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Abstract

:

Sugar beet (Beta vulgaris L.) is cultivated in temperate climates worldwide to produce sugar. The production of sugar beet and other plants is in danger due to the world’s increasingly salinized soils. Although different sugar beet genotypes exist at various ploidy levels, most of them are diploid (2X) with 18 chromosomes. The majority of polyploid plants have different variations, morphologies, and anatomy. Diploid and polyploid plants especially have different morphology, physiology, cellularity, and biochemistry. As a result, polyploidy has been identified as an essential component in determining plant salt tolerance. To evaluate the effects of salt (NaCl) stress on sugar beet genotypes, diploid (2X), triploid (3X), and tetraploid (4X) genotypes were exposed to 0 (control), 50, and 150 mM NaCl concentrations for seven weeks. Under control conditions, the diploid (2X) genotype showed higher growth performance compared to the tetraploid (4X) and triploid (3X) genotypes, respectively. Regarding germination and early-stage growth performance, a reduction of about 50% was observed in the diploid (2X) genotype under salt stress compared to the control condition. The diploid (2X) genotype showed higher germination, a greater salt tolerance index, and better seedling growth performance than the other ploidy levels. Late-stage growth, leaf length, leaf width, leaf area, cytological findings, and total chlorophyll content were all shown to be higher and less reduced (around 30%) under salt stress in diploid (2X) genotypes. Even though all of the findings in this study showed a decrease when plants were exposed to salt (NaCl), the diploid (2X) ploidy level plants displayed more robust growth and development than the triploid (3X) and tetraploid (4X) genotypes.






Keywords:


sugar beet; salinity stress; ploidy level; germination; seedling stage; vegetative stage












1. Introduction


Soil salinity is a significant adverse environmental issue that reduces crop yields globally and threatens over 833 million hectares of arable land [1]. According to current forecasts, roughly 690 million people (11% of the global population) suffer from hunger, and food demand is anticipated to rise by 85% (nearly 2.7 billion people) by 2050 [2,3]. To increase plant salt tolerance, agricultural production and food security must be improved. This will also lessen the potentially heavy burden on the planet’s natural resources [4]. Natural salinity occurs in arid and semi-arid regions with limited rainfall and high evaporation. Poor water quality, excessive soluble salts in irrigation water, inadequate drainage, and salt accumulation in the root zone are the leading causes of soil salinity [5]. Other contributing factors include the transport of salts as groundwater levels rise, the transport of salts to the soil surface as groundwater levels rise, and the accumulation of soluble salts in soil layers and groundwater [6]. Two primary stresses must deal with plants when they are subjected to salt stress [7]. Osmotic stress is the first stage of salt stress, and dissolved Na+ and Cl− trigger ions that decrease the soil water potential in plant tissue [8]. Ionized Na+ and Cl− ions disturb the Na+/K+ ratio in plant cells, resulting in ionic stress (the latter stage of salt stress) [9]. This complex interaction of hyperosmotic and hypersonic stressors has substantial consequences on plant life, affecting seed germination, reproduction, and seed texture. Numerous biochemical and physiological responses occur under salt stress, including slowing rates of respiration and photosynthesis, leaf expansion, stoma closure, and decreased biomass [4,7,10].



Ploidy is thought to be essential for plant evolution and reproduction, allows for higher adaptability to difficult environmental circumstances, and improves the functionality of genetic variations and resistance genes [11,12,13]. Genome duplication has been found to improve rice resistance to salt stress [14], whereas citrus tetraploid genotypes are more tolerant of moderate saline stress than diploids [11]. Barkla et al. [15] discovered that salt treatment increased ploidy levels considerably in the epidermal bladder cells of a halophyte known as the common ice plant (Mesembryanthemum crystallinum), suggesting that the relationship between ploidy level and salinity tolerance is reciprocal.



Higher ploidy cells have larger vacuoles [16], which are essential for regulating the osmotic pressure inside the cell [17]. According to Tal and Gardi [18], the high osmotic pressure of polyploid plant cells may lead to higher tissue metabolic activity by enabling more water absorption from the environment. As the ploidy level increases, more giant cells with quicker growth rates are generated [16]. According to Warner and Edwards [19], the number of chromosomes affects the diameter of the leaf cell. As the number of chromosomes increases, so does the amount of DNA in the cell, its enzymes’ activity, and the cell’s volume [20,21]. It has been found that polyploidy affects physiological processes or gene expression in plant species such as maize (Zea mays), potato (Solanum phureja), wheat (Triticum aestivum), and empress tree (Paulownia australis) [22,23]. Polyploidy is an essential component in determining a plant’s ability to handle salt [13,24]. Plants that have doubled genomes (polyploids) have improved salt stress resistance due to higher K+ accumulation [25]. Polyploid wheat has been examined in the form of cereals under salt-stress conditions. A germplasm collection was tested under salt-stress conditions. The endemic hexaploid known as winter wheat (Triticum macha) and the endemic tetraploid wheat (Triticum timopheevii) were found to be the most resilient to salinity stress [26].



Sugar beet production, which is more salt-resistant than other plants, is also threatened by rising salinity levels worldwide [27,28]. In temperate regions, sugar beet is grown to supply 21% of the world’s sugar demand. Conventional breeding techniques have been merged with cutting-edge in vitro culture and gene-transfer technology to create sugar beet cultivars that can survive salt. However, genotype adherence, a lack of regeneration, and the frequency of gene transfer severely limit research on sugar beet transformation and in vitro culture [11,12,13]. In this study, the morphological, physiological, and cytological responses of sugar beet (Beta vulgaris L.) genotypes at various diploid (2X), triploid (3X), and tetraploid (4X) ploidy levels to salt stress were studied.




2. Materials and Methods


2.1. Plant Material


In the study, seeds of diploid (2X, “Felicita”), triploid (3X, “Kassandra”), and tetraploid (4X, “AD-440”) sugar beet (Beta vulgaris L.) genotypes were used. All genotypes were obtained from the Turkish Sugar Factories, Sugar Research Institute, Etimesgut, Ankara, Türkiye. Seeds were incubated with distilled water at 130 rpm for 24 h in a shaker to facilitate germination and remove germination inhibitors from the seed coats [29].




2.2. Experimental Design


The salinity tolerance response of different ploidy levels (2X, 3X, and 4X) of sugar beet seedlings were tested in germination, seedling, and vegetative stages. Germination assays were carried out on batches of 100 seeds placed in 9 cm Petri dishes (20 seeds per dish, five replicates) on a layer of cotton wool moistened with distilled water [30]. Assays were carried out in darkness at 25 ± 1 °C, and germination scores were recorded on day four under 0 (control), 50, and 150 mM salinity (NaCl) stress conditions.



Germinated seeds were transplanted into 500 mL pots that included 500 g peat as a growing medium; peat has a low volume, high water capacity, and high organic matter content. Experiments were carried out in a growth chamber that provided 70% humidity, a 16-h light (630 µmol m−2 s−1)/8-h dark photoperiod, and 25/23 °C light/dark cycles for seven weeks. The salt stress (NaCl) was applied from germination for seven weeks as 0 (control), 50, and 150 mM NaCl were applied to each ploidy level. Shoot, height, and root length were recorded at the seedling (14-day-old plants) stage. For the vegetative stage, 42-day-old plants were selected, and seedling height, root length, leaf length, width, and approx. leaf area, plant fresh and dry weights (dried at 75 °C), tissue water content, and total chlorophyll content were recorded. The salt tolerance index (STI) is the ratio of the total fresh weight of the control (0 mM NaCl) seedling to the fresh weight of the salt-stressed (50 and 150 mM NaCl) seedling. The STI was calculated according to [13] with the formula below.


STI = (Total FW of salt-stressed seedling/Total FW of control seedling) × 100











Total chlorophyll content was determined according to work of Curtis and Shetty [31]. Fresh leaf material (50 mg) was treated with 1.5 mL of methanol for two hours in the dark at 23 °C. The absorbances were read at 650 and 665 nm using a UVmini-1240 spectrophotometer (Shimadzu, Kyoto, Japan).




2.3. Measurement of Na+ and K+ Contents


Concentrations of sodium and potassium ions were determined by a wet digestion method protocol [32]. Dried, finely powdered plant samples (50 mg) were digested in HNO3-HClO4 (4:1) and filled with distilled water to the final volume of 50 mL. The digested solution was filtered through 0.2-µm filters (Whatman, Maidstone, UK), and the solid fraction was discarded. The contents of Na+ and K+ in the extract were measured by the PFP7 flame photometer (Jenway, Cambridgeshire, UK).




2.4. Cytological Observations


Thin sections were taken with a scalpel from the upper epidermis layer of leaves in 42-day-old seedlings (vegetative stage). The number of cells, length, width, and approximate cell area were observed under an optical light microscope (Olympus, CX41, Tokyo, Japan) with a micrometer (µm). The number of stomata was counted in the 20 × 20 pane of the micrometer with five places for every leaf, and the mean stoma density per square millimeter was calculated. The stoma size was observed under a 10 × 40 magnification microscope, and the width and length of 10 stomata were measured for every leaf, and then the means were calculated. The results were analyzed by the mean stoma density and size of 10 individuals for every plot [33].




2.5. Statistical Analysis


The data were subjected to a two-way analysis of variance (ANOVA) using R software (V3.6.1, https://www.r-project.org) to assess differences among treatments. Means separation was determined using Tukey’s honestly significant difference (HSD) test at p < 0.05 with R software, including the “glht” function in the “multcomp” package [34]. All the traits under each treatment were combined and used as index values for PCA analysis. These index values were used to identify the correlation of response variable vectors and comparisons across the ordination space. Two-way heatmap clustering analysis (HCA) was performed on the same dataset as PCA analysis. Pearson correlation was used as a correlation-based distance method. The “euclidean algorithm” was used to compute the dissimilarity matrix. PCA and HCA were created using the RStudio Version 2022.02.04 software, including the “prcomp” function in the “factoextra” package [35]. Data were hierarchically clustered using the heatmap function in the “pheatmap” package with RStudio software [36].





3. Results


3.1. Germination and Seedling Stage


Salt stress significantly reduced the germination percentage of sugar beet (Beta vulgaris L.) by 7, 15, and 12% under 50 mM NaCl and 50, 56, and 60% under 150 mM NaCl stress compared to control in diploid (2X), triploid (3X), and tetraploid (3X) genotypes, respectively. However, germination percentages were observed to vary greatly depending on ploidy level in control conditions. Although the triploid (3X) genotype had the lowest germination rates under both control (31%) and salt stress (26% under 50 mM and 13% under 150 mM NaCl) conditions, the diploid (2X) genotype had the highest germination rates under both control (85%) and salt stress (79% under 50 mM and 42% under 150 mM NaCl) conditions (Figure 1A). The salt tolerance index (STI) significantly decreased by 21, 48, and 24% under 50 mM NaCl, and 50, 84, and 58% under 150 mM NaCl stress compared to control in diploid (2X), triploid (3X), and tetraploid (3X) genotypes, respectively (Figure 1B). The STI was found to be the highest in all ploidy levels under control conditions. However, diploid (2X) and tetraploid (4X) genotypes had almost the same STIs of 0.78 and 0.75 under 50 mM NaCl, respectively. The triploid (3X) and tetraploid (4X) genotypes had higher STIs: 0.49 and 0.41 at 150 mM NaCl, respectively. A significant drop (74%) was observed in STI of triploid (3X) genotypes under 150 mM NaCl (Figure 1B).



Salt stress increased seedling height and root length in plants of all ploidy levels during the seedling stage (14-day-old plants). The seedling height was found to be 8.7, 7.4, and 5.8 cm under control conditions in diploid (2X), triploid (3X), and tetraploid (3X) genotypes, respectively. Under 50 mM NaCl, seedling height was significantly increased by 22, 9, and 26% in diploid (2X), triploid (3X), and tetraploid (3X) genotypes compared to control, respectively. Surprisingly, seedling height was found to be much significantly higher than control and 50 mM NaCl stress than under 150 mM NaCl stress conditions in all examined genotypes. The seedling height was increased by 28, 11, and 36% under 150 mM NaCl compared to control in diploid (2X), triploid (3X), and tetraploid (3X) genotypes, respectively (Figure 1C). The 50 mM NaCl stress did not significantly affect root length, except in the tetraploid (4X) genotype. The root length of the tetraploid (4X) genotype was significantly increased by 13% under 50 mM NaCl stress compared to the control. A similar pattern was observed in 150 mM NaCl stress, and it significantly increased root length by 38, 27, and 31% in diploid (2X), triploid (3X), and tetraploid (3X) genotypes compared to control, respectively. The longest root was recorded in triploid (3X) and tetraploid (3X) genotypes under both control and salt stress (50 and 150 mM NaCl) conditions (Figure 1D).




3.2. Vegetative Stage


Salt stress significantly reduced plant viability during the vegetative stage (42-day-old plants) in contrast to the seedling stage, as seen in Figure 2A. Increased salt concentrations (50 mM and 150 mM NaCl) significantly reduced plant height at the vegetative stage in plants of all ploidy levels, and their height and root length drastically were reduced by increased salt concentrations (50 mM and 150 mM NaCl) during the vegetative stage. The highest plant height was observed in the diploid (2X) genotype at 21.12 cm, whereas triploid (3X) and tetraploid (4X) genotypes were 10.34 and 13.76 cm under control conditions. The 50 mM NaCl stress significantly reduced plant height by 14, 34, and 36% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. The higher salt stress dose (150 mM NaCl) also drastically reduced plant height by 32, 69, and 61% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. The highest plant height was observed as 14.32, 3.14, and 5.36 cm in diploid (2X), triploid (3X), and tetraploid (4X) genotypes under 150 mM NaCl stress conditions, respectively (Figure 2B). The same phenotype was observed in the root length trait. The highest root length was recorded in the diploid (2X) genotype under control (17.24, 11.28, and 14.26 cm in 2X, 3X, and 4X genotypes, respectively), 50 mM (14.32, 7.44, and 11.14 cm in 2X, 3X, and 4X genotype, respectively), and 150 mM (10.76, 3.68, and 8.68 cm in 2X, 3X, and 4X genotype, respectively) NaCl stress conditions. The root length was significantly shortened by 16, 34, and 21% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes under 50 mM NaCl stress compared to control conditions, respectively. The highest reduction was observed with a maximum of 67% in triploid (3X), 37% in diploid (2X), and 39% in tetraploid (4X) genotypes under 150 mM NaCl stress conditions. For the same plant height, root length was found to be longer in diploid (2X) plants compared to triploid (3X) and tetraploid (4X) plants under control and salt stress conditions. Under control conditions, the diploid (2X) genotype showed high results, but the reduction percentage was found to be lower in the tetraploid (4X) genotype under salt stress conditions (Figure 2C).



The leaf length, leaf width, and leaf area traits were assessed to evaluate plant growth performance during the vegetative stage in all different ploidy genotypes. The leaf length was found to be higher in diploid (4.96 cm) and tetraploid (5.26 cm) genotypes under control conditions. The 50 mM NaCl stress significantly reduced leaf length by 21, 23, and 21% in 2X, 3X, and 4X genotypes, respectively. Similarly, 150 mM NaCl stress also led to leaf length significantly reduced by 56, 41, and 49% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes, respectively. The highest leaf length was observed in 2X (2.88 cm) and 4X (4.14 cm) under 50 mM NaCl, and it was found highest in 4X (2.68) genotypes under 150 mM NaCl stress conditions (Figure 2D). The leaf width was found to be higher in 2X (3.44 cm), 4X (2.64 cm), and 3X (1.86 cm) under control conditions. The salinity (50 and 150 mM NaCl) significantly reduced leaf width by 16, 16, and 19% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes under 50 mM NaCl, and it was significantly reduced by 45, 45, and 39% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes under 150 mM NaCl stress compared to control conditions, respectively. The leaf width was found to be higher in the diploid (2X) genotype under 150 mM salt stress conditions (Figure 2E). The same phenomenon was observed in the leaf area. The diploid (2X) genotype showed a higher leaf area than the triploid (3X) and tetraploid (4X) genotypes under control conditions. The salt stress (50 mM NaCl) significantly reduced leaf area by 34, 36, and 36% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. It was also significantly reduced by 76, 68, and 69% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes under 150 mM NaCl stress compared to control, respectively. Under 50 mM NaCl stress, the diploid (2X) genotype showed greater leaf area, whereas it was greater in both diploid (2X) and tetraploid (4X) genotypes under 150 mM NaCl stress conditions (Figure 2F).



The fresh weight of diploid (2X, 10.3 g) and tetraploid (4X, 9.94 g) genotypes were found to be almost the same, but the fresh weight of the triploid (3X, 4.56 g) genotype was lower compared to 2X and 3X genotypes under control conditions. Salinity (50 mM NaCl) dramatically decreased the fresh weight by 21, 48, and 24% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. It was also significantly decreased by 50, 74, and 58% under 150 mM NaCl stress in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. Under 50 and 150 mM NaCl stress conditions, the fresh weight was found to be higher in diploid (2X) genotypes (Figure 2G). The dry matter was found ca. 70 and 60% higher in diploid (2X) compared to triploid (3X) and tetraploid (4X) genotypes under control conditions, respectively. The 50 mM NaCl stress significantly reduced dry matter by 22, 17, and 23% compared to control conditions in diploid (2X), triploid (3X), and tetraploid (4X) genotypes, respectively. It was also significantly decreased by 50, 69, and 45% under 150 mM NaCl stress in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. The highest dry matter was recorded in diploid (2X) genotypes under 50 and 150 mM NaCl stress conditions compared to triploid (3X) and tetraploid (4X) genotypes (Figure 2H). The tissue water content (TWC) was detected higher in tetraploid (4X), diploid (2X), and triploid (3X) genotypes under control conditions. TWC significantly reduced by 20, 58, and 24% under 50 mM NaCl stress compared to control conditions in diploid (2X), triploid (3X), and tetraploid (4X) genotypes, respectively. The 150 mM NaCl stress also reduced TWC by 50, 76, and 60% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively (Figure 2I).




3.3. Ion Accumulation


Ion (Na+ and K+) accumulation was determined at the shoot and root tissues (42-day-old) in all genotypes under control and salt stress conditions. Although no significant differences were observed in sodium (Na+) concentrations among all ploidy plants under control conditions, the Na+ ion accumulation was significantly increased, and the potassium (K+) ion accumulation was significantly decreased under salt (50 and 150 mM NaCl) stress. The Na+ accumulation was significantly increased by 200, 292, and 419% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control plants, respectively. The Na+ concentration was significantly maximized by 860% in shoot tissued of tetraploid (4X), 699% in triploid (3X), and 597% in diploid (2X) genotypes under 150 mM salt stress conditions. In particular, under salt stress conditions, shoot tissues of tetraploid plants had higher Na+ concentrations compared to other genotypes, and diploid (2X) plants had lower Na+ concentrations (Figure 3A). The potassium (K+) concentration was also found to be the same among shoot tissue of all genotypes under control conditions, but K+ ion accumulation was significantly decreased by 13, 28, and 39% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. It was significantly decreased at 46% in diploid (2X), 59% in triploid (3X), and 66% in tetraploid genotypes under salt stress (150 mM NaCl) conditions. The highest K+ concentration was observed in the shoot tissue of the diploid (2X) genotype, and the lowest K+ concentration was recorded in tetraploid (4X) genotypes under salt stress conditions (Figure 3B). The lowest Na+/K+ ratio was observed in shoot tissued of the diploid (2X) genotype, and the highest Na+/K+ ratio was measured in shoot tissued of the tetraploid (4X) genotype under salt stress conditions (Figure 3C).



The same pattern was observed in the ion accumulation of root tissues in all examined polyploid (2X, 3X, and 4X) genotypes. Salt stress (50 and 150 mM NaCl) increased Na+ ion accumulation in root tissues in all genotypes. The Na+ ion accumulation was significantly boosted by 172, 362, and 645% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. The Na+ ions were also significantly increased by 800% in diploid (2X), 911% in triploid (3X), and 1105% in tetraploid (4X) genotypes under 150 mM NaCl stress conditions compared to control conditions. The root tissue of the diploid (2X) genotype accumulated lower Na+ ions compared to triploid (3X) and tetraploid (4X) genotypes, and tetraploid genotypes had higher Na+ concentrations in root tissues (Figure 3D). Salinity (50 mM NaCl) significantly reduced K+ ion accumulation by 8, 18, and 30% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. The K+ ion accumulation was decreased by 39% in root tissues of diploid (2X), 49% in triploid (3X), and 57% in tetraploid genotypes under 150 mM NaCl stress compared to control conditions. The highest K+ concentration was measured in root tissues of the diploid (2X) genotype, and the lowest K+ concentration was observed in root tissues of tetraploid (4X) genotypes under salt stress conditions (Figure 3E). The highest Na+/K+ ratio was recorded in the root tissues of the tetraploid (4X) genotype, and the lowest Na+/K+ ratio was observed in the root tissues of diploid (2X) genotypes under 150 mM NaCl stress conditions (Figure 3F).




3.4. Cytological Response


Leaves of diploid (2X), triploid (3X), and tetraploid (4X) genotypes were observed at the vegetative stage to measure the number of cells and stoma; widths and lengths of cells and stoma; areas of cells and stoma in the unit field of view; and width/length index parameters of cells and stoma in order to determine cytological responses under salt stress conditions (Figure 4A). The cell number was found to be higher in the diploid (2X) genotype, and it was found to be lower in the tetraploid (4X) genotype under control conditions. The salt stress (50 mM NaCl) was significantly reduced by 23, 11, and 17% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. The cell number was also significantly reduced by 56, 24, and 38% in diploid (2X), triploid (3X), and tetraploid (4X) genotypes compared to control conditions, respectively. The highest cell number was determined in the triploid (3X) genotype, and the lowest cell number was determined in tetraploid (4X) genotypes under 150 mM NaCl stress conditions (Figure 4B). The cell area was found to be 650, 765, and 1376 µm2 in diploid (2X), triploid (3X), and tetraploid (4X) genotypes under control conditions, respectively. The cell area was found to be higher in the tetraploid (4X) genotype compared to diploid (2X) and triploid (3X) genotypes under control conditions. The salt stress significantly increased at 116% in the triploid (3X) and 81% in the diploid (2X) genotypes’ cell area, but the cell area did not change in the tetraploid genotype under salt (150 mM NaCl) stress conditions (Figure 4C). These changes related to cell length and width size of plants under salt stress conditions; cell length and width were increased in diploid (2X) and triploid (3X) genotypes (Figure S1A,B). Additionally, the cell width/length index was increased under salt stress conditions, and the highest cell width/length index was found in the triploid (3X) genotype under salt stress conditions (Figure 4D).



The stoma number was found to be higher in the diploid (2X) genotype, and it was detected lower in the tetraploid (4X) genotype under control conditions. The salinity decreased at 61% stomata number in the diploid genotype but surprisingly increased by 44% in tetraploid (4X) and 97% in triploid genotypes under salt stress conditions. The triploid genotype showed a high number of stomas under salt stress conditions (Figure 4E). The stoma area was found to be higher in the tetraploid (4X) genotype, and it was found to be lower in the diploid (2X) genotype. The salinity increased the stoma area by 9% in the diploid (2X) genotype but decreased by 2% in the tetraploid (4X) and 5% in triploid genotypes under salt stress conditions (Figure 4F). Although all genotypes’ stomas enlarged in response to salt stress, only the diploid (2X) genotype’s stoma width changed. Under salt stress conditions, the stoma area was found to be larger in the diploid genotype (Figure S1C,D). The stoma width/length index did not significantly change but decreased by 8% in diploid (2X) and 13% in tetraploid genotypes under salt stress conditions (Figure 4G). Total chlorophyll content was found to be higher in the diploid (2X) genotype and lower in the triploid (3X) genotype under control conditions. The salinity reduced total chlorophyll content by 21% in diploid (2X), 34% in tetraploid (4X), and 40% in triploid (3X) genotypes under 150 mM salt (NaCl) stress conditions. The diploid (2X) genotype had a higher concentration of total chlorophyll compared to the triploid (3X) and tetraploid (4X) genotypes under salt stress conditions (Figure S1E). Additionally, all tested traits were significantly affected by genotype (G), environment (E), and genotype-environment (G × E) interactions (Table 1 and Table S1). The total chlorophyll content was found insignificant in G × E interaction.




3.5. Principle Component and Hierarchical Clustering Analysis


PCA was used to evaluate genotype salt stress response and ploidy level. PCA results clearly distinguished between control and salt stress conditions (Figure 5A and Table S2). Based on measured traits, this allows for the identification of the salinity tolerance capacity of different ploidy genotypes. PCA also identified the traits that contributed to genotype tolerance (Figure 5B). PCA revealed that genotype characteristics were associated (76.4%) with dimension (Dim)1 and Dim2, with Dim1 being the major component (54%). Individuals’ colors represent the quality of representation of variables in the principal component, abbreviated as “Cos2.” In the analysis, almost 70% of the variables were rated as high quality. The tetraploid genotype was separated clearly from other genotypes. Under salt stress conditions, 50 mM and 150 mM NaCl exposed plants were clearly separated from control plants, but diploid (2X) genotype plants were found near the control group under both 50 mM and 150 mM NaCl stress conditions based on the euclidean distance graph. Triploid (3X) and tetraploid (4X) genotypes were found at the same distance under both stress conditions (Figure 5A, upper layer). PCA analysis revealed that cell- and stoma-related cell length (CL), cell width (SW), cell area (CA), stoma length (SL), stoma width (SW), and stoma area (SA) were the traits most contributing to the separation into the tetraploid (4X) group (Figure 5B).



The two-way HCA heat map revealed that all traits under control, 50 mM, and 150 mM NaCl salt stress conditions could be grouped into four major clusters (I–VI). The stress-exposed genotypes with different ploidy levels were divided into two major groups (A and B) (Figure 5C). Under control and 50 mM NaCl stress conditions, the traits were highly expressed in the diploid (2X), triploid (3X), and tetraploid (4X) genotypes, respectively. Cluster VI represented the CWLI, SSH, RNaK, SNaK, RNa, SNa, and SRL traits that were highly expressed in all genotypes under 150 mM NaCl stress. Cluster A showed that all ploidy level genotypes were under 150 mM NaCl, indicating that the genotypes were grouped based on stress explosion. The genotypes were grouped based on stress explosion, with Cluster A representing all ploidy level genotypes under 150 mM NaCl stress conditions and Cluster B representing control and 50 mM NaCl stress conditions (Figure 5C).





4. Discussion


Soil salinity is a major environmental factor limiting crop growth and yield performance. Consequently, plants will use several defense mechanisms to deal with salt stress. Polyploidy or whole-genome duplication is widely believed to have played a significant role in the evolution of plants by facilitating increased resilience in the face of adverse environmental conditions [37,38]. Ploidy plants are better resistant to biotic and abiotic stresses such as salinity [39]. Hexaploid bread wheat (Triticum aestivum) is more salt-tolerant than tetraploid wheat (T. turgidum) or durum wheat (T. durum), providing a clear example of the relationship between ploidy and salinity [40]. Sugar beets (Beta vulgaris L.) are resistant to salt and can be grown in a variety of environments. However, sugar beets are salt-sensitive during seed germination, so the salinity level should not exceed three dS/m (approximately 30 mM NaCl) [41,42]. Seed germination percentage was reduced in all ploidy levels in our experiments, but the diploid (2X) genotype showed less reduction. The diploid (2X) genotype performed well in both salt stress and control conditions, whereas the triploid (3X) genotype performed poorly in both control and NaCl treatment. Meratan et al. [43] reported that the germination percentages significantly decreased in Acanthophyllum species (especially in A. laxiusculum) of different ploidy levels exposed to NaCl stress. Agarwal and Pandey [44] also stated that they obtained similar results in the senna (Cassia angustifolia) plant. Jamil and Rha [45] reported that germination in sugar beet (Beta vulgaris L.) seeds decreased with increasing salt concentration.



Plant morphology and physiology define an adaptive mechanism that is critical for plant survival and development when the plant is exposed to salt stress at the seedling stage [46,47]. Except for some highly salt-tolerant genotypes of halophytes that have been shown to promote growth in the presence of low/moderate salt concentrations, growth reduction is a common reaction in plants that are exposed to salt-stress conditions [48]. Salinity promotes seedling shoot and root growth during the seedling stage in all ploidy levels, whereas the salinity effect reduces STI in all genotypes. According to our findings, the diploid (2X) genotype had greater STI than the other genotypes (3X and 4X). Surprisingly, we observed that salt stress boosted plant height at the early seedling stage in wheat [49]. According to Jamil and Rha [45], cabbage (Brassica oleracea L.) seedlings showed increased heights 10 and 15 days after the application of 0.5% NaCl. Taghizadegan et al. [50] discovered increases in seedling heights and root lengths of three-month-old sugar beet (Beta vulgaris L.) genotypes treated with 16 dS/m NaCl as compared to the control. The increase in these characteristics was viewed as an endeavor to increase tolerance to stress. It is thought that stressing salt-tolerant sugar beet genotypes during their early growth stages enhances their growth.



Plants exhibit morpho-physiological, cellular, and biochemical changes based on ploidy levels and growth period [51]. Most polyploid plants exhibit numerous new morphologies, anatomies, or variations; additionally, the responses of plants to environmental conditions to which they are exposed differ depending on the ploidy level of the plants [12,22,52,53,54]. When compared to controls, increasing salinity prevents/slows root growth, according to the studies. However, depending on plant species, genotypes, salt concentration, application time, and plant growth period, the final result may differ [43,45,55]. In contrast, in the seedling stage, the growth-promoting impact of salinity reduced shoot height and root length in all ploidy level genotypes in our experiment. Despite this loss in shoot height and root length, the diploid (2X) genotype outperformed the other genotypes under control and salt stress conditions. According to Pegtel [56], a high ploidy level does not always result in more significant seedling growth. A number of variables are predicted to contribute to this predicament. One of these potential explanations is the harmful effect of salt ion accumulation dose and time in the plant’s environment. Seedlings are also assumed to be the result of uneven mineral intake and genetic variances in genotypes [57] because morphological, physiological, biochemical, cellular, and molecular dimensions differ between diploid and tetraploid plants [14]. The most evident influence on plant morphology and phenotypic traits is salt damage [58]. The leaf is a vital organ for plants to maintain normal development and life cycles through photosynthesis and transpiration [59]. Leaves will respond to salt stress in the same way. Leaf-shape indices can be used to assess plant performance in a range of situations, including salt stress, because these indices can indicate leaf growth and development [60]. According to our findings, salinity reduced leaf width, length, and area in all ploidy-level genotypes. The diploid (2X) genotype outperformed the other genotypes that were examined in terms of leaf width, length, and area under control conditions. When salt stress was administered, it was discovered that those parameters had the same value in diploid (2X) and tetraploid (4X) genotypes. Salt stress reduces plant growth and development, which slows the pace of leaf area expansion development [61]. Salt damage in particular can reduce the elongation zone and/or period of the leaves, slowing the rate of leaf growth and the rate of local blade expansion [62]. In that instance, the plant’s adaptation to salt stress is reduced leaf area. Reduced water transpiration and nutrient supply demand are favorable, as they damage the energy distribution of leaf supply growth [58].



Plant biomass (fresh weight and dry matter) and tissue water content are essential indicators for salinity damage and tolerance in plants [7]. Plant biomass was reduced under salt stress conditions in all ploidy level genotypes. The fresh weight of diploid (2X) and tetraploid (4X) genotypes was the same under control settings, but under salt stress conditions, it was shown to be higher in the diploid genotype compared to other ploidy level genotypes. Dry matter was found to be greater in the diploid genotype under control conditions. All genotypes of salt trees lowered dry matter, although diploid genotypes produced more dry matter than other genotypes. One of the significant physiological components that contribute to salinity tolerance is the maintenance of plant water status in plant tissues [63]. Tissue water content (TWC) may be used to predict salt stress tolerance [64]. Increasing salinity contributes to changes in the water balance of cellular tissues [7]. According to our findings, under normal conditions, the tetraploid (4X) genotype had a greater TWC than the diploid (2X) genotype, but under salt stress conditions, the two genotypes had the same TWC. By altering the salt concentration, peas (Pisum sativum) [65], potatoes (Solanum tuberosum), sugarcane (Saccharum officinarum) [66], and rapeseed (Brassica napus) were able to minimize the amount of water in their tissues [67].



Plants are harmed by salinity due to osmotic and ion toxicity. Plants have developed several methods to limit salt damage in tissues depending on their environment and the level of stress. Osmotic adjustment, Na+ exclusion, and K+ retention are three of these strategies [68,69,70]. Na+ is a major toxic element in saline soils. Several studies have revealed that salt-tolerant plants accumulate fewer Na+ ions in leaves than salt-sensitive plants [69,70,71,72,73]. Salt stress increased Na+ accumulation while decreasing K+ accumulation at all ploidy levels in our study. Diploid genotypes accumulated less Na+ and more K+ in shoot and root tissues than other ploidy-level genotypes under salt stress conditions. Previous research also found that when salinity levels increased, Na+ accumulation also increased [74]. Additionally, sugar beet (Beta vulgaris L.) Na+ ion accumulation was found to increase inversely with ploidy levels, whereas K+ accumulation showed the opposite trend.



Diploid plants have smaller cells and stomata than tetraploid plants. As a result, tetraploid plants develop larger and thicker leaves, as well as larger flowers, fruits, and seeds [12,75]. During the vegetative stage, the number of cells dropped as the salt dose increased. This may be because salt-stressed plant cells divide more slowly. As salt concentrations were raised, so were cell length, width, and area increased. By comparing the decrease in cell number to the rise in cell size, salt tolerance can be estimated. Genotypes may attempt to compensate for a decrease in cell division by increasing cell size. Furthermore, as ploidy increased, the number of cells reduced, but cell sizes grew. As a result, the diploid (2X) genotype had the most cells, whereas the tetraploid (4X) genotype had the most significant cell size. Genotypes may increase cell size to compensate for a decline in cell division. Furthermore, as ploidy increased, cell numbers decreased, but cell sizes grew. As a result, the diploid (2X) genotype had the most significant number of cells, whereas the tetraploid (4X) genotype had the most considerable cell size. It has long been established that increasing cell sizes at higher ploidy levels is achievable only with “high ploidy syndrome”, as observed in tetraploid (4X) cells, which divide at a slower rate [76,77]. The quality of energy required to support cell division in high polyploids is increased due to the massive number of chromosomes. The inferior morphological parameters reported in polyploid genotypes during the early growth (vegetative growth stage) stages are assumed to be related to slower cell division in these genotypes [76]. In fact, identical conditions were observed in the tetraploid (4X) genotype in our study. In many physiological (total chlorophyll concentration) and morphological criteria, the tetraploid (4X) genotype trailed the diploid (2X) genotype. The results revealed that the tetraploid genotype had fewer stomas than the diploid genotype but had increased stoma length, width, and area. Warner and Edwards [19] found similar results, notably that as ploidy increased, the number of photosynthetic cells per unit leaf area decreased. The number of stomata per unit of leaf area in polyploid plants has been shown to be lower when the plants are exposed to high salt concentrations, as reported by Tal and Gardi [18]. In contrast, the stomata of these plants were more accessible. It was determined that the tetraploid (4X) genotype’s effort to enlarge the size of the cell and the chlorophyll-carrying stoma in response to an increasing salt dose was crucial for survival in this stressful situation. However, when comparing the diploid (2X) and tetraploid (4X) genotypes, it was found that the diploid (2X) genotype had more cells and stomas that contained chlorophyll.



Salinity had a detrimental effect on total chlorophyll content at all ploidy levels, with diploid (2X) genotypes outperforming triploid (3X) and tetraploid (4X) genotypes in all treatments. Some genotypes’ chlorophyll concentrations decrease under salt stress for causes such as pigment photo-oxidation [78], slower synthesis, and faster breakdown of chloroplasts [79]. Many factors can affect chlorophyll content values, including genotypic variances, growth stages, plant diseases, nutritional deficiencies, and stress. One of the most essential chloroplast components for photosynthesis is chlorophyll. Chlorophyll is vulnerable to salt stress because it gathers light and generates reducing pressures; this can damage plant productivity and quality [80,81]. Mahlooji et al. [82] found that under salt stress, some barley genotypes experienced a drop in chlorophyll content. Similarly, numerous researchers reported that salt stress reduced the chlorophyll content of plants [83,84]. Yang et al. [85] determined that under salt stress, hexaploid wheat genotypes exhibited substantially higher levels of chlorophyll content than tetraploid. In the salt environment, genotypes with a higher chlorophyll content have been shown to yield more than those with a lower level. Therefore, cultivar selection based on chlorophyll content can prevent yield losses under salt stress conditions [40,82,86,87].



Ploidy levels increase salinity tolerance in previous studies by several mechanisms [88,89]. Bread wheat (Triticum aestivum L., BBAADD) is a typical allohexaploid species with higher salt tolerance than its tetraploid wheat progenitor (BBAA). The TaHAG1 gene’s epigenetic control is thought to have contributed to salt tolerance by regulating the formation of reactive oxygen species (ROS) and signal specificity [90]. Tetraploid rice is more quickly triggered and expresses stress-responsive genes, such as those in the JA pathway, at higher levels than diploid rice under salt stress. This is accompanied by an increase in the concentration of the amino acid jasmonoyl isoleucine (JA-Ile), which confers stress tolerance. In tetraploid rice under stress, increased expression of the genes that respond to it can lead to hypermethylation and suppression of the TEs next to the stress-responsive genes [91]. The latest research demonstrated that polyploidy not only affects salinity tolerance by physio-biochemical traits but also has an effect on epigenetic and gene regulation mechanisms. Our results showed that the diploid (2X) genotype might have greater salinity tolerance because of the higher growth performance under control conditions than the triploid (3X) and tetraploid (4X) genotypes. However, our results showed different trends compared to previous and current research. More experiments are needed to understand the underlying mechanism deeply.




5. Conclusions


In the present study, the diploid (2X) genotype exhibited greater salinity tolerance by accelerating cell division, increasing growth development, accumulating osmotic regulatory metabolites, retaining fewer Na+ and high K+ concentrations in water, and activating photosynthetic mechanisms such as chlorophyll. As a result, it is predicted that, compared to other genotypes studied, growing the sugar beet (Beta vulgaris L.) diploid (2X) genotype in salinity-prone areas will reduce yield losses per unit area caused by salinity. The current study’s findings indicated that the results will serve as a foundation for future research and will provide helpful information for selecting and developing salt-tolerant genotypes at various ploidy levels.
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Figure 1. Effects of salinity stress on growth performance of different ploidy level sugar beet plants (Beta vulgaris L.) in the seedling stage. (A) Germination percentage, (B) salt tolerance index (STI), (C) seedling height, and (D) root length. Germination percentage was determined on the fourth day after the study began, and seedling height and root length were measured in 14-day-old seedlings that were exposed to the salt stress from germination. Means (± standard deviation) within the same graph, followed by the Emmeans test and p-value adjusted by the Bonferroni method from five independent biological replicates (n = 5). Asterisk indicates that ns—non-significant; * significant at p ≤ 0.05; **** significant at p ≤ 0.0001. 
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Figure 2. Effects of salinity stress on growth performance of different ploidy level sugar beet plants (Beta vulgaris L.) at vegetative stage. (A) The general morphology of CVs. “Felicita” (2X), “Kassandra” (3X), and “AD-440” (4X) at 150 mM NaCl dose. Bar = 1.0 cm, (B) plant height, (C) root length, (D) leaf length, (E) leaf width, (F) leaf area, (G) plant fresh weight, (H) plant dry matter, and (I) tissue water content were measured in 42-day-old plants that were exposed to salt stress from germination. Means (± standard deviation) within the same graph followed by the Emmeans test and p-value adjusted by the Bonferroni method from five independent biological replicates (n = 5). Asterisk indicates that ns—non-significant; * significant at p < 0.05; ** significant at p < 0.005; *** significant at p < 0.001; **** significant at p < 0.0001. 
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Figure 3. Ion content of different ploidy level sugar beet plants (Beta vulgaris L.) at vegetative stage. (A) Shoot Na+ concentration, (B) shoot K+ concentration, (C) shoot Na+/K+ ratio, (D) root Na+ concentration, (E) root K+ concentration, and (F) root Na+/K+ ratio were measured in 42-day-old plants that were exposed to 0 mM, 50 mM, and 150 mM salt (NaCl) stress from germination. Means (± standard deviation) within the same graph followed by the Emmeans test and p -value adjusted by the Bonferroni method from five independent biological replicates (n = 5). Asterisk indicates that ns—non-significant; **** significant at p < 0.0001. 
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Figure 4. Effects of salinity stress on cytologic observation of different ploidy level sugar beet plants (Beta vulgaris L.) at the vegetative stage. (A) Microscopic observations of cell and stomas, (B) cell number, (C) cell area, (D) cell width/length index, (E) stoma numbers, (F) stoma area, (G) stoma width/length index were measured in 42-day-old plants that were exposed to 0 mM, 50 mM, and 150 mM salt (NaCl) stress from germination. Means (± standard deviation) within the same graph followed by the Emmeans test and p-value adjusted by the Bonferroni method from five independent biological replicates (n = 5). Asterisk indicates that ns—non-significant; * significant at p < 0.05; *** significant at p < 0.001; **** significant at p < 0.0001. 
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Figure 5. The evaluation of all traits and genotypes by principal component analysis (PCA) and hierarchical clustering analysis (HCA). (A) Principal component analysis (PCA) of diploid (2X), triploid, (3X), and tetraploid (4X) sugar beet (Beta vulgaris L.) genotypes subjected to 0 (control), 50, and 150 mM of NaCl (salt stress) treatments; (B) bi-plot analysis to check the effects of traits on the individuals; (C) hierarchical clustering analysis (HCA) visualized with a heatmap of 3 sugar beet genotypes under control and stress conditions. GP: Germination percentage, STI: salt tolerance index, SH: Seedling height, RLS: root content, CN: cell number, CL: cell length, CW: cell width, CA: cell area, CWLI: cell width/length index, length (Seedling), SHV: shoot height (Vegetative), RLV: root length (Vegetative), LL: leaf length, LW: leaf width, LA: leaf area, FW: fresh weight, DM: dry matter, TWC: tissue water content, TCC: total chlorophyll, SN: stoma number, SL: stoma length, SW: stoma width, SA: stoma area, SWLI: stoma width/length index, SNa: shoot Na+ concentration, SK: shoot K+ concentration, SnaK: Shoot Na+/K+ ratio, Rna: root Na+ concentration, RK: root K+ concentration, and RNaK: root Na+/K+ ratio, clusters (I–VI and A–B). Means (±standard deviation) within the same graph followed by letters are significantly different at p < 0.05 according to Tukey HSD test from three to five independent biological replicates (n = 5). 
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Table 1. ANOVA analysis of genotype and environment on traits. Numbers represent mean square; G—genotype; E—environment; *** significant at p < 0.001; ns—non-significant.
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	Traits
	G
	E
	G × E
	Traits
	G
	E
	G × E





	Germination percentage
	7717 ***
	4667 ***
	288 ***
	Cell width
	568.8 ***
	446.1 ***
	408 ***



	Salt tolerance index
	0.1188 ***
	1.3898 ***
	0.032 ***
	Cell area
	6,776,725 ***
	2,001,220 ***
	3,508,768 ***



	Seedling height
	42.1 ***
	13.73 ***
	1 ***
	Cell width/length index
	0.02721 ***
	0.12722 ***
	0.02318 ***



	Root length (Seedling)
	3.1 ***
	13.862 ***
	0.183 ***
	Stoma number
	312.2 ***
	27.8 ***
	214.3 ***



	Shoot height (Vegetative)
	508.9 ***
	209.1 ***
	1.5 ***
	Stoma length
	641.6 ***
	8.3 ***
	51.8 ***



	Root length (Vegetative)
	166.98 ***
	161.05 ***
	1.46 ***
	Stoma width
	55.02 ***
	18.29 ***
	3.29 ***



	Leaf length
	15.857 ***
	17.698 ***
	1.11 ***
	Stoma area
	544,287 ***
	10,374 ***
	31741 ***



	Leaf width
	5.892 ***
	4.995 ***
	0.193 ***
	Stoma width/length index
	0.17251 ***
	0.04782 ***
	0.04855 ***



	Leaf area
	232.18 ***
	282.82 ***
	29.97 ***
	Shoot Na+ concentration
	2.42 ***
	73 ***
	2.38 ***



	Fresh weight
	118.08 ***
	86.01 ***
	2.51 ***
	Shoot K+ concentration
	1.054 ***
	14.97 ***
	0.288 ***



	Dry matter
	15.203 ***
	4.034 ***
	0.487 ***
	Shoot Na+/K+ ratio
	3.237 ***
	24.274 ***
	1.412 ***



	Tissue water content
	71.35 ***
	53.59 ***
	2.67 ***
	Root Na+ concentration
	1.646 ***
	23.704 ***
	0.487 ***



	Total chlorophyll content
	1,312,252 ***
	216,895 ***
	1559 ns
	Root K+ concentration
	1.712 ***
	25.227 ***
	0.493 ***



	Cell number
	14,739 ***
	10,633 ***
	1463 ***
	Root Na+/K+ ratio
	0.438 ***
	4.057 ***
	0.132 ***



	Cell length
	2181.8 ***
	73 ***
	552.4 ***
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