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Abstract

The environment has very critical role for the plant growth and
development and it is the deciding factor for the growing time and
distribution of a crop plant in a particular geographical area. The
abiotic stresses are bound to increase in the time to come, because of
changing climatic conditions. To sustain the agricultural system, we
need to get ready with the crop plants which have durable abiotic
stress tolerance. Among the cultivable cereals, barley stands out
in terms of abiotic stress tolerance and has the inherent capability
to grow in harsh environments with limited resources. Attempt
has been made in this article to compile the available information
on some of the biochemical and molecular factors contributing to
drought, salinity and heat tolerance of barley species. It is expected
that this compilation may be useful for the crop improvement
programmes in relation to abiotic stress tolerance.
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1. Introduction

Abiotic stresses are one of the major yield-limiting
factors of crop plants. Extremes of temperatures, drought
and salinity etc are some of the major abiotic stresses
having detrimental effects on commercial cultivation of
agricultural crops. It is estimated that approximately 90%
of total arable lands may be prone to one or more abiotic
stresses, and may cause significant losses in the quantity
and quality of major food crops (He et al, 2018) The
simulation models developed on the basis of integration
of climate change and crop yields have predicted
considerable loss of productivity in major food crops,
thus threatening the food security of the people around
the globe. In one metadata analysis, it is predicted that
the globlal average temperatures may show an increase
of 2.0 to 4.9°C by 2100 (Raftery et al., 2017). The extant
of salinity has increased by 37% during the period of 1990
to 2013 (Qadir ez al., 2014). The severity and frequency of
drought stress is increasing due to changes in precipitation

behaviour and global warming induced increase in avao-

transpiration.. Heavy metal contamination in the arable
lands is increasing and this may result into crop yield losses
apart from being a human health hazard. (Waqas ef al,
2019 and references there in). Different kinds of abiotic
stresses limit the geographical distribution of crop plants
and yield along with the quality of produce obtained
from plants. Over the years, the studies carried out at
morphological, physiological, biochemical and molecular
levels in relation to abiotic stresses tolerance have shown
that multiple processes such as sensing, signalling,
transcription, transcript processing, translation and post-
translational protein modifications are involved in the
mechanisms shielding the plants from these physical stress
factors (Figure 1) This information can be used to breed
crop varieties through different techniques for enhanced
inbuilt stress tolerance in plants to achieve higher yields
and better-quality produce (Zhang et al., 2022 and

references there in).
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The Hordeum species has adapted it over the period of
time, morphologically, physiologically and in terms of
reproductive variability (Figure 2), to grow in varied
environments of temperate, tropical, sub-tropical and from

the regions of deserts to arctic circles (Bothmer ez al., 1995).

Evaluation of biodiversity under abiotic stress conditions
to fish out the candidate genotypes with inherent tolerance
or resistance which is now is now supported by molecular

biology tools.

[ Activation of stress responsive genes ]

N

Fig. 1. A simplified mechanism of abiotic stress tolerance in plants (Adapted/Reproduced from Anwar and Kim 2020).

In barley abiotic stresses are known to inflict significant
yield losses on a worldwide scale, and yet under severe
stress conditions, this wonder cereal is one of the most
important sources of energy for human food and animal feed
(Newton et al., 2011). Among the cereals “Barley” inherently
possesses better abiotic stress tolerance, which provides
possibility to extend its cultivation to larger geographical
areas prone to abiotic stresses. Besides this, the traits of

abiotic stress tolerance can be transferred to other members

Abiotic Stress

of Triticeae. Around 10000 years ago wild barley (Hordeum
vulgare ssp. spontaneum) was used for domestication of the
modern barley (Hordeum vulgaressp. vulgare). Wild barley can
be a source to plenish the gene pool in cultivated barley as
well as other close knitted species of grass family to cop up
with challenges of climate change (Wiegmann, ez al., 2019).
In this review, an attempt has been made to compile the
available information on tolerance to drought, salinity and

heat tolerance in barley.
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Fig. 2: Some of the possible traits/genes providing abiotic stress tolerance to barley plants (Adapted/Reproduced from:

Giirel ez al., 2016)
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2. Drought Stress tolerance

Drought is a multi-dimensional stress which is outcome
of a complex interplay among the genotype, water
availability, temperature, and water holding capacity
of the soil. Drought severity and incidences may vary
from location to location and season to season. For the
rainfed barley crop, drought is the most common factor
affecting stable barley production.. It occurs either
because of insufficient seasonal precipitations received
or non-availability of irrigation water. It is estimated that
approximately 1/3" of arable land is arid or semi-arid, due
to lack of sufficient quantity of irrigation water. Rain-fed
agriculture is the biggest consumer of water as around
70% of the total freshwater is already utilized for irrigation
(Foley et al., 2011). The drought stress results in decrease of
quantity and quality of plant produce. Barley uses several
strategies at physiological, molecular and cellular levels to
escape/tolerate the ill effects of drought stress. The drought
tolerance in plants can be either through the escape route
or by avoiding the stress or tolerance. The early maturity
i.e. early flowering and grain formation comes under the
ambit of escape strategy while the physiological traits such
as enhanced root system, stomatal and cuticular resistance
etc., provide osmotic stability to the plant and can be
considered as avoidance strategy. Drought tolerance is
intrinsic to plants and implies the strategies to keep the
metabolic machinery functional and attain reproductive
stage (Kishor et al,, 2014).

Plant hormones have been shown to play major role in
imparting stress tolerance in plants through regulation
at molecular and physiological levels; which involve
production of protective metabolites, stomatal closure,
root growth efc. Abscissic Acid (ABA) has been shown
to be the major hormone involved in providing drought
stress tolerance (Ahmed ef al., 2015).

Drought stress leads to decrease or inhibition of
photosynthetic efficiency/activity through limited carbon
dioxide availability because of stomatal closure and
increased photo-damage to photosynthetic machinery
and Calvin cycle enzymes. Another important implication
of drought stress is excess production of reactive oxygen
species (ROS) resulting from an imbalance between
ROS production and anti-oxidative defence machinery.
The reactive oxygen species disturb the structural and

functional aspects of cellular organelles/metabolites

Biochemical and molecular basis of stress tolerance

resulting in reduced photosynthesis and other growth
related activities. A comparison of contrasting genotypes
under drought stress conditions has shown that the
membranes of thylakoid and chloroplast had more
aberrant conformational changes in susceptible genotype
(Ji etal, 2012). In the anti-oxidant machinery, the activities
of the enzymes catalase and superoxide dismutase play
important role in imparting protective coverage during
drought stress in barley (Marok et al., 2013).

One of the important physiological parameters related to
drought tolerance in barley is stomatal conductance; the
lowered conductance is better related to increase drought
tolerance. Barley gene ¢ibi7 shows a strong association
between stomatal conductance and drought tolerance
ability (Chen et al., 2011). Besides this the PSII has also
been shown to provide better protective capacity in
tolerant genotypes (Tibetan wild barley XZ 5 and XZ 16)
relative to the substantial reduction in maximal quantum
yield of PSII (Fv/Fm) in cultivated barley CM 72 (Ahmed
et al., 2015). Chlorophyll content is also related to drought
tolerant potential, in a study by Guo ¢t al., (2009), brought
tolerant genotypes (Martin and HS 41-1) had relatively
higher content of chlorophyll than the drought sensitive
Moroc 9-75. Drought tolerant genotypes have better cell
membrane stability as compared to the susceptible ones
(Ahmed et al, 2015).

To keep the metabolic functions and photosynthesis in
active mode, it is important that plant maintains cell turgor
and water absorption to the extant possible under drought
stress. The osmotic adjustment (OA) is the key mechanism
to achieve this state. For this plant accumulates large
amounts of osmolytes like organic solutes and inorganic
ions. A gene Hsdr4, situated on long arm 3H chromosome
has been shown to be involved in osmotic adjustment and
drought stress tolerance in barley (Suprunova et al., 2004).
During drought stress, plants, especially the tolerant types,
start over-producing the different types of compatible
organic solutes or osmo-protectants. Compatibility implies
that these compounds are non-toxic to the cell at higher
concentrations and are usually low molecular weight and
highly soluble. The common osmo-protectants during
drought stress are proline and glycine-betaine (GB),
besides several others. These compounds facilitate in water

uptake and proline (an amino acid) plays important role
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in cell membrane stabilization also besides also acting as

an antioxidant.

Proline is one of the most important osmo-protectants
in barley and its higher accumulation during drought
conditions help the plant to sustain metabolic functions,
photosynthetic machinery and indirectly the yield. Proline
biosynthesis during osmotic stress usually take place from
glutamate pathway through the activities of two major
enzymes pyrroline-5-carboxylate synthetase (P5CS) and
pyrroline-5- carboxylate reductase (P5CR) and most rate
limiting enzyme being pyrroline-5-carboxylate synthase.
Drought or water stresss results in the increased expression
of P5¢s7and P5CR in the leaves especially in chloroplasts,
whereas P5CS2 is primarily linked to the biosynthesis
of proline in cytosol. An allele of pyrroline-5-carboxylate
synthasel is shown to provide drought adaptation and
proline accumulation in cultivated Scarlett barley
(Frimpong et al., 2021 and references therein). A relation
between changes in P5CS activity, P5CS expression and
Abscissic Acid Content on application of drought stress
spells out possible role of ABA in inducing the increase
in proline content (Bandurska et al., 2017). Role of proline
in providing protection against reactive oxygen species
induced damage to membranes during drought stress
has been shown cultivated barley (Ahmed ¢t al., 2015).
Protection of photochemical efficiency of PSII mainly
through lipid peroxidation reduction during drought has
also been related to increased proline content (Molinari
et al., 2007).

Besides the proline content, increase in phenolic contents
during combined drought and saline stress also helps in
prevention in the formation of ROS in Tibetan wild and
cultivated barley (Ahmed et al., 2015 and references there

in). Accumulation of Polyamines (PAs) is another strategy

for barley to provide protection to photosynthetic and
metabolic machinery during drought stress. Polyamines
act at multiple levels by providing stability at structrural,
osmotic and ionic levels besdides acting as anti-oxidants
and interacting with other signal molecules (Calzadilla
et al, 2014).

Ahmed et al., (2020) have shown that in wild barley,
reduced tolerance to the combined stress of drought and
salinity was associated with the inhibition of biosynthesis
of polyamines such as spermidine and spermine,
polyamine oxidase, ethylene, biotin, and antioxidant
enzyme activities. In addition to OAs, these osmolyets
were suggested to be important for protecting cells against
increased levels of reactive oxygen species accumulation

under stress conditions.

In nutshell, barley (especially the wild one) possesses
better stress signalling pathways (NCED, PYL2, ATM,
SAPK9, SNFRK, CPL1, HDSR4); regulation of gene
expression (ABI5, HSFA, NAC, DREB, SPL); antioxidant
mechanisms (HPT, GS, APX, CAT, DHAR, TRXm);
osmotic adjustment (SUS, P5CS1, BAM, AQP and
protective proteins sHSP, HSP70, HVA1, DHN) for
drought tolerance (Marok et al.,, 2021) and these can
potentially be harnessed for improvement of cultivated

barley and other related species.

Using genome-wide association scan (GWAS) a panel
of 218 spring barley accessions was studied for drought
stress related SNPs and a total of 338 SNPs were found
to be associated with several traits distributed across
7 chromosomes (Thabet et al., 2018). The information
generated at molecular levels is further used for studies
and development of drought tolerance genotypes (Sallam
et al., 2019).
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3. Salinity Stress

It is estimated that around 20% of the total cultivated land
and approximately half of the irrigated land is affected by
salinity (Zhu, 2001). Salinity affects the plant productivity
and =the response of plants to salinity stress is an outcome
of interactions among several quantitative traits which are
affected by various environmental factors, encompassing
complex physiological and molecular mechanisms. Due
to depletion of water table especially in the irrigated
rice-growing regions, the area under salinity is increasing
exponentially. Salinity affected soils are characterized
by excessive soluble salts and exchangeable sodium
on its surface and sub-surface layers. The excessive salt
content affects plant root systems. As per the Food and
Agriculture Organization report, approximately 800
million hectares of land around the world is affected by
salinity and around 10 million ha of agricultural land is
getting added to it annually due to intensive cultivation,
use of contaminated water and climate change (WHO,
2008). If proper measures are not taken, the total saline
soils may constitute more than 50% of the arable land by

2050 (Jamil et al., 2011).

Higher concentrations of salts affect the structural and
functional metabolic machinery of the plant and even cause
the oxidative stress through overproduction of superoxide
radicals. Mainly uptake and subsequent accumulation of
excess amounts of Sodium and Chloride ions leads to
cellular injury. Plants respond to salinity stress deploying
several mechanisms, the Na+/K+ homeostasis and

Na+ exclusion are the major ones (Kumar et al., 2015

Biochemical and molecular basis of stress tolerance

and references there in).Barley is one of the most salt
tolerant among cereals and acts as a model crop for
studying the biochemical, physiological and molecular
mechanisms of tolerance and use of this information for
imparting salt tolerant trait in other cereal species (Zhu et
al., 2020 and references therein). Barley (Hordeum vulgare)
has the ability to tolerate the NaCl concentration upto
250mM (Hazzouri ¢t al., 2018) and salinity tolerant barley
genotypes have characterstics matching halophytes like
excluding Na+ from uptake and accumulating Na+ in
tissues. Tolerant barley genotypes have the ability to
sequester Na+ in the vacuoles, in turn maintaining high
K+/Na+ levels in the cytosol and thus decreasing the
damage from Na+ toxicity. Tolerant genotypes accumulate
compatible solutes in the cytoplasm to maintain the
osmotic balance in view of the vacuolar sodium ion
concentration Salinity tolerance is a multi-genic trait and
specific traits express depending upon the growth phase
of the plant (Colmer et al., 2005).

The wild barley has relatively better salinity tolerance
and in certain cases able to tolerate short term exposure
upto 300 mM NaCl (Ebrahim et al., 2020). Wild barley in
such cases were able to maintain higher K/Na ratio and
lower Na concentration in the roots and shoots. Due to
homologous nature, Hordeum spontaneum germplasm can
be a better source of salinity tolerance for breeding better
genotypes rather than other wild Hordeum species like
halophyte H. Marinum. The role of structural sterols or
sterol-derived hormones has also been shown in imparting

the salinity tolerance in barley (Witzel ez al., 2014)
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Barley possesses several genes which impart salinity for convenience in following groups (Walia et al, 2006;

tolerance to plant and these genes have been are grouped  Wu et al, 2011; Yin et al., 2018) (Figure 4 and Table 1).

Table 1: Discovered genes involved in salinity/drought tolerance in barley

Functionality Genes References
Osmotic protection HvPIP2;5, HVA1, HHDREBT, HyCBF4, HyWRKY38 Alavilli et al., 2016; Lal et
al., 2008, Giirel ¢t al., 2016

Na+ and High-affinity potassium transporter (HK7) family Hazzouri et al, 2018; Huang

K+ transport; Na+/  (e.g. HHHKT1;5, HvHKT,1 HWHKT2;1, HHHAK], et al., 2019, Mian et al., 2011;

H+ antiport HyHKT1, HhHKT?) Assaha et al., 2017; Mangano et
Na+/H+ exchanger (NHX) family HoNax4 al., 2008; Qiu et al., 2011; Rivandi
HypSOST (HoNHX7), HnSOS2 (HvCIPK24), et al., 2011; Yousefirad et al, 2018;
HpSO0S3 (HoCBL4), HUNHXT, HVA) Wu et al., 2019

Na+/H+ exchanger (NHX) family HoNax4
HypSOST (HoNHX7), HnSOS2 (HvCIPK24),
HvS0S3 (HyCBL4), HsNHXT, HVA)

Regulatory CBF/DREB (C-repeat-binding protein/dehydration- Jung et al, 2007; Guo et al., 2016;

proteins/elements/  responsive element-binding protein) family (HoRAF); Xu et al., 2009; Giirel et al., 2016;

factors ethylene response factor (HvAP2/ ERF) HiDREB]T, Xue and Loveridge, 2004
HyCBF4, HHWRKY38; HDRF1

Jasmonate (JA) Late embryogenesis abundant (LEA) protein genes (e.g. HVA7T; al-Yassin and Khademian, 2015

biosynthesis HVA22).

Based upon the information accessed from the literature, *  Increase in the levels of metabolites involved in cellular
protection besides the hexose phosphates and TCA cycle

the possible biochemical and molecular factors affecting
intermediates (Widodo e al., 2009)

salinity tolerance can be (also see Figure 5 and Figure 6):
*  Higher concentration of flavanoids in salt stressed plants

. Reduction in uptake and increase exclusion of Na+ and (Ahmed et al,, 2015).

the QTL QSIL.TxNn.2H is most probably involved in
regulating xylem Na+ loading (Zhu et al., 2020) *  Theroles of anti-oxidant enzymes and proline in salinity

. . .. . . tolerance are yet inconclusive
. Efficient compartmentalization of Na+ mainly into Yy

vacuoles * For osmotic adjustments in the plant, soluble

carbohydrates may also be playing important role

*  Upregulation of ROS Scavenging, stabilization of
Photosynthesis and ATP Synthase related proteins
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Fig 5. Construction of two pairs of NILs. (A): Strategy for developing NILs. (B): Comparison between genotypes of near
isogenic (Pair 1: T46/N33; Pair2: T66/N53). Red: NasoNijo backgrounds; blue: TX9425 backgrounds.%ellow circle: the
major difference on 2H at the position of 6.6-9.4 cM for two pair of NILs (Adapted/Reproduced from Zhu ez al., 2020)

88




Leaf area

Biomass

photosynthetic |
apparatus (F/Fv)

Limiting Na* “\
transport '

N

\ A
\ Salt stress

{ Tolerance: DI

=095
P=0,04

Rootvolume

—

Biochemical and molecular basis of stress tolerance

Plant water status
RWC

170,28
0,03

‘ K™ and Ca** Retention J

T

capacity

Fig. 6: Physiological schematization of salt stress in barley (Reproduced/Adapted from: Hammami e? al., 2020)

Salycilic acid and potassium nitrate application has
been shown to provide salinity tolerance (Fayez and
Bazaid, 2014) through reduced Na+ uptake improved
photosynthetic pigment content and plant growth.
Salycilic acid and KNO, treatment also lead to tone down

the oxidative stress during salt and drought stress.
4. High Temperature Stress

Temperature is one the most important environmental
factors, responsible for pattern in the geographical
distribution of plant species and its productivity and/or
end product quality. Among the different growth stages
of barley from germination to maturity, temperature
plays a vital role, however this becomes a critical factor
determining grain yield and quality during the flowering
and grain filling stage. In sub-tropical climates, like in
northern Indian plains, barley crop has to face higher
temperature especially during the post anthesis and
maturity stages. As per areport by the Intergovernmental
Panel on Climate Change (IPCC), the crop production will
be seriously challenged by the increasing temperatures,
which may rise by 2.0-4.5 °C till the end of this century
(Liu et al, 2017). It is speculated that even a change by
1°C will have detrimental effects on biochemical and
physiological activities of plants (Anwar ¢t al., 2018). To
cope up with the looming threat of high temperature stress,
its important to understand and decipher the molecular/
genetic basis of high temperature stress tolerance to

develop improved crop plants through conventional or

molecular plant improvement techniques (Anwar and
Kim, 2020). In one study carried out using wild barley,
cultivars and breeding material, it has been reported
that the reduction in period of reproduction (grain
development and growth) was much lesser in wild types
as compared to the cultivated ones (Bahrami ez al., 2021),
indicating greater utilization of wild type resources for

introgression of this abiotic stress tolerance trait

Savin and Nicolas (1996) studied the effect of heat
treatment (maximum 40°C for 6 h/ day), with or without
drought stress on barley, during the anthesis period.
The reduction in grain weight and grain growth filling
duration took place under these conditions and combined
effect of both the stresses was more detrimental. The
reduction in grain weight and growth duration was cultivar
dependent. The heat stress resulted in reduction of starch
accumulation and increase in the nitrogen content of the
grains. Since starch is the major raw material for malt and
further fermentation in preparation of malt based end
products, the heat stress during the grain filling period
may have major impact on grain quality. The heat stress
(235°C) results in starch degradation, starch granule size
aberrations and increase in embryo tissue. Even beta
glucans degradation has been observed during heat stress
resulting in more friable malt (Wallwork ez al., 1998).
Since starch contributes as the largest component of grain
weight, heat stress leads to formation of shrivelled grains.

Reduction in starch content takes place mainly because
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of rapid decline in photosynthesis and heat sensitivity
of starch synthesizing enzymes especially soluble starch
synthase (Sallam ez al., 2019). The heat stress during early
stages of grain development is more serious as compared
to the later ones (Savin and Nicolas, 1999). Under Indian
sub-tropical climates the cessation of starch biosynthesis
in susceptible cultivars occurs more due to utilization
of assimilates rather than the supply (Figure 7). During

heat stress the activities of acid- and neutral invertase,

sucrose synthase and total amylase attain may attain an
early peak (Singh et al., 2008) leading to deterioration of
grain quality. The pre-anthesis reserve in taller genotypes
could be advantageous as compared to the dwarf ones
(Schnyder, 1993). However, the tall genotypes lodge
more under climatic fluctuations and thus may have
compromised yield and quality. But the pre-anthesis
reserves contribute significantly during grain filling under

stressful environments (Bidinger et al., 1977).

Grain growth depends on
CHO from three sources

|
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9 terminal stress
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Ho
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JY ~
T
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Fig. 7: The three sources of carbohydrates that are transferred into grains during grain filling under drought and heat stresses

(Reproduced/Adapted from Sallam et al., 2019)

Gous et al., (2016) have studied the heat tolerance in barley
at genetic level and suggested that the most effective
markers and genes could be located on chromosomes
1H and 4H (Figure 8). A marker S4_250499621 has
been shown to associated with increased proline and
chlorophyll content and lesser reduction in thousand
kernel weight and grain yield per spike (Gous et al.,
2016).. Transcriptomics studies have shown stress induced
expression of 958 genes and down regulation of 1122
genes in the developing barley grain (Mangelsen ef al.,
2011). Down regulation of the genes mainly impacted
the biosynthesis of storage compounds and cell growth
thus leading to impairment of grain development. This
was corroborated by another study by Templer et al.,
(2017), where the heat/drought stress indicated to QTLs
affecting the major genes involved in starch biosynthesis.
Some of the traits associated with heat stress tolerance are
grain yield per spike (GYPS), starch content (Str), protein
content (PC), proline content (Pro), maintenance of leaf

water content, chlorophyll stability and starch content.
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As indicated earlier also chromosomes 1H and 4H may
harbour many alleles/traits for some of these important
traits. (Dawood et al., 2020). Hiibner ef al., (2009) found
that temperature and aridity gradients served as major
selective pressures in the adaptation of wild barley
(H. vulgare ssp. spontaneum). Photosynthesis is the most
sensitive physiological process which is significantly
affected by heat stress (Wang et al, 2015). Under high
temperatures, the ability to sustain leaf gas exchange is
directly associated with heat tolerance in all plant species
(Bita and Gerats, 2013). The wild genotypes maintain the
gas exchange values under heat stress better compared to
cultivated ones, indicating that the H,O/CO, exchange in
the leaves of Hordeum vulgare ssp. spontaneum is relatively
less affected by high temperatures. It is interesting to note
that although both the cultivated and wild barley genotypes
exhibited close average values of the total Chlorophyll
content under normal conditions, heat stress leads to
significantly lower Chlorophyll degradation in the wild

barley than that in the cultivated ones. The strong inverse




relationship observed between the total Chlorophyll
and grain yield loss under heat stress provides further
evidence that leaf Chlorophyll content can be exploited
as an indicator of either plant photosynthetic capacity or
its yield potential under thermal-stress conditions. The
impact of heat stress on the composition of membranes
is more destructive than other abiotic stresses because
the fluidity of membranes composed of straight chain
fatty acids can be easily disrupted by heat. Under field

conditions, thermal-tolerant genotypes of Hordeum vulgare
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ssp. spontaneum were found to employ various strategies
to alleviate damages to their chlorophyll, cell membrane
integrity, PSII, and photosynthetic rate. Considering the
drastic effect of the global warming on the photosynthetic
apparatus, the study of thermal-tolerant genotypes of wild
barley can contribute tremendously to our understanding
and improvement of carbon sequestration in cultivated
barley by employing genetics and breeding tools (Bahrami

et al., 2019 and references there in)

Chro. 4H
S4250499621
HORVU4Hr1G034530
@
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ke P y | 1
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Transcription initiation
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Fig. 8. Significant single nucleotide polymorphisms (SNPs) associated with changes in protein content (PC) and TKW and

their candidate genes; (b) si

ificant SNPs associated with the changes in chlorophyll content (CCF) and proline content

(Pro), TKW, and GYPS and its candidate genes. Black bands refer to the physical position of the SNP on the respective
chromosome. (Reproduced/Adapted from Dawood et al., 2020)

Conclusion

Barley, especially the wild species, deploys several
biochemical, molecular and physiological strategies
to tolerate or escape various abiotic stresses. Still, the
cultivated barley suffers significant yield and grain quality
losses owing to drought, heat and salinity. The popular
cultivars lacking tolerance to these abiotic stresses are the
targets of introgressive breeding which in turn requires
the identification and localization of the relevant genes
on barley chromosomes. The physiological aspects of
tolerance to abiotic stresses in barley need to be dissected at
the genetic level in comprehensive details before they can
be utilized in the introgressive breeding. The identification
of donors for tolerance should ideally encompass different
gene pools of barley to have a diversity of sources for
broader genetic base of the cultivated varieties. In this

context, exploitation of germplasm resources can be

done to develop barley genotypes having desired levels
of yield and quality for the regions having shorter grain
filling period. Moreover, the study of these parameters
at genetic level can be used to transfer these traits in
cultivated barley and even in other related crop species

to evade the challenges of climate change.
Compliance with ethical standards
NA

Conflict of interest

No

Author contributions

DK: Conceptualization, Data curation, CL, SKB: Writing
& updating the manuscript for publication, RPSV and
GPS: Supervision, and Validation. All the listed authors

read and approved the manuscript.

91



Journal of Cereal Research 14 (Spl-1): 83-95

References

L.

92

Ahmed IM, UA Nadira, N Bibi, G Zhang, I Wu.
2015. Tolerance to combined stress of drought and
salinity in barley. In: Combined Stresses in Plants
Physiological, Molecular, and Biochemical Aspects;
Mahalingam, R., Ed.; Springer: Basel, Switzerland,
2015; pp. 93-121; ISBN 978- 3-319-07899-1.

Ahmed IM, UA Nadira, CW Qiu et al. 2020.
The Barley S-Adenosylmethionine Synthetase
3 Gene HvSAMSS3 Positively Regulates the
Tolerance to Combined Drought and Salinity Stress
in Tibetan Wild Barley. Cells 9: 1530. doi:10.3390/
cells9061530

Alavilli H, JP Awasthi, GR Rout, L. Sahoo, BH Lee
and SK Panda .2016. Overexpression of a Barley
Aquaporin Gene, HvPIP2;5 Confers Salt and
Osmotic Stress Tolerance in Yeast and Plants. Front
Plant Sci. 7:1566.

al-Yassin A and R Khademian. 2015.Allelic variation
of salinity tolerance genes in barley ecotypes
(natural populations) using ECoTILLING: a review
article. Am Eur J Agric Environ Sci. 15:563-572.

Anwar A and J Kim. 2020. Transgenic Breeding
Approaches for Improving Abiotic Stress Tolerance:

Recent Progress and Future Perspectives. International
Journal of Molecular Sciences. 21: 26952723

Anwar A, Y Liu, R Dong, L Bai, X Yu and Y Li.
2018.The physiological and molecular mechanism of
brassinosteroid in response to stress: A review. Biol.
Res. 51: 46.

Assaha DVM, A Ueda, H Saneoka, R Al-Yahyai
and MW Yaish .2017. The Role of Na* and
K* Transporters in Salt Stress Adaptation in
Glycophytes. Front Physiol. 8:509.

Bahrami F, A Arzani, and M Rahimmalek. 2019.
Photosynthetic and yield performance of wild barley
(Hordeum vulgare ssp. spontaneum) under terminal heat
stress. Photosynthetica 57: 9-17.

Bahrami F, A Arzani and M Rahimmalek. 2021.
Tolerance to high temperature at reproductivestage:
Trade-offs between phenology, grain yield andyield-
related traits in wild and cultivated barleys. Plant
Breeding 140: 812-826.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Bandurska H, ] Niedziela, M Pietrowska-Borek,
K Nuc, T Chadzinikolau and D Radzikowska.
2017. Regulation of proline biosynthesis and
resistance to drought stress in two barley (Hordeum
vulgare L.) genotypes of different origin. Plant
Physiology and Biochemistry 118: 427-437.

Bidinger F, RB Musgrave and RA Fischer. 1977
Contribution of stored pre-anthesis assimilates to
grain yield in wheat and barley. Nature 270: 431-433.

Bita CE and T Gerats. 2013. Plant tolerance to high
temperature in a changing environment: scientific
fundamentals and production of heat stress-tolerant
crops. Front. Plant Sci. 4:273.

Bothmer R von, N Jacobsen, C Baden, RB Jorgensen
and I Linde-Laursen . 1995. An ecogeographical
study of the genus Hordeum. 2nd edition. Systematic
and Ecogeographic Studies on Crop Genepools 7.

International Plant Genetic Resources Institute, Rome.

Calzadilla PI, A Gazquez, S] Maiale, OA Ruiz and
MA Bernardina. 2014. Polyamines as indicators and
modulators of the abiotic stress in plants. In Plant
adaptation to environmental change: Significance
of amino acids and their derivatives; CABI:

Wallingford, UK.

Chen ], Li R, Guo P, Xia Y, Tian C and Miao S. 2011.
Impact of Drought Stress on the Ultra structure of Leaf
Cells in Three Barley Genotypes Differing in Level of
Drought Tolerance. Chinese Bulletin of Botany 46: 28-36.

Colmer TD, R Munns and T] Flowers. 2005.
Improving salt tolerance of wheat and barley:
future prospects. Australian Journal of Experimental
Agriculture 45: 1425-1443.

Dawood MFA, YS Moursi, A Amro, PS Baenziger
and A Sallam. 2020. Investigation of Heat-Induced
Changes in the Grain Yield and Grains Metabolites,
with Molecular Insights on the Candidate Genes in
Barley. Agronomy 10: 1730.

Ebrahim F, A Arzani, M Rahimmalek, D Sun and J
Peng. 2020. Salinity tolerance of wild barley Hordeum
vulgare ssp. spontaneum. Plant Breeding 139: 304 - 316.
Fayez KA and SA Bazaid. 2014. Improving drought
and salinity tolerance in barley by application of

salicylic acid and potassium nitrate. Journal of the
Saudi Society of Agricultural Sciences 13: 45-55.




20.

21.

22.

23.

24.

25.

26.

27.

28.

Foley JA, N Ramankutty, KA Brauman, ES Cassidy,
JS Gerber, M Johnston, ND Mueller, C O’Connell,
DK Ray, PC West, et al. 2011. Solutions for a
cultivated planet. Nature 478: 337-34.

Frimpong I, M Anokye, CW Windt, AA Naz, M Frei,
DV Dusschoten and F Fiorani. 2021. Proline-Mediated
Drought Tolerance in the Barley (Hordeum vulgare L.)
Isogenic Line Is Associated with Lateral Root Growth
at the Early Seedling Stage. Plants 10: 2177.

Gous PW, L Hickey, JT Christopher, ] Franckowiak
and GP Fox P. 2016. Discovery of QTL for stay-
green and heat-stress in barley (Hordeum vulgare)
grown under simulated abiotic stress conditions.
Euphytica 207: 305-317.

Guo P, M Baum, S Grando, S Ceccarelli, G Bai,
R Li, M von Korff, RK Varshney, A Graner and
J Valkoun. 2009. Differentially expressed genes
between drought-tolerant and drought-sensitive
barley genotypes in response to drought stress during
the reproductive stage. Journal of Experimental Botany
60(12): b3531-44.

Guo W, T Chen, N Hussain, G Zhang and L Jiang.
2016. Characterization of Salinity Tolerance of
Transgenic Rice Lines Harboring HsCBLS8 of Wild
Barley (Hordeum spontanum) Line from Qinghai-Tibet
Plateau. Frontiers in Plant Sciences 7:1678.

Giirel F, ZN Oztiirk, C Ucarli and D Rosellini.
2016. Barley Genes as Tools to Confer Abiotic Stress

Tolerance in Crops. Frontiers in Plant Sciences 7: 1137.

Hammami Z et al. 2020. The Arsenal of
Morphological and Physiological Mechanisms
Adopted by Barley (Hordeum vulgare. L) to Face Salt
Stress Damage. Acta Scientific Agriculture 4.7: 92-101.

Hazzouri KM, B Khraiwesh, KMA Amiri, D Pauli,
T Blake, M Shahid, SK Mullath, D Nelson, AL
Mansour, K Salehi-Ashtiani, M Purugganan and
K Masmoudi. 2018. Mapping of HKT1;5 Gene in
Barley Using GWAS Approach and Its Implication
in Salt Tolerance Mechanism. Frontiers Plant Sciences
9: 156.

He M, He C-Q and Ding N-Z. 2018. Abiotic Stresses:
General Defences of Land Plants and Chances for

Engineering Multi-stress Tolerance. Front. Plant
Sci. 9:1771.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Biochemical and molecular basis of stress tolerance

Huang L, LH Kuang, LY Wu, et al. 2019. Comparisons
in functions of HKT1;5 transporters between Hordeum
marinum and Hordeum vulgare in responses to salt
stress. Plant Growth Regulation 89: 309-319.

Hiibner S, M Oren, G Haseneyer, N Stein, A Graner,
K Schmid and E Fridman. 2009. Strong correlation
of wild barley (Hordeum spontaneum) population
structure with temperature and precipitation
variation. Molecular Ecology 15: 1523-1536.

Jamil A, S Riaz, M Ashraf and MR Foolad. 2011.
Gene expression profiling of plants under salt
stress. CRC Crit. Rev. Plant Sci. 30: 435-458.

JiK, Y Wang, W Sun, Q Lou, H Mei, S Shen and H
Chen. 2012. Drought-responsive mechanisms in rice
genotypes with contrasting drought tolerance during
reproductive stage. J Plant Physiol. 169:336-344.

Jung J, SY Won, SC Suh, H Kim, R Wing, Y
Jeong, I Hwang and M Kim. 2007. The barley
ERF-type transcription factor HVRAF confers
enhanced pathogen resistance and salt tolerance in
Arabidopsis. Planta 225 575-588.

Kishor PBK, R Kalladan, PS Reddy, S Christiane
and N Sreenivasulu. 2014. Drought Stress Tolerance
Mechanisms in Barley and Its Relevance to Cereals.
In: ] Kumlehn and N Stein (eds.), Biotechnological
Approaches to Barley Improvement, Biotechnology
in Agriculture and Forestry 69, DOI 10.1007/978-3-
662-44406-1_9.

Kumar M, J Choi, N Kumari, A Pareek and S
Kim. 2015. Molecular breeding in Brassica for
salt tolerance: Importance of microsatellite (SSR)
markers for molecular breeding in Brassica. Frontiers
in Plant Sciences 6: 688.

Lal S, V Gulyani and P Khurana. 2008.
Overexpression of HVAI1 gene from barley
generates tolerance to salinity and water stress in
transgenic mulberry (Morus indica). Transgenic Research
17: 651-663.

Liu Q, S Yan, T Yang, S Zhang, Y-Q Chen and B
Liu. 2017. Small RNAs in regulating temperature
stress response in plants. Journal of Integrative Plant
Biology 59: 774-791.

Mangano S, S Silberstein and GE Santa-Maria. 2008.
Point mutations in the barley HvHAKI potassium

93



Journal of Cereal Research 14 (Spl-1): 83-95

39.

40.

41.

42.

43.

44.

45.

94

transporter lead to improved K+-nutrition and
enhanced resistance to salt stress. FEBS Letters 582:
3922-3928.

Mangelsen E, J Kilian, K Harter, C Jansson, D
Wanke and E. 2011. Sundberg,. Transcriptome
analysis of high-temperature stress in developing
barley caryopses: Early stress responses and effects
on storage compound biosynthesis. Molecular Plant
4: 97-115.

Marok MA, L Tarrago, B Ksas, P Henri, O Abrous-
Belbachir, M Havaux and PA Rey. 2013. Drought-
sensitive barley variety displays oxidative stress
and strongly increased contents in low-molecular
weight antioxidant compounds during water deficit
compared to a tolerant variety. Journal of Plant
Physiology 170: 633-645.

Marok MA, D Marok-Alim and P Rey. 2021.
Contribution of functional genomics to identify the
genetic basis of water-deficit tolerance in barley
and the related molecular mechanisms. Journal of
Agronomy and Crop Science 207: 913-935.

Mian A, R] Oomen, S Isayenkov, H Sentenac, F]
Maathuis and AA Véry. 2011. Over-expression of an
Na+-and K+-permeable HKT transporter in barley
improves salt tolerance. Plant Journal 68: 468-79.

Molinari HBC, CJ Marur, E Daros, MKF de
Campos, JFRP de Carvalho, JCB Filho, LFP
Pereira and LGE Vieira. 2007. Evaluation of the
stress-inducible production of proline in transgenic
sugarcane (Saccharum spp.): osmotic adjustment,

chlorophyll fluorescence and oxidative stress.
Physiol. Plant. 130: 218-229.

Newton AC, A] Flavell, TS George, P Leat, B
Mullholland, L Ramsay, CR Giha, J Russell, B]
Steffenson, JS Swanston, WTB Thomas, R Waugh,
PJ White and IJ Bingham. 2011. Crops that feed
the world 4. Barley: a resilient crop? Strengths and
weaknesses in the context of food security. Food
Science 3(2): 141-178.

Qadir M, Quillérou E, Nangia V, Murtaza G, Singh
M, Thomas R. J., et al. (2014). “Economics of salt-
induced land degradation and restoration,” in Natural

Resources Forum (United Nations: Wiley Online
Library), 282-295.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Qiu L, D Wu, S Ali, S Cai, F Dai, X Jin, F Wu and
G Zhang. 2011. Evaluation of salinity tolerance
and analysis of allelic function of HvHKT1 and
HvHKT?2 in Tibetan wild barley. Theoretical and
Applied Genetics 122: 695-703.

Raftery AE, Zimmer A, Frierson DMW, Startz R
and Liu P. 2017. Less than 2 °c warming by 2100
unlikely. Nat Clim Chang. 7:637-641.

Rivandi |, J] Miyazaki, M Hrmova, M Pallotta, M
Tester and NC Collins. 2011. A SOS3 homologue
maps to HvNax4, a barley locus controlling an

environmentally sensitive Na+ exclusion trait. / Exp
Bot. 62:1201-1216.

Sallam A, AM Alqudah, MFA Dawood, PS
Baenziger and A Borner. 2019. Drought Stress
Tolerance in Wheat and Barley: Advances in
Physiology, Breeding and Genetics Research.
International Journal of Molecular Sciences 20: 3137.

Savin R and ME Nicolas. 1996. Effects of Short
Periods of Drought and High Temperature on Grain
Growth and Starch Accumulation of Two Malting
Barley Cultivars. Australian Journal of Plant Physiology
23: 201-210. doi:10.1071/PP9960201

Savin R and ME Nicolas. 1999. Effects of timing
of heat stress and drought on growth and quality
of barley grains. Australian Journal of Agricultural
Research 50:357-364.

Schnyder H. 1993. The role of carbohydrate storage
and redistribution in the source-sink relations of

wheat and barley during grain filling-a review. New
Phytologist 123: 233-245.

Singh S, B Asthir and N Bains. 2008. High
temperature tolerance in relation to carbohydrate
metabolism in Barley. Ecology, Environment and
Conservation 14. 561-565.

Suprunova T, T Krugman, T Fahima, G Chen,
I Shams, A Korol and E Nev. 2004. Differential
expression of dehydrin genes in wild barley, Hordeum
spontaneum, associated with resistance to water
deficit. Plant, Cell and Environment. 27: 1297-1308.

Templer SE, A Ammon, D Pscheidt, O Ciobotea, C
Schuy, C McCollum, U Sonnewald, A Hanemann, J
Forster, F Ordon, F. et al. 2017. Metabolite profiling

of barley flag leaves under drought and combined




56.

57.

58.

59.

60.

61.

62.

63.

64.

heat and drought stress reveals metabolic QTLs for
metabolites associated with antioxidant defence.

Journal of Experimental Botany 68: 1697-1713.

Thabet SG, YS Moursi, MA Karam, A Graner
and AM Alqudah. 2018. Genetic basis of drought

tolerance during seed germination in barley. PLoS

ONE 13: e0206682.

Walia H, C Wilson, A Wahid, P Condamine, X Cui
and TJ Close. 2006. Expression analysis of barley
(Hordeum vulgare L.) during salinity stress. Functional
& Integrative Genomics 6:143-56.

Wallwork MAB, CF Jenner, S] Logue and M
Sedgley. 1998. Effect of High Temperature During

Grain-filling on the Structure of Developing and
Malted Barley Grains. Annals of Botany 82: 587-599.

Wang X, BS Dinler, M Vignjevic, S Jacobsen and
B Wollenweber. 2015. Physiological and proteome
studies of responses to heat stress during grain filling

in contrasting wheat cultivars. Plant Sci. 230: 33-50.

Waqas MA, C Kaya, A Riaz, M Farooq, I Nawaz,
A Wilkes and Y Li. 2019. Potential Mechanisms of
Abiotic Stress Tolerance in Crop Plants Induced
by Thio-urea. Frontiers in Plant Sciences 10:1336.

Widodo, JH Patterson, E Newbigin, MA Tester, A
Bacic and U Roessner. 2009. Metabolic responses
to salt stress of barley (Hordeum vulgare L.) cultivars,
Sahara and Clipper, which differ in salinity
tolerance. Journal of Experimental Botany. 60: 4089
- 4103.

Wiegmann M, A Maurer, A Pham et al. 2019. Barley
yield formation under abiotic stress depends on
the interplay between flowering time genes and

environmental cues. Science Reporter 9: 6397.

Witzel K, A Matros, M Strickert, S Kaspar,
M Peukert, KH Miihling, A Bérner and HP Mock.
2014. Salinity Stress in Roots of Contrasting Barley
Genotypes Reveals Time-Distinct and Genotype-
Specific Patterns for Defined Proteins. Molecular
Plant 7: 336-355.

World Health Organization. 2008. The State of Food
Security and Nutrition in the World 2008: Building
Climate Resilience for Food Security and Nutrition;

Food & Agriculture Org.: Rome, Italy.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Biochemical and molecular basis of stress tolerance

Wu D, L Qiu, L Xu, LYe, M Chen, D Sun, Z Chen,
H Zhang, X Jin, I Dai and G Zhang. 2011. Genetic
variation of HvCBF genes and their association with
salinity tolerance in Tibetan annual wild barley. PLoS
One. 6: €22938.

Wu H, Shabala L, Zhou M, Su N, Wu Q, Ul-Haq
T, Zhu J, Mancuso S, Azzarello E, Shabala S. 2019.
Root vacuolar Na+ sequestration but not exclusion
from uptake correlates with barley salt tolerance.
Plant J. 100: 55-67.

Xu ZS,NZ Ni, ZY Li, LC Li, M Chen, DY Gao, XD
Yu, P Liu and YZ Ma. 2009. Isolation and functional
characterization of HYDREBI-a gene encoding a
dehydration-responsive element binding protein in
Hordeum vulgare. Journal of Plant Rese arch 122:121-30.

Xue GP and CW Loveridge CW. 2004. HvDRF1 is
involved in abscisic acid-mediated gene regulation in
barley and produces two forms of AP2 transcriptional
activators, interacting preferably with a CT-rich
element. Plant Journal 37: 326-39.

Yin SY, Y Han, L Huang et al. 2018. Overexpression
of HyCBF7 and HyCBF9 changes salt and drought
tolerance in Arabidopsis. Plant Growth Regulation 85:
281-292.

Yousefirad S, H Soltanloo, SS Ramezanpour et al.
2018. Salt oversensitivity derived from mutation
breeding improves salinity tolerance in barley viaion
homeostasis. Biologia Plantarum 62:775-785.

Yousefirad S, H Soltanloo, SS Ramezanpour ,
KN Zaynali and V Shariati . 2020. The RNA-seq
transcriptomic analysis reveals genes mediating salt
tolerance through rapid triggering of ion transporters
in mutant barley. PLOS ONE 15: €0229513.

Zhang H, J Zhu, Z Gong et al. 2022.Abiotic stress
responses in plants. Nature Reviews Genetics 23: 104-119.

Zhu JK. 2001. Plant salt tolerance. Trends in Plant
Sciences 6: 66-71.

Zhu J, Y Fan, S Shabala, C Li, C Lv, B Guo, R Xu
and M Zhou. 2020. Understanding Mechanisms
of Salinity Tolerance in Barley by Proteomic
and Biochemical Analysis of Near-Isogenic
Lines. International Journal of Molecular Sciences
21:1516.

95



