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ABSTRACT. Approximately 85000 hectares of popcorn, which is a C4 glycophytic and salt-sensitive crop, 

is cultivated in Brazil. Agricultural land area is decreasing because of increasing population and salinity 

stress, leading scientists to devise a means to develop salt-tolerant crops using genetic approaches. This 

study was carried out to determine the most suitable NaCl concentration for screening popcorn inbred lines 

for salt tolerance. Four NaCl solutions (0, 60, 120, and 180 mmol L-1) were used on four popcorn inbred lines 

in a completely randomized design. The experimental treatments were replicated four times in a seed-

germinating chamber over seven days. Twenty-five seeds from each line were treated with Maxim® before 

being placed on germination paper and soaked in an appropriate NaCl solution. Significant (p < 0.05) 

responses of the inbred lines to different NaCl concentrations in terms of shoot length, root length, fresh 

and dry shoot and root weight, root diameter, root surface area and germination percentage were observed. 

The salt tolerance index based on dry seedling weight was significantly correlated with the other traits 

under 60 and 120 mmol L-1 NaCl. The most concentrated NaCl solution (180 mmol L-1) resulted in the 

greatest reduction in the performance of the inbred lines, indicating that NaCl is toxic to the inbred lines 

evaluated. Regression analysis indicated that shoot length and root length are the most significant traits 

for assessing salt stress tolerance in popcorn inbred lines. The results suggest that NaCl solutions of 60 and 

120 mmol L-1 could be used for screening salt tolerance in popcorn, as these provide a strong ability to 

distinguish among the inbred lines studied.  
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Introduction 

Popcorn (Zea mays L. var. Everta) is a special type of maize cultivated for human consumption (Batool 

et al., 2020). At the germination and seedling stages, salt stress has a significant effect on popcorn, whose 

resistance to salt is limited (Tian et al., 2024). Soil with elevated salt levels (ECe > 4dSm-1) is generally defined 

as saline (Ismayilov et al., 2021). Soil with an ECe between 2 and 4 dSm-1 is considered slightly saline, that with an 

ECe between 4 and 16 dSm-1 is considered moderately saline, and if the ECe is greater than 16 dSm-1
, the soil is 

considered strongly saline (Kokebie et al., 2024). Up to 954 million hectares of saline land exist worldwide (Li et al., 

2020). The physiology and biochemistry of plants growing in saline soils, from seed germination to nutritional and 

reproductive development, are affected by salt stress (Hasanuzzaman et al., 2013). 

Globally, agricultural productivity and product quality have significantly declined because of soil 

salinization, which has had a major impact on the sustainable development of agriculture (Hussain et al., 

2023). Soil NaCl concentration has a greater negative effect on shoot growth than on root growth, decreasing 

plant output (Lauchli & Epstein, 1990). Scientists are utilizing genetic methods to create salt-tolerant crops 

since agricultural field areas are shrinking because of population growth and salinity stress (Munns et al., 

2006). Plant breeders have used a range of strategies to create salt-tolerant varieties; for example, they have 

examined genetic diversity among current genotypes to identify tolerant and sensitive genotypes under 

conditions impacted by salt (Ashraf et al., 2006; Masuda et al., 2021). 

Salt damage dramatically decreases the stability of popcorn yield (Chen et al., 2019). Salt stress during 

germination primarily causes osmotic stress and ion toxicity, which significantly reduce the germination rate 
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and plant vigor (Hussain et al., 2023). The most apparent morphological response is a decrease in the 

germination percentage and delayed germination time. Seeds may fail to imbibe enough water because of the 

lower water potential of saline solutions. This leads to shorter radicle (root) and coleoptile (shoot) lengths, 

smaller seedling size, and lower fresh weight (Tian et al., 2024). Physiologically, high concentrations of 

sodium (Na+) and chloride (Cl−) ions can be toxic to developing embryos, interfering with metabolic processes. 

To cope, some C4 plants, including popcorn, may activate specific osmoprotective mechanisms at this early 

stage, such as the synthesis of compatible solutes such as proline and glycine betaine, to maintain cellular 

turgor and protect cellular structures (Hussain et al., 2023). At two crucial growth stages—seed germination 

and seedling growth—plants are very susceptible to mortality and yield decreases from several stressors, 

including salt (Barnabas et al., 2008). 

Soil salinization in Brazil has been exacerbated by poor management during irrigation with highly 

salinized water and by poor drainage. As a result, saline zones are mostly found in irrigated perimeters in 

semiarid regions in northeastern Brazil (Pessoa et al., 2016). Although this is a highly prevalent problem in 

these areas, Tian et al. (2024) reported that understanding how popcorn maize responds to salt stress in 

various growth phases is crucial. When popcorn varieties with high salt tolerance are screened, the 

groundwork is laid to produce salt-tolerant germplasms that can be grown in saline and alkaline soils; to 

improve saline and alkaline soils; to promote sustainable agricultural development; and to breed, produce, 

and use salt-tolerant germplasm resources (Masuda et al., 2021). 

According to Freire et al. (2014) and Zahra et al. (2020), most current reports on salt tolerance in popcorn 

are at the local or, at most, irrigated perimeter scale. The majority of glycophytic plant species, such as 

popcorn, are salt sensitive, while a few are quite tolerant (Borsai et al., 2018). Only a small number of 

halophyte species are currently domesticated and widely used in agriculture; nearly all crops of agricultural 

significance are glycophytic and extremely sensitive to salt.  

A paper roll germination experiment in which seeds are germinated on moist paper with varying levels of 

salt concentration can effectively reveal whether salt affects germination rate and early seedling growth 

(Zulkadir, 2025). The emergence of the radicle (root length) and hypocotyl (shoot length) can be compared, 

and any signs of stress, such as stunted growth or browning, can be observed in the presence of salt. This 

method is useful for quick and easy screening of germinability under salt stress (Masuda et al., 2021). 

A helpful metric for identifying salt-tolerant genotypes at high NaCl concentrations (>8 dSm-1) is the salt 

tolerance index (STI). More salt tolerance was found among genotypes with the highest STI values than 

among those with lower STI values (Fernandez, 1992; Sultana et al., 2016; Masuda et al., 2021). This approach 

is predicated on each genotype's total seedling dry weight under salt stress in comparison to a control. The 

effectiveness of this approach has been reported by different researchers in popcorn (Masuda et al., 2021), 

Italian ryegrass (Xie et al., 2021), and wheat (Irshad et al., 2022; Xu et al., 2024). To lessen the effects of salt 

stress, a thorough understanding of salt tolerance mechanisms and the selection of reliable screening indices 

are crucial for popcorn breeding programs. This study aimed to determine a suitable NaCl concentration for 

screening popcorn inbred lines for salt tolerance. 

Material and methods 

The experiments were carried out at the Seed Research Laboratory in the Department of Agronomy, Federal 

University of Viçosa (UFV), Minas Gerais State, Brazil. Four popcorn inbred lines from the Popcorn Breeding Program 

of Federal University of Viçosa were chosen at random (21-2001-1, 21-2002-1, 21-2003-1, and 21-2005-1). 

Four NaCl solutions (0, 60, 120, and 180 mmol L-1) were used in this study in accordance with reports in 

previous literature (Rizk et al., 2024) and USDA soil salinity classification. The concentrations of the NaCl 

solutions were measured using a bench electrical conductivity meter (Digimed DM-32) to determine their 

ECe. The electrical conductivities of the salt samples were 0 dS m-1, 6.987 dS m-1, 12.453 dS m-1, and 18.359 

dS m-1. The mass of the salt at each level was calculated using the molarity formula: 

Mass = molarity × volume × molar mass. 

The experiment was laid out in a completely randomized design with four replications. The seeds were 

first treated with Maxim® fungicide to prevent infection. Twenty-five seeds were used for each inbred line and 

salt level. The seeds were first spread on germinating paper (three papers per roll) soaked in the appropriate 

NaCl solution, and then the paper was rolled-up (Figure 1). The seeds were germinated in an automated seed 
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germination chamber (25°C) at the same time to ensure homogeneous experimental conditions. The seeds 

were allowed to germinate for seven days after exposure to salt stress before evaluation. The germinated 

inbred lines under the different salt concentrations and the control are shown in Figure 2.  

 
Figure 1. From left to right, germinating paper soaked in plastic bowl for each salt level, the 25 seeds for an inbred line spread on the 

paper, and four rolls rolled over before placing inside the germinating chamber. 

 
Figure 2. Showing the germinated inbred lines after 7 days of exposure to different NaCl concentrations; 1st frame is 21-2001-1 inbred 

line and 2nd frame is 21-2003-1 inbred line. 

After they were harvested, the whole plants were divided into shoots and roots. The germination index, shoot 

length, fresh root weight, fresh shoot weight, dry root weight, dry shoot weight, and shoot water content were 

recorded. The distance from the crown to the leaf tip was measured as the shoot length. Shoot length was measured 

using a ruler. Fresh weight (FW) was determined using an electronic balance. Fresh samples were then washed with 

deionized water and dried at 80°C to a constant weight (DW), and the water content (WC) was calculated with the 

following formula: WC = (FW – DW)/FW 100. The abovementioned measurements and calculations were 

performed according to methods in Liu et al. (2015). An EPSON Expression 11000XL scanner (EPSON, São Paulo, 

São Paulo State, Brazil) was used to scan the roots, and WinRHIZO Pro 2009a software was used to analyze the 

images and determine the total root length, root surface area, and root diameter following the protocol of Ribeiro 

et al. (2024). The germination index provides the germination percentage in relation to the speed of germination 

as affected by the different salt concentrations: 

Germination index (GI) = no. of germinated seeds day-1 of first count (4 days) + no. of germinated seeds 

day-1 of last count (7 days). 

One-way analysis of variance was performed on the data to determine traits that were significant and 

affected by the salt stress treatments, and the Tukey test (p < 0.05) was used to compare significant mean 

differences among the inbred lines and salt concentrations. The salt tolerance index (STI) was calculated 

according to Tao et al. (2021): 

STI = (Yp × Ys)/Ŷp^2 
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where Yp is the average seedling dry weight of the inbred line under nonstress conditions, Ys is the average 

seedling dry weight of the inbred line under stress conditions, and Ŷp is the grand mean dry weight of the 

seedlings under nonstress conditions. The dry weight of the inbred line was determined by summing the shoot 

dry weight and root dry weight. Using STI estimates, it is possible to determine the relative tolerance or stress 

intensity of the inbred lines under salt stress. 

The responses of the inbred lines to varying salt concentrations were investigated using linear regression. 

The Pearson correlation coefficient was used to analyze correlations among the 14 characteristics studied and 

their association with the STI. The SAS 9.4v package was used to conduct the statistical analysis. 

Results and discussion 

The interactions between NaCl concentration and popcorn inbred lines significantly differed (p < 0.05) 

among the studied traits, especially at 60 and 120 mmol L-1 NaCl. Ten out of the eleven traits were significantly 

different between the inbred lines at 60 mmol L-1 NaCl and 120 mmol L-1 NaCl, except for root length and dry 

root weight (Table 1). At a higher dose of 180 mmol L-1, 50% of the traits showed no significant (p < 0.05) 

difference among the studied inbred lines, indicating a negative effect on the germination and early growth 

performance of the popcorn lines. Compared with the control (0 mmol L-1), 60 and 120 mmol L-1 NaCl resulted 

in more significant differences, indicating that the differences may be due to the response of the inbred lines 

to salt stress. Furthermore, the analysis of variance indicated a significant difference (p < 0.05) among the 

different salt concentrations for all the traits (Table 1). These findings indicate that salt concentration 

affected all the studied traits in the inbred lines. Furthermore, at 0 mmol L-1, the studied inbred lines differed 

significantly (p < 0.05) in terms of the germination index, average root diameter, fresh root weight, dry shoot 

weight and root water content but not in terms of the remaining 5 traits (Table 1). The performance of the 

inbred line 21-2001-1 was good (Table 2). With respect to the results at 60 mmol L-1 NaCl, all the studied traits 

differed significantly (p < 0.05) among the inbred lines except for root length. These findings revealed that a 

low-concentration NaCl solution could be used to screen for salt tolerance among popcorn inbred lines. 

Table 1. Analysis of variance of the 11 traits of the four studied popcorn inbred lines under control and different salt level conditions. 

Traits Salt levels 

(3df) 

Inbred Lines 

× Salt level 

(9df) 

Inbred lines 

within 0 

mmol L-1 

(3df) 

Inbred lines 

within 60 

mmol L-1 

(3df) 

Inbred lines 

within 120 

mmol L-1 

(3df) 

Inbred lines 

within 180 

mmol L-1 

(3df) 

Error  

(48df) 

CV 

(%) 

Germination Index 8.01** 2.30** 10.85** 7.22** 1.61** 0.36NS 0.39 14.58 

Shoot Length 251.72** 1.35** 0.57NS 7.48** 2.40** 0.71* 0.32 7.28 

Root length 2068.89** 25.611* 89.11NS 0.67NS 6.63** 1.33** 10.75 14.59 

Average Root Surface area 1136.40** 23.06** 1.99NS 115.51** 35.34** 11.05** 3.63 12.52 

Average Root Diameter 0.12** 0.002* 0.002* 0.001** 0.004** 0.009** 0.00055 3.33 

Fresh Root Weight 0.55** 0.09* 0.34** 0.22* 0.12** 0.15* 0.0431 13.96 

Fresh Shoot Weight 52.36** 0.453** 0.41NS 1.52** 0.01** 0.10* 0.1112 9.97 

Dry Root Weight 0.022** 0.0006NS 0.001NS 0.002** 0.001NS 0.0002NS 0.00034 14.24 

Dry Shoot Weight 0.1220** 0.0018* 0.004* 0.01** 0.0013** 0.003NS 0.00068 9.84 

Root Water Content 39.016** 5.4429** 34.82** 3.82** 4.71** 2.23NS 0.9695 1.079 

Shoot Water Content 49.158** 1.458NS 0.53* 0.62* 1.54** 6.25NS 0.9149 1.039 

NS = Not significant, ** = highly significant at p < 0.01, * = significant at p < 0.05, df = degree of freedom, CV = coefficient of variation. 

Table 2. Mean performance of the four inbred lines of the studied traits under no salt stress condition: 0 mmol L-1. 

Traits 21-2001-1 21-2002-1 21-2003-1 21-2005-1 

Germination Index 6.62a 5.80a 3.31b 3.53b 

Shoot Length  12.73a 12.66a 12.16a 11.95a 

Root length 18.20a 20.3a 20.01a 17.86a 

Average Root Surface area 7.23a 8.00a 7.65a 6.36a 

Average Root Diameter 0.66a 0.61b 0.65ab 0.66ab 

Fresh Root Weight 1.30b 1.79a 2.00a 1.64ab 

Fresh Shoot Weight 5.87a 5.29a 5.78a 5.26a 

Dry Root Weight 0.20a 0.19a 0.17a 0.16a 

Dry Shoot Length 0.37a 0.34ab 0.34ab 0.29b 

Root Water Content 84.87b 89.71a 91.48a 90.57a 

Shoot Water Content 93.71b 93.66b 94.07ab 94.45a 

Means followed by same letters on the same row are not significantly different following Tukey test (p < 0.05). 
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Although the root is a sensitive part of the plant affected by salt stress, the inbred lines may have been 

able to tolerate low levels of salt stress and hence showed no differences (Table 3). Similarly, significant 

variation was observed among the different four inbred lines at 120 mmol L-1 for all the studied traits except 

dry shoot weight. Moderate salt stress affected the performance of the studied inbred lines (Table 4), 

indicating that screening for salt tolerance was possible. After 7 days of exposure to salt stress at 180 mmol 

L-1, only 5 out of the 11 studied traits significantly (p < 0.05) affected the performance of the popcorn inbred 

lines. This could be attributed to the fact that strong salt stress may have negatively affected (slow growth) 

all the inbred lines (Table 5). This may not be a suitable salt level for screening salt tolerance among different 

inbred lines. Compared with the other inbred lines, the inbred lines 21-2001-1 and 21-2002-2 consistently 

exhibited good germination rates. The germination index reflects the percentage of germination on each day 

of the germination period. It provides information about the germination percentage and speed of 

germination of each inbred line at different salt levels. 

Table 3. Mean performance of the four inbred lines of the studied traits under 60 mmol L-1 salt stress condition. 

Traits 21-2001-1 21-2002-1 21-2003-1 21-2005-1 

Germination Index 5.41a 6.54a 3.87b 3.71b 

Shoot Length 8.32b 10.80a 8.10b 10.29a 

Root length 11.88 11.59 11.64 10.925 

Average Root Surface area 27.26ab 32.34a 25.43bc 19.32c 

Average Root Diameter 0.62ab 0.65b 0.65a 0.66a 

Fresh Root Weight 1.43b 1.86a 1.69ab 1.36b 

Fresh Shoot Weight 4.71a 5.17a 4.70a 3.71b 

Dry Root Weight 0.15ab 0.17a 0.14bc 0.11c 

Dry Shoot Length 0.36ab 0.38a 0.31b 0.26c 

Root Water Content 89.84b 90.80ab 92.02a 91.71a 

Shoot Water Content 92.45b 92.66ab 93.36a 92.98ab 

Means followed by same letters on the same row are not significantly different following Tukey test (p < 0.05). 

Table 4. Mean performance of the four inbred lines of the studied traits under 120 mmol L-1 salt stress condition. 

Traits 21-2001-1 21-2002-1 21-2003-1 21-2005-1 

Germination Index 4.82a 4.41ab 3.73bc 3.43c 

Shoot Length 5.52b 7.00a 5.64b 5.29b 

Root length 7.71ab 7.91a 8.21a 5.40b 

Average Root Surface area 20.14a 17.53a 18.88a 13.29b 

Average Root Diameter 0.69b 0.69b 0.73ab 0.75a 

Fresh Root Weight 1.33b 1.97a 1.66ab 1.36b 

Fresh Shoot Weight 2.97b 3.84a 2.89b 2.23c 

Dry Root Weight 0.12a 0.11a 0.12a 0.09a 

Dry Shoot Length 0.27b 0.39a 0.33a 0.25b 

Root Water Content 91.14b 91.1b 92.93a 93.11a 

Shoot Water Content 90.92b 90.82b 92.15a 91.58ab 

Means followed by same letters on the same row are not significantly different following Tukey test (p < 0.05). 

Table 5. Mean performance of the four inbred lines of the studied traits under 180 mmol L-1salt stress condition. 

Traits 21-2001-1 21-2002-1 21-2003-1 21-2005-1 

Germination Index 3.25a 3.74a 3.47a 3.04a 

Shoot Length 2.92b 3.85a 3.07ab 3.46ab 

Root length 4.83ab 4.99a 5.24a 3.92b 

Average Root Surface area 11.56a 10.12ab 10.59a 7.66b 

Average Root Diameter 0.79b 0.78b 0.85ab 0.88a 

Fresh Root Weight 1.05b 1.19ab 1.51a 1.32ab 

Fresh Shoot Weight 1.67a 1.45ab 1.29b 1.40ab 

Dry Root Weight 0.08a 0.09a 0.10a 0.09a 

Dry Shoot Length 0.18a 0.16a 0.14a 0.12a 

Root Water Content 92.17a 92.02a 93.38a 93.39a 

Shoot Water Content 89.47a 89.15a 89.38a 91.82a 

Means followed by same letters on the same row are not significantly different following Tukey test (p < 0.05). 

In countries where popcorn is grown, salinity stress is a major abiotic factor that significantly affects 

popcorn yields (Epstein et al., 1980). Plants under salt stress are affected by both water shortages and excess 

ions (Giambalvo et al., 2022). Under salt stress, plants suffer from disruption of cell structure, suppressed 
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growth and development, and interference with essential physiological functions (Frukh et al., 2020). Under 

NaCl stress, plants exhibit reduced osmotic potential, which causes the cell expansion pressure to decrease 

quickly, the plasma membrane to shrink, and eventually, growth to be suppressed (Munns & Tester, 2008). In 

previous studies on the ability of popcorn to withstand salt, researchers have mostly focused on a single 

growing season and have not considered different growth periods. Additionally, the use of different 

germplasms may lead to different results. Fu and Zhang (2015) reported that treatments with NaCl at 

concentrations of 200 mmol L-1 and greater hindered popcorn seed germination, but 100 mmol L-1 NaCl 

promoted it. Furthermore, our findings are in agreement with those of Xie et al. (2021), who reported that a 

less than 50% decrease in the performance of different studied cultivars at 255 mmol L-1 NaCl could be used 

as an indicator for screening salt tolerance. 

Linear regression analysis revealed that all the popcorn inbred lines responded significantly negatively to 

the different concentrations of salt (Figures 3, 4 and 5) except for average root diameter (Figure 6) which 

responded significantly positively. Similarly, Figures 7, 8, 9 and 10 showed that the popcorn inbred lines 

responded significantly negatively to the different concentrations of salt except for root water content 

(Figure 11) which responded significantly positively to the different concentrations of salts. Again, Figure 12 

showed that the popcorn inbred lines responded significantly negatively to the different concentrations of 

salt. As the salt concentration increases, the growth of the inbred lines decreases significantly, indicating the 

detrimental effect of NaCl. In our own investigation, the value of a number of seed germination indicators, 

including shoot length and root and shoot weight, decreased as the quantity of salt increased. The reduction 

in the coefficients of determination for the regression equations of some traits indicated that those traits may 

not be suitable for screening salt tolerance and may not serve as selection indices. Shoot length, root length, 

fresh shoot weight, dry root weight, and root and shoot water contents are highly reliable and can be 

considered for preliminary salt tolerance selection. Salinity causes delayed germination by upsetting the 

hormone and nutritional balance during seed germination, especially gibberellin/abscisic acid (Sulaiman 

et al., 2023). In line with our study, Xu et al. (2023) investigation revealed that the relative water content 

increased significantly at a concentration of 120 mmol L-1 NaCl rather than decreasing as salt stress increased. 

This increase could be explained by the ongoing salt stress, which decreased the water absorption efficiency 

in popcorn inbred lines and caused swelling disorders (Pooja et al., 2020). 

 

Figure 3. Response of the four (4) different inbred lines exposed to four different salt levels using linear regression model on the 

germination index. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

Table 6 presents the salt tolerance index (STI) of each inbred line based on dry seedling weight. A higher 

STI value indicates greater salt tolerance and yield potential. Inbred lines 21-2001-1 and 21-2002-2 

demonstrated better germination rates compared to the other lines. The STI classified the inbred lines into 

two groups under different NaCl concentrations: tolerant (STI > 0.65) and moderately tolerant (STI between 

0.50 and 0.65). At 120 mM L-1 NaCl, inbred lines 21-2001-1, 21-2002-2, and 21-2003-1 were categorized as 

tolerant, while 21-2005-1 was moderately tolerant.  

A significant relationship (p < 0.05) was observed between the salt tolerance index (STI) and several 

morphological traits influencing the salt tolerance of the inbred lines (Table 7) at 60, 120, and 180 mmol L-1 

NaCl. This suggests that the STI based on dry seedling weight could serve as an effective tool to identify 
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contrasting popcorn inbred lines. Salt stress negatively affects almost every stage of popcorn growth, with 

early seedling establishment being particularly vulnerable (Munns & Tester, 2008). Although popcorn 

exhibits high genotypic diversity for salt tolerance, it remains susceptible to salt stress (Magar et al., 2021). 

The crop adapts by making crucial morphological changes in its roots and shoots (Chen et al., 2020). 

Therefore, quantifying shoot and root morphological characteristics at the seedling stage is essential for using 

these traits as selection criteria for salt tolerance in popcorn. 

 

Figure 4. Response of the four (4) different inbred lines exposed to four different salt levels using linear regression model on the shoot 

length. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

 

Figure 5. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the total root 

length. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

 

Figure 6. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the average 

root diameter. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 
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Figure 7. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the fresh root 

weight. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

 

Figure 8. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the fresh 

shoot weight. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

 

Figure 9. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the dry root 

weight. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 
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Figure 10. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the dry 

shoot weight. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

 

Figure 11. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the root 

water content. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

 

Figure 12. Response of the four different inbred lines exposed to four different salt levels using linear regression model on the shoot 

water content. 21-2005-1 (Yellow), 21-2002-1 (Brown), 21-2003-1 (Grey), and 21-2001-1 (Blue). 

Table 6. Inbred Lines ranking according to the salt tolerance index (STI) following Tao et al. (2021).  

Inbred Lines 60 mmol L-1 Ranking 120 mmol L-1 Ranking 180 mmol L-1 Ranking 

21-2001-1 1.08 T 0.84 T 0.56 MT 

21-2002-1 1.09 T 0.94 T 0.72 T 

21-2003-1 0.88 T 0.71 T 0.63 MT 

21-2005-1 0.64 MT 0.58 MT 0.53 MT 

MT = Moderately Tolerant (STI ranging from 0.50 – 0.65), T = Tolerant (STI > 0.65) 
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Table 7. The correlation between the salt tolerance index (STI) at different salt concentrations and different characters of the inbred lines.  

Traits 60 mmol L-1 120 mmol L-1 180 mmol L-1 

Germination Percentage 0.702** 0.471NS 0.250NS 

Germination Index 0.718** 0.702** 0.233NS 

Germ Length -0.197NS 0.236NS -0.278NS 

Total Root Length 0.830** 0.659** 0.595* 

Average Surface Area 0.830** 0.659** 0.595* 

Average Root Diameter -0.602* -0.689* -0.445NS 

Fresh Root Weight 0.403NS -0.191NS -0.189NS 

Fresh Germ Weight 0.783** 0.270NS 0.433NS 

Seedling Fresh Weight 0.723** 0.089NS 0.168NS 

Dry Root Weight 0.831** 0.349NS -0.019NS 

Dry Germ Weight 0.913** 0.651** 0.850** 

Seedling Dry Weight 0.917** 0.726** 0.873** 

Root Water Content -0.700* -0.609* -0.208NS 

Germ Water Content -0.498NS -0.567* -0.749* 

Fresh Root Shoot ratio -0.308NS -0.282NS -0.279NS 

Dry Root Shoot ratio 0.057NS -0.089NS -0.635** 

** = highly significant at p < 0.01, * = significant at p < 0.05, NS = not significant. 

Conclusion 

Determining a suitable NaCl concentration for screening salt tolerance is the first step in distinguishing 

among popcorn inbred lines at the germination stage. The shoot and roots of popcorn are severely affected 

by salt stress at the germination and seedling stages. On the basis of the results of this study, 60 and 120 mmol 

L-1 NaCl could be used as the optimum solutions for screening salt tolerance because they provide high 

discrimination among the studied inbred lines. Furthermore, a less than 50% decrease in the performance of 

the inbred lines was observed compared with NaCl solutions of higher concentrations (180 mmol L-1). 

Data availability 

Not applicable. 
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