o

DO

5

1O
e}

1O

1O
e}

iy

Sele

oo aniBo anBo aniio ansie
o)

DO

N
IEu

o G

ﬁéj%@ Q
I
B

u%g%gb G

u?;ﬁ%@ F

)

o &

&

bo anfieo andio anfbo
e

% a{b

DO
o8

0
o G

] C%ﬁéq
T
ZIq

Do
I

DO
o)

o &

%5,
(o)

Q

weo
o c?‘w?;gd@

6%;?(?
s

£ Qniteo

mﬁéﬁ

Jo,

SIEO
&

IR &

O

30C
e}

ﬁ 3ol C?\é?

JOC,
v Cg,“\@

N

an é YO Q
ol p
d%ﬁ‘w@ o7

S0
V3O

(=}

JOC,

200 pe
Tt G

& V’Tgfw

] té‘w@

TOC,

Q20 ansto as

3300
uﬁg@ G

oo anieo

J?é,‘w@ O

b utti 2‘” o

it

2o qnsis

TOC

O
J?@g‘wi) ez

T
et olie?

%
[}

S
DO

W$200 an
% 3

I OC

o o
o g

T
I8

i
oLe]
(o)

ans2ro an
.

puxefox

CW%N

GRI MAGAZINE

(International E-Magazine for Agricultural Articles)

Volume: 02, Issue: 10 (October, 2025)

Available online at http://www.agrimagazine.in
D blish with Pride & “Agri Magazine, ISSN: 3048-8656

Genome-Wide Association Studies (GWAS) for Improving

Nutritional Quality Traits in Maize
“Mouli Paul', Nikkiondi Chandra Prabha®, Elizabeth Martin®, Subbara Pavithra* and
Shivam Dinkar®
M.Sc. Scholar, Department of Genetics and Plant Breeding, Ramakrishna Mission
Vivekananda Educational and Research Institute, Narendrapur, India
2M.Sc. Scholar, OUAT-Bhubaneswar, India
3Ph.D.Scholar, Department of Food and Nutrition, University of Agricultural
Sciences, Dharwad-580005, Karnataka, India
*Ph.D. Scholar, IARI, New Delhi, India
*Ph.D. Scholar, College of Agriculture, Raipur, India
“Corresponding Author’s email: moulipaul2827@gmail.com

aize (Zea mays L.) is a globally important cereal crop serving as a staple food,

livestock feed, and raw material for industry. Despite its agronomic importance, maize
grains are often deficient in essential nutrients such as lysine, tryptophan, and provitamin A.
The application of Genome-Wide Association Studies (GWAS) has revolutionized our
understanding of the genetic basis of complex nutritional traits in maize. By integrating high-
throughput genotyping with phenotypic diversity, GWAS enables the identification of
genomic regions and candidate genes associated with grain quality traits. This article reviews
the principles, methodologies, and recent advances of GWAS in deciphering the genetic
architecture of nutritional traits and discusses its implications for molecular breeding and
biofortification in maize.

Introduction

Maize is a key component of global food security, contributing more than 30% of the total
cereal production worldwide. However, conventional varieties have limited nutritional
quality due to their deficiency in essential amino acids, micronutrients, and vitamins. With
increasing malnutrition and demand for nutrient-dense food, genetic improvement of
nutritional quality has become a global priority. Recent advances in genomics, particularly
Genome-Wide Association Studies (GWAS), have provided a powerful platform for
dissecting the complex quantitative traits controlling nutritional composition in maize grains
(Yan et al., 2010; Li et al., 2018). Unlike biparental mapping, GWAS exploits natural genetic
diversity and high-density molecular markers to identify marker—trait associations with high
resolution.

Principles of Genome-Wide Association Studies

GWAS is based on linkage disequilibrium (LD) — the non-random association of alleles at
different loci. It involves scanning the entire genome using single nucleotide polymorphisms
(SNPs) to detect alleles correlated with phenotypic variation. The general statistical model
used in GWAS can be expressed as:

e Y = vector of phenotypic observations

e X = genotype matrix

o B = vector of fixed effects (SNP effects)

o Z =random effects (population structure, kinship)

e U = vector of random polygenic background effects
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e e =residual error

To minimize false positives, mixed linear models (MLMSs) incorporating population structure
(Q-matrix) and kinship (K-matrix) are widely used. The output identifies significant SNP-
trait associations, often represented as peaks in a Manhattan plot.

GWAS Platforms and Genotyping Tools in Maize

Advancements in genotyping and sequencing technologies have accelerated GWAS

applications in maize. Some major platforms include:

e Illlumina MaizeSNP50 BeadChip — ~50,000 SNPs distributed across the genome.

o Genotyping-by-Sequencing (GBS) — Provides cost-effective, high-density SNP
coverage.

e Whole Genome Resequencing (WGR) — Offers highest resolution for identifying rare
alleles and structural variants.

These datasets are often supported by reference genomes such as B73 RefGen_v5 and large

diversity panels including the Goodman Association Panel and the Nested Association

Mapping (NAM) population.

GWAS for Nutritional Quality Traits in Maize

Protein Quality

Maize endosperm proteins, primarily zeins, are poor in lysine and tryptophan. GWAS has
identified key loci such as opaque2 (02) and opaquel6 (016), along with regulatory genes
influencing amino acid biosynthesis and storage protein accumulation. Recent studies using
GBS have revealed SNPs associated with improved lysine content near Zm00001d027964
(encoding a transcription factor involved in zein regulation).

Oil and Fatty Acid Composition

Oil content and fatty acid composition are critical nutritional traits. GWAS has identified
quantitative trait loci (QTLs) linked to oleic and linoleic acid ratios on chromosomes 6 and 9.
Genes such as ZmFAD2 (fatty acid desaturase) and DGAT1-2 (diacylglycerol
acyltransferase) have been associated with lipid biosynthesis.

Vitamin and Carotenoid Content

Provitamin A biofortification in maize aims to alleviate vitamin A deficiency. GWAS has
identified major genes including lycopene epsilon cyclase (IcyE) and [-carotene
hydroxylasel (crtRB1), explaining significant variation in carotenoid accumulation (Yan et
al., 2010). Favorable alleles at these loci have been successfully introgressed into elite maize
lines to develop “Golden Maize” varieties rich in -carotene.

Mineral Nutrients

Micronutrients such as zinc (Zn) and iron (Fe) play crucial roles in human nutrition. GWAS
has revealed multiple SNPs associated with mineral accumulation, including transporter
genes such as ZmMNASL (nicotianamine synthase) and ZmZIP3 (zinc transporter). These loci
contribute to the genetic enhancement of maize biofortification programs.

Statistical and Bioinformatics Tools

GWAS analyses in maize employ several computational tools and pipelines for data

processing and association testing, such as:

e TASSEL, GAPIT, and PLINK for mixed linear models and GWAS scans.

« FarmCPU (Fixed and random model Circulating Probability Unification) for improved
power and reduced false positives.

« EMMAX and GEMMA for efficient mixed-model analysis of large datasets.

o Haploview and LDheatmap for visualizing LD structure.

Integration of multi-omics data—transcriptomics, metabolomics, and proteomics—has

further refined candidate gene identification.

Integration of GWAS with Genomic Selection and Biofortification
The genomic loci identified through GWAS provide valuable molecular markers for marker-
assisted selection (MAS) and genomic selection (GS) in breeding programs. By incorporating
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significant SNPs into predictive models, breeders can accelerate the development of nutrient-
rich hybrids. Furthermore, combining GWAS with metabolite-based GWAS (mGWAS) and
expression quantitative trait loci (eQTL) mapping enhances our understanding of the
regulatory networks controlling nutrient biosynthesis and accumulation.

Challenges and Future Prospects

Despite major progress, several challenges remain in applying GWAS for maize nutritional
improvement:

o Complex gene—environment interactions affecting trait expression.

e Limited detection of rare alleles with small effect sizes.

e Requirement for large, well-phenotyped populations for statistical power.

Future prospects include integrating multi-trait GWAS, machine learning, and
pangenome approaches to capture structural variations and gene presence—absence variations
(PAVs). Advances in CRISPR-Cas9 genome editing guided by GWAS discoveries are
expected to precisely modify key genes for nutritional enhancement.

Conclusion

Genome-Wide Association Studies have become a cornerstone in identifying genomic
regions controlling nutritional quality traits in maize. By bridging the gap between genotype
and phenotype, GWAS provides high-resolution insights into complex metabolic pathways
influencing amino acids, vitamins, and minerals. The integration of GWAS findings into
molecular breeding pipelines promises to accelerate the development of nutritionally enriched
maize varieties—supporting global efforts toward sustainable agriculture and nutritional
security.
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