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Abstract: Assessing of genetic diversity is essential for identifying useful alleles for crop improvement. This study
evaluated genetic diversity among two cassava breeding populations for total carotenoid content (TCC), dry matter
content (DMC), and hydrogen cyanide (HCN) concentration using trait-linked single nucleotide polymorphism (SNP)
markers. A total of 360 genotypes were analysed, including 261 from the IITA breeding programme (Population 1),
23 progenitor lines, and 76 from the University of Ibadan Cassava (UIC) breeding programme (Population 2). Minor
allele frequency (MAF), gene diversity (GD), observed heterozygosity (He), and polymorphic information content (PIC)
were computed. Principal component analysis (PCA) and hierarchical clustering were performed to examine genetic
variation and population structure. Call rates were high (96—100%). MAF ranged from 0.00 to 0.50, with mean values
of 0.28, 0.28, and 0.29 for Population 1, Population 2, and progenitors, respectively. GD averaged 0.36, 0.36, and 0.35
across these groups. Observed heterozygosity was 0.42, 0.41, and 0.43, while PIC values averaged 0.29, 0.27, and 0.27 for
Population 1, Population 2, and progenitors, respectively. PCA and clustering analyses grouped the genotypes into three
clusters containing 257, 88, and 15 genotypes. The first two principal components explained 39.1% of the total genetic
variation. The results indicate substantial genetic diversity among the studied genotypes, suggesting strong potential
for allele pyramiding and highlighting the informativeness of the SNP markers used.
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Cassava (Manihot esculenta Crantz; Euphorbiaceae)
is a perennial, dicotyledonous tuber crop of global
socio-economic and nutritional significance. Globally,
it ranks fourth as an essential food crop only to rice,
wheat and maize, playing a central role in food secu-
rity and income generation for smallholder farmers
(Mtunguja et al. 2019; Mohidin et al. 2023). Over
1 billion people in Sub-Saharan Africa (SSA), Asia
and Latin America subsist on cassava as a staple
food and a source of dietary energy (Adebayo 2023;
Nyaika 2024). Additionally, cassava functions as an
important cash crop, provides raw materials for agro-
industries, serves as a famine reserve and a source
of animal feed, and contributes to national foreign
exchange earnings through export (Tumuhimbise
etal. 2014). Thus, cassava plays an indispensable role
in sustaining food systems, supporting rural liveli-
hoods, and strengthening the agricultural resilience
of millions worldwide.

Over the past decade, concerted breeding efforts
have led to the development and release of cassava
varieties combining traits such as provitamin A ca-
rotenoids (pVAC), through biofortification, high dry
matter content (DMC), and low hydrogen cyanide
(HCN) (Ilona et al. 2017; Eyinla et al. 2019; Machado
et al. 2023; Kongsil et al. 2024). However, there re-
mains a dearth of information on the genetic diversity
of these improved varieties (Kamara et al. 2018).
Consequently, this lack of information is hindering
breeding efforts aimed at exploring useful alleles for
population improvement. Comprehensive knowledge
of the extent of genetic diversity within a source
population is essential for broadening the genetic
base to develop new varieties and for identifying
genetic differences among closely related individuals
(Tiago et al. 2016). Therefore, genetic analysis of cas-
sava breeding lines is essential to enhance yield and
nutritional potential while maximising the utilisation
of desirable traits for the development of improved
varieties (Andrade et al. 2017).

The assessment of genetic diversity in cassava
populations can be approached through a variety
of methods, including biochemical, morphologi-
cal, and molecular characterisation (Okogbenin
et al. 2012). Each approach has its advantages and
limitations. Morphological markers, for instance, are
strongly influenced by environmental conditions,
which can reduce their reliability in estimating genetic
diversity (Xiao et al. 2025). In contrast, DNA-based
molecular markers offer a more precise alternative,
unaffected by environmental factors, and enable

plant breeders to correlate genotypic variation with
phenotypic traits, thereby providing robust insights
into genetic diversity (Amesh et al. 2020).

The use of modern breeding tools such as molecu-
lar markers has provided useful insight for genetic
characterization (Ren et al. 2013; Xiao et al. 2025).
This permits the detection of genetic polymorphisms
among cassava genotypes by revealing useful alleles
that can be exploited in cassava biofortification
breeding pipeline (Rabbi et al. 2014; Udoh et al.
2017). Such information guides the breeder to select
unique clones to broaden the genetic base and develop
superior varieties since the information revealed
is based on the plant genotypes and independent
of environmental variation.

There are several DNA-based molecular markers
available that plant breeders can leverage for genetic
diversity studies. Some of these DNA-based molecular
markers encompass restriction fragment length poly-
morphism (RFLPs), random amplified polymorphic
DNA (RAPD) markers, amplified fragment length
polymorphism (AFLP), inter simple sequence repeats
(ISSRs), simple sequence repeats (SSRs), and single-
nucleotide polymorphisms (SNPs), among others
(Amesh et al. 2020). Previous studies have leveraged
some of these markers over the years to characterise
cassava germplasm for genetic variation (Ceballos
et al. 2015; Karim et al. 2020). Nonetheless, SNP
markers are increasingly becoming markers of choice
for genetic diversity studies and plant breeding ap-
plications (Rabbi et al. 2020; Amoah et al. 2025).
SNPs are useful in detecting and identifying specific
genetic differences even in a low-diverse population
(Ferri et al. 2010). A marker system based on SNPs
provides extra advantages due to the low genotyping
cost, abundance in the genomes, biallelic nature,
and their amenability for high-throughput detec-
tion formats and platforms (De Oliveira et al. 2012;
Ousmeal et al. 2023). These advantages make SNP
markers particularly suitable for genetic diversity
research (Varshney 2010; Welsch et al. 2010; Karim
et al. 2020). Thus, the objective of the present study
was to assess the genetic diversity and relationships
between two cassava populations using SNP markers
to explore useful alleles to broaden the population
base.

MATERIAL AND METHODS

Description of plant material. A total of 360 cas-
sava genotypes from two populations were used in this
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study. Population 1 comprised 261 genotypes derived
from open-pollinated crosses among 23 advanced
International Institute of Tropical Agriculture (IITA)
breeding lines combining high carotenoid content,
high dry matter, high starch, and Cassava mosaic
virus (CMD) resistance. Population 2 consisted of
76 genotypes from the University of Ibadan Cassava
(UIC) breeding program with storage root colour
variability ranging from cream to deep yellow. The
parental materials for population 2 included yellow-
root cassava varieties (IITA-TMS 1070593, IITA-TMS
1011371, IITA-TMS 1070539, IITA-TMS 1011368, and
IITA-TMS 1011412) selected for their high B-carotene
content, CMD resistance, and storage root yield.
Botanical seeds were deliberately used to generate
the IITA-derived clones (Population 1), as sexual
reproduction in cassava introduces recombination
and allelic variation that are essential for assessing
genetic diversity and identifying useful alleles for
population improvement, rather than for varietal
maintenance or clonal fidelity.

Experimental layout and management. Botanical
seeds for Population 1 were sown in a greenhouse,
and seedlings (20-25 cm tall) were transplanted
to the field. Plants were harvested eight months after
planting (MAP). Population 1 trial was established
using an augmented design with a spacing of 1 m
between rows and 0.25 m within rows, with clone
TMEB117 as a common check. Seedlings were trans-
planted in the first week of November 2024 at IITA,
Ibadan, Nigeria (7°24'N, 3°54' E). Population 2 was
established in May 2024 at the Teaching and Research
Farm of the Department of Crop and Horticultural

https://doi.org/10.17221/121/2025-CJGPB

Sciences, University of Ibadan (7°27'N, 3°45'E), us-
ing a randomised complete block design (RCBD).
Twenty stem cuttings were planted per 20 m® plot
at a spacing of 1 x 1 m, with two replications. Field
management at both experimental stations followed
standard cassava cultivation practices and technical
recommendations.

Genotyping. The study evaluated 261 IITA-de-
rived clones (Population 1), 76 University of Ibadan
UIC clones (Population 2), and 23 parental lines
used in generating Population 1, all of which were
genotyped using nine trait-linked kompetitive allele-
specific PCR (KASP) markers previously developed
for cassava improvement (Udoh et al. 2017; Ogbonna
et al. 2020; Rabbi et al. 2020) (Table 1) and flanking
sequences of the SNPs presented in Table 2. Leaf
samples were collected by punching four 6-mm disks
from each of the 360 samples into 96-well plates
using single-hole punchers and forceps. The plates
were labeled, covered with paraffin oil, and stored
at -50°Cina LABCONCO FreeZone 18 Liter freeze-
dryer at the IITA Bioscience Center. Samples were
freeze-dried at -51 °C and 5.0 Pa for 72 h until com-
pletely dry, and then shipped to Intertek Laboratory,
Australia, for genotyping using the KASP method.

Two non-template controls (NTCs) were included
per plate. Genotyping was conducted using a high-
throughput PCR platform in 384-well plates. Each
KASP reaction contained genomic DNA, a marker-
specific assay mix with two allele-specific forward
primers and a common reverse primer, and the
KASP-TE™ Master Mix. The master mix includes
two FRET-based fluorescent cassettes (FAM and

Table 1. Description of the nine trait-linked KASP markers used for genotyping in the two populations

Traits SNP name

Favourable allele

Unfavourable allele Reference

S1_24197219
S6_20589894
S12_5524524

@

Dry matter content

S1_24155522
$13_0543962
S5_3387558
S8_25598183

Carotenoid content

S16_773999
S$14_6050078

Qa» A4 a» OO0

Hydrogen cyanide

—

Rabbi et al. (2020)
Rabbi et al. (2020)
Rabbi et al. (2020)
Udoh et al. (2017)
Rabbi et al. (2020)
Rabbi et al. (2020)
Rabbi et al. (2020)

Ogbonna et al. (2020)
Ogbonna et al. (2020)

0 Q0 >0 A »

The table lists each marker, the trait it targets, and the favourable and unfavourable alleles associated with improved or reduced
phenotypic performance; these single nucleotide polymorphism (SNP) markers were previously validated in cassava breeding
programs and are widely used for marker-assisted selection; the favourable alleles represent variants linked to desirable trait

expression, while unfavourable alleles correspond to less preferred phenotypic outcomes; KASP — kompetitive allele-specific PCR
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Table 2. Markers and flanking sequences of the SNPs used for genotyping cassava genotypes in two populations

Marker_allele_trait Chr. SNPs and sequence

GATGTAGGCATGTTACATATAAGGGCTACATACACATTAGCAGCTAAAATGA
GACCCGGATACCGAGCAATGCCATCAATTGAGAGATGAACTCAGGGTG[C/T]
CCTGGCCATGCAGCTCCAGTAACCAAATTTTCATGAGTGTAGCAACGATGT
ATTGGATCAGGTTCTAGCCATGTTGCCCCAGCCAAGACCACGTTAATCT

S1 24197219 (C/T) 1

ATTGATGATTTTTTATTCATGATATGTAGCTATCAAAGTTACTCAGCAATGTC
CTTGTTTTAGCCATGCTAGCAGCATGTTTTGTTGCGACAACAGTTGGIA/G]
AGTTGTATGAATATTGTTTTATCTTGTATGCAGAATATCATTGGGCAGGAA
GCAGGGAAAAGCGTGATTGAGGAATATTTACGTCGTAGGGGTCACTCAG

S6 20589894 (A/T) 6

GGAGGTTTTTTTATGTGGCATTCTCAGCAGCTGCAGGAATCTCATTGTTCTT
TACAATTCCAAGGCTCTTTCTTGCAATTAAAGGTGGGGAAGGTGCCCC[A/G]
GACCTCTGGGGAACTGCTGGAAATGCTGCCATTAATATTGGTGGTAAATGC
TTTAACCTTTCTCTGTCATATGAAGAAAATGAGTTAATTGATGTATAAT

S13_0543962 (A/G)

[

GTTACACTTAGACCCTTGTCATTAAACATTACTGAGGCTGCAGTTGAAGTGTA
AACAACTCTTTTCACTGTCTTTGATTCCAAGCATGTCCTTAATATCC[C/T]TA
GCAATCCATCCACGGCTATTTTGGTCACACTTTCTTCAGGTTCTTTTCCATA

ATGATCCATTGGGTGAGCCACATGGAAGACTCCAATACAACCTTCA

S5_3387558 (C/T) 5

TAAATTCTGACTGTCTTGGCATGACTGTCCAGGTAGTCCCCGAAAATGAGA
ATGCTGCTCTCTACTCCACTCATTCATTCAAGATTTTGTTCAAGGAAGG|G/T]
GGTTGTGGAACCTTCATTCCGCTCTTTTTCAACTTGCTCTCTTCAGTAAG
GCAATACAATCAGCAACAAACCTCTGGAATGGGGCCCCAGATGAACCCTT

S8 25598183 (G/T) 8

S1 24155522 (A/C) 1 GACAGATGAGCTTGTTGATGGACCTAATGCTTCACACATAACGCCAACAGI[A/C]
- TTTAGATAGGTGGGA AGCAAGGTTGGAAGATATGTTTCGAGGTCGTCCCT
TGAATTATTTTAACTCTTTGATTGCTTCGCCAGTGCCTGGTCTCCAGAATGT
GTGTGTTGCTTTGGTTTGTAGTTCCAAAGGTGAGCTGTGGCAATTTTA[T/C]
TGCAGCCCCACTGGCATTAGACGCAGTAAATTATATCAGGACGAAGT
AAGTTCATCCTTCAAAGGAAATGATAATGGTCAATTTGTGGGGAGCAAAGGTT

S12 5524524 (T/C) 12

GTGAGCAACGAGCTAGGAGCAGGACATCCAAAATCAGCAGCATTTTCTGTGA
TAATTGTGAATCTATG CTCTTTCATTATCGCTGTWRTCGCAGCCATCRTCGT
GATGATWTTGCGAGACTATCTCAGCTACGCTTT YACTGATGGTGAA[A/G]
CTGTTTCCAAAGCRGTCTCCGATCTYACCCCCTWCTTGGCTGYCACCCTCATT
CTAAATGGSGTGCAGCCTGTTTTGTCCGGTRAGATAATYYCCCCAACCTCCC
CCCTGTTCCCTGTTATTA TTAYGATTCCTTCATAGCAGTACTTTT

S16_773999 (A/G) 16

CTCKGCAGGTATCTTACCCATAATTTTTTTTAWAAGGAAATACRGAGACTAA
GATTTTCAAATATTTTATTCATATATGYCTAAYGTMTTAAAAATTGGCAAATT
TATAGGAGCATTTGCAGCAATGGCAATATTCGGAAAGATGGACCA[A/G]
TTACTTGCGCCTAAAGGAATTTCTATGACAATTGCGCCCTTAGGAGCTGTTT
GTGCCGTCCTCTTTGCCACTCCTTCCTCYCCTGCTGCTCGGGTACCCTCC
WCTGCTCYGTTTTATGGCAG TAGATAAAAATGAGAACTTTTTAACTTT

S14_6050078 (G/A) 14

This table presents the nine trait-linked single nucleotide polymorphism (SNP) markers used for genotyping cassava populations,
showing their chromosome positions, allele variants, and full flanking sequences; these markers target genomic regions associated
with dry matter content (DMC), total carotenoid content (TCC), and hydrogen cyanide (HCN) concentration; bracketed nucleotides
indicate the biallelic SNP site, where the first allele represents the favourable allele and the second denotes the unfavourable allele for
the respective trait; chromosomal positions are provided for reference to the cassava genome assembly, and the flanking sequences

represent the genomic regions targeted for kompetitive allele-specific PCR (KASP) genotyping assays; Chr. — chromosome position

HEX), a reference dye (ROX™), Tag DNA polymerase, calls were made using KRAKEN™ software. Detailed
dNTPs, and MgCl, in a proprietary buffer. After thermal  protocols for KASP setup and execution are provided
cycling, fluorescence signals were read, and genotype  in the KASP user guide (Genomics LGC 2013).
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Genotypic data and marker-trait association
analysis. SNP calls were generated using SNP Viewer,
and genotypic data were exported as a marker-by-
genotype matrix for downstream analyses. A raw
HapMap genotype file was produced in R Statistical
Software (R Core Team 2020). This file was imported
into TASSEL 5.0 (Bradbury et al. 2007) to calculate
key genetic diversity indices, including call rate, minor
allele frequency (MAF), polymorphic information
content (PIC), gene diversity (GD), observed hete-
rozygosity (H.), which were used to assess the extent
of genetic differences between the two populations
and parental lines. Genotypes were further coded
according to allele calls at nine SNP loci associated
with key agronomic traits in cassava.

Genotypic data were curated by removing ambigu-
ous calls (e.g., ‘NN’ or missing values), while retaining
all SNP loci due to the limited number of informative
markers. SNPs were treated as categorical variables
rather than being forced into numeric encodings
to preserve allelic information. Genetic dissimilar-
ity among genotypes was quantified using an allele
mismatch distance, calculated as the proportion
of non-matching alleles across loci, excluding miss-
ing comparisons.

Genetic relationships among the cassava genotypes
were examined using hierarchical clustering based
on an allele-mismatch distance matrix calculated from
the nine trait-linked SNP markers. Clustering was per-
formed using the unweighted pair group method with
arithmetic mean (UPGMA). To evaluate the statistical
robustness of the inferred clusters, multiscale bootstrap
resampling was conducted using the pvclust package
in R (Suzuki & Shimodaira 2006). A total of 1 000
bootstrap iterations were performed, and approxi-
mately unbiased (AU) P-values were computed to assess
the support of internal branches in the dendrogram.
Branches with high AU support values were interpreted
as relatively stable, providing a conservative evaluation
of cluster robustness and genetic relationship among
the cassava genotypes (Daemo et al. 2023).

Phylogenetic relationships among the cassava
genotypes were visualised as a circular (fan-type)
dendrogram, generated using the ape package
in R (Paradis et al. 2004). Genotypes were labelled
according to their assigned identifiers (G1-G360)
and colour-coded to indicate major genetic clusters
identified from the hierarchical analysis. This visu-
alisation enabled a clear interpretation of genetic
structure across genotypes drawn from the different
source populations.
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Principal component analysis (PCA) was ad-
ditionally performed using the prcomp function
in R to summarise overall patterns of genetic variation
across the nine SNP markers and to complement the
clustering results (R Core Team 2020). Scripts used
for PCA visualisation and hierarchical clustering,
including bootstrap resampling and dendrogram
construction, are provided as Figure S1 in Electronic
Supplementary Material (ESM).

RESULTS

Diversity assessment among genotypes in two
breeding populations; Population 1 and 2. The
summary statistics of the nine SNP markers used
to estimate the MAF, GD, level of H,, and the PIC
values are presented in Table 3. The MAF, PIC, H,, and
GD are key population genetic indices that measure
the informativeness of a marker and genetic differ-
ences among any studied populations. Genetic vari-
ation was evident among the 360 cassava genotypes,
which include both breeding populations and their
23 progenitor lines, highlighting the diversity present
within the germplasm set.

The MAF ranged from 0.00 (S1_24197219,
S1_24155522) to 0.43 (S8_25598183), with an average
value of 0.28 in Population 2, while in Population 1
the MAF ranged from 0.11 (S1_24197219) to 0.45
(S5_3387558), with an average of 0.28 across the
SNP markers. The progenitors MAF ranged from
0.00 to 0.5 with a mean of 0.29.

The mean H,. across all loci was 0.42 and 0.41
in Population 2 and Population 1, respectively. In Pop-
ulation 1, He values ranged from 0.15 (S1_24197219)
to 0.88 (S5_3387558), whereas in Population 2 they
ranged from 0.00 (S1_24197219, S1_24155522)
to 0.73 (S5_3387558). GD was highest (0.50) for
SNP S5_3387558 and S16_773999 and lowest (0.00)
for S1_24197219 and S1_24155522, with the mean
GD of 0.35 across the parents of Population 1. The
average gene diversities obtained for the two popu-
lations, including the progenitors, were somewhat
lower than the mean heterozygosity observed.

The PIC values ranged from 0.17 (S1_24197219)
to 0.37 (S5_3387558, S13_0543962) with a mean
0f 0.29 in Population 1, and from 0.00 (S1_24155522,
S1_24197219) to 0.37 (S8_25598183, S16_773999),
with a mean of 0.27 in Population 2. The PIC values
in the parents of Population 1 ranged from 0.00
to 0.38, with an average of 0.27. About 78% of the
SNP markers in this study had PIC values greater
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Table 3. Summary statistics of the nine SNP markers for genetic diversity studies of the three studied populations

SNP marker Population 1 Population 2 Parents of Population 1
MAF GD He PIC MAF GD He PIC MAF GD He PIC
S1_24155522 0.14 0.24 0.22 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S$1_24197219 0.11 0.19 0.15 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S1_30543962 0.43 0.49 0.63 0.37 0.37 0.47 0.52 0.36 0.37 0.47 0.57 0.36
S5_3387558 0.45 0.50 0.88 0.37 0.36 0.46 0.73 0.36 0.46 0.49 0.91 0.37
S6_20589894 0.40 0.48 0.41 0.36 0.34 0.45 0.53 0.35 0.32 0.43 0.36 0.34
S$8_25598183 0.24 0.36 0.39 0.30 0.43 0.49 0.57 0.37 0.37 0.47 0.48 0.36
S12_5524524 0.15 0.26 0.30 0.22 0.37 0.46 0.58 0.35 0.37 0.46 0.64 0.36
S14_6050078 0.21 0.33 0.36 0.28 0.28 0.38 0.40 0.31 0.20 0.31 0.39 0.27
S16_773999 0.29 0.41 0.37 0.32 0.41 0.49 0.42 0.37 0.50 0.50 0.48 0.38
Mean 0.28 0.36 0.41 0.29 0.28 0.36 0.42 0.27 0.29 0.35 0.43 0.27

This table summarises key genetic diversity statistics (MAF, GD, He, and PIC) for the nine single nucleotide polymorphism (SNP)

markers across two cassava breeding populations and their progenitors; the values highlight differences in allele frequencies

and marker informativeness among populations; mean values provide an overall assessment of diversity within each group;

these statistics correspond to the same markers whose sequences and allelic variants are presented in Table 2; MAF — minor

allele frequency; GD — gene diversity; He — heterozygosity; PIC — polymorphic information content

than 0.28, indicating that the majority of the markers
were moderately informative compared to those with
lower PIC values. GD, He, and PIC values exhibited
a consistent pattern across the SNP markers, indi-
cating that the same markers tended to show higher
or lower levels of genetic informativeness. Different
PIC values were observed across the SNP loci for the
entire populations.

The PIC, MAF, H, and GD values varied substan-
tially across the nine SNP markers, reflecting clear
genetic differentiation among the cassava clones.
With the exception of markers S1_24197219 and
S1_ 24155522, which recorded PIC, GD, and H, val-
ues of 0.00 in Population 2 and the progenitors, all
other markers showed moderate to high diversity
across the populations.

Notably, several markers, including S5_3387558,
S1_30543962, S6_20589894, and S16_773999, exhibited
comparatively higher PIC (0.31-0.37), GD (0.45-0.50),
and H, (0.52-0.91) values, indicating strong discrimi-
natory power. When averaged across SNP loci, Popu-
lation 1 showed the highest mean genetic diversity
(MAF =0.28; GD = 0.36; H = 0.41; PIC = 0.29), followed
closely by Population 2 (MAF = 0.28; GD = 0.36; He =
0.42; PIC = 0.27). The progenitor set displayed the
lowest diversity (MAF = 0.29; GD = 0.35; He = 0.43;
PIC = 0.27), consistent with their narrower genetic
base relative to the segregating breeding populations.

Population stratification. Figure 1 represents
the population structure of cassava genotypes char-

acterised by PCA and diversity among 360 cassava
genotypes based on the nine markers across the two
populations and the progenitors. The total amount
of variation explained by the first two PCs was 39.1%.
The first and second PCs (PC1 and PC2) explained
respectively 22.3% and 16.8% of the total variation
observed across the populations. There are no dis-
tinct cluster patterns along the two PCs based on the
genotype background or source.

Cluster membership and genetic differentiation.
Cluster analysis grouped the genotypes into three
distinct clusters (Figure 2). Cluster 1 contained the
highest number of genotypes (340), followed by clus-
ter 2 (12), while cluster 3 had the fewest (8). Members
of cluster 1 comprised clones from populations 1 and 2,
and progenitors, whereas clusters 2 and 3 included
a mixture of genotypes from both Populations 1
and 2 only. The greatest pairwise genetic distance
was observed between clones belonging to differ-
ent major UPGMA clusters, indicating substantial
divergence among the cassava germplasm, whereas
the smallest genetic distances were detected among
closely related clones that clustered together at low
dissimilarity levels, reflecting high genetic similarity
within these groups.

Genotypes in cluster 3 were characterised by com-
paratively low cyanide potential (range = 9.31 to
49.00 mg/100 g; mean = 27.18 mg/100 g) and low total
carotenoid content (TCC) (range = 0.59-7.15 pg/g;
mean = 4.40 pg/g), along with low to moderate DMC
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relative in clusters 1 and 3. DMC among cluster 1
genotypes ranged from 16% (TMEB3) to 30.9% (UIC-
17-646), with an average of 23.94%.

Based on marker properties, cluster 3 genotypes
were either heterozygous (carrying both favourable
and unfavourable alleles) or homozygous (two unfa-
vourable alleles) for the four markers associated with
pVAC accumulation, as well as for locus S14_6050078
(genotypes AA and AG), which is linked to hydrogen
cyanide (HCN) content (Table 1). Cluster 2 comprised
population 1 and the remaining genotypes from popula-
tion 2. Notably, IITA-TMS-IBA141092 was the female
parent used to generate IBASN201149 (Population 1),
and both the parent and offspring were consistently
grouped within clusters 2 and 1, indicating shared
genetic similarity.

A similar clustering pattern was observed for
variety IITA-TMS-IBA180158 when used as fe-

https://doi.org/10.17221/121/2025-CJGPB

male to generate IBASN201160 (Population 1).
However, when variety IITA-TMS-IBA180158
was used as male (IITA-TMS-IBA154810/1I-
TA-TMS-1IBA180158), all the progenies (family
IBASN201098) were grouped in cluster 1. The
majority of the parents used as both males and
females were found in cluster 3, including their
progenies. Cluster 2 members are generally high
cyanogenic potential genotypes with high carot-
enoids and dry matter content.

Cluster 1 is the largest consisting of clones from
both populations and the progenitors of Popula-
tion 1. The genotypes consist of low, moderate,
and high TCC, DMC, and HCN content. All three
genotype classes for 7 SNP markers were observed
within cluster 3, except markers S1_24155522 (AA)
and S1_24197219 (TT), which had only one type
of genotype class.
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Figure 1. Principal component analysis of 360 cassava genotypes derived from nine SNP markers

PYT — Population 1; SN — Population 2
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Figure 2. Circular (fan-type) hierarchical clustering dendrogram of genotypes (G1-G360) based on allele mismatch
distance calculated from nine single nucleotide polymorphism (SNP) markers; branch lengths represent genetic dissimila-
rity; genotype labels correspond to sample identifiers listed in Table 1; the fan layout provides a comprehensive visual
overview of genetic relationships and cluster memberships among genotypes, with branch lengths representing genetic
dissimilarity; statistical robustness of the hierarchical cluster was evaluated using multiscale bootstrap resampling
(1000 iterations) implemented in pvclust package in R; full approximately unbiased (AU) and bootstrap probability (BP)
values are reported in Table S1 and Figure S1 in ESM

Samples were grouped into three clusters (clusters 1-3), indicated by colour coding; cluster 1 (red) contained the largest number
of genotypes, followed by cluster 2 (blue), while cluster 3 (green) comprised the fewest genotypes

DISCUSSION for TCC, DMC, and HCN concentration among two
cassava populations: Population 1 (IITA-derived) and

SNP markers were employed to estimate genetic ~ Population 2 (UIC-derived), along with the progeni-
diversity and assess the extent of genetic variation tors used in developing Population 1. The efficient
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utilization of source populations in crop improvement
programs largely depends on a clear understanding
of the genetic differences and the magnitude of varia-
tion existing within and between them. The variation
in MAF observed across the SNP markers reflects the
genetic heterogeneity between the two populations,
consistent with the findings of loannidis (2009). The
range of MAF values obtained confirms that the SNP
markers used in this study were highly polymorphic
and, therefore, suitable for assessing genetic diver-
sity among the cassava genotypes. MAF represent
a key indicator of allelic richness and balance within
a population that plays a critical role in determin-
ing the informativeness of SNP markers for genetic
diversity assessment (Wang et al. 2009a). SNP loci
with moderate to high MAF values contribute more
effectively to estimates of GD, He, and PIC, whereas
loci low MAF values provide limited discriminatory
power due to allele fixation (Prakash et al. 2019).
In SNP-based diversity studies, MAF thresholds
of 20.50 are generally considered acceptable while
values between 0.20 and 0.50 are regarded as highly
informative for population genetic inference (Wang
etal. 2009b; Udoh et al. 2017; Zhang et al. 2018; Rabbi
etal. 2020). In the present study, MAF values ranged
from 0.00 to 0.50, with mean values of approximately
0.28 across populations, signifying a predominance
of moderately frequent alleles and substantial genetic
variation. The predominance of SNP markers within
this informative range in the current study supports
their effectiveness for assessing genetic diversity
and genetic relationship among cassava breeding
populations (Kanaka et al. 2023).

The observed MAF distribution across populations
reflects several contributing factors, including the use
of sexually derived segregating breeding populations,
selection pressure for quality-related traits (TCC,
DMC, and HCN concentration), and the trait-linked
nature of the SNP markers employed. SNP markers
with MAF values approaching 0.50 suggest balanced
allele frequencies and high informativeness, while
loci with near-zero MAF values reflect fixation re-
sulting from directional selection or physical linkage
to major-effect loci (Hernandez et al. 2019).

According to Wang et al. (2009a), the quality
of a SNP marker is primarily determined by its MAF
and H, proportion. Although cassava is predominantly
an outcrossing species and the use of botanical seeds
is expected to generate high levels of heterozygosity,
the breeding populations analysed in this study do not
only represent randomly mating natural populations
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in Hardy-Weinberg equilibrium. Rather, they con-
sist of segregating progenies derived from selected
parental lines and were genotyped using trait-linked
SNP markers associated with quality traits. Un-
der such conditions, directional selection, family
structure, and linkage to major-effect loci can lead
to deviations from Hardy—Weinberg expectations,
including heterozygote excess and reduced average
gene diversity. Similar patterns have been reported
in cassava and other outcrossing, clonally propagated
crops when functional or trait-linked markers were
used for genetic diversity assessment (Alves 2002;
Kawuki et al. 2009; Rabbi et al. 2020; Kanaka et al.
2023). The observed pattern is primarily explained
by the outcrossing nature of cassava and the breeding
structure of the populations analysed, although the
historically diversity genetic background of cassava,
shaped in part by introgression from wild Manihot
relatives, may also contribute to the overall high
heterozygosity observed (Byrne 1984; Alves 2002;
Alves-Pereira et al. 2022).

More than 78% of the SNP markers analysed ex-
hibited a PIC value greater than 0.28, indicating
that these markers were informative. The PIC value
reflects the discriminatory power and informative-
ness of a marker, thereby quantifying the degree
of polymorphism among genotypes at a given SNP
locus (Ganapathy et al. 2012; Makueti et al. 2015;
Prempeh et al. 2020; Abadura et al. 2025). Thus, the
SNP markers employed in this study were of suf-
ficiently high quality to detect genetic variation
among the cassava genotypes (Oliveira et al. 2014).

The variations in PIC values across loci may be at-
tributed to several factors, including the breeding
behaviour of the species, evolutionary pressures,
mutation rates within the population, the level of ge-
netic diversity and sample size, the sensitivity of the
genotyping method, and the genomic location of the
primers used in the study (Choudhury et al. 2013;
Ogbonna et al. 2021).

The bi-allelic nature of SNPs leads to low PIC
values, reported to range from 0 to 0.5, as opposed
to SSRs, which are multi-allelic and can have a PIC
value that goes above 0.50 to 1.0 (Choudhury et al.
2013; Prempeh et al. 2020). Thus, the two populations
studied showed moderate to high genetic diversity
for TCC, DMC, and HCN content for high PIC,
GD, and H, values recorded (Prempeh et al. 2020;
Olasanmi et al. 2021). This suggests the availability
of useful alleles that could be exploited in cassava
biofortification programs. The determination of the
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extent of genetic diversity for traits among breeding
populations using SNPs is hence, highly recom-
mended (Wolfe et al. 2016; Andrade et al. 2017).
Markers with relatively higher PIC revealed high GD
and H,, as also reported by Olasanmi et al. (2021).
The polymorphism and the distribution of DNA
segments across the genome differ among different
marker types for the genotypic background.

The values observed for markers S1_24197219 and
S1_24155522 were expected since the two markers co-
segregated in the studied population due to physical
linkage on chromosome 1, which was also observed
by Zhang et al. (2015). A genome-wide association
study (GWAS) report by Rabbi et al. (2020) found the
two SNP loci in the same position on chromosome 1.
Although the markers used in this study were mainly
designed for marker-assisted selection (MAS), how-
ever, they can be used for genetic diversity studies.

The clustering of genotypes along the principal
component (PC) axes indicates extensive sharing
of genetic backgrounds among the studied popula-
tions. The PCA revealed the key traits contributing
to variation across 360 cassava genotypes. The close
relatedness between UIC-derived clones (Popula-
tion 2) and IITA HarvestPlus clones (Population 1),
as well as historical bottlenecks in the breeding his-
tory of IITA progenitors, likely shaped the observed
clustering.

Cluster 1 contained parents used as both male and
female lines and their progenies, suggesting a shared
pedigree structure consistent with parental contribu-
tion observed in reciprocal crosses (Akinwale et al.
2010). The diversity of genotype classes corresponds
with the wide phenotypic range observed for assessed
traits. The co-occurrence of both populations and
progenitors in cluster 1 further indicates extensive
genomic exchange between IITA- and UIC-derived
lines. The predominance of progenitors and Popu-
lation 1 genotypes in cluster 1 confirms their role
as the primary pedigrees of Population 1. Moreover,
genotypes sharing the same parental clones tended
to cluster together (clusters 1 and 2), highlighting the
influence of pedigree on genetic structure (Kawuki
et al. 2009). The predominance of high approximately
unbiased (AU) P-values coupled with low bootstrap
probability (BP) values (Table S1 in ESM) reflects
the advantage of multiscale bootstrap resampling
in hierarchical clustering, even when a limited num-
ber of markers is used. Previous studies have shown
that BP values tend to underestimate branch support
due to selection bias inherent in standard bootstrap

procedures, whereas AU values provide a less bi-
ased and more reliable assessment of cluster stabil-
ity, even when a limited number of markers is used
(Wang et al. 2016; Flores et al. 2021). Accordingly,
the AU-supported clusters observed in this study
likely represent robust genetic groupings within the
cassava germplasm.

CONCLUSION

This study identified substantial genetic diversity
among the 360 cassava genotypes drawn from two
breeding populations and their progenitors, which
can be exploited in future breeding programs to fa-
cilitate the development of low-HCN clones with
high TCC and DMC. Most SNP markers (78%) were
moderately to highly informative, as reflected by their
MAF, GD, H,, and PIC values. PCA and hierarchi-
cal clustering revealed three major genetic groups
reflecting shared ancestry and breeding history. The
observed genetic differentiation and allele distribu-
tion patterns indicate the presence of useful variation
for improving TCC, DMC, and HCN concentration.
These findings highlight valuable alleles for cassava
biofortification and demonstrate the effectiveness
of trait-linked SNP markers for accelerating genetic
improvement through marker-assisted and genomic
selection.
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