought stress, these transgenic lines presented better
growth performance compared to the non-transgenic lines, as a consequence of higher
water retention, higher osmolyte accumulation, better photosynthesis and upregulation of
stress-related genes (Table 1). Notably, when grown under rainfed conditions in the field,
the SeCspA and the IPT overexpressing lines presented higher yield and yield components,
which suggested their suitability for cultivation in arid regions (Table 1).

Table 1. Improvement of drought tolerance in wheat plants through transgenic approaches.

Gene Gene Product Plant Source Improved Traits Ref.

Transcription factors

GmDREB1
Dehydration-
responsive
element-binding
protein

Soybean

• Higher number of leaves and roots
• Higher soluble sugar levels [58]

• Less membrane damage, better
osmotic adjustment and
photosynthetic efficiency, higher
melatonin level

• Upregulation of stress-responsive
genes (e.g., transcription factors,
antioxidant enzymes, enzymes
involved in the biosynthesis of
melatonin)

• Higher yields in the field

[59]

AtDREBA1

Dehydration-
responsive
element-binding
protein

Arabidopsis
thaliana

• Higher relative water content, higher
chlorophyll, proline and soluble sugar
levels

[60]

• Higher water use efficiency and
biomass

• Stable yield performance under
water-deficit conditions in the field

[61]

GhDREB

Dehydration-
responsive
element-binding
protein

Cotton • Higher survival rates
• Higher soluble sugar level [62]

TaDREB3

Dehydration-
responsive
element-binding
protein

Bread
wheat

• Higher survival rates and higher
yields [63]

TaCBF5L C-repeat binding factor Bread
wheat

• Higher plant biomass and grain
weight [64]

TaERF3 Ethylene response
factor

Bread
wheat

• Higher survival rates and lower water
loss

• Upregulation of ABA- and
stress-responsive genes (e.g.,
peroxidase, late embryogenesis
abundant protein, ABA-responsive
protein, glutathione-S-transferase)

[65]

TaNAC69-1
Protein belonging to
the NAM/ATAF1-2/
CUC2 family

Bread
wheat

• Higher root and shoot biomass and
longer roots

• Enhanced expression of
stress-responsive genes

[66]
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Table 1. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

SNAC1
Protein belonging to
the NAM/ATAF1-2/
CUC2 family

Rice

• Higher water retention and
chlorophyll content

• Enhanced expression of genes
involved in ABA signalling (e.g.,
sucrose phosphate synthase,
1-phosphatidylinositol-3-phosphate
5-kinase, type 2C protein
phosphatases, and regulatory
components of ABA receptor)

[67]

HaHB4 Homeodomain-leucine
zipper I protein Sunflower

• Higher water use efficiency
• Higher number of spikelets per spike,

tillers per plant, and fertile florets per
plant and higher yields

[68]

TaWRKY2 WRKY domain protein Bread
wheat

• Higher soluble sugars, proline and
chlorophyll levels and lower hydrogen
peroxide levels at seedling stage

• Longer spike length, more kernels per
spike, greater aboveground biomass,
higher yields

[69]

AtWRKY30 WRKY domain protein Arabidopsis
thaliana

• Higher shoot and root length, and
biomass production

• Higher chlorophyll, proline and
soluble sugar levels and antioxidant
enzymes activities

• Higher photosynthetic performance
and higher relative water content

• Lower malondialdehyde, hydrogen
peroxide levels and electrolyte leakage

• Upregulation of stress-responsive
genes (e.g., antioxidant enzymes,
transcription factors and aquaporins)

[70]

TaASR1-D Abscisic acid stress-
ripening protein

Bread
wheat

• Higher survival rates and greater
water retention ability [71]

TaBZR2
BRI1-EMS suppressor
/brassinazole-resistant
family

Bread
wheat

• Higher survival rates, delayed leaf
rolling, and proline level

• Lower malondialdehyde and
electrolyte leakage

• Upregulation of abiotic
stress-responsive genes

[72]

TaNF-YA7-5B Nuclear factor Y
transcription factors

Bread
wheat

• Higher shoot and root length, and
biomass production

• Fasta stomata closing rates and
reduced water losing rates

• Higher proline and soluble sugar
levels and antioxidant enzyme
activities

• Lower malondialdehyde and ROS
levels

• Higher photosynthetic performance
• Upregulation of stress-responsive

genes (e.g., ∆1-pyrroline-5-carboxylate
synthase, superoxide dismutase and
catalase)

[73]
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Table 1. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

Osmolytes

P5CS
∆1-pyrroline-5-
carboxylate
synthase

Vigna
aconitifolia

• Higher proline level, lower
malondialdehyde level and higher
membrane stability

[75–77]

AtOAT Ornithine
aminotransferase

Arabidopsis
thaliana

• Higher proline level and survival rates
• Upregulation of genes involved in

proline biosynthesis via glutamate and
ornithine pathways and
downregulation of genes involved in
proline catabolism

[78]

mtlD Mannitol-1-phosphate
dehydrogenase

Escherichia
coli

• Higher mannitol level, fresh weight,
dry weight, plant height and flag leaf
length

[80]

betA Choline dehydrogenase Escherichia
coli

• Higher glycine betaine, proline and
soluble sugar levels

• Higher germination percentage and
biomass, and better-developed roots

• Higher relative water content, and
better photosynthesis

• Higher activity of antioxidant
enzymes, lower malondialdehyde
level and electrolyte leakage

[81]

BADH Betaine aldehyde
dehydrogenase

Atriplex
hortensis

• Higher glycine betaine, proline,
soluble protein, soluble sugar and free
amino acid levels

• Higher relative water content, more
negative osmotic potential and higher
photosynthetic efficiency

• Higher activity of antioxidant
enzymes, lower ROS and
malondialdehyde levels, and lower
electrolyte leakage

[82]
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Table 1. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

LEA proteins

HVA1 Group 3 LEA protein Barley

• Higher water use efficiency, root fresh
and dry weights, shoot dry weight and
total dry biomass

[83]

• Higher germination rate and root
length

• Higher relative water content, and
more negative water potential

• Higher stomatal conductance and
photosynthetic activity

• Lower electrolyte leakage and higher
membrane stability

[84]

• Greener leaf and more robust root
growth

• Upregulation of drought-responsive
genes (e.g., DREB and NAC
transcription factors, dehydrins,
ferritin, glutathione-S-transferase)

[85]

• Higher germination percentage,
seedling growth, biomass
accumulation and nitrate reductase
activity at seedling stage

• Higher photosynthetic activity and
yield at post-anthesis

[86]

• Higher water use efficiency, relative
water content and stable yields in the
field

[87]

ROS detoxification

TaNRX Thioredoxin Bread
wheat

• Higher survival rates, higher
chlorophyll, proline and soluble sugar
levels, higher catalase, superoxide
dismutase and peroxidase activities

• Lower malondialdehyde, hydrogen
peroxide and superoxide anion levels

• Upregulation of genes encoding
transcription factors and other
stress-responsive genes

[88]

MsALR Aldose reductase Medicago
sativa

• Higher water use efficiency and
biomass production [89]
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Table 1. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

Other genes

PEPC Phosphoenolpyruvate
carboxylase Maize

• Higher proline, soluble sugar and
soluble protein levels

• Higher water use efficiency and
photosynthetic rate, higher root
volume and activity, biomass per plant,
spike numbers per plant, grain
numbers per spike and thousand grain
weight, higher levels of proteins
related to photosynthesis, energy
metabolism, amino acid synthesis,
protein synthesis and assembly, and
cytoskeleton

[91]

TaPEPKR2

Phosphoenolpyruvate
carboxylase
kinase-related
kinase

Bread
wheat • Higher total root length [92]

SeCspA, SeCspB Cold shock proteins Escherichia
coli

• Higher survival rates and proline level,
and lower malondialdehyde level

• Upregulation of stress-responsive
genes

• Higher yield in the field (only for
SeCspA)

[93]

IPT Isopentenyl transferase Agrobacterium
tumefaciens

• Delayed senescence, higher yield due
to a higher number of grains per spike
and a higher number of spikes in the
field

[95]

OTS1
cysteine protease
(OVERLY TOLERANT
TO SALT-1)

Arabidopsis
thaliana

• Higher growth and delayed
senescence

• Higher relative moisture content,
chlorophyll content and
photosynthesis rate

• Lower SUMOylation of total proteins

[96]

TaPYL4 ABA receptor Bread
wheat

• Lower stomatal opening and water
loss

• Higher photosynthetic efficiency
• Higher grain yields

[97]

3.2. Salinity

Worldwide, the area affected by salt stress amounts to 20% of the arable area but
it is gradually increasing due to climate change and anthropogenic activities [98]. Soil
salinity negatively affects wheat growth from germination to harvesting; it reduces seed
germination and seedling vigour by negatively affecting root length and plant height and
alters many physiological and biochemical processes; this leads to a significant decline in
grain yield and quality [99]. The deleterious effects of salt are due to (i) a decreased rate of
water uptake into plants due to the low water potential of soil and (ii) increased uptake of
toxic ions, the accumulation of which in the plant cell causes nutritional imbalance [100].

As already highlighted, drought and salt stress have similar effects on plants; so, sev-
eral genes successfully exploited to improve wheat tolerance to water deficit have also been
shown to be useful in inducing salt stress tolerance in this crop. These ‘multi-protecting’
genes mainly include those encoding transcription factors, as well as enzymes involved
in the biosynthesis and accumulation of osmolytes. So, wheat lines overexpressing the
GmDREB [58], AtDREB1A [60], GhDREB [62], TaERF3 [65], SNAC1 [67] and TaASR1-D [71]
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genes were found to be more tolerant not only to drought but also to salinity (Table 2).
Improved tolerance to salt stress was also achieved by overexpressing the wheat TabZIP15
gene [101], encoding a bZIP transcription factor, as well as the Eutrema salsugineum Es-
MYB90 gene [102] and the wheat TaMYB86B gene [103] encoding MYB transcription factors
(Table 2). When exposed to high salt levels, the physiological, biochemical and molecular
mechanisms observed in all these transgenic lines were similar to those observed under
drought stress conditions, that is the upregulation of ABA- and abiotic stress-responsive
genes, the accumulation of osmolytes and the activation of the antioxidant enzyme system,
which resulted in lower ROS accumulation and reduced oxidative damage to membranes,
and better growth performance (Table 2). Interestingly, the analyses of the yield parameters
revealed that the grain yield of both TabZIP15 and TaASR1-D overexpressing lines was
increased under salt stress conditions compared to wild-type plants, thus suggesting that
these genes can be useful to breed new wheat cultivars with tolerance to high salt conditions
(Table 2).

As regards the genes involved in the biosynthesis of osmolytes, increased tolerance
to salinity was observed in wheat lines overexpressing the AtOAT [78], mtlD [80,104],
betA [105] and BADH [106–108] genes (Table 2). As already observed under drought stress
conditions, the overexpression of these genes under salinity contributed not only to a
better osmotic adjustment but also to a better control of ROS production, which reduced
damages to membranes and macromolecules and resulted in higher photosynthetic activity
and better growth (Table 2). Moreover, the analysis carried out on mtlD, betA and BADH
overexpressing lines revealed that the overproduction of osmolytes also contributed to
protecting leaves from ion toxicity; indeed, transgenic lines accumulated Na+ and Cl− in
their sheaths and maintained higher levels of K+ in their leaves, thus reducing the leaf
Na+/K+ ratio compared to non-transgenic plants (Table 2). In terms of grain yields and
grain quality, the field performance of the mtlD and betA overexpressing lines in saline land
areas was much better than the wild-type plants (Table 2), thus showing the promising
potential of these genes in salt-tolerant wheat breeding.

A similar mechanism of tolerance to salinity was observed in wheat lines overex-
pressing the HVA1 gene from barley. In addition to better seed germination, root and
shoot development, lower electrolyte leakage and higher membrane stability, these lines
presented lower Na+ levels in the shoot compared to non-transgenic plants [84] (Table 2), a
phenomenon that could be linked to the ability of LEA 3 proteins to sequestrate ions under
stress conditions [34].

Among the genes involved in ROS detoxification, the overexpression of the wheat
peroxidase (TaPRX-2A) gene was found to be effective in improving wheat tolerance to salt
stress [109] (Table 2). As observed under drought stress in wheat lines overexpressing the
TaNRX gene (see Table 1), the overexpression of the TaPRX-2A gene exerted its positive
action against salinity both directly and indirectly through the activation of other antioxi-
dant enzymes. Indeed, the wheat lines overexpressing the TaPRX-2A gene showed not only
higher peroxidase activity, but also higher catalase and superoxide dismutase activities, as
a consequence of an upregulation of their encoding genes; this amplified the antioxidant
reaction and effectively lowered the salt-induced cell oxidation, as demonstrated by the
stronger reduction of ROS and MDA levels compared to non-transgenic plants (Table 2).
Since TaPRX-2A was found to be located in the nucleus, it is feasible that its role under
salt stress is the inhibition of ROS-mediated damage to genomic DNA, whereas the other
antioxidant enzymes are responsible for ROS scavenging in other cell compartments.

A class of candidate genes typically involved in the plant response to salt stress is
represented by aquaporins and ion transporters, which regulate water, and Na+ and K+

transport. Wheat lines overexpressing genes encoding aquaporins of the PIP type, such
as the SbPIP1 gene from Salicornia bigelovii [110], a euhalophyte that requires high Na+

concentration for optimal growth, and the durum wheat TdPIP2;1 gene [111], performed
much better in physiological and biochemical attributes compared to wild-type plants,
showing higher osmolyte levels and antioxidant activity, as well as lower Na+/K+ ratio,
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which resulted in better osmotic adjustment, lower oxidative damage and better growth
performance (Table 2). Interestingly, in a long-term experiment, the TdPIP2;1 overexpress-
ing lines reached maturity and produced filled grains (Table 2), thus suggesting they could
be potentially cultivated in saline soils without major penalties for grain yield. Although
the molecular basis underlying salinity tolerance in the wheat lines overexpressing the PIP
genes was not investigated, it is feasible that the complex response observed in the PIP over-
expressing lines is due not only to the higher PIP levels in the plasma membrane but also
to PIP-induced upregulation of other stress-responsive genes, as already observed in other
plant species overexpressing foreign aquaporin genes [112]. Higher salinity tolerance was
also observed in the wheat lines overexpressing the Arabidopsis AtNHX1 gene [113], which
encodes the vacuolar Na+/H+ antiporter, and the barley vacuolar H+-pyrophosphatase
(HVP1) gene [114], which encodes the proton pump that generates the proton gradient
needed to promote Na+/H+ antiport. In both cases, the overexpressing lines presented
higher germination rate and biomass accumulation compared to non-transgenic plants;
moreover, when grown under saline field conditions, they also presented higher yields
(Table 2). This is expected since, in addition to leaf Na+ exclusion, the mechanism of
tissue tolerance, based on Na+ compartmentalization into the vacuole, represents a major
mechanism of salinity tolerance in wheat [115]. Under salinity, lower Na+ levels were
also detected in wheat plants overexpressing the bacterial SeCspA and SeCspB genes [93],
and the wheat bile acid/sodium symporter 2 (TaBASS2) gene, responsible for the uptake
into chloroplast of pyruvate, a precursor of ABA and other metabolites involved in plant
response to stress [116] (Table 2). Lower Na+ and higher K+ levels were observed in wheat
lines overexpressing the TaPUB1 gene encoding a U-box E3 ubiquitin ligase, a component of
the ubiquitin–proteasome pathway that regulates the activity and stability of many cellular
proteins and is involved in diverse physiological processes including responses to abiotic
stress [117]. When exposed to salt stress, these transgenic lines also exhibited higher proline
levels and higher activities of antioxidant enzymes that contributed to a better control of
ROS production compared to wild-type plants (Table 2). Transcriptional analysis revealed
that these physiological responses are a consequence of the TaBUB1-induced upregulation
of genes encoding ion transporters and enzymes involved in proline biosynthesis and ROS
scavenging (Table 2).

Table 2. Improvement of salinity tolerance in wheat plants through transgenic approaches.

Gene Gene Product Plant Source Improved Traits Ref.

Transcription factors

GmDREB1 Dehydration-responsive
element-binding protein Soybean • More extended leaves and

plentiful roots [58]

AtDREBA1 Dehydration-responsive
element-binding protein Arabidopsis thaliana

• Higher relative water content,
chlorophyll, proline and soluble
sugar levels

[60]

GhDREB Dehydration-responsive
element-binding protein Cotton • Higher survival rates and

chlorophyll content [62]
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Table 2. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

TaERF3 Ethylene response factor Bread
wheat

• Higher germination and survival
rates

• Higher chlorophyll level, lower
hydrogen peroxide level and
lower stomatal conductance

• Upregulation of ABA- and
stress-sensitive genes (e.g.,
peroxisase, late embryogenensis
abundant protein,
ABA-responsive protein,
glutathione-S-transferase)

[65]

SNAC1

Protein belonging to
the
NAM/ATAF1-2/CUC2
family

Rice

• Higher survival rates and grain
number

• Upregulation of the expression of
ABA- and stress-sensitive genes
and genes encoding regulatory
components of ABA receptor

[67]

TaASR1-D Abscisic acid stress-
ripening protein

Bread
wheat

• Higher plant height, dry biomass,
tiller number, spikelet number
per spike, grain yield per plant,
grain weight and grain width

• Lower superoxide anion,
hydrogen peroxide and
malondialdehyde levels

[71]

TabZIP15 Basic leucine zipper
proteins

Bread
wheat

• Higher plant height, longer root
length, higher aboveground and
root fresh weight, longer spike
length, higher number of grains
per spike

• Lower malondialdehyde and
hydrogen peroxide levels

• Upregulation of genes involved
in metabolic processes and
response to abiotic stresses

[101]

EsMYB90

v-myb avian
myeloblastosis viral
oncogene homolog
family

Eutrema salsugineum
• Higher root length and fresh

weight, higher peroxidase and
glutathione

[102]

TaMYB86B

v-myb avian
myeloblastosis viral
oncogene homolog
family

Bread
wheat

• Higher biomass and K+ level
• Lower Na+, ROS and

malondialdehyde levels,
upregulation of stress-related
genes

[103]
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Table 2. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

Osmolytes

AtOAT Ornithine
aminotransferase Arabidopsis thaliana

• Higher proline and chlorophyll
levels, and higher peroxidase
and catalase activities

• Faster growth, higher survival
rates, longer and more secondary
roots and longer shoots

• Upregulation of genes involved
in proline biosynthesis via
glutamate and ornithine
pathways and downregulation of
genes involved in proline
catabolism

[78]

mtlD
Mannitol-1-phosphate
dehydrogenase Escherichia coli

• Higher mannitol levels
• Higher shoot fresh weight, dry

weight, plant height and flag leaf
length

[80]

• Higher proline, mannitol, soluble
sugar, chlorophyll and K+ levels,
and higher activities of
enzymatic and non-enzymatic
antioxidants

• Higher number of leaves and leaf
area per plant, root system size
and plant dry weight

• Higher number of spikes and
grain weight per plant, and
thousand grain weight

• Higher grain content of starch,
protein and soluble sugars

[104]

betA Choline
dehydrogenase Escherichia coli

• Higher glycine betaine, proline
and soluble sugar levels

• Higher relative water content
and more negative osmotic
potential

• Lower Na+/K+ ratio,
malondialdehyde level and
electrolyte leakage

• Higher germination rates, more
tillers and higher grain yields in
the field

[105]
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Table 2. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

BADH
Betaine aldehyde
dehydrogenase

Atriplex
hortensis

• Higher glycine betaine, proline,
and soluble protein and sugar
levels, and higher activity of
antioxidant enzymes

• Better osmotic adjustment, lower
Na+ and higher K+ levels in the
leaves

• Lower ROS and
malondialdehyde levels, and
lower electrolyte leakage

[106]

• Higher glycine betaine,
chlorophyll and carotenoid levels

• Modification of the lipid
composition of thylakoid
membranes and higher
photosynthetic activity

[107]

HvBADH1 Betaine aldehyde
dehydrogenase Barley

• Higher glycine betaine and K+

levels
• Higher survival rates

[108]

LEA proteins

HVA1 Group 3 LEA protein Barley

• Higher germination rate and root
length

• Lower electrolyte leakage and
higher membrane stability

• Lower Na+/K+ ratio in the shoot

[84]

ROS detoxification

TaPRX-2A Peroxidase Bread
wheat

• Higher survival rates and shoot
length

• Higher relative water content
• Higher proline, soluble sugar

and soluble protein levels
• Higher peroxidase, catalase and

superoxide dismutase activities
• Lower malondialdehyde,

superoxide anion and hydrogen
peroxide levels

• Upregulation of ABA- and
stress-responsive genes (e.g.,
ROS scavenging enzymes,
thumatin-like protein,
glutathione S-transferase)

[109]
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Table 2. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

Aquaporins and
ion transporters

SbPIP1 Plasma membrane
intrinsic proteins

Salicornia
bigelovii

• Higher proline and soluble sugar
levels and lower
malondialdehyde level

[110]

TdPIP2;1 Plasma membrane
intrinsic proteins Durum wheat

• Higher catalase and superoxide
dismutase activities, and lower
malondialdehyde and hydrogen
peroxide levels

• Lower Na+ level and higher K+

level in the shoots
• Higher germination rate, higher

biomass and filled grains

[111]

AtNHX1 Vacuolar Na+/H+

antiporter Arabidopsis thaliana

• Lower Na+ and higher K+ levels
in the leaves

• Higher germination rates,
biomass production, and heavier
and larger grains in the field

[113]

HVP1 Vacuolar
pyrophosphatase Barley

• Higher photosynthesis rate,
stomatal conductance,
transpiration rate and water use
efficiency

• Higher germination rate, plant
height, spike length, number of
spikelets per spike, 1000 grain
weight, grain yield and harvest
index in the field

[114]

Other genes

SeCspA, SeCspB Cold shock proteins Escherichia coli
• Higher fresh weight and lower

Na+ content [93]

TaBASS2 Pyruvate transporter Bread
wheat

• Lower Na+ level and ROS
scavenging [116]

TaPUB1 U-box E3 ubiquitin
ligase

Bread
wheat

• Longer shoot and root
• Higher chlorophyll, proline and

soluble sugar levels
• Higher photosynthetic rate,

transpiration rate and stomatal
conductance

• Higher catalase, superoxide
dismutase and peroxidase
activities

• Lower malondialdehyde,
superoxide anion and hydrogen
peroxide levels

• Lower Na+ and higher K+ levels
in the root

• Upregulation of
stress-responsive genes (e.g., ion
transporters, antioxidant
enzymes and enzymes involved
in proline biosynthesis)

[117]
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3.3. High Temperatures

Climate changes are causing a progressive increase in the earth’s temperature and
this phenomenon represents a serious threat to crop yields worldwide. Plants experience
heat stress when they are exposed to temperatures above a certain threshold level for long
enough to cause irreversible damage to their growth and productivity [118]. Wheat can
be subjected to heat stress conditions throughout its growth cycle; however, the greatest
damages occur when high temperatures coincide with the reproductive and grain filling
stages of this crop. The persistence of high temperatures during these stages reduces both
grain yield and quality. It has been estimated that for each 1 ◦C increase above the optimum
temperature range of 15–20 ◦C for wheat, the grain filling duration decreases on average
by 2.8 days [119] and the grain yield is reduced by 6% [120].

Wheat lines transformed with the AtWRKY30 gene were found to be resistant not
only to drought but also to heat stress [70] (Table 3). The AtWRKY30 overexpression
enhanced wheat tolerance to heat stress via inducing the same molecular, physiological
and biochemical responses observed under drought stress, that is the induction of osmolyte
biosynthesis, gas exchange parameters, antioxidant enzyme activity and expression of
stress-related genes (Table 3). This is expected since for most crops including wheat
water and heat stress often occur simultaneously and induce plants to activate the same
defence mechanisms to deal with both these stresses [121]. Other transcription factors
successfully used to improve heat tolerance in wheat are the HSFs, which regulate the
expression of the HSP genes. This is a typical plant response to prevent heat-induced
protein misfolding and dysfunction [122]. Evidence has been reported that in wheat plants
exposed to high temperatures the HSFA2 and HSFA6 members become the dominant HSFs,
thus suggesting an important regulatory role of these transcription factors during heat
stress [123]. Consistently, transgenic wheat lines overexpressing the wheat TaHsfC2a-B
and TaHsfA6f genes exhibited higher tolerance to high temperatures compared to non-
transgenic plants, as demonstrated by their longer shoot and root, and higher biomass
accumulation [124,125] (Table 3). Expression analysis of these transgenic lines revealed that
both TaHsfC2a-B and TaHsfA6f are two important regulators of wheat adaptation to heat
stress that act by inducing the expression of several HSP genes and other genes involved in
heat stress tolerance (Table 3). As said above, another protein able to act as a chaperone
and protect the photosynthetic-related enzymes from damage induced by heat stress is
EF-Tu [31]. Consistently, reduced thermal aggregation of leaf proteins, reduced damage
to thylakoid membranes and ultimately higher yields were observed in transgenic wheat
lines overexpressing the maize Zmeftu1 gene [126,127] (Table 3).

Consistent with the observation that common signalling events exist that are common
to more than one stress type, several genes used to increase the tolerance of wheat to
drought and/or salt stress have also been shown to be effective in increasing tolerance to
high temperatures. These include the AtOAT gene [78] and the BADH gene from Atriplex
hortensis [82] involved in the accumulation of osmolytes, the HVA1 gene from barley [85],
and the ZmPEPC [128] and the TaPEPKR2 [92] genes involved in the CO2 fixation in C4 and
Crassulacean plants. However, in addition to responses similar to other abiotic stresses,
specific responses to heat stress were also observed in these transgenic lines. Indeed, as
already observed under water and salt stress, heat-stressed wheat lines overexpressing the
AtOAT gene exhibited the activation of the glutamate pathway for proline biosynthesis, but
unlike the other two stress conditions, heat stress did not induce proline biosynthesis via the
ornithine pathway, and this was probably the reason why tolerance to high temperatures
was only partial [78] (Table 3). Furthermore, the accumulation of glycine betaine due to the
overexpression of the BADH gene from Atriplex hortensis counteracted the heat stress by im-
proving the photosynthetic capacity, as already observed under drought stress; but whereas
the improvement of photosynthesis observed under drought stress was due to an osmotic
adjustment, under heat stress it was mainly due to the activation of the antioxidant system,
which reduced the accumulation of ROS and the peroxidation of membrane lipids [82]
(Table 3). Similarly, in the wheat lines overexpressing the HVA1 gene, the response triggered
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by exposure to heat stress was mainly directed towards the control of ROS production
(Table 3) rather than to the increase in water retention, as observed when these transgenic
lines were exposed to drought (see Table 1). A possible explanation emerges from the
transcriptomic analysis. Indeed, while drought stress induced the expression of DREB and
NAC genes (see Table 1), exposure to a high temperature determined the upregulation
of HPS and HSF genes (Table 3). As observed under drought stress conditions, wheat
lines overexpressing the ZmPEPC gene, when exposed to high temperature, showed a
higher photosynthetic rate and better growth performance compared to non-transgenic
plants (Table 3). Consistently, transcriptomic analysis on heat-stressed lines revealed the
upregulation of photosynthesis-related genes (Table 3), which is in line with the higher
levels of photosynthesis-related proteins observed in the same lines exposed to drought
stress (see Table 1). Moreover, under heat stress, these transgenic lines also presented the
higher activity of antioxidant enzymes, which resulted in lower ROS levels and reduced
oxidative damage (Table 3).

Table 3. Improvement of heat tolerance in wheat plants through transgenic approaches.

Gene Gene Product Plant Source Improved Traits Ref.

Transcription factors

AtWRKY30 WRKY domain protein Arabidopsis
thaliana

• Higher shoot and root length,
and biomass production

• Higher chlorophyll, proline
and soluble sugar levels, and
antioxidant enzymes
activities

• Higher photosynthetic
performance and higher
relative water content

• Lower malondialdehyde and
hydrogen peroxide levels,
and electrolyte leakage

• Upregulation of
stress-responsive genes (e.g.,
antioxidant enzyme,
transcription factors and
aquaporins)

[70]

TaHsfC2a-B Heat shock factor Bread
wheat

• Higher survival rates, shoot
and root length and dry
biomass

• Higher chlorophyll content
and lower electrolyte leakage

• Upregulation of heat shock
protein genes and other ABA-
and stress-responsive genes
(e.g., galactinol synthase,
heat-stress-associated 32-KD
protein, α-amylase,
filamentation temperature
sensitive family
metalloprotease and
calcium-binding EF-hand
family protein)

[124]



Plants 2022, 11, 3358 25 of 34

Table 3. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

TaHsfA6f Heat shock factor Bread
wheat

• Longer shoot and higher
number of roots

• Upregulation of heat shock
protein genes and other
stress-responsive genes (e.g.,
Rubisco activase large
isoform, Golgi anti-apoptotic
protein and
glutathione-S-transferase)

[125]

Chaperones

Zmeftu1 Elongation Factor
thermo-unstable Maize

• Lower thermal aggregation
of leaf proteins and heat
injury to thylakoid
membranes

• Higher rate of CO2 fixation

[126]

• Higher number of grains per
plant, total grain mass per
plant, and single grain mass

[127]

Osmolytes

AtOAT Ornithine
aminotransferase

Arabidopsis
thaliana

• Higher proline level
• Upregulation of genes

involved in proline
biosynthesis via glutamate
pathway and
downregulation of genes
involved in proline
catabolism

[78]

BADH Betaine aldehyde
dehydrogenase

Atriplex
hortensis

• Higher glycine betaine level
• Higher catalase, superoxide

dismutase and peroxidase
activities

• Lower hydrogen peroxide,
superoxide anion and
malondialdehyde levels

[82]

LEA proteins

HVA1
Group 3 Late
Embryogenesis
Abundant protein

Barley

• Lower superoxide anion and
hydrogen peroxide levels

• Larger spikes and grain size,
and higher grain weight

• Upregulation of
stress-responsive genes (e.g.,
HsfA6 transcription factor,
HSPs,
glutathione-S-transferase,
ferrodoxin, ABA-induced
plasma membrane protein
PM19, caleosin, cytochrome
P450 and haem peroxidase)

[85]
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Table 3. Cont.

Gene Gene Product Plant Source Improved Traits Ref.

ROS detoxification

TaFER-5B Ferritin Bread
wheat

• Lower ROS levels and
membrane damages

• Higher photosynthetic
activity

[129]

Other genes

ZmPEPC Phosphoenolpyruvate
carboxylase Maize

• Higher chlorophyll levels,
photosynthetic rate,
superoxide dismutase,
catalase and peroxidase
activities

• Lower superoxide anion,
hydrogen peroxide and
malondialdehyde levels

• Upregulation of
photosynthesis-related genes
(e.g., phosphoenolpyruvate
carboxykinase, fructose
bisphosphatase and triose
phosphate translocator)

[128]

TaPEPKR2

Phosphoenolpyruvate
carboxylase
kinase-related
kinase

Bread
wheat

• Lower wilting
• Lower electrolyte leakage [92]

SSI Soluble starch synthase
I Rice

• Longer grain filling period
• Higher thousand grain

weight
[130]

Better control of ROS production was also observed in wheat lines overexpressing the
wheat ferritin TaFER-5B gene [129] (Table 3). This is probably linked to the ability of ferritin
to transform toxic Fe2+ to the non-toxic chelate complex, thus conferring protection to cells
against the oxidative stress triggered by plant exposure to high temperatures. Consistently,
a reduced stress-induced membrane injury and better photosynthetic activity characterized
these transgenic lines compared to the wild-type ones (Table 3).

The wheat starch synthase (SS) is a thermo-labile enzyme, and its heat inactivation
has been found to limit starch deposition in wheat grains [130]. Moreover, evidence has
been reported that the expression of the wheat SS gene is downregulated under heat
stress [131]. In light of this, the rice SSI gene, which is heat stable at temperatures up to
35 ◦C, has been exploited to enhance the wheat yield under heat stress [132] (Table 3). Heat-
stressed transgenic wheat lines had an increased grain filling duration and significantly
higher thousand kernel weight compared to non-transgenic plants, likely due to higher
starch deposition under high temperatures (Table 3). The authors hypothesized that the
longer grain filling period observed in transgenic lines was the consequence of a greater
translocation of sugars from leaf to seed, which is known to reduce the feedback inhibition
of leaf sugar on photosynthesis [133].

3.4. Low Temperatures

Wheat plants are most sensitive to low temperatures during the reproductive stage
when a sudden overnight drop of temperatures only a few degrees below 0◦ C can damage
the sensitive reproductive tissues, thus resulting in spike (partial) sterility and significant
yield losses [134]. In its vegetative stages, wheat can tolerate freezing temperatures up
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to −20 ◦C through cold acclimation after being exposed for a prolonged period to low
temperatures between 0 and 5 ◦C [135]. The acquisition of freezing tolerance is carried
out through many transcriptional and biochemical changes, including the activation of
cold-regulated genes, the modification of membrane lipid composition, the accumulation
of osmolytes and other protective and antifreeze proteins [135].

Like other abiotic stresses, tolerance to low temperatures has been achieved by overex-
pressing genes encoding transcription factors and enzymes involved in the biosynthesis
of osmolytes. Indeed, improved tolerance to freezing was observed in transgenic wheat
lines overexpressing the cotton GhDREB gene [62] and the BADH gene from Atriplex horten-
sis [136] (Table 4). When exposed to freezing temperatures, the GhDREB transgenic lines
grew normally, whereas the growth of wild-type plants was retarded, with survival rates
significantly higher in the former compared to the latter (Table 4). As already observed
for the other stresses, transgenic lines overexpressing the BADH gene and exposed to cold
stress exhibited higher levels of glycine betaine, proline and soluble sugars [136] (Table 4),
which may all function as cryoprotectants by helping to protect membrane proteins and
enzymes from cold-induced damages. Consistently, the cold-stressed transgenic lines
maintained better membrane integrity and functionality compared to wild-type plants,
as demonstrated by the lower electrolyte leakage and the higher activity of the plasma
membrane H+-ATPase (Table 4). Under cold stress, these transgenic lines also presented
lower ROS production and membrane lipid peroxidation compared to non-transgenic
plants [136] (Table 4). This may be ascribable both to the ability of osmolytes to act as ROS
scavengers and to protect the structure and the activity of the antioxidant enzymes, as
demonstrated by the higher catalase and peroxidase activities detected under cold stress in
the BADH overexpressing lines compared to wild-type plants (Table 4).

Table 4. Improvement of cold and freezing tolerance in wheat plants through transgenic approaches.

Gene Gene Product Plant Source Improved Traits Ref.

Transcription factors

GhDREB

Dehydration-
responsive
element-binding
protein

Cotton • Higher survival rates [62]

Osmolytes

BADH Betaine aldehyde
dehydrogenase

Atriplex
hortensis

• Higher levels of glycine betaine,
proline and soluble sugars

• Lower electrolyte leakage and
higher plasma membrane
H+-ATPase activity

• Higher catalase and peroxidase
activity

• Lower hydrogen peroxide,
superoxide anion and
malondialdehyde levels

[136]

Other genes

BLT101 Lipid transfer protein Barley

• Lower leakage of intracellular
substances under freezing
temperatures

• Lower water loss under cold
acclimation

[137]

The protection of plant membranes from cold-induced damage has been achieved also
by overexpressing the BLT101 gene from barley [137] (Table 4). This gene encodes a lipid
transfer protein (LTP) able to modulate the local lipid composition and fluidity of plant
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membranes [138] and is upregulated in barley plants exposed to cold stress [139]. Consis-
tently, wheat plants overexpressing the barley BLT101 gene exhibited reduced leakage of
intracellular substances and enhanced freezing tolerance compared to the wild-type plants;
in addition, the transgenic lines that underwent cold acclimation maintained higher water
content compared to wild-type plants (Table 4).

4. Improvement of Abiotic Stress Tolerance in Wheat Plants through Genome
Editing Approaches

The excitement grew with the advancements in genome editing tools, particularly the
CRISPR/Cas9 system, which opened new opportunities for precise and efficient target
modification of desired genes aimed at improving traits of agronomic importance in crops.
However, to date, the use of genome editing approaches for the mitigation of the adverse
effects of abiotic stresses in cereal crops has been rather limited and has mainly concerned
rice and in very few cases wheat. The main reason is the polyploid nature of wheat, which
makes its genome very complex, and ’buffered’ with respect to the effects of mutations. In
polyploid genomes, some mutations, such as the knockout of genes, are generally inefficient
and often do not result in any subtle changes in the phenotype due to the compensation by
homoeologous copies of the edited gene. Therefore, efficient manipulation of the desired
trait in these crops would require the editing of all the homoeologs, thus reducing the
effectiveness of editing approaches. On the other hand, CRISPR/Cas9 is a valid tool for
targeted mutagenesis in polyploid species, as multiple copies of the same gene sharing
a high level of sequence similarity can be targeted simultaneously by using a common
sgRNA; alternatively, when the level of similarity between genes is not particularly high,
multiple sgRNAs, each targeting a single gene, can be delivered simultaneously [140]. By
using CRISPR/Cas9, many important wheat traits, such as disease resistance, grain yield
and quality, pre-harvest sprouting, and plant architecture have been so far improved [141].

As for the tolerance to abiotic stresses, only a few studies have been carried out to
date on wheat in which the CRISPR/Cas9-mediated knockout approach has been used
to validate the involvement of putative stress-responsive genes in the wheat response
to the stress signal. The CRISPR/Cas9 genome editing method has been successfully
applied to carry out the targeted editing of two stress-responsive genes encoding the
transcription factors TaDREB2 and TaERF3 in wheat protoplasts [142]. These genes were
chosen because they were found to be upregulated in wheat seedlings exposed to drought
stress [142]. For both genes, a single sgRNA was designed that caused alterations in two of
the three homeologs, whereas the third copy the of TaDREB2 and TaERF3 genes was not
edited because of two and one mismatch, respectively, between the gene and the designed
sgRNA [142]. CRISPR/Cas9 has also been used to validate the role of the histone acetyl-
transferase TaHAG1 in wheat tolerance to salinity [143]. TaHAG1 was found to contribute
to salinity tolerance by modulating ROS generation; in wheat plants exposed to salt stress
TaHAG1 increased the H3 acetylation and the transcriptional upregulation of a subset
of genes involved in the production of hydrogen peroxide [143]. A single sgRNA was
designed to target a highly conserved region in the first exon of the TaHAG1 gene. No
homozygous mutant lines with the simultaneous knockout of the three TaHAG1 homeologs
were obtained, which suggested that the homozygous mutation in all three homeologs of
TaHAG1 may be lethal for wheat; conversely, wheat lines with the simultaneous homozy-
gous mutations at two TaHAG1 homeologs were identified, which showed more sensitivity
to salt stress as compared to wild-type plants, with significantly reduced spike length,
spike kernel number and grain yield [143]. The validation of the role of the Multiprotein
Binding Factor 1 (MBF1) in the tolerance of wheat to heat stress has been also carried out by
using CRISPR/Cas9 [144]. MBF1 is a transcriptional co-activator that mediates transcrip-
tional activation by interconnecting the transcription factor with the TATA-box binding
protein; it participates in the regulation of different developmental processes and its role
in thermotolerance has been demonstrated in Arabidopsis [145]. The authors applied the
CRISPR/Cas9-based gene editing to target the three homeologs of the TaMBF1c gene that
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were knocked out simultaneously. Mutant wheat lines exhibited significantly decreased
heat tolerance compared to wild-type plants [144].

Altogether, these preliminary findings suggest that the CRISPR/Cas9 system is an
efficient tool for targeted genome editing in wheat and it has a potential application for
the manipulation of wheat genome aimed at generating new wheat lines with better crop
performances under adverse environmental conditions.

5. Conclusions

As one of the major food sources worldwide, protecting wheat from the deleterious
effects of abiotic stresses is crucial to keeping its supply at adequate levels for future
generations. In this context, genetic engineering showed immense potential to solve the
problem of yield losses due to climate changes. Genetic transformation has proved to be
a powerful tool to introduce foreign genes into plants and its application to wheat has
been greatly improved. Researchers have moved from the use of genetic transformation of
model plants for the assessment of the role and function of stress-responsive genes to its
application for the generation of new cultivars with improved stress tolerance. However,
despite the efficiency of wheat transformation has been significantly improved, transgenesis
is still not routinely applied to wheat breeding; in addition, most of the transgenic wheat
lines obtained have only been evaluated under greenhouse conditions, while information
about their performances in the open field is very limited. Future studies are needed to fill
these gaps and open the possibility for the routine introduction of exogenous genes in elite
cultivars to improve traits of agronomic interest, including tolerance to abiotic stresses. The
emerging opportunity of gene editing, especially with the use of the CRISPR/Cas9 system,
will lead to rapid advances in wheat breeding by introducing targeted modifications directly
into a cultivar of interest. After the advent of next-generation sequencing technologies,
the complete genomes of both hexaploid and tetraploid wheat have been sequenced and
are now publicly available. This vast information will greatly facilitate the identification
of homoeologous target sites suitable for gene editing, and the editing approach aimed at
increasing the tolerance of wheat to abiotic stresses will undoubtfully make progress in
the near future. Altogether, these biotechnological approaches, transgenic and transgene-
free, coupled with high-throughput plant genotyping and phenotyping, will enable the
development of rapid and precise breeding programs that will be crucial to meet the food
needs of the growing world population.
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31. Ristic, Z.; Momcilović, I.; Fu, J.; Callegari, E.; DeRidder, B.P. Chloroplast protein synthesis elongation factor, EF-Tu, reduces
thermal aggregation of rubisco activase. J. Plant Physiol. 2007, 164, 1564–1571. [CrossRef]

32. Amara, I.; Zaidi, I.; Masmoudi, K.; Ludevid, M.D.; Pagès, M.; Goday, A.; Brini, F. Insights into late embryogenesis abundant
(LEA) proteins in plants: From structure to the functions. Am. J. Plant Sci. 2014, 5, 3440–3455. [CrossRef]

http://doi.org/10.1080/07352689.2018.1514718
http://doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://doi.org/10.1111/tpj.13446
http://doi.org/10.1111/pbi.13088
http://www.ncbi.nlm.nih.gov/pubmed/30706614
http://doi.org/10.3390/genes13071180
http://www.ncbi.nlm.nih.gov/pubmed/35885963
http://doi.org/10.3389/fpls.2016.00067
http://www.ncbi.nlm.nih.gov/pubmed/26904044
http://doi.org/10.3389/fpls.2019.00228
http://doi.org/10.3389/fmicb.2013.00248
http://doi.org/10.3389/fpls.2020.01258
http://doi.org/10.1016/j.bbagrm.2011.09.002
http://doi.org/10.1016/j.pnsc.2007.12.006
http://doi.org/10.1080/15592324.2019.1613131
http://www.ncbi.nlm.nih.gov/pubmed/31084451
http://doi.org/10.4161/psb.21949
http://www.ncbi.nlm.nih.gov/pubmed/22951402
http://doi.org/10.1016/j.heliyon.2019.e02952
http://www.ncbi.nlm.nih.gov/pubmed/31872123
http://doi.org/10.3389/fpls.2019.00230
http://www.ncbi.nlm.nih.gov/pubmed/30899269
http://doi.org/10.4161/psb.6.11.17801
http://doi.org/10.1007/s00438-014-0864-y
http://www.ncbi.nlm.nih.gov/pubmed/24861101
http://doi.org/10.1016/j.jprot.2008.07.005
http://doi.org/10.1016/j.tplants.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15130550
http://doi.org/10.1371/journal.pone.0089125
http://www.ncbi.nlm.nih.gov/pubmed/24594978
http://doi.org/10.4161/psb.6.2.15490
http://doi.org/10.1016/j.jplph.2007.07.008
http://doi.org/10.4236/ajps.2014.522360


Plants 2022, 11, 3358 31 of 34

33. Kovacs, D.; Kalmar, E.; Torok, Z.; Tompa, P. Chaperone activity of ERD10 and ERD14, two disordered stress-related plant proteins.
Plant Physiol. 2008, 147, 381–390. [CrossRef]

34. Marttila, S.; Tenhola, T.; Mikkonen, A. A barley (Hordeum vulgare L.) LEA3 protein, HVA1, is abundant in protein storage. Planta
1996, 199, 602–611. [CrossRef]

35. Kader, A.; Almeslemani, M.; Baghdady, A.; Alzubi, H.; Alasaad, N.; Ali Basha, N.; Dameriha, A.; Jacobsen, H.J.; Hassan, F.
Isolation, characterization of the hva1 gene from Syrian barley varieties and cloning into a binary plasmid vector. Int. J. Bot. 2012,
8, 117–126.

36. Imai, R.; Chang, L.; Ohta, A.; Bray, E.A.; Takagi, M. A lea-class gene of tomato confers salt and freezing tolerance when expressed
in Saccharomyces cerevisiae. Gene 1996, 170, 243–248. [CrossRef] [PubMed]

37. Alscher, R.G.; Erturk, N.; Heath, L.S. Role of superoxide dismutases (SODs) in controlling oxidative stress in plants. J. Exp. Bot.
2002, 53, 1331–1341. [CrossRef]

38. Foyer, C.H.; Noctor, G. Ascorbate and glutathione: The heart of the redox hub. Plant Physiol. 2011, 155, 2–18. [CrossRef] [PubMed]
39. Calderón, A.; Sevilla, F.; Jiménez, A. Redox protein thioredoxins: Function under salinity, drought and extreme temperature

conditions. In Antioxidants and Antioxidant Enzymes in Higher Plants; Gupta, D., Palma, J., Corpas, F., Eds.; Springer: Cham,
Switzerland, 2018; pp. 123–162.

40. Bartels, D. Targeting detoxification pathways: An efficient approach to obtain plants with multiple stress tolerance? Trends Plant
Sci. 2001, 6, 284–286. [CrossRef] [PubMed]

41. Roldán-Arjona, T.; Ariza, R.R. Repair and tolerance of oxidative DNA damage in plants. Mutat. Res. 2009, 681, 169–179. [CrossRef]
[PubMed]

42. Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Zulfiqar, F.; Raza, A.; Mohsin, S.M.; Mahmud, J.A.; Fujita, M.; Fotopoulos, V. Reactive
oxygen species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator.
Antioxidants 2020, 9, 681. [CrossRef] [PubMed]

43. Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909–930. [CrossRef]

44. Rajput, V.D.; Harish; Singh, R.K.; Verma, K.K.; Sharma, L.; Quiroz-Figueroa, F.R.; Meena, M.; Gour, V.S.; Minkina, T.; Sushkova, S.;
et al. Recent developments in enzymatic antioxidant defence mechanism in plants with special reference to abiotic stress. Biology
2021, 10, 267. [CrossRef] [PubMed]

45. Martinez-Ballesta, M.C.; Carvajal, M. New challenges in plant aquaporin biotechnology. Plant Sci. 2014, 217–218, 71–77. [CrossRef]
46. Uehlein, N.; Sperling, H.; Heckwolf, M.; Kaldenhoff, R. The Arabidopsis aquaporin PIP1;2 rules cellular CO2 uptake. Plant Cell

Environ. 2012, 35, 1077–1083. [CrossRef] [PubMed]
47. Zwiazek, J.J.; Xu, H.; Tan, X.; Navarro-Ródenas, A.; Morte, A. Significance of oxygen transport through aquaporins. Sci. Rep.

2017, 7, 40411. [CrossRef] [PubMed]
48. Kader, M.A.; Lindberg, S.; Seidel, T.; Golldack, D.; Yemelyanov, V. Sodium sensing induces different changes in free cytosolic

calcium concentration and pH in salt-tolerant and -sensitive rice (Oryza sativa) cultivars. Physiol. Plant. 2007, 130, 99–111.
[CrossRef]

49. Martínez-Ballesta, M.C.; Cabañero, F.J.; Maurel, C.; Olmos, E.; Carvajal, M. Nutritional Calcium as the regulator of the aquaporin
activity in plants grown under salinity. Planta 2008, 228, 15–25. [CrossRef] [PubMed]

50. Kuwagata, T.; Ishikawa-Sakurai, J.; Hayashi, H.; Nagasuga, K.; Fukushi, K.; Ahamed, A.; Takasugi, K.; Katsuhara, M.; Murai-
Hatano, M. Influence of low air humidity and low root temperature on water uptake, growth and aquaporin expression in rice
plants. Plant Cell Physiol. 2012, 53, 1418–1431. [CrossRef]

51. Jang, J.Y.; Kim, D.G.; Kim, Y.O.; Kim, J.S.; Kang, H. An expression analysis of a gene family encoding plasma membrane
aquaporins in response to abiotic stresses in Arabidopsis thaliana. Plant Mol. Biol. 2004, 54, 713–725. [CrossRef]

52. Ahamed, A.; Murai-Hatano, M.; Ishikawa-Sakurai, J.; Hayashi, H.; Kawamura, Y.; Uemura, M. Cold stress-induced acclimation in
rice is mediated by root-specific aquaporins. Plant Cell Physiol. 2012, 53, 1445–1456. [CrossRef]

53. Seth, R.; Maritim, T.K.; Parmar, R.; Sharma, R.K. Underpinning the molecular programming attributing heat stress associated
thermotolerance in tea (Camellia sinensis (L.) O. Kuntze). Hortic. Res. 2021, 8, 99. [CrossRef]

54. Christou, A.; Filippou, P.; Manganaris, G.A.; Fotopoulos, V. Sodium hydrosulfide induces systemic thermotolerance to strawberry
plants through transcriptional regulation of heat shock proteins and aquaporin. BMC Plant Biol. 2014, 14, 42. [CrossRef]

55. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef]
56. Wu, H. Plant salt tolerance and Na+ sensing and transport. Crop J. 2018, 6, 215–225. [CrossRef]
57. Dietz, K.-J.; Zörb, C.; Geilfus, C.-M. Drought and crop yield. Plant Biol. 2021, 23, 881–893. [CrossRef]
58. Shiqing, G.; Huijun, X.; Xianguo, C.; Ming, C.; Zhaoshi, X.; Liancheng, L.; Xingguo, Y.; Lipu, D.; Xiaoyan, H.; Youzhi, M.

Improvement of wheat drought and salt tolerance by expression of a stress-inducible transcription factor GmDREB of soybean
(Glycine max). Chin. Sci. Bull. 2005, 50, 2714–2723. [CrossRef]

59. Zhou, Y.; Chen, M.; Guo, J.; Wang, Y.; Min, D.; Jiang, Q.; Ji, H.; Huang, C.; Wei, W.; Xu, H.; et al. Overexpression of soybean
DREB1 enhances drought stress tolerance of transgenic wheat in the field. J. Exp. Bot. 2020, 71, 1842–1857. [CrossRef] [PubMed]

60. Noor, S.; Ali, S.; Hafeez-ur-Rahman; Farhatullah; Ali, G.M. Comparative study of transgenic (DREB1A) and non-transgenic wheat
lines on relative water content, sugar, proline and chlorophyll under drought and salt stresses. Sarhad J. Agric. 2018, 34, 986–993.
[CrossRef]

http://doi.org/10.1104/pp.108.118208
http://doi.org/10.1007/BF00195193
http://doi.org/10.1016/0378-1119(95)00868-3
http://www.ncbi.nlm.nih.gov/pubmed/8666253
http://doi.org/10.1093/jexbot/53.372.1331
http://doi.org/10.1104/pp.110.167569
http://www.ncbi.nlm.nih.gov/pubmed/21205630
http://doi.org/10.1016/S1360-1385(01)01983-5
http://www.ncbi.nlm.nih.gov/pubmed/11435150
http://doi.org/10.1016/j.mrrev.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18707020
http://doi.org/10.3390/antiox9080681
http://www.ncbi.nlm.nih.gov/pubmed/32751256
http://doi.org/10.1016/j.plaphy.2010.08.016
http://doi.org/10.3390/biology10040267
http://www.ncbi.nlm.nih.gov/pubmed/33810535
http://doi.org/10.1016/j.plantsci.2013.12.006
http://doi.org/10.1111/j.1365-3040.2011.02473.x
http://www.ncbi.nlm.nih.gov/pubmed/22150826
http://doi.org/10.1038/srep40411
http://www.ncbi.nlm.nih.gov/pubmed/28079178
http://doi.org/10.1111/j.1399-3054.2007.00890.x
http://doi.org/10.1007/s00425-008-0714-4
http://www.ncbi.nlm.nih.gov/pubmed/18317798
http://doi.org/10.1093/pcp/pcs087
http://doi.org/10.1023/B:PLAN.0000040900.61345.a6
http://doi.org/10.1093/pcp/pcs089
http://doi.org/10.1038/s41438-021-00532-z
http://doi.org/10.1186/1471-2229-14-42
http://doi.org/10.1146/annurev.arplant.59.032607.092911
http://doi.org/10.1016/j.cj.2018.01.003
http://doi.org/10.1111/plb.13304
http://doi.org/10.1007/BF02899641
http://doi.org/10.1093/jxb/erz569
http://www.ncbi.nlm.nih.gov/pubmed/31875914
http://doi.org/10.17582/journal.sja/2018/34.4.986.993


Plants 2022, 11, 3358 32 of 34

61. Saint Pierre, C.; Crossa, J.L.; Bonnett, D.; Yamaguchi-Shinozaki, K.; Reynolds, M.P. Phenotyping transgenic wheat for drought
resistance. J. Exp. Bot. 2012, 63, 1799–1808. [CrossRef]

62. Gao, S.Q.; Chen, M.; Xia, L.Q.; Xiu, H.J.; Xu, Z.S.; Li, L.C.; Zhao, C.P.; Cheng, X.G.; Ma, Y.Z. A cotton (Gossypium hirsutum)
DRE-binding transcription factor gene, GhDREB, confers enhanced tolerance to drought, high salt, and freezing stresses in
transgenic wheat. Plant Cell Rep. 2009, 28, 301–311. [CrossRef]

63. Shavrukov, Y.; Baho, M.; Lopato, S.; Langridge, P. The TaDREB3 transgene transferred by conventional crossings to different
genetic backgrounds of bread wheat improves drought tolerance. Plant Biotechnol. J. 2016, 14, 313–322. [CrossRef]

64. Yang, Y.; Al-Baidhani, H.H.J.; Harris, J.; Riboni, M.; Li, Y.; Mazonka, I.; Bazanova, N.; Chirkova, L.; Sarfraz Hussain, S.; Hrmova,
M.; et al. DREB/CBF expression in wheat and barley using the stress-inducible promoters of HD-Zip I genes: Impact on plant
development, stress tolerance and yield. Plant Biotechnol. J. 2020, 18, 829–844. [CrossRef]

65. Rong, W.; Qi, L.; Wang, A.; Ye, X.; Du, L.; Liang, H.; Xin, Z.; Zhang, Z. The ERF transcription factor TaERF3 promotes tolerance to
salt and drought stresses in wheat. Plant Biotechnol. J. 2014, 12, 468–479. [CrossRef]

66. Xue, G.P.; Way, H.M.; Richardson, T.; Drenth, J.; Joyce, P.A.; McIntyre, C.L. Overexpression of TaNAC69 leads to enhanced
transcript levels of stress up-regulated genes and dehydration tolerance in bread wheat. Mol. Plant. 2011, 4, 697–712. [CrossRef]

67. Saad, A.S.; Li, X.; Li, H.P.; Huang, T.; Gao, C.S.; Guo, M.W.; Cheng, W.; Zhao, G.Y.; Liao, Y.C. A rice stress-responsive NAC gene
enhances tolerance of transgenic wheat to drought and salt stresses. Plant Sci. 2013, 203–204, 33–40. [CrossRef]

68. González, F.G.; Capella, M.; Ribichich, K.F.; Curín, F.; Giacomelli, J.I.; Ayala, F.; Watson, G.; Otegui, M.E.; Chan, R.L. Field-grown
transgenic wheat expressing the sunflower gene HaHB4 significantly outyields the wild-type. J. Exp. Bot. 2019, 70, 1669–1681.
[CrossRef]

69. Gao, H.; Wang, Y.; Xu, P.; Zhang, Z. Overexpression of a WRKY transcription factor TaWRKY2 enhances drought stress tolerance
in transgenic wheat. Front. Plant Sci. 2018, 9, 997. [CrossRef]

70. El-Esawi, M.A.; Al-Ghamdi, A.A.; Ali, H.M.; Ahmad, M. Overexpression of AtWRKY30 transcription factor enhances heat and
drought stress tolerance in wheat (Triticum aestivum L.). Genes 2019, 10, 163. [CrossRef]

71. Qiu, D.; Hu, W.; Zhou, Y.; Xiao, J.; Hu, R.; Wei, Q.; Zhang, Y.; Feng, J.; Sun, F.; Sun, J.; et al. TaASR1-D confers abiotic stress
resistance by affecting ROS accumulation and ABA signalling in transgenic wheat. Plant Biotechnol. J. 2021, 19, 1588–1601.
[CrossRef] [PubMed]

72. Cui, X.Y.; Gao, Y.; Guo, J.; Yu, T.F.; Zheng, W.J.; Liu, Y.W.; Chen, J.; Xu, Z.S.; Ma, Y.Z. BES/BZR Transcription factor TaBZR2
positively regulates drought responses by activation of TaGST1. Plant Physiol. 2019, 180, 605–620. [CrossRef] [PubMed]

73. Zhao, Y.; Zhang, Y.; Li, T.; Ni, C.; Bai, X.; Lin, R.; Xiao, K. TaNF-YA7-5B, a gene encoding nuclear factor Y (NF-Y) subunit A
in Triticum aestivum, confers plant tolerance to PEG-inducing dehydration simulating drought through modulating osmotic
stress-associated physiological processes. Plant Physiol. Biochem. 2022, 188, 81–96. [CrossRef] [PubMed]

74. Debnath, B.; Islam, W.; Li, M.; Sun, Y.; Lu, X.; Mitra, S.; Hussain, M.; Liu, S.; Qiu, D. Melatonin mediates enhancement of stress
tolerance in plants. Int. J. Mol. Sci. 2019, 20, 1040. [CrossRef]

75. Vendruscolo, E.C.; Schuster, I.; Pileggi, M.; Scapim, C.A.; Molinari, H.B.; Marur, C.J.; Vieira, L.G. Stress-induced synthesis of
proline confers tolerance to water deficit in transgenic wheat. J. Plant Physiol. 2007, 164, 1367–1376. [CrossRef]

76. Pavei, D.; Gonçalves-Vidigal, M.C.; Schuelter, A.R.; Schuster, I.; Vieira, E.S.N.; Vendruscolo, E.C.G.; Poletine, J.P. Response to
water stress in transgenic (p5cs gene) wheat plants (Triticum aestivum L.). Aust. J. Crop Sci. 2016, 10, 776–783. [CrossRef]

77. De Lima, L.A.D.C.; Schuster, I.; da Costa, A.C.T.; Vendruscolo, E.C.G. Evaluation of wheat events transformed with the p5cs gene
under conditions of water stress. Rev. Ciências Agrárias 2019, 42, 448–455.

78. Anwar, A.; Wang, K.; Wang, J.; Shi, L.; Du, L.; Ye, X. Expression of Arabidopsis Ornithine Aminotransferase (AtOAT) encoded gene
enhances multiple abiotic stress tolerances in wheat. Plant Cell Rep. 2021, 40, 1155–1170. [CrossRef] [PubMed]

79. Tarczynski, M.C.; Jensen, R.G.; Bohnert, H.J. Expression of a bacterial mtlD gene in transgenic tobacco leads to production and
accumulation of mannitol. Proc. Natl. Acad. Sci. USA 1992, 89, 2600–2604. [CrossRef]

80. Abebe, T.; Guenzi, A.C.; Martin, B.; Cushman, J.C. Tolerance of mannitol-accumulating transgenic wheat to water stress and
salinity. Plant Physiol. 2003, 131, 1748–1755. [CrossRef]

81. He, C.; Zhang, W.; Gao, Q.; Yang, A.; Hu, X.; Zhang, J. Enhancement of drought resistance and biomass by increasing the amount
of glycine betaine in wheat seedlings. Euphytica 2011, 177, 151–167. [CrossRef]

82. Wang, G.-P.; Hui, Z.; Li, F.; Zhao, M.-R.; Zhang, J.; Wang, W. Improvement of heat and drought photosynthetic tolerance in wheat
by overaccumulation of glycine betaine. Plant Biotechnol. Rep. 2010, 4, 213–222. [CrossRef]

83. Sivamani, E.; Bahieldin, A.; Wraith, J.M.; Al-Niemi, T.; Dyer, W.E.; Ho, T.D.; Qu, R. Improved biomass productivity and water use
efficiency under water deficit conditions in transgenic wheat constitutively expressing the barley HVA1 gene. Plant Sci. 2000, 155,
1–9. [CrossRef]

84. Habib, I.; Shahzad, K.; Rauf, M.; Ahmad, M.; Alsamadany, H.; Fahad, S.; Saeed, N.A. Dehydrin responsive HVA1 driven inducible
gene expression enhanced salt and drought tolerance in wheat. Plant Physiol. Biochem. 2022, 180, 124–133. [CrossRef]

85. Samtani, H.; Sharma, A.; Khurana, P. Overexpression of HVA1 enhances drought and heat stress tolerance in Triticum aestivum
doubled haploid plants. Cells 2022, 11, 912. [CrossRef]

86. Chauhan, H.; Khurana, P. Use of doubled haploid technology for development of stable drought tolerant bread wheat (Triticum
aestivum L.) transgenics. Plant Biotechnol. J. 2011, 9, 408–417. [CrossRef] [PubMed]

http://doi.org/10.1093/jxb/err385
http://doi.org/10.1007/s00299-008-0623-9
http://doi.org/10.1111/pbi.12385
http://doi.org/10.1111/pbi.13252
http://doi.org/10.1111/pbi.12153
http://doi.org/10.1093/mp/ssr013
http://doi.org/10.1016/j.plantsci.2012.12.016
http://doi.org/10.1093/jxb/erz037
http://doi.org/10.3389/fpls.2018.00997
http://doi.org/10.3390/genes10020163
http://doi.org/10.1111/pbi.13572
http://www.ncbi.nlm.nih.gov/pubmed/33638922
http://doi.org/10.1104/pp.19.00100
http://www.ncbi.nlm.nih.gov/pubmed/30842265
http://doi.org/10.1016/j.plaphy.2022.07.036
http://www.ncbi.nlm.nih.gov/pubmed/35988390
http://doi.org/10.3390/ijms20051040
http://doi.org/10.1016/j.jplph.2007.05.001
http://doi.org/10.21475/ajcs.2016.10.06.p7000
http://doi.org/10.1007/s00299-021-02699-0
http://www.ncbi.nlm.nih.gov/pubmed/33950277
http://doi.org/10.1073/pnas.89.7.2600
http://doi.org/10.1104/pp.102.003616
http://doi.org/10.1007/s10681-010-0263-3
http://doi.org/10.1007/s11816-010-0139-y
http://doi.org/10.1016/S0168-9452(99)00247-2
http://doi.org/10.1016/j.plaphy.2022.03.035
http://doi.org/10.3390/cells11050912
http://doi.org/10.1111/j.1467-7652.2010.00561.x
http://www.ncbi.nlm.nih.gov/pubmed/20723133


Plants 2022, 11, 3358 33 of 34

87. Bahieldin, A.; Mahfouz, H.T.; Eissa, H.F.; Saleh, O.M.; Ramadan, A.M.; Ahmed, I.A.; Dyer, W.A.; El-Itribya, H.A.; Madkour, M.A.
Field evaluation of transgenic wheat plants stably expressing the HVA1 gene for drought tolerance. Physiol. Plant. 2005, 123,
421–427. [CrossRef]

88. Zhang, Y.; Zhou, J.; Wei, F.; Song, T.; Yu, Y.; Yu, M.; Fan, Q.; Yang, Y.; Xue, G.; Zhang, X. Nucleoredoxin gene TaNRX1 positively
regulates drought tolerance in transgenic wheat (Triticum aestivum L.). Front. Plant Sci. 2021, 12, 756338. [CrossRef] [PubMed]

89. Fehér-Juhász, E.; Majer, P.; Sass, L.; Lantos, C.; Csiszár, J.; Turóczy, Z.; Mihály, R.; Mai, A.; Horváth, G.V.; Vass, I.; et al. Phenotyping
shows improved physiological traits and seed yield of transgenic wheat plants expressing the alfalfa aldose reductase under
permanent drought stress. Acta Physiol. Plant. 2014, 36, 663–673. [CrossRef]

90. Miyao, M. Molecular evolution and genetic engineering of C4 photosynthetic enzymes. J. Exp. Bot. 2003, 54, 179–189. [CrossRef]
91. Qin, N.; Xu, W.; Hu, L.; Li, Y.; Wang, H.; Qi, X.; Fang, Y.; Hua, X. Drought tolerance and proteomics studies of transgenic wheat

containing the maize C4 phosphoenolpyruvate carboxylase (PEPC) gene. Protoplasma 2016, 253, 1503–1512. [CrossRef]
92. Zang, X.; Geng, X.; He, K.; Wang, F.; Tian, X.; Xin, M.; Yao, Y.; Hu, Z.; Ni, Z.; Sun, Q.; et al. Overexpression of the wheat (Triticum

aestivum L.) TaPEPKR2 gene enhances heat and dehydration tolerance in both wheat and Arabidopsis. Front. Plant Sci. 2018, 9,
1710. [CrossRef]

93. Yu, T.F.; Xu, Z.S.; Guo, J.K.; Wang, Y.X.; Abernathy, B.; Fu, J.D.; Chen, X.; Zhou, Y.B.; Chen, M.; Ye, X.G.; et al. Improved drought
tolerance in wheat plants overexpressing a synthetic bacterial cold shock protein gene SeCspA. Sci. Rep. 2017, 7, 44050. [CrossRef]

94. Nakaminami, K.; Karlson, D.T.; Imai, R. Functional conservation of cold shock domains in bacteria and higher plants. Proc. Natl.
Acad. Sci. USA 2006, 103, 10122–10127. [CrossRef]

95. Beznec, A.; Faccio, P.; Miralles, D.J.; Abeledo, L.G.; Oneto, C.D.; Garibotto, M.B.; Gonzalez, G.; Moreyra, F.; Elizondo, M.; Ruíz,
M.; et al. Stress-induced expression of IPT gene in transgenic wheat reduces grain yield penalty under drought. J. Genet. Eng.
Biotechnol. 2021, 19, 67. [CrossRef]

96. Le Roux, M.L.; Kunert, K.J.; van der Vyver, C.; Cullis, C.A.; Botha, A.M. Expression of a small ubiquitin-like modifier protease
increases drought tolerance in wheat (Triticum aestivum L.). Front. Plant Sci. 2019, 10, 266. [CrossRef] [PubMed]

97. Mega, R.; Abe, F.; Kim, J.S.; Tsuboi, Y.; Tanaka, K.; Kobayashi, H.; Sakata, Y.; Hanada, K.; Tsujimoto, H.; Kikuchi, J.; et al. Tuning
water-use efficiency and drought tolerance in wheat using abscisic acid receptors. Nat. Plants 2019, 5, 153–159. [CrossRef]
[PubMed]

98. Arora, N.K. Impact of climate change on agriculture production and its sustainable solutions. Environ. Sustain. 2019, 2, 95–96.
[CrossRef]

99. EL Sabagh, A.; Islam, M.S.; Skalicky, M.; Ali Raza, M.; Singh, K.; Anwar Hossain, M.; Hossain, A.; Mahboob, W.; Iqbal, M.A.;
Ratnasekera, D.; et al. Salinity stress in wheat (Triticum aestivum L.) in the changing climate: Adaptation and management
srategies. Front. Agron. 2021, 3, 661932. [CrossRef]

100. Zhao, S.; Zhang, Q.; Liu, M.; Zhou, H.; Ma, C.; Wang, P. Regulation of plant responses to salt stress. Int. J. Mol. Sci. 2021, 22, 4609.
[CrossRef]

101. Bi, C.; Yu, Y.; Dong, C.; Yang, Y.; Zhai, Y.; Du, F.; Xia, C.; Ni, Z.; Kong, X.; Zhang, L. The bZIP transcription factor TabZIP15
improves salt stress tolerance in wheat. Plant Biotechnol. J. 2021, 19, 209–211. [CrossRef]

102. Li, C.; Zhao, Y.; Qi, Y.; Duan, C.; Zhang, H.; Zhang, Q. Eutrema EsMYB90 gene improves growth and antioxidant capacity of
transgenic wheat under salinity stress. Front. Plant Sci. 2022, 13, 856163. [CrossRef]

103. Song, Y.; Yang, W.; Fan, H.; Zhang, X.; Sui, N. TaMYB86B encodes a R2R3-type MYB transcription factor and enhances salt
tolerance in wheat. Plant Sci. 2020, 300, 110624. [CrossRef]

104. El-Yazal, M.A.S.; Eissa, H.F.; Ahmed, S.M.A.E.; Howladar, S.M.; Zaki, S.S.; Rady, M.M. The mtlD gene-overexpressed transgenic
wheat tolerates salt stress through accumulation of mannitol and sugars. Plant 2016, 4, 78–90. [CrossRef]

105. He, C.; Yang, A.; Zhang, W.; Gao, Q.; Zhang, J. Improved salt tolerance of transgenic wheat by introducing betA gene for glycine
betaine synthesis. Plant Cell Tiss. Organ Cult. 2010, 101, 65–78. [CrossRef]

106. Liang, C.; Zhang, X.Y.; Luo, Y.; Wang, G.P.; Zou, Q.; Wang, W. Overaccumulation of glycine betaine alleviates the negative effects
of salt stress in wheat. Russ. J. Plant Physiol. 2009, 56, 370–376. [CrossRef]

107. Tian, F.; Wang, W.; Liang, C.; Wang, X.; Wang, G.; Wang, W. Overaccumulation of glycine betaine makes the function of the
thylakoid membrane better in wheat under salt stress. Crop J. 2017, 5, 73–82. [CrossRef]

108. Li, P.; Cai, J.; Luo, X.; Chang, T.; Li, J.; Zhao, Y.; Xu, Y. Transformation of wheat Triticum aestivum with the HvBADH1 transgene
from hulless barley improves salinity-stress tolerance. Acta Physiol. Plant. 2019, 41, 155. [CrossRef]

109. Su, P.; Yan, J.; Li, W.; Wang, L.; Zhao, J.; Ma, X.; Li, A.; Wang, H.; Kong, L. A member of wheat class III peroxidase gene family,
TaPRX-2A, enhanced the tolerance of salt stress. BMC Plant Biol. 2020, 20, 392. [CrossRef] [PubMed]

110. Yu, G.H.; Zhang, X.; Ma, H.X. Changes in the physiological parameters of SbPIP1-transformed wheat plants under salt stress. Int.
J. Genom. 2015, 2015, 384356.

111. Ayadi, M.; Brini, F.; Masmoudi, K. Overexpression of a wheat aquaporin gene, TdPIP2;1, enhances salt and drought tolerance in
transgenic durum wheat cv. Maali. Int. J. Mol. Sci. 2019, 20, 2389. [CrossRef]

112. Afzal, Z.; Howton, T.C.; Sun, Y.; Mukhtar, M.S. The roles of aquaporins in plant stress responses. J. Dev. Biol. 2016, 4, 9. [CrossRef]
113. Xue, Z.-Y.; Zhi, D.-Y.; Xue, G.-P.; Zhang, H.; Zhao, Y.-X.; Xia, G.-M. Enhanced salt tolerance of transgenic wheat (Tritivum aestivum

L.) expressing a vacuolar Na+/H+ antiporter gene with improved grain yields in saline soils in the field and a reduced level of
leaf Na+. Plant Sci. 2004, 167, 849–859. [CrossRef]

http://doi.org/10.1111/j.1399-3054.2005.00470.x
http://doi.org/10.3389/fpls.2021.756338
http://www.ncbi.nlm.nih.gov/pubmed/34868149
http://doi.org/10.1007/s11738-013-1445-0
http://doi.org/10.1093/jxb/erg026
http://doi.org/10.1007/s00709-015-0906-2
http://doi.org/10.3389/fpls.2018.01710
http://doi.org/10.1038/srep44050
http://doi.org/10.1073/pnas.0603168103
http://doi.org/10.1186/s43141-021-00171-w
http://doi.org/10.3389/fpls.2019.00266
http://www.ncbi.nlm.nih.gov/pubmed/30906307
http://doi.org/10.1038/s41477-019-0361-8
http://www.ncbi.nlm.nih.gov/pubmed/30737511
http://doi.org/10.1007/s42398-019-00078-w
http://doi.org/10.3389/fagro.2021.661932
http://doi.org/10.3390/ijms22094609
http://doi.org/10.1111/pbi.13453
http://doi.org/10.3389/fpls.2022.856163
http://doi.org/10.1016/j.plantsci.2020.110624
http://doi.org/10.11648/j.plant.20160406.15
http://doi.org/10.1007/s11240-009-9665-0
http://doi.org/10.1134/S1021443709030108
http://doi.org/10.1016/j.cj.2016.05.008
http://doi.org/10.1007/s11738-019-2940-8
http://doi.org/10.1186/s12870-020-02602-1
http://www.ncbi.nlm.nih.gov/pubmed/32847515
http://doi.org/10.3390/ijms20102389
http://doi.org/10.3390/jdb4010009
http://doi.org/10.1016/j.plantsci.2004.05.034


Plants 2022, 11, 3358 34 of 34

114. Haq, R.F.U.; Saeed, N.A.; Ahmed, M.; Arshad, Z.; Mansoor, S.; Habib, I.; Tester, M. Barley vacuolar pyrophosphatase (HVP1) gene
confers salinity tolerance in locally adapted wheat (Triticum aestivum). Int. J. Agric. Biol. 2019, 22, 1338–1346.

115. Munns, R.; James, R.A.; Läuchli, A. Approaches to increasing the salt tolerance of wheat and other cereals. J. Exp. Bot. 2006, 57,
1025–1043. [CrossRef]

116. Zhao, Y.; Ai, X.; Wang, M.; Xiao, L.; Xia, G. A putative pyruvate transporter TaBASS2 positively regulates salinity tolerance in
wheat via modulation of ABI4 expression. BMC Plant Biol. 2016, 16, 109. [CrossRef] [PubMed]

117. Wang, W.; Wang, W.; Wu, Y.; Li, Q.; Zhang, G.; Shi, R.; Yang, J.; Wang, Y.; Wang, W. The involvement of wheat U-box E3 ubiquitin
ligase TaPUB1 in salt stress tolerance. J. Integr. Plant Biol. 2020, 62, 631–651. [CrossRef] [PubMed]

118. Wahid, A.; Gelania, S.; Ashrafa, M.; Foolad, M.R. Heat tolerance in plants: An overview. Environ. Exp. Bot. 2007, 61, 199–223.
[CrossRef]

119. Streck, N.A. Climate change and agroecosystems: The effect of elevated CO2 and temperature on crop growth, development, and
yield. Ciência Rural 2005, 35, 730–740. [CrossRef]

120. Akter, N.; Rafiqul Islam, M. Heat stress effects and management in wheat. A review. Agron. Sustain. Dev. 2017, 37, 37. [CrossRef]
121. Zandalinas, S.I.; Mittler, R.; Balfagón, D.; Arbona, V.; Gómez-Cadenas, A. Plant adaptations to the combination of drought and

high temperatures. Physiol. Plant. 2018, 162, 2–12. [CrossRef]
122. Al-Whaibi, M.H. Plant heat-shock proteins: A mini review. J. King Saud Univ. Sci. 2011, 23, 139–150. [CrossRef]
123. Xue, G.P.; Sadat, S.; Drenth, J.; McIntyre, C.L. The heat shock factor family from Triticum aestivum in response to heat and other

major abiotic stresses and their role in regulation of heat shock protein genes. J. Exp. Bot. 2014, 65, 539–557. [CrossRef]
124. Hu, X.J.; Chen, D.; Lynne Mclntyre, C.; Fernanda Dreccer, M.; Zhang, Z.B.; Drenth, J.; Kalaipandian, S.; Chang, H.; Xue, G.P.

Heat shock factor C2a serves as a proactive mechanism for heat protection in developing grains in wheat via an ABA-mediated
regulatory pathway. Plant Cell Environ. 2018, 41, 79–98. [CrossRef]

125. Xue, G.P.; Drenth, J.; McIntyre, C.L. TaHsfA6f is a transcriptional activator that regulates a suite of heat stress protection genes in
wheat (Triticum aestivum L.) including previously unknown Hsf targets. J. Exp. Bot. 2015, 66, 1025–1039. [CrossRef]
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