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1 | INTRODUCTION
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(International Maize and Wheat Improvement Center) maize breeding programs.
The inbred lines were genotyped with 9857 Diversity Array Technology sequenc-
ing based single nucleotide polymorphism markers. Hierarchical clustering revealed
three major groups, with some subgroups consistent with the selection history,
and pedigree of the inbred lines. Three broad groups were detected: two consist-
ing of CIMMYT lines and a mixed group consisting of both CIMMYT and IITA
inbred lines. The STRUCTURE analysis revealed six subpopulations (fixation index
value = 0.58), which depicts a moderate genetic diversity among the materials. Pop-
ulation 2 comprises the highest number of genotypes (102) from both programs.
More than 89% of the elite lines had homozygosity exceeding 95%, with the remain-
ing lines requiring further inbreeding through repeated self-pollination. There was
inconsistency in the predetermined heterotic groups’ alignment between CIMMYT
and IITA elite inbred lines. Analysis of molecular variance revealed that 96% of the
total variation was accounted for by differences within groups, with the remaining
4% representing the variation between groups. This suggests that the two programs

can benefit from germplasm exchange for the improvement of maize productivity.

Plain Language Summary

Due to climate change effects, a limited number of productive maize hybrids are
able to withstand the prevailing conditions. This might be attributed to a lack of
knowledge of the diversity and heterotic relationship of the available materials.
Understanding the extent of diversity, structure, and heterotic grouping of available
maize germplasm from different breeding programs will enable the development of
climate-resilient crops and enhance long-term genetic gain in hybrid maize breed-
ing programs through modern breeding tools. The genotyped lines revealed three
major groups. Moderate genetic diversity among the materials revealed that it can be
maximized. Note that 89% of the lines were pure, with the remaining requiring fur-
ther repeated self-pollination. There is inconsistency in the predetermined heterotic
groups, which breeders need to treat separately when sharing the materials. Over-
all, the two programs can benefit from sharing their material for the improvement of

maize productivity.

Africa (STMA) projects from 2006 to 2019 (Abate et al.,
2017; STMA, 2020). Maize production faces many challenges
including water deficit for rain-fed crop production systems
(Musimwa et al., 2022), soil degradation, pest and disease

In sub-Saharan Africa (SSA), “maize (Zea mays L.) is life”
due to its role in the agro-food system (Erenstein et al., 2022).
It is a primary food security crop in most farming systems,
especially for smallholder farmers in mid-altitude and subhu-
mid agroecologies of SSA (Mideksa et al., 2022). However,
maize yields in SSA are still lower than 2 t/ha than global aver-
ages, despite significant achievements made by international
agricultural institutes such as IITA (International Institute of
Tropical Agriculture) and CIMMYT (International Maize and
Wheat Improvement Center) through the Drought Tolerance
Maize for Africa (DTMA) and Stress Tolerance Maize for

pressure, and stagnant yields (Pruitt, 2016). Genetic improve-
ment provides a sustainable option to address some of these
constraints, with its success driven by the availability and sys-
tematic use of diverse germplasm (Ertiro et al., 2017; Gedil &
Menkir, 2019).

The development of high-yielding hybrids requires cross-
ing diverse parents to maximize heterosis (Russell, 1909;
Shull, 1908). Genetic diversity serves as a hub of many
unique alleles for improving agronomic and quality traits,
thereby promising parents can be selected in breeding pro-
grams (Singh et al., 2020). Information about the genetic
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structure of the available germplasm could help breeders
design effective breeding strategies to improve yield (Singh
et al., 2020). For example, US breeders used source open-
pollinated variety of a line as a basis for assigning inbreds
to the now famous “lowa Stiff Stalk Synthetic” and non-
Stiff Stalk heterotic groups (HGs) that have been the basis of
impressive genetic gain in the US Corn Belt (Duvick et al.,
2004, Hallauer, 1999).

However, tropical maize germplasm has a wide genetic
base and is genetically more complex than temperate mate-
rial (de Faria et al., 2022; Lu et al., 2009; Xu & Crouch,
2008), and hence cannot be easily classified into two HGs
(Akinwale, 2021). The complexity arises from germplasm
management practices and breeding objectives that favor
mixing of germplasm pools, such as development of open-
pollinated varieties (OPVs) (Warburton et al., 2005) and
use of commercial hybrids as source germplasm to develop
inbred lines (Guimaraes et al., 2018). For instance, CIMMYT
maize populations and pools were formed with little regard
to the racial origin of the landraces that were used to form
them (CIMMYT, 1998). Still, an understanding of the genetic
structure of germplasm pools, especially among breeding
programs, is essential to facilitate germplasm exchange and
use.

Studies to assess genetic diversity between CIMMYT and
IITA germplasm have been conducted previously (Adebayo
et al., 2015; Badu-Apraku et al., 2015, 2016; Dao et al., 2014;
Dhliwayo et al., 2009; Ifie et al., 2015). However, to facilitate
germplasm sharing, periodic assessment is necessary, espe-
cially because breeders occasionally introduce new sources
of germplasm. For example, CIMMYT started introducing
temperate germplasm around 2011 and released the first CIM-
MYT maize lines (CMLs) containing temperate germplasm
in 2018. Additional CMLs containing temperate germplasm
were released in 2023 (CIMMYT, 2017).

Adebayo et al. (2015) reported higher interpopulation
genetic diversity than intrapopulation between CIMMY T and
IITA inbred lines. They suggested that diversity might be
due to the differences in genetic backgrounds and adaptive
traits that breeders in each center selected during inbred line
development.

It was also reported that CIMMYT material was more
drought-tolerant than IITA material (Adebayo et al., 2015).
More so, there was germplasm exchange that has been taking
place between West Africa and Southern Africa maize breed-
ing programs for their development of source population,
OPVs, hybrids, as well as quantitative trait locus (QTL) map-
ping populations. Adebayo et al. (2015) reported that IITA
maize materials contained more temperate germplasm com-
pared to CIMMYT, which used mainly material from tropical
germplasm. This made CIMMYT material more complex
than IITA and then made materials from these two sister cen-
ters more complex when trying to combine them in direct

ropsience I

Core Ideas

* There was moderate genetic diversity among the
inbred lines evaluated from the two sister breeding
programs.

e There was inconsistency in the predetermined
heterotic alignment between International Maize
and Wheat Improvement Center and International
Institute of Tropical Agriculture elite inbred lines.

* The programs can benefit from germplasm
exchange for the improvement of maize
productivity.

* There is need to align heterotic groups to facilitate
the ease utilization of available germplasm from
two centers.

* Combining ability study recommended to deter-
mine potential productivity of crosses among lines
from pops identified.

single cross-hybrid formation as there will be no consistency
in heterotic patterns (Badu-Apraku et al., 2016; Badu-Apraku
& Fakorede, 2017).

The combining ability (CA) theory developed by Sprague
and Tatum (1942) allows the breeders to select and evalu-
ate parental inbred lines, decreasing the blindness of parent
selection, and increasing the efficiency of selecting excellent
crosses. This process gave birth to the development of the
maize HG theory (Lu & Xu, 2010). The existing maize HGs
from both CIMMYT and IITA still need to be characterized
and validated with the currently new inbred lines developed
(Badu-Apraku et al., 2021). An HG is defined as the collec-
tion of related inbred lines, which tend to produce vigorous
hybrids when crossed with lines from a different group, but
not when crossed with lines of the same group (Suwarno et al.,
2014). Dhliwayo et al. (2009) reported that the predefined het-
erotic grouping of the lines they used from CIMMYT and
IITA did not consistently predict the performance of hybrids,
which suggests that CIMMYT’s and IITA’s HGs do not cor-
respond closely with each other. This was buttressed by their
finding of the CA tests, which reviewed that CIMMYT A X
IITA A hybrids yielded much better than the inter—HG CIM-
MYT B x IITA A. As highlighted before about the genetic
complexity of tropical mid-altitude maize inbred lines due to
mixed genetic composition and the broad genetic base of the
source populations, Menkir et al. (2004) suggested that there
might be challenges in classifying these inbred lines into dis-
tinct HGs based on the results of CA studies only. For that
reason, merging CA (CIMMYT HG A) results and molecu-
lar markers that have the capacity to compare the similarity
of inbred lines at the DNA level with testcross evaluation will
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expedite the separation of these lines into well-defined HGs.
Therefore, using high-resolution molecular markers becomes
the best method to make inferences relating to genetic diver-
sity among genotypes (da Silva et al., 2020) to maximize
heterosis in hybridization. In addition, to refine the tropi-
cal maize HGs, it is important for the technology transfer
from temperate maize breeding as well as capacity building
in tropical countries (Guo et al., 2021).

Increased genetic gain can be achieved by either reducing
the length of the breeding cycle or increasing the selection
accuracy and efficiency of the breeding program. One of
the ways that can be employed to increase the accuracy of
selection in breeding is through the application of molecular
markers, especially polymerase chain reaction (PCR)-based
markers (Badu-Apraku et al., 2021), in conjunction with the
next-generation sequencing (NGS) technology.

Among the PCR-based markers including amplified
fragment length polymorphism and single sequence repeat
(SSR), single nucleotide polymorphisms (SNPs) have been
the markers of choice in analyzing genetic diversity of popu-
lations (Varshney et al., 2007). This is due to their abundance
in the genome of plants and other organisms (Mammadov
et al., 2012). More recently, the Diversity Array Technology
sequencing (DArT-Seq) has been widely used by plant breed-
ers to generate thousands of SNP markers and to assess the
genetic diversity of panels and breeding populations in many
crops. DArT-Seq is a hybridization-based high-throughput
DNA sequencing modern technology, which is highly
reproducible and of low-cost technology (Deschamps et al.,
2012; Tomkowiak et al., 2021). Furthermore, this technology
requires no prior sequence information for detecting SNPs
associated with loci/alleles for traits of interest (Nadeem
et al., 2018).

This allows rapid identification of SNP (Cruz et al.,
2013; Raman et al., 2014). The DArT-Seq was success-
fully used in different genetic diversity studies such as
Solanum lycopersicum (Pailles et al., 2017), Solanum tubero-
sum (Berdugo-Cely et al., 2017), Allium sativum (Egea et al.,
2017), coffee (Spinoso-Castillo et al., 2020), cowpea (Edema
et al., 2023), yams (Amponsah Adjei et al., 2023; Bhattachar-
jee et al., 2020), and cassava (Adu et al., 2021; Xia et al.,
2005). In maize, this technology has gained the momentum
in genetic diversity analysis (Ayesiga et al., 2023; Badu-
Aprakuetal., 2021; Obeng-Bio et al., 2020; Tomkowiak et al.,
2021). However, few studies have been done to dissect on
genetic variation, population structure, heterotic alignment,
and purity status among maize germplasm adapted to tropi-
cal lowland and tropical mid-altitude from West and Southern
Africa, respectively, using this highly informative and per-
formance genome marker technology of DArT-Seq on maize
breeding in Zimbabwe.

The objective of this study was to assess the genetic diver-
sity, population structure, and heterotic alignment among
inbred lines originating from the IITA-Nigeria and CIMMYT-

Zimbabwe maize breeding programs using the DArT-Seq-
based SNP markers.

2 | MATERIALS AND METHODS

2.1 | Genetic materials and leaf sampling

A total of 187 elite lines (Supporting Information) developed
for tolerance to abiotic and biotic stress factors at CIMMYT
and IITA were grown in Mzarabani in Zimbabwe during the
2022 winter season (May—October). The maize leaf sampling
was carried out in accordance with the recommended LGC
plant sample collection kit (KBS-9370-001) protocol. Four
leaf discs from each plot were collected into 96-well tube
plates 4 weeks after planting using a leaf puncher. Next, the
leaves were freeze-dried in a vertical freeze dryer with a vac-
uum pump (Freeze Dryer BK-FD10P, Biobase LL.C) for 18 h
at —58.7°C.

2.2 | DNA extraction and SNP discovery by
DArT-Seq technology

Maize leaf samples were sent to DArT in Australia for geno-
typing. DNA extraction was done using Nucleomag Plant
DNA extraction kit (Mag-Bind Plant DNA DS 96 Kit). The
genomic DNA extracted was in the range of 50-100 ng/uL.
DNA quality and quantity were checked on 0.8% agarose gel.
Libraries were constructed following the DArT-Seq complex-
ity reduction method (Carling et al., 2015; Kilian et al., 2014)
through the digestion of genomic DNA using a combination
of Pstl and Msel enzymes. This was followed by the lig-
ation of barcoded adapters and common adapters followed
by PCR amplification of adapter-ligated fragments. Libraries
were then sequenced using single-read sequencing runs for 77
bases.

NGS was carried out using Hiseq2500 (Kilian et al., 2016).
DArT-Seq marker scoring was achieved using DArTsoft14,
which is an in-house marker scoring pipeline (Kilian et al.,
2016). Two types of DArT-Seq markers were scored, Sili-
coDArT markers scored as binary for presence/absence (1
or 0, respectively), whereas the SNP markers were scored
as co-dominantly, that is, 0—1-2, where 2 represents the
heterozygous genotype. Both SilicoDArT markers and SNP
markers were aligned to the Z. mays references genomes
(“Maize_NAM_v5” and “Maize_v329”) to identify chromo-
some positions.

2.3 | Filtering, analysis of genetic diversity,
and population structure

The data quality control and filtering were performed using
TASSEL (Trait Analysis by aSSociation Evolution and
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Linkage) (v5.2.90) (Bradbury et al., 2007). A total of 9857
SNP markers were filtered where SNPs with greater than
10% of missing data, less than 0.05 minor allele frequency,
and unknown positions on the genome were removed. The
SNP data were further imputed using the k-nearest neighbor
genotype imputation method (Bradbury et al., 2007), result-
ing in a total of 2025 SNPs (24.2%) selected for further
analysis.

SNP marker and diversity statistics including average num-
ber of alleles per locus, F statistics (Wright) among others,
were calculated using TASSEL (v5.2.90) (Bradbury et al.,
2007). The polymorphism information content was assessed
using PowerMarker (v3.25) (Liu & Muse, 2005). In addi-
tion, observed and expected heterozygosity was determined
using the “adegenet” package in R (R Core Team, 2020).
The Bayesian model-based clustering that is implemented
in the STRUCTURE software (v2.3.4) (Evanno et al., 2005;
Pritchard et al., 2000) was used to assess the genetic struc-
ture of the germplasm. The STRUCTURE analysis was run
considering a burn-in period of 10,000 Markov-chain Monte
Carlo iterations and a 100,000-run length with an admixture
model following the Hardy—Weinberg equilibrium and its cor-
related allele frequencies. Furthermore, for each number of
clusters, 10 independent runs were performed, which ranged
from 1 to 10. The hypothetical number of subpopulations (K)
was estimated through the application of a Bayesian clustering
approach.

To identify the optimum K value, which is the distinct peak
in the change of likelihood (AK), the output from STRUC-
TURE was uploaded to STRUCTURE HARVESTER (Earl &
vonHoldt, 2012). Inbred lines with a membership probability
of >0.80 were assigned into the same group, while those
with <0.80 were designated as a mixed group (Kumar et al.,
2022).

Population differentiation assessment among the genotypes
from the two programs was done using GenAlEx 6.503
(Peakall & Smouse, 2012) so as to perform the analysis
of molecular variance (AMOVA) (Reyes-Valdés, 2013). The
marker datasets were coded numerically prior to AMOVA, as
A=1,C=2,G=3,and T =4 (Blyton & Flanagan, 2006) and
later subjected to AMOVA with 999 permutations. This leads
to the genetic variations being partitioned into two groups:
variation among the population (PhiPR) and variation within
the population (PhiPT) (Amponsah Adjei et al., 2023; Frank
et al., 2018). Also, phylogenetic relationships among geno-
types based on program source were built using a Euclidean
distance matrix in PowerMarker (v3.25) (Liu & Muse, 2005).
The resulting trees were visualized using DARwin 6.0.21
(Perrier & Jacquemoud-Collet, 2006) (https://darwin.cirad.
fr/). To assess the heterotic alignment between material from
CIMMYT and IITA, the filtered and imputed SNP data were
analyzed with DARwin (v6.0.21) software. The cluster analy-
sis was performed with unweighted pair group method using
arithmetic averages, using a distance matrix of maximum rank

distance in Paleontological statistics (PAST) (Hammer et al.,
2001) to visualize how the materials clustered in a graphical
presentation.

3 | RESULTS

3.1 | Quality, diversity, and functional
characterization of DArT-Seq-SNPs

A total of 9857 unfiltered SNPs (and 19,714 SNP and Silico-
Dart markers) were generated from the DArT-Seq genotyping
of 187 maize inbred lines (Table S1). The filtering and impu-
tation process was done, and a large set of SNPs was removed,
and 2025 good-quality SNPs (24.2%) distributed across the 10
chromosomes of maize were retained (Figure 1) and used for
further analyses. The highest number of SNPs for marker den-
sity across chromosomes was on chromosome 1 (276 SNPs;
13.6%) followed by chromosome 5 (262 SNPs; 12.9%) and
chromosome 2 (254 SNPs; 12.5%), while the lowest number
of SNPs were mapped on chromosome 10 (138 SNPs; 6.8%)
of the physical map (“Maize_NAM_v5” and “Maize_v329”)
(Figure 1). Quality parameters such as average PIC value
across all the markers was 0.2852 and ranged from 0.0782
to 0.5825. The observed heterozygosity ranged from 0 to 0.36
with a mean of 0.04, while the expected heterozygosity ranged
from 0.08 to 0.50 and the mean was 0.31 (Table 1).

3.2 | Population differentiation, genetic
relation, and genetic purity of the maize inbred
lines

The genotypic data of the 187 inbred lines were subjected
to cluster analysis using TASSEL (v5.2.90). The genetic
diversity analysis using the distance matrix in TASSEL
(v5.2.90) revealed an average distance between the materials
evaluated to be 0.31 (Table 2). The hierarchical and radi-
cal clustering revealed three major groups (Figures S1 and
S2), with some subgroups consistent with the selection his-
tory, and pedigree of the inbred lines. Three broad groups
were detected where two groups consist of CIMMYT lines
and a mixed group consisting of both CIMMYT and IITA
inbred lines (Figure 2). Clusters 1 and 3 were unique to
the CIMMY T-Southern Africa breeding program (about 95%
of the CIMMYT materials) and cluster 2 was a mixture of
CIMMYT and IITA-originated inbred lines (Figure 2). Even
though there was a mixture of materials clustering from the
two programs, the materials from each center tended to group
closer together forming two subclusters (Figure 2, subclus-
ters 2a and 2b). Surprisingly, in cluster 1, there was an IITA
entry (TZMI2085) that reflected to be tightly related to CIM-
MYT materials although it was revealed to be a pro-vitamin
A inbred line.
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FIGURE 1

TABLE 1
DAr1T-Seq-SNPs (Diversity Array Technology sequencing-single

Quality and summary statistics of 2025

nucleotide polymorphisms) markers on maize chromosomes.

PIC Call Observed Expected
value rate heterozygosity  heterozygosity
Maximum  0.58 1.00 0.36 0.50
Average 0.29 0.65 0.04 0.31
Minimum  0.08 0.20 0.00 0.08

Abbreviation: PIC, polymorphism information content.

TABLE 2
187 inbred lines evaluated using genetic distance.

Summary statistics of the genetic diversity between the

Description Genetic distance
Minimum 0.01
Maximum 0.38
Average 0.31

The AMOVA among the two populations based on geo-
graphic origin (IITA-Nigeria and CIMMY T-Zimbabwe) was
performed and revealed 96% of the variability within each
population group, while only 4% was between them and this
was statistically significant (p < 0.001) (Table 3).

The genetic purity test was performed in TASSEL (v5.2.9)
to determine the level of heterozygosity and homozygosity to
know the lines to use in future line breeding or hybrid devel-
opment as well as action to be taken to purify them if needed.
The results revealed that more than 89% of the elite lines
had homozygosity exceeding 95%, with the remaining lines
being moderate to high heterozygosity, which requires further
inbreeding through repeated self-pollination (Figure 3).

The highly heterozygous lines (maximum of 22% hetero-
geneity) include the CIMMYT popular public lines such as
CML445 (G148) and CML590 (G009) (17% and 22% het-
erogeneity, respectively) and IITA public lines: TZMI1268

Distribution of 2025 single nucleotide polymorphisms (SNPs) across 10 Zea mays chromosomes based on physical map.

(G005) and TZEI2725 (G037) with 17% and 22% heterogene-
ity, respectively (Table 4).

3.3 | Population structure and principal
coordinate analysis of the germplasm from the
two breeding institutions

The highest expected heterozygosity was observed on POP4
(where POP is population) followed by POP2 with 0.46 and
0.30, respectively, with the least fixation index (Fst) of 0.11
and 0.31, respectively (Table 5), whereas the least expected
heterozygosity was on POP1 and POP5 with 0.07 and 0.08,
respectively, with high Fst values of 0.85 and 0.83, respec-
tively (Table 5). To understand the pattern of population
structure of the germplasm from the two breeding programs,
a Bayesian information criterion was used. The determination
of the populations at each K-value and membership coeffi-
cients (qi) in STRUCTURE analysis was very informative
in coming up with the number of populations of the geno-
typed materials. Simulations (logarithm probability relative
to standard deviation, AK) estimated from the SNP markers
showed a sharp peak at AK = 6 (Figure 4), which explained
the optimum number of subpopulations (K = 6). At this
AK = 6, the distribution of genotypes in each assumed sub-
populations were as follows: POP1 = 13 genotypes (6.9%)
POP2 = 101 genotypes (53.7%), POP3 = 18 genotypes
(9.6%), POP4 = 11 genotypes (5.9%), POP5 = 13 genotypes
(6.9%), and POP6 = 10 genotypes (5.3%) (Table 6). In POP2
with the highest number of genotypes, there was almost equal
number of materials from both centers (IITA = 44 geno-
types and CIMMYT = 55 genotypes). CIMMYT materials
were found in all the subpopulations assumed, whereas IITA
materials were only found in POP2 and POP4 (Table 6). The
majority of IITA materials were found in POP2 with 44 geno-
types out of 49 IITA materials genotyped. These results from
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TABLE 3 Analysis of molecular variance (AMOVA) of 187 genotypes based on distance method using 2025 single nucleotide polymorphism
(SNP) markers.
Source df SS MS Estimated variance Percentage® Fst value
Among pops 1 1298.9 1298.9 13,375 4 0.58
Within pops 186 62,367.3 335.3 335.3%#* 96
Total 187 63,666.2 348.6
Abbreviations: df, degree of freedom; Fst, fixation index; MS, means squares; SS, sum of squares.
#Percentage of the total variation.
#55p < 0.001.
Cluster| 1 Cluster| 2 Cluster| 3

Cluster| 2a

mi
il

Cluster| 2b

FIGURE 2 Hierarchical clustering of genetic similarity of the 187 inbred lines of maize (Zea mays L.) on the basis of single nucleotide

polymorphism (SNP) markers observations into three main clusters (blue = CIMMYT [International Maize and Wheat Improvement Center],

red = [ITA [International Institute of Tropical Agriculture] materials).
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FIGURE 3 Bar graph showing the genetic purity level

(proportion of homozygous) of the 187 inbred lines genotyped.

STRUCTURE concur with the hierarchical clustering analy-
sis (Figure 2) where IITA materials were only found in two
clusters and also the majority of its materials were also found
in one cluster (cluster 2a). It was observed that popular pub-
lic CMLs that are known to be sister lines (CML312 and

CML311; CML444 and CML566) were clustered in the same
subpopulation, hence confirmed the accuracy of the group-
ing (Table 6). There was an inverse correlation between the
expected heterozygosity and the fixation index.

More so, 6% of the total sampled materials were grouped
with the popular CIMMYT HG B tester CML444 in POPI,
9% grouped with CML312 (HG A) in POP3, and 5.3%
grouped with CML395 in POPS5 (Table 6). The rest percentage
were not aligned to the common A and B testers, hence attest
to the possibility of the AB HG to be present. This will be val-
idated in a CA study. This corroborates with previous findings
in other studies involving CIMMYT and IITA lines. Lemi and
Diro (2022) reported that two quality protein maize inbred
lines from IITA-Nigeria and CIMMYT- Zimbabwe showed
positive s10 Marchpecific combining ability (SCA) with both
testers from the different HGs and proposed that they belong
to HG AB.

Furthermore, the principal coordinate analysis (PCoA)
based on the pairwise Euclidean genetic distance (GD)
matrix among the materials was done to untangle the genetic
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FIGURE 4
structure obtained for 187 maize genotypes based on 2025 single nucleotide polymorphisms (SNPs) at different AK = 6.
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Delta K = mean(|L"(K)|) / sd(L(K))

TABLE 4 The list of the genotypes with high heterozygosity levels that needs breeders’ attention.

Taxa code
G173
G009
G132
G037
G148
G005

TABLE 5§

Proportion

heterozygous

0.22
0.22
0.18
0.17
0.17
0.16

Proportion
homozygous

0.78
0.78
0.82
0.83
0.83
0.84

Proportion
homozygous

78
78
82
83
83
84

Population structure in the maize germplasm: Top = likelihood of AK showing the optimum K value (K = 6); bottom = population

Comments on purity and actions to be done

High heterozygosity, ear-to-row selection

High heterozygosity, ear-to-row selection

High heterozygosity, ear-to-row selection

High heterozygosity, ear-to-row selection

High heterozygosity, ear-to-row selection

High heterozygosity, ear-to-row selection

Pairwise comparison of allele-frequency divergence among pops (net nucleotide distance), fixation index (Fst), and expected

heterozygosity among the six subpopulations using computed point estimates of P.

POP1
POP2
POP3
POP4
POP5
POP6

Abbreviations: He, heterozygosity; POP, population.

POP1
0.16
0.23
0.17
0.28
0.28

POP2
0.16
0.10
0.05
0.15
0.15

POP3
0.23
0.10
0.10
0.22
0.18

POP4
0.17
0.05
0.10
0.15
0.16

POPS
0.28
0.15
0.22
0.15

0.27

POP6
0.28
0.15
0.18
0.16
0.27

Expected He Fst

0.07
0.30
0.19
0.46
0.08
0.12

0.85
0.31
0.59
0.11
0.83
0.77

Percentage membership
10.8
474
13.9
8.6
11.5
7.8
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TABLE 6

black = CIMMYT [International Maize and Wheat Improvement Center]).

Population POP1 POP2
CML593 TZEI 2778 CZL16031 CZL1368

CZL16051 TZEEI319 CML571
CML566 TZMI1152 DJ853-16

CZL15130 TZMI1151 TZMI1294 CZL15123 DJ737-513 CML538

CML592
Genotypes CZL15076 TZEI 2758 TZEEI214 BSL210859 TZEEI231 TZEI2775 CML539
CZL15131 TZEI 2756 TZEEI357 TZMI1267 G176
CZL15081 TZEI 2779 CZL20004 BSL210865 DJ853-5
CML444 TZEI2792 TZEI2722 TZMI1167 CZL15013 TZMI1252 CML312
DIL182071 TZMI1270 CZL15084 CZL1424
CZL15178 CZL17021 TZEI2726 CZL15167 DJL184822 DJ737-166 CZL17015

Inferred ancestry of individuals in each assumed population (Red = IITA [International Institute of Tropical Agriculture],

POP3 POP4 POPS POP6
CZL16027 CML537  CML590 CML395 CML545
DJ737-505 CZL16066 BSL210837
TZEI 2725 CZL16124 BSL210836
TZMI1268 CZL16125 BSL210835
CZL15038 CML543 BSL210834
CZL1358 CML607 CZL16145

CZL16174 CZL1359
TZEEI 247 CZL1360

CZL15019 CML197 CZL16014 DI854-28

CZL15191 TZMI1240 TZEI12766 DJ737-682 CZL20003 CML572 CZL1112 CZL20013 CZL16077 CML536
CZL16057 TZEI 2790 BSL210854 CML548  DJ854-7 CML547 CML589  TZMI1273 CZL15085 CZL15110
DJ737-348 TZEEI 320 TZMI1278 BSL210867 DJ737-62 CZL16115 CZL1349 TZMI863 CZL15168
DJ737-349 CZL15224 CZL16144 CZL1461 CML576 CMLA489 CZL20002 CZL15007
CZL16040 TZEI 2768 CZL20004 G178 CZL15181 CML445 CZL15003 DJ737-4
TZEI 2760 TZMI1184 CZL1310  DJL191378 CML550 CZL15225
CZL15128 TZEEI269 CZL16132 CZL20001 DIJ853-15 CML311
TZMI2030 TZMI2040 CZL1254  DJ854-21 CML591  CZL15206
TZMI1301 TZEI2753 TZEEI273 TZMI1298 CZL15034 CZL15208
CZL15205 TZMI2037 TZMI878 DJ854-13  DJ737-7 BSL210843
TZMI12012 TZMI1271 TZMI2085 DJ737-153 DI737-469
TZEI 2733 TZEEI 310 DJ737-648 CML549 TZMI1307
TZEEI 386
Proportion 6.9 53.7 9.6 5.9 6.9 5.3
of the total
sample (%)
No. of ITA 0 44 0 4 0 0
lines
No. of 13 55 18 7 13 10
CIMMYT
lines

Abbreviation; POP, population; SCA, specific combining ability.

divergence in the maize inbred lines using the DArT-Seq-
SNP markers. The PCoA results revealed the total genetic
variation, which was explained by the first two axes of the
PCoA (Figure 5). Moreover, the analysis revealed that IITA
materials (red) are closely related compared to CIMMYT
materials (blue) that were scattered in all the quadrants, show-
ing high genetic diversity among the materials (Figure 5).
The wide divergence of CIMMYT genotypes was retained
with some clear clusters being shown that might add up to
six subpopulations and this concurs with the output from the
STRUCTURE analysis (Figure 2).

3.4 | Heterotic grouping alignment

The grouping alignment of the materials was done using
DARwin 6.0.21 (Perrier & Jacquemoud, 2006). The visual-

ization revealed that there is no consistent alignment between
materials from West Africa (IITA) and those from Southern
Africa (CIMMYT) (Figure 6). Surprisingly, none of the geno-
types from HG A of IITA were grouped with the materials
from HG A of CIMMYT (Figure 6 CA). CIMMYT mate-
rials from HG B were clustered into two groups (CB1 and
CB2). Although it was observed that there was no consis-
tency in aligning materials from the two centers into their
existing groups (A and B), in CB2 cluster, there were two
lines from IITA HG B (IB) that well aligned with CIMMYT
HG B (CB) (Figure 6, CB2). More so, there was a group
of early maturity material from IITA that were not known
(In/a) about the HG they belong. These lines have been devel-
oped recently and they were at S6, therefore we did not have
much information known about them including genetic diver-
sity, population structure, and heterotic grouping, and they
were to be advanced to S7 stage after which they would be
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FIGURE 5 Principal coordinate analysis (PCoA) of 187 maize inbred lines genotypes based on 2025 DATrT single nucleotide polymorphism
(SNP) markers. International Maize and Wheat Improvement Center (CIMMY T)-Zimbabwe = blue; International Institute of Tropical Agriculture
(IITA)-Nigeria = red.
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FIGURE 6 Heterotic grouping alignment of materials from CIMMYT (International Maize and Wheat Improvement Center) and IITA
(International Institute of Tropical Agriculture) using DArT-Seq-SNPs (Diversity Array Technology sequencing single nucleotide polymorphisms)
markers. CA = CIMMYT heterotic group A, CB1 = CIMMYT heterotic B group 1; CB2 = CIMMYT heterotic group B 2; IA = IITA heterotic
group A; IB = IITA heterotic group B; In/a = IITA not available heterotic group information.
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Heterotic grouping alignment of materials from CIMMYT (International Maize and Wheat Improvement Center) and IITA

(International Institute of Tropical Agriculture) using DArT-Seq-SNPs (Diversity Array Technology sequencing single nucleotide polymorphisms)

markers with their actual names showing common inbred lines from CIMMYT used in defining CIMMYT heterotic groups, for example,

CMLA444 = HetB, CML312, CML545 = Het A, CAl

= CIMMYT heterotic group A cluster 1, CA2 = CIMMYT heterotic group A cluster 2,

CB1 = CIMMYT heterotic group B cluster 1; CB2 = CIMMYT heterotic group B cluster 2; IA = IITA heterotic group A; IB = IITA heterotic group
B, In/a = IITA not available heterotic group information. Blue color = materials from CIMMYT in hetB, green color = materials from CIMMYT in

het A, black color = early materials from IITA no available heterotic group information (In/a), brown = intermediate to later materials from IITA het

A, purple = intermediate to later materials from IITA het B.

characterized (B. Badu-Apraku, IITA Breeder, personal com-
munication, March 10, 2022). The alignment showed that all
these materials are 50% closely related and aligned closer to
their IITA HGs A and B (hetB) than their A group (Figure 6,
mixture). In addition, all the materials from IITA are generally
closer to CIMMYT hetB than A, as in the mixed cluster there
were more materials from CIMMYT hetB and also in one of
the CIMMYT hetB cluster 2 (CB2), there were two inbred
lines from IITA hetB. The most popular CIMMYT inbred
line that shows highly related to IITA materials was CML550,
which is in CIMMYT hetB (Figure 7, cluster mixture). How-
ever, although those lines from IITA clustered together with
CB, because of the inconsistency in heterotic alignment, it is
difficult to conclude that heterotic Bs from both programs are
aligned as in the mixed cluster there were also some materi-
als from CIMMYTT heterotic A (CA) and no IITA heterotic A
(IA) materials were found in the CA (Figure 7 cluster CA).
Although the materials within the CIMMYT clusters
seemed to group according to their heterotic grouping (e.g.,

CML545, CML537, CML312, and CML311) (Figure 6, clus-
ter CAl; hetA testers), there were some discrepancies; for
example, CML197 (type A) and CML566 (type B) (Figure 6,
cluster B1) grouped together regardless of them being unre-
lated by pedigree, hence continuous refining of the HGs is
still needed. The clustering of CML444 with CML566 was
consistent with pedigree information (Figure 6, cluster B1).
There was a cluster of some inbred lines (e.g., BSL210854,
CML571, and DJL184822) from CIMMYT hetB, but they
were found to be closely related to CA.

4 | DISCUSSION

The characterization for genetic diversity among the geno-
types available for breeding purposes is of uttermost impor-
tance toward efficient germplasm conservation and maxi-
mizing heterosis in future hybridization breeding programs
(Amponsah Adjei et al., 2023; Melchinger, 2015). DArT-
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Seq technology is among the increasingly used technologies
in plant breeding that enable faster genotyping using NGS
(Deschamps et al., 2012; Tomkowiak et al., 2021). In this
study, to understand the genetic diversity among the materials
from the Western Africa tropical lowland breeding program
and the Southern Africa medium attitude maize breeding
program, 2025 informative DArT-Seq SNP markers well dis-
tributed across all 10 chromosomes of maize were identified,
as this provides a better estimate of diversity in the panel
(Kumar et al., 2022).

The purity test done to the genotyped materials revealed
a greater percentage (89%) of the materials being highly
homozygous and the remaining being highly heterozygous
(maximum of 22% heterozygous) including popular pub-
lic lines such as CML445 [G148] and CML590 [GO009],
which recorded 17% and 22% heterozygous, respectively).
These results are similar to the preceding study by Kumar
et al. (2022) where they reported public lines like CML220-
1 showing high heterozygosity (up to 43.8%) and the authors
suspected either pollen contamination or seed mixture dur-
ing seed production and maintenance. However, on the overall
heterozygosity, our study revealed a very low heterozygosity
(3%) compared to the previous studies (Ertiro et al., 2017;
Kumar et al., 2022). Kumar et al. (2022) reported an over-
all average of 17% heterozygosity for their 384 inbred lines,
while Ertiro et al. (2017) reported a range of 12.5%-31.5%
heterozygosity in 265 maize inbred lines from CIMMYTT, the
Ethiopian Institute of Agricultural Research, and the IITA
using 220,878 polymorphic SNPs. This difference might be
because in our study we just used materials from two breeding
programs compared to germplasm from 18 breeding cen-
ters used by Kumar et al. (2022) and three programs used
by Ertiro et al. (2017). Regardless of the low overall het-
erozygosity reported in this study, the purification of those
heterozygous inbred lines by ear-to-row selection from the
original seeds source of the lines is still required. Therefore,
homozygosity analysis for breeding lines is very important as
it directly determine the line to be used as a parent in new line
development and/or hybrid formation.

The genetic variability analysis for inter-institution
revealed moderate genetic diversity with mean of 0.31
between their materials. This finding concurs with the
previous studies done on tropical germplasm between
IITA and CIMMYT that reported average diversity of 0.34
(Adebayo et al., 2015; Dhliwayo et al., 2009). Also, similar
GDs (0.20-0.34) among 384 tropical maize inbred lines
were reported (Kumar et al.,, 2022). The low to moderate
genetic diversity reported in this study also concurs with the
phenotypic observations witnessed between the materials
in this study (data not shown). Most of the materials have
erectile, broad shiny leaves and deep green color. These
traits contribute to abiotic stress tolerance, especially drought
stress such as the stay-green trait that reduces the rate of leaf

senescence. This is not surprising given that these materials
were all sampled from the DTMA and STMA projects. As a
rule of thumb, CIIMYT and IITA elite materials are expected
to undergo stress tolerance evaluation (Dagne Wegary,
CIMMYT Breeder, personal communication, October 2,
2023). However, most of the IITA materials were susceptible
to northern corn leaf blight or turcicum leaf blight (TLB), a
foliar disease caused by Exserohilum turcicum. This means,
IITA breeding program can maximize on CIMMY T materials
in TLB tolerance improvement. However, the reported GD
in the current study was slightly smaller than those reported
in several previous studies (Adetimirin et al., 2008; Laakili
et al., 2016; Liu et al., 2003; Matsuoka et al., 2002). The
observed lower values in our study could arise from the small
number of lines used for genotyping compared to 439 lines
used by Badu-Apraku et al. (2021). The pedigree information
of lines that were sampled for the current study shows that
most IITA lines have a common parentage. Furthermore, the
proportion in terms of representation from the two institutions
was not balanced (138 CIMMYT and 49 IITA). Therefore,
the small number of lines sampled from IITA could not
capture the whole diversity within the breeding program,
hence recommending increasing the number of lines that are
drawn from different genetic backgrounds in future studies.
However, some previous studies reported a relatively high
diversity between CIMMYT and IITA materials regardless
of the number and proportion of materials used. For instance,
Ifie et al. (2015) assessed the genetic diversity among nine
CIMMYT and 87 IITA early maturing inbred lines using 31
polymorphic SSR and 261 SNP markers and reported high
genetic diversity between the evaluated materials. In contrast,
Dhliwayo et al. (2009) evaluated a total of 20 lines from IITA
and CIMMYT (10 from each institution) using SSR markers
and reported low to moderate genetic diversity.

Furthermore, the moderate genetic variation between the
genotypes from the two sister institutions might be attributed
to the same genetic pool used, especially when breeding for
abiotic stress tolerance such as drought. An analysis of the
pedigree information of lines that were sampled for the cur-
rent study shows common parentage for most IITA lines,
and that both IITA and CIMMYT programs used common
temperate off-patent (OFP) inbred lines (ex-plant variety pro-
tection) in crosses with tropical lines to develop breeding
populations (new starts). Consistent with previous studies, the
abiotic stress—tolerant parents, such as CML444, CML312,
and LaPosta Sequia population, were commonly used as par-
ents of the inbred lines characterized in the current study.
Previous studies reported that the La Posta Sequia popula-
tion was widely used in developing inbred lines and maize
varieties tolerant to drought in SSA; hence, it was a common
parent for most drought-tolerant materials (Adebayo et al.,
2015). This lead to the clustering of germplasm into the same
subpopulation with this common parentage of LaPosta Sequia
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(Adebayo et al., 2015). Guei and Wassom (1996) described
La Posta Sequia germplasm as a late maturing, lowland,
tropical, and white dent maize that was improved at CIM-
MYT for drought tolerance through eight cycles of recurrent
selection.

The results of this study revealed that, although between
the programs there was moderate genetic diversity, AMOVA
revealed that there was higher genetic diversity within each
population (96% within population). These findings corrob-
orate with findings from previous studies (Abu et al., 2021;
Adebayo et al., 2015; Badu-Apraku et al., 2021; Dhliwayo
et al., 2009). Warburton et al. (1998) reported that the high
genetic diversity within the population than interpopula-
tion indicates that the populations are heterogeneous at the
molecular level. More so, genetic diversity studies on other
crops besides maize reviewed higher genetic diversity within
each institutions or population than between them, for exam-
ple, in sugar cane Saccharum spp (Singh et al., 2020) and
yams Dioscorea spp (Amponsah Adjei et al., 2023). This
means that breeders from these centers can benefit from shar-
ing germplasm for the improvement of specific traits and
designing new hybrids (e.g., utilization of IITA X CIMMYT
patterns). For instance, the West and Central Africa breeding
programs emphasized more on biotic tolerant screening like
Striga and maize streak virus, which are the most problematic
stresses (Adebayo et al., 2015), while the breeding programs
in Southern Africa invested more in breeding for tolerance
to abiotic stresses like drought and low soil fertility. Also,
the existence of high diversity within the programs reflects
the possibility of maximizing heterosis within the respec-
tive programs (Adebayo et al., 2015). Adebayo et al. (2015)
further reiterated that the diversity could result from the dif-
ferences in genetic backgrounds and adaptive traits, which is
given more priority by breeders during inbred line develop-
ment. Kumar et al. (2022) also suggested that greater genetic
diversity can still be available among sister lines that shared
common parentage.

The study showed six subpopulations being assumed to
be present among the genotyped materials. This depicts the
existence of genetic diversity that still exists within the breed-
ing programs (Guo et al., 2021) that breeders can maximize
in developing productive inbred lines as well as making
hybrids among lines from the different clusters. These results
corroborate with the previous reports (Kumar et al., 2022)
where K = 6 was reported out of 384 inbred lines genotypes
using over 60,000 SNPs using the genotyping by sequencing
platform.

In the present study, the PCoA revealed that materials orig-
inating from IITA, regardless of their maturity categories,
are closely related compared to the diversity within CIM-
MYT materials. This agrees with the pedigree analysis done
(not shown but available on special request for confidential
purposes) where it was revealed that most of the IITA lines
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used in this study were closely related or sister lines that are
derived from the same population or populations with one
common parent. Most of the IITA lines used in the current
study are related since they were derived from the same par-
ents or populations with a common parent. This explains the
lack of diversity among them as many of them have a com-
mon parentage in the form of drought-tolerant parent LaPosta,
and temperate OFP lines from the United States. The major
populations noted were TZE-W Pop DT C5 STR C5 and
TZEE-W POP HDT C1 STR C5 S6 for the early maturing
group, which were extracted from drought-tolerant and striga-
resistant early maturing populations and combined heat-
and drought-tolerant and striga-resistant extra-early matur-
ing populations, respectively, whereas for the intermediate to
late maturing inbred lines, it was noted that most lines were
derived from crosses of TZMI407 x MO17 (which is trop-
ical X temperate crosses) and La Posta Sequia population,
which is a common parent widely adopted in SSA in breeding
for drought tolerance in maize; hence, majority of the mate-
rials were related or sister lines. These findings agree with
the report by Badu-Apraku et al. (2021) where they found
low to moderate genetic diversity being observed in the 439
inbred lines of IITA maize germplasm. Akinwale et al. (2014)
suggested that this might be attributed due to the breeding
strategies adopted at IITA, which cut across the extra-early,
early, intermediate, and late maturing groups. The close clus-
tering of materials originating from West Africa might have
negative implications in the event that there is an outbreak of a
stress (biotic or abiotic) because the whole or a bigger portion
of the materials will be flagellated due to lack of diversity that
is the source of noble alleles for crop stress tolerance. More
s0, the highly dispersed and closely distributed CIMMYT and
IITA materials, respectively, reflected by the PCoA corrobo-
rate with what was reported by Adebayo et al. (2015) that [ITA
maize materials contained more temperate germplasm com-
pared to CIMMYT, which uses mainly material from tropical
germplasm. However, after doing the pedigree analysis of the
CIMMY T materials used in this current study, it was observed
that some of the CIMMY T inbred lines also contain both trop-
ical and temperate materials. This might be the reason why the
overall diversity between the materials from the two programs
revealed less diversity. There are many temperate lines such
as LH132, PHG39, and some coded “OFP” that were used in
line breeding at CIMMYT. These populations are the major
sources for stress tolerance, especially drought.

In addition, the higher diversity in CIMMYT materials
compared to the IITA set in this current study might be due
to other factors such as (1) sample size, which was more for
CIMMYT than IITA, (2) diverse sources of germplasm, (3)
intentional breeding activities to create genetic diversity, and
(4) complexity associated with tropical germplasm as men-
tioned before. However, the larger sample size might be the
major factor that has made the CIMMY T materials to reveal
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a larger genetic diversity that IITA. This was noted after
doing the pedigree analysis of the CIMMYT materials used
in this study. It was observed that most of the lines shared a
common parentage such as the popular old public CMLs such
as CML444, CML312, CML395, and other temperate lines
such as LH132 and the OFP lines like OFP105, OFP106,
OFP1, and OFP14. This reflects that there is a lot of material
recycling in line development as the breeders were developing
heat-tolerant and drought stress tolerant products.

The larger genetic divergence in CIMMYT materials
revealed by PCoA in PAST software was in accordance with
the hierarchical clustering of the materials that was revealed
by DARwin software for heterotic grouping. CIMMYT geno-
types from heterotic A and B were split into two making Al
and A2, and B1 and B2, respectively. Guo et al. (2021) also
reported higher genetic diversity among CIMMYT inbred
lines than among expired US Plant Variety Protection. This
diversity can be very important to both centers and private
partners in mining beneficial alleles leading to the devel-
opment of vigorous inbred lines within the HG, and when
crossed to the opposite HG line, high heterosis can be real-
ized in hybridization (Makumbi et al., 2011; Shull, 1952).
IITA breeding program can benefit from these materials from
Southern Africa, especially in breeding for abiotic stress
tolerance (Adebayo et al., 2015).

IITA materials were observed to be closely related to the
CIMMYT HG B as compared to CIMMYT type A. This
might not be surprising as these materials were extracted
from their preceding projects of STMA projects and DTMA
projects where the programs collaborated. As highlighted
before, La Posta Sequia is a common parent widely adopted
in SSA in breeding for drought tolerance in maize and being
categorized in the HG B of the CIMMYT program, hence
clusters materials closer to each other. The close relationship
of IITA materials to CIMMYT HetB might be caused by the
presence of a popular inbred line CML395, that is, a type B in
CIMMYT grouping, which is the common parentage to the
majority of materials from both programs. Dhliwayo et al.
(2009) highlighted that CML395 was developed from one of
several hundred S2 lines received by CIMMY T breeders from
IITA’s breeding program in Cameroon in the mid-1990s. It is
known to originate from a cross involving 50% IITA Midalti-
tude Streak Resistant (TZMSR; Dhliwayo et al., 2009); hence,
the genetic similarity between IITA materials with CIMMYT
type B is understandable.

The current study revealed that the materials from West
Africa maize breeding program whose HGs were not known
were highly closely related to each other. This concurred with
their pedigree information where all of them are shown to be
derived from the common population

“TZEE-W POP HDT” to IITA HG B than A: This can be
accepted to a greater extent, as the B type contains more of the
LaPosta Sequia, which is the major drought-tolerant drought

donor population used in developing adaptable inbred lines
in SSA (Adebayo et al., 2015). Genetic variation between
germplasm within the programs can be maximized by breed-
ers to produce productive and vigorous inbred lines (Makumbi
etal., 2018). This will be of great importance in making single
crosses using two vigorous parents from opposite or heterotic
populations (Shull, 1908). This will be even much better in
the formation of three-way or other types of hybrids. However,
these findings contradict with the previous study done by Ade-
bayo et al. (2015) where they reported high genetic variation
between CIMMYT by IITA than among the materials within
the program. This might be due to the fact that the studied
inbred lines were being developed toward abiotic stress toler-
ance, that is, drought; hence, breeders were taking germplasm
from the same pool (LaPosta Sequia) during the Drought Tol-
erance Maize for Africa and Stress Tolerance Maize for Africa
projects (Abate et al., 2017; STMA, 2020). Hence breeders
were mandated to develop materials with drought tolerance
in their respective regions.

The STRUCTURE analysis of the materials from the two
breeding centers revealed the presence of six subpopulations.
This depicts the presence of genetic diversity existing among
and between the breeding materials. These findings agree
with the recently reported study of tropical maize in India
where 384 inbred lines genotyped with 60,227 SNPs were
grouped into three to six groups with no clear patterns of clus-
tering by centers-wise breeding lines and any other agronomic
traits (Kumar et al., 2022). However, genotypes were grouped
partially based on their source germplasm from where they
derived. All these results bounce back to the reflection of the
complexity and diversity in tropical maize germplasm, which
breeders can still untangle the hidden treasures of it.

Furthermore, the materials from the West African maize
breeding program were not able to clearly differentiate them-
selves into their own unique HGs. This might be caused by
their breeding background as stated by Adebayo et al. (2015)
that IITA maize improvement program used to be focusing
on the development of OPVs rather than hybrids, so shifting
from OPV-oriented to hybrid-oriented programs will always
face these challenges of mixing up and inconsistences, espe-
cially when applying the molecular classification method.
Badu-Apraku et al. (2021) reported many heterotic clusters
that were produced after evaluating early to extra-early maize
germplasm with SNP markers. This reiterated the complexity
that can be faced when coming from OPV-oriented pro-
gram. Therefore, continuous refining of the new and already
developed materials is still important so as to develop a cost-
effective and manageable number of HGs where the lesser
the number, the better (Badu-Apraku et al., 2021). However,
for the heterotic grouping of materials from Southern Africa,
the majority were able to group together according to their
respective pedigree and CA background except for a few dis-
crepancies. This might be due to the fact that CIMMYT has
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invested a lot in hybrid programs long back than IITA; hence,
more work has been done in refining their HG. These results
are in agreement with the recent study by Tomkowiak et al.
(2021), where the 94 maize inbred lines were grouped accord-
ing to their pedigree using the DArT-Seq technology. The
lack of enough distinction in the heterotic grouping of inbred
lines reported in this study also concurs with their pedigree
information where one inbred line contains parents from dif-
ferent HGs. For instance, genotype G174 contains CML395,
CML444 are B type, and CML442 and CML197 that are
A type. This might be caused by the selfing of commercial
hybrids, which is a common practice and allowed in most
countries to develop maize inbred lines (Guimardes et al.,
2018).

The inconsistency of CIMMYT and IITA predetermined
HGs in their alignment depicts that breeders from these
two breeding programs and other partners when exchanging
germplasm from these two centers have to treat them as differ-
ently. This inconsistency corroborates with previous studies
where the performances of the developed hybrids from the
predefined heterotic grouping of CIMMYT’s and IITA’s HGs
were not able to be predictable. This suggests that their HG
do not correspond closely with each other (Dhliwayo et al.,
2009). For this reason, this heterotic orientation will be vali-
dated using the line X tester (LXT) evaluation study, which
is a follow-up study to this research. Although Dhliwayo
et al. (2009) recommended to increase the number of inbred
materials to be evaluated to buttress their finding, this study
still concurs with their results regardless of the increment in
germplasm that was evaluated (a total of 187 inbred lines com-
prising 138 from CIMMYT and 49 from IITA) versus 20 lines
(10 from each center) they evaluated. This might lead to the
crossing of closely related parents in developing crosses lead-
ing to less heterosis being realized (Oyetunde et al., 2020).
This might be the reason why yield in SSA seems to be
stagnant, regardless of germplasm shared between breeding
programs. Therefore, it is suggested that breeders must treat
these HGs as different and study them before making final
crosses. All germplasm lines should be genotyped and allo-
cated to common HGs to facilitate sharing and their utilization
in both new hybrid designing and new starts population that
will be used for new inbred extraction.

S | CONCLUSION AND
RECOMMENTATIONS

Genetic diversity analysis is an important step toward
maximizing the use of the available IITA and CIMMYT
germplasm to realize maximum heterosis with the poten-
tial to enhance genetic gain. This study revealed that there
was moderate genetic diversity among the inbred lines eval-
uated from the two sister programs at IITA and CIMMYT
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in SSA. However, CIMMYT germplasm reflects a higher
genetic divergence within its program, which it can still uti-
lize together with its interested partners. In addition, this study
also found that the population structure of the assessed mate-
rials has three main clusters with six subpopulations, which
reflects the greater genetic variation among the materials. The
2025 DArT-Seq SNP markers were capable to group the mate-
rials in agreement with their pedigree background qualifying
as high-quality markers that can be used in the preliminary
classification of new unknown materials or poorly character-
ized materials in the maize program. Our study also provided
more evidence that the predetermined HGs used at CIM-
MYT and IITA do not align well with each other regardless
of increasing the number of entries as suggested by previ-
ous researchers. There is need to align the HGs to facilitate
the ease utilization of germplasm that is obtained from both
programs by the partners enable them to design IITA x CIM-
MYT hybrid patterns. The information generated from this
study is very useful for different purposes, including parental
selection for new breeding programs, inferences about het-
erotic grouping, and genome-wide association studies. This
study would assist the breeders from the two programs in
identifying inbred lines that are relatively highly heteroge-
neous and require purification depending on the purpose of
the breeding program and the intended use of the inbred
lines toward genetic gain realization. Further studies are rec-
ommended to use high-density markers to untangle all the
differences between the materials at higher resolution. Also,
due to the few molecular markers used, it is recommended
that the results from this study be validated with the follow-up
LXT CA study to justify the level of heterosis being observed
from the crosses. So, it is also recommended to sample an
equal number of materials from different genetic backgrounds
from both centers for use in the future diversity and heterotic
alignment study. Also, the CA study is recommended to deter-
mine the potential productivity of crosses among the inbred
lines that will be drawn from the six subpopulations that were
identified in the current study.
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