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Abstract

:

Twenty-three lines from a mutagenized Bangladeshi BARI Gom-25 wheat population that included previously identified salt-tolerant lines, and the BARI Gom-25 control variety, were cultivated in a drip-irrigated salinity test field at Salt Farm Texel, Netherlands, to assess their performance during salt stress in European climatic conditions. Lines were tested at irrigation salinity levels of 1, 4, 8, 12, 16, and 20 dS m−1 in four repetitions of plots with 24 plants per plot. Average plant height, tiller number, spike length, frequency of live plants, and total grain weight (TGW) were recorded as functions of seasonal mean pore water salinity in the soil. Increases in salinity triggered reductions in all evaluated variables of the assessed lines and the control variety. However, nine mutagenized lines had at least twofold higher mean TGW than the control variety, 18.73 ± 4.19 g/plot at 1–16 dS m−1 salinity levels. Common models of salt tolerance confirmed this pattern, but there were no clear differences in salinity tolerance parameter estimates between the mutagenized lines and the control variety. Thus, despite the apparent similarity in responses of all lines to salinity increase, we clearly identified lines that tended to have higher TGW at given salinities than the control variety. This higher TGW at the full range of salinity treatments indicates not only a possible higher salinity tolerance but a higher yield potential as well. The mechanisms involved clearly warrant further attention.
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1. Introduction


There is an urgent need to increase food production; e.g., the FAO projected that a 70% increase would be required between 2005/7 and 2050 to meet the requirements of the burgeoning human population (www.fao.org (accessed on 17 January 2020)), despite problems associated with climate change, urbanization, and soil deterioration [1]. Wheat (Triticum aestivum) could play a major role in meeting these needs, as it accounts for more than 20% of total human food production globally [2]. Moreover, it can provide high yields, and wheat grain has high nutritional value, including high carbohydrate and protein contents [3]. However, soil salinity is a major constraint for wheat production globally, reducing crop yields by up to 60% in some areas and inhibiting its cultivation in others [4]. Thus, in numerous arid and semi-arid regions where wheat is an essential component of people’s diet, soil salinity causes deficiencies in food production [5].



Moreover, global climate change is accelerating soil salinization, especially in arid and semi-arid regions [6,7]. As a result, over a billion hectares of arable land, roughly 25% of the global terrestrial area, is affected by salinity annually. Furthermore, due to both primary salinization (driven by natural processes) and secondary salinization (driven anthropogenically, for instance, by inappropriate irrigation methods), this is expanding by approximately 10 million hectares annually [8,9].



Salinity tolerance is a complex trait that may involve morphological, physiological, and metabolic processes that counter salinity stress and can vary substantially among plants of different taxa and lineages [10]. For example, changes in ion transport mechanisms may enhance osmotic tolerance by reducing the entry of toxic ions into sensitive compartments and promoting tissue tolerance [10,11,12]. However, the fact that salinity has three main adverse effects on crops and other plants complicates breeding efforts. Firstly, elevated dissolved salts reduce the soil’s osmotic potential, hindering plants’ water absorption, similarly to drought [13]. Secondly, it can cause plants to absorb and accumulate toxic levels of salts in their leaves. Thirdly, excessive Na+ and Cl− ions concentrations may hinder plants’ absorption of essential mineral nutrients, such as K+, Ca2+, and Mn2+ [14,15], thereby perturbing their ionic balances and metabolic processes [16].



The perturbance of metabolic processes diminishes plants’ growth, development, and yields, to degrees that depend on the severity of the salinity relative to their tolerance [17,18]. The developmental stage is also important, as plants are generally more susceptible to salinity during germination than in the seedling stage [11]. However, seed production, for example, grain yield of wheat [19] and seed set of rice [20], can be more severely affected by salinity than vegetative growth.



Wheat is a moderately salt-tolerant crop with a salinity threshold of 7.1 dS m−1 [21,22]. Effects of salinity stress on wheat growth, development, and grain yield have been extensively studied, but the knowledge about relative salt tolerance of wheat grains and the effect of salinity on grain quality is still limited [17]. However, studies [15,23] indicated that 7.5 and 15 dS m−1 salinity adversely affected yield, grain weight, spike length, number of grains, and grain filling of six wheat genotypes (9476, SARC-1, SARC-7, SARC-8, Bhakhar, and Saher 2000). Similarly, it was found that 15 dS m−1 salinity significantly reduced yield, yield components (particularly number of tillers and grain weight per plant), protein percentage, fat, and fiber contents of grains of the genotype Pasban-90 [17].



Despite breeding efforts using ancient relatives of bread wheat, strong salinity-tolerant varieties have still not been developed. This can be partly explained by so-called ‘linkage drag’, i.e., the possibility that the introduction of beneficial traits, such as salinity tolerance, through breeding may be accompanied by unfavorable traits, such as lodging, low baking quality, or poor threshing quality [24,25,26]. In addition, inadequate identification of physiological and morphological traits associated with salinity stress at specific growth stages and inconsistencies in genetic pools of accessible wheat varieties have also contributed to the limited success of breeding programs [27]. Nevertheless, the salinity tolerance of bread wheat has been enhanced through a breeding program involving evaluating plants in various developmental phases in greenhouse and field conditions during three growing seasons. A number of the resulting synthetic backcross lines exhibited greater salt tolerance than their parents [28]. Moreover, wheat growth under saline conditions has been improved by introducing (through crossing) an ancestral Na+ transporter gene into a commercial wheat variety [29].



Salinity tolerance is traditionally described using the model developed by Maas and Hoffman [30]. This model is often evaluated by a two-step linear regression of salinity versus (usually relative) yield. The first part of the resulting graph is flat until a threshold value is reached, then yield starts to decline as salinity increases. The key salt tolerance parameters are the salinity threshold (often expressed as ECpthr: electric conductivity of pore water) and the decline’s absolute or relative slope (S or S%). In addition, in field experiments where it is impossible to expose plants to zero salinity, the zero-observed-effect yield (Y0) must be estimated. A second common model is the S-shaped curve, described by [31], with two parameters: the soil salinity at which the yield is 50% of Y0 (ECp50) and a dimensionless slope parameter (p) describing the curvature. An advanced procedure for estimating parameters of these models was developed by [32], who focused on uncertainties of the estimates and advocated for the use of the EC90 value (the salinity at which the yield is 90% of Y0) as a more agronomically relevant parameter.



The salt tolerance parameters provide important indications of the effects of salinity relative to a variety’s growth in non-saline conditions. However, a variety may be more sensitive than others to salinity in terms of its threshold or EC90 value but still provide higher yields at a given salinity. Thus, the estimated yield at low or intermediate salinity is often the parameter of most interest to farmers because they want to maximize yields. Therefore, it is important to consider both relative tolerance and absolute yields (expressed as TGW in our study) at each field’s specific salinity level when selecting varieties in practice.



Using an ethyl methanesulphonate (EMS) mutagenized wheat population, several mutagenized lines were found to be more salt-tolerant relative to the observation of greater seed germination than the original Bangladeshi BARI Gom-25 variety in field trials in southern Bangladesh, where salt was present from the start in the soil (ECe > 7 dS m−1) [33]. Thus, molecular breeding via genetic manipulation performed at the DNA molecular level, induced by EMS, can efficiently produce salt-tolerant mutagenized lines as potential future varieties. Here, we report a complementary investigation with 23 of the 70 mutagenized wheat lines successfully tested in southern Bangladesh. However, the climatic conditions strongly differed, and salinity treatments were applied after the seedling stage with a controlled drip irrigation system. This research aimed to assess the lines’ TGW and their relative salt tolerance in efforts to translate their salinity tolerance at the germination stage to salt-tolerance parameters later in plant development. This was applied under more moderate European climate conditions to identify possible salt-tolerant, high-yielding varieties for future cultivation in Europe. Thus, if not outcompeting existing high-yielding European varieties, the lines can lay the ground for molecular markers to be used in breeding programs to adopt existing varieties to future increased saline conditions.




2. Materials and Methods


2.1. Plant Material and Experimental Design


The salinity tolerance of 23 mutagenized wheat lines and BARI-Gom 25, the control variety from which they were derived [33], was tested by cultivation in four replicates of plots subjected to 1, 4, 8, 12, 16, and 20 dS m−1 salinity treatments, providing 576 sets of records in total. In each (8 m × 1.25 m) plot, 4 four rows of 24 plants were sown with within- and between-row spacing of 10 and 30 cm, respectively. The sowing of the seeds took place on 10 May 2018, and the harvest took place on 17 August 2018. The experimental test field (latitude 53.0285377, longitude 4.7676436) is located on the island of Texel, Netherlands, and has been used to assess the salinity tolerance of many crops and crop varieties since 2012 [32,34,35]. Each plot was automatically drip-irrigated with a mixture of fresh water and seawater to the desired salt concentration, and the saline water was applied from 30 days after sowing until the end of the field trial. Drip-irrigation occurred daily with an average of 8.4 mm/day over the growth period. The saline water was applied in increasing increments of 4 dS m−1 each morning and evening (to avoid an osmotic shock) to reach 20 dS m−1 after three days in plots with the highest saline concentration. The seasonal average salinity of the soil was evaluated by measuring the EC of samples by various methods based on equivalent saturated paste EC (ECe), or directly as pore water EC (ECp), using suction cups placed under a vacuum. In this study, the seasonal mean ECp values were used, roughly equivalent to the soil ECe [35].




2.2. Field and Weather Conditions at the Salt Farm Texel


The soil at the Salt Farm Texel consists of about 93% sand, 3% loam, 2% clay, and 2% organic matter. The soil particle density is around 2.5 mg/m3, and the bulk soil density at saturation is around 1.5 mg/m3, with a field capacity pF of around 2. At the Texel test site, a base dose of nutrients consisting of compost, manure (both certified organic), and two types of organic fertilizer was applied. Compost added was 20 tons/ha, manure 12 tons/ha, and 1 ton/ha of each organic fertilizer, Orgevit, and Monterra Malt. The chemical composition of the added compost, manure, and fertilizers is visualized in Table 1. The sodium adsorption ratio (SAR, 1 M ammonium acetate) values obtained for the plots subjected to different salinity treatments were on average: 0.9 mmol/L (1 dS m−1), 3.5 mmol/L (4 dS m−1), 5.0 mmol/L (8 dS m−1), 6.4 mmol/L (12 dS m−1), 8.5 mmol/L (16 dS m−1), and 9.2 mmol/L (20 dS m−1). The pH observed in the field was in the range of 7.38–7.52. The level of available K and P based on H2O extraction (1:20, solid solution ratio, 1.5. h) were on average: 20.3 mg K/kg and 17 mg P/kg (1 dS m−1), 31.3 mg K/kg and 21.3 mg P/kg (4 dS m−1), 32.7 mg K/kg and 22.7 mg P/kg (8 dS m−1), 46.3 mg K/kg and 25.3 mg P/kg (12 dS m−1), 45.7 mg K/kg and 24.7 mg P/kg (16 dS m−1), and 46.3 mg K/kg and 20.3 mg P/kg (20 dS m−1).



From sowing (10 May) until harvest (17 August), a total amount of 101 mm of precipitation (rain) was recorded. The average temperatures observed were collected from: May, high 12.8–16.1 °C, low 7.8–10.6 °C; June, high 16.1–18.3 °C, low 10.6–13.3 °C; July, high 18.3–20 °C, low 13.3–15 °C; August, high 18.9–20 °C, low 14.4 °C (data collected at Texel airport near Salt Farm Texel, www.weatherspark.com (accessed on 20 March 2022)). Daily radiation sum: 2105 J/cm2 (data for De Kooij near Salt Farm Texel, www.knmi.nl (accessed on 20 March 2022)).




2.3. Phenotypic Measurements


Each mutagenized line’s growth and salinity tolerance and the BARI Gom-25 control variety were phenotypically assessed. The number of live plants, average plant height, and the average number of tillers per plant was measured in the field 70 days after sowing (DAS), when the inflorescences were emerging, at growth stage 58 according to the Zadoks scale [36]. Eight representative plants per line (including the control) were measured in the field to obtain average plant heights and numbers of tillers. All spikes of the plants in the field were harvested after 100 DAS, at the ripening, growth stage 90 [36]. On each sampling occasion, the spike material harvested from plants belonging to the same mutagenized line, salinity treatment, and plot replicate was placed in a separate sample bag and dried. Eight representative spikes were collected from each sample bag, photographed, measured, and calculated their average length. These eight spikes from each mutagenized line were separated from the other spikes before threshing. All harvested samples were threshed, including the separated eight-spike samples. Grain weight was collected for each separated eight-spike sample. The TGW was collected for the entire sample material, including the remaining and the separated eight-spike samples.




2.4. Data Analysis


Excel 2016 (MS Windows software, Version 16.0, Microsoft, Redmond, WA, USA) was used to clean the data and calculate the initial averages of the variables. TGW was statistically analyzed using Minitab 19 statistical software, State College, PA, USA [37]. A general linear model (GLM) was used to assess the differences between replicates (treated as a random factor), salinity, and lines. A histogram of residuals was used to assess the GLM’s validity. Tukey’s pairwise comparison was used to group significantly different means at the 95% confidence level. Grouping the differences between the BARI Gom-25 control and mutagenized wheat lines were made by Dunnett’s multiple comparisons at the 95% confidence level. Pearson correlation analysis (also with a 95% confidence threshold) was used to evaluate correlations between measured variables (the stronger the deviation of correlation coefficients from 0 to 1 or −1, the stronger the correlation between two variables). Data related to lines cultivated at 20 dS m−1 were removed from the final calculations due to their low yields at this salinity.



Estimates of model parameters were obtained to evaluate the relative salt tolerance of all mutagenized wheat lines and the BARI Gom-25 control using MATLAB and previously described statistical methods were applied to assess salinity effects on the TGW of each line and control [32]. Results regarding variations in TGW according to both the van Genuchten–Hoffman and Maas–Hoffman models are presented. Values presented in x ± y 186 format are means ± standard deviations, with n = 24.





3. Results


3.1. Evaluated Variables


Average spike length, total grain weight (TGW), eight-spikes length, percentage of live plants, plant height, and the number of tillers of all mutagenized lines and the control declined as soil salinity increased (Figure 1). The only exception was that the percentage of live plants was higher at 4 dS m−1 (67.29 ± 1.73%) than at 1 dS m−1 (58.67 ± 1.82%) (Figure 1). Moreover, Pearson correlation coefficients (e.g., −0.662 for TGW and salinity) confirmed that all the variables significantly declined as the irrigation salinity increased (Table 2). Other evaluated variables were significantly positively correlated with each other, e.g., spike length was correlated with TGW (coefficient: 0.360) and plant height with tiller number (coefficient: 0.468). Therefore, further analysis focused on TGW, which is the most relevant agronomical variable for farmers and other stakeholders.




3.2. Total Grain Weight (TGW)


As shown in Figure 2, nine of the 23 mutagenized lines (lines 101, 102, 104, 106, 110, 111, 113, 118, and 120, hereafter, ‘promising lines’) had at least twofold higher means TGW than the control at low to severe salinity levels (1–16 dS m−1). The mean TGW of control plants was 18.73 ± 4.19 g/plot, while the TGW of promising lines ranged between 48.46 ± 12.4 g (line 110) and 36.03 ± 7.76 g (line 113). The mean TGW of the other lines ranged between 34.70 ± 7.65 g (line 107) and 12.64 ± 2.42 g (line 123).



Under the 1 dS m−1 salinity treatment, line 110 had much (roughly fivefold) higher TGW (137.54 ± 29.5 g) than the control (29.07 ± 8.49 g), while the TGWs of the other promising lines ranged from 65.71 ± 19.8 g (line 113) to 131.18 ± 13.1 g (line 106) (Figure 3A). Under 4, 8, 12, and 16 dS m−1 salinity treatments, all the nine promising lines also generally grew substantially more strongly than the control (Figure 3B,E). For example, at 4 dS m−1, the TGW of the control was 32.34 ± 14.0 g, while the TGWs of the promising lines ranged from 36.09 ± 12.1 g (line 104) to 75.59 ± 20.4 g (line 120). At 8 dS m−1 the control value was 20.72 ± 8.26 g, while the promising lines’ TGWs ranged between 24.51 ± 2.82 g (line 102) and 43.41 ± 11 g (line 111). At 12 dS m−1, the TGW for the control was 8.31 ± 1.29 g, while the promising lines’ values ranged from 8.41 ± 2.02 g (line 120) to 15.82 ± 3.43 g (line 111). Finally, at 16 dS m−1 the control value was 3.23 ± 1.24 g, while the promising lines’ TGWs ranged from just 1.63 ± 0.56 g (lower than the control, line 118) to 16.84 ± 12.0 g (line 101).



Overall, the promising lines had significantly higher TGW than control plants at all salinity levels (Figure 3), but there were some deviations. For instance, at 12 dS m−1, salinity-tolerant lines 101 and 120 had similar TGWs to the control (Figure 3D), while at 16 dS m−1, line 101 had at least fivefold higher TGW than the control (Figure 3E). The TGWs of the promising lines were not lower than the control value in any case except one: line 118 at the 16 dS m−1 salinity level (Figure 3E).



There were at least 10 cm spacings between the plants to avoid strong inter-plant competition. Thus, the loss of live plants from salinity stress should have had a limited effect on the growth of neighboring plants and, hence, the TGW. However, it should be noted that the percentage of live plants was lowest for the BARI Gom-25 control (35.60 ± 2.58%; Figure 4), which had a correspondingly low TGW (Figure 2 and Figure 3).




3.3. Relative Performance on the Mutagenized Lines under Saline Conditions According to Two Models


Two models were applied to assess the lines’ salt tolerance levels. To illustrate the type of graph that this kind of analysis produces, Figure 5 presents a graph generated by a previously described method [32]. This shows the performance of line 101, the first line identified as having better responses than the control to increases in yield potential in terms of TGW (Figure 2).



The parameter estimates for the Maas–Hoffman and van Genuchten–Hoffman models of salt responses of the other lines are presented in Table 3. These include the estimated zero-observed-effect yield and two important salt tolerance parameters for each line, as well as EC90 and EC50 estimates generated by both models to facilitate comparisons. In addition to the presented values, confidence intervals (CI) were calculated (data not shown).



The 95% CI of the estimated zero-observed-effect yields for both models are shown in Figure 6. Although there were some minor differences in findings from those shown in Figure 1, generally, the results confirmed that several lines had significantly higher yields than the control. The 95% CI values of all salt tolerance parameter estimates of all the lines overlapped with those of the control line (data not shown), indicating that all lines’ responses to elevated salinity levels were similar in terms of relative yield losses.





4. Discussion


Salt-tolerant plants will play important roles in the future because the area of saline soil is sharply increasing, and it strongly reduces or impairs agricultural productivity. BARI Gom-25 is one of several salt-tolerant varieties that has been introduced in the last decade in Bangladesh [38] to fight this, especially in the southern coastal area, which has a large proportion of salt-affected soils exceeding 2 dS/m [39,40]. This threatens farmers’ food production and livelihoods in these areas [41]. Thus, it was promising that a number of mutagenized wheat lines were previously shown to germinate well under a 7 dS m−1 salinity treatment. Moreover, they outcompeted the control variety BARI Gom-25 in terms of several variables in Bangladeshi conditions [33]. As reported here, in a further assessment of their potential utility, we tested their performance across a wide range of salinities in more moderate European climatic conditions. Thus, we wanted to test another climate, test not adding salt from the start, etc., to compare with previous data in Bangladesh.



A potential complication is that the drip irrigation setup did not allow salt application before the germination stage. Thus, although these mutagenized wheat lines reportedly have high germination rates even in highly saline soil [33], they might not have had similar salinity tolerance at later stages when other mechanisms may be involved [42,43]. Nevertheless, nine of the mutagenized lines had at least twofold higher TGW than the BARI Gom-25 control at 1–16 dm/S salinity levels (Figure 2), and salt tolerance (Y0) estimates confirmed that these promising lines (and some others) significantly differed from control plants in this respect (Figure 6). Zero-effect-yield estimates obtained using the Maas–Hofmann model also showed that most mutagenized lines performed better than the control. Exceptions were lines 103, 108, 114, 116, 119, and 123 (Figure 6). Moreover, the performances of lines 101, 102, 104, 106, 110, 112, and 118 were at least twofold better than the control, and those of lines 105, 117, and 120 were nearly twofold better (Figure 6). These sets strongly overlapped with the nine promising lines (101, 102, 104, 106, 110, 111, 113, 118, and 120; Figure 2), all of which performed at least twice as well as the control, except lines 111 (which performed almost twice as well) and 113 (Figure 6).



The yield is dependent on the management, the genotype, and the environment [44,45,46]. In our study, the management was the same, but the genotype was different for each individual line, and the environment changed with increased soil salinity. A compensation capacity can be triggered if resources are limited, e.g., when soil salinity increases [47,48]. Different wheat genotypes can have different compensatory actions [47,49]. Plant density affects the compensatory actions as less density can induce an increased number of tillers to compensate for the lack of plants in the field [45]. Greater plant density can lead to greater head and grain numbers per area but a decrease in grain weight per head [44,45,47]. However, as we used the same plant density throughout the experimental setup, the observed declines in tillers and spike length were not linked to the density but to elevated soil salinity, which was also true for the TGW (Figure 1). Thus, the observed increased yield potential for the promising lines is important at high salinity.



Several of the EMS mutagenized lines derived from BARI Gom-25 also withstood soils experiencing rapid increases in saline levels during growth, despite the moderate European climate conditions. This is an important observation as, for example, Australia has had large areas with accumulations of salt-affected soil over the growth period [50,51]. Recently, the native vegetation has been cleared for agricultural land, resulting in short-rooting plants. This allows the rainwater to reach the salty groundwater, which raises and brings the saline water close to the surface, resulting in increased salt-affected soils [51,52,53,54]. Thus, increased salinity tolerance within plants at a germination stage can be translated to salinity tolerance when the salt level conditions are initially low and increase rapidly.



Furthermore, the study shows the strength of applying a controlled drip irrigation method where one can control the saline levels in outdoor conditions. However, due to wide variation among replicates, there are considerable uncertainties in the salt tolerance parameters, and the acquisition of data in a single year data is a clear limitation in salt tolerance studies [32]. Thus, further analysis is needed to determine whether some promising lines have greater salt tolerance than others. Studies have revealed increased salinity tolerance of, for example, maize (Zea mays) and canola (Brasscia napus L.) when grown in conditions with optimized manure [55,56]. Whether the salinity tolerance of any of the promising lines in this study can be further increased in saline soil by elaborating the balance of added manure remains to be elucidated. Nevertheless, the finding that some of the mutagenized lines developed for Bangladeshi conditions provided higher yields under drip irrigation in a moderate climatic zone is reassuring and indicates good prospects for enhancing wheat production on salinized land.




5. Conclusions


Salinity is an ever-increasing challenge for agriculture worldwide. In addition, the human population is increasing considerably. Therefore, sustainable approaches to improving and securing food and feed production in salt-affected soil is vital. Our efforts toward developing salt-tolerant wheat lines have shown to be effective. So far, we have tested the developed salt-tolerant wheat lines in salt-affected soil in Bangladesh, and the results showed that 70 lines had enhanced germination performance compared to the local Bangladeshi wheat variety BARI Gom-25. Moreover, this study compared 23 of these wheat lines using soil salinity induced by controlled drip irrigation in moderate European climatic conditions. Nine lines proved to perform better than the Bangladeshi salt-tolerant variety based on TGW. Thus, the developed mutagenized wheat population can be a valuable resource for enhancing the salinity tolerance of wheat worldwide.
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Figure 1. Comparison of means of indicated agronomic and phenotypic traits of the plants cultivated at indicated irrigation salinity levels. 
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Figure 2. The difference in grams between each mutagenized line (101–123) and the BARI Gom−25 control in TGW summed for all plots subjected to 1–16 dS m−1 salinity treatments. The control mean was set to 0, as shown by the vertical line. 
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Figure 3. The difference in gram between each mutagenized line (101−123) and the BARI Gom−25 control in TGW under the 1 dS m−1 (A), 4 dS m−1 (B), 8 dS m−1 (C), 12 dS m−1 (D), and 16 dS m−1 (E) salinity treatments. The control mean is set to 0, as shown by the vertical lines in the graphs. 
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Figure 4. Numbers of live plants of each mutagenized line (101–123) and the BARI Gom−25 control (line 124). Percentages shown for each line and control are averages based on observations of plants in all plots subjected to 1–16 dS m−1 salinity treatments. 
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Figure 5. Total grain weight (TGW) of the mutagenized line 101 as a function of salinity obtained using the van Genuchten–Hoffman (A) and Maas–Hoffman (B) models. Dots represent measurement points and the orange lines show the least square best fits. The dotted green lines represent upper and lower simultaneous prediction error bounds, i.e., the (approximately 95% CI) uncertainty bounds for a new experiment with the same number of data points. The magenta dash-dot lines represent upper and lower non-simultaneous prediction error bounds, i.e., the approximately 95% CI range when a single measurement is done. 
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Figure 6. Zero-observed-effect yield (Y0) estimates obtained from the Maas–Hoffman model for the mutagenized wheat lines (101–123) and BARI Gom−25 control (line 124). Total grain weight (TGW) per plot at estimated Y0 is shown for all mutagenized lines and the control. The blue and red dotted lines, respectively, indicate the upper limit for the BARI Gom-25 control (line 124) and double this TGW. 






Figure 6. Zero-observed-effect yield (Y0) estimates obtained from the Maas–Hoffman model for the mutagenized wheat lines (101–123) and BARI Gom−25 control (line 124). Total grain weight (TGW) per plot at estimated Y0 is shown for all mutagenized lines and the control. The blue and red dotted lines, respectively, indicate the upper limit for the BARI Gom-25 control (line 124) and double this TGW.



[image: Sustainability 14 05061 g006]







[image: Table] 





Table 1. The chemical composition and the available fraction of the added nutrients (kg ha−1) through compost, manure, and organic fertilizers. The fertilizer amounts are in tons ha−1. The values presented for compost refer to 10–15% available N for plant uptake in year 1, 50–60% of P2O5, and 75–100% of K2O.
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	Source
	Amount
	N
	P2O5
	K2O
	CaO
	S
	MgO
	Organic Matter





	Compost
	20
	14
	21
	48
	
	
	16
	3840



	Manure
	12
	44
	17
	72
	
	2
	26
	1824



	Monterra
	1
	90
	10
	40
	20
	30
	3
	750



	Orgevit
	1
	40
	32
	25
	90
	10
	10
	650



	Total
	
	188
	80
	185
	110
	42
	55
	7064
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Table 2. Pearson correlation coefficients: positive and negative values, respectively, indicating positive and negative correlations between the indicated variables assessed in the field trial.
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	Variables
	Salt Conc
	Spike Length
	TGW
	Eight-Spike Grain Weight
	Live Number
	Plant Height





	Spike length
	−0.392 **
	
	
	
	
	



	TGW
	−0.662 **
	0.360 **
	
	
	
	



	Eight-spike grain weight
	−0.786 **
	0.522 **
	0.716 **
	
	
	



	Live number
	−0.220 **
	0.074
	0.327 **
	0.209 **
	
	



	Plant height
	−0.727 **
	0.476 **
	0.644 **
	0.692 **
	0.256 **
	



	Tiller number
	−0.457 **
	0.200 **
	0.519 **
	0.392 **
	0.085
	0.468 **







** highly significant, p-value < 0.001.
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Table 3. Estimated parameters for Maas–Hoffman and van Genuchten–Hoffman models for all tested mutagenized lines and the BARI Gom-25 control. EC, electrical conductivity; ECpthr, EC pore water threshold; ECp50, 50% of Y0; ECp90, 90% of Y0; p, slope parameter describing curvature; S, absolute slope, S%, (percentage decline relative to Y0 per unit EC); Y0, zero-observed-effect yield.
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Maas–Hoffman Model

	
Van Genuchten–Hoffman Model




	
Line No.

	
ECpthr (dS m−1)

	
S (g/plot)/(dS m−1)

	
Y0 (g/plot)

	
S% (dS m−1)

	
ECp50 (dS m−1)

	
ECp90 (dS m−1)

	
ECp50 (dS m−1)

	
p (−)

	
Y0 (g/plot)

	
ECp90 (dS m−1)






	
101

	
1.3

	
−8.5

	
107.8

	
7.9

	
7.6

	
2.5

	
6.0

	
2.1

	
115.6

	
2.1




	
102

	
0.8

	
−9.2

	
114.0

	
8.1

	
7.0

	
2.0

	
4.7

	
1.7

	
127.9

	
1.3




	
103

	
1.3

	
−3.4

	
49.1

	
6.9

	
8.6

	
2.7

	
6.2

	
1.7

	
54.9

	
1.7




	
104

	
0.8

	
−15.6

	
125.2

	
12.4

	
4.8

	
1.6

	
1.8

	
1.3

	
182.4

	
0.3




	
105

	
1.3

	
−6.9

	
73.0

	
9.4

	
6.6

	
2.3

	
6.1

	
3.6

	
75.0

	
3.3




	
106

	
0.7

	
−10.9

	
126.4

	
8.6

	
6.5

	
1.9

	
5.2

	
2.2

	
133.2

	
2.0




	
107

	
1.3

	
−6.6

	
81.3

	
8.1

	
7.4

	
2.5

	
5.9

	
2.3

	
87.7

	
2.2




	
108

	
1.3

	
−3.6

	
42.1

	
8.4

	
7.2

	
2.5

	
5.9

	
2.3

	
44.8

	
2.3




	
109

	
0.7

	
−3.8

	
69.7

	
5.5

	
9.8

	
2.5

	
4.4

	
1.5

	
92.4

	
1.0




	
110

	
0.8

	
−11.1

	
128.1

	
8.7

	
6.6

	
1.9

	
4.4

	
1.9

	
144.3

	
1.4




	
111

	
1.3

	
−5.1

	
79.6

	
6.4

	
9.1

	
2.8

	
7.5

	
2.3

	
83.2

	
2.9




	
112

	
0.8

	
−10.9

	
95.3

	
11.4

	
5.2

	
1.7

	
3.4

	
1.6

	
111.9

	
0.9




	
113

	
7.6

	
−16.8

	
62.6

	
26.8

	
9.4

	
8.0

	
9.3

	
6.6

	
65.1

	
6.7




	
114

	
5.5

	
−5.1

	
34.5

	
14.7

	
8.9

	
6.2

	
9.0

	
6.8

	
34.5

	
6.5




	
115

	
5.0

	
−12.2

	
70.7

	
17.3

	
7.9

	
5.6

	
7.4

	
6.5

	
73.1

	
5.2




	
116

	
4.0

	
−5.7

	
56.7

	
10.1

	
9.0

	
5.0

	
8.7

	
4.1

	
56.7

	
5.1




	
117

	
5.5

	
−9.3

	
63.5

	
14.7

	
8.9

	
6.2

	
8.8

	
5.3

	
66.1

	
5.8




	
118

	
2.6

	
−8.2

	
89.1

	
9.2

	
8.0

	
3.7

	
7.7

	
3.9

	
88.5

	
4.4




	
119

	
5.6

	
−5.7

	
47.0

	
12.1

	
9.7

	
6.4

	
9.8

	
6.3

	
46.6

	
6.9




	
120

	
3.5

	
−8.8

	
87.4

	
10.1

	
8.5

	
4.5

	
7.9

	
4.0

	
88.3

	
4.6




	
121

	
0.6

	
−4.6

	
60.1

	
7.6

	
7.2

	
2.0

	
2.8

	
1.2

	
86.2

	
0.4




	
122

	
0.4

	
−5.7

	
64.1

	
8.8

	
6.1

	
1.6

	
2.0

	
1.2

	
96.5

	
0.3




	
123

	
5.5

	
−2.4

	
22.0

	
11.0

	
10.0

	
6.4

	
9.5

	
5.6

	
22.7

	
6.4




	
Control

	
5.5

	
−2.7

	
30.4

	
8.8

	
11.2

	
6.6

	
11.0

	
4.8

	
30.7

	
6.9
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Mutagenized wheat lines (101-123) and control BARI Gom-25 (124)
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