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Abstract. Cultivation of salt-tolerant plants is regarded as an innovative approach for desalination and
remediation of salt-impacted agricultural soils. From this point of view, the effects of increasing NaCl
concentrations in the root medium on some growth traits and development of wheat, oat, emmer, and barley
under hydroponic conditions were studied and the phytodesalination potential of these plants was assessed
at the greenhouse facilities of the YSU, Republic of Armenia. Crops were grown at six different degrees of
salinity (0, 100, 200, 300, 400, 500 mM NaCl) in a hydroponic system that was set up under greenhouse.
The results show that the studied plants have different tolerance to increasing concentrations of NaCl. The
negative influence of salinity on main growth parameters, relative electrolytic leakage, leaf succulence,
chlorophyll content index, photosynthetic rate, and transpiration rate was expressed stronger in emmer
compared with the rest of studied crops. Along with the increase in NaCl concentration in the root medium,
simultaneously with the significant increase in Na* content in the leaves of emmer, a decrease in K* content
was observed, whilst in wheat, oat, and barley, on the contrary, the increase in Na* in the leaves was
accompanied by the increase in K* concentrations, which indicated the activation of some physiological
adaptation mechanisms. Summarizing our results, we concluded that barley and oat could be suggested as
promising crops for saline agriculture and soil phytodesalination, since they are survivable, productive and
accumulate large amounts of ions in their above-ground parts.

Keywords: hydroponic culture, salinity stress, plant salt tolerance, phytodesalination

Abbreviations. EC: electrical conductivity; FM: fresh mass; DM: dry mass; FM/FMs: root/shoot ratio
(fresh mass); DM/DMq): root/shoot ratio (dry mass); RWC%: root water content; SWC%: stem water
content; LWC%: leaf water content; FW/DW ratio: water status; REL: relative electrolytic leakage; LS:
leaf succulence; CCI: chlorophyll content index; Pn: photosynthetic rate; E: transpiration rate; WUE: water
use efficiency; TDS: total dissolved solids

Introduction

Nowadays multiple global problems including climate change, increasing population,
environmental pollution, shortage of water and land resources as well as soil salinization
hinder sustainable production in agriculture (Dong et al., 2019; Shahid et al., 2019). An
expanding population apparently will result in a growth of worldwide demand of food for
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at least the upcoming four decades (Godfray et al., 2010). Scarcity of natural resources,
particularly of high-quality arable lands and water resources will depress the potential for
food production in some regions (FAO, IFAD and WFP, 2013). In developing countries
with coastal, semi-arid and arid areas, soil salinity is a serious threat that can restrict
agricultural productivity, food safety, environmental sustainability, and associative
values (Deinlein et al., 2014; Yan et al., 2015; Abouelsaad and Renault, 2018; Afridi et
al., 2019; Hayat et al., 2020a). According to the World Bank statement, salinization of
soil caused by improper practices of irrigation affects around 60 million hectares or 24%
of all irrigated agricultural lands in the world (Vengosh, 2003).

Soil salinity has a substantial influence on physiology of plants causing as a rule low
osmotic potential, an imbalance in nutrient uptake, specific effects of ions, or a
combination of all mentioned effects (Rabhi et al., 2015). These impacts result in a
decrease in seed germination (Lauchli and Grattan, 2007; Parihar et al., 2015) and plant
growth rate (Aslam et al., 2011; Heintzman et al., 2015). Salinity induces nutrient and
water imbalances resulting in inhibition of the formation of younger leaves coupled with
accelerated ageing of older leaves, thus decreasing the amount of photosynthetic
pigments, inhibiting the productivity and growth rate of some plants, including traditional
crops (Shahzad et al., 2017; Abouelsaad and Renault, 2018; Cigek et al., 2018; Khalid et
al., 2018). Salinity influences also the photosynthesis in connection with reduced
availability of CO> and also oxidative stress or changes in photosynthetic metabolism
(Chaves et al., 2009). Under conditions of salt stress a decrease in photosynthetic
pigments Chl a and Chl b has been described as a result of reduced biosynthesis or
accelerated degradation of pigments.

Plants have evolved several specialized mechanisms of defense in order to
endure/withstand stressful situations (Gupta and Huang, 2014). The growth of plants
under salinity stress is determined by the ability to maintain low concentrations of sodium
ions in the cytoplasm to protect the cells. Plants usually cope with stress induced by
salinity either by avoiding the stress or applying the strategies of stress tolerance (Parihar
et al., 2015). But plant species that are tolerant to salt stress display either osmotic
resistance or tissue tolerance capacities (Rangani et al., 2016; Sarabi et al., 2017).

Based on the response to soil salinity, the plants were differentiated as salt-preferring
or salt-tolerant halophytes and salt-sensitive glycophytes (Alam and Sharma, 2017; Liang
et al., 2017). Halophytes can grow at levels of salinity above 200 mM NaCl (Flowers and
Colmer, 2008), which approximately corresponds to semi-strength seawater. Halophytes
have a capability to intensely regulate homeostasis of ions and withstand salt shock.
Various morphological, physiological, and biochemical adjustments are developted by
halophytes to stand against or even benefit from saline environments (Panta et al., 2014;
Flowers and Muscolo, 2015). Facultative halophytes that mediate between glycophytes
and halophytes have the ability to grow and fulfill their life cycle in saline as well as in
non-saline soils. This group can include both wild plants and various crops. Facultative
halophyte crops are able not only to provide sufficient yields in saline soils but can also
improve these soils to some extent.

Unlike expensive desalination technologies such as membrane using processes,
thermal (distillation) processes, reverse osmosis and electrodialysis (Islam et al., 2019),
phytodesalination is a green, cost-efficient technology for the remediation of salt-affected
sites and the restoration of agricultutal lands (Hasanuzzaman et al., 2014). Roots of plants
used in phytodesalination absorb the salts dissolved in water and transfer them to the
stems and leaves of plants. The capability of facultative halophytes to tolerate high levels
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of salinity and withstand heavy drought and some other environmental stresses makes
them perfect candidates for phytodesalination of salt-affected soils. This principle can
also be checked under hydroponic conditions to evaluate the ability of salt-removing
plants to desalinate saline water (Islam et al., 2019). However, the salt removal potential
of different crops has not been adequately assessed in hydroponic systems with different
concentrations of NaCl. Such studies can be of great value for agricultural lands irrigated
with brackish water. The suggestion of growing salt-tolerant plants in agricultural lands
irrigated with saline and brakish water is not new (Rozema and Flowers, 2008; Rozema
and Schat, 2013). However, progress in this direction was slow and only in some cases
the goal has been to develop new crops (Cheeseman, 2016). Within the limits of saline
agriculture, the need for water of salt-tolerant crops is met by brackish water, thus
reducing the pressure on freshwater resources. On this basis, the following crops were
selected for research: wheat, oat, emmer, and barley.

The objectives of this study were: 1) to evaluate the effects of irrigation water with
different concentrations of NaCl on growth productivity of certain varieties of some
cereals (wheat, oat, emmer, and barley) in hydroponic culture, 2) to analyze the impact
of saline stress on growth and development of these plants (fresh mass, dry mass,
root/shoot ratio, leaf water content, photosynthetic characteristics etc.), 3) to study the
accumulation of Na*, K*, Ca?* and CI™ in roots, stems and leaves of plants, 4) to assess
the phytodesalination potential of plants at increasing NaCl concentrations under
hydroponic conditions. The results obtained will help to explain thoroughly the adaptation
mechanisms that enable these plants to gain different degrees of tolerance to salt stress as
well as to determine the possibility of their cultivation in saline soils irrigated with
brackish water.

Materials and methods
Experimental design, plant material, growth conditions and salt treatments

The experiments were carried out in 2022 at the greenhouse facilities of the Faculty of
Biology, at the Yerevan State University, Republic of Armenia. A hydroponic system
was set up with 72 plastic containers (1.7 litre volume). Natural daylight, 25-35 °C and
60-70% relative humidity were the experimental conditions maintained under
greenhouse. The following varieties of wheat, oat, emmer, and barley (wheat - Nairi 68,
oat - indigenous variety, emmer - indigenous variety Kotayk, barley - Mush) were grown
at six different degrees of salinity (n = 3 each). The salt treatment and the harvesting of
the plants were implemented in different phenophases of plants, in particular, the salt
treatment - at boot stage (Fig. 1), and the harvesting - at maturation stage. The described
pot experiment under such soilless hydroponic conditions was performed in quite
randomized design. Each container was filled with 200 grams of expanded perlite. The
expanded perlite was supplied by "Aragats perlite® OJSC (Republic of Armenia).
Expanded perlite was obtained as a result of heat treatment of perlite with a density of
1100 kg/m?® at 850-900 °C. The density of expanded perlite was 120 kg/m?, and it had
good heat-insulating and water-absorbing capacities. Plant seeds were obtained from the
seed reserve fund of the Armenian National Agrarian University. Before the sowing, the
seeds were disinfected in sodium hypochlorite for one minute and then in distilled water
for 5 minutes. The seeds of wheat, barley, emmer, and oat were sown at approximately
2.0 cm depth, 10 seeds in each container. Throughout the whole study, the appropriate
amount of 20% Hoagland solution was added to the plants (Hoagland and Arnon, 1950)
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to maintain the moisture saturation of the expanded perlite at 70-80% (the mass of the
container with 80% moisture saturation was determined beforehand and every day
between 9 a.m. and 10 a.m. all containers were weighed and brought to the initial weight).
The pots were reallocated randomly every week to minimize the influence of potential
environmental gradients in the growth camera. The plants were grown in the greenhouse
for 1.5 months (March 1-April 15, 2022), and the application of NaCl was started then.
After 1.5 months of germination, the plants were irrigated with 640 ml total volume
(80 ml every other day for 15 days to avoid osmotic shock, 8 times on the whole) of 0,
100, 200, 300, 400, 500 mM NaCl water. The used volume of water was sufficient to
balance the amount of NaCl in the substrate. At the same time, the EC and pH of the
substrate in each container were kept the same and observed throughout the experiment.
Following the salt treatment after 30 days (at the end of May 2022) all plants were
collected.

Figure 1. Plants at the start (a) and at the end (b) of salt treatment

Growth, biomass yield, morphological and physiological parameters of plants

The shoot height, stem diameter, chlorophyll content index (CCI), photosynthesis and
transpiration rates, stomatal conductance, and leaf gas exchange of the seedlings were
determined after reaching the required salinity degree of soil before harvesting the plants
at 10-day intervals. Plant height, leaf area, fresh mass (FM), dry mass (DM), root/shoot
ratio (FM/FMs and DM,/DMs), root water content (RWC%), stem water content
(SWC%), leaf water content (LWC%), water status (FW/DW ratio), leaf succulence index
(LS), relative electrolytic leakage (REL), as well as the contents of some ions in root and
shoot were determined after harvesting.
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After 30 days of exposure to NaCl the plants harvested with intact plant root system,
were first carefully washed with tap water, then with distilled water to remove traces of
substrate cultures. Subsequently the plants were dried with towels before the
determination of their fresh mass. Total plant length/height was measured before
separation into root and shoot tissues by measuring the distance from the medium surface
to the top of the arch of the uppermost leaf. In like manner, morphological parameters
including root and shoot fresh mass, shoot length and the length of the longest root, were
respectively measured. Then, plant tissues were oven-dried at 70 °C for about 72 hours
to reach constant dry mass. Afterwards, dried plant samples were analysed for tolerance
capabilities through determination of ion accumulation and flux (Hayat et al., 2020b).

Water contents of roots, stems and leaves

RWC%, SWC% and LWC% were calculated using the following formulas (; Garnier
et al., 2001; Slama et al., 2008 Al Hassan et al., 2016a):

RWC%= [(FMroot — DMiroot)/FMroot] * 100 (Eq.1)
SWC% = [(FMstem — DMstem)/FMstem] < 100 (Eq.2)
LWC% = [(FMieat — DMiear)/FMiear] X 100 (Eg.3)

where FMroot, FMstem and FMesr are fresh masses of root, stem and leaf, and DMoqt,
DMistem and DMiear - dry masses of root, stem and leaf, respectively.

Relative electrolytic leakage

The damage of membrane was determined in terms of REL (Dionisio-Sese and Tobita,
1998; Gonzalez and Gonzalez-Vilar, 2001). Fresh tissue of leaves (0.5 g) was mixed with
50 ml of distilled water and incubated in test tube for one day at room temperature. The
initial electrical conductivity (EC1) of the medium was measured at the end of the
incubation period. Thereafter, the samples were autoclaved for 15 min at 121 °C to release
all ions from the tissue. The material was cooled down to room temperature and the final
electrical conductivity (EC,) was recorded. The relative electrolytic leakage was
calculated using the following formula:

REL=(EC1/EC;) x 100 (Eq.4)

Leaf succulence index

For the calculation of LS the area and fresh weight of ten leaves from each plant were
measured. Leaf succulence was calculated as follows (Jennings, 1976; Agarie et al.,
2007):

LS=LFWI/LA (Eq.5)

where LFW is the leaf fresh weight (g) and LA is the leaf area (cm?).
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Chlorophyll content index

As the indicator of the stressful condition of plants growing in saline soil the
chlorophyll contents were determined in expanded leaves from the top of plants under
study by means of CCl through the instrumentality of CCM-200 plus Chlorophyll Content
Meter (Opti-sciences, USA). Ten measurements were conducted for each plant and the
average was immediately calculated by Chlorophyll Content Meter.

Photosynthetic rate (Pn), transpiration rate (E) and water use efficiency (WUE)

Pn and E were measured using a portable photosynthesis system (CI-340) under the
conditions of air pressure within a range 89.55-89.90 kPa, air temperature within a range
25-30 °C, and the CO- concentration of the air ranged from 390 to 405 umol mol™. The
measurements were performed on the five young fully expanded leaves (3 replicates for
each leaf) from each plant between 9 a.m. and 11 a.m. after 30 days of salt treatment.
WUE was recorded as net carbon uptake per amount of water lost from transpiring leaf
area and calculated according to Rabhi et al. (2012):

WUE = Py/E (Eq.6)

lon analysis and total dissolved solids (TDS)

Dried shoots and roots of plants were ground into fine powder and then digested with
HNO3 (0.5%) solution for 30 min at 100 °C for the extraction of ions (one gram of sample
- in 100 ml of solution), filtered through a filter paper and immediately analyzed
(Zouhaier et al., 2015; Al Hassan et al., 2016b). The concentrations of Na*, K* and Ca?*
were measured using a flame photometer (FP-16431, Bioevopeak, PRC), and the
concentration of CI™ - by a laboratory ionometer (I-160 M, Anatech, Belarus) (5 replicates
for each sample).

For the determination of TDS, the samples were autoclaved for 15 min at 121 °C to
release all ions from the tissue. The material was cooled down to room temperature and
measured by a laboratory ionometer (1-160 M).

Statistical analysis

Statistical analysis was performed using Microsoft Excel 2021 & SPSS-19 software.
Statistical significance was determined using Fisher's least significant difference (LSD)
test. The error bars in the figures represent 95% confidence intervals.

Results
Effect of NaCl stress on vegetative growth of studied crops

Salinity may have either positive or adverse influence on plant growth parameters such
as shoot length, stem diameter, biomass, survivability, and threshold responses depending
on salinity level and tolerance of plant (Manousaki and Kalogerakis, 2009). To assess the
effect of salinity on plant growth, stem diameter, root, stem, and leaf FM and DM were
measured after 30 days of NaCl treatment. Shoot length was measured after each 10 days
on completion of NaCl treatment (3 times). According to survivability and threshold
responses at different regimes of NaCl stress, the growth and biomass of crops under
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study were significantly affected by treatments with various concentrations of NaCl,
however no visible phytotoxic symptoms were observed.

The growth dynamics of shoot length of the crops under conditions of various salt
treatments is shown in Fig. 2. In general, for all the crops, the height of the plants
significantly decreased along with the increase in the concentration of NaCl, but the
change in different plant species took place differently (both in terms of time and
magnitude). In particular, 10 days after the completion of salt addition, the shoot heights
of plants grown in 500 mM NaCl medium compared to control were as follows: oat -
79.6%, emmer - 83.4%, barley - 80.8%, and wheat - 91.8%. Already after 30 days, the
dynamics of growth inhibition in crops changed and the maximum growth reduction in
plants grown in 500 mM NaCl medium was observed in wheat, then in the following
sequence: barley, emmer and oat. The heights of crops compared to control, were 61.0%,
65.8%, 76.6%, and 76.9% respectively.

A
t ® » t o i t '
| l I | | |
Nacl (mM)
NaCl (i

[ D
NaCl (mM) NaCl (mM)

Figure 2. Effect of NaCl stress on growth of studied crops during salt treatment (A - wheat, B -
oat, C - emmer, D - barley, n = 30)

NaCl treatment affected also the stem diameters of crops (Fig. 3). The most significant
reduction was observed in emmer followed by wheat. The stem diameter of emmer grown
in 400 mM and 500 mM NaCl media reduced by 24.83% compared to control. The stem
diameter of wheat grown in the media with the same concentrations of NaCl decreased
by almost 18% compared to control, while the stem diameter of oat plants grown in 300
mM, 400 mM, and 500 mM NaCl media reduced by about 11%. However, in the case of
barley, the opposite dynamics was observed and an increase in stem diameter took place
under the conditions of almost all mentioned concentrations of NaCl.

Effect of NaCl stress on biomass of studied crops

Plant biomass is a significant biological indicator for the assessment of plant tolerance
ability to stress caused by NaCl. The results of the study of root, stem, and leaf FM and
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DM of crops are presented in Table 1. Maximum fresh and dry masses of root, stem, and
leaf of all studied crops were mainly observed in plants grown in 0 mM NaCl medium,
and along with the increase in NaCl concentration a decrease in FM and DM was
observed. It should be noted that the decrease was mostly not proportionate, and both
breakpoints and regaining of fresh and dry masses were observed, and in some cases even
a slight increase took place. The main breakpoint of change in the fresh and dry masses
of oat root was observed when the NaCl concentration of the medium changed from
200 mM to 300 mM, in the case of emmer - from 0 mM to 100 mM and from 200 mM to
300 mM. In the case of barley, the described breakpoint was observed during the change
of medium NaCl concentration from 300 mM to 400 mM, and in the case of wheat - from
100 mM to 200 mM. The reduction of FM and DM of wheat, oat and emmer stem was
steeper at low concentrations of NaCl, and milder - at high concentrations. In the case of
change of NaCl concentration from 0 mM to 100 mM, the fresh and dry masses of the
barley stem even increased by 3.8% and 0.6%, respectively, whereupon they decreased
like for the rest of studied crops. At low concentrations of NaCl the fresh and dry masses
of the emmer leaf decreased drastically along with the increase in salt concentration.
When the concentration of NaCl changed from 0 mM to 100 mM, no significant change
in FM and DM of leaves was observed in oat, while in wheat and barley they increased,
thereafter, along with the increase in NaCl concentration, at first a significant decrease
was observed, then the decrease became insignificant, and in some cases, the fresh and
dry masses of leaves even increased by 3.1-5.1%.

A 8

NaCl (mM) NaCl (mM)

NaCl (mM)

Figure 3. Effect of NaCl stress on stem diameter of studied crops (A - wheat, B - oat, C -
emmer, D - barley, n = 30)

The change of FM/FMs and DM,/DM;s ratios in various crops proceeded in different
ways (Table 1). With the increase in NaCl concentration, the FM,/FMs and DM/DMs
ratios in wheat and emmer generally increased. In wheat the increase occurred more
evenly, and in emmer it was dramatic at low concentrations of NaCl. Along with the
change in NaCl concentrations from 0 mM to 100 mM, the values of FM,/FMs and
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DM./DMs in barley decreased, but later they increased along with the increase of salt
concentration up to higher values. The change of mentioned ratios in oat along with the
change in NaCl concentration was not significant.

Table 1. Effect of NaCl stress on some growth parameters and tissue water content of studied
crops (n = 30)

Crops (’?IT?“C/II)FMmot. gDMiroot, gFMstem, gD Mistem, gFMieat, D Mieat, gFMr/FM4DM/DM{RWC%SWC%[LWC%
0 | 1.356 | 0.243 | 2.193 | 0.632 | 0.736 | 0.214 | 0.463 | 0.287 |82.110|71.184|70.863
100 | 1.232 | 0.222 | 1.761 | 0509 | 0.759 | 0.225 | 0.489 | 0.303 |81.975|71.114|70.346
200 | 0.959 | 0.166 | 1.318 | 0.397 | 0.469 | 0.157 | 0.537 | 0.299 |82.703|69.86166.578
Wheat! 200 | 0767 | 0156 | 0850 | 0.266 | 0457 | 0.163 | 0583 | 0364 |79.600 |68.996|64.266
400 | 0.760 | 0.156 | 0.672 | 0.229 | 0.440 | 0.159 | 0.684 | 0.403 |79.45265.943|63.810
500 | 0.768 | 0.160 | 0.676 | 0.231 | 0.445 | 0.171 | 0.686 | 0.400 |79.111|65.860|61.587
0 | 1.290 | 0.171 | 2.912 | 0673 | 0591 | 0.133 | 0.368 | 0.213 |86.715 |76.888|77.493
100 | 0.987 | 0.157 | 2.464 | 0595 | 0.593 | 0.132 | 0.323 | 0.216 |84.054 |75.869|77.684
200 | 0.893 | 0.140 | 1.800 | 0.452 | 0.476 | 0.135 | 0.392 | 0.239 |84.324|74.899|71.664
02 | 200 | 0613 | 0.105 | 1.273 | 0330 | 0421 | 0120 | 0362 | 0228 |82.915 |74.039|69.330
400 | 0575 | 0.103 | 1.260 | 0.326 | 0.401 | 0.133 | 0.346 | 0.223 |82.174|74.114|66.845
500 | 0.581 | 0.106 | 1.262 | 0.327 | 0.354 | 0.133 | 0.360 | 0.230 |81.840|74.08762.541
0 | 1.859 | 0.232 | 3.033 | 0616 | 0.815 | 0.182 | 0.483 | 0.291 |87.519|79.709|77.608
100 | 1.379 | 0.175 | 1.689 | 0.443 | 0.646 | 0.146 | 0591 | 0.297 |87.313|73.78677.439
200 | 1.355 | 0.168 | 1.264 | 0.343 | 0.589 | 0.135 | 0.731 | 0.351 |87.59872.871|77.093
EMmen 200 | 0.935 | 0133 | 0855 | 0236 | 0.413 | 0119 | 0738 | 0.376 |85.745|72.398 | 71.267
400 | 0.899 | 0.129 | 0.806 | 0.218 | 0.417 | 0.120 | 0.735 | 0.382 |85.655[72.920|71.340
500 | 0.841 | 0.130 | 0.701 | 0.199 | 0.411 | 0.122 | 0.757 | 0.407 |84.508 |71.676|70.339
0 | 1.850 | 0.213 | 2.044 | 0508 | 0.887 | 0.184 | 0.631 | 0.307 |88.511|75.157|79.299
100 | 1.331 | 0.187 | 2.121 | 0511 | 0.923 | 0.175 | 0.437 | 0.273 |85.949 |75.899|81.080
200 | 1.124 | 0172 | 1.398 | 0.359 | 0.779 | 0.167 | 0516 | 0.326 |84.723|74.290|78.510
BareY! 300 | 1.114 | 0169 | 0968 | 0249 | 0574 | 0136 | 0722 | 0438 |84.843|74.277|76.258
400 | 0.837 | 0.149 | 0.797 | 0.209 | 0.465 | 0.136 | 0.663 | 0.432 |82.218 |73.745|70.826
500 | 0.767 | 0.147 | 0.729 | 0.205 | 0.459 | 0.140 | 0.646 | 0.427 |80.813|71.899|69.573

Effect of NaCl stress on osmotic tolerance and water status of studied crops

For the assessment of osmotic tolerance abilities and water status of crops the
following indices were determined: RWC%, SWC%, LWC%, REL, and LS.

In the current study, the RWC%, SWC% and LWC% values in studied crops decreased
under conditions of treatment with increasing concentrations of NaCl (0-500 mM). From
plants grown in 500 mM NaCl medium as compared to 0 mM NaCl, the greatest decrease
in RWC% was observed in barley (8.70%), in SWC% - in emmer (10.08%), and in
LWC% - in oat (19.29%), while relatively slight reduction in RWC% and LWC% was
observed in emmer (3.44% and 9.37% respectively), and in SWC% - in oat (3.64%).

In general, the highest values of REL were observed in emmer, and the lowest - in
barley (Fig. 4). Along with the increase in NaCl concentration in the range of 0-500 mM
in the root medium of crops, the change in REL values proceeded differently. The value
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of REL increased the most in emmer, reaching 93.39 from 67.06, followed by wheat -
from 57.38 to 82.68, and barley - from 29.86 to 50.11. The change of REL value in oat
along with the increase in NaCl concentration (0-500 mM) was not significant.

NaCl (mM)

Figure 4. Effect of NaCl stress on leaves REL of studied crops (A - wheat, B - oat, C - emmer, D
- barley, n = 30)

The results of the study of leaves succulence are presented in Fig. 5. LS changes in
wheat and oat were not significant, while in emmer, along with the increase in NaCl
concentration, it initially increased, reaching the highest value at 100 mM NaCl
concentration, afterwards decreased, and in barley, in parallel with the increase in NaCl
concentration, the value of LS significantly enhanced by 19.73% in plants grown in
500 mM NaCl medium as compared to 0 mM NacCl.

Effect of NaCl stress on chlorophyll content and gas exchange of studied crops

The results of the research of photosynthetic pigment of crops are presented in Fig. 6.
The CCI values changed depending on both the change in NaCl content in the root
medium and the growth stages of the crops. In other words, along with the growth of
plants, depending on the change of vegetation stages (budding, flowering, earing, etc.),
an increase or decrease in the value of CCI was observed in different crops. However,
along with the increase in salinity degree, the value of CCI significantly decreased in all
crops. From the measurements carried out 10 and 20 days after the completion of salt
treatment, it was found out that from among plants grown in 500 mM NaCl medium as
compared to those grown in 0 mM NaCl medium, the greatest decrease in CCI value was
observed in oat (77.06% and 74.39%, respectively), and the least decrease - in barley
(58.05% and 72.43%, respectively). And after 30 days of treatment, the greatest decrease
was observed in emmer (79.35%), and the least - in wheat (72.78%). In some crops, an
increase in the value of CCI was observed during the second measurement compared to
the first (mainly at medium concentrations of NaCl). This indicated that crops were
partially adapted to the influence of the stress factor during that period.
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Figure 5. Effect of NaCl stress on LS of studied crops (A - wheat, B - oat, C - emmer, D -
barley, n = 30)
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Figure 6. Effect of NaCl stress on CCI of studied crops (A - wheat, B - oat, C - emmer, D -
barley, n = 30)

The results of the study of photosynthetic rate, transpiration rate and WUE under

different conditions of salt treatment are presented in Table 2. In comparison with control,
the greatest decrease in the value of P, of crops grown under conditions of the maximum
concentration of NaCl in the root medium was observed in the case of emmer, and the
least - in the case of wheat. In all studied crops, the decrease in Py value along with the
increase in NaCl concentration did not proceed proportionally. In particular, in wheat and
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oat Pn did not undergo significant changes in the range of NaCl concentrations from
300 mM to 500 mM, whilst in barley it dropped sharply at NaCl concentrations from
0 mM to 100 mM (by 35.9%), but at higher concentrations of salt from 100 mM to
300 mM the decrease of Pn was small (from 100 mM to 200 mM - by 13.8%, and from
200 mM to 300 mM - by 10.9%). Transpiration rate decreased practically in all crops
grown in 500 mM NaCl medium as compared to those grown in 0 mM NaCl medium,
except the oat. The sharpest decrease was observed in wheat (91.38%), whilst in oat it
increased almost 2 times. The changes in WUE along with the increase in NaCl
concentration were different in various crops. In particular, it generally decreased in oat,
but in wheat and emmer it increased in the beginning, afterwards decreased, whereas in
barley the change was not significant. This indicates that different crops use water
differently as a result of involvement of defense mechanisms.

Table 2. Effect of NaCl stress on gas exchange of crops (n = 30)

Salinity Wheat Oat Emmer Barley
degree
(NacCl, Pn E WUE Pn E WUE Pn E WUE Pn E WUE
mM)
0 10.29 | 5.86 | 1.76 11.01 0.53 20.88 | 9.41 | 4.07 231 | 1097 | 158 | 6.94

100 6.10 | 3.30 | 1.85 9.41 042 | 2266 | 7.16 | 264 | 271 7.03 | 148 | 4.76
200 6.57 | 1.34 | 4.92 541 0.61 883 | 7.24 | 224 | 3.23 6.06 | 1.25 | 4.85
300 334 | 043 | 7.80 3.87 1.46 266 | 450 | 0.94 | 4.80 540 | 1.03 | 5.27
400 441 | 050 | 8.86 3.64 1.71 213 | 181 | 047 | 3.86 3.63 | 0.84 | 4.32
500 397 | 051 | 7.87 3.71 1.66 224 | 137 | 058 | 2.35 332 | 054 | 6.14

Effect of NaCl stress on ionic content of studied crops root, stem and leaf

The analysis of some ions and TDS of roots, stems and leaves of the studied crops is
shown in Table 3. The accumulation of ions in the roots, stems and leaves of different
crops along with the increase in NaCl concentration proceeded in different ways. In
general, along with the increase of NaCl concentration in the root medium, the content of
K" in the roots and stems of all crops first increased, then significantly decreased
(especially in the roots of crops). From the comparative analysis of different crops, it was
found out that in the roots of plants grown in 500 mM NaCl medium, compared to those
grown in 0 mM NaCl, the decrease in K* content was more dramatic in barley (82.80%),
and in the stems of plants - in emmer (41.69 %). The tendency of K* content decreasing
also remained in emmer leaves, whilst in wheat, oat and barley leaves, on the contrary,
along with the increase in NaCl concentration, an increase in K* content was mainly
observed (at 500 mM NaCl concentration - in wheat and starting from 300 mM NaCl - in
barley the content of K* decreased). The content of K" in leaves of plants grown in
500 mM NaCl medium compared to those grown in 0 mM NaCl enhanced more
significantly in oat (79.11%). An increase in Na* and CI" contents was mainly observed
in the roots, stems and leaves of crops along with the increase in NaCl concentration.
Only in some cases (for example, in the roots of oat, emmer, and barley), at high NaCl
concentrations, a certain decrease in Na* and CI" contents was observed, which was
probably caused by the activation of crop defense mechanisms. Compared to control, the
greatest increase in Na* content in roots was observed in emmer (in plants grown in
300 mM NaCl medium), in stems and leaves - in wheat (in plants grown in 500 mM NaCl
medium).
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Table 3. Effect of NaCl stress on ionic content of crops root, stem and leaf (mg/g, n = 3)

Crops | Salinity degree K* Na* Ca*" cr TDS
(NaCl, mM) root stem leaf root stem leaf root stem leaf root stem leaf root stem leaf
0 341 14.80 9.36 7.67 0.81 1.48 3.63 0.25 2.92 0.02 0.02 0.02 24.8 28.8 35.4
100 4.01 19.80 9.80 12.33 8.47 9.89 2.90 0.28 1.73 1.11 0.50 0.47 355 489 55.5
200 3.99 20.00 9.89 18.04 10.80 12.92 3.57 0.32 1.25 3.63 3.95 3.75 434 55.5 56.8
Wheat 300 3.25 16.10 10.07 18.94 20.10 17.33 3.16 0.36 1.25 6.04 10.85 13.40 47.3 62.2 61.9
400 2.77 14.60 11.45 18.70 23.20 19.05 3.34 0.40 1.23 10.15 14.50 14.60 47.6 75.6 64.7
500 2.74 11.97 10.96 19.30 33.62 23.86 2.88 0.47 1.20 11.01 32.00 21.10 47.8 93.9 72.8
0 2.64 12.07 6.32 5.23 4.54 5.58 0.78 0.42 1.88 0.04 0.04 0.03 19.7 34.3 42.9
100 5.45 13.50 6.34 15.50 20.95 23.00 0.94 0.41 1.56 0.45 0.84 3.12 39.7 67.7 63.4
200 4.88 12.37 6.62 19.01 30.30 26.76 0.94 0.48 1.56 221 5.22 4.35 43.9 92.0 72.3
oat 300 3.49 11.60 8.77 19.92 38.10 28.66 0.62 0.60 1.25 7.15 13.50 15.30 47.8 106.1 94.0
400 1.71 11.45 10.72 18.78 45.45 35.42 0.62 0.62 1.88 7.55 28.30 25.50 43.8 125.1 103.3
500 1.41 11.05 11.32 18.35 46.78 39.85 0.62 0.61 1.72 7.52 44.60 36.10 41.7 141.3 125.1
0 5.49 12.45 9.68 5.63 3.32 3.36 1.19 0.63 1.19 0.09 0.03 0.13 24.2 25.9 39.3
100 4.97 14.63 5.61 16.98 19.72 8.48 1.28 0.42 0.94 1.20 0.56 1.46 39.7 57.4 44.8
200 3.76 13.95 5.75 19.25 33.28 15.65 1.04 0.46 1.25 6.07 10.88 4.43 43.3 72.2 55.9
Emmer 300 2.85 9.76 4.55 21.64 62.28 27.14 1.23 0.61 1.28 9.55 36.00 20.10 50.6 119.1 74.8
400 2.73 7.24 321 19.78 64.03 26.75 1.31 0.52 1.25 12.60 43.50 18.00 431 120.8 73.6
500 231 7.26 331 18.58 65.20 27.32 1.25 0.63 1.37 10.54 53.30 17.40 40.0 122.7 734
0 3.72 12.23 11.45 7.50 4.08 4.08 1.09 0.40 1.75 0.05 0.04 0.03 24.9 28.9 441
100 3.48 17.10 18.96 19.86 22.30 13.35 1.14 0.42 1.61 0.53 1.05 0.38 411 60.6 62.1
Barley 200 2.04 14.70 19.22 24.00 34.13 18.85 1.08 0.49 1.50 6.25 13.50 4.16 404 67.8 716
300 0.84 12.50 14.35 24.40 48.64 27.20 1.25 0.52 1.57 5.12 25.70 22.20 38.3 97.0 84.4
400 0.65 10.15 14.85 23.80 61.51 32.90 1.21 0.63 1.50 5.34 56.00 27.40 37.1 117.1 96.6
500 0.64 10.05 14.75 20.50 60.43 37.28 1.04 0.63 1.62 4.97 56.40 32.00 355 120.1 109.6
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While from among plants grown in 500 mM NaCl medium the greatest increase in CI°
content was observed in root of wheat, in stems - in emmer, and in leaves - in oat. The
change in Ca®* content in the roots and leaves of crops along with the increase in NaCl
concentration in the root medium was mostly not significant. In parallel with the increase
in NaCl concentration, an increase in Ca?* content was observed in stems of wheat, oat
and barley, while the change in Ca?* content in emmer was not significant. Along with
the increase in NaCl concentration, a decrease in Ca?* content in wheat leaves was
observed, whereas the change was not significant in the rest of the crops.

The change of Na'/K" ratio in the roots, stems and leaves of different crops in parallel
with the increase in NaCl concentration in the root medium, proceeded differently. In
particular, in comparison with control, in the roots of plants the increase in Na*/K" ratio
was greater in barley; in the stems of studied crops the increase was greater in wheat, and
in the leaves - in emmer. It should be noted that in absolute values, the Na*/K* ratio in
the stem was the smallest in wheat, and the largest - in emmer.

Analysis of roots, stems and leaves of plants showed that along with the increase in
NaCl concentration, an increase in the value of TDS was mainly observed. Only in oat,
emmer, barley roots and in leaves of emmer, a certain decrease in TDS was observed in
case of high NaCl concentrations in the root medium. Compared to 0 mM NacCl, the
greatest increase of TDS in roots and leaves was observed in oat (1.43 times - in roots of
plants grown in 300 mM NaCl medium and 1.92 times - in leaves of plants grown in
500 mM NaCl medium), while the greatest increase of TDS in stems was observed in
emmer (3.74 times - in plants grown in 500 mM NaCl medium).

Phytodesalination capacity of studied crops

In roots, stems and leaves of crops harvested after 30 days of NaCl treatment,
significantly higher accumulation of Na* and CI- was observed than in control plants
(Table 3). From a phytodesalination viewpoint, the amount of Na* and CI- accumulated
in the above-ground mass of plants is the most important. As a result of studies, it was
found out that the greatest accumulation of Na* and CI" in the stems was observed in
emmer and barley, and the accumulation of the mentioned ions in the leaves was greater
in oat and barley (Table 4). In general, along with the increase in NaCl content in the root
medium, the above-ground mass of all crops decreased, but the Na* and CI" content
increased there. From the calculations it was found that oat has the highest
phytodesalination capacity and wheat - the least.

Table 4. The mass of Na* and CI" (mg) accumulated in the above-ground parts of the studied
crops (per plant)

Crops [Salinity degree (NaCl, mM)| Na* Cr Crops [Salinity degree (NaCl, mM)| Na* Cl
100 19.95 111 100 37.05 1.59
200 19.36 6.69 200 4744 | 1528
Wheat 300 21.87 | 12.89 | Emmer 300 59.65 | 35.52
400 19.94 | 13.08 400 57.42 | 3897
500 28.22 | 26.49 500 51.13 | 40.82
100 65.31 391 100 54.12 241
200 66.65 | 11.36 200 54.48 | 20.36
Oat 300 57.95 | 22.23 | Barley 300 53.86 | 30.41
400 68.80 | 43.96 400 55.89 | 50.35
500 72.05 | 68.07 500 51.68 | 47.66
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Discussion

Salinity, especially NaCl-induced stress, is a significant environmental threat
interfering with the capacity of crops to reach their full genetic potential, as it induces a
number of growth and developmental restrictions. Therefore, for the enhancement of crop
productivity it is crucial to select salt-tolerant crops. Comparison between some grasses
that have different tolerance to salinity is necessary in order to characterize the most
pertinent physiological and molecular mechanisms responsible for such reaction (Rao et
al., 2023) as well as to supply useful information concerning the distinguishing traits that
can facilitate the finding of new genotypes tolerant to stress (Taibi et al., 2016; Souana et
al., 2020). Various studies related to salt-tolerance of wheat, oat, emmer and barley have
been carried out by a number of scientists (Munns et al., 2016; Sapre et al., 2018; Aycan
et al., 2021; Oubaidou et al., 2021). According to the results of numerous studies the salt
tolerance of crops depends not only on genetic characteristics, but also on the
environmental factors, the properties of growth medium, and various irrigation
managements. Indications show that some environmental conditions such as humidity,
temperature, intensity of light etc. significantly affect plant response to salt stress
(Rodrigues et al., 2016; Arain et al., 2021). In order to make a more reliable assessment
in this regard, it is very important to compare crops salt tolerance with each other under
the same environmental conditions.

NaCl stress is a complicate physiological and multifactorial phenomenon
characterized by a spectrum of stresses colaterally with various morphophysiological and
biochemical changes (Srivastava et al., 2015). In the current study, the growth indicators,
physiological and biochemical responses of some varieties of wheat, oat, emmer, and
barley to NaCl-induced stress were investigated. We have also properly studied the ability
of these crops to accumulate Na and ClI under conditions of different NaCl concentrations
in the root media.

Growth parameters such as shoot length, stem diameter, FM and DM in different crops
were changed in different ways along with the increase in concentrations of NaCl in the
root medium. In all crops, in parallel with the increase in salinity, a reduction in plant
height was observed, but after reaching the high concentrations of NaCl, the stabilization
of the mentioned parameter was observed. It should be noted that the decline in height
occurred more sharply in emmer and starting from 200 mM NaCl concentration did not
undergo significant changes, whilst in wheat and barley the stabilization began from 300
mM NaCl concentration, and in oat - from 400 mM NaCl concentration. In other words,
due to the various adaptation mechanisms activated in oat, the plant was able to maintain
a certain growth even in the case of 300 mM NaCl concentration in the root medium, and
from four studied crops, the least decrease in the growth in the medium of 500 mM NacCl
compared to control was observed in oat. Similar results concerning growth inhibition
under salt stress conditions have been stated in other glycophytic (salinity sensitive) crops
(Taibi et al., 2016; Souana et al., 2020). On the contrary, in some salt-tolerant plant
species (Pennisetum giganteum, alfalfa), an increase in shoot length was observed along
with the increase of salinity up to a certain critical level (Steppuhn et al., 2012; Hayat et
al., 2020b).

Measurement of biomass accumulation under regulated conditions can allow the
assessment of NaCl stress response along with tolerance and other life-supporting
functions of plants (Gong et al., 2013). Furthermore, NaCl tolerance was commonly
evaluated by comparing biomass loss under long-term saline against non-saline
conditions (Li et al., 2022). Compared to plants grown in 0 mM NaCl medium, the
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maximal reduction of root, stem, leaf FM and DM in all studied crops grown in 500 mM
NaCl medium (except the FM of root) was observed in emmer, and the least decrease was
registered in wheat root and leaf FM, barley root DM, oat stem FM, DM, and leaf DM.
These effects included decrease in various growth parameters of oat, wheat, barley and
other crops, like the main responses to salt stress revealed by other researchers (Al-
Karaki, 2001; Wang et al., 2001; Dang et al., 2008; Han et al., 2013, 2015; Ali et al.,
2022; Zia-ur-Rehman et al., 2023). As in the case of shoot length, FM and DM also
significantly decreased in emmer at 100 mM and 200 mM NaCl concentrations, whilst in
some above-ground organs of the rest of crops, the increase of FM and DM was even
observed at 100 mM NaCl concentration.

In different crops, the changes in RWC%, LWC%, SWC%, REL and LS under
conditions of NaCl treatment were registered. Among studied crops grown in 500 mM
NaCl medium in comparison with 0 mM NacCl, the most intensive dehydration of plant
roots occurred in barley, of stems - in emmer, and of leaves - in oat. RWC%, SWC% and
LWC% are the major indicators of plant metabolic activity and water status under
conditions of abiotic stress (Ashraf et al., 2013). If plants are able to resist and to some
extent to counteract the changes in these determinants, this indicates an effective redox
homeostasis and osmotic regulation in leaves and roots of crops (Ellouzi et al., 2014). An
intensive dehydration was observed in plant species less adapted to salinity, such as
tomato plant (Tanveer et al., 2020), whereas halophyte plants, like Frankenia
pulverulenta and Atriplex prostrata avoided dehydration of tissues (Bueno et al., 2020).

The extent of REL from plants (particularly sensitive to salinity rather than tolerant)
tissues can be regarded as a factor in permeability changes of membrane and considered
as a biomarker of stress (Ghorbani et al., 2019). The largest increase of REL in parallel
to the increase in NaCl concentration was revealed in emmer, while this index did not
undergo significant changes in oat. Tolerant plant species typically accumulate large
amounts of organic solutes to neutralize the inhibitory influence of osmotic stress as a
result of NaCl-induced tissue water content reduction and increase in REL (Ashraf et al.,
2013; Al Murad et al., 2020). The change of LS was different in various crops, in
particular, it decreased in emmer, increased in barley, and the change was not significant
in the other two crops. The increase in leaf succulence (namely the content of water per
unit area) is one of the main mechanisms (that supresses the transpiration) used by plants
to react to a low external water potential caused by salinity (Ma et al., 2019). In addition,
a decrease in water potential along with other salinity-related stresses is commonly
associated with a number of effects in some glycophytic plants, including (1) a decrease
in RWC%, (2) cellular dehydration, (3) a decline of osmotic potential, (4) reduced water
uptake, and (5) loss of turgor, in this way affecting the growth and productivity of plants
(Akgay et al., 2012; Chakraborty et al., 2012).

NaCl stress reduces the activity of photosynthesis by the decrease in chlorophyll
content. The change in the level of photosynthetic pigments caused by salinity-induced
oxidative stress (as a result of formation of reactive oxygen species) can be interpreted as
an effective biochemical marker of plant tolerance to stress (Panda et al., 2019; Hayat et
al., 2020b). The change in photosynthetic pigments in tolerant plant species is
significantly less than in sensitive ones, even when they are treated with higher
concentrations of NaCl (Shafeiee and Ehsanzadeh, 2019; Causin et al., 2020). The studies
revealed that 30 days after the completion of the treatment with NaCl the least decrease
in CCl value was observed in wheat in all experimental schemes compared to 0 mM NacCl
in the root medium, followed by barley (under conditions of 100 mM, 200 mM and
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300 mM NacCl in the root medium) and oat (under conditions of 400 mM and 500 mM
NaCl), whilst the greatest decrease in the value of CCl in all schemes of the experiment
was observed in emmer. The intense reduction in contents of photosynthetic pigments
was described both in halophytic and glycophytic plants as a result of NaCl-induced stress
(Boriboonkaset et al., 2013; Amjad et al., 2015).

Photosynthetic activity is regarded as a significant indicator for the effective
assessment of crop yield, persistance, and high responsivity to salt stress (Foyer, 2018).
Photosynthetic capability decreases under conditions of salt stress specified by lower
stomatal conductance and water supply as well as reduced photosynthetic pigments
(Amjad et al., 2015; Baniasadi et al., 2018; Shoukat et al., 2023). Stomata counterbalance
CO: intake by leaf for photosynthetic carbon increase with concomitant water loss
(Hedrich and Shabala, 2018). Among the crops grown in 500 mM NaCl medium
compared to 0 mM NaCl, the maximum decrease in photosynthetic rate was observed in
emmer and the least - in wheat. A similar result was also recorded concerning the change
of CClI values, which was also consistent with the results of studies implemented by other
researchers (Shabala et al., 2005). The transpiration rate also decreased in almost all
crops. Salinity and lower water potential stimulate the biosynthesis of leaf abscisic acid,
which eventually signalizes for the closure of stomata and aids plants to exclude water
loss under salinity stress (Hedrich and Shabala, 2018).

The accumulation of mineral elements in roots and shoots of plants is another
important physiological mechanism of adaptation to salinity (Joshi et al., 2023; Singh et
al., 2023). Homeostasis and regulation of ion transport is one of the key indicators of plant
salinity tolerance (Isaenkov and Maathuis, 2019). Some halophytic monocotyledons and
most glycophytes have tendency to restrict the transport of toxic ions, primarily of Na*,
to plant leaves, while halophytic dicotyledons tend to accumulate toxic ions in the shoots,
that is a beneficial mechanism for increasing osmotic pressure and maintaining cell turgor
in foliar tissues (Tejera et al., 2006; Al-Hassan et al., 2016b). The studied crops, using
various physiological adaptation mechanisms, accumulated ions (Na*, CI-, K* and Ca?")
in their organs in different ways. Along with the increase in NaCl concentration in the
root medium, the K* content in the roots and stems of all crops first increased, and then
significantly decreased, except for emmer and barley roots, where the K* content
decreased at once. And in the leaves (except for emmer) of plants under the salt treatment
the content of K* increased, compared to plants grown in 0 mM NaCl medium. A high
content of K in young growing tissues is related to salt tolerance in many plants (Larbi et
al., 2020). The contents of Na* and CI" in the roots, stems and leaves of the studied crops
mainly increased along with the increase in NaCl concentration in the root medium, which
is known to impede the uptake of nutrients and exert influence upon the plant growth
(Javaid et al., 2019). The Na'/K* ratio is also very important from the point of view of
activating the adaptation mechanisms of crops to salt stress. In the roots of plants grown
in 500 mM NaCl medium in comparison with the plants grown in 0 mM NaCl medium,
the mentioned ratio increased the least in wheat, whereas the Na*/K* ratio in the stems
and leaves increased the least in oat, followed by barley. Other researchers have also
found an increase in the Na*/K" ratio in crops, such as canola, maize, chickpea, wheat,
barley, and lettuce along with the increase in salinity in the root medium (Kara and Keser,
2001; Tarakcioglu and Inal, 2002; Grewal, 2010). This increase in Na*/K" ratio in plants
with increasing NaCl concentration in soil may be conditioned by the competition of Na*
with K™ (Othman et al., 2023). This emulation can be at the level of absorption or transport
or both. The results obtained in this study showed that the higher tolerance of crops could
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be interpreted by the comparatively less variation in Na*/K* ratio and the availability of
mechanisms limiting the transport of Na® from the roots of crops to the above-ground
parts. This mechanism, which is more effective in salt-tolerant crops, minimizes the
adverse impact of Na* accumulation in leaves, and ensures the less change in Na*/K* ratio
by reducing Na* and increasing K* transport from roots (Bayuelo-Jiménez et al., 2012;
Assaha et al., 2017). Significant increase in Na" noted in the leaves of wheat, oat and
barley under salinity stress was concomitant with the increase in K* concentrations, which
indicated the activation of some physiological adaptation mechanisms. However, along
with the increase in Na* content in the leaves of emmer, a decrease in K* concentration
was observed there. Similar results were observed in bean, when plants exposed to salinity
absorbed large amounts of Na* but lost high amounts of K* (Taibi et al., 2016).
Absorption of Na* causes depolarization of plasma membrane, initiating the activation of
outward-directed K* channels, and consequently the loss of cellular K* (Ma et al., 2019).
Higher Na" and K* accumulations were the characteristics of crops tolerant to salinity.
The results of the present study prove that the capability to withstand salt stress is a
function of ion accumulation and the capacity to uptake K* by roots and to transfer it to
the leaves, as far as the differences in the content of K are important in all instances.

The results of the correlation analysis of various chemical, growth and tissue tolerance
indices of the studied crops and NaCl content in the root medium clearly showed that the
NaCl content had a negative correlation with almost all growth and physiological
parameters of crops. However, depending on the extent of resistance of the crops and the
peculiarities of the involvement of defensive mechanisms, certain differences were
observed. For example, cell membrane damage, determined by REL, as a result of the
increase in NaCl content, changed the least in oat, leaf succulence increased the most in
barley, and water use efficiency was the greatest in wheat.

Phytodesalination can be characterized as the phytoextraction of salts by the use of
plants with ability to take up NaCl. Phytodesalination has been elaborated in recent years
and has shown perspective results in various types of remediation projects such as the
restoration of agricultural soils (Ravindran et al., 2007; Rabhi et al., 2010). Plants selected
for phytosalination must be able to accumulate adequate amounts of Na* and CI" in their
above-ground parts and tolerate elevated level of salinity (which can interfere with
nutrition). The halophyte plants are able to accumulate large amounts of salts, but
generally form small biomass. Some time ago, a debate arose among researchers about
what was more essential for phytoremediation between hyperaccumulation of ions in
shoots and high biomass of shoots (Ghazaryan et al., 2022). In this regard, not only the
ability of plant to accumulate salts is very important, but also the formation of large
above-ground biomass. In our study, substantial difference in uptake of ions was found
out among the four crops. Oat has the greatest phytodesalination potential among the
studied crops, and wheat - the least. Considering the fact that oat and barley compared to
the other two crops, at high contents of NaCl in the root medium in general maintain their
viability better, form large biomass and accumulate more Na* and CI in their above-
ground organs, they can be used for remediation and revegetation of salt-impacted
agricultural soils.

Conclusions

Study results demonstrate different tolerance capability of wheat, oat, emmer and
barley to endure increasing concentrations of NaCl in the root medium. There was
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significantly more adverse effect of rising level of root medium salinity on main growth
attributes, REL, LS, CCI, photosynthetic rate, and transpiration rate of emmer compared
with barley, oat, and wheat. The results of the present study prove that the ability to
tolerate salt stress is a function of ion accumulation and the capacity to uptake K* by roots
and transfer it to the leaves. Significant increase in Na* noted in the leaves of wheat, oat
and barley under salinity stress was concomitant with the increase in K™ concentrations,
which indicated the activation of some physiological adaptation mechanisms. However,
in the leaves of emmer, along with the increase in Na* content, a decrease in K*
concentration was observed. Thus, emmer was impacted the most followed by wheat, oat,
and barley at the highest level of root medium salinity. And since emmer is the most
sensitive to salinity stress it will be impractical to grow it on salinized soils. Growing of
comparatively tolerant species like oat and barley may be more appropriate and realistic;
accordingly, they could be the better choice for saline agriculture. It should be mentioned
that oat in addition to salt stress tolerance developed larger biomass and accumulated
more Na* and CI" in shoots in comparison with the rest of studied crops, therefore it had
the strongest phytodesalination capacity.

Considering the fact that barley and oat accumulate large amounts of ions in their
above-ground parts and that they are viable and productive (with abundant biomass even
when growing in highly saline environments), these plants could be assumed as promising
tolerant and salt accumulating crops for further research in the field of sustainable crop
production and concurrent phytodesalination.

Acknowledgements. This work was supported by the Science Committee of the Republic of Armenia, in
the frames of the research project Ne 21 AG-4C075.

Declaration of competing interests. The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in this paper.

REFERENCES

[1] Abouelsaad, I., Renault, S. (2018): Enhanced oxidative stress in the jasmonic acid-deficient
tomato mutant def-1 exposed to NaCl stress. — Journal of Plant Physiology 226: 136-144.
https://doi.org/10.1016/j.jplph.2018.04.009.

[2] Afridi, M. S., Amna, Sumaira, Mahmood, T., Salam, A., Mukhtar, T., Mehmood, S., Ali,
J., Khatoon, Z., Bibi, M., Javed, M. T., Sultan, T., Chaudhary, H. J. (2019): Induction of
tolerance to salinity in wheat genotypes by plant growth promoting endophytes:
involvement of ACC deaminase and antioxidant enzymes. — Plant Physiology and
Biochemistry 139: 569-577. https://doi.org/10.1016/j.plaphy.2019.03.041.

[3] Adgarie, S., Shimoda, T., Shimizu, Y., Baumann, K., Sunagawa, H., Kondo, A., Ueno, O.,
Nakahara, T., Nose, A., Cushman, J. C. (2007): Salt tolerance, salt accumulation, and ionic
homeostasis in an epidermal bladder-cell-less mutant of the common ice plant
Mesembryanthemum crystallinum. — Journal of Experimental Botany 58: 1957-1967.
https://doi.org/10.1093/jxb/erm057.

[4] Akgay, N., Bor, M., Karabudak, T., Ozdemir, F., Tiirkan, I. (2012): Contribution of Gamma
amino butyric acid (GABA) to salt stress responses of Nicotiana sylvestris CMSII mutant
and wild type plants. — Journal of Plant Physiology 169: 452-458.
https://doi.org/10.1016/j.jplph.2011.11.006.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/j.plaphy.2019.03.041
https://doi.org/10.1093/jxb/erm057
https://doi.org/10.1016/j.jplph.2011.11.006

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline

[5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

agriculture
- 4872 -

Alam, A., Sharma, V. (2017): Potential of glycophytes and halophytes in phytoremediation
of salt and metal contaminated soils: a review. — Current Environmental Engineering 4: 53-
65. https://doi.org/10.2174/2212717804666161223125039.

Al Hassan, M., Lopez-Gresa, M. P., Boscaiu, M., Vicente, O. (2016a): Stress tolerance
mechanisms in Juncus: responses to salinity and drought in three Juncus species adapted to
different natural environments. — Functional Plant Biology 43: 949-960.
https://doi.org/10.1071/FP16007.

Al Hassan, M., Pacurar, A., Lopez-Gresa, M. P., Donat-Torres, M. P., Llinares, J. V.,
Boscaiu, M., Vicente, O. (2016b): Effects of salt stress on three ecologically distinct
Plantago species. — PLOS One 11: e0160236.
https://doi.org/10.1371/journal.pone.0160236.

Ali, A. Y. A,, Ibrahim, M. E. H., Zhou, G., Zhu, G., Elsiddig, A. M. I, Suliman, M. S. E.,
Elradi, S. B. M., Salah, E. G. I. (2022): Interactive impacts of soil salinity and jasmonic
acid and humic acid on growth parameters, forage yield and photosynthesis parameters of
sorghum plants. — South African Journal of Botany 146: 293-303.
https://doi.org/10.1016/j.sajb.2021.10.027.

Al-Karaki, G. N. (2001): Germination, sodium and potassium concentrations of barley
seeds as influenced by salinity. — Journal of Plant Nutrition 24: 511-522.
https://doi.org/10.1081/PLN-100104976.

Al Murad, M., Khan, A. L., Muneer, S. (2020): Silicon in horticultural crops: cross-talk,
signaling, and tolerance mechanism under salinity stress. — Plants 9: 460.
https://doi.org/10.3390/plants9040460.

Amjad, M., Akhtar, S. S., Yang, A., Akhtar, J., Jacobsen, S-E. (2015): Antioxidative
response of quinoa exposed to iso-osmotic, ionic and non-ionic salt stress. — Journal of
Agronomy and Crop Science 201: 452-460. https://doi.org/10.1111/jac.12140.

Arain, S., Meer, M., Sajjad, M., Yasmin, H. (2021): Light contributes to salt resistance
through GAI protein regulation in Arabidopsis thaliana. — Plant Physiology and
Biochemistry 159: 1-11. https://doi.org/10.1016/j.plaphy.2020.12.004.

Ashraf, M. A., Rasool, M., Ali, Q., Haider, M. Z., Noman, A., Azeem, M. (2013): Salt-
induced perturbation in growth, physiological attributes, activities of antioxidant enzymes
and organic solutes in mungbean (Vigna radiata L.) cultivars differing in salinity tolerance.
— Archives of Agronomy and Soil Science 59: 1695-1712.
https://doi.org/10.1080/03650340.2012.758840.

Aslam, R., Bostan, N., Nabgha-e-Amen, Maria, M., Safdar, W. (2011): A critical review
on halophytes: Salt tolerant plants. — Journal of Medicinal Plants Research 5: 7108-7118.
https://doi.org/10.5897/JMPRx11.009.

Assaha, D. V. M., Ueda, A., Saneoka, H., Al-Yahyai, R., Yaish, M. W. (2017): The role of
Na* and K* transporters in salt stress adaptation in glycophytes. — Frontiers in Physiology
8: 509. https://doi.org/10.3389/fphys.2017.00509.

Aycan, M., Baslam, M., Asiloglu, R., Mitsui, T., Yildiz, M. (2021): Development of new
high-salt tolerant bread wheat (Triticum aestivum L.) genotypes and insight into the
tolerance mechanisms. — Plant Physiology and Biochemistry 166: 314-327.
https://doi.org/10.1016/j.plaphy.2021.05.041.

Baniasadi, F., Saffari, V. R., Moud, A. A. M. (2018): Physiological and growth responses
of Calendula officinalis L. plants to the interaction effects of polyamines and salt stress. —
Scientia Horticulturae 234: 312-317. https://doi.org/10.1016/j.scienta.2018.02.069.
Bayuelo-Jiménez, J. S., Jasso-Plata, N., Ochoa, I. (2012): Growth and physiological
responses of Phaseolus species to salinity stress. — International Journal of Agronomy 2012:
527673. https://doi.org/10.1155/2012/527673.

Boriboonkaset, T., Theerawitaya, C., Yamada, N., Pichakum, A., Supaibulwatana, K., Cha-
Um, S., Takabe, T., Kirdmanee, C. (2013): Regulation of some carbohydrate metabolism-
related genes, starch and soluble sugar contents, photosynthetic activities, and yield

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.2174/2212717804666161223125039
https://doi.org/10.1071/FP16007
https://doi.org/10.1371/journal.pone.0160236
https://doi.org/10.1016/j.sajb.2021.10.027
https://doi.org/10.1081/PLN-100104976
https://doi.org/10.3390/plants9040460
https://doi.org/10.1111/jac.12140
https://doi.org/10.1016/j.plaphy.2020.12.004
https://doi.org/10.1080/03650340.2012.758840
https://doi.org/10.3389%2Ffphys.2017.00509
https://doi.org/10.1016/j.plaphy.2021.05.041
http://dx.doi.org/10.1016/j.scienta.2018.02.069
https://doi.org/10.1155/2012/527673

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

agriculture
- 4873 -

attributes of two contrasting rice genotypes subjected to salt stress. — Protoplasma 250:
1157-1167. https://doi.org/10.1007/s00709-013-0496-9.

Bueno, M., Lendinez, M. L., Calero, J., Cordovilla, M. P. (2020): Salinity responses of
three halophytes from inland saltmarshes of Jaén (southern Spain). — Flora 266: 151589.
https://doi.org/10.1016/j.flora.2020.151589.

Causin, H. F., Bordén, D. A., Burrieza, H. (2020): Salinity tolerance mechanisms during
germination and early seedling growth in Chenopodium quinoa Wild. genotypes with
different sensitivity to saline stress. — Environmental and Experimental Botany 172:
103995. https://doi.org/10.1016/j.envexpbot.2020.103995.

Chakraborty, K., Sairam, R. K., Bhattacharya, R. C. (2012): Differential expression of salt
overly sensitive pathway genes determines salinity stress tolerance in Brassica genotypes.
— Plant Physiology and Biochemistry 51: 90-101.
https://doi.org/10.1016/j.plaphy.2011.10.001.

Chaves, M. M., Flexas, J., Pinheiro, C. (2009): Photosynthesis under drought and salt
stress: regulation mechanisms from whole plant to cell. — Annals of Botany 103: 551-560.
https://doi.org/10.1093/aob/mcn125.

Cheeseman, J. (2016): Food Security in the Face of Salinity, Drought, Climate Change, and
Population Growth. — In: Khan, M. A., Ozturk, M., Gul, B., Ahmed, M. Z. (eds.)
Halophytes for Food Security in Dry Lands. Academic Press, pp. 111-124.
https://doi.org/10.1016/B978-0-12-801854-5.00007-8.

Cigek, N., Oukarroum, A., Strasser, R. J., Schansker, G. (2018): Salt stress effects on the
photosynthetic electron transport chain in two chickpea lines differing in their salt stress
tolerance. — Photosynthesis Research 136: 291-301. https://doi.org/10.1007/s11120-017-
0463-y.

Dang, Y. P, Dalal, R. C., Mayer, D. G., McDonald, M., Routley, R., Schwenke, G. D.,
Buck, S. R., Daniells, I. G., Singh, D. K., Manning, W., Ferguson, N. (2008): High subsoil
chloride concentrations reduce soil water extraction and crop yield from Vertosols in north-
eastern Australia. — Australian Journal of Agricultural Research 59: 321-330.
https://doi.org/10.1071/AR07192.

Deinlein, U., Stephan, A. B., Horie, T., Luo, W., Xu, G., Schroeder, J. I. (2014): Plant salt-
tolerance mechanisms. — Trends in Plant Science 19: 371-379.
https://doi.org/10.1016/j.tplants.2014.02.001.

Dionisio-Sese, M. L., Tobita, S. (1998): Antioxidant responses of rice seedlings to salinity
stress. — Plant Science 135: 1-9. https://doi.org/10.1016/S0168-9452(98)00025-9.

Dong, Z-Y., Rao, M. P. N., Wang, H-F., Fang, B-Z., Liu, Y-H,, Li, L., Xiao, M., Li, W-J.
(2019): Transcriptomic analysis of two endophytes involved in enhancing salt stress ability
of Arabidopsis thaliana. — Science of the Total Environment 686: 107-117.
https://doi.org/10.1016/j.scitotenv.2019.05.483.

Ellouzi, H., Hamed, K. B., Hernandez, 1., Cela, J., Miiller, M., Magné, C., Abdelly, C.,
Munné-Bosch, S. (2014): A comparative study of the early osmotic, ionic, redox, and
hormonal signaling response in leaves and roots of two halophytes and a glycophyte to
salinity. — Planta 240: 1299-1317. https://doi.org/10.1007/s00425-014-2154-7.

FAO, IFAD and WFP (2013): The State of Food Insecurity in the World 2013. The
Multiple Dimensions of Food Security. — FAO, Rome.

Flowers, T. J., Muscolo, A. (2015): Introduction to the special issue: halophytes in a
changing world. — AoB Plants 7: plv020. https://doi.org/10.1093/aobpla/plv020.

Foyer, C. H. (2018): Reactive oxygen species, oxidative signaling and the regulation of
photosynthesis. — Environmental and Experimental Botany 154: 134-142.
https://doi.org/10.1016/j.envexpbot.2018.05.003.

Garnier, E., Shipley, B., Roumet, C., Laurent, G. (2001): A standardized protocol for the
determination of specific leaf area and leaf dry matter content. — Functional Ecology 15:
688-695. https://doi.org/10.1046/j.0269-8463.2001.00563.X.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1007/s00709-013-0496-9
https://doi.org/10.1016/j.flora.2020.151589
https://doi.org/10.1016/j.envexpbot.2020.103995
https://doi.org/10.1016/j.plaphy.2011.10.001
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1007/s11120-017-0463-y
https://doi.org/10.1007/s11120-017-0463-y
https://doi.org/10.1016/S0168-9452(98)00025-9
https://doi.org/10.1016/j.scitotenv.2019.05.483
https://doi.org/10.1007/s00425-014-2154-7
https://doi.org/10.1093/aobpla/plv020
https://doi.org/10.1016/j.envexpbot.2018.05.003
https://doi.org/10.1046/j.0269-8463.2001.00563.x

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

agriculture
- 4874 -

Ghazaryan, K. A., Movsesyan, H. S., Minkina, T. M., Nevidomskaya, D. G., Rajput, D. V.
(2022): Phytoremediation of copper-contaminated soil by Artemisia absinthium:
comparative effect of chelating agents. — Environmental Geochemistry and Health 44:
1203-1215. https://doi.org/10.1007/s10653-021-01151-2.

Ghorbani, A., Omran, V. O. G., Razavi, S. M., Pirdashti, H., Ranjbar, M. (2019):
Piriformospora indica confers salinity tolerance on tomato (Lycopersicon esculentum Mill.)
through amelioration of nutrient accumulation, K*/Na" homeostasis and water status. —
Plant Cell Reports 38: 1151-1163. https://doi.org/10.1007/s00299-019-02434-w.

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F.,
Pretty, J., Robinson, S., Thomas, S. M., Toulmin, C. (2010): Food security: the challenge
of feeding 9 billion people. — Science 327: 812-818.
https://doi.org/10.1126/science.1185383.

Gong, B., Wen, D., VandenLangenberg, K., Wei, M., Yang, F., Shi, Q., Wang, X. (2013):
Comparative effects of NaCl and NaHCOs stress on photosynthetic parameters, nutrient
metabolism, and the antioxidant system in tomato leaves. — Scientia Horticulturae 157: 1-
12. https://doi.org/10.1016/j.scienta.2013.03.032.

Gonzalez, L., Gonzalez-Vilar, M. (2001): Determination of Relative Water Content. — In:
Reigosa Roger, M. J. (ed.) Handbook of Plant Ecophysiology Techniques. Springer,
Dordrecht, pp. 207-212. https://doi.org/10.1007/0-306-48057-3_14.

Grewal, H. S. (2010): Water uptake, water use efficiency, plant growth and ionic balance
of wheat, barley, canola, and chickpea plants on a sodic vertosol with variable subsoil NaCl
salinity. — Agricultural Water Management 97: 148-156.
https://doi.org/10.1016/j.agwat.2009.09.002.

Gupta, B., Huang, B. (2014): Mechanism of salinity tolerance in plants: physiological,
biochemical, and molecular characterization. — International Journal of Genomics ID
701596. https://doi.org/10.1155/2014/701596.

Han, L., Liu, H., Yu, S., Wang, W., Liu, J. (2013): Potential application of oat for
phytoremediation of salt ions in coastal saline-alkali soil. — Ecological Engineering 61:
274-281. https://doi.org/10.1016/j.ecoleng.2013.09.034.

Han, L. P., Wang, W. H., Eneji, A. E., Liu, J. (2015): Phytoremediating coastal saline soils
with oats: accumulation and distribution of sodium, potassium, and chloride ions in plant
organs. — Journal of Cleaner Production 90: 73-81.
https://doi.org/10.1016/j.jclepro.2014.11.064.

Hasanuzzaman, M., Nahar, K., Alam, M. M., Bhowmik, P. C., Hossain, M. A., Rahman,
M. M., Prasad, M. N. V., Ozturk, M., Fujita, M. (2014): Potential use of halophytes to
remediate saline soils. — BioMed Research International ID 589341.
https://doi.org/10.1155/2014/589341.

Hayat, K., Bundschuh, J., Jan, F., Menhas, S., Hayat, S., Haq, F., Shah, M. A., Chaudhary,
H. J., Ullah, A., Zhang, D., Zhou, Y., Zhou, P. (2020a): Combating soil salinity with
combining saline agriculture and phytomanagement with salt-accumulating plants. —
Critical Reviews in Environmental Science and Technology 50: 1085-1115.
https://doi.org/10.1080/10643389.2019.1646087.

Hayat, K., Zhou, Y., Menhas, S., Bundschuh, J., Hayat, S., Ullah, A., Wang, J., Chen, X,
Zhang, D., Zhou, P. (2020b): Pennisetum giganteum: An emerging salt
accumulating/tolerant non-conventional crop for sustainable saline agriculture and
simultaneous  phytoremediation. —  Environmental Pollution 265: 114876.
https://doi.org/10.1016/j.envpol.2020.114876.

Hedrich, R., Shabala, S. (2018): Stomata in a saline world. — Current Opinion in Plant
Biology 46: 87-95. https://doi.org/10.1016/j.pbi.2018.07.015.

Heintzman, R. L., Titus, J. E., Zhu, W. (2015): Effects of roadside deposition on growth
and pollutant accumulation by willow (Salix miyabeana). — Water, Air, & Soil Pollution
226: 11. https://doi.org/10.1007/s11270-014-2270-9.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1007/s10653-021-01151-2
https://doi.org/10.1016/j.scienta.2013.03.032
https://doi.org/10.1155/2014/701596
https://doi.org/10.1155/2014/589341
https://doi.org/10.1016/j.envpol.2020.114876
https://doi.org/10.1007/s11270-014-2270-9

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

agriculture
- 4875 -

Hoagland, D. R., Arnon, D. 1. (1950): The Water-culture Method for Growing Plants
without Soil. — California Agricultural Experiment Station, Circular-347.

Isayenkov, S. V., Maathuis, F. J. M. (2019): Plant salinity stress: many unanswered
questions remain. — Frontiers in Plant Science 10: 80.
https://doi.org/10.3389/fpls.2019.00080.

Islam, M. S., Hosen, M. M. L., Uddin, M. N. (2019): Phytodesalination of saline water
using Ipomoea aquatica, Alternanthera philoxeroides and Ludwigia adscendens. —
International Journal of Environmental Science and Technology 16: 965-972.
https://doi.org/10.1007/s13762-018-1705-z.

Javaid, T., Faroog, M. A., Akhtar, J., Sagib, Z. A., Anwar-ul-Hag, M. (2019): Silicon
nutrition improves growth of salt-stressed wheat by modulating flows and partitioning of
Na*, CI- and mineral ions. — Plant Physiology and Biochemistry 141: 291-299.
https://doi.org/10.1016/j.plaphy.2019.06.010.

Jennings, D. H. (1976): The effects of sodium chloride on higher plants. — Biological
Reviews 51: 453-486. https://doi.org/10.1111/j.1469-185X.1976.tb01064.x.

Joshi, A., Rajput, V. D., Verma, K. K., Minkina, T., Ghazaryan, K., Arora, J. (2023):
Potential of Suaeda nudiflora and Suaeda fruticosa to adapt to high salinity conditions. —
Horticulturae 9: 74. https://doi.org/10.3390/horticulturae9010074.

Kara, S. M., Keser, S. (2001): Effect of salinity on plant growth and mineral constituents
of maize (Zea mays). — Indian Journal of Agricultural Sciences 71: 371-374.

Khalid, M., Hassani, D., Liao, J., Xiong, X., Bilal, M., Huang, D. (2018): An endosymbiont
Piriformospora indica reduces adverse effects of salinity by regulating cation transporter
genes, phytohormones, and antioxidants in Brassica campestris ssp. Chinensis. —
Environmental and Experimental Botany 153: 89-99.
https://doi.org/10.1016/j.envexpbot.2018.05.007.

Larbi, A., Kchaou, H., Gaaliche, B., Gargouri, K., Boulal, H., Morales, F. (2020):
Supplementary potassium and calcium improves salt tolerance in olive plants. — Scientia
Horticulturae 260: 108912. https://doi.org/10.1016/j.scienta.2019.108912.

Léuchli, A., Grattan, S. R. (2007): Plant Growth and Development under Salinity Stress. —
In: Jenks, M. A., Hasegawa, P. M., Jain, S. M. (eds.) Advances in Molecular Breeding
toward Drought and Salt Tolerant Crops. Springer, Dordrecht, pp. 1-32.
http://dx.doi.org/10.1007/978-1-4020-5578-2_1.

Li, W., Rao, S., Du, C,, Liu, L., Dai, G., Chen, J. (2022): Strategies used by two goji
species, Lycium ruthenicum and Lycium barbarum, to defend against salt stress. — Scientia
Horticulturae 306: 111430. https://doi.org/10.1016/j.scienta.2022.111430.

Liang, L., Liu, W., Sun, Y., Huo, X., Li, S., Zhou, Q. (2017): Phytoremediation of heavy
metal contaminated saline soils using halophytes: current progress and future perspectives.
— Environmental Reviews 25: 269-281. https://doi.org/10.1139/er-2016-0063.

Ma, F., Barrett-Lennard, E. G., Tian, C. Y. (2019): Changes in cell size and tissue hydration
(‘succulence’) cause curvilinear growth responses to salinity and watering treatments in
euhalophytes. —  Environmental and Experimental Botany 159: 87-94.
https://doi.org/10.1016/j.envexpbot.2018.12.003.

Manousaki, E., Kalogerakis, N. (2011): Halophytes - An emerging trend in
phytoremediation. — International Journal of Phytoremediation 13: 959-969.
https://doi.org/10.1080/15226514.2010.532241.

Munns, R., James, R. A., Gilliham, M., Flowers, T. J., Colmer, T. D. (2016): Tissue
tolerance: an essential but elusive trait for salt-tolerant crops. — Functional Plant Biology
43: 1103-1113. http://dx.doi.org/10.1071/FP16187.

Othman, Y. A., Hani, M. B., Ayad, J. Y., Hilaire, R. St. (2023): Salinity level influenced
morpho-physiology and nutrient uptake of young citrus rootstocks. — Heliyon 9(2): e13336.
https://doi.org/10.1016/j.heliyon.2023.e13336.

Oubaidou, R., Hentour, S., Houasli, C., Aboutayeb, R., EI Goumi, Y., EI Maaiden, E.,
Gaboun, F., Lamsaouri, Q., Fakiri, M. (2021): Evaluating salt tolerance in doubled haploid

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1007/s13762-018-1705-z
https://doi.org/10.1016/j.plaphy.2019.06.010
https://doi.org/10.1111/j.1469-185X.1976.tb01064.x
https://doi.org/10.3390/horticulturae9010074
https://doi.org/10.1016/j.scienta.2019.108912
http://dx.doi.org/10.1007/978-1-4020-5578-2_1
https://doi.org/10.1016/j.scienta.2022.111430
https://doi.org/10.1139/er-2016-0063
https://doi.org/10.1016/j.envexpbot.2018.12.003
https://doi.org/10.1007/s11356-009-0224-3
https://doi.org/10.1007/s11356-009-0224-3
https://doi.org/10.1016/j.heliyon.2023.e13336

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(78]

[76]

[77]

[78]

[79]

(80]

agriculture
- 4876 -

barley lines using a multivariable screening approach. — Biocatalysis and Agricultural
Biotechnology 35: 102060. https://doi.org/10.1016/j.bcab.2021.102060.

Panda, A., Rangani, J., Parida, A. K. (2019): Cross talk between ROS homeostasis and
antioxidative machinery contributes to salt tolerance of the xero-halophyte Haloxylon
salicornicum. — Environmental and Experimental Botany 166: 103799.
https://doi.org/10.1016/j.envexpbot.2019.103799.

Panta, S., Flowers, T., Lane, P., Doyle, R., Haros, G., Shabala, S. (2014): Halophyte
agriculture: success stories. — Environmental and Experimental Botany 107: 71-83.
https://doi.org/10.1016/j.envexpbot.2014.05.006.

Parihar, P., Singh, S., Singh, R., Singh, V. P., Prasad, S. M. (2015): Effect of salinity stress
on plants and its tolerance strategies: a review. — Environmental Science and Pollution
Research 22: 4056-4075. https://doi.org/10.1007/s11356-014-3739-1.

Rabhi, M., Ferchichi, S., Jouini, J., Hamrouni, M. H., Koyro, H-W., Ranieri, A., Abdelly,
C., Smaoui, A. (2010): Phytodesalination of a salt-affected soil with the halophyte
Sesuvium portulacastrum L. to arrange in advance the requirements for the successful
growth of a glycophytic crop. — Bioresource Technology 101: 6822-6828.
https://doi.org/10.1016/j.biortech.2010.03.097.

Rabhi, M., Castagna, A., Remorini, D., Scattino, C., Smaoui, A., Ranieri, A., Abdelly, C.
(2012): Photosynthetic responses to salinity in two obligate halophytes: Sesuvium
portulacastrum and Tecticornia indica. — South African Journal of Botany 79: 39-47.
https://doi.org/10.1016/j.sajb.2011.11.007.

Rabhi, M., Atia, A., Abdelly, C., Smaoui, A. (2015): New parameters for a better evaluation
of vegetative bioremediation, leaching, and phytodesalination. — Journal of Theoretical
Biology 383: 7-11. https://doi.org/10.1016/j.jtbi.2015.07.027.

Rangani, J., Parida, A. K., Panda, A., Kumari, A. (2016): Coordinated changes in
antioxidative enzymes protect the photosynthetic machinery from salinity induced
oxidative damage and confer salt tolerance in an extreme halophyte Salvadora persica L.
— Frontiers in Plant Science 7: 50. https://doi.org/10.3389/fpls.2016.00050.

Rao, Y., Peng, T., Xue, S. W. (2023): Mechanisms of plant saline-alkaline tolerance. —
Journal of Plant Physiology 281: 153916. https://doi.org/10.1016/j.jplph.2023.153916.
Ravindran, K. C., Venkatesan, K., Balakrishnan, V., Chellappan, K. P., Balasubramanian,
T. (2007): Restoration of saline land by halophytes for Indian soils. — Soil Biology and
Biochemistry 39: 2661-2664. https://doi.org/10.1016/j.s0ilbio.2007.02.005.

Rodrigues, C. R. F., Silveira, J. A. G., Viégas, R. A., Moura, R. M., Aragdo, R. M., Silva,
E. N. (2016): Combined effects of high relative humidity and K* supply mitigates damage
caused by salt stress on growth, photosynthesis, and ion homeostasis in J. curcas plants. —
Agricultural Water Management 163: 255-262.
https://doi.org/10.1016/j.agwat.2015.09.027.

Rozema, J., Flowers, T. (2008): Crops for a salinized world. — Science 322: 1478-1480.
https://doi.org/10.1126/science.1168572.

Rozema, J., Schat, H. (2013): Salt tolerance of halophytes, research questions reviewed in
the perspective of saline agriculture. — Environmental and Experimental Botany 92: 83-95.
https://doi.org/10.1016/j.envexpbot.2012.08.004.

Sapre, S., Gontia-Mishra, 1., Tiwari, S. (2018): Klebsiella sp. confers enhanced tolerance
to salinity and plant growth promotion in oat seedlings (Avena sativa). — Microbiological
Research 206: 25-32. https://doi.org/10.1016/j.micres.2017.09.0009.

Sarabi, B., Bolandnazar, S., Ghaderi, N., Ghashghaie, J. (2017): Genotypic differences in
physiological and biochemical responses to salinity stress in melon (Cucumis melo L.)
plants: Prospects for selection of salt tolerant landraces. — Plant Physiology and
Biochemistry 119: 294-311. https://doi.org/10.1016/j.plaphy.2017.09.006.

Shabala, S., Shabala, L., van Volkenburgh, E., Newman, I. (2005): Effect of divalent
cations on ion fluxes and leaf photochemistry in salinized barley leaves. — Journal of
Experimental Botany 56: 1369-1378. https://doi.org/10.1093/jxb/eri138.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/j.bcab.2021.102060
https://doi.org/10.1016/j.envexpbot.2019.103799
https://doi.org/10.1016/j.envexpbot.2014.05.006
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1016/j.sajb.2011.11.007
https://doi.org/10.1016/j.jtbi.2015.07.027
https://doi.org/10.1016/j.jplph.2023.153916
https://doi.org/10.1016/j.agwat.2015.09.027
https://doi.org/10.1016/j.envexpbot.2012.08.004
https://doi.org/10.1093/jxb/eri138

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline

[81]

(82]

(83]

[84]

[85]

(86]

[87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

agriculture
- 4877 -

Shafeiee, M., Ehsanzadeh, P. (2019): Physiological and biochemical mechanisms of
salinity tolerance in several fennel genotypes: Existence of clearly-expressed genotypic
variations. — Industrial Crops and Products 132: 311-318.
https://doi.org/10.1016/j.indcrop.2019.02.042.

Shahid, M., Niazi, N. K., Rinklebe, J., Bundschuh, J., Dumat, C., Pinelli, E. (2019): Trace
elements-induced phytohormesis: A critical review and mechanistic interpretation. —
Critical Reviews in Environmental Science and Technology 50: 1984-2015.
https://doi.org/10.1080/10643389.2019.1689061.

Shahzad, R., Khan, A. L., Bilal, S., Wagas, M., Kang, S-M., Lee, I-J. (2017): Inoculation
of abscisic acid-producing endophytic bacteria enhances salinity stress tolerance in Oryza
sativa. — Environmental and Experimental Botany 136: 68-77.
https://doi.org/10.1016/j.envexpbot.2017.01.010.

Shoukat, S., Tassawar, A., Keyani, R., Zafar, M., Naz, R., Nosheen, A., Shah, Z. A,,
Kaushik, P., Alyemeni, M. N., Yasmin, H., Ahmad, P. (2023): Exogenous application of
sodium hydrosulfide and salicylic acid mitigate salinity stress in maize by regulating ionic
balance, biochemical attributes, photosynthetic pigments and some key antioxidants. —
South African Journal of Botany 158: 393-404. https://doi.org/10.1016/j.sajb.2023.05.016.
Singh, A., Sengar, R. S., Shahi, U. P., Rajput, V. D., Minkina, T., Ghazaryan, K. A. (2023):
Prominent effects of zinc oxide nanoparticles on roots of rice (Oryza sativa L.) grown under
salinity stress. — Stresses 3: 33-46. https://doi.org/10.3390/stresses3010004.

Slama, I., Ghnaya, T., Savouré, A., Abdelly, C. (2008): Combined effects of long-term
salinity and soil drying on growth, water relations, nutrient status, and proline accumulation
of Sesuvium portulacastrum. — Comptes Rendus Biologies 331: 442-451.
https://doi.org/10.1016/j.crvi.2008.03.006.

Souana, K., Taibi, K., Abderrahim, L. A., Amirat, M., Achir, M., Boussaid, M., Mulet, J.
M. (2020): Salt-tolerance in Vicia faba L. is mitigated by the capacity of salicylic acid to
improve photosynthesis and antioxidant response. — Scientia Horticulturae 273: 109641.
https://doi.org/10.1016/j.scienta.2020.109641.

Srivastava, A. K., Srivastava, S., Lokhande, V. H., D’Souza, S. F., Suprasanna, P. (2015):
Salt stress reveals differential antioxidant and energetics responses in glycophyte (Brassica
juncea L.) and halophyte (Sesuvium portulacastrum L.). — Frontiers in Environmental
Science 3: 19. https://doi.org/10.3389/fenvs.2015.00019.

Steppuhn, H., Acharya, S. N., lwaasa, A. D., Gruber, M., Miller, D. R. (2012): Inherent
responses to root-zone salinity in nine alfalfa populations. — Canadian Journal of Plant
Science 92: 235-248. https://doi.org/10.4141/cjps2011-174.

Taibi, K., Taibi, F., Abderrahim, L. A., Ennajah, A., Belkhodja, M., Mulet, J. M. (2016):
Effect of salt stress on growth, chlorophyll content, lipid peroxidation and antioxidant
defense systems in Phaseolus vulgaris L. — South African Journal of Botany 105: 306-312.
https://doi.org/10.1016/j.sajb.2016.03.011.

Tanveer, K., Gilani, S., Hussain, Z., Ishaqg, R., Adeel, M., llyas, N. (2020): Effect of salt
stress on tomato plant and the role of calcium. — Journal of Plant Nutrition 43: 28-35.
https://doi.org/10.1080/01904167.2019.1659324.

Tarakcioglu, C., Inal, A. (2002): Changes induced by salinity, demarcating specific ion
ratio (Na/Cl) and osmolality in ion and proline accumulation, nitrate reductase activity, and
growth performance of lettuce. — Journal of Plant Nutrition 25: 27-41.
https://doi.org/10.1081/PLN-100108778.

Tejera, N. A., Soussi, M., Lluch, C. (2006): Physiological and nutritional indicators of
tolerance to salinity in chickpea plants growing under symbiotic conditions. —
Environmental and Experimental Botany 58: 17-24.
https://doi.org/10.1016/j.envexpbot.2005.06.007.

Vengosh, A. (2003): 9-09 - Salinization and Saline Environments. — In: Holland, H. D.,
Turekian, K. K. (eds.) Treatise on Geochemistry. Pergamon, pp. 1-35.
https://doi.org/10.1016/B0-08-043751-6/09051-4.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/j.sajb.2023.05.016
https://doi.org/10.3390/stresses3010004
http://dx.doi.org/10.3389/fenvs.2015.00019
https://doi.org/10.4141/cjps2011-174
https://doi.org/10.1016/j.sajb.2016.03.011
https://doi.org/10.1080/01904167.2019.1659324
https://doi.org/10.1016/B0-08-043751-6/09051-4

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline

[95]

[96]

[97]

[98]

agriculture
- 4878 -

Wang, D., Shannon, M. C., Grieve, C. M. (2001): Salinity reduces radiation absorption and
use efficiency in soybean. — Field Crops Research 69: 267-277.
https://doi.org/10.1016/S0378-4290(00)00154-4.

Yan, N., Marschner, P., Cao, W., Zuo, C., Qin, W. (2015): Influence of salinity and water
content on soil microorganisms. — International Soil and Water Conservation Research 3:
316-323. https://doi.org/10.1016/j.iswcr.2015.11.003.

Zia-ur-Rehman, M., Mfarrej, M. F. B., Usman, M., Anayatullah, S., Rizwan, M., Alharby,
H. F., Abu Zeid, I. M., Alabdallah, N. M., Ali, S. (2023): Effect of iron nanoparticles and
conventional sources of Fe on growth, physiology and nutrient accumulation in wheat
plants grown on normal and salt-affected soils. — Journal of Hazardous Materials 458:
131861. https://doi.org/10.1016/j.jhazmat.2023.131861.

Zouhaier, B., Najla, T., Abdallah, A., Wahbi, D., Wided, C., Chedly, A., Abderrazak, S.
(2015): Salt stress response in the halophyte Limoniastrum guyonianum Boiss. — Flora 217:
1-9. https://doi.org/10.1016/j.flora.2015.09.003.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 21(5):4853-4882.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2105_48534882
© 2023, ALOKI Kft., Budapest, Hungary


https://doi.org/10.1016/S0378-4290(00)00154-4
https://doi.org/10.1016/j.iswcr.2015.11.003
https://doi.org/10.1016/j.jhazmat.2023.131861
https://doi.org/10.1016/j.flora.2015.09.003

Ghazaryan et al.: Study of tolerance and phytodesalination potential of wheat, oat, emmer, and barley for sustainable saline agriculture
- 4879 -

APPENDIX

Appendix 1. Correlation among wheat growth response and related indices with changes in NaCl content in the root medium

Shoot  Stem o o o Na*/K* Na*/K* Na*/K* NaCl
Iengthdiameter FMroot DMroost FMstem DMstem FMieast  DMieast RWC%SWC%LWC% REL LS CCI  Pn E WUE (root) (stem) (Ieaf) (mM)

Shoot length | 1.00
Stem diameter| 0.97 1.00

FMroot 1.00 0.96 1.00

DMroot 0.98 0.98 0.98 1.00

FMstem 099 095 0.99 0.95 1.00

DMstem 0.99 095 0.99 0.95 1.00 1.00

FMieat 094 094 0.95 0.97 0.91 0.91 1.00

DMieaf 0.87 0.89 0.88 0.94 0.82 0.82 0.98 1.00

RWC% 078 061 0.79 0.64 0.83 0.83 0.63 048  1.00
SWC% 085 0.78 0.84 0.76 0.89 0.88 0.79 0.67 0.85 1.00
LWC% 096 0.90 0.96 0.91 0.97 0.96 0.92 082 0.84 091 1.00

REL -089 -0.77 -09 -080 -093 -092 -080 -0.68 -0.97 -094 -095 1.00

LS -0.01  0.19 -0.01 0.19 -0.11  -0.11  0.23 038 -0.60 -0.28 -0.09 0.39 1.00

CClI 087 0.76 0.86 0.76 0.91 0.90 0.75 061 094 097 094 -0.98 -0.40 1.00

Pn 091 0.86 0.89 0.85 0.91 0.92 0.73 0.62 077 069 082 -0.80-0.20 0.78 1.00

E 0.98 0.99 0.97 0.97 0.96 0.96 0.90 084 067 075 090 -0.79 0.09 0.77 0.93 1.00
WUE -097 -089 -098 -093 -097 -097 -093 -08 -08 -090 -095 095 0.13 -0.90 -0.82 -0.90 1.00

Na*/K* (root)| -0.97 -092 -097 -092 -099 -099 -090 -080 -0.86 -0.94 -098 096 0.15 -0.95-0.86 -0.92 0.97 1.00

Na*/K* (stem)| -0.81 -0.73 -080 -0.70 -0.85 -0.84 -0.70 -054 -0.87 -091 -092 0.92 0.34 -0.96 -0.75-0.73 0.80 0.90 1.00

Na*/K* (leaf) | -0.95 -093 -093 -090 -096 -09 -083 -0.71 -0.77 -0.82 -094 0.86 0.08 -0.87 -0.94 -0.95 0.87 094 089 1.00
NaCl(mM) | -094 -088 -093 -08 -096 -09 -08 -0.73 -0.86 -0.95 -098 0.95 0.20 -0.97 -0.84 -0.88 0.92 0.99 096 095 1.00
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Appendix 2. Correlation among oat growth response and related indices with changes in NaCl content in the root medium

Shoot  Stem o o o Na*/K* Na*/K* Na*/K* NaCl
Iengthdiameter FMroot DMroost FMstem DMstem FMieast DMieast RWC%SWC%LWC% REL LS CCI  Pn E WUE (root) (stem) (Ieaf) (mM)

Shoot length | 1.00
Stem diameter| 0.97  1.00

FMroot 097 0.91 1.00

DMroot 099 0.97 0.98 1.00

FMstem 0.98 0.96 098 098 1.00

DMistem 099 0.97 0.98 0.99 1.00 1.00

FMiear 0.98 0.96 092 0.9 0.96 0.96 1.00

DMieaf 0.27 0.37 037 041 0.30 0.31 0.20 1.00

RWC% 091 081 097 092 0.92 0.91 0.86 0.30 1.00
SWC% 097 0.93 098 097 1.00 0.99 0.93 032 093 1.00
LWC% 096 0.92 0.88 0.91 0.91 0.92 0.99 012 085 0.88 1.00

REL -0.32 -015 -034 -022 -0.34 -0.32 -0.39 047 -047 -037 -0.46 1.00

LS 036 0.37 043 0.44 0.37 0.37 0.22 029 040 036 015 043 1.00

CClI 096 0.87 096 093 0.94 0.94 0.94 014 097 094 095 -0.53 0.30 1.00

Pn 097 0.95 096 0.96 0.99 0.99 0.96 023 088 099 091 -0.37 0.33 0.93 1.00

E -0.94 -095 -089 -095 -0.88 -0.90 -092 -040 -084 -0.85 -0.91 0.10 -0.45-0.87 -0.85 1.00

WUE 0.97  0.99 0.91 0.96 0.97 0.97 0.97 0.24 0.80 094 093 -0.25 0.31 0.88 0.97 -0.90 1.00
Na*/K* (root)| -0.88 -0.81 -0.83 -0.84 -0.80 -0.81 -089 -0.07r -0.86 -0.77 -0.94 0.44 -0.28 -0.93 -0.78 0.90 -0.79 1.00
Na*/K* (stem)| -0.98 -092 -098 -097 -0.97 -0.97 -096 -0.22 -096 -0.97 -0.95 0.45 -0.35-0.99 -0.96 0.90 -0.93 0.90 1.00
Na*/K* (leaf) | -0.53 -0.39 -0.66 -0.52 -0.63 -0.60 -0.48 0.04 -071 -0.69 -0.44 0.69 -0.13 -0.65 -0.64 0.25 -0.46 0.36 0.64 1.00
NaCl (mM) | -0.97 -090 -0.94 -094 -0.93 -0.93 -097 -018 -094 -0.92 -0.98 0.48 -0.26 -0.99 -0.92 092 -090 096 098 054 1.00
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Appendix 3. Correlation among emmer growth response and related indices with changes in NaCl content in the root medium

I“:Eg‘t)f] dii:ﬁger FMroot DMroot FMsem DMsem FMicat DMicat RWC%SWC%LWC% REL LS CClI Pn  E WUE ’\(I?O(/)If) 'E'Sie/r:j) N(f‘e;g (':']f"\(/:l')
Shoot length | 1.00
Stem diameter| 0.77 1.00
FMrot | 093 092  1.00
DMrost | 096 0.88 099  1.00
FMsem | 099 082 096 099  1.00
DMsem | 0.97 090 098 099 098  1.00
FMiear | 093 093 099 099 097 099  1.00
DMesr | 0.98 083 096 099 099 098 097 1.00
RWC% | 067 092 08 079 072 081 084 070 100
SWC% | 096 066 089 093 097 091 08 095 059 1.00
LWC% | 072 099 090 08 078 087 091 078 096 062 1.00
REL 081 -091 -090 -0.86 -082 -0.88 -088 -0.79 -0.92 -0.69 -0.90 1.00
LS 059 094 080 072 064 076 080 064 097 048 097 -0.88 1.00
ccl 096 089 099 100 099 099 099 098 08 092 087 -0.88 0.76 1.00
Pn 084 093 094 090 086 091 092 084 093 074 093 -0.99 0.89 0.92 1.00
E 093 094 099 099 096 099 099 096 085 086 091 -0.92 0.81 0.99 0.95 1.00
WUE | -047 -053 -051 -056 -052 -053 -058 -0.61 -021 -0.44 -0.45 0.21 -0.28 -0.51 -0.30 -0.53 1.00
Na‘/K* (root)| -0.94 -093 -0.98 -0.98 -097 -0.99 -099 -096 -0.84 -0.88 -0.90 0.88 -0.81 -0.99 -0.91 -0.98 054 1.00
Na‘/K* (stem)| -0.81 -098 -0.93 -0.89 -084 -091 -093 -0.83 -0.94 -069 -0.97 098 -0.93 -0.91 -0.99 -0.95 0.39 092 1.00
Na‘/K* (leaf) | -0.83 -0.97 -094 -090 -0.85 -092 -094 -085 -093 -071 -0.96 098 -0.91 -0.92 -0.99 -0.96 0.40 093 1.00 1.00
NaCl (mM) | -0.88 -092 -0.94 -091 -089 -0.94 -093 -0.87 -092 -0.79 -0.92 097 -0.88 -0.94 -0.97 -0.95 028 095 097 097 1.00
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Appendix 4. Correlation among barley growth response and related indices with changes in NaCl content in the root medium

Shoot  Stem o o o Na*/K* Na*/K* Na*/K* NaCl
Iength diameter FMroot DMroot FMstem DMstem FMieat DMieast RWC%SWC%LWC% REL LS CCI  Pn E WUE (root) (stem) (Ieaf) (mM)

Shoot length | 1.00

Stem diameter| -0.13  1.00

FMroot 090 -0.44 1.00

DMroot 093 -040 0.99 1.00

FMstem 099 -011 087 0.91 1.00

DMistem 099 -0.14 0.87 0.92 1.00 1.00

FMiear 094 -022 084 0.89 0.98 0.98 1.00

DMieaf 095 -0.29 0.85 0.88 0.95 0.96 0.96 1.00

RWC% 0.87 -047 097 0.98 0.87 0.87 087 082 1.00
SWC% 080 -0.13 0.75 0.78 0.86 0.84 085 071 0.85 1.00
LWC% 0.83 -028 0.78 0.84 0.90 0.89 095 083 088 091 1.00

REL -0.85 0.35 -0.79 -084 -091 -091 -097 -090 -087 -0.88 -0.98 1.00

LS -0.60  0.37 -066 -0.71 -0.70 -069 -079 -061 -081 -08 -094 0.88 1.00

CClI 095 -034 094 0.97 0.96 0.96 09 092 097 088 093 -0.94 -0.80 1.00

Pn 090 -0.48 1.00 0.99 0.86 0.87 084 087 09 072 0.78 -0.80 -0.64 0.94 1.00

E 091 -035 0.9 0.93 0.94 0.94 095 089 09 093 095 -0.96 -0.84 0.98 0.90 1.00
WUE 036 -0.33 054 0.50 0.24 0.27 019 035 036 -0.13 0.05 -0.05 0.08 0.31 0.56 0.15 1.00

Na*/K* (root)| -0.95  0.29 -0.86 -0.91  -0.96 -097 -098 -099 -086 -0.76 -0.90 0.94 0.71 -0.95 -0.88 -0.92 -0.34 1.00

Na*/K* (stem)| -0.93  0.37 -0.92  -0.95 -0.95 -095 -097 -094 -095 -084 -095 0.9 0.82 -0.99 -0.92 -0.97 -0.32 0.97 1.00

Na*/K* (leaf) | -0.94  0.38 -0.90 -0.93 -0.96 -096 -098 -096 -092 -08 -0.93 0.97 0.78 -0.98 -0.91 -0.98 -0.24 097 0.98 1.00

NaCl (mM) | -0.93  0.38 -094  -0.96  -0.95 -095 -09 -092 -097 -089 -0.93 0.94 0.80 -1.00 -0.94 -0.99 -0.27 094 0.98 098 1.00
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