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Abstract: Salinity in soil or irrigation water requires developing genetically salt-tolerant genotypes,
especially in arid regions. Developing salt-tolerant and high-yielding wheat genotypes has become
more urgent in particular with continuing global population growth and abrupt climate changes. The
current study aimed at investigating the genetic variability of new breeding lines in three advanced
generations F6–F8 under salinity stress. The evaluated advanced lines were derived through accurate
pedigree selection under actual saline field conditions (7.74 dS/m) and using saline water in irrigation
(8.35 dS/m). Ninety-four F6 lines were evaluated in 2017–2018 and reduced by selection to thirty-
seven F7 lines in 2018–2019 and afterward to thirty-four F8 lines in 2019–2020 based on grain yield
and related traits compared with adopted check cultivars. Significant genetic variability was detected
for all evaluated agronomic traits across generations in the salt-stressed field. The elite F8 breeding
lines displayed higher performance than the adopted check cultivars. These lines were classified
based on yield index into four groups using hierarchical clustering ranging from highly salt-tolerant
to slightly salt-tolerant genotypes, which efficiently enhance the narrow genetic pool of salt-tolerance.
The detected response to selection and high to intermediate broad-sense heritability for measured
traits displayed their potentiality to be utilized through advanced generations under salinity stress
for identifying salt-tolerant breeding lines.

Keywords: yield-related traits; genotypic and phenotypic coefficient of variation; broad-sense
heritability; response to selection; genetic gain; cluster analysis; principal component analysis

1. Introduction

Wheat (Triticum aestivum L.) is a widespread staple food crop worldwide. It is a major
source of energy and starch, as well as provides considerable amounts of dietary fiber,
protein, and vitamins for human nutrition [1,2]. The total production amount of wheat
in 2018 was 734.1 million tons, harvested from 214.3 million hectares [3]. Current and
projected future population growth requires improving wheat production in response to
worsening challenges due to climate change [4–6].

Salinity is one of the harsh environmental factors that devastatingly impact global
wheat production [7,8]. Large areas of cultivated land around the world are salt-affected,
particularly in arid regions due to low precipitation, high evaporation, poor drainage, poor
irrigation practices, using saline water in irrigation, or rising water tables [7,9]. Under
salinity conditions, wheat plants suffer from high osmotic stress, difficulties in nutrient
uptake, and ion toxicity, which is reflected in reducing cell turgor and limiting growth and
productivity [8,10].
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The destructive impacts of salinity on wheat production can be mitigated by certain
agronomic practices as utilizing a large amount of gypsum or by leaching to reduce salt
from the soil, but these processes are expensive. On the other hand, growing salt-tolerant
genotypes provides a long-term inexpensive practical solution and can be utilized in a
large area which is the most effective approach [11]. Consequently, developing salt-tolerant
and high-yielding wheat genotypes has become more urgent, especially with continuing
global population growth and current climate changes [8]. However, improving salt-
tolerant genotypes faces restricting factors as a lack of genetic diversity, limited selection
effectiveness under salinity stress, and inadequate knowledge of complex salt-tolerance
mechanism [9,10,12]. For these reasons, enhancing breeding for salt-tolerance is a valuable
global concern to cope with the constraints on agricultural production [8].

Salt-tolerance can be characterized as the ability of the genotype to complete its growth
cycle and produce appropriate grain yield under salinity stress compared to salt-sensitive
genotypes [12]. Wheat genotypes possess diverse efficiency in producing acceptable
grain yield under salinity stress [8]. Therefore, it is vital to address wheat genotypes
under salinity conditions to identify salt-tolerant and sensitive ones. Evaluation of wheat
genotypes under natural salinization is a crucial assessment approach, since the plants are
screened under realistic and natural conditions such as soil heterogeneity, drought stress,
and fluctuations of air temperature at the same time with salinity stress [7,13,14]. Thus,
genotypic evaluation under natural saline field conditions assists in identifying suitable
genotypes that could be grown under salinity conditions, as well as potential parents that
could be integrated into breeding programs for salt-tolerance [8].

The objectives of this study were to: (i) investigate the genetic variability of breeding
lines in three advanced generations, F6–F8, under salinity stress; (ii) identify superior ad-
vanced lines under salinity stress that can be exploited in the breeding program to develop
further adapted cultivars for salt-affected regions; and (iii) estimate heritability, genetic
gain and response to selection based on earliness and yield-related traits to determine their
efficiency for selection in wheat under salinity stress.

2. Materials and Methods
2.1. Plant Material and Experimental Design

The data of this study were collected from three advanced generations, F6–F8, in a
breeding program for salt-tolerance followed a pedigree scheme. The evaluated breeding
lines were derived by crossing ten genotypes representing commercially adopted cultivars
and exotic genotypes (Table S1). Ninety-four F6 lines were evaluated in 2017–2018 and
reduced by selection to thirty-seven F7 lines in 2018–2019 and afterward to thirty-four F8
lines in 2019–2020. Grain yield and its components were the main selection criteria in the
advanced generations compared with five adopted check cultivars (Table S1). The experi-
mental design was alpha-lattice design with three replications. In the three generations,
the plots consisted of six rows of 3 m long with a 20 cm spacing between rows.

2.2. Experimental Site and Agronomic Practices

Field experiments were performed during three growing seasons (2017–2018 to
2019–2020) at the Ras-Sudr Experimental Station, Desert Research Center, Southwest Sinai,
Egypt (29.6◦ N and 32.7◦ E). The experimental site is arid and characterized by very low
precipitation (accumulative annual precipitation is around 50 mm). The average monthly
temperature and rainfall during the three growing seasons as well as the long-term average
of 38 years are shown in Table S2. The experimental site is affected by salinity in both
irrigation water (8.35 dS/m) and soil (7.74 dS/m). Chemical properties of the soil (at the
depth of 0–30 cm) and irrigated water were analyzed and are presented in Table S3. Based
on soil analysis, the soil is sandy loam throughout the profile (86.95% sand, 8.75% silt and
4.30% clay). The sowing dates in three generations were in the third week of November
within the optimal period for wheat cultivation in the area. Phosphorus was applied before
sowing at a rate of 31 kg P/ha as superphosphate (15.5% P2O5) and potassium was applied
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at a rate of 80 kg K/ha as potassium sulfate (48% K2SO4). Nitrogen fertilizer was applied
with a rate of 180 kg N/ha as ammonium sulfate (21% N) in five splits at 10-day intervals
after sowing. There was no pest pressure in the two growing seasons. The used irrigation
in this region for wheat is surface irrigation once every week.

2.3. Measured Traits

The measured traits were days to heading, plant height, number of grains per spike,
1000-grain weight, grain yield and biological yield. Days to heading was recorded as the
number of days from sowing to the date when about 2 cm of awns were visible on 50%
of stems in each plot. Plant height was measured as the distance in centimeters from the
soil surface to the end of the spike. The number of grains/spike was recorded from ten
randomly chosen spikes at each plot. Both grain yield and biological yield were recorded
by hand-harvesting the four central rows from each plot and converting the weight to
kilograms per hectare, based on the plot area that was harvested. The 1000-grain weight
was determined as the weight of 1000 grains sampled from the harvest of four central rows.

2.4. Statistical Analysis

Data of the three generations were subjected to analysis of variance. The phenotypic,
genotypic coefficients of variation were calculated according to the method suggested by
Burton and Devane [15].

Broad-sense heritability was calculated as hb
2 = σ2g

σ2g+ σ2e , where σ2g and σ2e are the
variances due to genotype and error, respectively.

Response to selection (Rs) was calculated as Rs = hb
2 × i ×

√
σ2 p , where i is the

selection intensity at 39% for selected individuals in F6 (i = 0.984) and at 92% for selected
individuals in F7 and F8 (i = 0.195).

The relative traits for each line (%T) were expressed as a percentage of the average of
checks at each generation using the following equation: T% = TL

TCh
× 100, where TL is the

mean of each line and TCh is the average of the checks at each generation.
Selection differential and genetic gain were calculated for grain yield and related traits

as described by the procedure of St. Martin and McBlain [13], using relative values for the
evaluated traits (T%). Calculations of selection differential and genetic gain were performed
for the two selection steps available: F6–F7 and F7–F8, according to the following equations:
SD = XS − X and GG = X′S − X, where SD is the selection differential, XS is the mean of
the experimental lines selected from the first stage (F6 or F7) for testing in the second stage
(F7 or F8), X is the mean of all experimental lines evaluated in the first stage (F6 or F7), GG
is genetic gain, and X′S is the mean of the experimental lines selected from the first stage
and evaluated in the second stage (F7 or F8).

Yield index (YI) was calculated for the selected thirty-four lines and five check cultivars
over the three seasons as: YI = Ys

Ys
, where YS is the grain yield of each genotype and Ys is

the average grain yield of check cultivars [14].
Hierarchical cluster analysis was applied to group the evaluated F8 lines according to

the level of salt tolerance based on their yield index following the Ward method [16]. Princi-
pal component analysis was performed on the averages of the measured traits to determine
their relationship. R statistical software version 3.6.1 was used for all statistical analyses.
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3. Results
3.1. ANOVA and Descriptive Evaluation of F6–F8

Analysis of variance for earliness, plant height and yield traits displayed highly
significant differences among evaluated genotypes, including advanced lines and check
cultivars, in the three generations F6–F8 (Table 1 and Figure 1). The genotypic variance
was reduced through successive generations from F6 to F8. Furthermore, a wide range
of the evaluated traits was observed among the advanced lines in the three generations
(Table 2 and Figure 1). The applied selection intensity was stronger from F6 to F7 (39% of
lines promoted to F7) than from F7 to F8 (92% of lines promoted to F8). Therefore, the traits
varied largely in F6, followed by F7 and F8. Grain yield varied from 1385 to 4492 kg/ha
in F6, whereas it varied from 3518 to 4492 kg/ha in F7 and from 3942 to 4560 kg/ha in
F8 (Table 2). In addition, the overall mean of F8 lines was higher than F6 and F7 due to
excluding low-yielding breeding lines through selection process in F6 and F7. Moreover,
F8 contained advanced lines with higher yield potential than the check cultivars (Table 2).

Table 1. Mean squares of studied traits for evaluated genotypes (advanced lines and check cultivars)
in the three generations, F6, F7, and F8.

Generation Trait Genotypes Error Total

F6

Df † 98 196 296
Days to heading 69.24 ** 2.86 24.83

Plant height 145.44 ** 7.58 53.23
Number of grains/spike 57.64 ** 5.55 22.76

1000-grain weight 31.59 ** 3.13 12.53
Grain yield 2,076,531 ** 344,898 935,619

Biological yield 3,948,980 ** 560,894 1,679,154

F7

Df † 41 82 125
Days to heading 46.22 ** 1.61 16.23

Plant height 86.66 ** 4.92 31.74
Number of grains/spike 15.15 ** 1.30 5.82

1000-grain weight 9.78 ** 0.85 3.78
Grain yield 90,488 ** 13,672 38,665

Biological yield 1,234,146 ** 167,345 514,633

F8

Df † 38 76 116
Days to heading 40.77 ** 1.86 14.57

Plant height 64.82 ** 3.22 23.47
Number of grains/spike 9.17 ** 1.09 3.75

1000-grain weight 5.75 ** 0.85 2.46
Grain yield 39,737 ** 6120 17,095

Biological yield 694,176 ** 89,947 286,397
† Df is degree of freedom, ** indicates p-value < 0.01.
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Figure 1. Boxplots with median, minimum, maximum and mean values for days to heading (A), plant height (B), number
of grains/spike (C), 1000-grain weight (D), grain yield (E), and biological yield (F) for the investigated lines in advanced
generations F6, F7 and F8. ** and *** indicate p-value < 0.01 and 0.001, respectively.
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Table 2. Descriptive statistics (minimum, Min; maximum, Max; mean, standard deviation, SD and coefficient of variation,
CV) for studied agronomic traits of the evaluated advanced lines and check cultivars in the three generations, F6–F8.

Generation Trait
Advanced Lines Check Cultivars

Min Max Mean SD CV (%) Min Max Mean SD CV (%)

F6

Days to heading 66.67 90.00 74.09 4.78 6.45 66.33 75.67 70.20 3.44 4.90
Plant height (cm) 57.10 90.90 76.34 7.03 9.21 81.67 89.33 85.87 2.97 3.46

Number of grains/spike 29.97 47.29 41.49 4.61 11.11 36.94 46.06 39.98 3.58 8.95
1000-grain weight (g) 26.30 38.70 34.91 3.27 9.36 36.79 48.93 42.64 4.47 10.48
Grain yield (kg/ha) 1385 4492 3241 1015 31.30 3337 4314 3906 508.0 13.01

Biological yield (kg/ha) 4400 12,736 8932 1364 15.27 8872 12,368 10,843 1258 11.60

F7

Days to heading 67.33 83.00 73.03 3.94 5.39 65.67 73.67 69.40 2.90 4.18
Plant height (cm) 65.33 90.83 79.56 5.49 6.90 75.67 87.33 81.93 4.65 5.68

Number of grains/spike 38.61 46.36 42.78 2.19 5.12 37.13 45.01 41.27 3.84 9.30
1000-grain weight (g) 29.96 39.27 36.02 1.86 5.16 38.27 45.47 41.77 3.41 8.16
Grain yield (kg/ha) 3518 4492 4254 200.9 4.72 3409 4335 3951 415.0 10.50

Biological yield (kg/ha) 8950 12,916 11,224 753 6.71 9693 12,453 11,204 1068 9.53

F8

Days to heading 67.33 84.00 73.63 3.72 5.05 66.3 74.97 70.04 3.21 4.58
Plant height (cm) 74.67 91.00 80.73 4.63 5.74 82.00 90.17 87.73 3.38 3.85

Number of grains/spike 39.79 48.43 43.50 2.05 4.72 36.71 45.83 42.09 3.77 8.96
1000-grain weight (g) 32.15 39.81 36.80 1.57 4.25 37.29 49.80 41.94 4.82 11.49
Grain yield (kg/ha) 3942 4560 4327 133.1 3.08 3147 4275 3824 594.2 15.54

Biological yield (kg/ha) 10,709 12,928 11,717 562.5 4.80 8635 12,374 10,578 1164 11.00

3.2. Genetic Variability in F6–F8

Phenotypic and genotypic variances (σ2p and σ2g), phenotypic and genotypic coef-
ficients of variation (PCV, GCV), broad-sense heritability (h2

b), and response to selection
(Rs) for the three advanced generations are presented in Table 3. The results reveal that
the σ2g and σ2p, PCV, GCV, and Rs for the measured traits were higher in F6 followed
by F7 and F8. The values of GCV were closer to those of PCV for the earliness trait, plant
height, 1000-grain weight and number of grain/spike than grain yield and biological yield
in the three generations. Moreover, it is worth noting that broad-sense heritability values
were high for days to heading, plant height, 1000-grain weight and number of grains/spike
while being intermediate for grain yield and biological yield in the three generations under
saline conditions (Table 3).

3.3. Genetic Gain and Selection Differential

To estimate the progress due to selection, the traits were expressed relatively as a
percentage of checks. Obviously, it presents values around 100, thereupon, the values for
all traits can be easily followed compared with the average of the checks (Table 4). The
selection differential (SD) and genetic gain (GG) were calculated for two selection steps;
F6–F7 and F7–F8 (Table 4). The results indicate that the relative traits for F7–F8 step were
higher than F6–F7 due to excluding low-yielding lines. As an illustration, the relative
grain yield of all F6 lines did not reach checks level (100%), while the average F7 and F8
surpassed the level of the check by 8 and 8.7%, respectively. Consequently, selection step
of F6–F7 displayed higher SD and GG than F7–F8.
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Table 3. Genetic variability parameters for the studied traits in the evaluated bread wheat advanced
lines.

Generation Parameter † DH * PH NG/S TGW GY BY

F6

σ2g 20.49 43.01 16.77 8.62 688,408 1,307,226
σ2p 22.82 49.40 21.25 10.68 1,029,216 1,860,496

GCV 6.11 8.59 9.87 8.41 25.60 12.80
PCV 6.45 9.21 11.11 9.36 31.30 15.27
h2

b 0.90 0.87 0.79 0.81 0.67 0.70
Rs 4.22 6.02 3.58 2.59 667.7 943.0

F7

σ2g 14.31 26.83 3.89 2.89 27,802 403,559
σ2p 15.50 30.11 4.79 3.45 40,356 567,270

GCV 5.18 6.51 4.61 4.72 3.92 5.66
PCV 5.39 6.90 5.12 5.16 4.72 6.71
h2

b 0.92 0.89 0.81 0.84 0.69 0.71
Rs 0.71 0.95 0.35 0.30 26.99 104.5

F8

σ2g 12.65 19.41 3.45 2.06 12,254 228,527
σ2p 13.81 21.46 4.21 2.45 17,728 316,424

GCV 4.83 5.46 4.27 3.90 2.56 4.08
PCV 5.05 5.74 4.72 4.25 3.08 4.80
h2

b 0.92 0.90 0.82 0.84 0.69 0.72
Rs 0.66 0.82 0.33 0.26 17.95 79.22

† GCV is the genotypic coefficient of variation, PCV is the phenotypic coefficient of variation, h2
b is heritability in

broad sense and Rs is response to selection. * DH is days to heading, PH is plant height (cm), NG/S is number of
grains/spike, TGW is 1000-grain weight (g), GY is grain yield (kg/ha) and BY is biological yield (kg/ha).

3.4. Mean Performance of Promising Lines

The averages of studied traits for the selected thirty-four breeding lines over the
three growing seasons are presented in Table 5. The sensitive individuals were excluded
through the early generations, and thereby, the selected lines displayed slight variations.
Notwithstanding, days to heading significantly differed among the selected breeding lines
under salinity stress and ranged between 67.22 and 83.89 days. Lines L72, L78, L59, L24,
and L49 displayed the earliest heading, whereas L64, L16, L21, L65, and L23 exhibited the
latest heading (Table 5). Plant height considerably varied among genotypes and ranged
between 70.98 and 88.76 cm. The tallest plants were assigned to L13, L2, L24, L23, and
L27, while the shortest plants were recorded for L53, L57, L72, L34 and L49. Number of
grains/spike was significantly divergent among the breeding lines in response to salinity
stress, and varied between 39.07 and 47.19 grains. The lines L79, L77, L80, L57, and L21
presented the highest grain number, whereas L53, L45, L54, L78, and L72 displayed the
lowest grain number compared with the check cultivars and the other lines under salinity
stress. Similarly, 1000-grain weight significantly differed among the breeding lines and
ranged between 33.82 and 38.71 g. The heaviest grain index was assigned to L77, L44,
L64, L24, and L30, while the lightest grain index was recorded for L45, L16, L53, L27, and
L72. Correspondingly, grain yield varied substantially among the breeding lines under
salinity stress, ranging between 3962 and 4467 kg/ha. The breeding lines exhibited different
performances; L77, L44, L64, L3, and L65 produced the highest grain yield, while L53, L72,
L45, L59, and L61 presented the lowest values. In addition, there was a significant contrast
regarding biological yield between the lines due to salinity stress, ranging between 9709
and 12,860 kg/ha. The lines L65, L37, L64, L21, and L16 gave the highest biological yield,
whereas L53, L59, L45, L54, and L57 presented the lowest values.
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Table 4. Selection differential (S) and genetic gain (GG) of grain yield and its components for
advanced lines in two sets of consecutive generations (F6–F7 and F7–F8), the traits were expressed as
the percentage of checks.

Trait Generations
First Generation

Evaluated in
Second Generation S GGAll

Lines
Selected

Lines

Days to heading F6–F7 103.5 104.3 104.2 0.73 0.69
F7–F8 104.2 104.5 104.4 0.27 0.14

Plant height F6–F7 88.91 93.88 92.96 4.97 4.05
F7–F8 92.96 94.24 93.80 1.28 0.84

Number of
grains/spike

F6–F7 102.0 105.7 104.8 3.69 2.87
F7–F8 104.8 106.3 105.2 1.46 0.33

1000-grain weight F6–F7 101.2 108.2 107.5 6.92 6.28
F7–F8 107.5 108.9 107.9 1.38 0.40

Grain yield F6–F7 83.02 111.2 108.0 28.17 24.96
F7–F8 108.0 109.1 108.7 1.13 0.71

Biological yield F6–F7 80.59 103.6 100.2 23.05 19.60
F7–F8 100.2 102.4 101.9 2.23 1.70

Table 5. Mean performance of selected thirty-four breeding lines and five check cultivars over the
three generations F6–F8.

Genotype Parents DH * PH NG/S TGW GY BY GY Ranking
L2 P1 × P2 72.22 86.06 42.71 36.45 4314 11,201 20
L3 P1 × P2 74.67 82.68 41.29 37.53 4419 11,799 4
L13 P1 × P2 76.67 88.76 41.63 36.38 4323 11,674 16
L15 P5 × P2 77.89 78.88 41.76 37.63 4367 11,811 9
L16 P5 × P2 79.33 80.41 41.28 34.66 4408 11,820 6
L21 P5 × P2 78.11 77.22 45.09 37.37 4376 11,944 8
L23 P5 × P2 77.89 83.87 43.47 36.95 4363 11,320 10
L24 P5 × P2 68.67 84.06 41.76 38.05 4238 10,949 29
L27 P5 × P2 77.22 82.97 43.72 35.12 4311 11,209 22
L30 P9 × P10 72.33 79.89 44.09 37.95 4355 11,479 12
L33 P1 × P3 68.89 77.23 43.60 37.09 4249 11,182 26
L34 P1 × P3 75.67 72.31 44.15 37.69 4393 11,809 7
L37 P1 × P3 77.56 79.26 43.52 37.33 4340 11,967 13
L39 P1 × P3 69.56 78.11 43.88 37.04 4248 11,129 27
L44 P1 × P3 72.56 78.72 43.79 38.46 4440 11,625 2
L45 P1 × P3 71.85 76.41 39.55 33.82 3987 9950 37
L49 P8 × P10 68.78 74.30 43.79 37.02 4318 11,394 17
L50 P8 × P10 74.44 79.23 43.60 37.47 4302 11,209 23
L51 P8 × P10 72.11 79.44 42.39 37.16 4330 11,606 15
L53 P4 × P6 69.11 70.98 39.07 34.67 3962 9709 39
L54 P4 × P6 68.89 75.97 40.12 37.58 4224 10,042 30
L57 P4 × P6 72.00 71.49 45.19 36.86 4041 10,093 33
L59 P4 × P6 68.33 76.31 40.89 37.54 3989 9814 36
L61 P4 × P6 69.22 74.37 40.90 37.46 4011 10,222 35
L62 P4 × P6 75.44 79.39 44.43 37.11 4340 10,978 13
L64 P4 × P6 83.89 78.57 43.81 38.21 4422 11,965 3
L65 P4 × P6 78.00 76.42 42.69 37.23 4411 12,860 5
L70 P1 × P4 73.56 77.23 44.60 36.86 4316 11,586 18
L72 P1 × P4 67.22 71.76 40.68 36.00 3981 10,260 38
L77 P1 × P4 73.44 78.48 45.89 38.71 4467 11,464 1
L78 P1 × P4 67.67 75.92 40.50 37.87 4038 10,175 34
L79 P1 × P4 73.67 76.99 47.19 36.32 4276 11,333 25
L80 P1 × P4 69.89 78.83 45.78 37.05 4240 11,375 28
L83 P10 × P7 76.44 79.00 44.70 36.68 4314 11,015 20

Sakha-94 Check 73.57 82.89 43.59 38.63 4315 12,852 19
Misr-1 Check 74.77 81.44 41.30 38.37 4079 10,067 32

Gemmiza-7 Check 72.10 86.44 40.71 37.37 4277 11,210 24
Gemmiza-9 Check 73.57 88.50 44.76 37.98 4360 11,848 11

Gemmiza-12 Check 70.40 86.61 45.54 36.68 4097 11,398 31

LSD0.05% 1.48 2.07 1.65 1.78 102 254.2
* DH is days to heading, PH is plant height (cm), NG/S is number of grains/spike, TGW is 1000-grain weight (g),
GY is grain yield (kg/ha) and BY is biological yield (kg/ha).
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3.5. Genotypic Classification according to Salinity Tolerance

The yield index of thirty-four promising lines and five checks was computed and used
to classify the evaluated genotypes according to their salinity tolerance. The genotypes
were classified into four groups using hierarchical clustering (Figure 2). Group A comprised
six genotypes with the highest observed grain yield; hence, they could be considered as
highly salt-tolerant genotypes. Group B had seventeen genotypes with high grain yield
values; consequently, they are considered as tolerant genotypes. Likewise, group C is
composed of seven genotypes that had intermediate grain yield values, and they are
considered as moderate salt-tolerant genotypes. Groups D included nine genotypes with
lower values of grain yield, and they are considered as slightly salt-tolerant genotypes.

Figure 2. Hierarchical clustering of the phenotypic distances among thirty-four F8 wheat lines and five check cultivars
based on their yield index.

3.6. Interrelationship among Traits

Principal component analysis was applied to visualize the association among the eval-
uated traits at three advanced generations. The first two principal components displayed
most of the variance, reaching about 96.15% (92.51% and 3.64% by PC1 and PC2, respec-
tively); accordingly, they were used to construct the PC-biplot (Figure 3). The trait vectors
are represented by acute angles, implying positive associations. Subsequently, a strong
positive correlation was detected between grain yield and the number of grains/spike,
days to heading, biological yield, 1000-grain weight, and plant height under salinity stress.
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Figure 3. Biplot of the first two principal components for agronomic traits of 39 wheat genotypes over three growing
seasons under salinity stress.

4. Discussion

Salinity in the soil or irrigation water devastatingly impacts wheat growth and pro-
ductivity. Salinity in the soil can be mitigated by leaching using freshwater or certain
agronomic practices to reduce salt from the root zone. Nevertheless, like our study region,
in which both soil and irrigation water are salty, the appropriate strategy to cope with these
conditions necessitates developing genetically salt-tolerant genotypes. Moreover, devel-
oping salt-tolerant wheat genotypes has become more urgent, especially with continuing
global population growth and abrupt climate changes [4,8].

Genetic variability is an essential component for developing salt-tolerant wheat geno-
types [17]. However, the genetic base of wheat breeding for salt-tolerance is narrow [18,19].
The lack of genetic diversity limits the progress of improving salt-tolerance in wheat. The
genetic diversity could be enriched by introgression of new beneficial alleles from exotic
genotypes into adopted commercial cultivars [20,21]. This is a vital approach for enhancing
current and future breeding efforts of salt-tolerance. In the current study, new breeding
lines were derived by crossing exotic genotypes and commercial cultivars. Multiple cycles
of selection were implemented for improving yield potential under natural saline field
conditions and using saline water in irrigation. Evaluation under actual saline field condi-
tions was effective to exclude salt-sensitive genotypes, particularly in the yielding stage.
Similarly, various researchers employed the introgression of favorable alleles from exotic
genotypes into adopted wheat cultivars, such as Shavrukov, et al. [22], Akbarpour et al. [18],
Al-Ashkar et al. [11], Dadshani et al. [7], Gadimaliyeva et al. [23], and Lethin et al. [24].

The evaluated breeding lines displayed highly significant variations in the three
advanced generations, F6–F8, and exhibited a wide range of variability for all studied
traits under salinity stress (Tables 1–3, Figure 1). Furthermore, the genotypic variance
(σ2g) and genotypic coefficient of variation (GCV) demonstrated the presence of inherent
genetic differences among the evaluated breeding lines in respect to measured agronomic
traits. These genetic divergences of measured agronomic traits reflected the potential
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of these lines in enhancing the genetic diversity through favorable alleles that could be
exploited through breeding for improving salt-tolerance. Moreover, we noticed a reduction
in genotypic and phenotypic variances within the breeding lines in F8 compared with F6
(Tables 1 and 3), demonstrating that the elite lines have become more uniform. Otherwise,
the values of phenotypic variance (σ2p) and phenotypic coefficient of variation (PCV)
were slightly higher than those of genotypic variance (σ2g) and genotypic coefficients of
variation (GCV) for evaluated traits in the three generations. These findings demonstrate
the inherent variations among the evaluated lines that remain unaltered by environmental
conditions that are beneficial for utilization in breeding for salt-tolerance. In addition, the
lower environmental impact on these traits signified the improvement that can be achieved
through selection based on phenotypic expression. Additionally, detected intermediate
to high broad-sense heritability for evaluated agronomic traits confirmed the efficiency
of these traits for direct phenotypic selection to identify salt-tolerant genotypes over the
advanced generations. These inferences were strengthened by the detected response of
these traits to selection through advanced generations under salinity stress (Table 3). On the
other hand, the measured traits displayed a higher response to selection in F6 followed by
F7 and F8 [25]. The superior response to selection in F6 compared with F7 and F8 was due
to higher phenotypic variation in F6 and also greater selection pressure applied from F6 to
F7 that led us to exclude the low potential individuals. Similarly, Venuprasad et al. [26],
Bhutta and Hanif [27], Green et al. [28], Akbarpour et al. [18], Okechukwu et al. [29],
Oyiga et al. [12], and Lozada et al. [30] elucidated the importance of grain yield and its
attributed traits in selection through advanced generations under salinity stress.

Wheat breeders mostly use the pedigree selection scheme to combine complementary
characters from different parents to develop new high-yielding genotypes [31]. In the
present study, the achieved genetic gain through selection was investigated under salinity
conditions based on earliness and yield related traits. The check cultivars are considered as
the threshold of agronomic excellence for the program [32]. The overall relative traits of F7
and F8 exhibited significant progress because the breeding lines surpassed the level of the
checks compared with F6 (Table 4). Selection through successive inbreeding generations led
to accumulating favorable genes in the advanced breeding lines [25]. Accordingly, most of
the selected advanced lines exceeded the levels of check cultivars under salinity stress over
three generations, particularly; L3, L16, L44, L64, L65, and L77 (Table 5 and Figure 2). Hence,
these elite lines can be exploited as newly developed materials with great genetic potential
for the further improvement of salt-tolerance. These results emphasize the efficiency of
selection to exclude low-potential and salt-sensitive individuals and reaching its objective
of producing salt-tolerant genotypes with high-yielding potential. Otherwise, the progress
slowed down after F7, as the improvement due to selection was slight compared to F6. The
reason for that could be due to lower applied selection intensity from F7–F8 compared to
F6–F7 [25]. Consequently, selection differential (SD) and genetic gain (GG) were higher for
F6–F7 step than F7–F8 one. In this context, Gracia et al. [25] documented the importance of
relative traits expressed as a percentage of the checks, selection differential, and genetic
gain in determining the progress that occurred in the Spanish barley breeding program
through advanced generations.

Grain yield and its attributed traits are valuable criteria for investigating genotypic
responses to salinity stress and identifying salt-tolerant genotypes with high-yielding
potential. Number of grains/spike and 1000-grain weight displayed a strong positive
association with grain yield, which indicates their importance as vital traits for indirect
selection, in particular, in the early generations under salinity stress (Figure 3). These traits
are easier to measure compared with grain yield, which is helpful in early generations.
A similar positive association between yield and related agronomic traits was proved by
El-Hendawy et al. [33], Akbarpour et al. [18], Dadshani et al. [7], Gadimaliyeva et al. [23],
and Mansour et al. [8]. Furthermore, a positive association with days to heading reveals
grain-filling period requires to be extended to increase grain yield under salinity stress.
Moreover, it is worth noting that plant height had a significant positive association with
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grain yield and its components under salinity stress. This is a benefit of breeding for salt-
tolerance as plant height is considered a surrogate of aerial biomass and is easier to record.
Similar findings were depicted by Akbarpour et al. [18], Saade et al. [34], Dadshani et al. [7],
and Mansour et al. [8].

5. Conclusions

Exotic wheat genotypes were crossed with local cultivars using pedigree scheme
under natural salinization conditions to broaden the narrow genetic base of salt-tolerance.
Large variability was detected among the evaluated breeding lines for salt tolerance under
field conditions at yielding stage in the three evaluated generations, F6–F8. Grain yield and
related traits of the selected breeding lines surpassed the level of the adopted check cultivars
starting from F7 and F8 under salinity stress. These lines can be exploited as a novel
genetic material to enhance breeding for salt-tolerance. These results demonstrate that the
selection approach reaches its objective of producing salt-tolerant wheat breeding lines with
high-yielding potential. The detected response to selection and high to intermediate broad-
sense heritability for studied agronomic traits demonstrated their efficiency in phenotypic
selection and identifying salt-tolerant lines over the advanced generations. Number of
grains/spike, 1000-grain weight, and plant height displayed a strong positive association
with grain yield, which suggests their importance for indirect selection under salinity stress,
particularly in the early generations, due to the ease of their measurement.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-439
5/11/2/281/s1, Table S1. Name, code, pedigree and origin of the used parents and check cultivars
in the breeding program. Table S2. Monthly average minimum temperature (Tmin, ◦C), maximum
temperature (Tmax, ◦C), growing degree days (GDD, ◦C) and precipitation (Prec., mm) in the three
growing seasons and 38 years’ monthly averages (1983–2020). Table S3: Chemical properties of soil
and irrigation water at the experimental site

Author Contributions: Conceptualization, E.S.A.M., M.M.A.A., M.M.K., M.F.A., A.A.H. and E.M.;
methodology, E.S.A.M., M.M.A.A., M.M.K., A.A.H. and E.M.; software, M.M.A.A., M.M.K., M.F.A.,
A.A.H., and E.M.; validation, E.S.A.M., M.M.A.A., M.M.K., M.F.A., A.A.H., and E.M.; formal analysis,
E.S.A.M., M.M.A.A., M.M.K., M.F.A., A.A.H., and E.M.; investigation, E.S.A.M., M.M.A.A., M.M.K.,
A.A.H., and E.M.; resources, E.S.A.M. and M.F.A.; data curation, E.S.A.M., M.M.A.A., M.M.K., M.F.A.,
A.A.H., and E.M.; writing—original draft preparation, E.S.A.M., M.M.A.A., M.M.K., M.F.A., A.A.H.,
and E.M.; writing—review and editing E.S.A.M., M.M.A.A., M.M.K., M.F.A., A.A.H., and E.M.;
visualization, E.S.A.M., M.M.A.A. and E.M.; supervision, E.S.A.M., M.M.A.A. and E.M.; project
administration E.S.A.M. and M.F.A.; funding acquisition, E.S.A.M., M.M.A.A., M.M.K., M.F.A.,
A.A.H., and E.M. All authors have read and agreed to the published version of the manuscript.

Funding: The current work was funded by Taif University Researchers Supporting Project number
(TURSP-2020/111), Taif university, Taif, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors wish to thank Desert Research Center and Zagazig University
for the technical and financial support of this research. Appreciation is extended to Ras-Sudr
experimental research Station for their help in field activities. The authors extend their appreciation
to the Taif University for funding this work through Taif University Researchers Supporting Project
number (TURSP -2020/111), Taif University, Taif, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/2073-4395/11/2/281/s1
https://www.mdpi.com/2073-4395/11/2/281/s1


Agronomy 2021, 11, 281 13 of 14

References
1. Shewry, P.R.; Hey, S.J. The contribution of wheat to human diet and health. Food Energy Secur. 2015, 4, 178–202. [CrossRef]

[PubMed]
2. Joye, I.J. Dietary fibre from whole grains and their benefits on metabolic health. Nutrients 2020, 12, 3045.
3. FAOSTAT. Food and Agriculture Organization of the United Nations. Statistical Database. Available online: http://www.fao.

org/faostat/en/#data (accessed on 21 December 2020).
4. Hickey, L.T.; Hafeez, A.N.; Robinson, H.; Jackson, S.A.; Leal-Bertioli, S.C.; Tester, M.; Gao, C.; Godwin, I.D.; Hayes, B.J.; Wulff, B.B.

Breeding crops to feed 10 billion. Nat. Biotechnol. 2019, 37, 744–754. [CrossRef] [PubMed]
5. Khadka, K.; Raizada, M.N.; Navabi, A. Recent progress in germplasm evaluation and gene mapping to enable breeding of

drought-tolerant wheat. Front. Plant Sci. 2020, 11, 1149. [CrossRef]
6. Mansour, E.; Merwad, A.; Yasin, M.; Abdul-Hamid, M.; El-Sobky, E.; Oraby, H. Nitrogen use efficiency in spring wheat: Genotypic

variation and grain yield response under sandy soil conditions. J. Agric. Sci. 2017, 155, 1407–1423. [CrossRef]
7. Dadshani, S.; Sharma, R.C.; Baum, M.; Ogbonnaya, F.C.; Léon, J.; Ballvora, A. Multi-dimensional evaluation of response to salt

stress in wheat. PLoS ONE 2019, 14, e0222659. [CrossRef] [PubMed]
8. Mansour, E.; Moustafa, E.S.; Desoky, E.-S.M.; Ali, M.; Yasin, M.A.; Attia, A.; Alsuhaibani, N.; Tahir, M.U.; El-Hendawy, S.

Multidimensional evaluation for detecting salt tolerance of bread wheat genotypes under actual saline field growing conditions.
Plants 2020, 9, 1324. [CrossRef]

9. Luo, J.-Y.; Zhang, S.; Peng, J.; Zhu, X.-Z.; Lv, L.-M.; Wang, C.-Y.; Li, C.-H.; Zhou, Z.-G.; Cui, J.-J. Effects of soil salinity on the
expression of Bt toxin (Cry1Ac) and the control efficiency of Helicoverpa armigera in field-grown transgenic Bt cotton. PLoS ONE
2017, 12, e0170379. [CrossRef]

10. El-Hendawy, S.E.; Hassan, W.M.; Al-Suhaibani, N.A.; Refay, Y.; Abdella, K.A. Comparative performance of multivariable
agro-physiological parameters for detecting salt tolerance of wheat cultivars under simulated saline field growing conditions.
Front. Plant Sci. 2017, 8, 435. [CrossRef]

11. Al-Ashkar, I.; Alderfasi, A.; El-Hendawy, S.; Al-Suhaibani, N.; El-Kafafi, S.; Seleiman, M.F. Detecting salt tolerance in doubled
haploid wheat lines. Agronomy 2019, 9, 211. [CrossRef]

12. Oyiga, B.C.; Sharma, R.; Shen, J.; Baum, M.; Ogbonnaya, F.; Léon, J.; Ballvora, A. Identification and characterization of salt
tolerance of wheat germplasm using a multivariable screening approach. J. Agron. Crop Sci. 2016, 202, 472–485. [CrossRef]

13. St. Martin, S.; McBlain, B. Procedure to estimate genetic gain by stages in multistage testing programs. Crop Sci. 1991, 31,
1367–1369. [CrossRef]

14. Gavuzzi, P.; Rizza, F.; Palumbo, M.; Campanile, R.; Ricciardi, G.; Borghi, B. Evaluation of field and laboratory predictors of
drought and heat tolerance in winter cereals. Can. J. Plant Sci. 1997, 77, 523–531. [CrossRef]

15. Burton, G.W.; Devane, D.E. Estimating heritability in tall fescue (Festuca arundinacea) from replicated clonal material 1. Agron. J.
1953, 45, 478–481. [CrossRef]

16. Ward, J.H., Jr. Hierarchical grouping to optimize an objective function. J. Am. Stat. Assoc. 1963, 58, 236–244. [CrossRef]
17. Gharib, M.; Qabil, N.; Salem, A.; Ali, M.; Awaad, H.; Mansour, E. Characterization of wheat landraces and commercial cultivars

based on morpho-phenological and agronomic traits. Cereal Res. Commun. 2020, 1–11. [CrossRef]
18. Akbarpour, O.A.; Dehghani, H.; Rousta, M.J. Evaluation of salt stress of Iranian wheat germplasm under field conditions. Crop

Pasture Sci. 2015, 66, 770–781. [CrossRef]
19. Genc, Y.; Taylor, J.; Lyons, G.H.; Li, Y.; Cheong, J.; Appelbee, M.; Oldach, K.; Sutton, T. Bread wheat with high salinity and sodicity

tolerance. Front. Plant Sci. 2019, 10, 1280. [CrossRef]
20. Abaza, G.M.S.M.; Awaad, H.A.; Attia, Z.M.; Abdel-lateif, K.S.; Gomaa, M.A.; Abaza, S.M.S.M.; Mansour, E. Inducing potential

mutants in bread wheat using different doses of certain physical and chemical mutagens. Plant Breed. Biotech. 2020, 8, 252–264.
[CrossRef]

21. Mansour, E.; Desoky, E.M.; Ali, M.M.A.; Abdul-Hamid, M.I.; Ullah, H.; Attia, A.; Datta, A. Identifying drought-tolerant
genotypes of faba bean and their agro-physiological responses to different water regimes in an arid Mediterranean environment.
Agric. Water Manag. 2021, 247, 106754. [CrossRef]

22. Shavrukov, Y.; Shamaya, N.; Baho, M.; Edwards, J.; Ramsey, C.; Nevo, E.; Langridge, P.; Tester, M. Salinity tolerance and Na+
exclusion in wheat: Variability, genetics, mapping populations and QTL analysis. Czech J. Genet. Plant Breed. 2011, 47, S85–S93.
[CrossRef]

23. Gadimaliyeva, G.; Akparov, Z.; Aminov, N.; Aliyeva, A.; Ojaghi, J.; Salayeva, S.; Serpoush, M.; Mammadov, A.; Morgounov, A.
Assessment of synthetic wheat lines for soil salinity tolerance. Zemdirbyste 2020, 107, 55–62. [CrossRef]

24. Lethin, J.; Shakil, S.S.; Hassan, S.; Sirijovski, N.; Töpel, M.; Olsson, O.; Aronsson, H. Development and characterization of an
EMS-mutagenized wheat population and identification of salt-tolerant wheat lines. BMC Plant Biol. 2020, 20, 18. [CrossRef]
[PubMed]

25. Gracia, M.; Mansour, E.; Casas, A.; Lasa, J.; Medina, B.; Cano, J.L.M.; Moralejo, M.; López, A.; Fuster, P.L.; Escribano, J. Progress in
the Spanish National Barley Breeding Program. Span. J. Agric. Res. 2012, 741–751. [CrossRef]

26. Venuprasad, R.; Lafitte, H.R.; Atlin, G.N. Response to direct selection for grain yield under drought stress in rice. Crop Sci. 2007,
47, 285–293. [CrossRef]

http://doi.org/10.1002/fes3.64
http://www.ncbi.nlm.nih.gov/pubmed/27610232
http://www.fao.org/faostat/en/#data
http://www.fao.org/faostat/en/#data
http://doi.org/10.1038/s41587-019-0152-9
http://www.ncbi.nlm.nih.gov/pubmed/31209375
http://doi.org/10.3389/fpls.2020.01149
http://doi.org/10.1017/S0021859617000600
http://doi.org/10.1371/journal.pone.0222659
http://www.ncbi.nlm.nih.gov/pubmed/31568491
http://doi.org/10.3390/plants9101324
http://doi.org/10.1371/journal.pone.0170379
http://doi.org/10.3389/fpls.2017.00435
http://doi.org/10.3390/agronomy9040211
http://doi.org/10.1111/jac.12178
http://doi.org/10.2135/cropsci1991.0011183X003100050058x
http://doi.org/10.4141/P96-130
http://doi.org/10.2134/agronj1953.00021962004500100005x
http://doi.org/10.1080/01621459.1963.10500845
http://doi.org/10.1007/s42976-020-00077-2
http://doi.org/10.1071/CP14286
http://doi.org/10.3389/fpls.2019.01280
http://doi.org/10.9787/PBB.2020.8.3.252
http://doi.org/10.1016/j.agwat.2021.106754
http://doi.org/10.17221/3260-CJGPB
http://doi.org/10.13080/z-a.2020.107.008
http://doi.org/10.1186/s12870-019-2137-8
http://www.ncbi.nlm.nih.gov/pubmed/31931695
http://doi.org/10.5424/sjar/2012103-2613
http://doi.org/10.2135/cropsci2006.03.0181


Agronomy 2021, 11, 281 14 of 14

27. Bhutta, W.M.; Hanif, M. Genetic variability of salinity tolerance in spring wheat (Triticum aestivum L.). Acta Agric. Scand. B Soil
Plant Sci. 2010, 60, 256–261.

28. Green, A.J.; Berger, G.; Griffey, C.; Pitman, R.; Thomason, W.; Balota, M.; Ahmed, A. Genetic yield improvement in soft red winter
wheat in the Eastern United States from 1919 to 2009. Crop Sci. 2012, 52, 2097–2108. [CrossRef]

29. Okechukwu, E.C.; Agbo, C.U.; Uguru, M.I.; Ogbonnaya, F.C. Germplasm evaluation of heat tolerance in bread wheat in Tel
Hadya, Syria. Chil. J. Agric. Res. 2016, 76, 9–17. [CrossRef]

30. Lozada, D.N.; Ward, B.P.; Carter, A.H. Gains through selection for grain yield in a winter wheat breeding program. PLoS ONE
2020, 15, e0221603. [CrossRef]

31. Padi, F. Response to selection for grain yield and correlated response for grain size and earliness in cowpea based on early
generation testing. Ann. Appl. Biol. 2008, 152, 361–368. [CrossRef]

32. Mansour, E.; Moustafa, E.S.; El-Naggar, N.Z.; Abdelsalam, A.; Igartua, E. Grain yield stability of high-yielding barley genotypes
under Egyptian conditions for enhancing resilience to climate change. Crop Pasture Sci. 2018, 69, 681–690. [CrossRef]

33. El-Hendawy, S.; Ruan, Y.; Hu, Y.; Schmidhalter, U. A comparison of screening criteria for salt tolerance in wheat under field and
controlled environmental conditions. Agron. Crop Sci. 2009, 195, 356–367. [CrossRef]

34. Saade, S.; Maurer, A.; Shahid, M.; Oakey, H.; Schmöckel, S.M.; Negrão, S.; Pillen, K.; Tester, M. Yield-related salinity tolerance
traits identified in a nested association mapping (NAM) population of wild barley. Sci. Rep. 2016, 6, 1–9. [CrossRef] [PubMed]

http://doi.org/10.2135/cropsci2012.01.0026
http://doi.org/10.4067/S0718-58392016000100002
http://doi.org/10.1371/journal.pone.0221603
http://doi.org/10.1111/j.1744-7348.2008.00216.x
http://doi.org/10.1071/CP18144
http://doi.org/10.1111/j.1439-037X.2009.00372.x
http://doi.org/10.1038/srep32586
http://www.ncbi.nlm.nih.gov/pubmed/27585856

	Introduction 
	Materials and Methods 
	Plant Material and Experimental Design 
	Experimental Site and Agronomic Practices 
	Measured Traits 
	Statistical Analysis 

	Results 
	ANOVA and Descriptive Evaluation of F6–F8 
	Genetic Variability in F6–F8 
	Genetic Gain and Selection Differential 
	Mean Performance of Promising Lines 
	Genotypic Classification according to Salinity Tolerance 
	Interrelationship among Traits 

	Discussion 
	Conclusions 
	References

