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Abstract

In maize breeding, cultivar release, and multiplication of the seed, verifying the genetic diversity and
uniformity of inbred lines and the resulting commercial hybrid is a crucial technique of quality control.
Two thousand two hundred and ninety-four single-nucleotide polymorphism (SNP) markers were used to
assess 87 genotypes. Bi-allelic SNP data was processed using R software to assess genetic purity and
genotype variation. Polymorphism information content (PIC) values greater than 0.2 were observed in
89% of highly polymorphic SNPs. The parental lines genetic distances varied from 0.004 to 0.548, with
CML395/CML202 seed producer5 (SP5) and KIT21XW32XKIT seed producer1 (SP1) showing the largest
distance (0.548) and CML495 and CML202 the smallest (0.004). Heterozygosity above 5% was found in
64% of lines, indicating poor purity and the need for additional inbreeding. The lines were divided into
three distinct genetic clusters by cluster analysis, which may improve breeding efficiency and provide
advantageous alleles to maize breeding programs. Out of the 56 parental lines (36%) that passed the
parent offspring test. However, 64% of inbred lines purity % less than 95% which were not pure need to
be purified by further inbreeding. The lines were separated into three categories, which might offer useful
alleles for breeding maize. This study provides molecular quality control for preserving genetically pure
parental lines by evaluating and confirming the genetic purity of inbred lines using genome-wide SNP
markers. In order to identify genetic variation, contamination, or residual heterogeneity that could impact
hybrid seed quality and breeding efficiency, it also compares lines from various seed producers.

Introduction

Maize (Zea mays L.) was cultivated around 9,000 years ago in the Mesoamerican and southern Mexico
region (Matsuoka et al. 2002; Piperno et al. 2009). It belongs to the Gramineae family, grown worldwide
and the third most significant crop of cereals. Its high genetic yield potential has earned it the
designation of “queen “of cereals. For many people in developing countries, it is a key source of food and
nutritional security (Shiferaw et al. 2011), and it also serves as animals feed and raw ingredients for
industrial products. Maize occupies a prominent position in the global economy (Omprakash et al. 2017,
Reddy et al. 2021; Tippannavar et al. 2019).

The development of many hybrids and genetic advancement has grown on a global level (Bocianowski et
al. 2021). Hybrid breeding is widely used to enhance crop yield by exploiting the phenomenon of
heterosis. Maize genetic purity is can easily be affected by female lines’ self-pollination during the
production of hybrid maize seeds. One of the primary causes of the contamination is incomplete
problem, which increases inbreeding levels and reduces the seed'’s genetic purity and physiological vigor,
all of which may ultimately decrease crop yield (Salgado et al. 2006). To address this challenge, quality
control (QC) analysis of the genetic purity of parental lines with commercial hybrids (F1) is a vital
element in maize breeding and seed systems (Ertiro et al. 2015).

In hybrid maize production, preserving genetic purity and confirming the purity of F, seed lots are
essential for achieving the best agronomic performance while maintaining breeding programs'
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intellectual property rights (Josia et al. 2021; Semagn et al. 2012). The authentic progeny of the
commercial hybrids (F1) from the inbred lines without self-pollination can be tested using various parent
offspring testing methods. This includes: molecular markers, biochemical markers and field evaluation
(grow out test (GOT)). Grow-out tests use a set of morphological descriptors in the field, which is
affected by environmental factors, slow and labor intensive. The biochemical marker involves analysis of
the protein profile and, provides rapid and accurate results but with limited polymorphism and availability
of the molecular markers. Molecular markers detect variations at the DNA level. Some of the features of
molecular makers include high polymorphism, repeatability independent from environmental factors,
abundance throughout the genome, known locations and observable at all phases of plant
developmental (Dube et al. 2023).

Purity testing using DNA markers is increasingly prevalent in many agricultural crops and horticultural
hybrids because it ensures the genuineness of seed before it is distributed to farmers (Pallavi et al.
2010). Genetic polymorphism of maize has been studied using several methods, like random amplified
polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), simple sequence repeats
(SSR), amplified fragment length polymorphism (AFLP) and single nucleotide polymorphism (SNP)
(Abakemal et al. 2015; Shinde et al. 2021). Among these, SSRs and SNPs in particular are highly
polymorphic, repeatable, environment-independent, expressed across developmental stages, and
frequently associated with significant characteristics (Gowda et al. 2017). SNP markers are now
commonly used in genetic studies due to their high prevalence throughout the genome, co-dominant
inheritance pattern, and high accuracy of prediction potentials (Dube et al. 2023).

When heterozygosity is less than 5%, parental maize lines are accepted as genetically pure. According to
(Gowda et al. 2017; Josia et al. 2021), lines with heterozygosity beyond this level are either genetically
contaminated or inadequately fixed. Maize may retain up to 10% residual heterozygosity in inbred
materials due to its high cross-pollination nature (Nepolean et al. 2013). For commercial hybrid seed
production, inbred lines with a genetic purity of greater than 95% are typically suitable and below this
level they are either not pure or not fixed. Such genetic contamination results in the reduction of a seed's
physiological condition and genetic purity. This results in the reduction of hybrid yield performance.
Therefore, genetic diversity evaluation, parental- offspring testing, and genetic purity assessment are
crucial quality control methods for successful hybrid breeding programs (Daniel et al. 2012). Despite
extensive genetic diversity studies in maize inbred lines, previous research has focused primarily on
genetic diversity studies on broad germplasm collections (Abakemal et al. 2015; Adu et al. 2024; Adu et
al. 2019; Ayesiga et al. 2023;Boakyewaa et al. 2019; Dube et al. 2023; Ertiro et al. 2017; Josia et al.
2021). On the other hand, there are few studies that combine genome-wide diversity assessment and
residual heterozygosity evaluation in the collections of elite tropical maize inbred lines that are directly
associated with commercial hybrid breeding programs. The novelty of this study lies in the integration of
well-defined tropical maize breeding populations that serves as the parental foundation for commercially
produced F1 hybrids in Ethiopia, but not in the use of well-established analytical techniques. Therefore,
the present study aimed to evaluate SNP based genetic diversity, residual heterozygosity, fixation status,
genetic purity and parental verifications in 56 tropical maize inbred lines and 31 F1 hybrids of maize.
Page 3/16



Materials and Methods
Plant Material

A total of 87 genotype including 56 parental line and 31 certified commercial maize hybrids (F1) were
collected from different Ethiopian seed suppliers. Of which 21 of them were three-way cross hybrids
(B3WCHs) and 10 of them were one- way cross hybrids (Supplementary Table S1) were used in this study.

DNA Extraction and Sequencing

The maize leaves were collected from 2 to 3 week old seedlings for DNA extraction using the high
throughput mini-prep Cetyl Trimethyl Ammonium Bromide (CTAB) modified protocol by CIMMYT
(CIMMYT 2005) and sent to Intertek Laboratory in Australia for mid density DArTseq genotyping. The
genotyping technique was carried out using a procedure by (Kilian et al. 2012). In short, leaf samples
were used to extract genomic DNA, which was then purified and digested at specific target sites using
restriction enzymes. The resultant fragments were then ligated with short DNA adapters that included
unique sequence tags. The genomic areas containing the target SNP markers were then selected using a
unique complexity-reduction and amplification approach. To produce enough DNA for SNP detection, the
amplified fragments were put through PCR. To ascertain whether SNP alleles were present in each
sample, the resultant products were hybridized with particular probes, imaged, and assessed with the
DArT platform. Genotype calling and data quality checking were performed using the methods
designated in (Kilian et al. 2012).

Data Analyses

The DArT platform generated 3,305 SNP markers through its analytical pipeline. To ensure reliability,
marker quality control was done in R software version 4.5.1 (R core team, 2025). All 2294 polymorphic
SNPs with outstanding quality were used after removing for monomorphic SNPs having less than 2%
minor allele frequency. and 80% call rate. Polymorphism information content, fixation index (F,g),
homogeneity, expected heterozygosity (He), observed heterozygosity (Ho), and other genetic diversity
and purity indicators were assessed using R version 4.5.1 (R core team 2025). A distance-based
clustering technique was used to examine the genetic similarity between parental lines and F, hybrid
maize, which was created using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA). The
Jaccarrd coefficient was used to generate pairwise dissimilarity matrices and a dendrogram (Josia et al.
2021).

Results

Diversity and Inbreeding of Maize Genotype
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Depending on the marker-based analysis, the values for minor allele frequency (MAF) varied from 0.011
to 0.5, with a mean value of 0.203. The observed heterozygosty (Ho) and varied from 0 to 0.924, with a
mean value of 0.263 (Fig. 1A & B). Moreover, PIC different from 0.043 to 0.637, with a mean value of
0.397, while Inbreeding coefficient (F,g)) varied from - 0.86 to 1, with a mean value of 0.34. However,
expected heterozygosity (He) for the majority of SNPs (61%) ranged between 0.40001 and 0.6500 and
(Fig. 1C). The PIC value higher than 0.20 were identified in nearly 89% of the markers utilized in this
investigation. In contrast, PIC value of 0.25 or less was observed in 11% of markers used for the study
(Fig. 1D).

The inbreeding coefficient has a mean of 0.34 and ranges between - 0.86 and 1. Negative F g values
were found in about 24% of the SNPs. F,g values larger than 0.2 were found in around 75% of the SNPs

(Fig. 1E). The range of gene diversity across genotypes was 0.042 to 0.644, with an average of 0.399.
Eighty nine percent (89%) of the expected heterozygosity and polymorphic information lies greater than
0.20001(Fig. 1C&D), while the expected heterozygosity gene diversity between genotypes varied from
0.042 to 0.644, a mean of 0.399 (Fig. 1C), (Supplementary Table S2)

Results of the genetic diversity parameter estimates using 2294 SNPs were shown in (Supplementary
Table S3). Each chromosome had a different number of SNPs distribution; chromosome 10 had 176,
while chromosome 5 had 293. Gene diversity values for hybrid maize ranged from 0.356 to 0.399, with a
mean of 0.379. The observed heterozygosity of the SNP loci for the hybrid ranged from 3% to 4%.
However, the ancestral line's gene variation and PIC value varied from 0.36 to 0.40 across the ten
chromosomes, with a mean of 0.38. In contrast, the parental lines PIC and the value of expected
heterozygosity, ranged from 0.38 and 0.41, having a mean of 0.40. The inbreeding coefficient (F,g) for the
commercial hybrid and parental line (inbred lines) ranged from - 0.08 to -0.14 and 0.52 to 0.61 with a
mean of -0.09 and 0.59 respectively.

Genetic Purity of Maize

Parental line and commercial hybrid genetic purity values ranged from 57 to 96% and 41 to 85%,
respectively (Supplementary Table S4). In terms of percent heterozygosity, 64% of parental lines had
heterozygosity of > 5% and 36% of parental lines had heterozygosity less than 5% (Supplementary Table
S5).

Parental Verification

Single crosses (P1XP2) and three-way crosses resulting from a single cross (SC) with a third parent
(SCxP3) were also assessed for genetic purity level (Supplementary Table S6). The single-cross hybrids
genetic purity ranged from 85% to 100%; BH-5211exhibited a 100% genetic purity. Majority (87.5%) of
single crosses have high genetic identity values ranging from 92% to 100%. Relatively lower, genetic
purity was observed in the three-way cross hybrids. The single cross hybrids such as AMH-850, AMH-
854, BH-546, BH-5211 and BHQ-545 showed effective transfer of parental alleles into the final hybrid,

’
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preserving very high identity levels (98%). Sixty-four percent (64%) of the commercial hybrid exhibited
genetic purity of greater than 95%. However, few hybrids, like the AMH853 and BH-661, showed genetic
purity levels of 80% and 83%, respectively.

Comparison of Maize Inbred Lines across Seed Producers

Assessment of genetic purity between similar hybrid genotypes produced from different seed sources
were also carried out. The result indicated that, two inbred lines demonstrated consistent results across
producers. However, depending on the seed producer, the genetic purity of the paternal line BKLOO1
varied significantly, with a minimum and maximum value of 68% and 96%, respectively. (Supplementary
Table S7).

Genetic Relationship between 56 Parental Lines

The genetic relationships of the parental lines were assessed using distance-based cluster analyses.
The 56 parental lines were clustered into three distinct clusters based on Jaccard's similarity coefficient
(Fig. 2). The mean genetic distance between the parental lines was 0.278, with the maximum and
minimum genetic distances of 0.548 and 0.004, respectively. The parental lines CML395/CML202 form
seed producer (SP2) and KIT21XW32XKIT from (SP1) had the largest genetic distance (0.548). The
inbred lines CML495 (SP2) and CML202 from (SP2 & SP4) had the smallest genetic distance (0.004).
The genotypes were moderately and highly heterogeneous, with sixty-seven percent (67%) of the genetic
distance values falling between 0.3001 and 0.5485 (Fig. 2). Cluster Ill had fifty-four parental lines,
whereas Cluster | and Cluster Il each had one parental line (Fig. 3). The clusters analysis well grouped
the parental lines into distinct categories (Fif.3).

Discussion

Evaluating the genetic purity of maize is important for maintaining their genetic uniqueness and assuring
their quality by creating necessary corrections during the seed development process. Moreover, it is
important to assess a seed lot's authenticity and genetic similarity. Genetic purity assessment helps to
determine the presence of selfed seeds, admixtures, or contaminants that could lower hybrid vigor and
to confirm successful hybridization between the designated parental inbred lines. In addition, it helps
maintain outstanding seed quality, predictable field performance, and varietal distinctiveness. According
to the study of (Ertiro et al. 2017; Ertiro et al. 2015; Gowda et al. 2017; Semagn et al. 2012), a
heterozygosity rate of 5% or less is the standard level of genetic purity in inbred lines. Studies suggested
that (Gowda et al. 2017; Semagn et al. 2012), any inbred lines in the samples with a level of
heterozygous loci between 5 and 15% may need to be isolated via ear-to-row selection. On the other
hand, a line with more than 15% heterozygous loci is probably contaminated with unrelated genetic
material and needs to be either discarded or thoroughly reselected for the original genotype. When
heterozygous was higher than 5% (Daniel et al. 2012), Parental lines are also expected to maintain all the
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genetic characters that the breeder selected. The present study thirty six percent (36%) of the tested
parental lines were genetic purity are considered as highly stable and appropriate. These lines assist the
effectiveness of quality control systems in maize breeding programs and help produce genetically
homogeneous and high performing hybrids. However, 64% of parental lines have not yet attained the
level of homozygosity predicted for elite breeding materials, as indicated by the finding that the majority
of maize inbred lines showed genetic purity below 95%, as indicated genetic contamination and
inadequate maintenance of inbred lines during seed development. Thus, before being utilized as parents
in the generation of hybrid seeds, these lines could need additional purification and stringent quality
control. On the other hand, 77% of single cross hybrid and 71% of three-way cross hybrid varieties
exhibited acceptable pedigree conformance with genetic profiles that matched their expected parental
combinations. All of these outcomes indicate to the necessity of improving parental line purity through
ongoing inbreeding and regular SNP-based quality control in order to guarantee the production of
genetically uniform and superior hybrid seed, even though hybrid identity was mostly maintained.

High genetic diversity is a sign of successful hybridization and heterozygosity, which have a strong
connection with heterosis and enhanced agronomic performance. On the other hand, low diversity could
indicate inadequate seed production, contamination, or self-pollination. Thus, a strong basis for quality
control in seed production, variety protection, and the creation of enhanced maize cultivars is provided
by efficient genetic diversity assessment. High-throughput genotyping provides an efficient and reliable
technique for assessing genetic variation among maize genotypes. These markers will be especially
beneficial in maize breeding programs, where finding markers associated with certain traits is crucial to
enhancing selection efficiency.

The mean of PIC and expected heterozygosity (He) value in this study was 0.4, suggesting that the
markers are suitable for identifying genetic variation in the genotype of maize. The current study has
similar findings to those reported by (Josia et al. 2021). Several reports indicated higher values
compared with the current study (Abakemal et al. 2015; Adu et al. 2024; Ayesiga et al. 2023; Dao et al.
2014; Kondwakwenda et al. 2020). and lower values also reported by (Mushtaq et al. 2016). Particularly,
a total of 89% of the SNP markers indicated PIC values greater than 0.2. The result shows a high genetic
diversity within the seed lot. This greater diversity confirms and indicates that successful hybridization
between various parental lines has taken place. Therefore, the maize population exhibits higher hybrid
vigor and dependable seed production methods with little genetic narrowing or loss of diversity.
Additionally, this high proportion of informative markers suggests that these SNPs are appropriate for
distinguishing between hybrids, allowing reliable distinct genotype identification, off-type detection, and
genetic purity confirmation, all of which are essential for breeding programs and quality control.

The SNP markers showed a broad range of genetic diversity, as indicated by MAF values which ranged
from 0.01 and 0.5, with a mean value of 0.20. The inclusion of markers with relatively low MAF
guaranteed the representation of uncommon alleles, offering a deeper understanding of genetic
diversity, even when self-pollination produces fixed or low-frequency alleles in maize populations. The
observed mean MAF was higher than in (Ayesiga et al. 2023; Dao et al. 2014), but less than the study by
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(Adu et al. 2024; Adu et al. 2019), due to variations in population structure and germplasm background.
Importantly, rare alleles enable the discovery of understated distinctions and off-types, while markers
with intermediate MAF contribute the most to heterozygosity and are very helpful for differentiating
between hybrid genotypes. Additionally, rare alleles allow the discovery of small variations and off-types,
while markers with intermediate MAF contribute the most to heterozygosity and are very helpful for
distinguishing between hybrid genotypes.

The majorities of the parental lines developed a significant degree of homozygosity and were fixed for a
particular allele. The mean of observed heterozygosity (Ho) and inbreeding coefficient was 0.26 and
0.34, respectively. This study's observed heterozygosity was greater than that of (Gowda et al. 2017,
Josia et al. 2021), and its FIS was higher than reported by (Kondwakwenda et al. 2020). The parental
lines in the current study displayed a larger inbreeding coefficient, suggesting a higher degree of
homozygosity, when compared to the report by (Labate et al. 2003). On the contrary, as the hybrids had a
low mean F g value, indicating an abundance of heterozygotes. These findings support considerable

heterozygosity in the hybrids and significant inbreeding in the parental lines.

The genetic similarity of parental lines must be established to facilitate efficient exploitation of heterosis
in hybrid breeding. Two percent (2%) of lines’ genetic distance is greater than 0.50. This indicated
important for developing heterotic groups. While 34% of parental lines had the lowest genetic distance,
those lines suggest that sister lines with shared pedigrees across most generations. The genetic
distance between 0.06 to 0.65 values was reported by (Boakyewaa et al. 2019).

Based on their genetic similarities, parental lines were separated into three main clusters by the UPGMA
clustering analysis. Previous studies on maize diversity showed a similar clustering structure in which
parental lines were separated into distinct clusters due to their genetic links, pedigree background, and
breeding history. The present study's observed clustering suggests that the assessed parental lines have
significant genetic diversity, which is advantageous for choosing divergent parents for hybrid breeding
programs (Josia et al. 2021). This clustering approach identified a substantial genetic variation between
the parental lines. The largest sub-cluster of parental lines represents a genetically homogeneous group,
indicating that a substantial proportion of the population shares similar genetic traits. Due to selective
breeding within a limited number of genes or shared heritage, this could imply that these lines are
closely related. In order to improve particular maize qualities, the smaller groups might reflect
underrepresented genetic backgrounds or unique sources of genetic diversity. The consistency of
parental lines across production systems allows for the identification of genetically redundant and very
different parental lines, as well as the detection of potential contamination or genetic drift during seed
processing. The results improve the effectiveness and reliability of hybrid maize breeding and seed
production by offering valuable information for heterotic group assignment, parental line selection,
quality control, and molecular certification.

Implications for Molecular Quality Control in Maize Hybrid
Breeding
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The present study covers the application of SNP markers beyond traditional evaluations of genetic
diversity and genetic purity by integrating these analyses with parental verification to confirm
commercial maize hybrids. Previous studies have successfully employed SNP markers for assessing
genetic diversity and genetic purity in maize germplasm (Semagn et al. 2012; Qu et al. 2022) and, in
some cases, for evaluating parent—offspring relationships within breeding populations (Josia et al.
2021). However, there hasn't been any thorough confirmation of the authenticity of commercial maize
hybrids using a medium-density SNP panel to verify that they inherited genes from their reported male
and female paternal inbred lines.

The genetic integrity of the parental lines and the related commercial hybrids is evaluated in this study.
Also, it assesses the consistency of seed management techniques by comparing genetically identical
inbred lines maintained by various seed companies. This study offers a thorough molecular quality
evaluation of the commercial maize seed production system by connecting parental genetic purity with
hybrid genetic purity and confirming the genetic linkage between parents and their producing hybrids.
Medium-density SNP markers can support regular quality control and seed certification procedures,
authenticate parent-hybrid connections, and efficiently identify genetic variations across seed sources.

The integration of these complementary analyses provides a complete framework for molecular quality
control in commercial maize breeding and seed production. The findings support more precise hybrid
authentication, early detection of pedigree mistakes, pollen contamination, seed admixture, and labeling
errors during hybrid development and seed multiplication. Furthermore, this method strengthens
molecular-based seed quality assurance and breeding program management by confirming the genetic
identity, purity, and authenticity of hybrid seed before release to farmers.

Over all this study provides an integrated molecular quality assessment of commercial tropical maize
hybrids and their parental inbred lines using a medium-density SNP panel. This study provided new
evidence for improving molecular quality assurance and seed certification systems in commercial maize
seed production by showing significant variation in parental genetic purity among seed producers and an
unexpected variation between parental purity and hybrid purity.

Conclusion

These findings supported the importance of SNP markers in determining the genetic purity of parental
lines and commercial hybrid maize (F1). The SNP markers were also verification of hybrid maize genetic
purity. In order to identify any contamination that might have occurred during inbred line development,
routine genetic quality assessment was carried out in the present investigation. The genetic purity of
parental lines was indicated as highly pure to low purity. This analysis showed significant variations
among seed sources, indicating heterogeneity in inbred line seed quality. The values of the genetic purity
and diversity assessment ranged from high to low levels. When the inbred lines CML 202 and
KIT/SNSYN(N3/TUX))-C1-F1-#-#-21-2-3-1-1-3-#*3 purity level had equal value confirmations for seed
produced by different seed producers, only 36% of the samples met the well accepted requirements from
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56 parental lines samples. When we analyzed parental verification of single cross and three-way cross
hybrids, 75% and 71% accepted the purity percentage respectively. So, low genetic purity was seenin a
number of parental lines, those lines indicating that pollen contamination and improper isolation
occurred during the development of the hybrid. However, the majority of the same commercial hybrid
variety (F1) and some parental lines produced by different seed producers have different purity level,
which suggests need for quality improvement in hybrid development programs. To ensure the
development of genetically pure and more superior inbred line maize seed for hybrid production,
preservation of improved inbred ling, strict field isolation, and improved quality control techniques are
required for hybrid development programs in Ethiopia.
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Figure 1

Summary of 2294 SNP markers frequency of 87 maize genotype A) Minor Allele Frequency (MAF), B)

Observed Heterozygosity (Ho) C) Expected Heterozygosity (He) D) PIC and E) Inbreeding
coefficient (Fg).
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Figure 2

Summary of genetic distance of 56 maize lines using 2294 SNPs.

UPGMA Dendrogram of 56 Maize Lines (3 Clusters)
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Figure 3

UPGMA dendrogram based on the genetic relationship between 56 parental maize lines based on 2294
SNPs.
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