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Most of the freshwaters worldwide are used for agriculture. Freshwater sources are expected to decline and will not suffice to support the food production needed for the growing population. Therefore, growing crops with seawater might constitute a solution. However, very little work has been done on the effect of seawater stress on wheat, an important cereal crop. The present study aimed to determine whether particular wheat genotypes provided better resistance to seawater stress. A set of 80 highly diverse spring wheat genotypes collected from different countries in Europe, Asia, Africa, North and South America was exposed to 50% seawater stress at the early growth stage. Four seeding shoot and root traits were scored for all genotypes. High genetic variations were found among all genotypes for the epicotyl length (EL), hypocotyl length (HL), number of radicles (NOR), and fresh weight (FW). Eight genotypes with high-performance scores of seedling traits were selected. The correlation analyses revealed highly significant correlations among all traits scored in this study. The strongest correlation was found between the NOR and the other seeding traits. Thus, the NOR might be an important adaptive trait for seawater tolerance. The genetic diversity among all genotypes was investigated based on genetic distance. A wide range of genetic distances among all genotypes was found. There was also a great genetic distance among the eight selected genotypes. In particular, the genetic distance between ATRI 5310 (France) and the other seven genotypes was the greatest. Such high genetic diversity might be utilized to select highly divergent genotypes for crossing in a future breeding program. The present study provides very useful information on the presence of different genetic resources in wheat for seawater tolerance.
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Introduction

Soil salinization is a global and dynamic problem that may increase in the future because of climate change scenarios, e.g., rise in temperature, rise in sea level and impact on coastal areas, and increase in evaporation (Kumar and Sharma, 2020). The predicted increase of the sea level due to the thermal expansion of seawater ranges from 31 to more than 100 cm by the year 2100 (Mimura, 2013). This will reduce the land areas and consequently increase the potential yield losses resulting from the soil salinity. Salinity condition in arid and semi-arid regions occurs due to scanty precipitation and high evaporation (Dehnavi et al., 2020). The deficit in the freshwater supply is compensated by pumping excess ground water, especially in coastal areas (Halder et al., 2022). This situation results in high soluble salt contents (saline soils) and/or high sodium ion (Na+) levels (sodic or saline-sodic soils) beneath the crop rooting zone (soil horizon; Sadeghi and Rostami, 2017). This leads to stress that reduces the ability of plants (except halophytes and salt-tolerant crops) to take up water from the soil and causes soil degradation. Ultimately, a significant reduction in crop growth and productivity occurs (Food Agriculture Organization of the United Nations, 2022).

Several salinity management techniques have been deployed to improve the growth efficiency of economic crops under salt stress. Urgent solutions allowing the sustainable use of vital crop vegetation despite the harsh environmental situation are needed. The development of salinity-adapting crops is a realistic solution. Conducting research to find alternative ways to solve salinity problems is essential to meet current and future food demands. Suitable management practices to control salinity problems must be implemented in irrigated fields, irrigation projects, and geohydrologic systems (Tomaz et al., 2021). Among these practices, soil erosion control measures, rainwater harvesting, integrating appropriate plant species, and efficient irrigation methods are routine practices for obtaining suitable and sustainable results (Singh et al., 2018).

Egypt is a unique part of the Middle East located in an arid zone with large flat planes, salt-affected shores, and salt marshes facing the Red Sea and the Mediterranean coasts. These areas are integral components of the Egyptian coastal and inland ecosystems and can serve as important areas for food production. The main salt marshes in Egypt are located in the Red Sea coastal belt in South Sinai and east of the Eastern Desert (Amro et al., 2021). Consequently, the utilization of seawater in Egypt has been the latest endeavor to obtain satisfying agricultural yields and horticultural crops (Rady et al., 2016).

Crop species of Gramineae (including wheat and their cultivars) often differ in their tolerance to salinity. These differences can be assessed through germination percentage and seedling growth in saline conditions. This information is crucial for identifying a suitable salt-tolerant wheat cultivar for cultivation under salt stress conditions (Thabet et al., 2021b). Many studies investigated the response of wheat (Triticum aestivum L.) cultivars to salt stress at germination and early seedling-growth stages (Mujeeb-ur-Rahman et al., 2008). Wheat receives a lot of attention because it constitutes an important staple food for at least 36% of the world's population. Indeed, it provides 55% of the carbohydrates, 20% of the calories (Nahar et al., 2017; Seleiman et al., 2021), and essential micro- and macro-nutrients of the human diet. Considering that the international population is predicted to increase by 25% (to reach 10 billion) by 2050 (Halder et al., 2022), the current world production of wheat should be doubled (Food Agriculture Organization of the United Nations, 2022). Achieving this goal is particularly challenged by the greater frequency and number of climate change stressors including salinity.

The germination responses and emerging ability of seeds in a saline environment depend not only on the salt concentration but also on other various biological and genetic factors. Özyazici and Açikbaş (2021) stated that some plants are sensitive to salinity at the early seedling-growth stage because the mechanism of salinity tolerance is not fully developed yet. Salt stress also affects many biochemical characteristics such as antioxidant enzyme activity, proline, protein, and both K+ and Na+ contents in leaves (Ghanaatiyan and Sadeghi, 2015; Sadeghi and Rostami, 2017). The differential suppression of wheat genotypes in salinity conditions might originate from differences in metabolic efficiencies against stress-induced carbon deficit and activities of anti-oxidative enzymes as these have been positively correlated with stress tolerance (Srivastava et al., 2010). Differences in cell membrane stability and macromolecule stability induced by salinity might also be a cause for the different responses (Sadeghi and Robati, 2015).

Screening large germplasms of genotypes from different countries is very useful to identify the ones allowing salt tolerance. Once identified, these genotypes might be used as candidate parents in future breeding programs to produce high-yielding wheat cultivars with high tolerance to abiotic stress. Moreover, the analysis of genetic diversity based on DNA molecular markers might allow a precise selection of truly promising tolerant genotypes to accelerate the breeding programs.

The present study aimed to investigate the impact of genetic variations in highly diverse wheat genotypes collected from different countries on seawater tolerance and to select the one(s) performing the best under seawater stress for phenotypic selection and genetic diversity analysis.



Materials and methods


Seawater properties

The pH was measured in a 50% seawater sample using an electric pH meter (Hanna pH 211), and water electric conductivity (EC in dS.m−1) was determined using a conductivity meter (4310 JEN WAY). Na+ and potassium ions (K+) contents were determined with a flame-photometer (Carl-Zeiss DR-LANGE M7D). Methods described by Jackson (1973) were used to determine the concentration of calcium (Ca+2), magnesium (Mg2+), chloride (Cl−), and soluble sulfates (SO[image: image]) ions. Ca+2 and Mg2+ contents were volumetrically determined by the titration method against 0.01 N EDTA, and Cl− contents were volumetrically determined against AgNO3. The soluble SO[image: image] content was estimated by the turbidity method against BaCl3 according to the method published by Tabatabai and Bremner (1970).



Plant material

A set of 48 highly diverse spring wheat genotypes were randomly selected from the population and tested in 10, 40, or 50% seawater stress conditions. This preliminary experiment showed high genetic variation in hypocotyl and epicotyl traits in 50% of seawater. Therefore, the whole population (80 genotypes) was tested in 50% seawater. The genotypes used in this study were highly diverse wheat genotypes collected from different parts of Europe (Supplementary Table 1).



Experimental layout and trait scoring

In all experiments, 20 seeds/genotype were sown in Petri dishes in three replicates using a randomized complete block design. All experiments were conducted under controlled conditions. The seeds were sterilized using 0.5% Na-hypochlorite (for 2 min) and washed in sterilized water. Then, all genotypes were sown in different seawater concentrations. Finally, all Petri dishes were incubated in dark under normal laboratory conditions (21–23°C and 65–70% humidity) in a Heraeus incubator (Germany) for 10 days. On the 10th day, the epicotyl length (EL, cm), hypocotyl length (HL, cm), and number of radicles (NOR) were measured in at least 10 seeds/genotype. The epicotyl/hypocotyl ratio (EHR) was calculated as the ratio of EL to HL. The seedling's fresh weight (FW, mg) was determined by weighing the shoots of the germinated seeds.



Statistical analysis

Data were analyzed using the SPSS package (v. 25). The differences in the genotype responses according to their spatial affinities (geographical distribution) and behavior (performance against salinity) were determined. The Shapiro–Wilk test of normality was employed to choose the proper comparison test, and the differences between means were considered significant at p < 0.05. Non-parametric tests, i.e., Mann–Whitney U-test for comparing two groups and Kruskal–Wallis H-test for comparing more than two groups, were used. Correlation analyses of grain germination parameters were carried out. Factorial ANOVA was performed to assess the effect of replication, genotypes, and seawater concentrations on seedling attributes and the effect of their interaction.

ANOVA of all phenotypic data and correlation analyses were carried out to estimate the variance and covariance using PLABSTAT software (Utz, 2011). All graphical presentations of the phenotypic data were performed using R software (R Core Team, 2014).



Analysis of the genetic diversity

The DNA of the 80 genotypes was sent to Trait Genetics (Gatersleben, Germany) for genotyping-by-sequencing using a 25K Infinium iSelect array. Extensive details on the development of the 25K wheat Infinium array were reported by Aleksandrov et al. (2021). The array genotyping revealed 21,450 single-nucleotide polymorphisms (SNP) markers that were used to calculate the genetic distance among the selected genotypes using the R-package “ade4” as described by Dray and Dufour (2007). The genetic distance was calculated using a simple matching coefficient.




Results


Chemical properties of seawater

The analysis of the chemical composition of the 50% seawater sample revealed a high EC value (26.33 dS.m−1) and high contents in Na+ (6.8 g.L−1) and Cl− (10.73 g.L−1). According to FAO classification of irrigation water, these values corresponded to high-salinity seawater (Rhoades et al., 1992). Additionally, adequate content in essential nutrients (e.g., Ca2+, K+, and SO[image: image]) were measured.



Variation in growth monitors

The analysis of variation in the selected traits (EL, HL, NOR EHR, and FW) for the 48 genotypes is presented in Table 1. Highly significant differences in all traits were found among the three seawater conditions (10, 40, and 50%). Moreover, the ANOVA revealed significant genetic differences among genotypes for all traits. Highly significant differences in all traits were found among the three seawater conditions (10, 40, and 50%; Figure 1 and Supplementary Table 2). All seedling traits decreased proportionally to the increase in seawater concentration. ELs decreased from 12.25 ± 1.63 cm in 10% seawater to 4.04 ± 1.26 cm and 1.11 ± 0.55 cm when exposed to 40 and 50% seawater, respectively. The same trend was observed for the HL as the mean decreased from 16.63 ± 2.16 cm in 10% seawater to 4.66 ± 0.93 cm and 3.16 ± 0.42 cm in 40 and 50% seawater, respectively. The mean seedling FWs similarly decreased from 3.73 ± 0.23 g in 10% seawater to 0.37 ± 0.13 g in 40% seawater and 0.11 ± 0.05 g in 50% seawater. Interestingly, the NOR was not as much reduced by the different seawater treatments as the other traits were. Indeed, the average NOR was 4.61 in 10% seawater, whereas it was 4.51 and 3.70 in 40 and 50% seawater, respectively.


TABLE 1 The average value of the concentration of major ions contents, EC, and pH in dilute in 50% seawater.
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FIGURE 1
 Seedling development under different seawater concentrations (10, 40, and 50%). For abbreviations see Table 1.


The variations among the 80 genotypes were thoroughly investigated for 50% seawater. The results of the ANOVA of all previously mentioned traits for 80 genotypes exposed to 50% seawater are presented in Table 2 and supplementary Table 3. Highly significant differences were observed according to replication (R), except for FW. Additionally, highly significant differences were observed among genotypes (G) for all assessed traits. The broad-sense heritability ranged from 0.40 (FW) to 0.84 (HL). The difference in each trait after treatment with 50% seawater due to the genotypic variation is presented in Figure 2. The genotypes performing the best differed according to the trait. For example, ATRI 5692 (Iran) had the greatest EL (1.88 cm). The greatest HL was obtained for ATRI 4563 (Italy). ATRI 10340 (China) had the greatest NOR (4.66) and ATRI 4940 (USA) the greatest FW with 0.24 g.


TABLE 2 Mean square (M.S.) of Epicotyl length (EL), Hypocotyl length (HL), number of roots (NOR), fresh weight (FW), and shoot length/root length ratio under three salt treatments with different concentrations (10, 40, and 50%) in a set of 48 wheat genotypes.
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FIGURE 2
 Distribution and variation among all genotypes under 50% seawater. For abbreviations see Table 1.


To determine the best performing genotypes, the 20 genotypes bearing traits with higher values were chosen. Then, the genotypes figuring among these 20 for at least three traits were selected (Figure 3 and Table 3). These criteria were fulfilled by eight genotypes from seven countries: Nepal (2), India (1), Iran (1), France (1), Sweden (1), the USA (1), and Argentina (1). A set of three-common genotypes ATRI 5310 (France), ATRI 5325 (Argentina), and ATRI 2679 (India) were identified as the best performing genotypes for all assessed traits when exposed to 50% seawater.


[image: Figure 3]
FIGURE 3
 Number of genotypes with high performance.



TABLE 3 Mean square (M.S.) of epicotyl length (EL), hypocotyl length (HL), number of radicles (NOR), and fresh weight (FW) under 50% salt treatment in a set of 80 wheat genotypes.
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Variation in seawater tolerance among continents

The comparison of seedling-growth attributes in response to 50% seawater according to their origin is represented in Figures 4A,B. Kruskal–Wallis H-test of non-parametric data (normal distribution not assumed) showed no significant differences among continents. The greatest mean HL (3.15 ± 0.12 cm) was measured in South American genotypes. The seedling FW increased in North American genotypes (73.50 ± 22.28 mg). The greatest mean EL and NOR (0.70 ± 0.09 cm and 3.40 ± 0.14, respectively) were recorded in seedlings with Asian genotypes. In contrast, a decrease in the seedling FW and NOR was found in European genotypes exposed to 50% seawater.


[image: Figure 4]
FIGURE 4
 Wheat genotypes attributes means classified according to their global affinities for (A) EL and HL and (B) FW and NOR under salinity stress (50% seawater).




Phenotypic correlation

The correlation analysis of traits after exposure to 50% seawater is presented in Figure 5. Significant positive correlations were found between EL and EHR (r = 0.94**), EL and NOR (r = 0.63**), and EL and FW (r = 0.28*). There also was a significant positive correlation between HL and NOR (r = 0.62**) and HL and FW (r = 0.17*). Additionally, EHR was positively and significantly associated with NOR (r = 0.63**) and FW (r = 0.17*). NOR and FW were positively correlated (r = 0.21*). The strongest positive correlations were found between EL and EHR, EL and NOR, and EHR and NOR.


[image: Figure 5]
FIGURE 5
 Phenotypic correlation among all traits scored under 50% seawater stress.




Genetic distances among genotypes

The genetic distance among the 80 genotypes was calculated to assess the level of genetic diversity in the population (Figure 6 and Supplementary Table 4). The dendrogram analysis revealed two main groups and one genotype, TRI10296 (Mexico). The genetic distance ranged from 0.0988 between TRI10654 and TRI10593 from Cyprus to 0.6696 between TRI3831 (Portugal) and TRI3631 (Canada).


[image: Figure 6]
FIGURE 6
 Dendrogram analysis based on genetic diversity among all genotypes.


When analyzing the best performing genotypes in a 50% seawater condition, eight genotypes (Table 3) were found in group II (G II.). Notably, TRI5310 (France) was highly distanced from the other selected genotypes. Generally, a high genetic distance was found among the eight selected genotypes and ranged from 0.354 between TRI5332 (USA) and TRI5325 (Argentina) to 00.62998 between TRI5310 (France) to TRI2679 (India).




Discussion


Genetic variation and seawater tolerance

Salt-affected soils are found in Australia, China, the former USSR, India, Iran, Bangladesh, Pakistan, Egypt, Iraq, Syria, Turkey Mexico, and the USA (Sanower Hossain and Sultan Ahmad Shah, 2019). More than 833 million hectares of subsoil (30–100 cm) are affected by salinity (Food Agriculture Organization of the United Nations, 2022).

Salinity stress induces a great extent of variations with respect to seed germination and physiological, anatomical, morphological, biochemical, molecular, and genetic impacts. Hence, salinity is one of the factors significantly decreasing wheat production per hectare (Hasseb et al., 2022). Additionally, early stages as germination and seedling growth are critical because they affect all the following stages including grain yield (Mourad et al., 2019; Sallam et al., 2019a; Moursi et al., 2020; Ahmed et al., 2021; Thabet et al., 2021a). It was reported that poor germination and weak seedling growth are major problems that lead to significant deterioration in yield (Sadeghi and Robati, 2015). Moreover, the use of seedlings is relatively simple and cost-effective (Ahmed et al., 2021).

Yildirim et al. (2004) showed that irrigation with seawater with an EC = 15 or 30 dS.m−1 significantly decreases the seedling gas exchange and accelerates the respiratory carbon loss, which is coupled with rising in CO2 compensation point and a reduction of the photosynthetic assimilation process. The present results revealed that the different seawater treatments had a great impact on all shoot traits scored for all 48 genotypes. Ragab and Taha (2016) reported that increasing salt concentrations decrease seedling shoot dry weight, shoot length, root dry weight, root length, and emergence index in nine Egyptian wheat cultivars. We observed an important and clear variation among seedling traits when using 50% seawater. Therefore, this seawater concentration was selected to test all genotypes of the population.

The high genetic variation among genotypes (n = 80) in all traits investigated in this study after exposure to 50% seawater provides great insight for plant breeders and agronomists to select highly performing genotypes in seawater stress conditions. The high broad-sense heritability for HL, EL, and NOR might allow improving these traits for better seawater tolerance. The heritability of FW was lower than that of the other traits. This high genetic variation that existed among genotypes was due to their being diverse and having originated from 33 countries spread on four continents. Screening highly diverse germplasms from semi-arid and arid regions, especially with salt-affected soils, has been highly recommended for selecting promising salt-tolerant genotypes (Sayed, 1985). The diversity in salt tolerance among different species of wheat was greater than that between ploidy levels (Singh and Chatrath, 2022).

As mentioned before, all genotypes in the present investigation were tested under seawater stress conditions. The analysis of 50% seawater indicated that all genotypes were exposed to a high level of Na+, K+, and Ca2+. Most of the previous studies used NaCl to induce salt stress in wheat and other crops. Unfortunately, only a few studies used natural seawater to test the tolerance to salinity of wheat genotypes (Kingsbury and Epstein, 1984; Nassar et al., 2020; Hadia et al., 2022; Kulshreshtha et al., 2022). Two studies assessed the seawater tolerance of wheat genotypes at the germination and seedling stages (Kingsbury and Epstein, 1984; Hadia et al., 2022). Therefore, the present work provides very useful information on the tolerance to seawater stress at early growth stages and might contribute to improving seawater tolerance in wheat. Kingsbury and Epstein (1984), exposed a set of 312 hexaploid wheat varieties to 50% seawater and found 29 salt-resistant lines (9%) with vigorous germination. Here, all the 80 genotypes germinated, and no significant differences were found in the germination percentage after treatment. However, significant variation was observed in shoot and root traits. Out of the 80 genotypes, 8 (10%) showed vigorous growth under 50% seawater condition. Therefore, these eight genotypes might be used for developing seawater-tolerant strains.

Two wheat genotypes were tested for their tolerance to seawater at 0.75% = 13.053 mS.cm−1, 1.5% = 24.695 mS.cm−1, and 3% = 46.253 mS.cm−1 by Hadia et al. (2022) who reported significant differences in coleoptile weight, radicle weight, NOR, coleoptile length, radicle length, radicle length to coleoptile length ratio, and total seedling length. The reduction of the radical number was less important than the reduction in other traits investigated in their study (Hadia et al., 2022). This agrees with the present results as the NOR was not as clearly reduced as the other traits. The more genotypes are investigated for target traits, the higher the genetic variation and, consequently, the better the selection. Therefore, the NOR might be an important trait for enhancing salt tolerance in wheat as it was the least affected by different concentrations of seawater. Shoot growth is more sensitive to salt stress than root growth because the accumulation of Na+ and/or Cl− at toxic levels affects the photosynthetic capacity, resulting in less supply of carbohydrates to the young leaves and further reducing the shoot growth rate (Munns and Tester, 2008).

To precisely select the genotypes performing the best when exposed to 50% seawater, all genotypes were sorted from the highest to lowest values for each trait. Eight genotypes were found among the 20 genotypes with the highest values for at least three traits. The selection was based on the performances for multiple traits to identify true tolerant genotypes (Sallam et al., 2015, 2018; Bhavani et al., 2021; Ghazy et al., 2021; Mondal et al., 2021; Mourad et al., 2021; Hasseb et al., 2022). Interestingly, the eight selected genotypes displayed a good seawater tolerance and might be used as a basis for improving salt tolerance in wheat at early growth stages. It is recommended to perform the selection at early growth stages in controlled conditions rather than in field conditions because screening the germplasm at the seedling stage may reduce the number of lines to test at another growth stage (Sayed, 1985; Sallam et al., 2016; Abou-Zeid and Mourad, 2021).

Here, the genotypes originated from different geographical regions. Therefore, it was worth comparing the performances under seawater stress conditions of genotypes from one continent with those of genotypes originating from other continents. There were no significant differences in all traits among groups from different continents. However, Asian genotypes had, on average, the greatest NOR and EL compared to those from the continents. In the study from Sayed (1985) a set of 5,072 wheat germplasm lines at different ploidy levels was exposed at the seedling stage to different salt concentrations with different electrical conductivities of 0.8 (control), 12.5, 18.75, and 25.0 dS.m−1. He found 442 genotypes with more than 70% surviving seedlings when tested for whole-life cycle survival. The largest groups of tolerant genotypes were from the USA and Egypt (Sayed, 1985). Furthermore, the widest variability among genotypes was observed in seedlings originating from the USA, Mexico, and Egypt.



Phenotypic correlations

In the population (N = 80 genotypes) tested in the present study, important significant correlations among seedling traits were observed. Root traits were highly associated with shoot traits in the seawater stress condition. Compared with HL, the NOR was significantly more correlated with EL and FW. Therefore, the NOR seemed to be a trait less affected by seawater stress than HL. Breeding to increase the NOR as an adaptive trait might allow to improve seawater tolerance, especially as root traits play an important role in the ability of plants to survive irrigation with seawater (Trimble, 2020). It was reported that salt stress inhibit the growth and number of primary and lateral roots causing a significant decrease in the root zone (Julkowska et al., 2014; Koevoets et al., 2016). Julkowska et al. (2014) found that no effect of salt stress on lateral root density, suggesting that the reduction in the number of lateral roots is related to the inhibition of primary root growth (Julkowska et al., 2014).

The positive correlations among HL, EL, and FW suggested that shoot water gain or loss is a direct consequence of the water absorption capacity of the root systems because of the high osmotic potential coupled with salt stress around the plant rooting zone (Oyiga et al., 2018). This significant positive correlation among traits allowed the selection of genotypes with high seedling traits in 50% seawater conditions.

Hasseb et al. (2022) studied the correlation among shoot and root traits in a set of 138 wheat genotypes at early growth stages exposed to 175 mM NaCl. They found no or weak correlations among shoot and root traits in wheat. Additionally, no or weak correlations between shoot and root traits were reported in barley subjected to NaCl stress (Moursi et al., 2020). Thus, the correlation among traits may depend on the plant material and the salt concentration.



Using genetic diversity among genotypes to improve seawater tolerance

Understanding the level of genetic diversity existing among the genotypes of the germplasm is key to genetically improve target traits (Babu et al., 2014; Salem and Sallam, 2016; Eltaher et al., 2018; Sallam et al., 2019b; Mourad et al., 2020). The genetic distance among the 80 genotypes was calculated using 12,390 SNP markers. Different degrees, extending from low to high, of genetic diversity were found among the genotypes. The maximum genetic diversity was achieved when collections of germplasms with genetic variability were from widely different geographic origins. The genetic diversity among the eight wheat genotypes with the greatest traits under seawater stress ranged from 0.354 to 0.692. Although there were two genotypes from Nepal (TRI2619 and TRI2679) among these selected genotypes, the genetic distance among them was 0.508, which was greater than the minimum genetic distance of 0.354 found between TRI5332 (USA) and TRI5325 (Argentina). Thus, crossing between TRI5332 and TRI5325 might not be useful and other candidate genotypes might be selected. Interestingly, TRI5310 from France was highly distanced from all genotypes and including this genotype for crossing in breeding programs might be fruitful. Therefore, it is very important to estimate the genetic distance for a better selection of genotypes to cross. This high genetic diversity can be utilized to produce wheat cultivars with high tolerance to seawater stress, even to higher seawater concentrations, by crossing highly divergent genotypes (Eltaher et al., 2021).

Another important step included in the genetic analysis was to confirm the diversity of the genotypes in the target population. These genotypes were collected from farmers from different countries. As some genotypes were collected from different parts of a given country, they had different accession numbers. Thus, duplicate genotypes with the same genetic makeup could be found. The analysis of genetic diversity can detect such duplicates, and redundant genotypes can be excluded as they will affect the selection procedures for improving target traits.

The analysis of genetic diversity performed here was very useful in selecting true and promising high-performance genotypes with a high level of genetic diversity. Using these genotypes in breeding programs might accelerate and facilitate the achievement of goals such as obtaining strains resistant to seawater. Such selected genotypes (Table 4) with high performance under salt stress can be utilized in Egypt not only to improve seawater tolerance but also to expand the circle of genetic diversity of wheat in Egypt. The 80 genotypes tested in this study have good growing conditions in Egypt (Ahmed Sallam, personal communications).


TABLE 4 List of superior genotypes based on at least three out of the four studied traits, Epicotyl length (EL) and Hypocotyl length (HL), number of roots (NOR), and fresh weight (FW).

[image: Table 4]

In conclusion, analyzing germplasms with high genetic variation and different seawater tolerances is very useful in identifying genotypes that might be used in future breeding programs. Moreover, the evaluation of tolerance to seawater at early stages (i.e., seedling stage) will help to reduce screening efforts in field conditions. Seedling traits including shoots and roots allowed to distinguish between high- and low-performance genotypes in seawater stress conditions. Three genotypes had high-performance scores for all traits investigated in the present study. Incorporating the analysis of genetic diversity contributed to the selection of candidate parents for crossing to produce wheat cultivars having high tolerance to seawater. The present data provide useful information on seawater tolerance at the seedling stage in wheat, particularly as very few studies focused on this research point.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary materials, further inquiries can be directed to the corresponding author.



Author contributions

AM designed the study, analyzed data, and wrote the manuscript. SH, MMA, and AGM collected the phenotypic data and helped in data analysis. KY analyzed seawater under different concentrations. AMIM helped in collecting data and analyzing the phenotypic data data. MA helped in data collection and analysis. AB provided the germplasm, discussed the results, and helped in editing the paper. AS designed the study, supervised the experiment, and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This paper is based upon work supported by Science, Technology and Innovation Funding Authority (STDF) under grant number 43694. Costs for open access publishing were partially funded by the Deutsche Forschung Gemeinschaft (DFG, German Research Foundation grant 491250510). This work was financially partial supported by Alexander von Humboldt Foundation.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.996538/full#supplementary-material



References

 Abou-Zeid, M. A., and Mourad, A. M. I. (2021). Genomic regions associated with stripe rust resistance against the Egyptian race revealed by genome-wide association study. BMC Plant Biol. 21, 1–14. doi: 10.1186/s12870-020-02813-6

 Ahmed, A. A. M., Mohamed, E. A., Hussein, M. Y., and Sallam, A. (2021). Genomic regions associated with leaf wilting traits under drought stress in spring wheat at the seedling stage revealed by GWAS. Environ. Exp. Bot. 184, 104393. doi: 10.1016/j.envexpbot.2021.104393

 Aleksandrov, V., Kartseva, T., Alqudah, A. M., Kocheva, K., Tasheva, K., Börner, A., et al. (2021). Genetic diversity, linkage disequilibrium and population structure of bulgarian bread wheat assessed by genome-wide distributed SNP markers: from old germplasm to semi-dwarf cultivars. Plants. 10, 1–20. doi: 10.3390/plants10061116

 Amro, A., Salama, F. M., Abd El-Ghani, M. M., El-Zohary, A. M., and El-Shazoly, R. M. (2021). Variations in community structure and plant species diversity with soil properties in a hyper-arid coastal desert of Egypt. J. Anim. Plant Sci 31, 2021. doi: 10.36899/JAPS.2021.6.0372

 Babu, B. K., Meena, V., Agarwal, V., and Agrawal, P. K. (2014). Population structure and genetic diversity analysis of Indian and exotic rice (Oryza sativa L.) accessions using SSR markers. Mol. Biol. Rep. 41, 4329–39. doi: 10.1007/s11033-014-3304-5

 Bhavani, S., Singh, P. K., Qureshi, N., He, X., Kumar Biswal, A., Juliana, P., et al. (2021). Globally important wheat diseases: status, challenges, breeding and genomic tools to enhance resistance durability. Genom. Design. Biotic Stress Res. Cereal Crops 2, 59–128. doi: 10.1007/978-3-030-75879-0_2

 Dehnavi, A. R., Zahedi, M., Ludwiczak, A., Perez, S. C., and Piernik, A. (2020). Effect of salinity on seed germination and seedling development of sorghum (Sorghum bicolor (L.) moench) genotypes. Agronomy 10, 859. doi: 10.3390/agronomy10060859

 Dray, S., and Dufour, A. B. (2007). The ade4 package: Implementing the duality diagram for ecologists. J. Stat. Softw. 22, 1–20. doi: 10.18637/JSS.V022.I04

 Eltaher, S., Baenziger, P. S., Belamkar, V., Emara, H. A., Nower, A. A., Salem, K. F. M., et al. (2021). GWAS revealed effect of genotype × environment interactions for grain yield of Nebraska winter wheat. BMC Genom. 22, 1–14. doi: 10.1186/s12864-020-07308-0

 Eltaher, S. S., Sallam, A., Belamkar, V., Emara, H., Nower, A., Salem, K. F. M., et al. (2018). Genetic diversity and population structure of F3:6 nebraska winter wheat genotypes using genotyping-by-sequencing. Front. Gene. 9, 76. doi: 10.3389/fgene.2018.00076

 Food Agriculture Organization of the United Nations (2022). GlobalMap of Salt-affected Soils. FAO Soils Portal. Available online at: https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/global-map-of-salt-affected-soils/en/ (accessed July 4, 2022).

 Ghanaatiyan, K., and Sadeghi, H. (2015). Divergences in hormonal and enzymatic antioxidant responses of two chicory ecotypes to salt stress. Planta Daninha 34, 199–208. doi: 10.1080/15592324.2015.1052925

 Ghazy, M. I., Salem, K. F. M., and Sallam, A. (2021). Utilization of genetic diversity and marker-trait to improve drought tolerance in rice (Oryza sativa L.). Mol. Biol. Rep. 48, 157–170. doi: 10.1007/s11033-020-06029-7

 Hadia, E., Slama, A., Romdhane, L., Cheikh M'Hamed, H., Fahej, M. A. S., and Radhouane, L. (2022). Seed priming of bread wheat varieties with growth regulators and nutrients improves salt stress tolerance particularly for the local genotype. J. Plant Growth Reg. 3, 1–15. doi: 10.1007/s00344-021-10548-3

 Halder, T., Choudhary, M., Liu, H., Chen, Y., Yan, G., and Siddique, K. H. M. (2022). Wheat proteomics for abiotic stress tolerance and root system architecture: current status and future prospects. Proteomes 10, 17. doi: 10.3390/proteomes10020017

 Hasseb, N. M., Sallam, A., Karam, M. A., Gao, L., Wang, R. R., and Moursi, Y. S. (2022). High-LD SNP markers exhibiting pleiotropic effects on salt tolerance at germination and seedlings stages in spring wheat. Plant Mol. Biol. 108, 585–603. doi: 10.1007/s11103-022-01248-x

 Jackson, M. L. (1973). Soil Chemical Analysis. Prentice hall of India Pvt. Ltd., New Delhi, 498. References–cientific Research Publishing. Available online at: https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1453838 (accessed July 11, 2022).

 Julkowska, M. M., Hoefsloot, H. C. J., Mol, S., Feron, R., de Boer, G. J., Haring, M. A., et al. (2014). Capturing arabidopsis root architecture dynamics with root-fit reveals diversity in responses to salinity. Plant Physiol. 166, 1387–1402. doi: 10.1104/pp.114.248963

 Kingsbury, R. W., and Epstein, E. (1984). Selection for salt-resistant spring wheat1. Crop Sci. 24, 310–315. doi: 10.2135/cropsci1984.0011183X002400020024x

 Koevoets, I. T., Venema, J. H., Elzenga, J. T. M., and Testerink, C. (2016). Roots withstanding their environment: exploiting root system architecture responses to abiotic stress to improve crop tolerance. Front. Plant Sci. 7, 1335. doi: 10.3389/fpls.2016.01335

 Kulshreshtha, N., Kumar, A., Kumar, A., Lata, C., Kulshreshtha, N., and Kumar, A. (2022). Genetic interventions to improve salt and microelement toxicity tolerance in wheat. New Horizons Wheat Barley Res. 429–483. doi: 10.1007/978-981-16-4449-8_18

 Kumar, P., and Sharma, P. K. (2020). Soil salinity and food security in India. Front. Sust. Food Sys. 4, 174. doi: 10.3389/fsufs.2020.533781

 Mimura, N. (2013). Sea-level rise caused by climate change and its implications for society. Proceedings of the Japan Academy. Series B. Phys. Biol. Sci. 89, 281. doi: 10.2183/pjab.89.281

 Mondal, S., Sallam, A., Sehgal, D., Sukumaran, S., Krishnan, J. N., Kumar, U., et al. (2021). “Advances in breeding for abiotic stress tolerance in wheat,” in Genomic Designing for Abiotic Stress Resistant Cereal Crops, ed C. Kole (Cham: Springer), 71–103.

 Mourad, A. M. I., Alomari, D. Z., Alqudah, A. M., Sallam, A., and Salem, K. F. M. (2019). Recent advances in wheat (spp.) breeding. Adv. Plant Breed. Strat. Cereals 5, 559–593. doi: 10.1007/978-3-030-23108-8_15

 Mourad, A. M. I., Amin, A. E. E. A. Z., and Dawood, M. F. A. (2021). Genetic variation in kernel traits under lead and tin stresses in spring wheat diverse collection. Environ. Exp. Bot. 192, 104646. doi: 10.1016/j.envexpbot.2021.104646

 Mourad, A. M. I., Belamkar, V., and Baenziger, P. S. (2020). Molecular genetic analysis of spring wheat core collection using genetic diversity, population structure, and linkage. Disequilibrium. BMC Genom. 21, 1–12. doi: 10.1186/s12864-020-06835-0

 Moursi, Y. S., Thabet, S. G., Amro, A., Dawood, M. F. A., Stephen Baenziger, P., and Sallam, A. (2020). Detailed genetic analysis for identifying QTLs associated with drought tolerance at seed Germination and seedling stages in Barley. Plants 9, 1–22. doi: 10.3390/plants9111425

 Mujeeb-ur-Rahman, Ali Soomro, U., Zahoor-ul-Haq, M., and Gul, S. (2008). Effects of NaCl salinity on wheat (Triticum aestivum L.) cultivars. World J. Agri. Sci. 4, 398–403. Available online at: https://www.idosi.org/wjas/wjas4(3)/18.pdf

 Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Ann. Rev. Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

 Nahar, K., Hasanuzzaman, M., Alam, M. M., and Protoplasma, A. R. (2017). Undefined 2017 Insights Into Spermine-Induced Combined High Temperature and Drought Tolerance in Mung Bean: Osmoregulation and Roles of Antioxidant and Glyoxalase. Berlin: Springer. Available online at: https://idp.springer.com/authorize/casa?redirect_uri=https://link.springer.com/article/10.1007/s00709-016-0965-zandcasa_token=ntPe5CnNbooAAAAA:sj4lQNu 6jO4WEyRvDqpb1ZVkhAPvEuUQsMjSsRLPIR0yMHLoRCZT5PbqNcGpmVCA P1PEX9k_i4VU4GeDS2k

 Nassar, R. M. A., Kamel, H. A., Ghoniem, A. E., Alarcón, J. J., Sekara, A., Ulrichs, C., et al. (2020). Physiological and anatomical mechanisms in wheat to cope with salt stress induced by seawater. Plants 9, 237. doi: 10.3390/plants9020237

 Oyiga, B. C., Ogbonnaya, F. C., Sharma, R. C., Baum, M., Léon, J., and Ballvora, A. (2018). Genetic and transcriptional variations in NRAMP-2 and OPAQUE1 genes are associated with salt stress response in wheat. Theor. App. Gene. 132, 323–346. doi: 10.1007/s,00122-018-3220-5

 Özyazici, M. A., and Açikbaş, S. (2021). Effects of different salt concentrations on germination and seedling growth of some sweet sorghum [Sorghum bicolor var. saccharatum (L.) mohlenbr] cultivars. Turkish J. Agri. Res., 8, 133–143. doi: 10.19159/tutad.769463

 R Core Team (2014). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing. Available online at: http://www.R-project.org/

 Rady, M. M., Semida, W. M., Hemida, K. A., and Abdelhamid, M. T. (2016). The effect of compost on growth and yield of Phaseolus vulgaris plants grown under saline soil. Int. J Recycling Org. Waste Agri. 5, 311–321. doi: 10.1007/s40093-016-0141-7

 Ragab, K. E., and Taha, N. I. (2016). Evaluation of nine egyptian bread wheat cultivars for salt tolerance at seedling and adult-plant stages. J. Plant Prod. Mansoura Univ. 7, 147–159. doi: 10.21608/jpp.2016.45248

 Rhoades, J. D., Kandiah, A., and Mashali, A. M. (1992). The Use of Salirle Waters for Crop Production. Available online at: https://halophyteskh.biosaline.org/sites/default/files/content/BestPractices_MWManagement/FAO48.pd (accessed July 11, 2022).

 Sadeghi, H., and Robati, Z. (2015). Response of Cichorium intybus L. to eight seed priming methods under osmotic stress conditions. Biocatalysis Agri. Biotechnol. 4, 443–448. doi: 10.1016/j.bcab.2015.08.003

 Sadeghi, H., and Rostami, L. (2017). Changes in biochemical characteristics and Na and K content of caper (Capparis spinosa L.) seedlings under water and salt stress. J. Agri. Rural Dev. Tropics Subtropics 118, 119–206. Available online at: https://scirange.com/pdf/irjbs.2019.1.3.pdf

 Salem, K. F. M., and Sallam, A. (2016). Analysis of population structure and genetic diversity of Egyptian and exotic rice (Oryza sativa L.) genotypes. Comp. Rendus Biol. 339, 1–9. doi: 10.1016/j.crvi.2015.11.003

 Sallam, A., Alqudah, A. M., Dawood, M. F. A., Baenziger, P. S., and Börner, A. (2019a). Drought stress tolerance in wheat and barley: advances in physiology, breeding and genetics research. Int. J. of Mol. Sci. 20, 3137. doi: 10.3390/ijms20133137

 Sallam, A., Amro, A., Elakhdar, A., Dawood, M. F. A., Kumamaru, T., and Stephen Baenziger, P. (2019b). Correction to: genetic diversity and genetic variation in morpho-physiological traits to improve heat tolerance in Spring barley. Mol. Biol. Rep. 46, 2441–2453. doi: 10.1007/s11033-018-4410-6

 Sallam, A., Dhanapal, A. P., and Liu, S. (2016). Association mapping of winter hardiness and yield traits in faba bean (Vicia faba L.). Crop Pasture Sci. 67, 55–68. doi: 10.1071/CP15200

 Sallam, A., Martsch, R., and Moursi, Y. S. (2015). Genetic variation in morpho-physiological traits associated with frost tolerance in faba bean (Vicia faba L.). Euphytica 205, 395–408. doi: 10.1007/s10681-015-1395-2

 Sallam, A., Mourad, A. M. I., Hussain, W., and Stephen Baenziger, P. (2018). Genetic variation in drought tolerance at seedling stage and grain yield in low rainfall environments in wheat (Triticum aestivum L.). Euphytica 214, 1–18. doi: 10.1007/s10681-018-2245-9

 Sanower Hossain, M., and Sultan Ahmad Shah, J. (2019). Present scenario of global salt affected soils, its management and importance of salinity research article information. Int. Res. J. Biol. Sci. Pers. 1, 2663–5976. Available online at: https://scirange.com/pdf/irjbs.2019.1.3.pdf

 Sayed, H. I. (1985). Diversity of salt tolerance in a germplasm collection of wheat (Triticum spp.). Theor. App. Gene. 69, 651–657. doi: 10.1007/BF00251118

 Seleiman, M. F., Aslam, M. T., Alhammad, B. A., Hassan, M. U., Maqbool, R., Chattha, M. U., et al. (2021). Salinity stress in wheat: effects, mechanisms and management strategies. Phyton 91, 667. doi: 10.32604/phyton.2022.017365

 Singh, A., Sharma, D. K., Kumar, R., Kumar, A., Yadav, R. K., and Gupta, S. K. (2018). “Soil salinity management in fruit crops: a review of options and challenges,” in Engineering Practices for Management of Soil Salinity, eds S. K. Gupt, M. R. Goyal, A. Singh (Cambridge, MA: Apple Academic Press), 81–128.

 Singh, K. N., and Chatrath, R. (2022). Genetic Divergence in Bread Wheat (Triticum aestivum L. em thell) Under Sodic Soil Conditions. Available online at: https://agris.fao.org/agris-search/search.do?recordID=JP19940117693 (accessed July 5, 2022).

 Srivastava A. K. Suprasanna P. Srivastava S. D'Souza S, F. (2010) Thiourea mediated regulation in the expression profile of aquaporins its impact on water homeostasis under salinity stress in Brassica juncea roots. Plant Sci. 178, 517–522.

 Tabatabai, M. A., and Bremner, J. M. (1970). A simple turbidimetric method of determining total sulfur in plant materials. Agron. J. 62, 805–806. doi: 10.2134/agronj1970.00021962006200060038x

 Thabet, S. G., Moursi, Y. S., Sallam, A., Karam, M. A., and Alqudah, A. M. (2021a). Genetic associations uncover candidate SNP markers and genes associated with salt tolerance during seedling developmental phase in barley. Environ. Exp. Bot. 188, 104499. doi: 10.1016/j.envexpbot.2021.104499

 Thabet, S. G., Sallam, A., Moursi, Y. S., Karam, M. A., Alqudah, A. M., Wu, H., et al. (2021b). Genetic factors controlling nTiO2 nanoparticles stress tolerance in barley (Hordeum vulgare) during seed germination and seedling development. Function. Plant Biol. 48, 1288–1301. doi: 10.1071/FP21129

 Tomaz, A., Costa, M. J., Coutinho, J., Dôres, J., Catarino, A., Martins, I., et al. (2021). Applying risk indices to assess and manage soil salinization and sodification in crop fields within a mediterranean hydro-agricultural area. Water 13, 3070. doi: 10.3390/w13213070

 Trimble, S. (2020). Irrigating With Saline or Seawater – CID Bio-science. Available online at: https://cid-inc.com/blog/irrigating-with-saline-or-seawater/ (accessed July 11, 2022).

 Utz, H. F. (2011). PLABSTAT: A Computer Program for the Statistical Analysis of Plant Breeding Experiments. Hohenheim: Institute of Plant Breeding, Seed Science, and Population Genetics, University of Hohenheim.

 Yildirim, Ö., Aras, S., and Ergül, A. (2004). Acta biologica cracoviensia series botanica response of antioxidant systems to short-term nacl stress in grapevine rootstock-1616c and Vitis vinifera l. cv. razaki. Acta Biol. Cracoviensi A. Series Bot. 46, 151–158. Available online at: https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.333.6572&rep=rep1&type=pdf



OPS/images/inline_3.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Growth responses and genetic variation among highly ecologically diverse spring wheat genotypes grown under seawater stress



		Introduction



		Materials and methods



		Seawater properties



		Plant material



		Experimental layout and trait scoring



		Statistical analysis



		Analysis of the genetic diversity







		Results



		Chemical properties of seawater



		Variation in growth monitors



		Variation in seawater tolerance among continents



		Phenotypic correlation



		Genetic distances among genotypes







		Discussion



		Genetic variation and seawater tolerance



		Phenotypic correlations



		Using genetic diversity among genotypes to improve seawater tolerance







		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/inline_2.gif





OPS/images/inline_1.gif





OPS/images/fpls-13-996538-t004.jpg
Genotype Country Superior studied trait

EL HL NOR FW
ATRI 5310% France 1563 3.657* 4067+ 14713+
ATRI 5325 Argentina 0920* 3310% 4400+ 0796+
ATRI 2679 India 0830 3.343% 3533 0.705*
ATRI 2619 Nepal 0620+ 3.503* 3767+ 0458~
ATRI 3964 Nepal 0647+ 3.380% 3677 1.320%
ATRI 5692 Iran 1883+ 3257~ 4267+ 0.814*
ATRI 5332 USA 1.000* 32777 3.500* 0.808*
ATRI 5304 Sweden 0803 3.073" 4333 0717+

Genotypes that are superior based on all the four studied seedling traits. * refers that the genotype was among the 15 highest performance genotypes under seawater stress for the respective
trait.









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Plant Science





OPS/images/fpls-13-996538-g005.gif





OPS/images/fpls-13-996538-g006.gif





OPS/images/fpls-13-996538-g003.gif





OPS/images/fpls-13-996538-g004.gif
oss

o

onf

“

Nowof Radidee





OPS/images/fpls-13-996538-t003.jpg
Source of variance

Replication (R)
Genotypes (G)
RG

Total
Heritability

P <005
P <001

df.

79
156
237

EL
M.S.

026
o1+
0.02

082

df.

79
158
239

HL
M.

513
0547
0.09

084

NOR
M.
2 145%
79 060"
158 0.09
239 -
085

158
239

EL/HL

0.6

M.S.

0.04*
137
092





OPS/images/fpls-13-996538-t001.jpg
Property Average

pH 7.12
EC (dS.m~") 30.5
Cation (g.L~!)

Na* 680
K+ 026
Ca*? 138
Mg+ 057
Anion (gL™")

ar 1073

50;? 107





OPS/images/fpls-13-996538-t002.jpg
Source of variance

Treatments (T)
Genotypes (G)
G
Total

“P <005

141

EL
M.

1,598.40°

226"
L14

141

HL
M.

2,61826™
296
134

NOR
M.s.

12,93
069"
027

Fw

M.S.

19620
003+
0.023

EL/HL

df. MS.
2 353
47 0,07+
92 0.02
141 -





OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Growth responses and genetic
variation among highly
ecologically diverse spring
wheat genotypes grown under
seawater stress





OPS/images/fpls-13-996538-g001.gif





OPS/images/fpls-13-996538-g002.gif





