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Maize, characterized with its high grain yield and sustainable biomass, is a
main food and fodder crop cultivated in a wide range of climate conditions.
With the development of DNA sequencing technologies and the availability
of widespread dense markers throughout the genome, numerous studies
have reported on substitution of classical and marker-assisted selections with
genomic selection (GS) . In this research, 86 maize lines were evaluated in
terms of grain yield in a randomized complete block design with 3
replications in two normal and salinity stress (8 ds/m) conditions. After
genotyping the lines using the Affymetrix® Maize 600K genotyping array
in TraitGenetics (Germany) and removing SNPs with more than 10%
missing data and allelic frequency less than 10%, the obtained SNPs were
used for genomic selection under normal and salt stress conditions. The
genomic breeding value was estimated with different statistical methods
such as genomic Best Linear Unbiased Prediction (gBLUP), ridge
regression BLUP (rrBLUP), and Bayesian methods including Bayesian
Ridge Regression (BRR), Bayes A, Bayes B, and Bayes C, in iPAT software
for yield trait. Correlation criteria was used to select the best model. Based
on the results, Bayes C method was the best method for predicting genomic
breeding values in both normal and salt stress conditions. In the cluster
analysis based on the estimated genomic breeding values, the studied maize
genotypes were divided into three groups. Next, by using the yield and
estimated genomic breeding values data a genome-wide association analysis
(GWAS) was performed with SNP markers. Based on BLINK model, 209
and 108 markers with significant relationship were identified in both normal
and salt stress conditions. Finally, by BLAST of the sequence of significant
SNPs against the maize genome, the related genes including putative
MAPKKK family protein kinase, PDHB and Glutamine synthetase 1 were
identified. Gene ontology studies revealed that these genes are involved in
pathways associated with defense regulation, biosynthesis of amino acids,
and maintaining osmotic balance against environmental stresses, which can
significantly contribute to increasing the plant's tolerance to abiotic stresses.
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Introduction

Maize (Zea mays L.,) is an annual species belongs to the Poaceae family and is botanically a
diploid plant (2n=20). After wheat and rice, maize is the third most important cereal crop
worldwide and serves as a staple food for many people in Asia, Africa, and Latin America.
Grain yield and adaptation to abiotic stresses are traits controlled by numerous genes, which
typically have small individual effects and exhibit epistatic interactions. Salinity stress is one
of the most challenging environmental threats that affects the growth and productivity of
agricultural crops in various parts of the world. Molecular markers are biological tools used as
laboratory probes to identify and characterize an individual, tissue, cell, cell nucleus,
chromosome, or gene, and they are classified into various types. Differences in single
nucleotides among individuals in populations are known as single nucleotide polymorphisms
(SNPs). With the advancement of DNA sequencing technologies and the availability of dense,
genome-wide markers, reports have emerged on the replacement of classical and marker-
assisted selections with genomic selection (GS). In genomic selection, the effects of a large
number of markers distributed across the entire genome are estimated simultaneously, enabling
the calculation of estimated genomic breeding values for individuals.

Material and Methods

In this research, 86 maize lines were evaluated for grain yield (GY) using a randomized
complete block design with three replications under two environments: optimal and salt stress
(8 dS/m) conditions in pot experiment. Following genotyping of the lines using the
Affymetrix® Maize 600K genotyping array at TraitGenetics company (Germany), and after
removing SNPs with more than 10% missing data and a minor allele frequency of less than
10%, the remaining SNPs were used for genomic selection under both optimal and salt stress
conditions. Genomic breeding values were estimated for grain yield using the following
statistical genomic methods: genomic Best Linear Unbiased Prediction (gBLUP), ridge
regression BLUP (rrBLUP), and Bayesian methods including Bayesian Ridge Regression
(BRR), Bayes A, Bayes B, and Bayes C, using the iPat software. The correlation criterion was
used to select the best model.

Results and Discussion

Based on the results of the analysis of variance, under both optimal and salt stress conditions,
there were statistically significant differences among the genotypes for grain yield. The
significant variation observed among genotypes for yield indicates the presence of genetic
diversity, which is valuable for breeding programs. According to the results, the Bayes C
method was the best method for predicting genomic breeding values under both optimal and
salt stress conditions. Based on this method, genotype Ma025 had the highest genomic breeding
value under optimal conditions, and genotype Ma010 had the highest under salt stress
conditions. In the cluster analysis based on the estimated genomic breeding values, the studied
maize genotypes were divided into three groups. Subsequently, a Genome-Wide Association
Study (GWAS) was conducted using the BLINK method for the grain yield data and breeding
values under both optimal and salt stress conditions. This identified 290 and 108 significantly
associated markers, respectively. Finally, the sequences of the significant SNPs were examined
to identify potential candidate genes. The candidate genes identified included a putative
MAPKKK family protein kinase, PDHB, and Glutamine synthetase 1. These genes are
associated with pathways involved in regulating defense responses, amino acid biosynthesis,
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and maintaining osmotic balance under environmental stresses, which can significantly
contribute to enhancing plant tolerance to abiotic stresses.

Conclusion

The results of presnt study revealed significant genetic diversity for grain yield among maize
genotypes under both optimal and salt stress conditions. The Bayes C method showed the
highest predictive accuracy, identifying superior genotypes for each environment. GWAS
detected key SNPs linked to candidate genes involved in stress tolerance pathways. These
findings likely provide useful resources for breeding salt-tolerant maize cultivars.
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Table 2. Analysis of variance for yield of maize genotypes under normal and salt stress conditions

ke oy Bl S 5
= Normal conditions Salt stress
St @35l a2 Sla o ks IR Ol o ke
Sorce of variation df MS df Mean square
S5k 2 7074.77" 2 3592.25m
Block
S 84 14262.98™ 85 12018.27"
Genotype
sl el 83 3306.02 154 1862.64
Experimental error
Sl ks 2 2 3751 38.64

Coefficient of variation
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Table 3. The results of estimating the genomic breeding value for grain yield with different statistical models
under normal conditions

Sl il ot i e

la i 3l Sl Sl
o B s
‘.Jﬁ. . Sls B JWes} >J_<L..$ L okl
Methods Minimum Maximum Mean
SD cv r
&= Qo S 5
Ridge 48.92 311.68 147.65 66.35 44.94 0.96
regression
S
ST 44.53 323.70 147.65 68.27 46.24 0.97
GBLUP
St ol 64.88 272.02 147.47 57.92 39.28 0.93
Bayesian ridge regression
A
= 41.39 330.20 147.62 70.19 4755 0.97
Bayes A
B
= 40.86 330.47 147.53 70.51 47.80 0.98
Bayes B
C =
= 41.09 338.65 147.59 71.39 48.37 0.98
Bayes C
i1y 3 Slas
©e 20.95 408.85 147.65 86.30 58.45 1.00
Grain yield
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Table 4. The results of estimating the genomic breeding value for grain yield with different statistical models
under salt stress conditions

Sl il ) uij)lj;w,m

NS sl Sl Sl
L Sl g s Shes b |
Methods Minimum Maximum Mean % el JCS
SD cv r
&= Qo S 5
Ridge 25.02 219.10 108.66 53.59 49.32 0.97
regression
e 25.14 222.10 108.66 53.72 49.43 0.97
GBLUP
S @O 29.57 209.29 108.57 50.50 4652 0.95
Bayesian ridge regression
A s
- 19.29 231.34 108.63 56.65 52.15 0.98
Bayes A
B
23.04 227.30 108.65 55.64 51.21 0.97
Bayes B
C
22.05 232.01 108.65 56.28 51.80 0.98
Bayes C
i1y 3 Slas
e 530 270.17 108.66 66.18 6091 1.00

Grain yield
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Figure 1. Correspondence diagram of genomic breeding values from the BayesC model against grain yield in
maize under normal conditions
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Figure 2. Correspondence diagram of genomic breeding values from the BayesC model against grain yield in
maize under salt stress conditions
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Figure 3. Correlation diagram between the statistical indices for estimating genomic breeding values for grain
yield in 86 genotypes under normal (left side) and salt stress (right side) conditions
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Figure 4. Biplot of yield and estimated genomic breeding values of genotypes based on the first and second
principal components. Figure A and B: Normal conditions. Figure C and D: Salt stress conditions
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Figure 5. Clustring 86 maize genotypes based on the breeding values estimated with different statistical models
for the grain yield
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Figure 6. Circular Manhattan plots for displaying genomic regions under normal and salt stress conditions.
Significant marker-trait associations (MTAs) across 10 chromosomes are visible in the Manhattan plots. The
circles, from inner to outer, represent the traits; grain yield (GY), BayesA, BayesB, BayesC, BRR, gBLUP, and
rrBLUP, respectively. Green dots indicate significantly associated SNPs with a P-value < 0.0001.
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Table 5. Metabolic pathways identified under salt stress conditions

TraitModel  Chro SNP ID Candidate gene KEGG pathway
AX-91821221, AX- 40S ribosomal protein S3-like 30320
BayesC 10 91176817, AX-91821219  Zm00001eb413410 (LOC100282772) Niaad
_acti i i i W SO P 58 5 g 9 b
BayesB 2 AX-91450204 Zm00001eb111300 L -actin ca%f’(’;‘(%l%ggg‘ﬁgha subunit hae gadshe 53 sk IS (5 50 Gl s s
( ) Endocytosis, Motor proteins, Cytoskeleton in muscle cells
L& Tas s o 5
BRR 10 AX-90589209 Zm00001c¢b421600  Calnexin homolog (LOC542421) 0335 oDl pobl 55 3 (0 A
Protein processing in endoplasmic reticulum, Phagosome
e it cigol (ladnd 5n g s 56 G o 57 5 (S sbio (s s 59 0 (.....)y_l;a
BayesA 10 AX-91366439 Zm00001eb432580  Glutamine synthetase 1 (LOC542746) J@lﬂf Glad ge 50
Arginine biosynthesis, Alanine, aspartate and glutamate metabolism, Glyoxylate and
dicarboxylate metabolism, Nitrogen metabolism, Metabolic pathways, Biosynthesis of
secondary metabolites, Biosynthesis of amino acids, Plant hormone signal transduction
itoyl-protein thi 340 ¢ (P Lo o S glio (gla senn ¢ | O o
BRR 9 AX-91153024 Zm00001¢b390960 P ahm“’{gpcr‘l’tgég lﬂélg"g;terase 1 05353 oo Sladd e slis (S pin (Sla s« A OSSN S
( ) Fatty acid elongation, Metabolic pathways, Fatty acid metabolism, Lysosome
gBLUP 4 AX-90543017 Zm00001cbigeoto  Tuetve MAPKLIC faraily protein Sl s MAPK —olS
ase ) MAPK signaling pathway - plant
0SG) dol e lin D e slin (TCA 0 ) D s 5 2 5555 5505/ 5SS
Y ladead e e (S e b a5 o gl o s o S sl Sl s
Pyruvate dehydrogenase E1 component
BRR 1 AX-91442645 Zm00001eb031900 subunit beta (LOC100284103) ShenS 55 S 55
Glycolysis / Gluconeogenesis, Citrate cycle (TCA cycle), Pyruvate metabolism, Lipoic acid
metabolism, Metabolic pathways, Biosynthesis of secondary metabolites, Carbon
metabolism, 2-Oxocarboxylic acid metabolism
Signal recognition particle 19 kDa O (i) whsls
GY 2 AX-91517373 Zm00001eb081370 protein (LOC100282410) Protein export
mRN. = J
GY 4 AX-91634882 Zm00001¢b205080  Uncharacterized (LOC100193694) A 2 S s
mRNA surveillance pathway
. G S 5 Gt g (S e (sl e (A5 AS 5 5 5 el 3 o sl
BayesA 10 AX-90635111 Zm00001eb431050 Uncharacterized (LOC100383103) Amino sugar and nucleotide sugar metabolism, Metabolic pathways, Biosynthesis of

nucleotide sugars
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