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Abstract

Understanding the genetic variability among Nigerian cassava accessions is a crucial pre-
requisite for its improvement. The objective of this study was to estimate the genetic
variability among 477 cassava accessions and to classify them based on their genetic simi-
larities for effective utilization in breeding programs. The accessions were evaluated at the
Federal University of Agriculture, Abeokuta experimental site from 20232024, using an
augmented randomized complete block design with two checks (TME 419 and NR 87184).
Agromorphological descriptors were collected at 3-month intervals for 12 months. Broad
sense heritability and genetic advance as percent of mean (GAM) were high, indicating
that the overall phenotypic expressions observed were largely influenced by genetic fac-
tors. Multiple correspondence analysis (MCA) showed that petiole color, number of leaf
lobes, color of leaf veins, and parenchyma contributed the most to the overall variability
observed in the study population. Principal component analysis (PCA) identified petiole
length, length of leaf lobe, width of leaf lobe, and plant height as primary contributors to
the overall phenotypic variations observed in the population. Hierarchical clustering of
accessions using Euclidean distance revealed two and three clusters based on qualitative
and quantitative traits respectively. This study has shown the existence of wide genetic
variations in several cassava traits, providing a valuable resource for breeding programs.

Keywords: genetic diversity; morphological identification; food security; climate-smart
crops; crop improvement
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1. Introduction

Increasing surface temperatures and erratic rainfall patterns have necessitated invest-
ment in climate adaptable crops to ensure food security across the world. This is especially
important for Africa, where a significant proportion of the people rely on agriculture for
food and sustenance. Cassava, Manihot esculenta Crantz, an important food security crop,
has been identified as a future smart crop due to its high carbohydrate content and drought
tolerance [1]. Africa produces an estimated 213 million tons of cassava annually which
provides food and sustenance to an estimated 800 million people on the continent [2].
Nigeria, the largest producer of cassava in Africa, produces an estimated 62 million tons at
a largely subpar yield of 6.3 tons/ha, which is significantly lower than the amount obtained
in other major cassava growing regions across the world [2]. This discrepancy in yield is
largely due to the poor adoption of improved varieties and overdependence on landraces
underscoring the need to study their genetic variability [3]. Despite their low productivity,
landraces are valuable sources of genetic diversity, essential for crop improvement. It is
therefore important to regularly collect and evaluate cassava accessions cultivated across
Nigeria to determine the extent of variability, identify important traits for improvement
and ensure the preservation of the genetic pool of cassava in Nigeria.

Phenotypic variability in cassava is linked to its adaptability and agronomic per-
formances, for example, traits such as plant height, branching characteristics, and leaf
morphology have been identified to have corresponding influence on the photosynthetic
activities of the plant, ability to withstand abiotic stresses and yield [4-6]. This therefore
implies that understanding the pattern of such variability can help in selection in breeding
programs for climate resilient and high yielding genotypes [7].

Genetic variability in plants is usually evaluated through morphological, biochemi-
cal and molecular markers [8]. However, agromorphological markers remain one of the
most practical, easily assessed and cost-effective tools for large germplasm collections
as they help to easily capture visible heritable differences which have direct correlation
to agronomic productivity [9]. Furthermore, agromorphological markers are phenotypic
measurable characters that are largely genetically influenced and heritable. They are par-
ticularly valuable in resource-limited settings, thereby providing baseline for grouping
accessions prior to molecular studies. Although molecular markers such as microsatellites
(SSR) and Single Nucleotide Polymorphism (SNPs) markers offer a more accurate reso-
lution of genetic diversity, understanding variability and characterization of germplasm
using agromorphological markers is no less valuable for preliminary screening and the
identification of breeding materials [8,10,11].

Hence, there is a need for renewed assessment of germplasm using standardized
agromorphological descriptors to capture variations that support breeding for yield, and
adaptability to varying climatic conditions. Therefore, to address this need in two major
cassava growing regions in Nigeria, this study focused on evaluating, characterizing
and classifying cassava accessions collected from a farmers’ field in southwest and north
central Nigeria using both quantitative and qualitative descriptors as described by Fukuda
et al. [12]. The overall objective is to provide additional knowledge on the extent of genetic
variability in the population, and classify the accessions, while identifying traits that
contribute mostly to phenotypic diversity in order to support cassava improvement and
conservation efforts in the region.

2. Materials and Methods
2.1. Sample Collection

The study evaluated 477 cassava accessions collected from 412 farms across South-
West and North Central states of Nigeria between 2021 and 2022 (Figure 1). The samples
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A: Surveyed regions

1
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were collected as part of an epidemiological survey, conducted by the Central and West
Africa Virus Epidemiology (WAVE) Program. Cassava farms were surveyed following a
predefined survey map at a minimum of 10 km apart. On each farm, consent was obtained
from the farmer and stem cuttings from a representative member of the different accessions
planted in the farm were collected.

B: Sampling locations for Cassava accessions

Sk SN

|Zons . North Central . South West ‘

Figure 1. (A) Surveyed regions of Nigeria; (B) Sampling locations (black dot) of each cassava accession
during Survey.

2.2. Experimental Field

The experiment was conducted during the 20232024 cropping season using aug-
mented randomized complete block design [13] with two checks (TME 419, NR 87184). The
augmented design was adopted to accommodate the limited quantity of planting material
available. The obtained cassava accessions were established at the experimental field of the
Federal University of Agriculture, Abeokuta, Ogun state, Nigeria, which is located in the
forest savanna transition zone with wet season occurring between March and October and
dry season occurring between November and February. The average rainfall recorded from
the experimental field during the planting period (June 2023-June 2024) was 99.17 mm
while the average temperature was 31.95 °C. The soil characteristics of the experimental
field are presented in Table 1.

Table 1. Physicochemical properties of the soil at the FUNAAB Experimental field.

Soil Factor Measured Value

pH 6.90

N% 0.22
Org. C% 0.88
Org. M% 229
Av. Pmg/kg 20.96
Ex. AmEq/100 g 0.47
EC puS/cm 88.33
Porosity % 0.47
Na cmol/kg 0.32
K cmol/kg 0.51
Ca cmol/kg 0.31
Mg cmol/kg 0.34
Sand% 74.13
Clay% 2.97

Silt% 22.90
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The experimental field was divided into fourteen blocks of forty-four plots each. The
dimension of each plot was 1 m by 5 m, with a 2 m spacing between each block. Each
of the obtained accessions were cut into 30 cm stem cuttings and planted in up to five
replicates per plot. The checks plots were randomly planted twice within each block. Good
agronomic practices such as regular weeding were adopted, and fertilizer was not applied.

2.3. Data Collection

A total of forty (40) geomorphological traits were collected at 3-month intervals over
a 1-year period following the methods of Fukuda et al. [12]. The specific traits collected are
listed in Table Sla,b.

Determination of Harvest Index

Harvest Index was calculated through the weight the total roots harvested from each
accession and above ground biomass (stems, branches, and leaves). Mathematically, HI
was computed as HI = weight of roots/(weight of roots + weight of aboveground biomass).

2.4. Data Analysis

To identify traits that varied significantly between accessions, Analysis of Variance
(ANOVA) was computed adjusting for block effects. The adjusted means of each quantita-
tive trait was generated using the augmentedRCBD R package (v0.1.7) [14] for continuous
quantitative traits while, for traits that exhibited zero-inflation due to biological absence of
expression, the adjusted mean was computed using the hurdle model implemented via the
glmmTMB package (v1.1.12) in R [15] and utilized for downstream analysis.

As described in augmentedRCBD package (v0.1.7) in R, Genetic variability statistics
(Table 2) for continuous quantitative traits such as mean, phenotypic, genotypic and
environmental variation were calculated according to previously defined methods [16-18],
while phenotypic and genotypic coefficient of variation was computed according to the
methods of Sivasubramaniam and Madhavamenon [19]. Broad sense heritability was
computed following the methods of Lush [20] while broad sense heritability categories
were determined according to the methods of Robinson [21]. Genetic advance, genetic
advance as percent of mean and genetic advance category were computed according to [22].
The genetic variability analysis was performed because the sum of the squares of the
“treatment” test was significant. For the zero-inflated quantitative traits, genetic variability
was partitioned into the presence component and the magnitude component, where the
variance component for genotype, block, residual, and phenotypic was calculated, as well
as broad sense heritability, phenotypic coefficient of variation, genotypic coefficient of
variation, and genetic advance, calculated using the Ime4 (v1.1-37) and glmmTMB (v1.1.12)
packages in R.

To identify the distinct morphological groups within the population, cluster analysis
was performed. First, multiple correspondence analysis (MCA) was conducted on the
qualitative traits and principal component analysis (PCA) on the quantitative traits in
order to reduce data dimensionality and summarize the pattern of variation within the
characters [23,24]. The number of dimensions retained for clustering was determined using
the elbow method for quantitative traits, while the cumulative explained variance was
used for the qualitative traits. Subsequently, agglomerative hierarchical clustering was
performed from the retained dimensions of the MCA and PCA for each accession in the
population. The Euclidean distance was used as the dissimilarity measure and clusters
were computed using the wards minimum variance method [25,26]. The silhouette method
was employed to objectively determine the optimal number of clusters [27]. All analysis
was conducted in R version 2025.05.1 + 513.
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Table 2. Formula for determination of genetic variability estimates.

No Genetic Parameters Formula Reference
1 Genotypic variance (GV) (75 = (7; — o7 [16-18]
2 Genotypic coefficients of variation (GCV) GCV = Li; %100 [19]

%
3 Phenotypic variance (PV) 0'% = 0§ + 0?2 [16-18]
4 Phenotypic coefficients of variation (PCV) PCV = Li; %100 [19]
V'
5 Broad-sense heritability (H2 2_ % 20
road-sense heritability (H-) H2 = = [20]
6 Genetic advance (GA) GA =« * 0g * % [22]
7 Genetic advance as percentage of mean (GAM) GAM = % * 100 [22]

X = grand mean, where o2 is phenotypic variance, 02 is the genotypic variance and 0?2 is environmental (error
p g e

variance, where « is selection differential (2.063 at 5% selection intensity).

3. Results

3.1. Frequency Description of Qualitative Traits
3.1.1. Foliar Traits

Foliar related traits varied significantly among the accessions, as presented in Table S2.
Most of the accessions had purplish green (44.7%) or light green (41.1%) apical leaves with a

significantly smaller proportion presenting with purple (11.3%) or dark green (2.9%) apical

leaves. Pubescence was mostly absent across all accessions collected save for a minority

(17%,) which showed pubescence. Leaf retention was below average in the collection

with less than half of the accessions (42.8%) retaining enough leaves to cover > 50% of

the plant 6 months after planting. The primary leaf color observed among the accession

was dark green (90.8%) with most plants presenting with a lanceolate central leaf shape
(62.6%), seven leaf lobes (85.4%), smooth lobe margins (79.5%), petioles that mostly inclined
upwards (54.5%) and predominantly colored green (28.2%), reddish-green (24.6%), or

purple (22.6%).

3.1.2. Stem Related Traits

Stem related characteristics also showed marked variations across all accessions stud-

ied (Table S2). Foliar scars were predominantly prominent (92.5%) in the collection, while

the most observed colors were dark green (65.1%) for stem cortex, light brown (70.2%) for

the stem epidermidis and grey (61.8%) for the stem exterior. Most accessions had stems
with a straight growth habit (86.7%), medium distance between leaf scars (59.5%), a split
or forked stipule margin (63.5%) and no branching (61.8%). Most of the accessions had a

compact shape (44.5%).

3.1.3. Root Related Traits

The root shapes observed in the collection were predominantly conical (37.4%) and

cylindrical (32.6%) with most accessions showing few to no root constrictions (80.4%).

The texture of root epidermis was primarily rough (69.5%) with the external color of

storage roots being predominantly dark brown (70.2%), while the parenchyma color was

mostly cream (95.6%). The color of the root cortex among the collection was primarily
white or cream (94.6%) with most of the accessions having easy-to-peel roots (99.6%) and
intermediate taste between sweet and bitter (64.3%), and the extent of root peduncle being

predominantly sessile (48.9%) (Table S2).
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3.2. Descriptive Statistics of Quantitative Traits

Table 3 presents summaries of the continuous quantitative traits for all accessions
collected and evaluated. The results showed wide variation across all the quantitative traits
measured. The length of leaf lobe (LLL) showed marked variation ranging from 5.28 cm to
21.18 cm and an average of 15.39 & 2.73 cm. Similar trends were recorded with the width
of leaf lobe (WLL) which ranged from 1.27 cm-6.53 cm, with an average of 4.45 & 0.79 cm,
showing a wide variation among accessions. Petiole length (PL) ranged from 6.95-36.12 cm
with a mean of 23.15 £ 5.36 cm while Plant height ranged from 68.98 to 389.21 cm with an
average of 229.65 & 54.28 cm. The number of storage roots per plant (NSRP) was highly
variable, ranging from 0 to 17 roots, with an average of 5.90 & 2.73. Harvest index (HI)
varied between 0.04 and 0.87, with an average of 0.44 £ 0.12. The Skewness and kurtosis
values revealed that some of the traits deviated significantly from normality, especially
NSRP and HI, which were positively skewed.

Table 3. Descriptive Statistics for Quantitative Traits.

Trait Count Mean Std. Error  Std. Deviation Min Max Skewness  Kurtosis
Descriptive Statistics for Continuous Quantitative Traits
LLL 479 15.39 0.12 2.73 5.28 21.18 —0.57 ** 3.08 ™
WLL 479 4.45 0.04 0.79 1.27 6.53 —0.24* 34218
PL 479 23.15 0.24 5.36 6.95 36.12 —0.21"8 2.74 1
PH 479 229.65 2.48 54.28 68.98 389.21 —0.191s 3.317™
NSRP 479 5.90 0.12 2.73 0.00 17.44 0.61 ** 3.86 **
HI 479 0.44 0.01 0.12 0.04 0.87 —0.67 ** 3.68 *
Descriptive Statistics for Zero-inflated Quantitative Traits (Hurdle Model)
Presence
AoB 479 0.42 0.02 0.4 0 1 0.31 —1.46
HFB 479 0.42 0.02 0.4 0 1 0.31 —1.46
NCRP 479 0.89 0.01 0.24 0 1 —2.43 543
Magnitude
AoB 297 55.33 0.37 6.46 28.11 76.71 —0.35 1.08
HFB 297 91.7 1.86 32 21.11 245.21 0.66 1.42
NCRP 461 3.49 0.08 1.65 1 11 0.78 0.97
Overall Expectation
AoB 479 22.94 1 21.96 0 67.33 0.34 -1.38
HFB 479 36.93 1.74 38.02 0 203.53 0.83 0.14
NCRP 479 3.17 0.08 1.8 0 11 0.59 0.68

LLL: Length of leaf lobe; WLL: Width of leaf lobe. PL: Petiole Length; PH: Plant Height; NSRP: Number of storage
roots per plant; HI: Harvest Index; Min: Minimum; Max: Maximum. AoB: Angle of Branching; HFB: Height to
first branching; NCRP: Number of commercial Root per plant; **: p < 0.01; *: p < 0.05; ™: p > 0.05.

Table 3 also presents the descriptive summaries of the zero-inflated quantitative traits
analyzed using the hurdle model. The summaries are presented for presence, magnitude
and overall expectation components. In the presence component, Angle of Branching and
Height to First branching reported a mean probability of 0.42 occurrence, while the number
of commercial roots per plant (NCRP) revealed a higher mean presence of 0.89. In the mag-
nitude component (conditional), Angle of Branching varied between 28.11 and 76.71° with
an average of 55.33 & 6.46°; Height to first branching also varied from 21.11 to 245.21 cm,
with a mean of 91.70 & 32.00 cm. Number of commercial roots per plant ranged between
1 and 11 roots, with a mean of 3.49 & 1.65 roots. The overall expectation component which
integrates both the presence and magnitude component showed a mean value of 22.94°
(Angle of Branching), 36.93 cm (Height to First branching) and 3 roots (NCRP). These de-
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scriptive statistics further justify the hurdle model as an appropriate approach for capturing
the occurrence and intensity of these traits” expressions.

3.3. Genetic Variability

The genetic variability estimates revealed a wide range of variation for the continuous
quantitative traits, as shown in Table 4. The phenotypic coefficient of variation (PCV)
ranged from 29.81% (Length of Leaf Lobe) to 81.45% (Number of Storage roots per Plant),
and a similar pattern was observed for genotypic coefficient of variation, which ranged
from 26.72% (LLL) to 63.55% (NSRP). All continuous quantitative traits reveal that the
values of PCV were larger than the corresponding GCV values, reflecting environmental
influence. Broad-sense heritability was uniformly high, varying from 60.88% (NSRP) to
83.40% (PL), implying that a substantial proportion of the observed variations was heritable
with higher magnitude of genetic contributions to the observed phenotypic variations.
Similarly, Genetic Advance as a Percentage of mean (GAM) was also high across traits,
ranging from 49.42% (LLL), and 102.30% (NSRP), implying good potential for selection.

Table 4. Genetic Variability Analysis.

Genetic Variability Analysis for Quantitative Traits (Augmented RCBD Model)

. GCV PCV hBS GAM
Trait Mean PV GV EV GCV (Category) PCV (Category) ECV hBS (Category) GA GAM (Category)
LLL 15.39 21.05 16.91 4.14 26.72 High 29.81 High 13.21 80.36 High 7.61 49.42 High
WLL 4.45 1.98 1.59 0.39 28.36 High 31.63 High 14 80.4 High 2.33 52.46 High

PL 23.15 86.9 72.47 14.43 36.78 High 40.28 High 16.41 83.4 High 16.04 69.29 High
PH 229.65  10,457.45 8462.74  1994.71 40.06 High 4453 High 19.45 80.93 High 170.73 74.34 High
NSRP 5.9 23.08 14.05 9.03 63.55 High 81.45 High 50.94 60.88 High 6.03 102.3 High
HI 0.44 0.03 0.02 0.01 34.98 High 41.14 High 21.65 72.3 High 0.27 61.36 High
Genetic Variability Analysis (Presence Component)
Trait Genotypic Variance (link) Block Variance (link) Phenotypic Variance (link) Heritability (link-scale)
AoB 4.02 0.18 7.48 0.54
HFB 4.02 0.18 7.48 0.54
NCRP 2.61 0 5.90 0.44
Genetic Variability Analysis (Magnitude Component)
Trait Gen?typic Bl(.’Ck Res'idual Phen.otypic POC N GOC v Heritability (broad sense) Genetic Ge?etic advance
Variance Variance variance variance (%) (%) advance (% of mean)
AoB 16.83 2.19 39.35 58.37 13.74 7.38 0.29 4.54 8.16
HFB 476.63 104.13 649.19 1125.95 38.53 23.99 0.39 27.99 30.76
NCRP 0.06 0.02 1200.45 1200.53 945.73 6.69 0.00 0.00 0.10

GV = Genotypic Variance; EV = Environmental Variance; PV = Phenotypic Variance; PCV = Phenotypic Co-
efficient of Variation; GCV = Genotypic Coefficient of Variation; ECV: Environmental Coefficient of Variation;
hBS = Broad-sense Heritability; GA = Genetic Advance; GA (%) = Genetic Advance as a percentage of the mean;
LLL: Length of leaf lobe; WLL: Width of leaf lobe. PL: Petiole Length; PH: Plant Height; NSRP: Number of storage
roots per plant; HI: Harvest Index. AoB: Angle of Branching; HFB: Height to first branching; NCRP: Number of
commercial Root per plant. PCV = Phenotypic Coefficient of Variation; GCV = Genotypic Coefficient of Variation;
AoB: Angle of Branching; HFB: Height to first branching; NCRP: Number of commercial Root per plant.

For the zero-inflated quantitative traits, as shown in Table 4, genetic variability was
assessed separately for the hurdle model components. In the presence component, heri-
tability estimates on the link scale were moderate, ranging from 0.44 (NCRP) to 0.54 (AoB
and HFB), while for the magnitude component, larger variation was observed, with the
PCV ranging from 13.74% (AoB) to 945.73% (NCRP). The GCV ranged from 6.69% (NCRP)
to 23.99% (HFB), and the heritability estimates were moderate for AoB (0.29) and HFB
(0.39), but extremely low for NCRP (0.0001). In addition, Genetic Advance as percentage
of Mean (GAM) was high for HFB (30.76%), moderate for AoB (8.16%), and negligible for
NCRP (0.10%).

3.4. Correlation Analysis for Quantitative Traits

Strong positive correlations were observed between angle of branching and height
to first branching (r = 0.88) as well as between number of commercial roots per plant
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and number of storage roots (r = 0.70) (Figure S1). Strong association was also observed
between length of leaf lobe and Petiole Length (r = 0.77), length of leaf lobe and width of
leaf lobe (r = 0.75), and petiole length and width of leaf lobe (r = 0.66). Plant height had
a moderate correlation with number of storage roots per plant (r = 0.36), and length of
leaf lobe (r = 0.43). Harvest index showed very moderate correlation with the number of
storage roots (r = 0.33) and number of commercial roots per plant (r = 0.37).

3.5. Multiple Correspondence Analysis of Qualitative Traits

The eigenvalue table (Table 5) revealed that the first twenty MCA dimensions col-
lectively accounted for 44.9% of the total variance, which represents the optimal balance
capturing meaningful balance and interpretability. The MCA map of trait categories illus-
trated the primary associations driving the variations, with key traits grouping along the
first two dimensions, as shown in Figure 2. The optimal number of clusters was determined
to be two using the silhouette approach (Figure S2), with most accessions belonging to
cluster 1 (n = 472), while cluster 2 formed a small distinct outlier group (n = 7) (Figure 3).

Table 5. Eigenvalues, Variance Explained, and Cumulative Variance Across Dimensions.

Dimensions
Component 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20
Eigenvalue 012 009 008 007 006 006 006 006 006 005 005 005 005 005 005 005 005 004 004 004
Variance (%) 458 354 321 264 248 237 234 223 215 209 204 197 194 191 18 177 175 171 17 163
Cumulative 458 812 11331397 1645 1882 21.16 2339 2554 27.63 29.68 31.65 3359 355 37.35 39.12 40.87 4258 4428 4591

Variance (%)

MCA Map of Trait Categories (Top 20 Contributors)
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Figure 2. Scatter plot of first two dimensions from MCA of qualitative traits.
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Hierarchical Dendrogram for Qualitative Traits (k=2)
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Figure 3. Dendrogram based on Hierarchical clustering of accession based on MCA of
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0

qualitative traits.

The dendrogram (Figure 3) represents the hierarchical relationships among the acces-
sions studied based on their qualitative traits. Accessions that are clustered in the same
group share similar morphological traits, which implies a higher degree of genetic related-
ness. These clusters largely reflect inherent genetic relatedness and differences as opposed
to environmental influence. For qualitative characters, cluster 1, the core group of the
population, was uniformly characterized by traits associated with robust plant architecture
and root quality. A well-defined proportion (over 90%) of the cluster exhibited dark green
leaf color, easy cortex peeling (99.6%), cream parenchyma (97%), white or cream color of
root cortex (96%) and prominent foliar scars (92.4%). Furthermore, this cluster was strongly
defined by straight growth habit of stem (87.5%), short length of stipule (86.7%), and seven
leaf lobes (86.2%). Notably, over 83% of the accessions in this cluster lacked pubescence on
their apical leaves, and few to no constrictions in their root (80.1%). Most of the accessions
in this cluster also had dark brown external color of storage roots (70.8%), smooth lobe mar-
gin (79.4%) and the color of stem epidermis was mostly Light brown (70.1%). In contrast,
Cluster 2 was more defined by divergent plant structure and morphology; all (100%) of the
accessions in this cluster had dichotomous branching habit, green leaf vein, yellow color of
root cortex, light green color of stem cortex, dark green leaf color, short length of stipule,
prominent foliar scars, yellow parenchyma, and few to no constrictions in their roots. Some
of the accessions in cluster 2 also possessed purplish green apical leaves (71.4%), sessile
extent of root peduncle (85.7%), smooth leaf margin (85.7%), average leaf retention (71.4%),
three leaf lobes (71.4%), inclined upward orientation of petiole (71.4%), conical root shape
(71.4%), split or forked stipule margin (71.4%), and rough texture of root epidermis (71.4%).
The cluster analysis successfully revealed that both clusters are dominated by different
characteristics and mostly differentiate with their branching habit, with cluster 1 mostly
erect and cluster 2 mostly dichotomous.

3.6. Principal Component Analysis of Quantitative Traits

Principal component analysis was conducted to identify the main axes of variation
among the quantitative characters. The percentage variances and the eigenvalues of the
principal component analysis for quantitative traits are presented in Table 6. The first three
principal components accounted for 75.35% of the variation observed in the germplasm
collection. The relationships between the traits and the first two principal components,
accounting for 61.61% of the variance, visualized in the variable correction circle in Figure 4.
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The first PC with reference to its high factor loading was positively related with characters
such as petiole length (0.78), length of leaf lobe (0.86), width of leaf lobe (0.76), plant height
(0.59), harvest index, number of storage roots per plant (0.61), and number of commercial
roots per plant (0.57). The characters that were strongly correlated with PC2 were angle of
branching (0.88), height to first branching (0.85), number of storage roots per plant (0.48),
and the number of commercial roots per plant (0.60). The PC3 was primarily influenced by
angle of branching (0.28), height to first branching (0.39), and plant height (0.42).

Table 6. Principal Component Analysis for Quantitative Traits.

Component PC1 PC2 PC3
AoB —0.0464 0.8834 0.2758
HFB 0.0704 0.8454 0.3897

HI 0.3323 0.1885 —0.7667
LLL 0.8646 —0.2303 0.1759
NCRP 0.5744 0.5986 —0.2929
NSRP 0.613 0.4826 —0.3068
PH 0.5871 0.0705 0.4207
PL 0.7772 —0.3986 0.1309
WLL 0.7582 —0.3343 0.1261
Eigenvalue 3.0943 2.4505 1.2367
Variance (%) 34.3808 27.228 13.7414
Cumulative Variance (%) 34.3808 61.6088 75.3502

AoB: Angle of Branching; HFB: Height to first branching; NCRP: Number of commercial roots per plant;
LLL: Length of leaf lobe; WLL: Width of leaf lobe. PL: Petiole Length; PH: Plant Height; NSRP: Number of
storage roots per plant; HI: Harvest Index; PC: Principal Component.

Hierarchical cluster analysis was performed on the scores of the first three PCs to
partition the population into distinct morphological groups. The optimal number of
clusters was objectively determined to be three (k = 3) using the average Silhouette width
method (Figure S3). The resulting dendrogram visually confirmed a clear and balanced
division of the accessions into these three groups (Figure 5). The dendrogram (Figure 5)
illustrates how accessions are grouped according to genetic similarities in the measured
quantitative characters with minimal environmental influence, as accounted for by the type
of experimental design employed and statistical analysis. The final cluster composition
was as follows: Cluster I contains 163 accessions, cluster 2 236 accessions, and cluster 3
80 accessions (Table 7). Significant differences were observed in the mean values for most of
the traits evaluated, confirming an effective classification (Table 7). Accessions with higher
angle of branching were recorded in cluster 1 with a mean of 45.73°, while cluster 2 had the
lowest angle of branching with a mean of 8.57°; accessions in cluster 1 had higher heights
to first branch with a mean of 75.45 cm, while accessions in cluster 2 were characterized by
lower heights to first branching with a mean of 13.64 cm. The study reveals that cluster
2 had the highest mean (0.47) for harvest index and cluster 3 had the lowest mean (0.33);
the highest length of leaf lobe was observed in cluster 2 with a mean of 16.77 cm while
cluster 3 had the lowest length of leaf lobe with a mean of 11.67 cm. More commercial
roots per plant (4 roots) were recorded in cluster 1 and cluster 3 had a lower number of
commercial roots per plant (1 root). Cluster 1 had a higher number of storage roots with a
mean of 7 roots, while cluster 3 had a lower number of storage roots with a mean of 3 roots.
The highest plant height was recorded in cluster 2 with a mean of 239.52 cm, while cluster
3 had the shortest plant height with a mean of 186.83 cm. Cluster 2 accessions had the
longest petiole length 26.17 cm, but cluster 3 had the shortest petiole length, mean 17.16 cm.
Cluster 2 had the longest width of leaf lobe with a mean of 4.84 cm, but cluster 3 had the
shortest width of leaf lobe at 3.60 cm.
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Table 7. Mean Trait Values for Accessions Within Each of the Three Genetic Clusters.

Cluster 1 2 3
No. of Samples 163 236 80
AoB 45.73 8.57 18.92
HFB 75.45 13.64 27.14
HI 0.46 0.47 0.33
LLL 1522 16.77 11.67
NCRP 4.08 3.21 1.09
NSRP 744 6.68 3.39
PH 236.38 239.50 186.83
PL 21.71 26.17 17.16
WLL 4.28 4.84 3.60

No. of Samples = number of accessions in the cluster. AoB = Angle of Branching; HFB = Height to First Branching;
HI = Harvest Index; LLL = Length of Leaf lobe; NCRP = Number of Commercial Roots per Plant; NSRP = Number
of Storage Roots per Plant; PH = Plant Height; PL = Petiole Length; WLL = Width of Leaf Lobe.

To assess the consistency of the classifications derived from the two trait datasets, a
concordance analysis was performed. A cross-tabulation (Table 8) of the cluster member-
ships revealed a strong, statistically significant association between the qualitative and
quantitative groupings (Pearson’s x> = 7.31, df = 2, p < 0.001). A high degree of concordance
was observed for the small, morphologically unique group identified in the qualitative anal-
ysis (Qualitative Cluster 2). All seven accessions from qualitative cluster 2 were consistently
assigned to a single cluster in the quantitative analysis (Quantitative Cluster 2). The larger
group from the qualitative analysis (Qualitative Cluster 1, n = 472) was partitioned across
all three quantitative clusters, with the majority (n = 236) forming Quantitative Cluster 2.

Table 8. Cross tabulation of membership clusters.

Quantitative Cluster

Qualitative cluster 1 2 3
1 163 229 80
2 0 7 0

4. Discussion

Understanding the genetic component of cassava is an important requirement for
cassava improvement. This study assessed the genetic variability of several traits in
477 cassava accessions collected across 13 Nigerian states, 5 of which are among the top ten
cassava producing states in Nigeria. The frequency distribution of traits in the study popu-
lation revealed wide variability, an important requirement for identification and selection in
crop improvement. The findings from this study showed that the majority of the accessions
evaluated were morphologically similar across several traits to the two reference accessions
(checks: NR 87184, TME_419) used in this study, implying that such traits are stable and
can be used for selection in breeding programs. The high variability recorded in most of
the traits shows the remarkable adaptability of cassava crops to genetic structures and
environmental conditions across Nigeria, especially in the study region.

Leaf and stem characteristics such as petiole color, color of stem exterior, color of
apical leaves, orientation of petiole, shape of central leaflets and color of leaf veins indi-
cates potential genetic variability characteristics suitable for evaluation in cassava. Our
findings align with recent studies also evaluating the phenotypic characteristics of cas-
sava germplasm. For example, Karim et al. [28] evaluated 102 cassava genotypes, using
agromorphological and single nucleotide polymorphic (SNP) markers, and found similar
patterns to those observed in this study, with qualitative traits such as color of apical leaves,
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orientation of petioles, amongst others, showing significant genetic variability, suggesting
that color is a distinguishing factor for cassava germplasm. Quantitative characteristics
such as length and width of leaf lobe showed normal to skewed distributions indicating
continuous variations and the impact of polygenic factors on such traits. The type of
leaf lobe observed in the population showed a certain level of stale genetic background
for the trait, aligning with Wang et al. [29] who emphasized that continuous variations
are significant to superior genotype selection, especially as this relates to photosynthetic
efficiency, partition of assimilates and defense against biotic and abiotic stressors. The
diversity observed in root related traits such as the root shape, root constriction, number
of roots per plant, number of commercial roots per plant, and harvest index is important
for yield improvement. The number of storage roots per accession, and the number of
commercial roots per accession showed positive correlations with harvest index, validating
their suitability for selection in cassava improvement. This result is consistent with the
work of Nadjiam, et al. [30], who reported that root number and root shape are significant
determinants of cassava yield and are highly heritable.

The genetic variability analysis of cassava accessions presented interesting insights
into the basic genetic architecture influencing quantitative characters. An understanding
of the genotypic (GCV) and phenotypic (PCV) coefficients of variation across continuous
quantitative traits provides a background for understanding the extent of genetic diversity
and potential for selection in cassava breeding. The modest differences observed between
the PCV and GCV indicate that, although environmental factors contributed to the overall
phenotypic expression, a large proportion of the observed variability was still genetic in
nature. The consistently high broad-sense heritability and genetic advance as percentage of
mean estimates underscores the strong potential for direct selection. The findings in this
study corroborate previous reports where heritability has been reported within cassava
germplasm evaluated across diverse environments. For instance, petiole length, width of
leaf lobe, and length of leaf lobe exhibited high heritability which closely mirror the findings
of Daemo et al. [31], further establishing that these traits have been genetically controlled
and can be effectively selected for canopy architecture improvement and photosynthetic
productivity. Plant height also fell within the ranges of heritability previously reported
by Mathew et al. [32], Sivan et al. [33] and Jiwuba [34], indicating that this is a genetically
stable attribute that can be explored for selecting vigorous, and high-biomass genotypes.
Furthermore, harvest index and number of storage roots per plant observed in this study
are closely comparable with those reported by Daemo et al. [31], Rabbi et al. [35] and Sivan
et al. [33], which implies that assimilation and partitioning for storage roots is controlled by
genetic factors, and yield potentials can be enhanced indirectly through selection focused
on these traits. Based on the heritability estimates from this study, such trait combinations
are usually interpreted as evidence of additive gene action, which further strengthens the
prospects for efficient early-generation selection in cassava breeding pipelines. This aligns
with the study of Rabbi et al. [35], who emphasized the importance of exploring genetic
variability to enhance the cassava breeding program.

Contrarily, the zero-inflated traits revealed a more complex pattern of genetic control.
The presence component showed a moderate display of heritability on the link scale, which
establishes the fact that genetic factors were highly significant to these traits” expression.
Similarly, in the magnitude component, moderate heritability and genetic advance as
percentage of mean was equally observed for traits such as height to first branching,
implying that such traits can be improved through selection for the phenotypic expression
of the traits. However, number of commercial roots per plant reflects the huge influence of
environmental factors due to low heritability and genetic advance. These findings for the
zero inflated traits further justify the importance of using the hurdle model for such traits.
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This further implies that gains can be more predictable when breeding emphasis is placed
solely on trait presence [36], although breeders must always consider environmental effects,
and genotype by environmental interactions for magnitude traits in order to be assured of
genomic gains.

The correlation analysis provides critical understanding of the relationships that exist
between quantitative traits and their collective influence on overall yield. An understanding
of these relationships is significant for effective selection and improvement of cassava
collections in the study region. In this study, angle of branching had a positive correlation
with height to first branching, implying that plants with wide angles have the likelihood
of having a corresponding higher point to first branching. This promotes the interception
of light and canopy architecture, thereby facilitating the biosynthesis of assimilates for
biomass and root development [37]. Furthermore, findings from this study revealed that
there was a greater allocation of biomass to harvestable parts, especially for roots based on
the correlation observed between the number of storage roots and number of commercial
roots, since increase in these two traits had significant impact on the harvest index. This
corroborates the work of Karim et al. [28], who found a significant relationship between
number of storage roots and harvest index. Interestingly, plant height had no significant
association with harvest index, despite the Harvest index being derived from both weight
of roots and aboveground biomass (stems, leaves and branches). This implies that taller
plants do not necessarily allocate more assimilates to root production, but for vegetative
components this also indicates that, in cassava improvement, plant height is not sufficiently
reliable as the basis for selection for improvement of yield and its components, as previously
reported by Diaguna et al. [38], who also observed no correlation between height of plant
and weight of storage root.

The multiple correspondence analysis of qualitative traits provided some insights
into which qualitative traits are closely related. The analysis revealed that the observed
diversity is not random but is structured around two primary axes of variation, which
effectively separated the traits into two distinct functional groups The proximity of traits
in group 1 may suggest that they have shared genetic or phenotypic basis. The traits in
group 2 which included such traits as parenchyma and petiole color, are distinctly separate
from the others, indicating their strong influence on the overall dimensions of the analysis.
The high variation seen in group 2 traits indicates their independence, making them more
suitable breeding candidates. Similar findings have also been reported by Brice et al. [39],
who also identified petiole color and parenchyma as major contributors to the overall
dimensions in Cassava characterization. The PCA helped to identify key traits such as
number of storage roots per plant, petiole length, length of leaf lobe, and width of leaf lobe
for genotype identification and genetic diversity in cassava. This is consistent with studies
by Laila et al. [40] and Daemo et al. [31], who found number of roots per plant to be an
important characteristic in cassava improvement.

This study helped to practically classify the entire germplasm collection into a small
number of morphologically distinct and agronomically meaningful groups via hierarchical
clustering. This data-driven framework moves beyond single-trait assessment and has
profound implications for our breeding program. For the qualitative traits, the analysis
partitioned the population into two starkly different clusters: a large, core group (Cluster 1,
n = 472) exhibiting robust, agronomically desirable characteristics, and a small, unique
outlier group (Cluster 2, n = 7) defined by its rare dichotomous branching habit. The
identification of this small group is of particular importance; it flags these seven accessions
as a valuable genetic resource, potentially harboring unique alleles for plant architecture
that could be introgressed into elite backgrounds.
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For the quantitative traits, clustering into three groups provides a strategic roadmap
for parental selection. For example, the analysis revealed that Cluster 2 was characterized
by high yield potential but moderate vegetative growth, while Cluster 3 exhibited moderate
vegetative vigor but a lower harvest index. This clear differentiation allows for a targeted
hybridization strategy. Crossing elite accessions from Cluster 2 with those from Cluster 3
presents a viable pathway to pyramid desirable traits, potentially breaking unfavorable
linkages and creating novel ideotypes that combine high yield with robust plant stature.
The accessions identified within these superior clusters are, therefore, recommended as
priority candidates for inclusion in the next cycle of genetic improvement.

The partitioning of the accessions into diverse groups based on qualitative and quanti-
tative characters aligns with the findings of Tighankoumi et al. [41], who also identified
distinct genotypes among Togo’s germplasm. Similarly, Kouokou et al. [42] reported three
major groups for the 200 accessions evaluated, consistent with the present study.

The findings from this study emphasized the relevance of leaf, stem and root char-
acteristics in the understanding of variability and diversity of cassava accessions; it also
highlights the importance of each of the traits in varietal identification and overall genetic
improvement. The study also shows the validity of using augmented design in the evalua-
tion of accessions whose identity are unknown, as the characteristics observed in the checks
used for this study were also observed in majority of the accessions studied, indicating that
some of the accession studies might have a historical relationship with the checks.

5. Conclusions

The study has shown the extent of genetic variability within cassava accessions grown
in southwest and north central regions of Nigeria using agromorphological markers, pro-
viding baseline information required for genetic improvement. High heritability values
were identified for petiole length, plant height, number of storage roots per plant, angle
of branching, height to first branching, harvest index, and lobe dimensions, which re-
flect strong genetic control, thereby making these traits reliable for promising selection
criteria in breeding programs. In addition, Traits such as number of leaf lobes, petiole
color, color of leaf vein, color of root pulp (parenchyma), color of root cortex, color of stem
exterior and length of stipule showed significant genetic variability that could be explored
for the genetic improvement of cassava and its productivity. Furthermore, accessions in
cluster 1 and 2 can be considered potential selections for yield improvement in yield and
climate adaptability improvement programs. Therefore, special attention should be given
to these traits and clusters in future breeding programs, as improvement of these traits will
impact the physiological efficiency, biomass accumulation and partitioning of assimilates,
which consequentially affect yield and better adaptation across diverse environments.
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traits; Figure S3: Silhouette score for determining the optimal number of clusters based on quantitative
traits; Table Sla: Qualitative Traits and corresponding variations observed among 477 cassava
accessions collected from South-West and North Central Nigeria at 3, 6, and 9 months after planting
(MAP); Table S1b. Quantitative traits measured at 6 and 12 months after planting (MAP) and their
code; Table S2: Frequency distribution of qualitative traits.
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