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Abstract: Saline soil is a critical environmental problem affecting crop yield worldwide. Tibetan wild barley is dis-
tinguished for its vast genetic diversity and high degree of tolerance to abiotic stress, including salinity. The present
study compared the response of antioxidant defense system in the XZ16 wild and CM72 cultivated barleys to salt
stress. Wild barley was relatively more tolerant than cultivated CM72, salt-tolerant cultivar, with less Na* uptake
and more K*, Ca?*, and Mg?* retention in plant tissues. The results of diaminobenzidine (DAB) and nitroblue tetra-
zolium (NBT) staining showed that XZ16 had significantly lower H,0, and O, concentrations than a salt-sensitive
cultivar Gairdner, suggesting that the salt-tolerant genotype suffer from less oxidative damage. Moreover, XZ16 and
Gairdner had the highest and lowest anti-oxidative enzyme activities and proline content in plant tissues. In addition,
the microscopic examination revealed that DNA damage in cv. Gairdner was closely correlated to oxidative stress,
representing that more reactive oxygen species accumulation in plants tissues leads to subsequent DNA damage.
The present results show that higher salt tolerance of wild barley XZ16 is attributed to less Na* accumulation and

stronger anti-oxidative capacity.
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In normal conditions, reactive oxygen species
(ROS), including hydroxyl radical, superoxide radi-
cal and hydrogen peroxide play a significant role in
plant growth, development and different metabolic
activities (Apel and Hirt 2004, Bartoli et al. 2004,
Pandolfi et al. 2017, Abdallah et al. 2018). While
under abiotic stress conditions, excessive reactive
oxygen species are produced in plants (Zhu 2001),
resulting in oxidative stress. Salinity is the major
abiotic stress for plants growth and its toxic effect
on plants is also caused by oxidative stress due to the
excessive production and accumulation of reactive
oxygen species in different plant tissues (Gorai and
Neffati 2007, Shavrukov 2012).

Glycophyte plants, specifically large proportion of
crops, cannot survive at 50 mmol or higher Na* con-

centrations in soil (Munns and Tester 2008). Mostly,
yield loss of glycophytes crops occurred when the
soil solution had the electrical conductivity (ECs)
of 4 dS/m, approximately 40—-50 mmol NaCl and
the osmotic pressure reached to 0.2 MPa (Munns
and Tester 2008, Tang et al. 2015). The excess salt
can inhibit enzyme activity and lead to the death of
leaves. Salt may also exert a toxic effect on photo-
synthetic processes and photosynthetic components
directly by affecting the chloroplast (Munns and
Tester 2008). Moreover, several genes have been
reported to regulate the salt tolerant mechanism
in plants. For instance, the MPK6 could play a piv-
otal role in sodium sequestration and detoxification
through phosphorylating the Na*/H* antiporters
and sodium efflux (Tang et al. 2015). However, the
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halophytes acclimatise to the environmental stresses
through different biochemical mechanisms such as
ion regulation, sequestration and compartmentalisa-
tion, biosynthesis of compatible solutes, adjustment
of osmotic potential, regulation of antioxidant en-
zymes and synthesis of plant hormones (Yan et al.
2012, Mbarki et al. 2020), whereas molecular mecha-
nisms involve salt overly sensitive (SOS) pathway for
ion homeostasis, protein synthesis, phytohormone
signalling, regulation and expression of genes for
encoding proteins, photosynthetic components, radi-
cal scavenging and vacuolar-sequestering enzymes
(Tang et al. 2015, Gu et al. 2016).

On the other hand, plants have evolved multiple
antioxidant defense mechanisms that are involved in
enzymatic and non-enzymatic components to cope
with different oxidative stress. These antioxidants
include ascorbate, peroxidase, superoxide dismutase,
catalase, glutathione reductase, monodehydroascor-
bate reductase, dehydroascorbate reductase, glu-
tathione peroxidase and glutathione-S-transferase
(Singh et al. 2008); non-enzymatic antioxidants con-
sist of ascorbic acid, glutathione, different phenolic
compounds, tocopherols and so on. These different
types of antioxidants (enzymatic and non-enzymatic)
form a complex network to protect plant tissues from
oxidative injury (Mittler et al. 2004) mainly through
ROS (Hussain et al. 2013, Abdallah et al. 2018).

Mitigation of oxidative damage by scavenging ROS is
a significant approach for crops to stand under harsh
environment (Zhu 2002, Miller et al. 2010). Barley is
widely used in studies of salt tolerance mechanisms,
because it is characterised by high salt tolerance in
comparison with all other cereal crops, including rice,
wheat and maize. Moreover, barley is a major cereal
crop with multiple uses. However, due to the narrow
genetic variation cultivated barley is more sensitive to
salt stress (Zhu 2001). On the other hand, wild barley
has rich genetic diversity and is more salt tolerant
because of its wider genetic variation compared to
different barley cultivars (Shavrukov et al. 2010). In
fact, our previous studies identified some Tibetan
barley accessions with salt tolerance higher than
the well-known tolerant cultivar CM72 (Zahra et al.
2014, Wu et al. 2014). Hence, it is quite imperative to
explore mechanisms of salt tolerance underlying the
wild barley accessions. The current study was carried
out to compare the differences among three barley
genotypes in the physiological traits associated with
salt tolerance to understand the major salt tolerance
mechanism in the wild and cultivated barley.

MATERIAL AND METHODS

Plant material and experimental design.
Cultivated barley CM72 (salt tolerant), Gairdner
(salt sensitive) and Tibetan wild barley accession
XZ16 (salt tolerant) seeds were surface sterilised
with 3% H202 solution for 25 m, washed with double
distilled water and then spread on moist filter pa-
pers. Germination boxes were placed into a growth
chamber having 22 °C/18 °C, day/night temperature.
After ten days of germination, barley seedlings were
moved into 5 L plastic pots containing hydroponic
solution following Wu et al. (2014). The pH of the
nutrient solution was maintained up to 5.5 to 6.0
using 1 mol/L HCl or NaOH. Salt was mixed to the
nutrient solution to form two levels after 10 days
of germination: (1) control (0 mmol); (2) salt stress
(300 mmol NaCl). The experiment was designed as
a completely randomised design (CRD) with three
replications. The nutrient solution in the pots was
renewed on weekly basis.

Measurement of ion content. After two weeks
of salt stress, plants were randomly harvested and
washed 3 times with deionised water, separated into
shoots and roots and oven dried at 70 °C for 72 h. The
dried shoots and roots were weighted and ground
for ion analysis. The plant tissue of 100 mg was
dry-ashed and then mixed with 10 mL HNO,:H,0
(1:1). Na*, K*, Ca?* and Mg?* ion contents in plant
tissues were measured using a flame atomic absorp-
tion spectrometry.

Measurement of enzymatic activities. For de-
termination of anti-oxidative enzyme activity, 0.5 g
of fresh leaves and roots were ground in 5 mL of
sodium phosphate buffer solution (PBS, pH 7.8).
After grinding, they were centrifuged at 10 000 g for
25 min at 4 °C. The subsequent supernatants were
collected for enzyme assays. Antioxidant activities
were measured according to Wu et al. (2012).

Proline content. 0.5 g of fresh root and leaf proline
was measured by the ninhydrin test at A520 nm ac-
cording to the method defined by Bates et al. (1973).
5 mL of ninhydrin acid reaction mixture, glacial acetic
acid and proline solution were added to the samples
(1:1:1) and they were incubated in water bath at 100 °C
for 10 min. After incubation, the reaction mixture
was placed in an ice box for cooling. After cooling,
2.5 mL pure toluene was added, which allowed the
samples to settle down for few minutes, then su-
pernatant was used for measurement at A520 nm.
The spectrophotometer was calibrated to zero with
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pure toluene. Proline content was calculated from
a standard curve in pg/FW of the sample using
L-proline as standard.

Histochemical detection of O, and H,0,. Leaf
and root H,0, and O, content were determined
according to Velikova et al. (2000) and Jiang and
Zhang (2002). For histochemical measurement of
H,0, and O, the plant tissues were first vacuumed
with 3,3-diaminobenzidine (DAB) and nitroblue
tetrazolium (NBT), respectively, as reported previ-
ously (Herndndez et al. 2001). Barley leaves and
roots (approx. 1 cm long) were quickly immersed
into 20 mmol MES buffer (pH 6.1) and 2.0 mmol
NBT solution for 15 min at room temperature, and
chemical reaction was stopped by dipping the tissues
into double distilled water. Hydrogen peroxide was
measured with 3,3'-diaminobenzidine tetrachloride
reagent. Roots and leaves were immersed in 0.05%
DAB and PBS buffer solution with pH 7.4 for 2 h
and the reaction was stopped by dipping roots and
leaves into distilled water. Then, the leaves were
bleached out in boiling ethanol (96%) for 10—15 m.
This chemical treatment destained the leaves and
roots with the exception of the brown patches pro-
duced by the reaction of DAB with H,O,,. After stain-
ing, roots were photographed directly using a LEICA
MZ95 stereomicroscope (Langham Creek, Suite 235
Houston, USA).

Comet assay. Comet assay was conducted on leaves
of three barley genotypes following the method of
Wang et al. (2013). The image of prepared samples of
comets was observed under a fluorescent microscope.

Statistical analysis. Data were analysed by using
the SAS statistical software 9.2 (SAS, Institute, Cary,
USA). The significance level was accepted at P <
0.01 and/or P < 0.05 as per analysis of covariance.
Least significant difference (LSD) test was used for
multiple comparisons of the mean data. Means *
standard error (SE) were also calculated.

RESULTS AND ANALYSIS

Ion accumulation in plant tissues. Excessive Na*
is harmful for plants, whereas K* is an adversary
against Na* under NaCl stress. It was noted that
Na* content elevated in roots and shoots of barley
genotypes under salt stress as compared to control.
However, the increased extent differed greatly among
the genotypes, with Gairdner having significantly
higher Na* concentration (91.64 mg/g dry weight
(DW)) in leaf than other two genotypes, CM72
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(68.38 mg/g DW) and XZ16 (45.12 mg/g DW), as com-
pared to their respective control (Figure 1A). In roots,
the Na* content in Gairdner was also remarkably
increased (27.75 mg/g DW) than CM72 (20.59 mg/g
DW) and XZ16 (16.26 mg/g DW) as compared to their
respective control plants (Figure 1B). Contrary to Na*
concentration, K*, Ca?*, and Mg?* contents in both
leaves and roots of all three genotypes showed dramat-
ic reduction under salt stress in comparison with the
control plants (Figure 1). In case of Gairdner, K* con-
tent in leaves was 17.57 mg/g DW, followed by CM72
(32.23 mg/g DW) and XZ16 (45.17 mg/g DW) as com-
pared to their respective control plants (Figure 1C).
Moreover, a significant reduction of root K* con-
tent in Gairdner (6.62 mg/g DW), CM72 (10 mg/g
DW) and XZ16 (10.18 mg/g DW) was recorded
when compared to their respective control plants
(Figure 1D). Hence, the range of reduction in K*
content varied among the genotypes, with Gairdner >
CM?72 > XZ16, accordingly. Notably, Ca?* content
in leaves and roots of three barley genotypes was
also reduced; in Gairdner, it was 2.30 mg/g DW, in
CM?72 2.77 mg/g DW and in XZ16 2.88 mg/g DW,
relative to their respective control plants (Figure 1E).
By contrast, in roots the lowest Ca* content was
observed in Gairdner (1.37 mg/g DW) followed by
CM72 (1.65 mg/g DW) and XZ16 (1.70 mg/g DW),
relative to their respective control plants (Figure 1F).
Furthermore, Mg2+ content was also reduced in leaves
and roots of three barley genotypes under salt stress.
The greatest reduction was observed in Gairdner
leaves (2.30 mg/g DW), followed by CM72 (2.77 mg/g
DW) and XZ16 (2.88 mg/g DW) as compared to
their control plants. Furthermore, the same reduc-
tion pattern was observed in case of root Mg?* con-
tent in Gairdner (2.70 mg/g DW), CM72 (1.70 mg/g
DW) and XZ16 (1.04 mg/g DW) relative to their
control plants (Figure 1G,H). It is noteworthy that
higher Na* concentration and reduced K*, Mg?* and
Ca?* concentration in Gairdner was markedly larger
than those in XZ16 and CM72.

Antioxidant enzymatic activity. No significant
differences were observed among barley genotypes
in the activities of superoxide dismutase (SOD),
peroxidase (POD) and catalase (CAT) under normal
conditions without NaCl addition in the growth
medium (Figure 2). Salt treatment (300 mmol NaCl)
caused a significant increase of all the examined an-
tioxidant enzyme activities both in leaves and roots.
However, the increased level differed significantly
among the three barley genotypes. XZ16 (368 mg/g
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DW) and CM72 (277 mg/g DW) had the highest
and Gairdner (243 mg/g DW) had the lowest SOD
activities in leaves (Figure 2A). Under salt stress,
the respective SOD activity values were 276 mg/g
DW for XZ16 and CM72 had and 145 mg/g DW
for Gairdner (Figure 2B) as compared to their con-
trol plants. Similarly, the two salt-tolerant geno-
types XZ16 and CM72 showed significantly higher
leaves POD activity of 7.05 mg/g DW and 6.86 mg/g
DW, respectively, than the salt-sensitive genotype

Figure 1. Analysis of

a the ion content in

—I— leaves (left panel) and

b roots (right panel) of

b salt-treated and control

plants of three barley
genotypes. Data are

c C means + standard de-
viation calculated from
three replicates. DW —

a a dry weight
C
d
a a
b b
ab
a
bc
d
XZ16 CM72 Gairdner

Gairdner (5.09 mg/g DW) as compared to their re-
spective control plants (Figure 2C). Moreover, in
roots, the POD activity was remarkably high in X716
(6.32 mg/g DW) followed by CM72 (5.85 mg/g DW)
and Gairdner (2.99 mg/g DW), respectively, as com-
pared to their control plants (Figure 2D). Concerning
the CAT activity, XZ16 and CM72 showed a significant
increase in both leaves (7.60 mg/g DW, 4.87 mg/g
DW) and roots (4.66 mg/g DW, 3.44 mg/g DW) under
salt stress in comparison with the control. However,
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Gairdner had significantly lower values of CAT activi-
ties in leaves (2.71 mg/g DW) and roots (1.21 mg/g
DW) than the other two genotypes (Figure 2E,F).
Proline concentration. There was no significant
difference in proline concentration of both leaves
and roots among the three barley genotypes under
the normal conditions. Salt stress caused a dramatic
increase of proline concentration in the plant tissues.
However, the extent of increased proline in leaves dif-
fered among the genotypes, namely XZ16 (65.69 mg/g
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DW) > CM72 (55 mg/g DW) > Gairdner (55 mg/g
DW), respectively, whereas in roots, proline content
was observed in the order of XZ16 (38.90 mg/g DW) >
CM72 (28.43 mg/g DW) > Gairdner (11.21 mg/g
DW) respectively, as compared to their control plants
(Figure 2G,H).

H,O0, and O, production. Obvious effects of
NaCl stress on the accumulation of H,0, and O,
were observed in leaves and roots. Both leaves and
roots of Gairdner were severely damaged by oxida-
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Figure 3. Accumulation of H,O, and O, in the roots after salt stress. (A) H,0, and (B) O, accumulation was
detected by diaminobenzidine (DAB) (brown) and nitroblue tetrazolium (NBT) (dark blue) staining. (C) H,O,
and (D) O, content in roots under control and salt stress. FW — fresh weight
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Figure 4. Detached leaves were infiltrated with diaminobenzidine (DAB) (brown) for (A) H,O, and nitroblue
tetrazolium (NBT) (dark blue) for (B) O,, respectively, (C) H,O, and (D) O, content in leaves under control
and salt stress. FW — fresh weight
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tive stress due to salt treatment, as shown by more
staining with brown spots being an indicator of
more H,O, (Figures 3A, 4A) and blue spots being an
indicator of more O, accumulation (Figures 3B, 4B).
In the normal conditions (control), there was no
significant difference among the three genotypes
in H,0, and O, concentrations of both leaves and
roots. Salt stress caused a significant increase of
the two ROS compounds relative to the control.
Moreover, an increased extent differed greatly
among the genotypes. Hence, Gairdner (23.47 mg/g
DW) had the highest H,0, concentration in leaves
followed by CM72 (24.21 mg/g DW) and XZ16
(23.47 mg/g DW), while root H,O, concentration
was observed higher in Gairdner (24.67 mg/g DW)
followed by CM72 (24.02 mg/g DW) and XZ16
(43.21 mg/g DW), respectively (Figures 3C, 4C).
Additionally, it was observed that O, concentration
increased in roots and leaves among three barley geno-
types. In roots, O, content ranked in the following
order: Gairdner (43.0 mg/g DW) > X716 (24.67 mg/g
DW) > CM72 (24.0 mg/g DW), respectively, while in
leaves the concentration of O, was higher in Gairdner

@
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(41 mg/g DW) followed by CM72 (25 mg/g DW) and
XZ16 (18 mg/g DW) as compared to their respective
control plants (Figures 3D, 4D).

DNA damage. This assay was used to examine the
DNA damage due to salt stress. No visible signs of the
comet head DNA and no reduction in comet tail DNA
or tail moments were observed for either of geno-
types under the normal conditions (Figure 5A-C).
Yet, obvious differences could be detected among
three genotypes in the DNA damage (Figure 5B—F).
XZ16 and CM72 had no significant change in comet
head DNA and tail moment under salt stress treat-
ment in comparison with the control (Figure 5B,D),
while Gairdner showed the marked gain in comet
head DNA and great increase in tail moment under
salt stress (Figure 5D).

Correlation analysis. Moreover, Pearson’s corre-
lation analysis was conducted among antioxidative
enzyme activities and Na*, K*, Ca?*, Mg?*, pro-
line, H202 and 02" contents in roots and leaves of
three barley genotypes (Figure 6A,B). The data re-
vealed that the enzymatic activities in leaves showed

a positive correlation with proline, H,0,, O, and

Figure 5. Exposure of barley
seedling to salt stress causes
DNA damage at the single cell
level. A, C, E — control (undam-
aged DNA); B — treated XZ16
(undamaged DNA, no tail); C —
CM72 (little damage); F — Gaird-
ner (almost all DNA damage)
under salt stress. Comets were

300 mmol NaCl

stained with ethidium bromide
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Mg?* contents of three barley genotypes (Figure 6A).
Moreover, enzymatic activities in roots showed A comprehensively harmful effect of salt stress is the
a positive correlation with proline, H,0,, O, and inhibition of plant growth, which could be attributed
Na*, and a negative correlation with K*, Ca?* and  to specific osmotic stress, ion toxicity, disturbance
Mg?* (Figure 6B). in ion homeostasis, decrease in chlorophyll content,
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stomatal closure, DNA damage and higher produc-
tion of reactive oxygen species (Chen et al. 2005,
Gunes et al. 2007, Daneshmand et al. 2010, Tian
et al. 2015). In this research, salt stress increased
the sodium ions accumulation in the leaf and root
parts of all the genotypes relative to their respective
control. However, the three barley genotypes showed
a dramatic difference in tissue Na* concentration, with
salt-sensitive Gairdner having significantly higher
Na* ions than other two genotypes. In contrast, K+,
Ca?* and Mg?* ions concentration in plant tissues
were significantly reduced under salt stress for all
three genotypes, with Gairdner showing the greatest
reduction. Results of the present study showed that
lower Na* uptake and lower inhibition of K* and
other nutrient elements uptake are important traits
closely attributed to salt stress tolerance in barley.

High Na* accumulation and low concentrations of
K*, Ca?* and Mg?* in plant tissues would result in the
enhanced ROS accumulation (Chen et al. 2005, Munns
2005, Wu et al. 2014). The transportation, distribu-
tion and sequestration of ions in different plant parts
are important mechanisms of salt tolerance (Gu et
al. 2016, Tahjib-Ul-Arif et al. 2019). In addition to
ionic and osmotic stress, salinity also induces reac-
tive oxygen species, which leads to oxidative stress
(Tang et al. 2015). To cope with the excessive ROS,
plants have evolved diverse mechanisms to produce
enzymatic and non-enzymatic antioxidants (Blum
et al. 1996, Munns and Tester 2008). In the current
study, the XZ16 and CM72 showed significantly higher
enzymatic activities in both leaves and roots than the
sensitive genotype Gairdner. In tolerant plants, SOD
and CAT enzymes help in neutralisation, removal
of surplus H,0, and play important role in the pro-
tection against oxidative stress in plants (Birben et
al. 2012, Tahjib-Ul-Arif et al. 2019). Obviously, the
activities of these anti-oxidative enzymes could be
enhanced by salt stress, but Na* or K* concentrations
in plant tissues are not parallel to the enzymatic
activity. It may be assumed that the enhancement
of anti-oxidative enzyme activity under salt stress
is an inheritable trait closely associated with high
salt stress tolerance.

Proline accumulation is enhanced when plants
are under abiotic stress. Proline may protect plants
against abiotic stresses by possibly mitigating and
scavenging the production of free radicals (Fedina
and Benderliev 2000, Sperdouli and Moustakas 2012).
Generally, plants accumulate more proline content
to cope with osmotic stress. Higher concentration
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of proline in plants is also considered as a marker
of osmotic stress (Tahjib-Ul-Arif et al. 2019 et al.
2019). Compatible solutes play an important role
in maintaining ion homeostasis and osmotic adjust-
ment by mitigating the toxic effects of ion, lower-
ing the water potential, helping membrane stability
and proper regulation, increasing biosynthesis and
enzymatic activities and decreasing degradation in
plants (Gu et al. 2016, Mbarki et al. 2020).

In the current study, the increase of proline con-
centration by salt stress differed significantly among
all the genotypes, with XZ16 salt tolerant genotype
and Gairdner salt sensitive genotype showing the
most and least increase. Clearly, the enhancement
of proline accumulation in plant tissues is beneficial
for development of salt stress tolerance.

Examination of ROS level in cell could be useful
for detecting the oxidative damage caused by abiotic
factors (Miller et al. 2010), while H,0, and O, are
the most prominent ROS accumulated in plant cells
under abiotic stress. Detection of H,O, with DAB
and O, with NBT at the cellular level was used to
determine ROS accumulation and oxidative stress
(Herndndez et al. 2001, Fukao et al. 2011). Superoxide
dismutase reacts with the superoxide radical to pro-
duce H,0,, which detoxifies and converts it into H,O
and O, by the CAT and/or ascorbate-glutathione
cycle. Hence, high activities of both CAT and APX
may reduce H,0, level in cell under abiotic stress,
increasing membrane stability as well as CO, fixa-
tion, because numerous enzymes of the Calvin cycle
within chloroplasts membrane are very sensitive to
H,0, (Yamazaki et al. 2003).

In the present work, the result of DAB and NBT
staining demonstrated that H,0, and O, concen-
trations were higher in Gairdner than other two
genotypes (CM72 and XZ16), proving that the two
salt-tolerant genotypes suffered from less oxidative
damage than Gairdner. Such less oxidative damage
in XZ16 and CM72 seedlings is closely related with
lower Na* and higher K* concentrations and anti-
oxidative enzyme activities in plant tissues.

In addition, ROS may cause DNA disintegration. In
this research, a comet assay was used to evaluate the
DNA damage of each genotype. The results showed
that the enhancement of DNA damages is greatly
correlated to oxidative stress, indicating that it is
the ROS accumulation in plants tissues that causes
subsequent DNA damage.

Our results suggest that Tibetan wild barley XZ16
is relatively more tolerant than CM72 and Gairdner.
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The salt tolerance mechanisms of XZ16 could be
elucidated in terms of: (1) less Na* uptake and more
K*, Ca?* and Mg?* retention in roots and leaves;
(2) the enhancement of proline accumulation in
tolerant plant tissues is beneficial for development
of stress tolerance; (3) lesser oxidative stress via
stimulating detoxifications of ROS by keeping up
redox homeostasis, and (4) increased activity of
antioxidant enzymes, such as CAT, APX and POX
activity, which detoxifies excess of H202 and 02’.
These are important traits, closely attributed to salt
stress tolerance in XZ16 wild barley. Moreover, it is
highly recommended to explore in depth molecular
mechanism(s) of Tibetan wild barley XZ16 to unravel
the novel genes involved in salinity tolerance.
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