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Abstract   

Maize is the third important staple food crop grown globally. The demand for 

maize production has increased significantly due to its multiple uses, including 

food, feed and various industrial applications. As a result, the area under 

maize cultivation is expanding, driven by its lucrative market price. Being a 

highly adaptive crop, the development of high-yielding hybrids better suited to 

climate change will help bridge the gap between demand and supply. Maize is 

an allogamous crop, exhibiting greater genetic diversity compared to 

autogamous crops. Therefore, intensified exploration of maize genetic 

diversity and effective utilization of germplasm will enhance the maize 

breeding programs. However, the domestication of maize has led to a decline 

in genetic diversity and the loss of valuable alleles. Human selection has 

significantly altered the morphology of maize from its wild ancestor. CIMMYT 

currently maintains around 28000 maize accessions, including landraces and 

wild relatives. Genetic diversity can be analysed using D2 statistics and 

clustering methods, employing morphological, molecular, quantitative and 

qualitative data. Careful consideration is needed when selecting appropriate 

methods and software for such analyses based on available data. In recent 

years, SSR markers and SNPs have gained popularity for diversity analysis. 

Studying genetic diversity in maize is crucial for identifying novel traits and the 

introgression of these traits into new hybrids using advanced technology 

requires further attention.  
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Introduction   

Maize (Zea mays L.), a staple food crop worldwide, belongs to the family 

Gramineae and has a chromosome number of 2n=20. It is the third most 

important cereal crop globally, after rice and wheat, contributing to food 

security in tropical and subtropical regions. Maize is highly adaptable to diverse 

agroclimatic zones (1). It is cultivated on 193.7 million ha worldwide, producing 

1147.7 million tonnes with an average productivity of 5.75 tonnes per ha (2). In 

India, during 2021-2022, maize was grown on 9.95 million ha, yielding 33.72 

million tonnes with a productivity of 33.87 quintals per ha (3). In 2022-23, India 

exported 3453680.58 MT of maize, valued at Rs. 8987.13 crores/1116.17 USD 
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million (4). Due to its immense genetic yield potential, maize 

is often referred to as the ‘Queen of Cereals’. Maize serves as a 

vital source of food, feed, forage, oil and biofuel and its 

demand continues to grow with the rising global population 

(5). To meet this increasing demand, developing new hybrids 

by harnessing the genetic diversity of the crop is crucial. 

 Genetic diversity refers to the heritable variation 
within and between populations of organisms. 

Domestication often leads to a reduction in this diversity, 

primarily due to the decrease in population size. According to 

a report, genetic diversity is the level of variability of heritable 

traits in a population of a given species, while genetic 

variation is defined as the differences in morphological 

characteristics such as plant height, flower position, flower 

colour, etc as well as physiological characteristics, 

biochemical traits and DNA sequence (6). Since genetic 

diversity may not be expressed phenotypically, it 

encompasses the total genetic differences present among 

individuals, genotypes, strains, clones or populations within a 

species (7). It was described that genetic diversity as the 

presence of differences in alleles and genotypes, their 

resulting phenotypes and the overall sum of the genome (8).  

Genetic diversity in maize 

The domestication of maize originated from Balsas teosinte 

(Zea mays subsp. parviglumis) in Mexico around 9000 years 

ago (9). The primary aim of domestication was to enhance 

yield and simplify the harvesting process (10). Due to the 

distinct morphological differences between the maize ear 

and its ancestral teosinte, taxonomists classified them as 

separate species. The teosinte ear can be distinguished from 

the maize ear by 4 key characteristics. First, maize kernels are 

more easily harvested and digested compared to teosinte 

kernels, which are encased in tough outer glumes. Second, 

maize ears can contain hundreds of kernels arranged in 

multiple rows, while teosinte ears hold only 5-12 kernels 

arranged in 2 ranks-one on each side. Third, maize ears have 

a non-shattering rachis, while teosinte ears have a shattering 

one; the non-shattering trait was selected during the 

domestication of cereals to facilitate easy kernel collection. 

Fourth, each cupulate fruit case of a maize ear contains 

paired mature spikelets, potentially doubling the number of 

kernels, whereas in teosinte, each fruit case has a single 

mature spikelet, resulting in one kernel per spikelet (11). 

Cultivated maize produces fertile offspring when crossed with 

Teosinte-parviglumis. Domestication led to an increase in ear 

size while reducing the number of ears per plant. This 

domestication syndrome allowed maize to adapt to farmers' 

cultivation and harvesting practices (9). However, during this 

process, some heritable variation in ear architecture and 

morphology was lost. For example, maize plants developed 

fewer or no branches and produced larger ears. Traits 

selected by early farmers based on their needs showed a 

strong correlation (12). The alleles and different allelic 

combinations present in maize germplasm, which contribute 

to traits like increased yield, tolerance to biotic stress, disease 

resistance and nutritional quality, were not lost but instead 

distributed across various populations (13).   

 Since the domestication of maize, it has experienced a 

notable reduction in genetic diversity. Isozyme data indicates 

that maize has lost approximately 25 % of the gene diversity 

present in Balsas teosinte. Similarly, nucleotide data 

estimates suggest a 30 % loss of gene diversity in maize 

compared to teosinte, a figure closely aligned with isozyme-

based estimates (12). The maize HapMap_v2 dataset, which 

includes genome-wide sequence data, was used to analyze 

diversity through 55 million SNPs across landraces, 75 inbred 

lines and teosinte. This analysis revealed that landraces have 

retained 83 % of the teosinte genes. It also showed that 

human selection during domestication had a greater impact 

on genetic diversity than subsequent modern breeding 

efforts (14). One contributing factor to the loss of genetic 

diversity is rapid urbanization and extreme, unpredictable 

climatic events such as drought, heat and flooding (13). 

However, certain landraces still maintain some additive 

genetic variance, which is valuable for future crop 

improvement. Additive genetic variance is particularly 

important in selection-based crop improvement because it is 

heritable, fixable and responds well to selection (15). Modern 

maize breeding continues to benefit from the rich genetic 

diversity offered by maize landraces (12). The domestication 

difference in maize is depicted in Fig. 1. 

 In a specific region of Sikkim, India, farmers continue 

to conserve and cultivate a unique collection of maize 

landraces known as Sikkim Primitive. These landraces are 

characterized by popcorn-like kernels, a lack of apical 

dominance, multiple ears per stalk (ranging from 5 to 9), long 

drooping tassels and uniform ear size. They form a crucial 

foundation of genetic diversity and serve as a reservoir of 

traits essential for future climate-resilient breeding. One such 

landrace, Murli Makai, known for its green leaves even after 

maturity, is particularly well-suited for animal fodder (13). 

The "stay-green" (SG) trait allows maize plants to retain green 

leaves and continue photosynthesis for an extended period 

after flowering, especially under water-stressed conditions. 

This trait extends the grain maturation phase and often 

results in higher yields compared to non-SG maize varieties. 

The prolonged greenness of SG maize leaves makes them an 

ideal source of fresh green feed for animals (16). The 

introduction of wild germplasm, especially from species 

closely related to cultivated maize, has contributed 

significantly to the genetic variability observed in modern 

maize. The exchange of genetic material between maize and 

Fig. 1. Changes in the architecture of teosinte through the years of the 
domestication process which finally evolved as a most common food crop. 
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teosinte is commonly observed in fields where both are 

grown, particularly in regions of Mexico and Guatemala (17). 

Genetic diversity analysis plays a critical role in classifying 

genotypes into heterotic groups and assessing the variability 

present in genetic resources (18). 

Basics of genetic diversity analysis 

The individuals selected for genetic diversity analysis may 

include inbred lines (IL), pure lines, clones or populations. 

Data collected for this analysis can encompass qualitative or 

quantitative traits, isozymes and DNA markers. The 

fundamental steps in genetic diversity analysis, whether 

using traditional or modern approaches involve: 

I. Estimating the genetic distance or similarity between pairs 

of entities and  

II. using these estimates to group the entities accordingly  (7). 

Genetic distance  

Genetic distance is defined as “the extent of gene differences 

between populations or species, measured by a numerical 

quantity" (19). Similarly, it was described that genetic distance 

as a “quantitative measure of genetic difference, whether at 

the sequence level or allele frequency level, calculated 

between individuals, populations, or species" (20). Genetic 

distance forms the foundation for subsequent analysis in 

population genetics and can be estimated at various levels, 

either among individuals or populations. A summary of 

different data types and their corresponding methods for 

calculating genetic distance is provided in Table 1. 

PIC 

The polymorphic information content (PIC) is an estimate 

of the degree of polymorphism at a marker locus  (7). It is 

calculated using the following formula: 

                                                                            

         

 Where Pi represents the frequency of the ith allele 
(18). PIC is also referred to as expected heterozygosity (He). 

To determine the average PIC score for a marker system, 

data from all loci evaluated for the system can be 

combined. Research indicates that the average PIC score 

(Hav = average heterozygosity) for all polymorphic markers 

in a system can be calculated as:  

                        

                                                                

 Where np is the number of polymorphic loci in the 

population and Hei is the expected heterozygosity or PIC 

value of the ith marker locus (7). 

(Eqn. 1) 

(Eqn. 2) 

Types of data Genetic distance References 

For morphological data 

 Euclidean or straight line measure 

 

(7) 

 Gower distance 

 

(94) 

For molecular data 

 Roger’s distance 

 

(7) 

 Nei & Li’s coefficient 

 

(95) 

 Jaccard’s coefficient 

 

(96) 

 Simple matching coefficient 

 

(97) 

 For populations 

  

 Total gene diversity (H) 

 

(7) 

 Nei ‘s geometric distance (7) 

 Modified roger’s distance 

 

(98) 

Table 1. A consolidated summary for the elucidation of genetics distance for various traits depends on different data obtained from morphological, molecular 
and population basis. 
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Grouping  

Grouping is crucial for reflecting evolutionary patterns, 

providing either a graphical or textual description of the 

population being studied. The method used to analyse data 

for multiple traits is known as multivariate analysis (7). This 

approach is widely employed for examining variation 

patterns and genetic relationships. 

Cluster analysis 

Pairwise distance matrices are used as the input for clustering 
in GD-based clustering algorithms, which produce a graphical 

representation in the form of a tree or dendrogram (7). 

Distance-based clustering techniques are the most commonly 

applied, with model-based (Bayesian) clustering also used to 

estimate genetic relationships among individuals (21). These 

clustering techniques are divided into 2 types: hierarchical 

and non-hierarchical. Hierarchical clustering is more 

frequently applied in studies of genetic diversity in plant 

species. Among the hierarchical methods, the unweighted 

pair group method with arithmetic mean (UPGMA) and Ward’s 

method are widely used (22). Ward’s method is often 

considered more suitable for clustering based on molecular 

data, as it avoids the "chaining" effects frequently observed 

with UPGMA (23). Mahalanobis distance (D2) developed by P.C. 

Mahalanobis in 1928 and later suggested by C.R. Rao in 1952, 

is commonly used for clustering quantitative traits to 

determine genetic diversity in crops. The cluster diagram is 

illustrated using the square roots of the mean intra- and inter-

cluster D2 value, with the degree of germplasm diversification 

assessed by the distance between clusters (15). This 

methodology is applicable to both quantitative characters 

and gene frequency data (19). For example, a study 

constructed a dendrogram using the neighbour joining 

algorithm, based on 45000 SNP markers, which grouped 222 

inbred lines into 3 major clusters (24). 

PCA 

Principal component analysis (PCA) is used to reduce the 

number of variables and group genotypes. PCA can generate 

2D or 3D scatter plots of the  entities in a study (7), providing 

key insights by simplifying data related to complex traits (25). 

While reducing the dimensionality of the data, PCA retains 

most of the variation within the dataset (26). By combining 

comprehensive variables that represent various traits 

referred to as PC scores with genome wide association 

studies (GWAS), it is possible to avoid overlooking important 

genomic regions that might be missed when analysing 

individual traits (27). Clustering methods often use principal 

component scores as input to group the data entries (28). 

PCoA 

 Principal coordinate analysis (PCoA), also known as metric 
multidimensional scaling, analyses data represented as 

either a similarity or dissimilarity matrix (29). This technique 

produces a graphical representation in a reduced number of 

dimensions using the input similarity or dissimilarity matrix. 

The distances between any 2 points on this plot reflect how 

different the entities originally were from one another. PCoA 

is advantageous over PCA when dealing with a large amount 

of missing data or when the number of traits exceeds the 

number of genotypes in the study (7). Another benefit of PCoA 

is its ability to handle both quantitative and qualitative data, 

offering greater flexibility in variable types. However, 

nonlinear PCA can also be used for qualitative data when 

optimal scaling is applied to convert qualitative data into 

quantitative form (30). 

Conventional methods for genetic diversity analysis  

Historically, genetic diversity was analysed based on 

phenotypic characters through visualization methods. The 

diversity analysis of morphological data encompasses both 

quantitative and qualitative traits. For the phenotypic 

characterization of maize, the international union for the 

protection of new varieties of plants (UPOV) has provided 

scoring scales for numerous morphological and physiological 

characteristics (31). Additionally, descriptors from the 

International Maize and Wheat Improvement Centre (CIMMYT) 

and the International Board for Plant Genetic Resources 

(IBPGR, 1991) have been utilized to estimate variation in 

morphological traits (21). Significant variability has been 

observed in various phenotypic traits of maize landraces, 

including plant height, 100 grain weight, ear height, ear 

diameter, number of kernel rows per ear, protein content and 

shelling % (32). Other traits such as days to silking, days to 

anthesis, rachis diameter and yield per plot have also shown 

considerable variability among landraces. These 

morphological traits contribute to diversity analysis and the 

variation within them can be assessed using analysis of 

variance (21). The recorded morphological data can be 

effectively utilized by decomposing them into principal 

components for further analysis (33). The phenotypic 

characterization indicates a significant degree of variability in 

quantitative traits within the Saharan maize germplasm. 

Consequently, clustering populations based on comparable 

phenotypic features may facilitate genetic enhancement. 

Inbred lines exhibit genetic diversity that supports phenotypic 

variation, thus enabling the breeding and selection of stress-

tolerant maize hybrids (34). The phenotypical characterization 

for qualitative traits is easy as it is a visual scoring of the 

presence or absence of character (35). Phenotypic traits are 

useful in the preliminary evaluation of genetic diversity 

providing practical and essential information needed for 

genetic resource characterization. Morphological analysis for 

genetic diversity assessment presents many limitations, such 

as low polymorphism, less information and the influence of 

environment on phenotypic expression (21). On behalf of 

these limitations and for fine analysis, markers stepped into 

diversity analysis. 

Modern methods for genetic diversity analysis 

Molecular markers are independent of environmental 

influences, making them effective for leveraging genetic 

differences and expediting breeding efforts. In the 1990s, 

Restriction Fragment Length Polymorphism (RFLP) was the 

most widely used molecular marker for assessing genetic 

diversity. Subsequently, PCR-based markers, such as Simple 

Sequence Repeats (SSRs) and Amplified Fragment Length 

Polymorphism (AFLPs), gained prominence in these studies. 

RFLPs became less favored due to their labor-intensive and 

time-consuming nature (36). RFLP markers require a 

significant amount of DNA, typically between 5 to 10 µg, 

whereas AFLP markers need only 100 to 500 ng and SSR 
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markers require about 100 ng. Furthermore, RFLP markers 

exhibit a moderate degree of polymorphism, AFLP markers 

show a higher degree of polymorphism, while SSR markers 

display the highest degree of polymorphism (7). Additionally, 

AFLP markers are a quick and reliable method that 

demonstrates a strong correlation with the results obtained 

from the RFLP system. Genetic diversity assessed through 

these markers can be analyzed using Analysis of Molecular 

Variance (AMOVA) (32). 

 While determining the genetic distance, use of SSR 

markers instead of RFLP markers proved to be both valuable 

and user-friendly (35). Utilizing a greater number of SSR 

markers can yield more reliable results and is frequently 

employed in the analysis of maize genetic diversity (13). Due 

to the high degree of polymorphism present in SSR markers, 

they can effectively identify heterotic groups within 

genotypes. It was concluded from their experiments that the 

microsatellite loci umc1066, bnlg1805, phi116 and phi065 

exhibited higher polymorphic information content (PIC) 

values in genetic analysis, highlighting the effectiveness and 

potential of SSR markers (37). Recently, there has been 

significant use of SSR markers in varietal protection, providing 

a means to uniquely identify specific genotypes based on their 

distinct allelic patterns. Research employing a larger number 

of markers may be beneficial in identifying genotypes with 

enduring, promising outcomes (38). 

 Relying solely on morphological characterization of 

germplasm or landraces can be ineffective due to 

environmental influences and limited reproducibility (32). 

However, phenotypic characterization remains important as it 

offers preliminary insights into genetic resources. Combining 

morphological data with marker data can lead to more 

comprehensive results. 

Advanced genomic techniques for diversity analysis 

Single nucleotide polymorphisms (SNPs) 

Among all molecular markers, Single Nucleotide 

Polymorphisms (SNPs) provide the highest density of 

coverage across genomes, making them the most prevalent 

source of genetic variation (39). As a third-generation marker, 

SNPs offer significant advantages, particularly in high-

throughput genomic selection (40). They have been applied in 

the fingerprinting of common corn, increasing the likelihood 

that some SNPs will be linked to genes of interest, thereby 

enhancing the accuracy of breeding programs in assessing 

genetic variation. The widespread use of SNPs in research can 

be attributed to the high throughput and low cost of next-

generation sequencing technology as well as automated 

platforms that meet the requirements of breeding programs 

(41). In a study, 9642 SNP markers were utilized to genotype 

439 maize inbred lines for the analysis of molecular diversity 

(42). These inbreds were categorized into 10 clusters. Notably, 

clusters 6 and 2, which accounted for 2.05 % of the total 

inbreds, included a higher number of inbreds derived from the 

'2009 TZE OR1 DT STR' population, characterized by orange 

endosperm kernels, drought tolerance and resistance to 

Striga. 

Genotyping-by-sequencing (GBS) 

In recent years, significant advancements in sequencing 

technologies have enhanced our understanding of the maize 

genome. Genotyping-by-sequencing (GBS) has emerged as a 

cost-effective approach for genotyping large numbers of 

samples, yielding a higher number of SNPs compared to 

traditional SNP arrays. It was genotyped 2240 maize lines from 

8 tropical maize populations using a one-enzyme-based GBS 

method (43). This approach generated a total of 995120 raw 

SNPs for each individual. The average % of missing SNP 

genotypes were 39.05 % for bi-parental populations and 57.72 

% for association panels. These high missing data rates can 

largely be attributed to the multiplex methodology and the 

inadequate coverage of the sequencing method used. 

Therefore, it is crucial to develop better imputation pipelines 

for GBS data. To address this issue, 2 imputation pipelines 

from the TASSEL software were employed. 

 Cost-effectiveness is one of the primary advantages of 

GBS. While GBS enables genome-wide SNP identification, the 

low sequencing coverage presents challenges, including high 

genotyping error rates, elevated missing data rates, reduced 

accuracy in calling heterozygous SNPs and potentially lower 

marker density. To mitigate these issues, several enhanced 

GBS techniques have been developed. For instance, Tunable 

Genotyping-by-Sequencing amplifies and sequences double-

digested fragments to reduce the missing rate and improve 

genotyping accuracy, particularly for heterozygous loci (44). 

Genome-wide association studies (GWAS) 

Genome-wide association study (GWAS) is an effective 
method for identifying the genetic factors underlying complex 

traits. It involves genotyping a large number of accessions 

using numerous SNPs and analysing the relationships 

between these SNPs and agronomic traits. GWAS has become 

a valuable tool for identifying beneficial alleles linked to 

desirable traits in plant species, utilizing both phenotypic and 

genotypic variations to uncover advantageous genetic 

variations (45). The primary goal of GWAS is to establish 

relationships between target traits and genotypes, serving as 

a potent alternative to traditional QTL mapping by accurately 

identifying the genetic loci underlying traits at a high 

resolution. Several statistical approaches for GWAS have been 

employed, utilizing software such as Tassel version 5.0. GWAS 

analysis can be conducted after collecting both genotypic and 

phenotypic data to enhance mapping power. It is regarded as 

a flexible genetic tool for improving complex quantitative 

traits (46). GWAS is a reliable and effective method for tracing 

complex phenotypic features back to their underlying 

genetics. In 2008, researchers conducted the first genome-

wide association study (GWAS) in maize using 8590 loci in 553 

elite inbred lines to identify loci with a primary effect on the 

oleic acid content in seeds. The fad2-associated marker 

MZA10924 identified in this study can be used to predict oleic 

acid levels in plants, enabling the enhancement of 18:1 fatty 

acid content from 2 5% to 40 % (47). Since then, the 

application of GWAS for various phenotypes has rapidly 

advanced, culminating in the publication of the reference 

maize genome, known as "B73" (48). The steps involved in 

genome wide association studies (GWAS) are illustrated in Fig. 

2, while Fig. 3 depicts the methodologies associated with 

GWAS analysis for a specific desirable trait. 
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Applications of GWAS in dissecting complex traits in 

maize 

The effective use of GWAS underscores its significant 
relevance in examining various traits affected by drought, salt 

and temperature stresses. In maize, GWAS investigations have 

identified new gene candidates responsible for abiotic stress, 

providing valuable insights for maize breeding and the 

development of climate-resilient varieties (49). A study 

established the association between genetic variation in 

ZmDREB2 and the level of drought tolerance by performing 

GWAS on 368 maize varieties (50). Additionally, cysteine-rich 

polycomb-like (CPP) proteins were discovered in maize, with 

the gene ZmCPP contributing to a better understanding of 

maize growth and development under various abiotic stress 

conditions due to its expression level variations under specific 

stresses such as cold, salt, heat and drought (51). It was 

utilized a metabolome-based GWAS in maize kernels to 

explore the entire biochemical landscape and to identify both 

general and specific patterns (52), thereby investigating 

another significant layer influencing genetic variation in 

maize. The GWAS data currently available have been fully 

leveraged by these molecular-level association studies, 

enhancing our understanding of the intrinsic functional 

genome that underlies trait variation. 

Genomic selection (GS) 

Genomic selection (GS) is an innovative strategy used to 

predict the performance of genetically distinct individuals 

through analysis of historical phenotypic data and genome-

wide molecular markers (53). For GS to be successful, a 

training population (TP) must be established. This can be 

achieved by accurately phenotyping a collection of maize 

lines for the desired traits and then genotyping these lines 

using highly discriminating molecular markers. Genomic 

selection can significantly accelerate grain production. 

Research conducted by the International Maize and Wheat 

Improvement Center (CIMMYT) in Sub-Saharan Africa, India 

and Mexico has demonstrated that genomic selection can 

reduce the breeding interval by at least half compared to 

traditional methods and can generate lines that significantly 

outperform others in terms of grain yield (54). From a 

statistical perspective, the core concept of GS is to model all 

markers simultaneously in order to estimate genomic 

estimated breeding values (GEBV) (55). Unlike QTL mapping 

and association studies, GS utilizes every molecular marker 

for genomic-enabled prediction (GP) of the candidates' 

performance in making selections. Genomic-enabled 

prediction is a method used to forecast the genetic potential 

or breeding value of individuals based on their genome-wide 

DNA marker data. Thus, the primary objective of GS is to 

predict genetic and/or breeding values. To determine the 

GEBVs of individuals in a testing population (TST) that have 

been genotyped but not phenotyped, GS integrates molecular 

and phenotypic data from a training population (TRN) (54). 

Software in statistical analysis  

R program: The R programming language is widely used in 
the 21st century for various statistical analysis. It was utilized 

R software for conducting Analysis of Variance (ANOVA) (34). 

For correlation analysis, the Pearson correlation coefficient is 

employed, using the "corrupt" package in R. The "adegenet" 

package is utilized to estimate various genetic parameters, 

such as Polymorphic Information Content (PIC), major allele 

frequency, number of alleles, heterozygosity and gene 

diversity. Additionally, the "ggp-ubr" package in R is used for 

Principal Component Analysis (PCA). It was employed the 

"ade4" package in R to estimate Principal Coordinate Analysis 

(PCoA) using a genetic distance matrix for analyzing landraces 

(56). Allelic richness (Ar) and genetic diversity (He) for 

landraces can also be calculated using ad hoc scripts in the R 

program. The "cluster" package in R is utilized for clustering 

genotypes, offering enhanced analytical capabilities. Overall, 

R is a versatile tool that can be applied to various analyses in 

genetic diversity, as demonstrated through its applications in 

ANOVA, correlation analysis, PCA, PCoA, estimation of genetic 

parameters, allelic richness, genetic diversity and clustering. 

SAS: The PROC GLM (General Linear Models) program 

provided by SAS can be used to perform a variety of analyses, 

including regression, analysis of variance (ANOVA), analysis of 

covariance (ANCOVA), multivariate analysis of variance 

(MANOVA) and partial correlation (32). 

Fig. 2. The steps involved in the Genome Wide Association Studies (GWAS) for the analysis of specific genes and also for the associated candidate genes. 

Fig. 3. Methodologies associated with the GWAS analysis for a specific 
desirable trait. 
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PHYLIP: The phylogenetic tree was constructed using the 

neighbor-joining algorithm implemented in the PHYLIP 

computer program (56). 

GenAlex: It was utilized GenAlex for the analysis of molecular 

diversity (AMOVA) (21). To determine genetic parameters such 

as the number of alleles (N), number of different alleles (Na), 

number of effective alleles (Ne), expected heterozygosity (He), 

observed heterozygosity (Ho) and Shannon diversity index (I) 

among populations and SSR loci, they used GenAlex software 

version 6.3 (57). 

SPSS 22.0: The correlation coefficient matrix, analysis of 
variance table, principal component load matrix and 

eigenvector for each index parameter can be generated using 

SPSS version 22.0. 

STRUCTURE v2.3.4 sofware31: It was developed 
STRUCTURE, a freely available population analysis tool (58). 

STRUCTURE utilizes a Bayesian iterative method to classify 

samples into groups based on similar patterns of variation, 

analyzing the differences in the distribution of genetic variants 

among populations. The software identifies populations and 

assigns individuals to the population that best fits the 

observed variation patterns. Therefore, STRUCTURE can 

effectively be used to obtain insights into population structure 

(59). 

SeeD: SeeD is one of many initiatives and online platforms 
dedicated to exploring genetic diversity and molecular data 

related to maize. Developed by CIMMYT, seeds of discovery 

(SeeD) represent an approach aimed at uncovering answers 

within the realm of genetic resources. In light of the declining 

agricultural resource base, genetic resources hold significant 

and largely untapped potential for improving yields, likely 

ranking just behind advancements in agronomic practices 

(60). A list of various software and their functions for data 

collection is presented in Table 2. 

Utilization of genetic diversity 

Yield improvement 

Crop improvement breeding programs are primarily driven by 
the genetic variability and heritability of various traits inherent 

in the germplasm (57). Yield is not an independent trait; it is 

heavily influenced by multiple factors such as plant 

architecture, environmental conditions and nutrient 

availability. Therefore, improving yield requires consideration 

of all the components that directly or indirectly impact yield 

traits. Upright plant architecture, for example, supports a 

higher plant density per unit area, ultimately leading to 

increased maize yields (17). It was concluded that the upright 

architecture allele (UPA2), which reduces leaf angle, was 

present in teosinte and maize's wild ancestor but was lost 

during domestication (61). Reducing the average number of 

tassel branches from 13.0 to 0.5 branches at a density of 76600 

plants/ha has been shown to increase grain yield by 6 q/ha 

(17). Maize with a high ear-to-plant height ratio is prone to 

lodging. The optimal plant architecture for yield improvement 

involves maintaining a balanced ear height to plant height 

ratio (62). 

Abiotic stress tolerance  

In recent years, climate change has significantly impacted 

rising temperatures during both day and night, along with 

other abiotic factors that negatively affect maize, resulting in a 

drastic reduction in crop productivity (61). Crops with greater 

genetic diversity within their populations are better equipped 

to adapt to sudden environmental changes. The genetic 

variability among lines in stressful conditions facilitates the 

selection of parent plants that will produce heterozygous and 

adaptive progeny (63). In crop breeding programs, selecting 

genetically distinct genotypes can help develop new, highly 

heterotic hybrids that are adaptable under various ecological 

and stress conditions (64). 

 In India, the primary climatic factor affecting maize 

productivity has been identified as dry spells, particularly 

during the flowering period (65). To enhance the resilience of 

maize production in heat-stressed conditions, there is a 

pressing need to effectively target the development of heat-

tolerant varieties (66). The public-private partnership known 

as heat stress tolerant maize (HTMA) for Asia aims to assist 

South Asian smallholder farmers and underprivileged 

communities impacted by climate change and severe weather 

(67). The National Maize Research Program (NMRP) 

collaborated with the International Maize and Wheat 

Improvement Center (CIMMYT) to develop heat-tolerant maize 

hybrids (HTMHs), which were subsequently distributed across 

Nepal with the support of commercial seed companies. 

Rampur Hybrid-8 and Rampur Hybrid-10 are examples of heat

-tolerant single cross hybrids (68). The anthocyanin coloration 

in root, stem and leaf tissues serves as a morphological 

marker that confers resistance to various abiotic stresses. The 

allele responsible for this anthocyanin coloration was 

introgressed from teosinte into cultivated maize. The red and 

hairy sheath trait of teosinte is advantageous in cooler 

climates. Additionally, anthocyanin accumulates in response 

S.no Software’s Function Developer References 

 1  Flapjack 

 A multiplatform program called Flapjack makes use of 
single nucleotide polymorphism (SNP) data to allow for 

the graphical display of both basic and complex 
genotypes and haplotypes. Flapjack makes it possible to 

sort samples based on phenotype and to depict QTLs. 

The James Hutton Institute and 
CIMMYT collaborated to develop 

Flapjack. 
(60) 

 2  Curly Whirly 

Another multi-platform program called CurlyWhirly was 
created to facilitate interactive multi-variate analysis 
visualization. It focuses specifically on the results of 
principal coordinate analysis, principal components 
analysis, canonical analysis, and multidimensional 

scaling. Interpretation and point selection are made 
easier when results are integrated with additional 

In partnership with CIMMYT, the 
James Hutton Institute created 

CurlyWhirly. 
(99) 

 3  KDSmart 
Using a tablet or smartphone, KDSmart is an Android 

platform digital app for capturing phenotypic data in the 
field, greenhouse, or lab. 

Diversity Arrays Technology (DArT) 
and CIMMYT worked together to 

produce KDSmart 
(100) 

Table 2. Software and their function in data collection. 
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to wounds and pathogens (17). It was studied 33 landraces 

from sub-Saharan Africa to identify genes resistant or tolerant 

to drought stress, heat stress and combined drought-heat 

stress. The landrace GH-3505 demonstrated greater drought 

tolerance, while GH-4859 and TZm-1353 exhibited tolerance to 

abiotic stresses along with desirable secondary traits. 

Drought, heat and combined heat-drought tolerance are 

largely regulated by different genes (70). Heat stress adversely 

affects seed set by influencing silk and pollen receptivity, 

making these traits crucial for selection in heat stress 

tolerance (71). Landraces exhibiting adaptive traits such as 

early flowering and small stature were identified as potential 

sources of genetic diversity for developing varieties resistant 

to abiotic stresses, with the Burkinabe gene pool proving to be 

particularly unique (69). Compared to previous research, there 

was increased genetic diversity in cold tolerance and most 

traits exhibited relatively high heritability. It was identified 187 

significant single-nucleotide polymorphisms (SNPs) 

associated with emergence and early growth-related 

phenotypes, which were incorporated into 159 quantitative 

trait loci (QTL) (72). 

Biotic resistance  

A major contributing factor to yield loss in maize is biotic 
stress, often caused by diseases or insect pests. By examining 

landrace varieties, it may be possible to successfully introduce 

resistant genes into contemporary cultivars (73). For instance, 

the solution for corn blight involved the introduction of blight-

resistant alleles from a wild relative of Mexican maize, 

Tripsacum dactyloides L., into commercial corn lines (74). 

Rootworms are another destructive pest affecting corn in the 

United States and resistance genes from gama grass                         

(T. dactyloides L.) have been deployed into cultivated corn to 

combat this issue. To address grey leaf spot, researchers 

explored untapped allelic diversity in the teosinte NIL 

population, where Zea parviglumis exhibited resistance to 

both grey leaf spot and southern corn leaf blight (75). A recent 

analysis of a teosinte-derived maize population using QTL 

mapping revealed a novel QTL on chromosome 5 and four 

minor QTLs on chromosomes 1, 3, 4 and 8 that provide 

resistance against sheath blight and banded leaf (76). QTL 

mapping is a widely used method for identifying genomic 

regions associated with specific quantitative traits or disease 

resistance in plants. The tetraploid genetic background of Zea 

perennis may harbor potential resistance genes that could 

function in modern maize, potentially explaining its higher 

resistance to viruses (77). 

 It was also discovered that Tripsacum-derived maize 

lines are a source of resistance genes against the maize 

weevil. Z. parviglumis was found to possess resistance genes 

located on chromosomes 1 and 3, specifically targeting the 

maize red flour beetle (78). The genetic variation among 

hybrids of maize resistant to the larger grain borer presents an 

opportunity to develop variants resistant to storage pests. To 

create maize cultivars suitable for the region, two landraces 

(ZM 4236 and ZM 7114) and one open-pollinated cultivar (Pool 

16) were selected from Zambia for their desirable agro-

morphological traits and resistance to fall armyworm (FAW) 

(79). 

 After nearly 14 generations of backcrossing Tripsacum 

to maize through recurrent selection, backcrossing and 

selfing, it was assessed the western corn rootworm tolerance 

of Tripsacum-introgressed maize lines (80). However, only a 

few of the lines exhibited tolerance to the western corn 

rootworm. To maintain stable yields in the face of future 

climatic fluctuations and pest outbreaks, research into new 

sources of resistance with beneficial alleles and the 

development of multiple resistant lines should be continuous 

processes. 

Striga resistance 

Striga parasitizes maize to obtain photosynthetic assimilates 
from the plant, leading to stunted growth and reduced yield of 

the host. In cases of high infestation, crop failures are often 

complete (81). The strigolactones secreted by maize roots are 

responsible for triggering Striga seed germination (82). To 

develop maize genotypes that produce low levels of 

strigolactones while exhibiting favorable agronomic traits, 

genetic variation is essential (83). A substantial reservoir of 

genetic variation is necessary to create multiple mechanisms 

that contribute to Striga resistance and tolerance (18). These 

mechanisms include reduced germination stimulant 

activities, physical root barriers and highly reactive responses 

following attachment as well as the ability to ignore Striga 

toxins (84). The development of stable and long-lasting 

resistance to Striga from wild maize (Zea diploperennis L.) and 

African landraces has been a key focus of the International 

Institute of Tropical Agriculture's maize improvement 

program (MIP-IITA). T. dactyloides, one of maize's wild 

relatives, demonstrates incompatibility with parasitic Striga, 

inhibiting haustoria development. This incompatibility is 

attributed to signals produced by T. dactyloides that prevent 

haustorial development, necessitating modern breeding 

techniques for the transfer of resistance. It was investigated 

the genetic diversity of 41 inbred lines using SSR and AFLP 

marker systems (85), emphasizing the substantial diversity 

among these lines that can be utilized in genetic improvement 

programs, particularly when maize germplasm with a higher 

level of Striga resistance is limited. Utilizing Z. diploperennis, a 

wild relative of maize, it was created maize inbred lines and 

identified multiple genes and alleles from the wild relatives 

that confer resistance against Striga hermonthica (86). These 

findings could serve as valuable resources for maize 

improvement. Increased grain yield and enhanced durability 

of Striga resistance were demonstrated by TZdEI 352, which 

was derived from the cross between TZEW Pop DT STR and Z. 

diploperennis (87). Research indicated that additive gene 

action primarily confers resistance to Striga species (88). 

Nutritional enhancement 

Since maize germplasm is a rich source of genetic diversity, it 
is possible to exploit alleles associated with nutrient levels in 

both grain and fodder (89). Teosinte carries numerous alleles 

that can enhance the oil, protein, starch and other nutrient 

content of kernels in contemporary maize varieties or hybrids. 

Throughout evolution, the genome of maize's progenitor 

(Teosinte) underwent segmental duplication, resulting in 

divergent copies of the regulatory opaque-2 gene. Many genes 

have been identified for nutrient enhancement, including 

semi-dominant floury mutants (fl-1, fl-2 and fl-3) and recessive 

opaque mutants (o1, o2, o5, o9-11, o13, o16 and o17) (90). 
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These novel alleles can also serve as unique sources of 

variation for additional QTL and molecular research. 

Traditional yellow maize exhibits considerable natural 

variation in its carotenoids, particularly lutein and zeaxanthin, 

but it lacks provitamin A activity (89). Osorno and it was 

studied the genetic relationships among 10 populations using 

agronomic and quality trait data, leading to a preliminary 

characterization of early-maturing germplasm, the 

measurement of their genetic effects and the clustering of 

these populations into genetically diverse groups (90). A 

selection of 24 distinct maize inbred lines (ILs) was made 

based on the total carotenoid content of their kernels, utilizing 

36 microsatellite/SSR markers (91). Natural accumulation of 

provitamin A carotenoids, such as α-carotene, β-carotene and 

β-cryptoxanthin, occurs in yellow maize, serving as substrates 

for the synthesis of lutein and zeaxanthin. To create elite 

tropical inbred lines with varied carotenoid composition and 

content, it is beneficial to continuously infuse different 

temperate and tropical exotic maize germplasm as pre-

breeding lines, which can be integrated into nutrient 

enrichment breeding programs. This process is followed by 

iterative visual selection for desirable kernel properties and 

agronomic traits during the early stages of inbreeding. It was 

found significant genetic variation for total carotenoids in 

Indian and exotic (HarvestPlus) tropical maize lines, indicating 

potential for genetic enhancement of this crucial attribute 

(92). The initial step in breeding for provitamin A-enriched 

maize germplasm is to determine the genetic diversity in 

kernel carotenoid concentration within elite germplasm (93).  

 

Conclusion   

Exploring the diversity among landraces and wild germplasm 

has been recommended for maize improvement. Continuous 

evaluation of germplasm should be conducted to uncover 

resistant genes against various pests. Genetic diversity 

assessed through molecular markers is generally more 

reliable than that evaluated through morphological and 

biochemical markers; however, morphological markers are 

often used as a preliminary step in diversity analysis. Among 

the various statistical methods, principal component analysis 

(PCA) is predominantly used for quantitative traits, whereas 

principal coordinate analysis (PCoA) is more suitable for 

molecular data. Clustering based on D² statistics and UPGMA 

is widely employed for grouping. For precise analysis of 

genetic diversity, software such as R and SAS are utilized. The 

deployment of identified genes for yield improvement, 

nutritional enhancement and resistance to biotic and abiotic 

stresses contributes to the development of resilient hybrids. 

Furthermore, the vast diversity in germplasm reveals novel 

traits such as stay-green types, anthocyanin pigments, low 

strigolactone secretion and provitamin A, which can enhance 

crop improvement. Knowledge of divergence and genetic 

variability between cultivars and landraces, along with the 

identification of novel genes using advanced molecular 

techniques and their deployment for maize improvement, will 

pave the way for successful breeding in the future. 
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