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ABSTRACT

Saline irrigation is one of the approaches that was developed to address the freshwater gap in many
regions around the world. This experiment was conducted in two growing seasons under open field
conditions in pots. In addition to the control (0.5 dSm'1), three levels of saline water, i.e., 5.0, 7.0,
and 9 dSm™" were used to irrigate ten commercially grown Egyptian wheat cultivars. The number of
days to flowering, plant height, fertile tillers, grain weightéper spike, number of kernels per spike, and
grain yield were measured. Furthermore, Na*, K, Ca**, Mg*® and CI” were also measured. The
objectives of the current study were to (a) estimate the quantitative impact of various levels of saline
irrigation water on physio-agronomical performance of commercially grown wheat cultivars; (b)
highlight the importance of using salinity stress tolerant wheat cultivars in a scenario where they
grow beside salinity stress-sensitive ones and are irrigated with multiple levels of saline water.

*Corresponding author: E-mail: ibrahim.salah@agr.dmu.edu.eg, ielbasyoni2@unl.edu, iseunl19@gmail.com;
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Salinity stress tolerant wheat cultivars tend to maintain higher levels of K', Ca™ and Mg™,
compared to the sensitive ones. Overall, the average performance of the salinity stress-tolerant
cultivars across the levels of saline water used was 26.5% higher than the sensitive ones for grain
yield. Our results also indicated that 6.25 dSm™ is the maximum saline water that can be used to
irrigate the sensitive wheat cultivars. In which 6.25 dSm™ is the salinity level that maximizes grain
yield, the number of fertile tillers, and K* concentration while minimizing Na* accumulation in plants.
For the same reasons, nine dSm™ was defined as the salinity threshold for the salinity stress-

tolerant cultivars.

Keywords: Salinity tolerance; K/Na ratio; soil salinization; K': Ca+2; Mg+2 deficiency.

1. INTRODUCTION

Agricultural sustainability is threatened by
increased soil salinization [1] which reduces both
the productivity and availability of land for
agriculture. Soil salinization is the most
devastating abiotic stress and causes substantial
yield losses [1]. Unfortunately, soil salinization is
projected to expand as a result of global warming,
in which sea level and temperature will rise,
which will increase the rate of evaporation [2].
Although wheat (Triticum aestivum L.) is
moderately tolerant to salinity stress, it loses
about 50% of its yield when grown in saline soil
or irrigated with saline water [3,4]. Furthermore,
the arid and semiarid regions, about 40% of the
world’s land, are being affected by soil
salinization, which will increase food shortages
and insecurity by reducing wheat grain yield [5].

Among other middle eastern and north African
countries, Egypt suffers from increasing soil
salinity problems [6]. Moreover, the northern part
of the Nile Delta in Egypt is an example of the
arid regions that suffer from increasing soil
salinization [7]. Climate conditions, using saline
underground water and irrigation without
deploying an efficient drainage system, led to soil
salinization in several regions in Egypt [8].
Around 33% of the cultivated land is currently
saline due to low precipitation (< 25 mM annual
rainfall) and irrigation with saline water [9].
Furthermore, in several parts of Egypt, and due
to freshwater shortage, farmers are using
underground water with an EC of more than
three dSm™" and in some cases, up to 8 dsm™’
[10,11,8].

The development of salt-tolerant genotypes
proved to be the most effective and economical
approach to alleviate salinity stress problems [12].
Plant tolerance to salinity stress is a quantitative
trait implying that it involves several genetic
mechanisms  affecting  morphological and
physiological traits that regulate the plant's
response to the saline growth environment [5].

Among the morphological and physiological traits
for salinity stress tolerance are osmatic tolerance
and toxic ion exclusion [13,5]. During long-term
exposure to salinity, stressed plants experience
ionic stress and toxicity, which can result in a
reduction in photosynthesis to support continued
growth [14]. High concentrations of salts in the
soil also reduces the roots’ capacity to take up
water by increasing the ionic strength of the soil
solution and interfere with nutrients uptake [15,1].
lonic stress, mainly caused by Na* accumulation,
causes early senescence of mature leaves,
chlorosis, and necrosis. Furthermore, the
excessive accumulation of Na* in plants might
disrupt protein synthesis, interfere with overall
enzyme activities, and causes cell death [1,3].
Thus, Na® exclusion has a vital role in salinity
stress tolerance [16].

Salinity stress causes several physiological
changes, including cell membrane interruption,
nutrient imbalance, inhibiting the cell's ability to
detoxify reactive oxygen species (ROS), change
the antioxidant enzymes pattern and decreased
photosynthetic activity [17,18,19,16,20,14].
Salinity stress tolerance is a complicated process
controlled by several small effect genes and

often confounded by differences in plant
morphology and physiological stages [21].
Salinity  stress, particularly  during the

reproductive and grain-filling stages, significantly
reduced grain yield [22,23]. Hence, yield and
yield components have also been considered as
abiotic stress tolerance indicators for several
crops such as wheat [24]. Finally, fertile tillers
and the number of tillers per plant have also
been used to measure salinity stress tolerance
[24]. Generally, the use of several agro-
morphological and physiological traits were found
to be reliable indicators to study stress tolerance
and identify tolerant genotypes in various crops
[25,8].

Imposing salinity stress to study its impact or to
identify tolerant genotypes play a crucial role in
screening cultivars for salinity tolerance [23].
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Whereas salinity stress might occur where soils
are naturally high in salts, it can also occur where
salty underground water is being used in
irrigation [26]. For example, in recent years,
saline water has been utilized to cope with the
freshwater shortage in several world regions [27].
Thus, to understand the impact of using saline
water on soil and plant, it is essential to use
irrigation water with appropriate salinity levels to
identify genotypes with better grain yield under
stress [28]. Several approaches were used to
evaluate wheat genotypes for salinity stress
tolerance, i.e., using saline soils or water under
the open field conditions or indoors [29]. Despite
the merits of salinity stress evaluation under
saline soil in the open field, it is quite challenging
[30]. First of all, it requires a large volume and
continuous supply of saline water with a fixed
salinity level. Second, it might be feasible to find
a water source with a specific salinity level.
However, it is hard to find several water sources
within the same environment with different
salinity levels to understand the trends with
increasin%; salinity. Third, using high saline water
(8 dSm™ or higher) will increase the soil
salinization  process and degrade the
experimental field. Fourth, in addition to the fact
that most soils have heterogenous vertical and
horizontal salinity levels, the occurrence of other
stresses such as drought and heat stress might
be confounded with salinity stress. These
challenges limited the success of using saline
water as a source of salinity stress evaluation
under the open field conditions to identify salinity
stress-tolerant genotypes [5]. Thus, using saline
water in irrigation should be evaluated in
contained soil conditions.

Evaluation for salinity stress indoors, i.e.,
laboratory or greenhouses, is another approach
that was thought to be advantageous to the open
field evaluation because of the controlled
environmental conditions and the ability to
control the salinity levels in irrigation water [31].
However, the greenhouse or controlled
conditions might not genuinely represent the field
conditions [32]. Thus, salinity stress-tolerant
genotypes identified under indoor conditions may
not be useful in the field [33,34]. Contained soil
approach evaluation under the open field
conditions is simple, efficient, and eliminates the
risk of soil salinization due to using high levels of
saline water to irrigate crops grown in the open
field [35,28]. Furthermore, using contained soil
evaluation under open field conditions facilitates
studying the response of plants to various levels
of saline water while they are being exposed to
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natural production variables, i.e., sunlight and
radiation, wind, and evapotranspiration.

In the current experiment, sensitive, moderately
tolerant, and tolerant wheat cultivars were
evaluated. Among these cultivars, Sakha8,
released by the agriculture research center
(ARC), Egypt, was used as known salinity stress
tolerant cultivar [36,29]. Munns et al., (2005)
recommend using Sakha8 to understand and
reveal mechanisms that can be useful in
developing future salinity stress-tolerant wheat
genotypes. Furthermore, Sakha93 and Misr2 are
more recent releases and are also known to be
salinity stress-tolerant cultivars [37,38]. In
contrast, Sakha61, Sakha94, Gemmiza9
cultivars were previously found to be sensitive to
salinity stress [37,39,40]. Furthermore, Giza164
and Gemmiza10, Sides1, and Giza168 were
found to be sensitive to moderately tolerant
cultivars to salinity stress [8,37,38]. This study
shows for the first time the agronomical and
physiological penalties of using saline water in
irrigating tolerant and sensitive wheat cultivars.
Furthermore, it also shows the salinity threshold
level that maximizes grain yield, the number of
fertile ftillers, and K° while minimizing Na®
accumulation for the salinity stress-sensitive and
tolerant wheat cultivars.

Therefore, the main objectives of the current
experiment were to use commercially grown and
salinity stress-sensitive, moderately tolerant, and
tolerant wheat cultivars (a) to estimate the
quantitative impact of various levels of saline
irrigation water on K/Na ratio, Ca™, Mg*, CI’,
number of days to flowering, plant height, fertile
tillers, grain weight per spike, number of kernels
per spike, and grain yield; and (b) to highlight the
importance of using salinity stress tolerant wheat
cultivars in farming by growing them next to
salinity stress-sensitive cultivars while irrigating
with multiple levels of saline water.

2. MATERIALS AND METHODS

2.1 Experimental Conditions

The experiment was conducted in pots placed on
an open field in two consecutive growing
seasons (2017/2018 and 2018/2019; hereafter
referred to by their harvest season, 2018, and
2019) in Elbostan experimental farm ((30°46'46"
N, 30°82'32" E), Damanhour University, EIBehira
governorate, Egypt. The soil in Elbostan is
classified as loamy soil, typic Torripsamments
[41]. The soil was collected from Elbostan farm
and carefully mixed, then a soil sample from the
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mixed soil was bagged and labeled (for pre-
planting soil analysis, Table 1). The rest of the
soil was mixed with the recommended pre-plant
fertilizers in which each kilogram of soil received
0.1 gN, 0.063 gm P,05 and 0.06 g K,O. Then,
8kg air-dried mixed 30|I was packed to their
density of (1.39 Mgm %) in free-draining plastic
pots of 1125cm’® volume. Ten uniform seeds
were surface sterilized by dipping in 0.5%
hypochlorite solution for 20 min, then thoroughly
rinsed with distilled water followed by drying and
directly planted in each pot. All pots were
irrigated to the field capaC|ty using normal
irrigation water (0.5 dSm™”). One week after
planting, the seedlings were thinned to seven
uniform seedlings per pot. An additional 0.2g N
per pot was applied when the third leaf on the
plant was expanded, and another 0.2 g N per pot
was used at the jointing stage. The pre-planting
and post-harvest soil analyses were conducted
according to Page (1980) and Klute (1986)
(Table S1).

2.2 Plant Materials and Experimental
Design

Ten newly developed and commercially grown
wheat cultivars were studied (Table S2). Seeds
of these -cultivars were obtained from the
Agricultural Research Center (ARC), Egypt. A
split-plot arrangement in a complete block design
with  three replicates was used, NaCl
concentrations were randomly assigned to the

main plots, while cultivars were randomly

assigned to the subplots.

2.3 Agronomics and Saline Water
Management

Trials were conducted under weed-free

conditions and in both growing seasons. The
cultivars were sown on November 20, 2017, and
November 15, 2018, during the first and second
growing seasons, respectively. Three pots were
assigned to each treatment within each replicate.
All pots were watered using normal |rr|9at|on
water used in the region (0.5 + 0.015 dSm™") until
the seedlings had emerged entirely and had up
to three leaves (approximately 20 days). From
that stage to maturity, pots were watered to the
field capacity with the assigned saline water
levels, and soil salinities were monitored
periodically to ensure no salt accumulation in the
root zone. Saline solutions were prepared using
NaCl at three concentrations, i.e., 5.0, 7.0, and 9
dSm™. For each pot, the number of days to
flowering (NDF) was recorded visually as the
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number of days from sowing to anther exertion.
Plant height (cm) was measured after
physiological maturity, as the distance from the
soil surface to the spike's tip, excluding awns.
During the late stages of grain filling, the number
of fertile tillers (e.g., those having grains) were
counted. Directly before harvest, grain weight per
spike, and the number of kernels per spike were
measured. All plants in the three pots that were
assigned for each treatment within each replicate
were mass harvested together and left to air dry
in an open bag. After three days, plants from
each treatment were threshed manually, bagged,
and weighted. Then the average of the three pots
was calculated and wused as a smgle
experimental unit per replicate as grams pot

2.4 Mineral Measurements

Flag leaves from each experimental unit were
sampled when plants reached full maturity.
Approximately 0.4 gm of leaves were dried and
ground into a fine powder. Then, the dry powder
was digested and prepared for the mineral
analysis following methods described by
Krishnasamy et al., [42]. The digested filtrate was
then used to measure the total cations of Na’,
K, Ca*® and Mg™ by an inductively coupled
plasma atomic emission-spectrometry (ICP-AES)
(Varian 730-ES, Varian Inc., California, USA). In
comparison, the Chloride concentration was
estimated in a subsample of the digested
extracts using a CI” analyzer (Model 926,
Sherwood Scientific, Cambridge, UK).

2.5DNA Extraction and
Tolerance Microsatellites

Salinity

The total genomic DNA was extracted from 200
mg of fresh leaves during the seedling stage.
DNA extraction kit (Promega, USA) was used,
and the manufacturer's instructions were
followed. The DNA concentration of each sample
was measured using a spectrophotometer at a
wavelength of 260 and 280 nm using a CARY 50
probe UV-visible spectrophotometer (Varian, CA,
USA). The DNA quality was confirmed by
running 5 pl eluted DNA on a 0.8% agarose gel.
In the current experiment ten SSR markers were
used, i.e., cslinkNax2, Xgwm312, Xbarc128,
Xwmc773, Xgwm674, Xbarc159, Xbarc273,
Xcfd9, Xcfd46 and  XWmc170. The primer
sequences, linkage map location, the specific
band (bp) location, and the amplification
requirements for the SSR markers were obtained
from the Grain Genes website
(https://wheat.pw.usda.gov/cgi-
bin/GG3/browse.cgi?class=marker)

12



2.6 Statistical Analysis

Analysis of variance was carried out using SAS
9.4 (SAS v9.4; SAS Institute Inc., Cary, NC,
USA), by fitting the following model [43]:
Yijm=p+ Ei+ EBy; + S;+ EBS (j + G+ EGjpy +
SGin + ESGjjm + &jjim

Where Yjn, is the response measured on the jn,
experimental unit or pot, y is the overall mean, E;
is the effect of i growing season, EBjis /" block
nested within /* growing season, S;is the effect
of the " salinity level, EBSy is the interaction
between /" salinity level and f” replicates within
" growing season as an error term for the
growing season, and salinity level. G,, is the
effect of m™ cultivar EG;,is the interaction effect
between " growing season and G" cultivar.
SG,,, is the interaction effect between I salinity
level and G™ cultivar. ESG,, is the interaction
between /" growing season, " salinity level, and
G" cultivar, and g, is the experimental error.

Homogeneity of variance across the growing
season was tested following Bartlett's Test [44].
Combined analyses of variance were performed
among traits with a homogeneous variance, as
outlined by Cochran and Cox [45]. Means were
compared using honestly significant difference
(Tukey's HSD) at P-value < 0.05, according to
Gomez and Gomez [46].

Genetic correlations among traits combined
across growing seasons were estimated using
META-R software [47]. Two genetic correlation
matrices were calculated using a randomized
complete block design (RCBD) model in META-R
[47]. The first matrix was among traits that were
measured under control (0.5 dSm'1) and the
second was among the traits that were measured
under 9 dSm™. Similarly, two genetic correlation
among cultivars were estimated under control
(0.5 dSm™), and under 9 dSm™ . The correlation
matrices were then converted into Euclidean
distances following Ward's method [48] and
dendrograms were constructed to examine the
relationships among traits and cultivars under 0.5
dSm™, and 9 dSm™.

3. RESULTS

Normal distribution and homogeneity of variance
for the number of days to flowering, plant height,
number of fertile tillers, the number of kernels per
spike, the grain weight per spike, grain yield,
Na*, CI, Ca"®, Mg, K', and K/Na ratio across
growing seasons (p-values >0.05) were
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observed. Therefore, a combined analysis of
variance was conducted. The results of the
combined analysis of variance are presented in
Table S3. A highly significant effect (p-value <
0.001) for salinity stress (S) and cultivars for all

traits were observed. Moreover, cultivars x S

interaction were highly significant for all traits.
Furthermore, salinity levels, cultivars, and salinity
x cultivars interaction also significantly affected
Na*, CI, Ca*’, Mg*?, K*, and K/Na ratio (Table
S4).

3.1 Impact of Saline Irrigation on the
Agro-physiological Traits

The values of the studied traits averaged over all
cultivars were generally higher in the control
conditions (0.5 dSm™) compared to the saline
ones (5,7 or 9 dSm™). The reduction was greater
with increasing salinity levels for all agronomic
traits (Fig. 1). Thus, we will focus on presentin1g
the impact of the highest salinity level (9 dSm™)
compared to the control.

Table S5 illustrated that as salinity has risen from
0.5t0 9 dSm'1, the number of days to flowering,
plant height, grain yield, the number of tillers per
plant, the number of kernels per spike and grain
weight per spike declined by 25.5, 45, 63.9, 66.9,
67 and 62.5%, respectively. For the number of
days to flowering, the smallest reduction (
20.7%) of increasing salinity was observed in
Gemmiza10, while the largest reduction (28.3%)
was in Sakha61. The reduction in plant height
ranged from 48% for Gimmiza7 and Misr2 (most
affected), to 40 % for Gimmiza9 (least affected)
(Table S5). The highest grain yield (11.0 grams)
was recorded for Gimmiza10 under control
conditions (0.5 dSm™). However, Gimmiza10 had
the greatest reduction (77.5 %). The grain yield
of any cultivar decreased by the rise in salinity
levels from 0.5 to 9 dSm™. For grain yield,
Sakah8 (38.2%), Misr2 (39.4%), and Sakha93
(49.4%) were the least affected cultivars due to
salinity stress. Similarly, Sakah8 (36.3%),
Sakha93 (39.5%), and Misr2 (53.5%) were the
least affected cultivars by salinity stress for the
reduction in the initial number of ftillers. By
comparison, Sakha61 lost 82.1% of its initial
number of tillers due to the high salinity level.
The smallest reduction (47%) for the number of
kernels per spike was recorded for Sakaha8,
while the greatest reduction (78% ) were for
Gemmiza10 and Gimmiza7 (Table S5). Similarly,
the smallest reduction (18.8 %) and the greatest
reduction (88.6%) for grain weight per spike were
found in Misr2 and Giza164, respectively.

13



7.57

5.0

2.57

0.0+

Morsy et al.; AURCS, 6(1): 9-28, 2021; Article no.AJRCS.65526

NaCl Con. (dsm”-1) [l 0.5 [l 5 [ 7 [ @ —

hhb.

Traits

Mean performance
w [} ©
o o o

o

NDF PH

Traits

301
20+
01 ! ! ! . !
Ca Mg Na Cl
Traits
3 cutivars| [l Misr2 [l Sakha61 | Sakhag [l Sakha93
Q
B2/
©
4
9

05

Salinity Levels (dSm*-1)

Fig. 1. The effect of saline irrigation levels (dSm'1) on the number of days to flowering (NDF),
plant height (PH), grain yield (GY), number of tillers (T), the number of kernels per spike (KS),
grain weight per spike (GWS), Ca, K, Mg, Na, Cl and K/Na ratio across growing seasons

3.2 Impact of Saline Water on Na*, Ca*?,
Mg*?, K" and CI" Uptake

Our results indicated that the concentration of
NaCl in the |rr|gat|on water had a measurable
impact on Na’, Ca® , Mg" 2 K' and CI uptake
(Fig. 2 & Table S6) Substantlal increases in Na*,

CI" was observed as would be expected, in whrch
Na* was increased from 13.85 to 31.95 mg g as

14

the NaCI concentration increased from 0.5 to 9
dsm™. Moreover as salinity increase from 0.5 to
9 dSm Cl was |ncreased from 7.4 to 18.9 mg
g However Ca™ Mg , and K" decreased as
the salrnrty mcreased Ca decreased from 14
mg g under 0.5 dSm to 2.6 mg g under 9
dsm’™. Slmllarly, Mg was reduced from 13.2 to
7.6 mg g and K" was decreased from 19.2 to
4.1 mg g as salinity increased from 0.5 to 9



dsm™. Finally, K/Na ratio was reduced as salinity
increased, in which it was reduced from 1.7 to
0.1 as salinity increased from 0.5 to 9 dsm™
(Table S6).

The highest Na® and CI concentrations
measured in the flag leaf averaged over the four
salinity levels were observed in cultivar
Sakha61(Table S6). While the lowest Na®
concentrations were found in Sakha93, followed
by Misr2. Sakha93 also had the lowest CI
concentration, followed by Sakah8 and
Gimmiza9. Moreover, Sakah61 had the lowest
Ca™*? concentration, while Misr2 had the highest
Ca*? concentration. Sakha61 had the lowest K*
concentration. The highest Mg+2 concentration
was observed in Misr2, while Sakaha61 recorded
the lowest Mg+2 concentration. Furthermore,
Sakaha8, Sakah93, and Misr2 had the highest

—pe Misr2  —ll—Sakha61l Sakha93

Sakha8

20.0

25.0
20.0
15.0

10.0
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K/Na ratios, but Sakaha61 had the smallest K/Na
ratio (Table S6).

The response for Misr2, Sakaha8, Sakah93, and
Sakaha61 were different in terms of Na*, Ca*?,
Mg*?, K*, CI' and K/Na ratio (Fig. 2). Overall, Fig.
2 shows the pattern of response to increasing
salinity for Misr2, Sakaha8, Sakah93, and
Sakaha61. Sakaha61 had the highest
concentrations of Na*, and CI' for 0.5, 5, and 7
dsm™ salinity levels. Sakaha8 had the highest
Ca*®, Mg*? concentrations measured under 5
dsm’  of salinity level. Misr2 had the
highest Ca*® concentration when irrigated with
non-saline water. Under salinity conditions,
Sakha8 and Sakha93 had the highest K*
concentrations and K/Na ratios, while under non-
saline conditions, Misr2 had the highest K*
concentration.

18.0

16.0
14.0
12.0
<
10.0 - e —
— —
8.0 )
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4.0
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0.0
0.5 5
45.0
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1
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Fig. 2. The effect of NaCl concentrations (dSm™) in the irrigation water on Na*, Ca*?, Mg*?, K",
and CI" uptake (mg g-1 dry weight) by Sakha61 (sensitive), Sakha8, Misr2 and Sakha93
(tolerant)
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3.3 Physio-agronomical Correlation with
Na*, Ca*?, Mg*?, K* and CI Uptake

3.3.1 Under non-saline irrigation (control; 0.5
dsm™)

The dendrogram grouping based on genetic
correlations among the studied traits measured
under the control conditions (0.5 dSm™) is
illustrated in Fig. 3. CI, Mg+2, plant height, and
Na" were grouped into one group. Grain weight
per spike, K*, number of tillers, grain yield, and
number of kernels per spike were arranged into
another group. K/Na ratio, Ca+2, and the number
of days to flowering were grouped into a third

group.

A significant positive genetic correlation between
Ca* and Mg™, K, K/Na, plant height, grain
yield, and kernels per spike. In contrast, Ca™
was negatively correlated with Na® and CI
(Table S7). Mg+2 was positively correlated with
K*, K/Na ratio, plant height, grain yield, and
kernels per spike. Mg+2 was negatively correlated
with Na*and CI'. K" was positively correlated with
K/Na, plant height, grain yield, and kernels per
spike. In contrast, K'was negatively correlated
with Na* and CI. Na" was positively correlated
with CI" and negatively correlated with K/Na and
the number of days to flowering (Table S7). K/Na
was positively correlated with grain yield. The
number of days to flowering was negatively
correlated with the number of fertile tillers and
the number of kernels per spike. Plant height
was positively correlated with grain yield and the
number of kernels per spike. Grain yield was
positively correlated with the number of fertile
tillers and kernel weight per spike. The number of
fertile tillers was positively correlated with the
number of kernels per spike (Table S7).

3.3.2 Under saline irrigation (9 dSm™)

Under salinity stress, all parameters measured
formed three main groups (Fig. 3); the first group
contained CI', Na*, Grain weight per spike and
the number of days to flowering. The second
group included K*, Ca*®, Mg*, grain yield, and
K/Na ratio. The third group contained the number
of kernels per spike, plant height and the number
of fertile tillers (Fig. 3). Ca'® was positively
correlated with K*, K/Na ratio, the number of
days to flowering, grain yield, the number of
fertile tillers, kernel per spike, and grain weight
per spike. Furthermore, Ca*? was negatively
correlated with Na*, CI" and plant height (Table
S7). Mg*® was negatively correlated with CI. K*
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was positively correlated with K/Na ratio, the
number of days to flowering, grain weight, the
number of fertile tillers, number of kernels per
spike, and grain weight per spike. At the same
time, K* was negatively correlated with plant
height and Na®. Na® was positively correlated
with CI" and plant height (Table S7).

Na" was negatively correlated with K/Na ratio as
would be expected with Na being in the
denominator, the number of days to flowering,
grain yield, number of fertile tillers, number of
kernels per spikes and grain weight per spike. CI'
was negatively correlated with K/Na ratio (Table
S7). K/Na ratio was positively correlated with the
number of days to flowering, grain yield, the
number of fertile tillers, number of kernels per
spike, and grain weight per spike (Table S7). The
number of days to flowering was positively
correlated with grain yield, the number of fertile
tillers, the number of kernels per spike and grain
weight per spike, but it was negatively correlated
with plant height. Plant height was negatively
correlated with grain yield, the number of fertile
tillers, the number of kernels per spike and grain
weight per spike. However, grain yield was found
to be positively correlated with the number of
fertile tillers, the number of kernels per spike, and
grain  weight per spike (all well-known
components of grain yield). The number of fertile
tillers was positively correlated with the number
of kernels per spike and grain weight per spike.
The number of kernels per spike was positively
correlated with grain weight per spike (Table S7).

3.4 Cultivars Performance using Physio-
agronomical Traits

Physiological and agro-morphological traits were
used to cluster the studied cultivars under saline
and non-saline irrigation. The dendrogram
obtained using the parameters measured under
non-saline irrigation indicated that the cultivars
could be clustered into three major groups. The

first group contained Sakha93, Sakhas,
Sakha61, and Giza164. The second group
included Saka94, Gimmiza7, Misr2, and

Gemmiza10. The third group included Giza168
and Gemmiza9 (Fig. 4).

Under saline irrigation, the cultivars were
grouped into three major groups, in which the
first group contained Sakha8, Misr2, and
Sakaha93. The second group included Sakha94,
Gemmiza10, Giza168, Gimmiza9, Giza164, and
Gemmiza7. The third group contains only
Sakha61 (Fig. 4).
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Fig. 3. Effect of saline irrigation on the relationships among grain yield (GY ), number of fertile
tillers (T), grain weight per spike (GW), Kernels per spike (KS), plant height (PH), number of
days to flowering (NDF), Ca, K, Mg, Na, K/Na ratio (KtoNa) and ClI traits using dendrograms
estimated from the genetic correlations among traits measured under control (0.5 dSm™, A)
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Fig. 4. Effect of control (0.5 dSm™, A) and saline irrigation (9 dSm™, B) on the relationships
among the studied cultivars using dendrograms estimated from the genetic correlations
among cultivars for agronomic and physiological traits

3.5 Cultivars Screening with SSR Markers

The screening results using the SSR markers
indicated that only four markers were
polymorphic across the ten cultivars. These four
markers were xgwm312 (Fig. 5), Xcfd9, Xcfd46,
and XWmc170, which were present at 199, 210,

210, and 220 bp, respectively, in Skaha8, Misr2,
and Sakaha93. Furthermore, cslinkNax2 was not
present in any of the studied cultivars. While
Xbarc128, Xwmc773, Xgwm674, Xbarc159, and
Xgwm674 were present in all cultivars
(Monomorphic markers).
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3.6 Impact of Water Salinity Levels on the
Tolerant and Sensitive Cultivars

Our results indicated that Misr2, Sakaha8, and
Sakaha93 were found to be salinity stress-
tolerant cultivars. Furthermore, seven cultivars
(Gimmiza7, Gimmiza9, Gimmiza10, Giza164,
Giza168, Sakah61, and Sakaha94) were
sensitive to salinity stress. Thus, the salinity
stress-tolerant cultivars were compared to the
salinity stress-sensitive cultivars, based on the
overall average performance across the four
salinity levels (0.5, 5, 7, and 9 dSm'1) to measure
the impact of saline irrigation on the studied traits
(Table 1). The overall average across the four
salinity levels indicated that the salinity stress-
tolerant cultivars outperformed the sensitive ones
by 5.6, 26.5, 17.6, 17.6 and 64.3% for the
number of days to flowering, grain yield, number
of fertile tillers, kernels per spike and grain
weight per spike, respectively. Furthermore, at
0.5 dSm'1, the sensitive cultivars were better
than the tolerant ones by 4.9, 5.7, 5.9 and 4.6%
for plant height, grain yield, the number of tillers,
and the number of kernels per spike. At five dSm”
1, the salinity  stress-tolerant cultivars
outperformed the sensitive ones by 9.4, 28.6,
8.1, and 38.9 % for the number of days to
flowering, grain yield, kernels per spike and grain
weight per spike, respectively. However, at five
dSm'1, the sensitive cultivars had 6.6 % more
tillers compared to the tolerant cultivars (Table
1). At seven dSm™”, the number of days to
flowering, grain yield, the number of fertile tillers,
the number of kernels per spike, and the grain
weight per spike were higher in the tolerant
cultivars by 3.7, 54.3, 51.4, 545 and 175%,

Misr2
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respectively. Moreover, at nine dSm'1, the
number of days to flowering, grain yield, the
number of fertile tillers, the number of kernels per
spike, and the grain weight per spike were higher
in the tolerant cultivars by 2.5, 100, 130, 69.6,
and 260%, respectively. While, the sensitive
cultivars irrigated with 0.5, 5, 7, and 9 dsSm™ of
saline water were taller than the tolerant ones by
4.9, 5.6, 3.3, and 4.5 %, respectively (Table 1).

Additionally, the overall average across the four
salinity levels for Ca*?, Mg*’, K*, Na*, CI" and
K/Na ratio concentrations in the salinity stress-
tolerant cultivars were compared to that in the
salinity stress-sensitive ones (Table 1). Overall,
the concentrations of Ca*?, Mg*?, K' and K/Na
ratio were higher in the salinity stress-tolerant
cultivars by 17.6, 3.1, 67.9 and 175%,
respectively. At 0.5 dSm™, Ca*?, Mg*, K' and
K/Na ratio were higher in the tolerant cultivars by
2.2, 5.4,13.6, and 92.3, respectively. Moreover,
at five dSm™, the concentrations of Ca*?, Mg*?,
K*, and K/Na ratio were higher in the salinity
stress-tolerant cultivars by 17.3, 1, 108.3,
266.7%, respectively (Table 1). At seven dSm’™,
Ca*, K', and K/Na ratio were higher in the
salinity stress-tolerant cultivars by 66.7, 121.3,
and 400 %, respectively. Furthermore, at nine
dSm™, Ca*?, K', and K/Na ratio were higher in
the salinity stress-tolerant cultivars by 43.5,
256.5, and 200 %, respectively. On the other
hand, the difference between the tolerant and the
sensitive cultivars for Mg+2 concentration at
seven dSm™' reached zero. However, at nine
dSm'1, the sensitive cultivars had 1.3% more
Mg*? compared to the tolerant ones (Table 1).

Sakha8 Sakhabl Sakha93 Sakhad4 Gizaléd Gizal68 Gimmiza? Gimmizsd Gimmild

Fig. 5. PCR products on a 3% agarose gel for xgwm312 marker across the ten wheat cultivars
used
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Nevertheless, the overall average across the four
salinity levels for Na* and CI" concentrations
were higher in the sensitive cultivars by 55.1 and
26.5%, respectively. Furthermore,
Na‘concentrations in the sensitive cultivars
irrigated with 0.5, 5, 7, and 9 dSm™ were higher
than that in the tolerant cultivars by 35.8, 52.8,
60.9, and 58.8%, respectively. Similarly, CI
concentrations in the sensitive cultivars irrigated
with 0.5, 5, 7, and 9 dsm™ were higher than CI
concentrations in the tolerant cultivars by 26.4,
20.5, 33.1, and 25.4%, respectively. Our results
also indicated that 6.25 dSm™ is the maximum
saline water that can be used to irrigate the
sensitive wheat cultivars (Fig. 6). In which 6.25
dSm™ is the salinity level that maximizes grain
yield, the number of fertile tillers and K*
concentration while minimizing Na* accumulation
in plants. For the same reasons, nine dsm™ or
slightly above was defined as the salinity
threshold for the salinity stress-tolerant cultivars
(Fig. 6).

4. DISCUSSION

Freshwater scarcity will be exacerbated as a
result of the rapidly increasing human population
and urbanization [49]. The gap between
freshwater demand and availability has reached
a critical point in several regions worldwide [50].
Using saline water in irrigation is one of the
approaches that have been developed to
address the freshwater gap [51,6,50]. The
predominant salt source in the saline water is
NaCl; non-saline water has a total salt
concentration < 0.7 dSm” [50]. Saline water in
the range between 2 and 10 dSm™ has the
potential to be used in irrigation [50]. Water with
EC > 10 dSm"' is not recommended for
irrigation, and water with EC <10 can be used in
agriculture while carefully monitoring saline
accumulation in the soil [50]. Plant tolerance to
salinity is the essential factor in determining the
usefulness of saline water. Several parameters
can be used to measure the impact of salinity on
plants. These parameters include growth, plant-
water relations, photosynthesis, yield
components, senescence and the accumulation
of Naand Clions in plants that were grown in soil
or irrigated with water that contained high NaCl

concentrations [52,53,54]. In the current
experiment, a control (non-saline water, 0.5 dSm"
1) and irrigation water with three NaCl

concentrations, i.e., 5,7, 9 dSm'1, were used to
irrigate ten of the commercially grown wheat
cultivars in pots placed in the open field.
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Our results indicated that increasing salinity
concentrations in the irrigation water substantially
decreased the number of days to flowering, plant
height, number of fertile tillers, grain yield, grain
weight per spike and number of kernels per
spike. Early flowering can be explained by the
stress-induced early flowering phenomena in
which plants grown under stress undergo several
morphological, physiological, and biochemical
changes to shorten the life cycle to produce
seeds before stress leads to death [55].
Moreover, stressed wheat plants are found to
mature earlier than their counterparts grown
under optimal conditions [56]. However, grain
yield reduction caused by shortening the grain
filling period could not be counterbalanced by a
higher filling rate [57]. Shorter wheat plants under
salinity conditions is another trait that was a
result of plant mechanisms to minimize water
loss by reducing transpiration and, therefore,
canopy area [52]. Also, reducing transpiration will
keep a substantial amount of the toxic ions in
roots and prevent its accumulation in the above-
ground plant parts [52]. Furthermore, salinity
stress also reduces stem elongation and growth,
which resulted in shorter or stunted plants [58].

The importance of fertile tillers is evident from the
fact that it directly affects the final grain yield.
Furthermore, under salinity stress, the main stem
was found to be less sensitive to salt stress
compared to its tillers [57]. Several explanations
were provided for the previous observation;
reduction in carbohydrate supply caused by
salinity in the tillers is more than that in the main
stem, photosynthates are retained in the main
stems rather than exporting it to their tillers [59].
Furthermore, the main stem tends to compete
with the tillers to uptake nutrition to alleviate the
impact of toxic ions present under salinity [57].
When plants undergo severe salinity stress
during the reproductive stage, translocation of
nutrients from the main stem to tillers will be
interrupted  [59,60,56]. Subsequently, seed
setting in tillers will be affected [61]. Thus,
tolerant wheat cultivars in our study tend to have
more fertile tillers. Moreover, several researchers
have demonstrated that fertile tillers number, leaf
number and leaf area per plant were found to be
among the key parameters that can be used to
distinguish salinity tolerant wheat genotypes [61].

The grain yield of all cultivars used in the current
study was generally higher when irrigated with
non-saline water (0.5 dSm™) compare to those
irrigated with any of the three levels of saline
water (5, 7 or 9 dSm'1) as expected.
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Table 1. The difference between salinity stress tolerant and sensitive cultivars across the physio-agronomical traits measured under each salinity

level
Salinity Morpho-agronomical The tolerance effect (%) Physiological The tolerance effect (%)
levels Trait Cultivars Trait Cultivars
(dsm™) Sensitive Tolerant Sensitive Tolerant
0.5 No. of days to flowering 105.4 111.7 6 Ca”’ 13.9 14.2 2.2
5 97.5 106.7 9.4 7.5 8.8 17.3
7 84.6 87.7 3.7 3.3 55 66.7
9 79.3 81.3 25 23 3.3 43.5
Mean 91.7 96.8 5.6 Mean 6.8 8 17.6
0.5 Plant height 104.2 99.1 -4.9 Mg 13 13.7 54
5 90 85 -5.6 9.9 10 1
7 66.8 64.6 -3.3 8.5 8.5 0
9 57.5 54.9 -4.5 7.6 75 -1.3
Mean 79.6 75.9 -4.6 Mean 9.7 10 3.1
0.5 Grain yield 8.8 8.3 -5.7 K* 18.4 20.9 13.6
5 49 6.3 28.6 7.2 15 108.3
7 3.5 54 54.3 47 10.4 121.3
9 24 4.8 100 23 8.2 256.5
Mean 49 6.2 26.5 Mean 8.1 13.6 67.9
0.5 No. of tillers 8.5 8 -5.9 Na* 14.8 9.5 -35.8
5 6.5 6.1 -6.2 254 12 -52.8
7 3.5 5.3 51.4 35.8 14 -60.9
9 2 4.6 130 38.8 16 -58.8
Mean 5.1 6 17.6 Mean 28.7 12.9 -55.1
0.5 No. of kernels per spike 8.7 8.3 -4.6 CcL 12.9 9.5 -26.4
5 6.2 6.7 8.1 13.2 10.5 -20.5
7 3.3 5.1 54.5 17.5 11.7 -33.1
9 23 3.9 69.6 18.5 13.8 -25.4
Mean 5.1 6 17.6 Mean 15.5 11.4 -26.5
0.5 Grain wt. per spike 2.3 2.7 17.4 K/Na ratio 1.3 2.5 92.3
5 1.8 25 38.9 0.3 1.1 266.7
7 0.8 22 175 0.1 0.5 400
9 0.5 1.8 260 0.1 0.3 200
Mean 14 2.3 64.3 Mean 0.4 1.1 175

20



Morsy et al.; AJRCS, 6(1): 9-28, 2021; Article no.AJRCS.65526

Salinity stress-sensitive cultivars

[To
== /Na ratio inverse
=% Grain yield
=+ Number of fertile tillers
@ o |
o -—
=
m©
£
<]
L w0
O |
[ [ I I I
2 4 6 8 10
Salinity stress-tolerant cultivars
w |
== K/Na ratio inverse
=%= Grain yield
=4=— Number of fertile tillers
QL o
Q —
=
G
Z
2
g o -
2 - :
I I [ [ [
2 4 6 8 10

Salinity levels (dSm”*-1)

Fig. 6. The Estimated salinity threshold level that maximizes grain yield, the number of fertile
tillers, and K* while minimizing Na* accumulation for the salinity stress-sensitive and tolerant
wheat cultivars

The trend of grain yield reduction across different
levels of salt stress indicated that the yield
reduction increased with increasing salinity
levels. Grain yield and its contributing traits
measured were drastically affected by the
presence of salts in the irrigation water. Overall,
wheat grain yield potential is determined mainly
by three parameters: The number of spikes per

unit area, kernel number spike’1, and single
kernel weight [62]. Salinity stress can affect the
final grain yield by decreasing the number of
spikes, i.e., by reducing the number of fertile
tillers, impair fertilization because of floret or
pollen sterility, and increasing the abortion rate
for the fertilized grains [63], thus reducing kernels
per spike.
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In addition, kernel weight in wheat is determined
by the rate and duration of grain filling period in
which assimilates transportation takes place [57].
Under dryland conditions, assimilate reserves
have a greater contribution to grain filling during
the grain filling period than ongoing
photosynthesis [64,65]. Therefore, when salinity
stress occurs after anthesis, grain filling becomes
more dependent on the dry matter mobilization
from stem reserves [65]. The stem stored
carbohydrate is positively correlated with plant
height in wheat [66]. Given that the cultivars used
in the current study contain salinity stress-
sensitive, moderately tolerant, and tolerant
cultivars, it was expected that the cultivars would
not follow the same trend in mobilizing the stored
carbohydrate from the stem under saline
conditions. Therefore, the stem's mobilization
process might explain the observed relationship
between plant height and grain yield, in which
plant height was correlated with grain yield under
non-saline irrigation only.

In the current study 6.25 dSm™ found to be the
salinity threshold for sensitive cultivars. Our
estimated threshold is 0.25 dSm” higher than the
previously reported, in which it was estimated
that six dSm™" of salinity is the wheat threshold
[19]. The difference between our estimation and
previous reports could be attributed to using
different cultivars and growing plant materials in
different environmental conditions. Overall, it was
estimated that grain yield would be reduced by
7.1% for each dSm™ increase above the
threshold [19]. Under salinity stress, grain yield
reduction was observed as a result of the
negative impact of salinity on the spikes number
per plant, spike length, the number of spikelets
per spike, straw weight, grain yield, 1000-grain
weight, and harvest index [36,67,19].
Understanding the adaptive physiological
responses of wheat plants to salinity stress will
assist breeders in identifying critical physiological
processes for salinity stress tolerance. Thus,
salinity stress evaluation has shifted towards
examining specific physiological traits involved in
salt tolerance, i.e., cation and anion absorption
[68].

Throughout the growing seasons, plants in the
current experiment were irrigated with non-saline
water (0.5 dSm-1) or three levels of saline water
(5, 7 or 9 dSm™). Across the four salinity levels,
the tolerant cultivars had lower flag leaf Na* and
CI' concentrations, while they had higher
concentrations of K*, Mg, Ca*?, and K/Na ratio
compared to the sensitive cultivars. K/Na ratio
was significantly correlated with grain yield under
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saline and non-saline irrigation. Furthermore,
none of the studied traits under non-saline
irrigation other than grain yield was correlated
with K/Na ratio. In contrast, under saline
irrigation, all traits, including grain yield, were
significantly associated with K/Na ratio. The
correlation relationship observed between K/Na
ratio and the studied traits could be attributed to
the small value of K/Na ratio under non-saline
irrigation. While, under salinity, plants uptake a
larger quantity of Na; therefore, K/Na ratio can be
used as an indicator for either sodium or
potassium uptake [69]. K/Na ratio can also be
used to distinguish salinity tolerant from sensitive
plants [69].

The observed differences among the studied
cultivars for the physio-agronomical traits studied
could be attributed to efficient osmotic
adjustment in the tolerant cultivars due to their
higher K/Na ratio compared to the sensitive
ones. K/Na ratio has become an essential salinity
stress tolerance trait [18]. For example, bread
wheat tolerance to salinity is characterized by
higher K" to Na* uptake [18]. Maintaining a high
K/Na ratio is critical in preserving cell volume
regulation under salt stress, which is found to
increase salt tolerance in wheat [39]. In bread
wheat, a locus (Kna1) on the 4D chromosome
was found to be associated with Na’
accumulation and the K/Na ratio [70].
Furthermore, to improve bread wheat capacity to
restrict Na accumulation in leaves, two major
genes for Na exclusion, Nax7, and Nax2, were
transferred from durum wheat into bread wheat.

Our results also indicated a negative impact of
Na* accumulation on Ca*® and Mg*. In contrast,
the salinity stress-tolerant cultivars tend to
contain higher concentrations of Ca™ and Mg
compared to the sensitive cultivars. This result
agrees with previous research [17,71,3]. The
observed differences among salinity stress
tolerant and sensitive cultivars could also be due
to the alleviation effect of Ca*® on Na'
accumulation [71]. Ca™ may preserve the
selective ability of the cell membrane under
saline conditions [72].

Furthermore, high saline soil solution was found
to displace Ca** from the root cells, causing Ca*?
deficiencies [72]. Moreover, under saline
irrigation treatment, Mg was found to be
negatively correlated with CI, while it was not
associated with Ca*?. However, under non-saline
irrigation, Mg and Ca* were significantly
correlated.  Additionally, under non-saline
irrigation, Mg+2 was associated with all traits
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except the number of days to flowering and the
number of fertile tillers. Saline irrigation impacted
the relationships between Mg*? with Ca™ and
that between Ca™ and Mg? with the
phenotypical and agronomical traits studied. A
possible explanation for the previous findings
might be saline irrigation's effect on increasing
the mobility of Mg*? and Ca*. In which Mg*? and
Ca*? were found to be easily leached down as
Na® concentration in the soil solution increases
[73]. Furthermore, Mg*?> and Ca'® uptake by
plants from the soil solution can be reduced as a
result of the ionic competition for the roots
absorption sites [74]. Thus, under saline
irrigation, the concentration of Ca™ and Mg
was decreased because of the increased ionic
strength of the soil solution and eventually
reduced plant growth and yield.

The phenotypic and physiological measurements
clustered the salinity stress-tolerant cultivars
(Sakaha8, Misr2, and Sakah93) in a single
cluster. Similar results were also obtained from
the SSR markers screening in which xgwm312,
Xcfd9, Xcfd46, and XWmc170 were present only
in the salinity stress-tolerant cultivars.
Furthermore, Xgwm312 is known to be
associated with Nax7 locus [75,18,76]. Nax1 is
located on chromosome 2A linked to the salinity
stress tolerance quantitative trait locus (QTL) and
was associated with Na transporter of the HKT
gene family HKT7 [75].

Nevertheless, the Xgwm312 marker was found to
be correlated with a-amylase activity and water
uptake during the seedling stage in spring wheat
grown under salinity stress [76]. However, the
presence of the Xgwm312 SSR marker in the
spring wheat cultivars used in this study was
unexpected since the marker is linked with Nax1
locus in some durum wheat genotypes. Hence it
should not be present in the modern bread wheat
[75]. An explanation of Xgwm312 presence in the
modern bread wheat used in the current
experiment could be attributed to the existence of
Nax1 analogous gene/s that might occupy the
same locus with Nax1. Overall, the results
reported in the present experiment confirmed
that Na* and CI" exclusion is a critical factor in
wheat tolerance for salinity stress.

Depending on the growth stage and parts of the
plant used in the analysis, the ranges of the
optimum nutrient levels for cereal crops were
developed [772]. That ranges are from 1.5 to 20
mg g for Ca*?, from 1 to 12 mg g' for Mg** and
from 15 to 23 mg g™ for K*. The estimated Ca*?,
Mg*?, and K* under non-saline irrigation in the
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current study fall into these ranges. However, as
salinity increased, so did the reduction of Ca+2,
Mg*® and K* increase. The highest reduction,
(and the maximum shortfall) was recorded under
the highest saline irrigation level used. Even
though the salinity stress-tolerant cultivars were
injured by Ca*?, Mg*? and K" deficiencies, their
injuries were less than those of the sensitive
cultivars in  sustaining relatively  higher
concentrations of Ca*?, Mg*?, and K*. Clearly,
accumulated Na* and CI" in the leaf blade under
saline irrigation increased Ca*?, Mg*® and K"
deficiency. It was also observed from pre-
planting and post-harvesting soil analysis that
because of irrigation with nine dSm™, soil salinity
was increased by 79.77% on average across the
two growing seasons. The Soil pH was
decreased by 3.8%. Similarly, K, Ca*?, Mg",
Na®, and CI" concentrations were also increased
as the level of saline water increased. Overall,
using saline irrigation increased soil salinity and
leachability of Mg*?, K" and Ca*?. Similar results
were previously reported in which saline irrigation
significantly increased salinity, Na*, and CI" in the
post-harvest soils by increasing the leachability
of K*, Ca*?, and Mg* from the soil [73].

5. CONCLUSION

Using saline water in irrigation requires
appropriate and careful management to ensure
sustainable agriculture and minimizing salt build
up in the soil profile. Saline water dramatically
reduced grain yield and its attributed traits.
However, salinity stress-tolerant cultivars tend to
be less affected by saline irrigation compared to
the sensitive ones. Utilizing nine dSm™ of saline
water in irrigation reduced grain yield by 63.9%
on average across all cultivars and growing
seasons. Overall, the average performance of
the salinity stress-tolerant cultivars across the
levels of saline water used was 26.5% better
than the sensitive ones for grain yield. However,
under nine dSm™ the tolerant cultivars were two-
fold better than the sensitive ones. Moreover,
under nine dSm'1, the tolerant cultivars had 130%
more fertile tillers, 260% higher kernel weight per
spike, 200% higher K/Na ratio and 43.5% more
Ca*? compared to the sensitive ones. Giving the
tremendous yield reduction experienced by both
tolerant and sensitive wheat cultivars used in the
current study, we recommend the following: a)
pyramiding Nax7 and Nax2 genes in the
breeders' elite lines that meant to be grown in a
saline environment, b) new fertilizers
recommendations need to be developed to
address Ca™® and K" deficiencies under saline
environments, c) seed rate by the unit area under
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salinity conditions need to be considered to
substitute tillers reduction by more seeds per unit
area, d) the long term impact of saline irrigation
on soil sustainability and crop production needs
to be further investigated.
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