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Abstract

In order to understand the physiological traits important in conferring salt tolerance in three barley genotypes, this study
was performed under field conditions with three water salinity levels (2, 10, and 18 dS m™). High salinity decreased net
photosynthetic rate, transpiration rate, and stomatal conductance, K* concentration, K":Na" ratio, and grain yield, but
increased electrolyte leakage and Na* content. Under 10 and 18 dS m™! salinity, Khatam (salt-tolerant) had the maximum
stomatal conductance, K*, K*:Na* ratio, and the grain yield, and a minimum Na" content and electrolyte leakage, whereas
Morocco (salt-sensitive) had the lowest net photosynthetic rate, stomatal conductance, K* content, K*:Na" ratio, and grain
yield, and the highest Na* content and electrolyte leakage. This study showed that tolerant genotypes of barley may avoid

Na* accumulation in aboveground parts, facilitating a higher photosynthetic rate and higher grain yield.
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Introduction

Drought and population rise in the world have increased
demands for high-quality water. The use of drainage water,
sea water, and recycled water for crop production has been
suggested as a part of solutions to such problems
(Yordanov et al. 2003). However, application of reusable
water and reduction in the rainfall cause salinity stress.
Salinity stress significantly reduces growth and produc-
tivity of plants; it can result in various physiological
disturbances, such as osmotic effects, ion-specific stress,
ionic imbalance, and oxidative stress (Tabatabaei and
Ehsanzadeh 2016). Osmotic stress leads to inhibitions of
water uptake which in turn inhibits cell expansion and cell
wall synthesis, stomatal conductance, protein synthesis,
photosynthetic activity, and lateral bud development
(Munns and Tester 2008). Salt is also transported from
roots to leaves, leading to ion-specific stress and an
increase in leaf mortality with chlorosis and necrosis, and
a decrease in the activity of essential cellular metabolic
pathways including photosynthesis (Yeo and Flowers
1986, Munns 2005, Witzel et al. 2014).

Understanding salt-tolerant mechanisms is imperative
for crop improvement in salt-affected areas. Traditional
screening techniques for salt tolerance are usually based

on the grain yield and are expensive and time-consuming
(Kiani-Pouya and Rasouli 2014). In recent years, the focus
in screening has shifted towards examining specific
physiological traits involved in salt tolerance (Ashrafi et
al. 2014). Therefore, there is a need for introduction of
reliable physiological markers for selection of salt-tolerant
genotypes to be planted directly or used in breeding
programs. One solution to salinity problem is using salt-
tolerant species and cultivation of resistant cultivars within
species.

Barley (Hordeum vulgare L.) is the most salt-tolerant
species among cereals. However, there is a wide variation
in salt tolerance within genotypes of this species (Niazi et
al. 1992, Munns and Tester 2008, Wu et al. 2013, Pirasteh-
Anosheh et al. 2016). Therefore, identifying specific
physiological mechanisms is needed to screen for salt-
tolerant genotypes within this species. Chen et al. (2005)
studied several barley cultivars with contrasting salt
tolerance and reported that the ability of barley cultivars to
retain K* under salt stress was the key to their salt
tolerance. Ligaba and Katsuhara (2010) also concluded
that salt tolerance in barley cultivars was related to their
greater ability to maintain K" in shoot tissues or transfering
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Na* to subcellular compartments; however, avoidance of
Na* accumulation in shoots was not noted. Wu et al.
(2013) showed that osmotic adjustment was a basic
mechanism for salt tolerance in barley. Vysotskaya (2010)
compared salt-tolerant and salt-sensitive barley genotypes
and suggested that greater tolerance was characterized by
lesser inhibition of leaf area, root fresh mass, leaf water
content, and chlorophyll (Chl) concentration, but more by
reduction in transpiration and hydraulic conductivity.
Chen et al. (2007) noted that accumulation of compatible
solutes had no role for salt-tolerant barley cultivars,
whereas a higher K* retention, lower NaCl content, and
ROS-induced K* efflux had crucial roles in salt tolerance.
Widodo et al. (2009) compared two barley cultivars with
contrasting salt tolerance and concluded that increases in
sugars, polyols, and a large number of organic acids were
associated with the higher tissue tolerance in the salt-

Materials and methods

Plant material and experimental design: This experi-
ment was conducted in a split-plot design with three
replications at Isfahan Rodasht Drainage and Salinity
Research Station (32°30N, 52°9E) during 2012 to 2015
(together three years). Three irrigation-water salinity
levels [control (S; =2 dS m™), common salinity in the
region (S;=10 dS m™), and high salinity (S;= 18 dS m™)]
were the main plots, and the barley (Hordeum vulgare L.)
cultivars [Morocco (salt-sensitive), Nosrat (semi-salt-
tolerant), and Khatam (salt-tolerant)] were the subplots.
The physical and chemical characteristics of the soil and

tolerant cultivar.

We hypothesized that the selected barley genotypes
possess significant diversity in terms of physiological
traits under salt stress. Hence, it is necessary to unravel the
contribution of each trait to salt tolerance and rank the
traits based on their relation with the grain yield. The
purpose of this study was (/) to investigate the effects of
different salt concentrations on gas-exchange characte-
ristics (net photosynthetic rate, transpiration rate, and
stomatal conductance), Chl content, electrolyte leakage,
relative water content, Na* and K* contents, and the grain
yield of barley cultivars with contrasting salt tolerance
(tolerant, intermediate, and sensitive) under field
conditions, and (2) to find possible mechanisms with
which salt-tolerant genotypes of barley endeavor to
maintain the grain yield under high salinity.

irrigation water quality are shown in the text table. Mean
annual precipitation and temperature during the three years
were 93.5 mm and 12°C, respectively, at the experimental
site. Seeds were sown with the density rate of 450 seeds m™
on 5 November by a cereal row planting machine (Winter-
steiger Plotman, Austria). Each subplot consisted of six
rows, 6 m in length, and was spaced 20 cm apart. To
irrigate the plots, water was delivered from the channel
(S1), a local well (S,), and mixed drainage water and local
water well (Ss).

Soil characteristic Amount in soil

Water characteristics

Amount in saline water

Si=2 S2=10 S3=18

[dSm] [dSmT] [dS m™']
pH 7.7 pH 7.7 8.1 7.6
Electrical conductivity [dS m™] 13 Electrical conductivity [dSm™'] 1.4 9.7 17.8
Available K [mg kg™'] 340 SO4 % [meq L] 0.8 26.9 172.3
Available Zn?" [mg kg'] 0.72 HCO3" [meq L] 2.0 5.7 6.4
Available Fe?" [mg kg™'] 5.54 CI' [meq L] 1.4 60 111
Available Na* [meq L] 79.1 Na' [meq L] 1.5 47.8 99.3
Available Ca®* +Mg?* [meq L'] 60 Ca?+Mg?" [meq L] 2.6 44 72

Gas-exchange characteristics: Net photosynthetic rate
(Px), transpiration rate (£), and stomatal conductance (gs)
were measured on flag leaves at a grain-filling stage using
an open-system portable infrared gas analyzer (LCA-4
ACD, Analytical Development, Huddleston, UK). Light
intensity was set at 1,200—1,400 pmol(photon) m 2 s~ with
an infrared/blue light source (Azizian and Sepaskhah
2014). Gas-exchange measurements were determined on
upper (adaxial) surface of the mid-portion of flag leaf from
10:00 to 14:00 h.

Nutrient concentrations: After harvesting, nutrient con-
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centrations in the shoots were measured by digestion
apparatus methods (Bauder ef al. 2011). The content of K*
was determined by an autoanalyzer (Quikchem IC+FIA
8000 Series, Lachat, USA), and the content of Na* was
determined by an atomic absorption spectrometer (Perkin
Elmer Model 3110, USA) (Bauder et al. 2014).

Leaf Chl reading: Leaf Chl content was estimated using
a hand-held SPAD-502 (Konica-Minolta, Japan) at the
heading stage. Average SPAD Chl readings were calcu-
lated from ten individual flag leaves, measured from the
tip to the leaf base, between 10:00 and 13:00 h.



Electrolyte leakage (EL): This parameter was measured
using the methods of Ahmadizadeh et al. (2011). Ten leaf
discs, 25 mm in diameter, were punched out from flag
leaves at the heading stage, and thoroughly rinsed with
distilled water to release material from the wounded edges.
The samples were then placed in individual stoppered vials
containing 10 ml of distilled water after three washes with
distilled water to remove surface contamination, and incu-
bated at room temperature (25°C) on a shaker (100 rpm)
for 24 h. Electrical conductivity (EC) of the solution (EC))
was recorded after incubation. The same samples were
then placed in an autoclave at 120°C for 20 min, and
second reading (EC,) was taken after cooling the solution
to room temperature. Electrolyte leakage was calculated
using the following formula:
EL [%] = (ECi/ ECy) x100.

Relative water content (RWC): Relative water content of
flag leaves was calculated at the heading stage, according
to Pask et al. (2011). Five-cm mid-sections of ten leaves
were cut from the stem, then placed into a tube and
weighed to obtain the fresh mass (FM). In order to
determine the turgid mass (TM), 1 cm® of distilled water
was added to each tube, and the sample tubes were placed
in a refrigerator (at 4°C in darkness) for 24 h (to reach full
turgor). The leaf samples were then taken out of the tube,
quickly and carefully blotted with dry with paper towel,

Results and discussion

Gas exchange: Interacting effects of salinity x genotype
were found to be statistically significant for Py and E
(Table 1). Salt stress decreased or increased the gas
exchange of the cultivars. The highest Py was observed in
Khatam genotype under control (S;) and S3, and in Nosrat
under the S,, whereas the lowest Py was noted in Nosrat
under S; and in Morocco under the S, and S3 (Fig. 14). Px
increased in Nosrat and Khatam under S,, but decreased in
Morocco and Nosrat and remained unchanged under S; £
increased in all cultivars under S;, but decreased in
Morocco and Nosrat and remained unchanged in Khatam
under Sz (Fig. 1B). The gswas reduced in all cultivars under
S, and S3, but the reduction was the highest in Morocco,
followed by Nosrat and Khatam under S, and S,
respectively (Fig. 10).

The effects of salt stress on gas-exchange characte-
ristics were cultivar-, salinity-, and trait-specific. Tolerant
cultivars had gas exchange traits unchanged or less
affected by salinity. There were significant variations
among three cultivars in Py, E, and gs under stress
conditions, as similarly reported by Sikder et al. (2015).
Partially in line with our results, Zheng et al. (2009),
Kanwal et al. (2011), Shahbaz et al. (2011), Perveen et al.
(2013), and Pirasteh-Anosheh ef al. (2016) also reported
that salt stress markedly reduced different gas-exchange
characteristics, such as Py, E, and gs in all examined
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and weighed for their TM. The leaf samples were placed in
alabeled envelope and dried at 70°C for 24 h, in order to ob-
tain the dry mass (DM). All mass measurements were made
using an analytical scale, with the precision of 0,001 g.
Values of FM, TM, and DM were used to calculate RWC
using the equation below:

RWC [%] = [(FM— DM)/(TM — DM)] % 100

Grain yield (GY) measurement and statistical analysis:
GY was measured in 0.4 x 4 m? plots. Analyses of vari-
ances (ANOVA) were conducted on the data to determine
differences between the treatments using the general linear
model (GLM) in SAS 9.1 (SAS Institute, Cary, NC). Mean
comparisons were performed using Fisher’s least
significant differences (LSD) test at P<0.05. Relationships
between traits were examined using simple linear
correlations, which were performed using SAS. Since there
were no significant differences between the three years,
averaged data were used for statistical analyses.

Salt tolerance: Salt tolerance was calculated according to
geometric mean productivity (GMP) (Fernandez 1992):

GMP = [Yg1 X Ysoors3] %3

where Yy is the grain yield under Si, and Ys» or s3 are the
grain yields under S; or S; stress conditions.

genotypes. CO»-exchange parameters have been regarded
as an important indicator of plant growth, because of their
direct link to net productivity (Ashraf 2004, Piao et al.
2008). Stomatal conductance affects the rate of carbon
dioxide uptake and water loss through the leaf stomata as
determined by the degree of stomatal aperture. The g; is
related to CO, movement into the leaf which is controlled
by stomatal regulatory processes. Moreover, reduction in
gas exchange as a whole and leaf stomata closure could be
due to toxic Na" and CI" ions that decrease photosynthetic
electron transport and gs, along with the reduction in
absorption and metabolism of carbon, as well as the
oxidative damage to PSII under salt stress, as suggested by
Netondo et al. (2004), Azizpour et al. (2010), Shahbaz and
Zia (2011), Shahbaz et al. (2011), Ashraf et al. (2012),
Ashrafi et al. (2014), and Pirasteh-Anosheh ef al. (2016).

Shoot nutrient element contents: Interacting effects of
salinity X cultivars were found to be statistically significant
on shoot K' and Na' contents and K":Na' ratios
(Fig. 1D-F). The K * content and K*:Na" ratio decreased
in Morocco under S, and S;, remained unchanged in
Nosrat and Khatam under S,, and decreased in all cultivars
under Ss, as compared with the control. The maximum K*
and the highest K™:Na" ratio were at S, and the greatest
reduction in these traits was observed in S;. The Na*
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Table 1. Analysis of variance for the effect of different salt concentrations (S) and genotypes (G) on net photosynthetic rate (Pn),
transpiration rate (E), stomatal conductance (gs), sodium content in shoot (Na*), potassium content in shoot (K*), K*/Na* ratio,
chlorophyll content (SPAD), relative water content (RWC), electrolyte leakage (EL), and grain yield (GY) for three years (2012-2015)
in barley genotypes. *,** — significant at the 0.05 and 0.01 probability level, respectively; df — degree of freedom; SXG — salinity X
genotype interaction; Error (S) — error due to salinity and replications (block) interaction; Error (G) — error due to genotype and salinity

interactions; NS — not significant.

Treatments df  Mean squares

PN E s K* Na* K*:Na* SPAD RWC EL GY
ratio
Block 2 NS NS NS NS NS NS NS NS NS NS
Salinity (S) 2 sk *k sk *k BT *k sk * BT *ok
Error (S) 4 NS NS NS NS NS NS NS NS NS NS
Genotype (G) 2 sk *k NS *k Kk *k sk NS sk *k
SxG 4 sk *k sk *k sk *k sk * sk *k
Error (G) 12 NS NS NS NS NS NS NS NS NS NS
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Fig. 1. Effect of salinity level (S) and genotypes (interaction) on the measured traits. All values are the mean of three replications
(n =3) and bars with different letters are significantly different at (P<0.05) according to the LSD test.

content increased in Morocco under both S, and Ss, but the
increase was not significant (Fig. 1E). The Na* content
also increased in Nosrat and Khatam, but the increase was
not significant between S; and S; and between S; and Ss.
With increasing the salinity, the Na* content increased,
and this might cause the imbalance of the nutrient elements
due to competition in uptake and toxicity in plants. It has
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been reported that the antagonism between the absorption
of K* and Na" occurs at the root surface under salinity
stress (Esechie and Rodriguez 1999, Kumar et al. 2008,
Maggio et al. 2001, Ahmadi et al. 2009). This has been
confirmed in several studies (Esechie and Rodriguez 1999,
Parida et al. 2004, Khorshidi et al. 2009). A low K*:Na*
ratio possibly indicated that Ca?*, K*, and Mg?" transports



were impaired by Na™ under saline conditions, and this
could disturb plant metabolism and reduce plant growth.
The results are similar to what has been reported by other
researchers (Munns and Tester 2008, James et al. 2008,
Morshedi and Farahbakhash 2012). The concentrations of
these nutrients and their ratios (e.g., K":Na* and Ca?*:Na")
are reliable, useful, and widely used screening parameters
in ranking cultivars by their tolerance to salt toxicity. The
increasing Na™:K" ratio under salt stress was confirmed by
Torabi (2010). Tavakoli et al. (2010) reported that the salt-
tolerant barley genotype ‘Afzal’ produced a higher dry
mass compared to the salt-sensitive genotype under salt
stress conditions (200 mM NaCl), and the higher tolerance
in genotype Afzal was associated with the higher K*:Na*
ratio in the shoots. In contrast to the previous reports, in
this study, it seems that the tolerant genotype (Khatam) has
the ability to restrict the movement of Na' ions to the
aboveground parts, avoiding the negative impact of
salinity on physiological parameters in barley.

Chl content (SPAD): The Chl content was reduced in
Morocco under salt stress, but there was no significant
difference between S, and S; (Fig. 2G). It was also reduced
in Nosrat under salt stress, but there was no significant
difference between S; and S,. The Chl content increased in
Khatam under S, but remained unchanged under S; and Ss.
The higher SPAD in Khatam (tolerant genotype) may be
related to its ability to repair injury or to use an efficient
mechanism for the uptake of necessary elements for Chl
under saline soil (Fig. 2G).

These results were generally consistent with findings of
Akbari Ghogdi et al. (2012). Therefore, we can conclude
that genotypes having a higher SPAD under salt environ-
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ment should produce a higher grain yield than those having
the lower Chl content. Thus, the selection of cultivars based
on increased or stable Chl content may prevent yield losses
under salt-stress conditions. Many researchers have
suggested that the SPAD measurement could be a useful
selection criterion to screen a large set of genotypes for salt
tolerance (Munns and James 2003, Atlassi Pak et al. 2009,
Akhtar et al. 2010, Cuin et al. 2010). Decrease in Chl
content in some of the genotypes under salt stress could be
due to pigment photo-oxidation (Gomes et al. 2011), loss of
chloroplast membranes, distortion of the lamellae vesicu-
lation, and excessive swelling (Ceccarelli et al. 2010),
damage to chloroplasts by ROS (Gill and Tuteja 2010),
their slower synthesis, faster breakdown or dissociation
(Bonales-Alatorre et al. 2013). Decreased or unchanged
Chl contents under salt stress have been reported in several
species, depending on the duration and severity of salt
stress and reduction in the amount of Chl (Moham-
madkhani and Heidari 2008, Pirasteh-Anosheh and Emam
2012, Talat et al. 2013). Many factors (genotypic differ-
ences, stage of growth, plant diseases, nutrient deficiencies,
and stress) can affect Chl content readings. Chl is one of the
most important chloroplast components for photosynthesis,
because it harvests the light and produces reducing powers;
however, Chl is susceptible to salt stress and may affect
plant yield and quality (Giunta et al. 2002, Kianni-Pouya
and Rasouli 2014). Likewise, El-Hendawy et al. (2007)
found a significant positive relationship between SPAD
values and the grain yield under salinity stress. Under saline
conditions, Khan et al. (2009) and Azizov and Khanisheva
(2010) indicated that a higher Chl content may provide an
index for the superior grain yield, which is similar to the
results found in our study.
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Fig. 2. Effect of salinity level (S) and genotypes (interaction) on the measured traits. All values are the mean of three replications
(n =3) and bars with different letters are significantly different at (P<0.05) according to the LSD test.
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RWC was reduced in Morocco with the increase of salinity.
However, there was no marked difference between S, and
S; (Fig. 2H). RWC was not affected under S; and S,, but
decreased under S3 in Nosrat (Fig. 2H). Nevertheless, RWC
in Khatam was not significantly affected under any salinity
level in this study. The results demonstrated that the
tolerant genotype (Khatam) rather than the sensitive
genotype (Morocco) showed a higher RWC under salinity
stress. This agrees with the results of El Tayeb ez al. (2006),
Farshadfar et al. (2003), and Geravandi et al. (2011).

It seems that the high Na“ absorption under saline
conditions was due to impaired water absorption and
reduced RWC. Reduction in RWC may be due to the
reduction in water, leaf area, F, g, absorption of radiation
under leaf rolling, production of leaves and yield or
increase in leaf senescence and abscission. Similar results
were observed by Ebrahimian and Bybordi (2011) and
Munns and Tester (2008). It has been shown that the ability
to attract and maintain osmotic potential for higher RWC in
saline soil water at various stages is an effective mechanism
in salt-tolerant genotypes (Kafi ez al. 2011).

EL: The effects of salinity levels and genotypes on EL were
significant. EL increased under salt stress; however, it was
cultivar- and salinity level-specific (Table 1). EL increased
in Morocco as salinity level increased, while it was not
affected in Nosrat and Khatam (Fig. 21).

In line with our results, Kaya et al. (2001) and Bajji et
al. (2001) reported that EL gradually increased under salt
conditions, and the varietal differences between the geno-
types may offer partial explanations for the differential
tolerance to salinity stress. Using the EL, we managed to
demonstrate that maintenance of membrane integrity in leaf
is a major component of salt tolerance in plants. EL mea-
surements may be correlated with several physiological
parameters acclimatizing the plant responses to environ-
mental conditions. It is reported that stress may modify the
chemical composition and organic acids (Bajji et al. 2001),
and the physical structure of biological membranes and
plasma membranes (Peng et al. 2008, Stevens et al. 2006),
leading to oxidative damage in plants (Chen et al. 2013),
which has a direct impact on the rate of electrolyte leakage.

GY was significantly affected by irrigation-water quality
and genotype. GY was reduced in Morocco, Nosrat, and
Khatam under S, and S; (Fig. 2/). Morocco produced the
highest yield under control (4,189 kg ha™'), and Khatam
under S, (2,772 kg ha™') and S; (2,434 kg ha™"), whereas the
lowest GY was found in Khatam under control (3,577 kg
ha™') and in Morocco under S, (2,361 kg ha') and S; (1,478
kg ha™!). However, under S; and S; salinity levels, Khatam
had the smallest and Morocco had the largest reduction in
GY for the three years (Fig. 2J).

Consistent with these results, many researchers have
shown that the growth of plants declined under saline
conditions, but the degree of reduction depended on salt
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contents, environmental conditions, type of genotype, and
stage of plant growth (Mahmood 2011, Shafaqat et al.
2012). In line with our results, Omar et al. (2009) reported
that the grain yield and yield components of barley
genotypes were reduced under salt stress, but the reduction
was greater in the salt-sensitive cultivar compared to the
salt-tolerant one. They concluded that this was due to the
reduction in physiological and biochemical traits. More-
over, reductions in the yield could be due to the decrease in
water absorption by plant tissues along with the reduction
in cellular growth and development, as well as the decrease
in the growth of the plants under salt stress, as suggested by
Pirasteh et al. (2016). Similar to our results, Ashrafi et al.
(2014) found that salinity reduced plant DM, but the reduc-
tion was cultivar- and salt content-specific due to the
genetic differences and source interactions. In our experi-
ment, the reduction in GY was perhaps due to the increase
in Na* and reduction in K* content, gas exchange, SPAD,
and RWC, as indicated in Fig. 2.

Relationships between the traits: A significant and posi-
tive correlation was found between the mean grain yield for
three years and g, (r = 0.87, p = 0.01), E (r = 0.75,
p=0.01),and Px (r=0.62, p=0.01), whereas a significant
and negative correlation was noted between this trait and
EL (r=-0.75, p = 0.01), Na" (» = -0.73, p = 0.01), and
SPAD (r = —0.49, p = 0.01) under a medium (10 dS m™)
salinity level. In addition, a significant and positive
correlation was found between the mean grain yield for
three year and K*:Na™ ratio (»=0.90, p=0.01), Pn (»=0.89,
p=0.01),E(r=0.73,p=0.01), gs (r=0.78, p=0.01), and
K* (r=0.50, p = 0.05), whereas a significant and negative
correlation was noted between this trait and EL (» =-0.88,
p =0.01) and Na" (» =-0.85, p = 0.01) under the highest
salinity (18 dS m™) level.

Conclusion: Based on the correlation coefficients among
the measured traits under severe salt stress, the K™ :Na* ratio
showed the highest correlation with the grain yield in barley
genotypes, followed by Px (r = 0.89, p = 0.01), EL
(r=-0.88,p=0.01), Na* (»=-0.85,p=0.01), g; (r=0.78,
p=0.01),E(r=0.73,p=0.01),and K" (r=0.50, p = 0.05),
respectively. Under 10 and 18 dS m™ salt stress, Khatam
(salt-tolerant) showed the maximum g5, K* content, K*:Na*
ratio, SPAD, and GY, and had a minimum Na* content and
EL, whereas Morocco (salt-sensitive) had the lowest Py, gs,
K* content, K":Na™ ratio, SPAD, RWC, and GY, and the
highest Na* content and EL. We indicated that tolerance in
barley depends not only on a higher ratio of K*:Na*, but also
on avoiding Na" accumulation in aboveground plant parts.
These findings indicated that these physiological traits
could be key factors and useful tools for screening many
samples in a short time, and provide useful information
about stress tolerance mechanisms, which could be useful
to plant breeders for selecting and developing salt-tolerant
genotypes.
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