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Abstract: Bottlenecks, including limited genetic variation and the ongoing loss of genetic diversity,
have hindered the development of modern wheat cultivars., making it crucial to use genetic diversity
from wild relatives to improve wheat’s adaptation to abiotic stress, such as salinity. This study
assessed the phenotypic and epigenetic variation of introgressed wheat lines (BC4F;) derived from
hybridizing two wheat cultivars with Aegilops cylindrica (AC). This study assessed the phenotypic
and epigenetic variation of 156 introgressed wheat lines (BC4F;) derived from hybridization between
wheat cultivars “Chinese Spring” (CS) and “Roshan” (R) and Aegilops cylindrica (AC). These lines
and their recurrent parents (total of 158) were evaluated under normal and saline field conditions
for the agronomic traits and stress tolerance indices. The data were used to select the most tolerant
and most sensitive lines. Then, the selected BC4F, lines and their parents (AC, CS, and R) were
subjected to physiological, DNA cytosine methylation, and expression analysis of HKT1;5, NHX1,
and SOS1 genes under control and salt stress conditions. Agro-physiological, epigenetic, and gene
expression analyses showed the significant effects of salt stress and genetic background, as well as the
differential response of the BC4F; lines to salt stress. The variations in leaf and root K, Na, and K/Na
ratios, and leaf Chla, Chlb, Car, and MDA levels, unlike DPPH radical scavenging levels, between
salt-tolerant and salt-sensitive BC4F, lines under saline conditions indicated a substantial distinction
in salinity tolerance responses. RT-qPCR indicated higher expression levels of NHX1 and SOS1 genes
in the leaf and root tissues of tolerant lines than those of sensitive lines. Global leaf and root DNA
methylation analysis revealed the significant effects of salinity on the methylation modifications and
confirmed the successful introgression of the salt-tolerance epigenome from Ae. cylindrica into wheat.
Exploiting the genetic diversity of wild wheat relatives is a crucial goal for increasing genetic and
epigenetic variation to enhance plant adaptation to salt stress.
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1. Introduction

Increasing wheat productivity is crucial due to the rising food demand driven by a
growing population. However, efforts to enhance photosynthesis and crop yields have been
hindered by the impacts of climate change and the erosion of plant genetic resources [1]. The
salinity of agricultural land is expected to increase due to insufficient drainage, excessive
use of fertilizers, global warming, rising water levels, lack of rainfall, and irrigation with
saline water [2,3]. Consequently, salinity has become a significant abiotic stressor in modern
agriculture, presenting a major limitation to production as the need arises to utilize new
resources like saline soil and water [4].

While increasing crop yields in areas with unfavorable conditions through agronomic
solutions is often unsustainable, the genetic improvement of crop tolerance to abiotic

Plants 2024, 13, 2673. https:/ /doi.org/10.3390/plants13192673

https://www.mdpi.com/journal /plants


https://doi.org/10.3390/plants13192673
https://doi.org/10.3390/plants13192673
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-3471-6712
https://orcid.org/0000-0001-5297-6724
https://orcid.org/0000-0002-4983-4116
https://doi.org/10.3390/plants13192673
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants13192673?type=check_update&version=1

Plants 2024, 13, 2673

2 of 30

stressors offers a cost-effective and sustainable approach to stabilizing and increasing
productivity [1,5]. Hexaploid wheat (Triticum aestivum L.), such as bread wheat (ABD
genomes), shows less sensitivity to salt compared with durum wheat (AB genomes) [6].
The near-complete homology of wheat salt tolerance genes such as P5CS [7] and HKT [8]
with those in Aegilops tauschii, coupled with the dominant presence of these genes on the
wheat D genome, suggests that salt tolerance in bread wheat is linked to its donor origin in
Ae. tauschii. Ae. cylindrica, another species with the D genome, is considered a significant
potential source of salinity tolerance among the 22 Aegilops species [1]. This species (Ae.
cylindrica), a typical salt-excluding halophyte, exhibits excellent salt tolerance [9] and shares
a common D genome with common wheat (T. aestivum L.). Therefore, wild ancestors of
wheat are crucial for the continuous improvement of bread wheat [10].

Due to the polygenic nature of salinity tolerance and the effect of this stress on plants
through three phases of initial osmotic-stress phase, followed by ionic toxicity from sodium
(Na*) and chloride (C17) accumulation in the cell cytosol and culminating in oxidative
stress [1,9,11-13], there are at least three crucial mechanisms that enhance plant tolerance
to salinity. These mechanisms are protection against salt-induced osmotic stress, the
regulation of Na* absorption and transport in roots and shoots, and Na* exclusion from
the cytosol, which promotes tissue tolerance [14]. These stress effects induce biochemical
changes at the genomic level and physiological responses in plant tissues. Increasing
the capacity for osmotic adjustment under stress conditions by accumulating compatible
solutes such as proline and soluble sugars may improve crop salt tolerance [9,15]. In
addition, reactive oxygen species (ROS) are produced in saline conditions, leading to an
increase in malondialdehyde (MDA) by stimulating lipid peroxidation [16].

In addition to managing Na* ion cytotoxicity, another important mechanism by which
plants tolerate salinity stress is by maintaining intracellular Na* and K™ homeostasis in
photosynthetically active tissues [17-19]. Na* toxicity is largely assumed to result from
disrupting cytoplasmic enzymatic activities, as Na* occupies K* binding sites in key
enzymes. Thus, disturbance of this homeostasis leads to the inhibition of photosynthesis,
cell division, growth, and development [20,21]. For these reasons, thigh ratios of K*/Na*
are recognized as a decisive physiological mechanism for overall salt tolerance in many
crop plants [19,22,23]. In this mechanism, unlike K*, Na* does not accumulate in leaves
to toxic levels by discriminating exclusion [16,24]. Genetic variation is significant in this
mechanism of discriminately excluding Na* [25].

The exchangers of plasma membrane (PM)-localized salt-overly sensitive 1 (SOS1),
Na*/H" antiporter, tonoplast-localized Na*/H* antiporter (NHX1), and the high-affinity
potassium transporters (HKT) proteins [11,26] together with osmoprotectant pyrroline-5-
carboxylate synthetase (P5CS) [7] are likely important factors contributing to salt tolerance
in this species. Thus, improving crop tolerance to salt stress conditions necessitates a genetic
and epigenetic dissection of the multifaceted mechanisms involved in plant salt tolerance.

Epigenetic modulation provides plants with the ability to adapt to challenging envi-
ronmental conditions. Epigenetic modifications include DNA methylation, histone modi-
fications, and non-coding RNAs [27]. DNA methylation plays an important role in gene
expression regulation in the response of plants to abiotic stresses [27,28]. Changes in the
DNA methylation patterns during a lifetime provide an adaptive ability to environmental
change for the plants [29-31]. Epigenetic variations in DNA, assessed through methyla-
tion modifications during a plant’s life under different conditions, have become valuable
markers for selecting genotypes better adapted to stress. More recently, there are reports of
DNA methylation alterations in cereal plants exposed to abiotic stress conditions, including
salinity [32,33], drought [34,35], and temperature stress [30].

Building on our previous work in screening a hyper-salt tolerant genotype of Ae.
cylindrica [16,24] and hybridizing it with two wheat cultivars, along with cytological [36]
and molecular evaluations of the synthesized amphidiploids [7,11]. This study aims to
investigate the following: (i) screen salinity-tolerant BC4F; lines from various genetic
backgrounds; (ii) assess their agronomic and physiological responses to salinity stress;
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(iii) investigate epigenetic changes caused by salinity; (iv) and analyze the expression of
key salinity tolerance genes.

2. Materials and Methods
2.1. Plant Materials

Fl-amphidiploid plants derived from “Chinese Spring” and “Roshan” (hereafter called
CS and R, respectively) wheat cultivars x Ae. cylindrica (hereafter called Ac) were back-
crossed to their wheat parent to generate BC4F; lines. These BC4F; lines were then selfed
to increase the seeds for two groups of BC4F; lines. One hundred fifty-eight genotypes
were used in this study, including their parents (CS, R, and salinity-tolerant Ac genotype).
These include 72 BC4F; lines derived from CS x Ac and their replicate parents (CS), as well
as 84 BC4F; lines derived from R x Ac along with their replicate parents (R).

2.2. Field Experiment

Field experiments were conducted over two years (2021-2022 and 2022-2023) under
normal and saline environments at the research farm of Isfahan University of Technology,
located at Lavark, Iran (32°32’ N and 51°23’ E; 1630 m asl). A randomized complete block
design was used for each experimental environment. Management of wheat plants was
similarly carried out following standard grower practices, including fertilizer application
and weed control. Irrigation water was delivered from a pumping station to the plots via
polyethylene pipes equipped with water flow meters. Salt treatment was initiated at the
4-tiller stage with initially diluted NaCl irrigation water (125 mM), which was subsequently
increased to a concentration of 250 mM NaCl. The top 60 cm layer of the field soil consisted
of clay loam soil with a pH of 7.5 and an average EC of 4.2 dSm ™! at the time of planting.
However, by the time of harvest, the experimental plots treated with salt had an average
soil EC of 13.3dSm™ ™.

2.3. Agronomic Traits

Agronomic traits include plant height (PH), spike length (SL), number of spikes per
plant (SpP), number of grains per spike (GpS), 100 grain weight (GW), and grain yield per
plant (yield) were evaluated under the two normal and salt stress conditions.

2.4. Salinity Tolerance Indices

The grain yield data obtained from normal (0 mM NaCl) and saline field (250 mM
NaCl) conditions were used to calculate the indices, according to the equations below.
The stress tolerance index (STI) [37], tolerance index (TOL) [38], stress susceptibility index
(SSI) [39], yield stability index (YSI) [40], yield index (YI) [41], geometric mean productivity
(GMP) [39], and mean productivity (MP) [38], harmonic mean (HM) [42], and Mean Relative
Performance (MRP) [43].

1.  Stress tolerance index:

STI = LZZYS)
Yn
2. Tolerance index:
TOL = Yn—Ys

3. Stress susceptibility index:
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“SI” stands for “stress intensity” and is calculated using the following formula:

Sl—1- 8
Yn
4. Yield stability index:
Ys
YSI = n
5.  Yield index:
YI = 2
Yn

6. Geometric mean productivity:

GMP = ,/(Yn x Ys)

7. Mean productivity:

MP — (Yn+Ys)
2
8. Harmonic mean:
2(Yn x Ys)
HM= —— 2
Yn+Ys
9. Mean Relative Performance:
MRP = 2 + ﬁ
Yc Ys

Yn and Ys denote the average yield of all genotypes with the same genetic background
(CS or R) under normal and salinity stress conditions.

A new index named “Yield Loss Index” (YLI) is proposed in this paper as a measure
of tolerance. YLI for each genotype is calculated by dividing the yield loss of each genotype
due to the stress environment (Yn — Ys) by Yn.

10. Yield loss index

Yn —Ys

YLI = Yo

2.5. Physiological Traits

The following physiological traits were evaluated in the leaf and root tissues in
this study.

2.6. Proline Content

Free proline was extracted from fresh leaves and roots, and absorbance was measured
after derivatization with acid ninhydrin, following the method described by Bates et al. [44].
Briefly, fresh leaves (0.5 g) were frozen in liquid nitrogen, ground, homogenized in 10 mL
of sulfosalicylic acid (3% w v~!), and centrifuged for 5 min at 8600x g. Then, 2 mL of
supernatant was mixed with 2 mL of ninhydrin reagent and 2 mL of acetic acid. After
heating for an hour at 100 °C, 4 mL of toluene was added. Absorbance was measured at
520 nm using a spectrophotometer (Shimadzu UV-Vis 1201), and proline concentration was
determined using a standard curve based on the following formula:
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ug Proline/mL x mL Toluene) x 5
(1155 pg/uM x g Sample)

Proline (uM/g FW) = (

2.7. Total Soluble Sugars (TSS)

To determine the leaf and root soluble sugar content, we used the method described
by Irigoyen et al. [45]. Initially, an alcoholic extract was obtained using 0.5 g of plant tissue
and 5 mL ethanol, which was then centrifuged at 2000 x g for 10 min. The soluble sugars
were quantified using anthrone and sulfuric acid (72%) and a standard curve. Absorbance
of the samples was measured after 10 min in a boiling water bath, followed by cooling to
room temperature, and ultimately reading at 625 nm using a spectrophotometer. Anthrone
reagent was used, and distilled water was the blank.

2.8. Malondialdehyde (MDA)

Malondialdehyde (MDA), as an indicator of lipid peroxidation in leaf and root tissues,
was quantified in leaf homogenates using the thiobarbituric acid (TCA) test [46]. Briefly,
300 mg of fresh leaf were frozen with liquid nitrogen, ground, and homogenized in 5 mL
of a 0.1% TCA. After centrifugation of the homogeneous mixture at 12,000x g for 10 min
at 4 °C, 0.5 mL of the supernatant was mixed in 2 mL of 20% TCA containing 0.5%
thiobarbituric acid (TBA). The samples were then heated for 30 min at 95 °C in a water
bath and immediately cooled on ice. Finally, the absorbance of the supernatant obtained
from centrifugation at 10,000 g for 10 min was measured at wavelengths 532 and 600 nm.
The absorbance at 600 nm was subtracted to correct for non-specific turbidity. MDA
content was calculated using the extinction coefficient of 155 mM~! em ™! according to the
following formula:

AA (532-600)

MDA(mM) = <= =0

2.9. DPPH Radical-Scavenging Activity

The procedure described by Kiani et al. [9] was used to determine the DPPH radical
scavenging activity of the leaf and root samples as an indicator of antioxidant activities.
Briefly, 0.1 mL of the sample of fresh leaf extract was blended at selected concentrations (50,
100, and 300 ppm). The initial and final absorbance values of DPPH in the BHT standard
were within the accurate range of spectrophotometry [47]. For optimal results, 5 mL of
0.1 mM methanol DPPH solution was selected as the sample volume. Next, the sample vials
were shaken vigorously, and the absorbance was measured at 517 nm (AA) after incubating
for 30 min at room temperature in the dark. The absorbance of blank reagent (AB), which
is the DPPH-methanol solution containing 80% methanol, was used to correct the AA
absorption and served as the negative control. The positive control in the experiment was a
synthetic antioxidant reagent, butylated hydroxytoluene (BHT). The IC50 value (ug mL™1),
the concentration in uM at which 50% of DPPH absorption is inhibited, was determined
through linear regression analysis.

2.10. Chlorophyll and Carotenoid Content

The chlorophyll (a + b) and carotenoid (c) content were determined through the 80%
acetone extract obtained from fresh leaf tissue using the spectrophotometric method and
the equations introduced by Lichtenthaler and Buschmann [48]. About 500 mg of the
middle part of the flag leaf was homogenized in 5 mL of 80% acetone and stored in the
dark for 5 min. After filtering the samples, the absorbance at 645, 663, and 470 nm was
measured with 80% acetone as the blank solution. The concentrations of chlorophyll a
(Chla), chlorophyll b (Chlb), total chlorophyll (Total Chl), and carotenoids (Car) were
quantified in mg x g~! FW using the given formulas:

[(12.7 x Aggz) — (2.69 X Agss)]

Chlorophyll a = 1000 X W
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229 x A645) — (469 X A663)]
1000 x W

Total chlorophyll = Chlorophyll a + Chlorophyll b

[(1000 X Ag7g) — (1.82 x Chl a) — (85.02 x Chl b)]
198

Chlorophyll b = It

carotenoids =

2.11. Leaf and Root Na and K Concentrations

Leaf and root samples were dried at 80 °C for 48 h until they reached a constant
weight. Next, 0.2 g of dried samples were incinerated in a muffle furnace at 550 °C for
4 h to determine leaf and root Na and K concentrations. To extract mineral ions, each
of the obtained ash samples was dissolved in 10 mL of 2 N HCl, and the final volume
was made to 100 mL. Na and K concentrations of the solutions were determined using a
standard curve [49] by flame photometry PFP7 (Jenway, England). The K/Na ratio was
accordingly calculated.

2.12. Epigenetic and Gene Expression Analyses

Sixteen genotypes were selected and used for the epigenetic and RT-qPCR experiments.
These include 3 tolerant and 3 sensitive BC4F; lines, the donor parent (Ae. cylindrica), and
the recurrent parent, in each of the two backgrounds (CS and R). The seeds were planted in
pots with a height of 30 cm and a diameter of 20 cm, containing soil and sand mixtures in a
3:1ratio. After germination at 4 °C, the pots were transferred to a greenhouse with a relative
humidity of 60-65%, an average daytime temperature of 26 & 4 °C, a nighttime temperature
of 18 &= 4 °C, and a photoperiod of 12 h with a photosynthetic photon flux density (PPFD)
of approximately 380 umol m~2 s~!. At first, all the pots were irrigated with drinking
water (EC = 1.3 dS m~!). The salinity treatment was initiated at the second leaf stage
with half-strength salt, followed by gradually adding NaCl until the concentration reached
250 mM, which was maintained for 72 hrs. A 3 x 8 factorial experiment in a completely
randomized design layout replicated three times was used for each genetic background.
The first factor comprised two NaCl treatments (0 and 250 mM NacCl), while the second and
third factors comprised 8 genotypes and two types of tissues (leaf and root), respectively.
Two additional technical replicates were used for gene expression analysis. Leaf and root
samples from the experimental units were immediately liquid nitrogen snap-frozen and
stored at —80 °C until use.

2.13. DNA Methylation Analysis

The leaf and root genomic DNA were extracted using the CTAB method [50], and the
air-dried pellet was re-suspended in 50 uL TE buffer (10 mM Tris, pH = 8, 1 mM EDTA).
Twenty microliters of DNA solution between 200 and 1700 ng/uL were transferred to
an HPLC vial. Sixty microliters of concentrated formic acid were added to the vial and
vortexed. DNA hydrolysis was performed by heating the HPLC vial in a drying oven at
130 °C for 3 h. After the vials had cooled, 100 uL of water was added to each vial and
vortexed to mix. One microliter of the resulting sample hydrolysate solution was injected
into a Vanquish core HPLC system (Thermo Fisher Scientific Inc., Waltham, MA, USA)
with a UV-VIS diode array detector. The HPLC column was a Hypercarb (Thermo Fisher
Scientific Inc., Waltham, MA, USA), with dimensions of 50 mm x 2.1 mm i.d., a 3 um
particle size, and a temperature of 40 °C. The autosampler flush solvent and the flow rate
were 10% methanol (v/v) and 0.2 mL/min, respectively. The wavelength of UV detection
was 295 nm. Mobile phase A and phase B consisted of water with 0.1% formic acid (v/v)
and acetonitrile with 0.1% formic acid (v/v), respectively. The elution gradient followed
the sequence below: 0-14 min, 0% B to 35% B; 14-14.1 min, 35% B to 0% B; 14.1-20 min,
0% B. The runtime was 20 min. The HPLC was calibrated using the equimolar solution of
cytosine and 5-mC containing 50 uM in 10% methanol (v/v). To obtain the relative content
of 5-mC in the sample solutions, we calculated the peak area ratio of 5-mC—cytosine.
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2.14. RNA Extraction and cDNA Synthesis

Total RNA was isolated from powdered leaf and root samples (100 mg) in liquid
nitrogen by the CTAB method [51] with minor modifications. Briefly, after incubating the
homogenized samples with extraction buffer (2% CTAB, 2% PVP-40, 20 mM EDTA pH 8.0,
1.4 M NaCl, 0.1 M Tris-HCl pH 8.0, and 10% of 3-mercaptoethanol added immediately
before use) at 65 °C for 10 min, 8.00 mL of chloroform was added to the tube before its
vigorous inversion and centrifugation at 10,000 g for 10 min at 4 °C. The supernatant
phase was transferred to a new tube containing an equal volume of chloroform and phenol
(1:1) and centrifuged at 11,000 x ¢ for 10 min at 4 °C. Then, similar to the previous step, the
supernatant was mixed with an equal volume of chloroform-isoamyl alcohol (24:1 v/v) and
centrifuged. After treating total RNA with DNase and measuring the purity by ND-1000
NanoDrop (Thermo Scientific, Wilmington, DE, USA), Synthesis of cDNA from 1 ug RNA
was carried out using Suprime -Script RT premix (GeNet Bio Inc., Daejeon, Republic of
Korea) according to the manufacturer’s instructions.

2.15. Quantitative Real-Time PCR

The expression profiles of HKT1,;5, NHX1, and SOS1 genes were analyzed with their
specific primer pairs using the quantitative real-time PCR (qRT-PCR) technique. The RT-
qPCR was performed in 20 pL of a reaction mixture containing 1 pL of diluted cDNA, 5 pL.
of 2 x Fast SYBRGreen PCR Master Mix (Applied Biosystems), 0.2 uL of 1 uM each of the
reverse and forward primers, and 13.6 uL of RN Aase-free water. All amplification reactions
were performed in duplicate in optical 96-well plates (Applied Biosystems, Foster City, CA,
USA) with reverse transcriptase negative controls to confirm the absence of genomic DNA
contamination according to the following cycling protocol: 94 °C for 4 min, 42 cycles of
95 °C for 30 s, 60 °C for 35 s, 72 °C for 1.5 min, and 72 °C for 10 min. The housekeeping
gene f3-actin (ACTB) was used as a reference gene to normalize the expression of the
studied genes. Real-time PCR data of the target mMRNA were analyzed using the 2~44¢T
method [52]. The relative expression levels of the target samples were calculated using the
AACT method and expressed relative to the values in the normal tissues after normalization.

2.16. Statistical Analyses

The resulting data from each group of backcross lines grown each year were assessed
for normality and homogeneity of variance before analyzing variance (ANOVA) using
SAS version 9.4M7 (SAS Institute Inc., Cary, NC, USA). Subsequently, a combined analysis
of variance was carried out using SAS PROC.MIXED. Fisher’s protected least significant
difference (LSDy5) test was used to detect significant differences among the means of
the variables. Correlation was performed to delineate the relationships among the traits
using the “ggplot2” package of R software version 4.4.0. For each genetic background,
principal component analysis (PCA) was carried out for tolerance indices obtained from
grain yield under stress (250 mM NaCl) and normal conditions. The first two PCS (PC1 and
PC2) were used to construct the genotype-by-yield biplot using “Factoextra” packages of R
software. To achieve a more stable clustering of genotypes based on salinity tolerance and to
determine the selection range on the biplot, we first utilized principal component analysis
(PCA) for genotype clustering (hierarchical principal component clustering (HCPC)). The
resulting cluster data were then applied to the biplot drawing. The Venn diagram was
then used to select the most tolerant and sensitive lines with common clusters over the
two years based on the HCPCs. A linear regression analysis examined the relationship
between crucial physiological traits related to salt stress resilience and grain yield.

3. Results
3.1. Grain Yield and Related Traits

The ANOVA results indicated significant effects (p < 0.01) of salinity stress on grain
weight, grain per spike, spikes per plant, spike length, grain yield, and plant height in CS and
R-derived BC4F; lines (Table 1). Significant differences between the two growing years were
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observed for grain yield and yield-related traits, except for spike length in the CS background.
In contrast, in the R background, only grain weight and plant height showed significant
differences between the two years. Furthermore, the results indicated that the genotypes
differ significantly. The genotype-by-stress interaction was also significant for grain yield
and related traits (except spike length). Although the genotype-by-year interaction was
significant for the number of spikes per plant and plant height in the CS background, none
of the studied agronomic traits were affected in the R background (Table 1).

Table 1. Results of analysis of variance for the agronomic traits studied in 73 (72 CS-derived BC4F;
lines and CS cv) and 85 (54 R-derived BC4F; lines and “Roshan” cv) genotypes of wheat grown under
control and salt-stress (250 mM NaCl) field conditions.

Source of

Mean Square

Variation df Grain Grain Grain per Spikes Per Spike Plant
Yield Weight Spike Plant Length Height
“Chinese Spring” background
Year (Y) 1 2.77 ** 1.53 ** 408.76 ** 228.32 ** 1.99 s 74,324.90 **
Stress (S) 1 187.41 ** 78.41 ** 13,386.65 ** 31.72** 73.58 ** 1846.71 **
Genotype (G) 72 2.31** 1.23** 157.43 ** 2243 ** 2.75** 160.18 **
Y xS 1 0.04 "¢ 0.431¢ 456.56 ** 4.69 "8 0.09 ™ 62.15™
Y xG 72 0.03 M 0.04 ™ 1521 7.7 %% 0.07 1 117.27 **
SxG 72 1.42* 0.63 ** 78.65 ** 14.38 ** 0.77 71 12.48 ™
YxSxG 72 0.02 "¢ 0.01"s 2991 9.20 ** 0.02M 5481
Residual 576 0.08 0.14 15.01 1.59 1.57 37.75
CV (%) 20.87 17.66 17.20 37.09 16.1 8.50
“Roshan” background
Year (Y) 1 0.06 ™* 5.94 ** 18.46 "¢ 0.83 "¢ 1.53 18 2211.56 **
Stress (S) 1 448.59 ** 26.12** 18,897.31 ** 48.48 ** 237.16 ** 99,573.21 **
Genotype (G) 84 2.95** 1.84 ** 125.26 ** 3.11* 1.73 18 137.00 **
Y xS 1 5.77 ** 3.00 * 324.32 ** 7.07 ** 17.14 ** 1.96 "
Y xG 84 0.16™ 0.25™ 15.05 0.35™ 0437 13.99 1
SxG 84 1.76 ** 1.20 ** 114.50 ** 218 ** 1.86 ™ 108.68 **
Y xSxG 84 0.05 " 0.15™ 9.48 s 0.10"™ 0.86 ™ 28.68 ¢
Residual 672 0.28 0.60 4494 0.51 1.70 46.12
CV (%) 23.62 22.79 22.21 31.07 12.72 8.99

The symbols along the rows and columns indicate: ™ Non-significant; * p < 0.05, ** p < 0.01.

Table 2 presents the Pearson correlation coefficients for agronomic traits of the BC4F;
lines in normal and saline field environments. SpP was the only yield component that
highly and consistently correlated with yield in both introgressed line groups and under
normal and stressful conditions. PH, an important plant growth trait, had a similarly
strong and consistent relationship with yield. In the normal environment, SpP negatively
correlated GW, GpS, and SL in both genetic background lines. Under the salinity environ-
ment, while the yield of the CS background and all studied agronomic traits showed a
positive correlation, the GW with yield and two other yield components exhibited negative
correlations in the R background. Additionally, SpP with GpS in both genetic background
lines and GW, SL, and PH in the CS background correlated negatively. All traits in the CS
background lines correlated positively, while the GW negatively correlated with yield, GpS,
SL, and PH in the R lines.

When both BC4F; line groups were exposed to 250 mM NaCl, the strongest effect of
salinity stress appeared in the yield reduction. However, the weakest deleterious effects
of salinity were observed for SL in the CS background and for both SL and GW in the R
background. The overall decrease in grain yield was 49.5% in the CS lines and 45.9% in
the R lines. SL decreased by 7.2% in the CS lines and 9% in the R lines, while grain weight
decreased by 26% in the CS lines and 9% in the R lines.
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Table 2. Coefficient correlations between yield, grain weight (GW), number of grains per spike
(GpS), number of spikes per plant (SpP), spike length (SL), and plant height (PH) under normal
(above diagonal) and salinity stress (below diagonal) field conditions. The trait names are shown in
the diagonal.

“Chinese Spring” Background

Yield 0.29 *** 0.39 *** 0.37 *** 0.18 *** 0.32 ***
0.37 *** GW 0.20 *** —0.13 *** 0.40 *** 0.38 ***
0.35 *** 0.50 *** GpS —0.15 *** 0.31 *** 0.21 ***
0.44 *** —0.40 *** —0.49 *** SpP —0.13 ** 0.04
0.20 *** 0.57 *** 0.48 *** —0.34 *** SL 0.57 ***
0.33 *** 0.60 *** 0.50 *** —0.26 *** 0.72 *** PH

“Roshan” Background
Yield 0.14 ** 0.08 0.72 % 0.27 *#* 0.30 ***
—0.23 GW —0.38 ** —0.15 0.22 ##* 0.22 ##*
0.52 % ~0.10* GpS —0.34 0.44 ¥+ 0.22 %
0.61 *** —0.65 *** —0.09 * SpP —0.18 *** —0.02
0.48 *** —0.07 0.34 *** 0.20 *** SL 0.64 ***
0.64 *** —0.15 *** 0.40 *** 0.34 *** 0.64 *** PH

The symbols along the rows and columns indicate: * p < 0.05, ** p < 0.01; *** p < 0.001.

Table 3 shows the grain yield and tolerance indices of the tolerant and sensitive BC4F,
lines selected based on the weighted mean of yield, Tol, YLI, and SSI. Among the CS
background lines, C16, C21, and C30 were identified as the most tolerant introgressed lines.
Similarly, R20, R79, and R81 were identified as the most tolerant among the R background
lines. The biplot diagrams, based on data from 73 CS lines and 85 R lines, respectively,
illustrate the relationships between variables and between the lines and the variables
(Figure 1). The backcross lines with the highest stable yield were identified using the
stability index (YSI). The most stable high-yielding lines were C25, C42, and C72 from the
CS background and R1, R39, and R41 from the R background.

Table 3. Means * of grain yield (g plant_l) of selected introgressed wheat lines derived from wheat x
Ae. cylindrica (“Chinese Spring” as the recurrent parent and “Roshan” as the recurrent parent) under
normal (Yn) and salinity stress (Ys) conditions as well as selection indices over two years.

Background Group Genotypes Years Yn Ys YSI YI HM STI GMP MRP MP TOL YLI SSI
1 319 104 032 114 156 100 182 290 211
<7 2 112 032 112 170 103 197 290 229
. 1 102 028 113 113 193 314 234
Sensitive C16 2 112 028 111 120 213 320
1 144 037 160
C70 2 159 039 159
Recurrent  Chinese 1 215 051 024 056 033
parent spring 2 243 057 023 057 092 037 117 18 150 | 186
1 239 224 2317 015
C36 2 258 208 081 142 233 050 019 040
1 212 194 1.25 203 017 008 016
Tolerant = 2 231 177 076 176 200 108  2.02 204 054 024 049
c 1 194 166 | 08 184 179 098 179 290 180 027 014 028
80 2 223 184 082 18 202 109 203 0.39
1 138 025 091 220 08
R20 2 151 027 092 238 106
. 1 459 182 040 121 261 094
Sensitive R56 2 227 051 138 300 127
s 1 173 036 115 256 095
2 196 040 120 281 122
Recurrent 1 3.49 1.57 0.45 1.04 2.16 0.62
parent Roshan 2 3.25 1.72 1.05 225 0.70
-~ 1 294 246 164 268 081
2 259 254 155 256 083 247 256 005 002 005
1 316 262 286 093 054 017 035
Tolerant R77 2 293 216 249 080 078 026 063
1 436 369 067 015 031
R86 2 320 250 071 022 053

* Different colors represent two groups of lines: CS (red) and R (blue) genetic backgrounds. The intensity of each
color indicates the value of a particular trait, with stronger colors signifying higher values.
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Figure 1. Hierarchical clustering based on principal component analysis (PCA) and Venn diagram
using tolerance indices for selecting wheat genotypes tolerant to salinity. (I): contributions of variables
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(different indices) to PCs. (II): cluster plot of genotypes distributed in the PCA. (III): the Venn diagram
to select the most tolerant and sensitive genotypes over the two years.

The PC analysis identified the primary contributors to the total variation in yield
and yield-based tolerance indices (Figure 1). Under salinity conditions, 60.6% of the total
variation in CS lines during the first season and 57.2% during the second season were
explained by PC1. At the same time, PC2 explained a smaller portion of the variation along
the same lines, accounting for 38.8% and 41.1% in the first and second seasons, respectively.
For the R lines under the same environmental conditions, PC1 explained 61.1% of the total
variation in the first and 58% in the second seasons. PC2 explained 37.5% and 40.8% of the
variation in the first and second seasons, respectively. PC1 was termed “yield potential”
due to its strong relationships with YI, HM, STI, GMP, MRP, and MP indices. At the same
time, PC2 was named “stress tolerance,” given its high associations with TOL, SSI, and
YLI and its negative correlation with YSI. The most salinity-tolerant lines were located in
the high PC1 and high PC2 areas of the biplot. In contrast, most salinity-sensitive lines
were located in the lower right quadrant of the biplot (see Figure 1). Accordingly, based on
their similarity in the biplot locations derived from grain yield and tolerance indices over
two years, the C7, C16, and C70 lines from the CS group and R20, R56, and R75 lines from
the R group were selected as the most sensitive lines. Similarly, the C36, C52, and C80 lines
from the CS group and the R37, R77, and R86 lines from the R group were selected as the
most tolerant lines (Figure 1). Table 3 presents the overall means (over two years) of grain
yield of the superior introgressed wheat lines derived from wheat x Ae. cylindrica (“CS”
and “R” wheat cultivars as the two recurrent parents) under normal (Yn) and salinity stress
(Ys) conditions, as well as selection indices.

3.2. Physiological Responses of Introgressed Lines to Salinity
3.2.1. Proline Content in Leaf and Root

The ANOVA results presented in Table 4 showed significant effects of salt stress,
genotype, and their interaction on leaf and root proline content in both studied genetic
backgrounds. Exposure to 250 mM NaCl led to a substantial increase in proline content
in the leaves BC4F, lines of two wheat backgrounds and their donor parent (Ac) (Table 5).
The highest increase in this trait was observed in Ac, while the lowest was found in
the R background lines. In contrast, the roots of the lines showed a weaker response to
proline accumulation than the leaves when plants were exposed to salinity. Under normal
conditions, the Ac and wheat lines’ leaf and root proline content remained constant, with
minor alterations. The highest proline accumulation in leaf and root tissues occurred in
the donor parent (Ac) under normal and salt stress conditions. They were significantly
higher than that observed in the wheat parents. Although the leaf phenotype of all selected
backcross plants (except for the tolerant line C70) under stress conditions was higher than
that of their female parents (CS or R), this trend was not consistent for root proline content.
Notably, the leaf and root proline content of all selected lines was lower than that of their
respective recurrent parent (CS or R) under control conditions (Supplementary Figure S1).
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Table 4. Results of analysis of variance for the physiological traits studied under control and salt-stress (250 mM NaCl) treatments.

Mean Square

%‘;;‘;iﬁo",f df  Proline Proline  TSS TSS RWC MDA DPPH Chla  chp  Total Car Na Na K K K/Na  K/Na
(Leaf) (Root) (Leaf) (Root) (Leaf) (Leaf) (Leaf) chl (Leaf) (Root) (Leaf) (Root) (Leaf) (Root)
“Chinese Spring” background
Year (Y) 1 1.36 ™ 0.53 s 0.02 1 0.10"s 0.15ms 0.14 s 5310.82 s 0.03 s 0.003 s 0.01 ™ 1.33ms 0.30 " 0.53 s 0.44 ms 0.02 s 0.99 ns 0.19 s
Stress (S) 1 910.93* 100.99* 130.26* 84.97* 14,095.71* 541.9*  37,755,458.59 * 1.01* 1.38 ** 0.03 s 533 * 119.91* 113.02* 14347* 77.69* 160.16* 4291*
Genotype (G) 7 76.1 ** 5.15 ** 23.97 **  19.84 ** 383.18 ** 11.21**  4,195,117.78 **  0.027 **  0.036 ** 0.12 ** 1.25 ** 2.52 ** 2.27 ** 1.22 ** 0.96 ** 1.03 ** 0.54 **
Y xS 1 0.74 ™1 0.19 ™ 0.19 s 0.17 s 82.80 s 0.61™ 33,227.79 ns 0.005™  0.00™s 0.00 s 0.02™M 0.04 1 0.07 s 0.14 ™ 0.45 "1 0.67 s 0.29 1
Y xG 7 0.04 1 0.01 s 0.18 1 0.251 26.02 s 0.09 s 66.03 s 0.00 s 0.00 s 0.00 s 0.00 s 0.04 1 0.06 1 0.02 s 0.11ns 0.01 1" 0.02ns
SxG 7 50.18 ** 1.22 ** 3.58 ** 1.76 ** 225.18 ** 13.89**  1,163,351.31 ** 0.01 ** 0.001 * 0.02 ** 0.58 ** 1.89 ** 0.79 ** 0.67 ** 0.80 ** 0.13 ** 0.06 *
Y xSxG 7 0.05 ™M 0.01™ 0.18 ms 0.23 1 25.951s 0.17 s 814.53 s 0.00 s 0.00 s 0.00 s 0.01™  0.036™  0.04" 0.02 s 0.06 "¢ 0.01 1" 0.01"™s
Residual 56 0.73 0.65 0.31 0.36 13.09 0.78 9786.05 0.03 0.01 0.04 0.42 0.16 0.21 0.34 0.34 0.34 0.10
CV (%) 13 18.48 11.06 15.33 5.21 14.81 5.62 14.62 20.49 11.52 6.4 15.85 14.85 19.33 24.03 31.60 29.86
“Roshan” background
Year (Y) 1 0.44 1 0.09 s 0.06 s 0.49 ns 206.08 s 1491 19,993.05 s 0.07 ™ 0.00 s 0.04 1 1.18ns 0.40 1 0.09 s 0321 0.00 s 0.83 1 0.191ns
Stress (S) 1 491.53 * 33.81* 140.72 * 75.4 ** 16,432.48*  699.58 * 8,533,011.28 * 1.81* 1.27* 0.04 ms 7.53 * 114.75*  140.53 * 90.44 * 68.84 ** 14599 * 67.48 *
Genotype (G) 7 85.77 ** 5.53 ** 17.94**  14.67 ** 339.34 ** 12.71 ** 2,809,371 ** 0.01 ** 0.03 ** 0.03 ** 0.63 ** 1.95 ** 1.09 ** 1.50 ** 0.79 * 1.03 ** 0.19 s
Y xS 1 0.31™M 0.06 ™ 0.17"™  0.007 ™S 2422 ns 0.80 s 24,740.43 s 0.00 s 0.00 s 0.01 1 0.03 1 0.05 1 02171 0.06 M 0.01 1 0471 0221
Y x G 7 0.02 s 0.07 s 1.04ms 0.88 s 25.82 1 0.05 s 44390 ™s 0.00 ™s 0.00 s 0.00 s 0.01 ™ 0.01 ™ 0.12ms 0.00 ™s 0.12 s 0.00 s 0.11 "™
SxG 7 63.36 ** 1.23 ** 1121 0.711s 261.04 ** 12.78 ** 215,121.07 ** 0.00 ms 0.01 ** 0.02 ** 0.54 ** 1.46 ** 1.27 ** 1.06 ** 0.86 ** 0.17 ** 0.23*
Y xSxG 7 0.01 ™ 0.02 s 1.02 ** 0.751s 28.40 M 0.05 s 2515.14 s 0.00 ™s 0.00 s 0.00 s 0.02 s 0.01 ™ 0.03 s 0.00 ™s 0.04 ms 0.00 s 0.07 s
Residual 56 0.34 0.43 0.26 0.36 20.33 0.20 4540.07 0.02 0.006 0.02 0.61 0.09 0.09 0.30 0.37 0.25 0.10
CV (%) 9.58 15.51 9.60 14.25 6.41 6.43 4.33 10.30 15.07 8.61 7.51 12.73 10.59 17.78 24.28 26.50 25.35

Trait abbreviations: (total soluble sugars), RWC (relative water content), MDA (malondialdehyde), DPPH (2,2-diphenyl-1-picrylhydrazyl), Chla (chlorophyll a), Chlb (chlorophyll b),
total chl (total chlorophyll), Car (carotenoid), Na and K concentrations and K/Na ratios. The symbols along the rows and columns indicate: ™ Non-significant; * p < 0.05, ** p < 0.01.
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Table 5. The mean performance of the physiological trait of Ae. cylindrica and two genetic background
lines of wheat (CS and R) under control and salinity stress (250 mM NaCl) conditions.

Ae. cylindrica

CS Derived Lines

R Derived Lines

. Control Stress Control Stress Control Stress
Trait ©OmM (250 mM C};;Sge ©OmM (250 mM Cl;f;sge ©OmM (250 mM Cl:f,}sge
NaCl) NaCl) NaCl) NaCl) NaCl) NaCl)
Leaf Proline 481°P 20.632 328.85 3.33P 8124 143.38 3.71b 6.63 2 78.39
Root Proline 451P 7.242 60.53 3.18P 5.132 61.51 3.54b 4512 27.29
Leaf TSS 7.35b 9172 24.74 3.40° 5.802 70.74 3.68P 6.192 68.07
Root TSS 5.622 8.222 46.33 2.58P 4362 68.98 3.01P 4.662 54.94
RWC 86.96 2 75412 —13.29 80.702 54.65 b —32.28 82.862 54.60 b —34.10
MDA 401° 5.622 40.18 3.54b 8742 146.93 4270 10212 138.97
DPPH 389.80 @ 350.10 P —10.18  2670.70@  1242.94P —53.46 2062302  1386.51P —32.77
Chla 1.13P 1454 27.92 1.10° 1.294 17.33 1.21P 1.482 22.15
Chlb 0.732 0.53b —28.38 0.632 0.38b —39.06 0.632 0.40b —36.84
Total chl 1.87b 1.972 5.76 1.722 1.672 —3.16 1.852 1.882 1.89
Car 10.232 11.612 13.55 9.92b 10.26 2 3.44 10.14 b 10.58 2 4.36
Leaf Na 1.18P 2294 93.82 1440 3.842 166.44 1.35b 3.692 173.06
Root Na 1.58b 3742 136.28 2.08b 4252 104.42 1.63P 4.092 150.81
Leaf K 4502 2.66P —40.88 4222 1.69° —59.94 3.982 2.03b —49.13
Root K 3492 2380 —31.85 3.322 1.42° —57.20 3334 1.55P —53.33
Leaf K/Na 3.862 1.17b —69.66 3.052 0.48b —84.28 3.022 0.58b —80.66
Root K/Na 2222 0.64b —71.07 1.66 2 0.35b —78.64 2.092 0.40b —81.04

Proline (umol g~ FW), total soluble sugars (TSS, mg g~! FW), relative water content (RWC, %), malondialdehyde
(MDA, nM g’1 FW), DPPH free radical scavenging (IC50, ug mL™1), chlorophyll a (Chla, mg g’1 FW), chloro-
phyll b (Chlb, mg g~ FW), total chlorophyll (Total chl, mg g~! FW), carotenoid (Car, mg g~ FW), Na (mM g~!
DW) and K (mM g~ DW) contents and K/Na ratio. Different lowercase letters (a and b) between two treatments
for each genotypic group indicate a significant difference between the control and salt stress for a specific trait
(LSD test: p < 0.05).

3.2.2. Total Soluble Sugar (TSS) in Leaf and Root

Salt stress significantly affected the total soluble sugar content in the leaves and roots
across both line groups (CS and R) (Table 4). The genotypes varied significantly in TSS.
Additionally, the interaction of salinity and genotype was significant only in the CS lines.
Salinity caused a significant increase in TSS in both leaf and root tissues. Although the
increases in TSS in Ac (24.74% in leaves and 46.33% in roots) were lower than those in all
wheat lines and cultivars, the leaf and root TSS of Ac were still higher than those of the
wheat lines in both environments (Table 5). Under normal conditions, the leaf phenotypes
of all selected BC4F; lines did not significantly differ from those of their recurrent parent.
However, the TSS content in the root tissue of tolerant CS lines was higher than that of their
recurrent parent and the sensitive lines. Under stress conditions, the leaf TSS of tolerant CS
lines was significantly higher than that of their sensitive counterparts and their recurrent
parent. Meanwhile, R lines showed no significant difference between the selected lines and
their recurrent parent, except for the leaf of the tolerant line R37 (Supplementary Figure S2).
Interestingly, no significant difference was found between the root sugar content in all
selected lines and their corresponding parent under stress. Figure 2 shows a strong linear
relationship between TSS content in leaf and root tissues and the grain yield of both CS-
and R-derived BC4F; lines under salinity stress.

3.2.3. Leaf Relative Water Content (RWQC)

The results indicated a significant effect of salinity stress, genotype, and the salinity
stress x genotype interaction on leaf RWC (Table 4). Salinity stress decreased RWC by
about 13% in Ac and up to 33% in wheat (Table 5). The RWC of Ac was consistently higher
than that of wheat under both environmental conditions. Under normal conditions, the
phenotype of the selected BC4F; lines was similar to that of their recurrent parent. Under
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salinity stress conditions, no significant difference was observed between the RWC of
tolerant and sensitive lines derived from CS and R (Supplementary Figure S3).
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Figure 2. Linear relationship between grain yield (g/plant) and total soluble content (TSS) content
in the leaf (a1) and root (a2) tissues of the BC4F; lines with two genetically different backgrounds
(“Chinese Spring” (CS) and “Roshan” (R)) under salt stress conditions (250 mM NaCl).

3.2.4. Malondialdehyde (MDA)

The results showed significant effects of salinity stress, genotype, and the salinity
stress x genotype interaction on lipid peroxidation (as measured by MDA content) in leaf
tissues (Table 4). While the increase in lipid peroxidation was significant in both wheat and
Ac, the change due to salinity was more pronounced in wheat than in Ac. MDA content
increased by approximately 40% in Ac and about 140% in wheat due to salinity (Table 5).
Notably, the MDA levels in the tolerant lines of both genetic backgrounds were lower than
those in their recurrent parents and sensitive lines (Supplementary Figure S4).

3.2.5. DPPH Radical Scavenging Activity

The DPPH scavenging activity was influenced significantly by salinity stress, genotype,
and the salinity stress x genotype interaction (Table 4). In normal conditions, the IC50
value for scavenging activity ranged from 389.8 ug mL~! in Ac (the most salt-tolerant
genotype) to 2670.7 ug mL~! in CS lines. Likewise, a similar trend was observed in the
DPPH scavenging activity under salinity stress conditions (Table 5). The IC50 is the leaf
extract concentration needed to scavenge 50% of the initial DPPH radicals. Thus, the
DPPH radical scavenging activity of Ac, indicated by a lower IC50 value, was much greater
than that of wheat. Although a significant DPPH scavenging activity was observed in
all studied genotypes under salinity, it remained consistently higher in wheat. Under
normal conditions, the phenotype of all selected genotypes from the CS and R lines with an
average of 9.33% and 3.42% showed stronger DPPH scavenging activity than their recurrent
wheat parents, respectively. Unexpectedly, all selected tolerant genotypes from CS and R
backgrounds exhibited approximately 97.77% and 22.90% higher DPPH radical scavenging
activity, respectively, than their sensitive lines under stress conditions. In contrast, the
selected sensitive lines CS and R showed on average 25% and 8.5% less DPPH radical
scavenging activity, respectively, compared with their recurrent parent lines (Figure 3).
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Figure 3. Mean comparison of DPPH radical content, “Chinese spring” (CS), “Roshan” (R) cultivars,
Ae. cylindrica (AC), and their derived BC4F, lines. Bars represent means + SE, and bars headed by
the same letter are not significantly different at p < 0.05.

3.2.6. Chlorophyll and Carotenoid Content

Both Chla and Chlb contents were significantly influenced by salinity, genotype, and
interaction (Table 4). Compared with normal conditions, salt stress increased by the overall
means of Car and Chla, but there was a decrease in Chlb content. The highest changes in
Chla (27.92%) and Car (13.55%) due to salt stress were recorded for Ac. In addition, the
highest (39.06%) and lowest (28.38%) reductions in Chlb content were reported for the CS
lines and Ac, respectively (Table 5). In normal conditions, Chla content in all selected CS
and R lines was similar to that of their recurrent parents, except for the sensitive line C7. In
salinity stress conditions, the Chla content of all the sensitive lines of the CS background
was consistently lower than the tolerant lines (Supplementary Figure S5).

The Chlb content of Ac was higher than that of the studied wheat lines under both
normal and salinity conditions. Although the selected CS lines had higher Chlb content
than their recurrent parent under normal conditions, this difference was more pronounced
in the tolerant lines. In the R lines, most selected lines (except R56) had slightly higher Chlb
content than the “Roshan” cultivar under normal conditions. Similarly, in both line groups,
the Chlb content of the tolerant lines was significantly higher than that of their recurrent
parents and sensitive lines under salinity stress (Supplementary Figure S5). Salinity stress
had a minor positive effect on the total chlorophyll content in the tolerant lines of both the
CS and R backgrounds. The Car content in Ac under the same conditions was higher than
that in the CS lines and was comparable to or slightly higher than in the R lines under both
stress and normal conditions. In both genetic backgrounds, the increase in salt-induced
Car content was more pronounced in the tolerant lines compared with their sensitive lines
and recurrent parents (Supplementary Figure 56).

3.2.7. Na and K Concentrations

The leaf and root Na concentration, K concentration, and K/Na ratio were significantly
affected by salinity stress (Table 4). Under salinity stress, Na content increased by 93.8%
in Ac leaves, 104.4% in CS roots, 173.1% in R leaves, and 150.8% in R roots compared
with normal conditions (Table 5). Under normal conditions, Na accumulated at higher
concentrations in the root tissue compared with the leaf tissue across all genotypes. In the CS
background, sensitive lines exhibit 28.70% and 43.32% higher sodium concentrations in root
and leaf tissue due to salinity compared with tolerant lines. Similarly, in the R background,
sensitive lines show a 26.46% and 37.70% increase in sodium concentration in root and leaf
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tissue, respectively, compared with tolerant lines. Notably, the Na concentration in the
root tissue of Ae. cylindrica and BC4F, lines was higher than the leaves compared with the
recurrent wheat cultivars, indicating less sodium transfer to the plant’s aerial organs. In
addition, salinity stress resulted in a significantly lower Na accumulation in the root and
leaf tissues of tolerant lines compared with sensitive lines (Figure 4).
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Figure 4. Mean comparison of Na concentration in the leaf and root tissues of “Chinese spring” (CS),
“Roshan” (R) cultivars, Ae. cylindrica (AC), and their derived BC4F; lines. Bars represent means =+ SE,
and bars headed by the same letter are not significantly different at p < 0.05.

Salinity stress had a significant inhibitory effect on K concentration, reducing it by
40.88% to 59.94% in leaves and 31.85% to 57.20% in roots across all genotypes (Table 5).
However, the K concentration in the leaves was consistently higher than in the roots under
both environmental conditions for all genotypes (Figure 5). In addition, the leaf and root
K concentrations of Ae. cylindrica were higher than those in all studied wheat genotypes
under control and stress conditions. Although, salinity resulted in reduced potassium
concentrations in the leaves and roots of wheat and Ae. cylindrica genotypes, the tolerant
lines of both genetic backgrounds maintained higher levels of potassium than their sensitive
counterparts (Figure 5).
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Figure 5. Mean comparison of K concentration in the leaf and root tissues of “Chinese spring” (CS),
“Roshan” (R) cultivars, Ae. cylindrica (AC), and their derived BC4F; lines. Bars represent means =+ SE,
and bars headed by the same letter are not significantly different at p < 0.05.

Salinity stress significantly reduced the K/Na ratio of leaf and root tissues across all
tested genotypes (Figure 6). The reduction was more pronounced in the leaves of the CS
lines compared with the roots, while the roots of A. cylindrica showed a greater decline than
their leaves (Table 5). Comparing the K/Na ratio reduction in CS and R-derived BC4F;
lines revealed a significant difference between the tolerant and sensitive lines (Figure 6).

There was a significant linear relationship between the leaf and root mineral concentra-
tions (Na, K, and K*/Na* ratio) and grain yield in both types of BC4F; lines, as depicted in
Figure 7. For both the R and CS-derived lines, there is a positive and significant relationship
between yield and K concentration in both leaf and root tissues. However, the negative
relationship between yield and Na concentration was significant only in the leaves of both
lines. In addition, the positive relationship of K/Na ratios with yield in leaf tissues is
generally significant for both genetic backgrounds. In contrast, this relationship in root
tissues varies depending on the genetic background (Figure 7).
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and bars headed by the same letter are not significantly different at p < 0.05.
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Figure 7. Linear relationship between grain yield (g/plant) and A: Na content, B: K content, and
C: K/Na ratio in the leaf (al, b1, and c1, respectively) and root (a2, b2, c2, respectively) tissues of
two groups of BC4F, wheat lines with Chinese Spring (CS) and Roshan (R) backgrounds under salt
stress conditions (250 mM NacCl).

3.3. DNA Methylation Responses of Introgressed Lines to Salinity

The HPLC method determined the 5-mC content of genomic DNA in the leaf and
root tissues of BC4F, lines and their parents. Salinity stress significantly influenced the
5-mC content of the DNA of the leaf and root tissues of the genotypes (Table 6). In
addition, genotypes varied significantly in 5-mC content in the leaves and roots. Moreover,
the interactions of salt stress X tissue and genotype x tissue significantly affected 5-mC
content. Salinity stress compared with the control treatment leads to a decrease in the
5-mC level in the leaf and root. This stress response was greater in leaf tissue than root
tissue in both CS and R line groups. Under control and salinity stress conditions, the
DNA methylation level was higher in the root tissue compared with the leaf tissue in all
genotypes. Ac exhibited a higher decline in DNA methylation when exposed to salinity
than all other wheat genotypes in the leaf and root tissues. Notably, the changes in salinity-
induced methylation levels were more in the leaves of tolerant CS and R lines compared
with their respective wheat parents and sensitive lines, indicating successful introgression
of the A. cylindrica epigenome into wheat. In addition, the results suggest that the genetic
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background influences DNA methylation in different plant organs when exposed to salinity
in wheat (Figure 8).

A: CS background
(al) Leaf (a2) Root

0
3 2 i C36 _C52 C80 AC CS €7 __€l6 €70
Genotype Genotype
Genotype Laef Root
Control  Stress  Change (%) | Control  Stress  Change (%)
Aegilops cylindrica (AC) | 31.55 2424 -23.16 38.67 34.50 -10.78
Chinese spring (CS) 19.17 14.71 -23.25 34.22 29.34 -14.25
Sensitive 20.40 15.69 -23.09 33.65 30.97 -7.98
Tolerant 25.25 19.36 -23.30 34.66 31.97 -7.77
B: R background
(b1) Leaf (b2) Root
50 50

40

R 77 _R86. AC R R20 R56 R75 R37 R77 _R86_ _AC R R20 ___R56 __R75

Parent Sensitive Tolerant Parent Sensitive
Genotype Genotype
Genotype Laef Root
Control  Stress  Change (%) | Control  Stress  Change (%)

Aegilops cylindrica (AC) | 31.55 2424 -23.16 38.67 34.50 -10.78
Roshan (R) 22.76 18.42 -19.07 30.24 2745 -9.22
Sensitive 23.03 18.54 -19.52 35.83 32.93 -8.09
Tolerant 26.03 18.45 -29.13 35.63 32.93 -7.58

Figure 8. Mean comparison of cytosine methylation levels in the leaf (al,b1) and root (a2,b2) tissues of
BC4F; lines with “Chinese Spring” CS (A); and “Roshan” background (B), along with their respective
parent (Ae. cylindrica (AC), CS, and R). Bars represent means =+ SE, and bars headed by the same
letter are not significantly different at p < 0.05.
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Table 6. Results of analysis of variance for the cytosine methylation (5-mC) content and expression of
the salt-tolerant related genes under the control and salt-stress (250 mM NaCl) treatments.

Mean Square

Source of Variation df 5mC HKTL5 NHX1 SOS1
CS background

Salt stress (S) 1 44275 ** 13.00 ** 91.66 ** 6.11 **
Genotype (G) 7 79.60 ** 0.23 ** 241 * 0.27 **
Tissue (T) 1 3703.16 ** 9.72 ** 23.21 ** 0.65 **
SxG 7 1.46 1S 0.06 ** 1.67 ** 0.08 **
SxT 1 31.61* 7.09 ** 24.01 ** 0.15**
GxT 7 15.58 * 0.09 ** 0.37 ** 0.01 ™
SxGxT 7 115718 0.03* 0.38 ** 0.005 1

Residual 64 6.73 0.01 0.02 0.02

CV (%) 9.63 15.08 9.85 17.81

R background

Salt stress (S) 1 481.19 ** 14.55 ** 113.58 ** 8.41 **
Genotype (G) 7 51.17 ** 0.10 ** 2.03 ** 0.31 **
Tissue (T) 1 3303.29 ** 17.47 ** 28.99 ** 0.49 **
SxG 7 2.60 s 0.09 ** 1.45** 0.16 **
SxT 1 54.58 ** 7.77 ** 32.50 ** 0.20 **
GxT 7 14.02 * 0.06* 0.61 ** 0.01ms
SxGxT 7 212" 0.05™s 0.49 ** 0.005 ™8

Residual 64 6.39 0.02 0.03 0.02

CV (%) 9.01 18.66 10.67 20.11

The symbols along the rows and columns indicate: ™ Non-significant; * p < 0.05, ** p < 0.01.

3.4. Expression of Salinity Tolerance Genes in the Introgressed Lines

ANOVA results of gene expression data showed that salinity, genotype, tissue, and
their interactions significantly affected the expression of HKT1;5, NHX1, and SOS1 genes
in roots and shoots (Table 6). Mean comparisons of the expression patterns of the genes
studied indicated that salinity increased the expression level of genes. The expression
changes in HKT1;5 and SOS1 genes were higher in roots than in leaves in both CS and R-
derived, unlike NHX1. In the CS lines, the expression level of the HKT1;5 gene under salinity
stress was increased by around 60% in the leaf and around 300% in the root compared
with the control (Figure 9). Likewise, changes in HKT1;5 expression in the R lines were
approximately 60 in the leaf and 200% in the root. In contrast, NHX1 expression alterations
were more pronounced in the leaf tissues compared with the roots, with increases of around
580% in the leaf and 180% in the root of the CS lines when exposed to salinity (Figure 10).
Similarly, the R lines showed alterations in NHX1 expression of around 620% in the leaf and
170% in the root. The leaf transcript levels of the SOS1 gene in the CS and R lines increased
by 89% and 95%, respectively, compared with the control, while the root transcripts were
upregulated by 104% and 123%, respectively (Figure 11).

At the genotype level, Ae. cylindrica had higher HKT1,5 transcript levels than “Chinese
Spring” and “Roshan” in both shoot and root tissues. The HKT1;5 expression in the root
tissues of both BC4F; lines did not significantly differ between sensitive and tolerant lines
under salinity stress. However, the expression showed a significant increase compared with
their wheat parents. Although tolerant genotypes of both line groups generally expressed
higher HKT1;5 levels than their sensitive counterparts in the shoots, this difference was not
significant in most cases (Figure 9).
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Figure 9. Relative expression analysis of the HKT1,5 gene in the root and shoot tissues of “Chinese
spring” (C), “Roshan” (R) cultivars, Ae. cylindrica, and their derived BC4F; lines. Bars represent
means £ SE, and bars headed by the same letter are not significantly different at p < 0.05.

Under stress conditions, the NHX1 expression level of the salt-tolerant Ac in both
tissues was significantly higher than in the lines and cultivars. Although comparable
mRNA expression levels for NHX1 were not observed between tolerant R and CS lines in
the root tissue under stress, this comparison was evident in the leaf tissue under salinity;,
with noticeably higher NHX1 expression levels in the tolerant R lines than in the tolerant
CS lines. On the other hand, the leaves and roots of sensitive R lines showed higher NHX1
expression levels than the sensitive CS lines under stress conditions. Interestingly, despite
no significant difference in NHX1 expression between sensitive and tolerant lines under
control conditions, NHX1 transcript levels in both tissues of tolerant lines from both genetic
backgrounds were significantly higher than their wheat parents and sensitive lines under
salinity (Figure 10).
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Figure 10. Expression analysis of the NHX1 gene in the root and shoot tissues of “Chinese spring”
(C), “Roshan” (R) cultivars, Ae. cylindrica, and their derived BC4F, lines. Bars represent means + SE,
and bars headed by the same letter are not significantly different at p < 0.05.

The SOS1 transcripts of the salt-tolerant Ac genotype in both tissues under salinity
significantly exceeded all CS lines. However, the mRNA expression level for the SOS1
gene in both tissues of all tolerant CS lines was recorded as higher than wheat parent in
stress conditions. In addition, the SOS1 expression levels of tolerant R-lines were non-
significantly with the salt-tolerant Ac genotype in both tissues under stress. However, the
induction of SOS1 gene expression did not significantly differ between sensitive genotypes
and recurrent wheat parents in studied tissues under salt stress. The increase in the SOS1
expression level was more pronounced in the root tissue of sensitive lines compared with
their leaf tissue. Therefore, at the tissue level, increased expression of SOS1 in leaf tissue is
more crucial than in roots for salt stress tolerance (Figure 11).
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Figure 11. Expression analysis of the SOS1 gene in the root and shoot tissues of “Chinese spring” (C),
“Roshan” (R) cultivars, Ae. cylindrica, and their selected BC,4F, lines. Bars represent means =+ SE, and
bars headed by the same letter are not significantly different at p < 0.05.

4. Discussion

Plants manage salinity through mechanisms like osmoregulation, oxidative damage
protection, and maintaining low cytosolic sodium levels via sodium exclusion, intracel-
lular compartmentalization, and K*/Na* homeostasis [53,54]. Wild wheat relatives from
the Fertile Crescent, adapted to abiotic stress through natural selection, are valuable for
introgressing adaptive traits and enhancing vitality [1,55,56].

Grain yield links plant biochemical responses to stressors and adaptation through ge-
netic [1] and epigenetic diversity [28]. Genetic diversity in wheat arises from DNA variation
and epigenetic modulation, leading to differential morpho-physiological responses. Our
study shows significant genotype and genotype-by-stress interaction effects on grain yield,
with considerable variation in salinity responses among wheat-introgressed lines. Notably,
Ae. cylindrica (AC) and introgressed lines were less affected by salinity than recurrent
wheat parents, confirming successful Ac genome introgression and supporting further
physiological and molecular studies.
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Salinity significantly increased proline content in leaves, especially in Ac, with lower
responses in R background lines, while roots showed a weaker response. These results
help explain conflicting reports on proline’s role in salt tolerance, influenced by species,
genotype, tissue type, growth stage, and salinity intensity. Proline’s positive effects on
salt adaptation, mainly through osmotic potential balance in intracellular compartments,
are evident under low to moderate salinity stress or early exposure stages [57]. However,
some studies suggest its role is more critical in drought conditions [7]. Arabbeigi et al. [7]
found that the P5CS gene enhances proline biosynthesis in Ac species, yet proline did not
significantly contribute to salt tolerance. Our findings align with Kumar et al. [58], who
reported proline’s positive effect on salinity tolerance in wheat, emphasizing the genetic
influence on proline’s role in stress tolerance. This is partially consistent with Ebrahim
et al. [22], who observed higher proline accumulation in salt-sensitive barley genotypes
than salt-tolerant ones. Additionally, the more drastic proline changes in Ac compared
with wheat align with Munns and Tester’s review [54]. Compared with roots, the higher
proline accumulation in leaves under salinity stress is justified by the leaves’ crucial role in
gas exchange and osmotic balance maintenance, protecting the photosynthetic apparatus
in these metabolically active tissues.

Increased soluble sugars in leaves align with previous observations [15,58—-60], while
root accumulation shows mixed results [15,58,60]. Lower accumulation of sugars in roots
compared with leaves likely stems from leaves being primary photosynthesis sites and
factors similar to those affecting proline. Inconsistencies in osmo-adaptive responses
between plant organs can be attributed to species, genotype, stress intensity, duration, and
growth stage differences [22]. Leaves accumulate osmoprotectants like proline and TSS to
combat osmotic stress, maintain cellular water potential, and protect cellular components.

MDA content, an indicator of lipid peroxidation, increased most in sensitive wheat
cultivars (“Chinese Spring” and “Roshan”) and their derived lines, with the lowest increase
in the donor parent (Ac) and tolerant lines. Lower lipid peroxidation levels in salt-tolerant AC
genotypes [16], their amphidiploids (AC x wheat) [9], and salt-tolerant wheat cultivars [58]
align with our findings. Similarly, Zeeshan et al. [61] reported significant MDA content
changes under salt stress, particularly in sensitive cultivars. In wheat, MDA content nega-
tively correlates with membrane stability [58,62]. MDA, generated by ROS-induced oxidative
stress, leads to lipid peroxidation in cell membranes, and measuring MDA levels is a marker
for assessing cell membrane stability and disruptions in osmotic balance under stress [62,63].

DPPH, a stable free radical, assesses antioxidant activity by evaluating free radical
scavenging and lipid oxidation inhibition. A lower IC50 value indicates higher antioxi-
dant capacity. Our study found the highest DPPH inhibition (lowest IC50 value) in the
donor wild parent of the BC,4F; lines (Ac), a hyper-salt-tolerant genotype [16], followed
by R background lines and then CS lines. These results highlight the influence of wheat
genetic makeup on the antioxidant activity of the BC4F; lines, consistent with studies
emphasizing the genetic diversity and strong DPPH scavenging ability of salt-tolerant
genotypes [9,58,64-68]. These findings suggest DPPH’s involvement in wheat’s antioxidant
defense against salt stress.

Salt stress increased Car and Chla means and decreased Chlb in wheat lines and Ac,
with contrasting effects on total chlorophyll content. The decrease in total chlorophyll
in the CS background and the increase in the R background highlight salinity tolerance
differences. This finding aligns with Kiani et al. [9], who reported a non-significant decrease
in total Chl content in tolerant genotypes (amphidiploids) compared with a significant
decrease in wheat cultivars. Differences in chlorophyll content under salinity have been
reported in wheat [58,69].

Plants cope with sodium toxicity through selective ion transporters to exclude Na*
from the cytosol. However, when these defenses are insufficient, Na* toxicity can lead to
significant cellular damage and reduced plant growth. Our study found significantly lower
leaf Na concentrations in Ac, a halophyte [24], compared with other genotypes, under
salinity stress. Tolerant BC4F; lines derived from CS and R ranked second in reduced



Plants 2024, 13, 2673

26 of 30

Na accumulation in leaf tissues. At the same time, no significant root Na concentration
differences were found between the introgressed lines and their donor parent (Ac), con-
trasting with the recurrent parents “Chinese Spring” and “Roshan” cultivars. The higher
Na accumulation in roots compared with leaves under salinity stress can be explained
by the ability to sequester Na* in root vacuoles; improved Na™ retrieval from leaves and
transport back to the roots; and decreased Na* unloading from xylem in roots [70]. Evi-
dence supporting this hypothesis includes higher HKT1;5 gene transcript abundance in
roots than in leaves. Similar findings in barley [71] and wheat [11] show higher HKT1,5
expressions in roots compared with shoots, with expression levels inversely correlated
with Na* concentration. TaHKT1;5-D expression in roots is specifically found in the xylem
parenchyma and pericycle cells next to the xylem cells within the stele [72]. The HKT1,;5
gene in T. aestivum functions as a selective Na* transporter, unloading Na* from xylem
vessels to parenchymal cells [73,74]. Recent data indicate HKT1,5 alleles are genetically
associated with Na* accumulation in shoots and salinity tolerance [75].

This study examined HKT1;5, NHX1, and SOS1 gene expression in selected BC4F; lines
derived from amphidiploid plants (R x Ac and CS x Ac). The lines reacted differently than
the wheat cultivars (recurrent parents), comparable to or inferior to their donor parent (AC).
These findings are consistent with agro-physiological and biochemical analysis. Differences
in salt stress responses between lines from contrasting wheat cultivars underscore the
genetic background’s influence on stress responses. Coordination at the transcriptional
level was observed among HKT1;5, NHX1, and SOS1, with expression levels following the
order: Ac > lines > wheat cultivars. This suggests that salt stress may act as a synchronous
environmental stimulus, reflected in the divergence and specificity of induced molecular
signatures. The relative activation, repression, contribution, and magnitude of involved
transcripts may determine the specificity of salt stress adaptation. The synergistic function
of these genes aligns with other studies [26,57]. Co-regulation of HKT1;5, NHX1, and SOS1
may be crucial for fine-tuning wheat’s salinity tolerance mechanism. In contrast to HKT1,5,
higher NHX1 expression in leaves than in roots is consistent with other studies [11,76].
The inverse tissue-specific functionality of NHX1 and HKT1;5 suggests neofunctionali-
sation and partial subfunctionalisation of homoeologous ion transporter genes during
wheat allopolyploidisation.

Salt stress reduced K concentration most in salt-sensitive lines and their wheat parents,
affecting leaf and root tissues. Salt-tolerant wheat lines and Ac maintained a higher
leaf K/Na ratio under stress, while salt-sensitive genotypes were less effective. Dual-
affinity Na* transporters encoded by TaHKT1;5-D and TmHKT1;5-A genes are inhibited
by increasing external K* concentrations [77]. Higher HKT1,5 transcription in AC and its
derived salt-tolerant lines may involve epigenetic modulation. Differences in promoter
strength, transcription factor availability, gene copy number, regulatory elements, and RNA
stability cannot be ruled out.

Salt tolerance involves genetic and epigenetic factors [78]. Epigenetic alterations
modify gene transcription, aiding adaptation to abiotic stresses and providing “plant stress
memory” for improved environmental responses [28]. Epigenetic mechanisms like DNA
methylation, histone modifications, chromatin remodeling, epi-transcriptomics, and small
RNA-mediated gene silencing regulate gene expression, which is crucial for adaptation
and phenotypic plasticity [28,79]. Cytosine methylation at the 5" position (m5C) is the most
abundant DNA modification, affecting up to 25% of cytosines in the plant genome [80].
Global DNA methylation analysis showed a notable difference in cytosine methylation
content between AC and wheat under salinity stress, highlighting the genetic background’s
effect on methylation and demethylation events in wheat introgression lines.

Compared with their recurrent wheat parents, the salinity-induced epigenetic varia-
tions detected in AC and its derived wheat lines may play a role in adaptation to salinity
stress. However, further studies are needed to clarify the roles of small RNAs, histone
post-translational modifications, and chromatin remodeling in this context. Differences
in the regulatory epigenetic landscape may contribute to adaptive molecular responses,
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which can be manipulated to accelerate plant breeding programs. Selective cross-breeding
and epigenome modulation can enhance wheat’s adaptive potential to salinity stress in
the face of climate change. Genetic resources from wild relatives of cereals and other
crops, particularly in the Fertile Crescent, have successfully introduced valuable genes to
cultivated cereals. Our study demonstrates that wild AC can improve salinity tolerance in
cultivated wheat lines, which is consistent with other studies emphasizing the potential of
wild species for enhancing crop resilience.

5. Conclusions

In addition to the necessity of genetic diversity for improving crop plants, the breeding
implications of epigenomic diversity are crucial. Consistent cytosine methylations at so-
called epialleles in a particular genotype can serve as selection markers for abiotic stress
tolerance in breeding programs. This study linked agro-physiological traits with epigenetic
marks to confidently identify the most contrasting salt-responsive introgressed wheat
lines. A greater reduction in global methylation content and a significant increase in
HKT1;5, NHX1, and SOS1 gene expression in the leaves of tolerant lines compared with
sensitive lines under salinity stress highlight the important role of methylation buffering
in adaptation through gene expression regulation. Further studies are needed to better
understand the functional underpinnings of how the DNA methylation affects stress
tolerance and the inheritance of epialleles in plants under stressful environments.
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Abbreviations

Ac, Aegilops cylindrica; Chla, Chlorophyll a; Chlb, Chlorophyll b; CS, “Chinese Spring” wheat
cultivar; DPPH, 2,2-diphenyl-1-picrylhydrazyl; GMP, Geometric mean productivity; GpS, Number
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of grains per spike; GW, 100-grain weight; HCPC, Hierarchical principal component clustering;
HKT, High-affinity potassium transporters; HM, Harmonic mean; MDA, Malondialdehyde; 5-mC,
5-methylcytosine; MP, Mean productivity; NHX1, Tonoplast-localized Na*/H" antiporter; P5CS,
Osmoprotectant pyrroline-5-carboxylate synthetase; PH, Plant height; R, “Roshan” wheat cultivar;
ROS, Reactive oxygen species; RWC, Relative water content; SL, Spike length; SOS1, Salt-overly
sensitive 1; SpP, Number of spikes per plant; SSI, Stress susceptibility index; STI, Stress tolerance index;
TBA, Thiobarbituric acid; TCA, Thiobarbituric acid; TOL, Tolerance index; Total Chl, Total chlorophyll;
TSS, Total soluble sugars; Yield, Grain yield per plant; YI, Yield index; YSI, Yield stability index.
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