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ABSTRACT: Soil salinization is a prominent global environmental issue that considerably affects the sustainable devel-
opment of agriculture worldwide. Maize, a key crop integral to the global agricultural economy, is especially susceptible
to the detrimental impacts of salt stress, which can impede its growth and development from the germination phase
through to the seedling stage. Soil salinity tends to escalate due to improper irrigation methods, particularly in arid
and semi-arid environments. Consequently, it is essential to evaluate potential genotypes and select those with high salt
tolerance. In this study, 39 popcorn kernel genotypes were examined under varying salinity levels (0, 100, and 200 mM
NaCl). Notable declines in seedling growth and significant differences in stress responses were recorded in relation to
salinity levels. The application of 200 mM NaCl was found to severely hinder the growth of sensitive species such as
maize, adversely impacting both the germination rate and speed. Even when germination occurred, subsequent seedling
development was stunted. Therefore, it is advisable to utilize salinity concentrations below 200 mM in research focused
on seedling development stages. The assessment of genotypes for their adaptability to saline conditions indicated that
genotypes 4, 33, 12, 28, 18, 21, 25, 37, 16, and 31 exhibited high salt tolerance, while genotypes 1, 17, 35, and 36 were
identified as susceptible. It is recommended that the more resilient genotypes be utilized in regions affected by salt stress
or incorporated into breeding programs.
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1 Introduction

Plant growth and productivity are profoundly influenced by abiotic stressors, including salinity, drought,
and extreme temperature conditions. The impact of these stressors has intensified as a consequence of
global warming. Specifically, the prevalence of salt stress has escalated due to suboptimal fertilization and
irrigation practices in agricultural settings [1]. Presently, approximately 20% of the world’s arable land is
impacted by salt stress [2], with projections indicating that this figure could rise to 50% by the year 2050 [3].
Despite various initiatives aimed at mitigating soil salinity, these measures have proven neither practical nor
sustainable. Conversely, research has been directed towards developing strategies to enhance plant resilience
to salt stress [4-8]. Nonetheless, some scholars have posited that breeding salt-tolerant genotypes represents
a more viable approach [9]. Consequently, numerous investigations have been undertaken to assess the salt
tolerance of different genotypes, revealing significant genetic diversity in salt tolerance among them [10,11].
The examination of pre-harvest stages in plants and the assessment of plant yield are recognized as lengthy
and challenging endeavors. Additionally, considerable labor is necessary to evaluate a large number of
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genotypes. Data obtained from germination and seedling stages can yield significant, efficient, and rapid
insights into the stress tolerance or susceptibility of plants [2]. Conversely, plants are particularly vulnerable
to stress during the germination and early seedling phases [12-14]. Therefore, research conducted during
these critical periods is essential.

Maize (Zea mays L.) was domesticated approximately 9000 years ago in the mountainous regions
of Mexico and subsequently spread first across the American continent, and later to Europe, Asia, and
Africa following the discovery of the New World [15]. Centuries of continuous cultivation and adaptation
to diverse environments have resulted in significant genetic diversity within this crop. Today, hundreds of
landraces distributed globally serve as a tangible representation of this diversity [16]. Unlike hybrids, maize
landraces are heterogeneous, meaning that each landrace population consists of various genotypes. Farmers
continually select these varieties based on characteristics such as resistance to pests and diseases, prolificacy,
flowering dynamics, plant architecture, and reliable yield performance [15,17].

It has been proposed that enhancing genetic diversity among indigenous varieties may serve as an
alternative strategy to alleviate the impacts of climate change, as these varieties often possess the ability
to adapt to challenging conditions and endure various biotic and abiotic stressors [18]. Indigenous maize
varieties encompass valuable genetic agricultural traits, including adaptability to harsh environments,
early maturity, yield potential, and stability across diverse conditions, which can be leveraged in genetic
enhancement initiatives [19]. Beyond agronomic assessments, there is a need for alternative approaches to
identify promising germplasm under stress conditions. Farooq et al. [20] advocated for experiments in which
genotypes are subjected to salinity stress. The evaluation of salt tolerance among various genotypes represents
the initial phase in identifying appropriate genetic donors. Given that assessing salt tolerance in multiple
genotypes through grain yield is both time-intensive and expensive, examining salt tolerance during the
early growth stages of these genotypes may provide a more cost-effective and efficient strategy to expedite
the breeding of salinity-resistant varieties.

The early seedling stage of maize provides a reliable indicator of salt stress tolerance, allowing for a more
efficient screening of genotypes for breeding programs aimed at enhancing resilience to salinity.

2 Materials and Methods
2.1 Plant Material and Growth Conditions

This research involved 39 different genotypes of popcorn (Zea mays everta L.) kernels, which were
obtained from the Aegean Agricultural Research Institute, the National Gene Bank, and various farmers
throughout Turkey. Specific characteristics of these genotypes, including their collection locations, are
detailed in Table 1. The genotypes used in this study are plants that are grown in different geographical places
of Turkey and adapted to the environments where they are located. ‘Ant Cin 98’ and ‘Nermin Cin’ varieties
are the varieties registered by using these genotypes. These varieties, which were scientifically studied and
standardized, were also used as control types.

Table 1: Popcorn genotype properties

Genotype  Genotype Geographical Province Locality Altitude Color of Gathering

No. name/ Code area material year
1 TR79913 Marmara  Canakkale Biga 40 Red 2010
Region

(Continued)
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Table 1 (continued)

Genotype  Genotype Geographical Province Locality Altitude Color of Gathering
No. name/ Code area material year

2 TR79913 Marmara  Canakkale Biga 40 Yellow 2010
Region

3 TR79947  Marmara Balikesir ~ Gonen 120 Red 2010
Region

4 TR79947  Marmara Balikesir ~ Gonen 120 Yellow 2010
Region

5 TR79947  Marmara Balikesir ~ Gonen 120  Variegated 2010
Region

6 TR79987  Marmara Balikesir ~ Bigadic 437  Darkred 2010
Region

7 TR79987  Marmara Balikesir ~ Bigadic 437 Orange 2010
Region

8 TR73836 Central Eskisehir ~Gunyuzu 991 Yellow 2005
Anatolia
Region

9 TR73836 Central Eskisehir Gunyuzu 991 Orange 2005
Anatolia
Region

10 TR79988  Marmara Balikesir ~ Bigadic 437 White 2010
Region

1 TR79988  Marmara  Balikesir ~ Bigadic 437 Yellow 2010
Region

12 TR73746 Central Eskisehir ~Gunyuzu 916 Orange 2005
Anatolia
Region

13 TR73746 Central Eskisehir ~Gunyuzu 916 Light 2005
Anatolia Orange
Region

14 TR74224  Black Sea  Kastamonu — — White —
Region

15 TR73805 Central Eskisehir ~Gunyuzu 950 Dark 2005
Anatolia yellow
Region

16 TR39601  Black Sea Artvin  Ardanuc 1300 Red 1976
Region

17 TR79932  Marmara  Canakkale Can 103 White 2010
Region

18 TR78115 Aegean Afyon  Incehisar 1140 Yellow 2009
Region

(Continued)
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Table 1 (continued)

Genotype  Genotype Geographical Province Locality Altitude Color of Gathering
No. name/ Code area material year
19 TR76741 Marmara  Tekirdag  Sarkoy 120  Darkred 2007
Region
20 TR38027  Black Sea Amasya  Sukuova 400  White/Yellow 1973
Region
21 TR74236  Black Sea  Kastamonu Taskopru 896 Orange 2006
Region
22 TR78053 Aegean Kutahya Simav 950 Yellow 2009
Region
23 TR48447 Southeastern Gaziantep — — Yellow —
Anatolia
Region
24 TR78181 Aegean Usak Sivasli 970 Yellow 2009
Region
25 TR76375 Southeastern Diyarbakir ~Cungus 939 Yellow 2006
Anatolia
Region
26 TR73761 Central Eskisehir Gunyuzu 916 Yellow 2005
Anatolia
Region
27 TR73698 Central Eskisehir Beylikova 789 Yellow 2005
Anatolia
Region
28 TR74311 Central Kayseri ~ Hacilar 1479 Yellow 2006
Anatolia
Region
29 TR60008  Black Sea Samsun — — Yellow —
Region
30 TR37977  Black Sea Tokat Komec 560 Light 1973
Region Village yellow
31 Ordu- Black Sea Ordu Dogulu — Red —
Dogulu Region
32 Ant Cin-98 Mediterranean Antalya — — Yellow —
Region
33 Konya Central Konya — — Red —
Anatolia
Region
34 Nermin-Cin — — — — Yellow —
35 Market Pop — — — — Yellow —
36 Samsun Black Sea Samsun Bafra — Orange —
Bafra Region

(Continued)
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Table 1 (continued)

Genotype  Genotype Geographical Province Locality Altitude Color of Gathering

No. name/ Code area material year
37 Ordu- Black Sea Ordu Akpinar — Light —
Akpinar Region yellow
38 Ordu- Black Sea Ordu Kovanli — Yellow —
Kovanl Region Village
39 TR54215 Aegean Mugla Fethiye 1130 Yellow 1990
Region

The assessment of salt tolerance for these genotypes was carried out during the germination and seedling
growth phases through two distinct experiments: one focusing on germination and the other on seedling
development. Both experiments were performed at a controlled temperature of 18°C + 2°C under a 12-h
light cycle.

2.2 Germination Test and Property Measurements

A factorial experiment was performed to investigate the impact of different salt concentrations on the
germination indices of 39 popcorn genotypes. The study utilized a randomized block design with two factors
and was replicated three times. The genotypes served as the primary factor, while the salt concentrations
(0,100, and 200 mM NaCl) constituted the secondary factor. Prior to the experiments, seeds from various
genotypes were disinfected using a 5% sodium hypochlorite solution for a duration of 5 min, followed by
three rinses with tap water and one rinse with deionized water (dH,O). Subsequently, the seeds were placed
on blotting paper to eliminate excess moisture at room temperature. A double layer of Whatman No. 2 filter
paper was then positioned in 10 cm-diameter petri dishes, with 20 sterilized seeds allocated to each dish. To
facilitate germination, 10 mL of solution was introduced into each petri dish, while only dH,O was used for
the control samples. Germination data were recorded every 24 h over a period of 8 days, with germination
defined as the emergence of coleoptiles or roots measuring at least 2 mm in length (Fig. 1). The study assessed
germination parameters, including the maximum germination rate (Gmax%) and mean germination time
(MGT), calculated according to the methodology established by Al-Mudaris [21].

2.3 Seedling Test and Property Measurements

The seedling experiment was designed using a factorial approach within a randomized block trial
framework, incorporating two factors and conducted in three replicates. In this study, seeds were germinated
in 5-L plastic containers equipped with lids. For each genotype, fifteen surface-sterilized seeds were arranged
in separate rows between two sheets of blotting paper, which were then rolled and placed inside the plastic
containers. To ensure adequate oxygen supply, holes were created in the lids of the containers. Germination
was initiated by adding a sufficient solution to saturate the blotting paper. The seedlings were allowed to
develop for a period of 21 days, while various seeds, including shoot length (SL), root length (RL), shoot
moisture rate (SMR), root fresh weight (RFW), shoot dry weight (SDW) and Root Dry Weight (RDW),
various seeds growth performance parameters were evaluated according to the International Seed Testing
Association (ISTA) protocols [22]. The measurements for SFW, REW, SDW, and RDW were taken using
an electronic balance with an accuracy of £0.001 g. The vigor index (VI) was calculated by multiplying the
seedling length by the germination rate, as outlined by Abdul-Baki and Anderson [23].
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Figure 1: General appearance of the plants belonging to the experiment. (a) Plants belonging to the control group; (b)
Plants belonging to the 100 mM salt application group; (c) Plants belonging to the 200 mM salt application group

2.4 Stress Tolerance Index

Stress tolerance index (STI) was calculated with the equation proposed by Fernandez [24] with
germination and seedling property data measured under control and salinity conditions.

STI = (Xc x Xs)/(xc)’

where X¢ and Xg are control and salinity measurements, xc is the mean property measurement for all
genotypes in the control experiment.

2.5 Statistical Analysis

Germination and seedling data were subjected to analysis of variance (ANOVA) using JMP Pro
17.0 package program utilizing a factorial random block design, with genotypes and salt concentrations
designated as factor A and factor B, respectively. The significance of the interrelationships among all potential
pairs of germination and seedling characteristics under both control and saline conditions was assessed
using the Pearson correlation coefficient. Additionally, principal component analysis (PCA) was performed
using PAST 4 program on the germination and seedling traits of all genotypes in both control and stress
environments. To classify the genotypes according to their salt tolerance and stress tolerance index (STI)
across various germination and seedling traits, Ward’s cluster analysis was employed. The distance between
clusters was quantified using the squared Euclidean distance.

3 Results

3.1 Maximum Germination Rate (Gmax%)

Analysis of the data indicated that the highest germination rate exhibited significant variation (p < 0.01)
in relation to both genotype (G) and salt concentration (S) as shown in Fig. 2. Furthermore, the interaction
between G and S resulted in notable differences (p < 0.01). A comprehensive analysis indicated that the
germination rate significantly declined with increasing salt concentration, with the exception of genotypes
6, 8, 13, 16, 19, 22, 27, 29, 37, 38, and 39. Notably, a salinity level of 100 mM enhanced the germination rate
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in these specific genotypes when compared to the control group, or yielded results comparable to those of
the control.

The average germination rates across different salt concentrations [0 mM (S1), 100 mM (S2), and
200 mM (S3)] were recorded as 88.761%, 83.889%, and 37.222%, respectively, with mean germination rates
ranging from 41.667% for genotype 1 (G1) to 86.667% for genotype 29 (G29). The maximum germination
rate for the S x G interaction varied from 6.667% (G1-S3) to 100% (G29-S2), and it was observed that the
interactions G5-S1, G11-S1, G7-S1, and G31-S1 produced statistically similar results to the G29-S2 interaction
(98.333%).
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Figure 2: Mean maximum germination in different salt concentrations (0, 100 and 200 mM) and 39 popcorn genotypes.
Means are averaged over three replicates and means with a different letter varied significantly at p < 0.05

3.2 Mean Germination Time (MGT)

The mean germination time (MGT) for various genotypes that were irrigated with water that included
different salt concentrations and related statistical categories are presented in Fig. 3. The findings revealed
statistically significant differences (p < 0.01) between the genotypes and salt concentrations. Furthermore,
G x § interaction MGT values also exhibited significant differences. The mean MGT values varied between
5.909 (G3) and 9.908 days (G13) across the genotypes, while the mean MGT at different salt concentrations
were 5.489, 7.623, and 11.856 days. Based on the G x § interaction, MGT varied between 2.523 and 14.000
days, and the application where the quickest germination was observed was the G3-S1, the G x § interactions
that led to the latest germination were G31-S3 and G35-S3.
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Figure 3: Mean germination time under various salt concentrations (0, 100 and 200 mM) and 39 popcorn genotypes.
Means are averaged over three replicates and means with a different letter varied significantly at p < 0.05
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3.3 Germination Index (GI)

The results of the mean germination index and the classifications derived from the Tukey test are
summarized in Fig. 4. Statistically significant differences (p < 0.01) were identified among the germination
index (GI) values influenced by the factors G, S, and their interaction (G x S). The data for the G x S
interaction ranged from 0.100 to 10.450, with an average GI of 2.204. The interaction yielding the lowest
GI was GI-S3, closely followed by G36-S3, both of which fell into the same statistical category. Conversely,
the highest GI was recorded for the G3-SI interaction, which was categorized distinctly from all other
combinations. It was noted that an increase in salt concentration corresponded with a decrease in GI. The
mean GI values across varying salt concentrations were 3.550, 2.398, and 0.663, while the mean GI ranged
from 1.046 for genotype Gl to 5.008 for genotype G3.
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Figure 4: Mean germination index measured with different salt concentrations (0, 100 and 200 mM) and 39 popcorn
genotypes. Means are averaged over three replicates and means with a different letter varied significantly at p < 0.05

3.4 Shoot Length (cm)

The average shoot length for maize genotypes, influenced by different salt concentrations, along with the
results of the multiple comparison test, is detailed in Fig. 5. A significant variation in shoot length (SL) was
observed (p < 0.01) due to the effects of genotype (G), salt concentration (S), and their interaction (G x S).
Overall, a notable decline in SL was recorded across all genotypes as salt concentration increased. The results
ranged from 0.310 to 17.107 cm, contingent upon the G x § interaction. The G23-S1 interaction yielded the
highest SL, categorizing it distinctly from the other genotypes. Conversely, the G35-S3 interaction resulted
in the lowest SL. Most of the lower SL values were associated with the application of 200 mM salt, with the
exceptions being G23-S3, G34-S3, G22-S3, G28-S3, G38-S3, G37-S3, G7-S3, and G35-S3 interactions, which
were found to be statistically similar. The mean SL values recorded were 13.080 cm at 0 mM, 3.247 cm at
100 mM, and 0.651 cm at 200 mM, while the mean SL varied from 3.482 cm (G18) to 8.184 cm (G22) based
on genotype.
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Figure5: Mean shoot length under different salt concentrations (0,100 and 200 mM) and 39 popcorn genotypes. Means
are averaged over three replicates and means with a different letter varied significantly at p < 0.05

3.5 Root Length (cm)

The examination of root length (RL) data is summarized in Fig. 6, revealing that the effects of genotype,
salt concentration, and the genotype by salt interaction (G x S) were statistically significant (p < 0.01). The
findings indicated that higher salt concentrations resulted in a notable reduction in root length, with values
ranging from 0.150 to 23.547 cm depending on the G x S interaction. The longest root length was recorded for
the G34-S1 interaction, while the shortest was associated with the G17-S3 interaction. At a salt concentration
of 200 mM, all genotypes, including interactions such as G35-S2, G10-S2, G17-S2, G18-S2, G15-S2, G33-S2,
and G9-S2, exhibited reduced root lengths, with G17 being statistically comparable to S3. The mean RL varied
from 1.993 cm (G9) to 10.892 cm (G22), and RL values were measured at 17.474, 4.083, and 0.632 cm as salt
concentration increased.
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Figure 6: Mean root length under different salt concentrations (0, 100 and 200 mM) and 39 popcorn genotypes. Means
are averaged over three replicates and means with a different letter varied significantly at p < 0.05
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3.6 Seedling Length (cm)

The data regarding mean seedling length (SdL) and the corresponding statistical categories are summa-
rized in Fig. 7. The analysis revealed that genotype, salt application, and their interactions (G x S) resulted
in statistically significant differences (p < 0.01). Seedling lengths ranged from 0.770 to 39.533 cm, with the
G16-S1 interaction yielding the longest seedling length, while the G2-S3 interaction produced the shortest.
Notably, the interactions G28-S2, G35-S2, G18-S2, G1-S2, G10-S2, G17-S2, G9-S2, G15-S2, and G33-S2, along
with all samples treated with a 200 mM salt solution, were categorized similarly to the G2-S3 interaction,
indicating shorter seedling lengths. The mean seedling lengths were recorded as 30.554 cm for the 0 mM
salt concentration, 7.329 cm for 100 mM, and 1.329 cm for 200 mM, demonstrating a significant reduction
in seedling length across all genotypes with increasing salt concentration. Furthermore, the mean seedling
length varied by genotype, ranging from 7.729 cm (G9) t0 19.076 cm (G22), with an overall mean 0f13.055 cm
for all samples.
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Figure 7: Mean seedling length under different salt concentrations (0, 100 and 200 mM) and 39 popcorn genotypes.
Means are averaged over three replicates and means with a different letter varied significantly at p < 0.05

3.7 Seedling Vigor Index

The data regarding the seedling vigor index (SVI) are summarized in Fig. 8. Analysis revealed that the
main effects of genotype (G), salt concentration (S), and their interaction (G x S) resulted in statistically
significant differences (p < 0.01). The SVI exhibited a range from 8.270 (G13-S3) to 3602.500 (G16-S1) as
influenced by the G x S interaction, with an overall mean SVI of 1163.872. When considering genotype alone,
the mean SVI ranged from 660.510 (Gl) to 1576.62 (G34). Additionally, the mean SVI values were recorded
as 2797.728 for 0 mM, 645.891 for 100 mM, and 47.998 for 200 mM of salt concentration.

3.8 Shoot Moisture Ratio (%)

The average shoot moisture rate (SMR) in the studied plants, along with the statistical categorical
distribution of the data, is detailed in Fig. 9. Significant differences were noted among all G, S, and G x §
interaction applications at a 1% significance level. The mean SMR ranged from 9.275% to 23.465%, with
genotype G31 exhibiting the highest moisture content, while genotype Gl displayed the lowest. Additionally,
genotypes G28 (9.339%) and G7 (9.681%) were found to have the lowest SMR values, with no significant
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difference observed between these genotypes and GI. An increase in salt concentration resulted in moisture
levels of 30.989%, 8.785%, and 3.512%, corresponding to varying salt concentrations. The SMR was found to
fluctuate between 0.209% (G1-S3) and 56.436% (G31-S1) when considering the G x S interaction, with the
G3-S§3 interaction yielding the second lowest SMR at 0.333%, categorically similar to the GI1-S3 interaction.
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Figure 8: Mean seedling vigor index under different salt concentrations (0, 100 and 200 mM) and 39 popcorn
genotypes. Means are averaged over three replicates and means with a different letter varied significantly at p < 0.05
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Figure 9: Mean shoot moisture rate under different salt concentrations (0, 100 and 200 mM) and 39 popcorn genotypes.
Means are averaged over three replicates and means with a different letter varied significantly at p < 0.05

3.9 Root Moisture Ratio (%)

The average root moisture ratio (RMR), which reflects the genotypes’ responses to varying salt concen-
trations, along with the categorical distribution of the mean values derived from the multiple comparison test,
is detailed in Fig. 10. It was found that RMR exhibited significant variation (p < 0.01) in relation to genotype
(G), salt concentration (S), and their interaction (G x S). Specifically, RMR decreased from 13.140% to 3.431%
and 3.348% as salt concentration increased, indicating a progressive decline in root moisture content that
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ultimately hindered germination. Consequently, data were collected for specific genotypes subjected to a
200 mM salt concentration. The RMR ranged from 0.030% to 31.515% due to the G x S interaction, with the
lowest moisture content recorded in genotypes G2-S3, G1-S3, G8-S3, G10-S3, G18-S2, G6-S3, G16-S3, G18-S3,
and G4-S3, all of which were categorized similarly to G2-S3. Conversely, the highest moisture content was
noted in the G17-S1 treatment. It is important to mention that no germination occurred in the treatments
G24-83, G19-S3, G13-S3, G22-S3, G17-S3, and G9-S3, leading to the exclusion of these samples from data
collection and subsequent analysis.
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Figure 10: Mean root moisture rate under different salt concentrations (0, 100 and 200 mM) and 39 popcorn genotypes.
Means are averaged over three replicates and means with a different letter varied significantly at p < 0.05

3.10 Seedling Tolerance Index

The average Stress Tolerance Index (STI) was determined by evaluating the germination rates of different
popcorn kernel genotypes across a range of salt concentrations, as detailed in Fig. 11. The STI values ranged
from 0.053 for genotype GI-S3 to 1.206 for genotypes Gl11-S2, G29-S2, and G31-S2, indicating variability
influenced by both genotype and salt concentration. A comprehensive analysis revealed that higher salt
concentrations led to a decrease in the stress tolerance index, as assessed through germination rates.

Simple linear regression was used to analyze the correlation between the mean STI and salt con-
centration across the genotypes (Iig. 12). The analysis revealed a negative correlation between STI and
salt concentration.

The dendrogram illustrating the hierarchical cluster analysis of the average salt tolerance index (STI)
values for each genotype across varying salinity levels is depicted in Fig. 13. This dendrogram reveals that
the genotypes were classified into seven distinct groups according to their salt tolerance levels. The Ist group
comprised genotypes with lower salt tolerance, specifically genotypes 1, 17, 35, and 36. Conversely, the 7th
group included those with higher salt tolerance, which encompassed genotypes 33, 12, 28, 18, 21, 25, 37, 16,
and 31. The 2nd group contained genotypes 13, 19, and 30, while the 3rd group was made up of genotypes 2,
24, 8, 32, 10, and 39. The 4th group included genotypes 3, 38, 20, 14, and 22, and the 5th group consisted of
genotypes 5, 11, and 29. Finally, the 6th group was represented by genotypes 6, 15, 27, 26, 23, 7, 34, and 9.
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Figure 11: Mean stress tolerance index based on germination rates in 39 popcorn genotypes at 100 mM and 200 mM

salt concentrations. Means are averaged over three replicates and means with a different letter varied significantly at
p<0.05

y =-0.0052x + 1.475
R*=1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Mean STI

0 50 100 150 200 250
Salt consantrations

Figure 12: Simple regression analysis that demonstrated the correlation between stress tolerance index (STI) and
irrigation water salinity. STI data are the averages across all genotypes at a specific salinity

w
—
a

!

=2
o1
=29

|

Figure 13: Hierarchical cluster analysis dendrogram for the salinity tolerance of 39 popcorn genotypes

21—

w2g—

M([ ~ -
T ) - N ™ )
ann an | ]

4 Discussion

Salinity is a significant abiotic stressor that critically impedes plant development and agricultural
productivity, making it a persistent challenge for global food security [25]. Among its adverse effects, salt
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stress disrupts water uptake, alters ion homeostasis, and induces metabolic imbalances, which collectively
hinder plant growth and yield [26]. Young seedlings are particularly vulnerable during germination and early
growth stages, as their physiological systems are not yet fully developed to counteract the osmotic and ionic
stresses induced by salinity. This heightened sensitivity underscores the need for targeted interventions to
enhance crop resilience at these critical stages [26].

Despite notable advancements in breeding techniques over the past 15 years, traditional breeding
practices focusing on the evaluation of promising germplasm remain integral to crop improvement efforts.
These methods prioritize the identification and utilization of genetic variability within plant species, enabling
the selection of traits that confer greater resilience under challenging environmental conditions [27]. In
maize, genetic diversity in salinity tolerance is closely linked to its polymorphic nature, which facilitates the
expression of diverse adaptive traits. Consequently, the assessment of agronomic traits, particularly during
early growth phases, is essential for understanding and improving tolerance mechanisms [28-30].

Maize exhibits pronounced sensitivity to salinity during its vegetative growth phase, where elevated
salinity levels adversely affect nearly all physiological and morphological traits, including photosynthesis,
respiration, and cell division [31-34]. However, the degree of sensitivity varies across genotypes, highlight-
ing the potential to identify and develop salt-tolerant varieties. Such genotypes can serve as a valuable
resource for improving grain yields in saline-affected soils, thereby addressing a critical need for sustainable
agriculture [35,36].

Saline soils negatively influence plant development, growth, and yield by inducing physiological and
metabolic disruptions, which manifest in reduced seed germination rates, impaired survival, and diminished
productivity. Key traits such as germination percentage (G%), germination index (GI), and mean germi-
nation time (MGT) are particularly affected by salinity, as evidenced by the current study’s findings. These
traits exhibited significant changes under rising salinity levels, with the most pronounced effects observed
at 200 mM NaCl. This salinity level also revealed substantial genotypic variation, providing a basis for
distinguishing salt-tolerant genotypes. Comparable findings have been reported in other crops, including
barley, wheat, oats, and sorghum, underscoring the universal nature of salinity-induced challenges across
species [2,37-42].

The accumulation of soluble substances around seeds under salt stress increases osmotic pressure,
creating additional challenges for water uptake and leading to ion toxicity. This results in inhibited root emer-
gence, reduced embryo development, and a decline in seedling vigor [43,44]. Furthermore, salinity disrupts
hormonal signaling pathways and physiological processes such as mineral uptake, stomatal regulation, and
photosynthetic efficiency, culminating in reduced growth and yield [45].

During seedling growth, key parameters such as shoot length (SL), root length (RL), shoot moisture
rate (SMR), and root moisture ratio (RMR) were significantly reduced under salt stress. These reductions
were particularly severe at higher salinity levels, with complete growth inhibition observed at 200 mM
NaCl. At 100 mM NaCl, declines of 75%-77% in SL and RL highlighted substantial variability in tolerance
among genotypes, reflecting the potential for genetic improvement [46,47]. These findings emphasize the
importance of identifying salt-tolerant genotypes for breeding programs.

Studies consistently demonstrate that salt toxicity reduces maize shoot and root growth by disrupting
cell elongation, leaf formation, and internode development, ultimately diminishing biomass production
[48-55]. Among the most critical parameters for assessing salinity tolerance are fresh and dry weights, along
with root and shoot lengths, as these traits provide reliable indicators of genotypic performance under saline
conditions. Additionally, physiological traits such as proline accumulation, sodium exclusion, and potassium
uptake play a vital role in enhancing tolerance, as they help mitigate osmotic and ionic stress [56,57]. The
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identification and selection of parental lines with these traits remain essential for breeding salt-resistant
maize varieties that can thrive in saline environments [58-64].

5 Conclusion

The study’s findings demonstrated a significant reduction in key growth parameters, including Gmax,
GI, SL, RL, SdL, SVI, SMR, RMR, and STI, alongside an observed increase in MGT, as salinity levels
increased linearly. These results underscore the pervasive influence of saline stress on maize development,
particularly at critical growth stages. The analysis revealed substantial genetic variation among the eval-
uated genotypes, resulting in notable differences in their salt tolerance capacities. This genetic variability
highlights the importance of selecting and utilizing genotypes with superior resilience to salinity stress in
breeding programs.

Despite maize’s pronounced sensitivity to salinity, the application of 200 mM NaCl proved effective for
identifying high-tolerance genotypes based on germination rates. However, it was noted that germination in
several genotypes was severely inhibited under these conditions, suggesting that this concentration may not
be suitable for assessing seedling characteristics comprehensively. A more balanced approach would involve
employing lower salt concentrations, such as 100 mM NaCl, which could provide a clearer understanding of
seedling growth traits while still reflecting the stress conditions encountered in saline soils. This adjustment
could help mitigate the risk of overlooking moderately tolerant genotypes that fail to germinate under
extreme salinity.

The study further identified genotypes 4, 33,12, 28, 18, 21, 25, 37,16, and 31 as high-performing candidates
for cultivation in saline soils, owing to their remarkable tolerance traits. These genotypes demonstrated
resilience across multiple parameters, making them valuable for enhancing agricultural productivity in salt-
affected regions. Conversely, genotypes 1, 17, 35, and 36 exhibited pronounced sensitivity to salinity and are
therefore not recommended for cultivation in such conditions. These results emphasize the need for careful
genotype selection based on targeted stress testing to maximize crop yield potential.

From an application standpoint, these findings provide a foundation for refining breeding strategies
aimed at improving salinity tolerance in maize. Future studies could explore the underlying physiological
and molecular mechanisms contributing to the observed variability in salt tolerance. Moreover, integrating
these genotypes into broader trials across diverse saline environments would help validate their performance
and scalability in real-world agricultural settings. By combining targeted genotype selection with advanced
breeding methodologies, agricultural resilience to saline stress can be significantly enhanced.
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