Plant o
2026, Vol. 14, No. 2, pp. 42-50 SciencePG

https://doi.org/10.11648/j.plant.20261402.12 Science Publishing Group

Review Article

Conventional and Modern Breeding Strategies for Cassava
Improvement: A Review of Controlled Hybridization to
Genomic Selection

Vandi Amara®”* ©, Alusaine Edward Samura! ©, Prince Emmanuel Norman? ©,
Suffian Mansaray? ©, Marco David Tarawallie! ©, Alimu Mansaray' ©,
Vandi Ibrahim Kallon?

'Department of Crop Protection, Njala University, Freetown, Sierra Leone
ZResearch and Innovation Unit, Sierra Leone Agricultural Research Institute, Freetown, Sierra Leone

3Department of Crop Science, Njala University, Freetown, Sierra Leone

Abstract

Cassava (Manihot esculenta Crantz) is a vital tropical root crop that underpins food security, livelihoods, and industrial
development for over 800 million people globally, particularly in sub-Saharan Africa. Its resilience to drought and adaptability
to marginal environments make it a strategic crop under climate change. However, cassava improvement remains constrained by
biological and genetic complexities, including high heterozygosity, clonal propagation, long breeding cycles, and strong
genotype X environment (GXE) interactions. Conventional breeding approaches, such as controlled hybridization and phenotypic
selection, have historically contributed to yield improvement and disease resistance but are limited by low selection accuracy for
polygenic traits and slow genetic gain. Recent advances in molecular genetics and genomics have transformed cassava breeding
through the adoption of marker-assisted selection (MAS), genomic selection (GS), and genome-wide association studies
(GWAS). These approaches enable the identification of quantitative trait loci (QTLs), prediction of breeding values, and
dissection of complex trait architecture, thereby enhancing selection efficiency and accelerating breeding cycles. Statistical tools
such as genomic best linear unbiased prediction (G-BLUP), additive main effects and multiplicative interaction (AMMI), and
genotype plus genotype-by-environment interaction (GGE) biplot analysis have further improved genotype evaluation and
stability analysis across diverse environments. Recent studies demonstrate that genomic selection can reduce cassava breeding
cycles from approximately five years to two years while increasing genetic gain. Emerging technologies, including genome
editing, high-throughput phenotyping, and artificial intelligence, offer additional opportunities for precision breeding. This
review critically synthesizes conventional and modern cassava breeding strategies, highlighting their strengths, limitations, and
integration into efficient breeding pipelines. The paper emphasizes the need for data-driven, multi-disciplinary approaches to
develop climate-resilient, high-yielding, and quality cassava varieties for sustainable agricultural systems.
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1. Introduction

Cassava (Manihot esculenta Crantz) is a major staple crop
in tropical and subtropical regions, serving as a primary source
of calories for millions of people worldwide. It is estimated
that cassava supports the livelihoods of over 800 million peo-
ple globally, making it a cornerstone of food security in sub-
Saharan Africa, Latin America, and parts of Asia [1, 2]. Be-
yond subsistence consumption, cassava has a growing indus-
trial significance, being utilized in starch production, bioetha-
nol, animal feed, and other agro-industrial applications, which
enhances its economic value and contributes to local and re-
gional development [1, 3]. One of cassava’s major advantages
is its remarkable adaptability to diverse agroecological condi-
tions. The crop can tolerate prolonged drought, thrive in nutri-
ent-poor soils, and remain in the ground for extended periods
without significant yield reduction, providing flexibility in
harvesting [1, 4]. This resilience under climate variability
makes cassava an essential component of climate change ad-
aptation strategies, particularly in regions prone to erratic rain-
fall and marginal soils [5]. Despite these advantages, cassava
productivity in many parts of Africa remains low due to biotic
and abiotic stresses, coupled with limitations in breeding effi-
ciency and the slow adoption of improved varieties [6].
Among the major biotic constraints, cassava mosaic disease
(CMD) and cassava brown streak disease (CBSD) are the
most devastating, causing severe yield losses and economic
impacts [7, 8]. In addition, post-harvest physiological deterio-
ration (PPD) significantly reduces the shelf life and marketa-
bility of cassava roots, often starting within 24—72 hours after
harvesting due to oxidative processes and enzymatic reactions
[9]. These challenges underscore the need for continuous ge-
netic improvement to enhance yield stability, disease re-
sistance, and quality attributes.

Cassava breeding is inherently complex due to biological
and genetic factors. The crop is highly heterozygous, with in-
dividual plants carrying a high degree of genetic variation.
While this genetic diversity is beneficial for adaptation, it
complicates breeding efforts because desirable traits are not
easily fixed through selection [1, 6]. Additionally, cassava is
predominantly propagated vegetatively through stem cuttings,
which limits recombination and slows the rate of genetic pro-
gress. Breeding cycles are relatively long, often taking four to
six years or more to develop and release improved varieties [4,
10]. Conventional cassava breeding has traditionally relied on
controlled hybridization followed by phenotypic selection.
This involves crossing selected parental genotypes to generate
segregating populations, which are then evaluated across mul-
tiple stages, including seedling nurseries, clonal evaluation tri-
als, and advanced yield trials [1]. While effective for improving
traits controlled by major genes, conventional breeding is less effi-
cient for complex, polygenic traits such as yield, drought tolerance,
and quality characteristics, which involve multiple small-effect
genes [10]. A major limitation of conventional phenotypic selection
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is the influence of environmental variability on trait expression.
Genotype x environment (GXE) interactions can significantly af-
fect cassava performance, often complicating the identification of
superior genotypes [11]. Studies have shown that GXE effects can
account for a substantial proportion of phenotypic variation, some-
times exceeding the contribution of genotype alone [10, 11]. Con-
sequently, reliance on single-environment trials is insufficient, ne-
cessitating multi-environment testing to accurately identify sta-
ble and high-performing genotypes. To overcome the limita-
tions of conventional breeding, molecular breeding tools have
been increasingly adopted. Marker-assisted selection (MAS)
allows breeders to select traits using molecular markers linked
to specific genes or quantitative trait loci (QTLs) and has been
successfully applied to improve CMD resistance [7]. However,
MAS is less effective for complex traits controlled by many
small-effect genes.

Genomic selection (GS) represents a significant advance-
ment, allowing the prediction of breeding values based on ge-
nome-wide marker data [4, 8]. Unlike MAS, which targets a
limited number of loci, GS incorporates thousands of markers
across the genome, capturing cumulative effects of small-ef-
fect genes. Recent studies demonstrate that GS can accelerate
cassava breeding by shortening cycle times and increasing ge-
netic gain, particularly for complex traits such as yield and dry
matter content [6, 8]. In addition, genome-wide association
studies (GWAS) provide critical insights into the genetic ar-
chitecture of complex traits by identifying marker—trait asso-
ciations across diverse populations [12]. These findings sup-
port the development of molecular markers for MAS and GS
and guide breeding decisions by uncovering candidate genes
controlling key agronomic traits. Integration of conventional
and modern breeding approaches is essential for maximizing
genetic gain in cassava. Conventional breeding continues to
provide the foundational genetic diversity needed for selection,
while modern genomic tools enhance selection efficiency and
precision. Statistical models such as genomic best linear unbi-
ased prediction (G-BLUP), additive main effects and multipli-
cative interaction (AMMI), and genotype plus genotype x en-
vironment (GGE) biplot analysis are critical for analyzing
breeding data and guiding selection decisions in multi-envi-
ronment trials [4, 11]. This review provides a comprehensive
synthesis of conventional and modern cassava breeding strat-
egies, emphasizing their integration into efficient pipelines.
By combining insights from genomics, quantitative genetics,
and statistical modeling, it highlights advances that can accel-
erate cassava improvement and enhance global food security.

2. Genetic Basis of Cassava Breeding

Understanding the genetic architecture of cassava (Manihot
esculenta Crantz) is fundamental to enhancing breeding effi-
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ciency and achieving sustainable genetic gains. Cassava ex-
hibits a highly heterozygous genome, which contributes to its
remarkable adaptability but simultaneously complicates
breeding efforts [1, 6]. High levels of genetic variation exist
within cassava populations, providing a rich reservoir for se-
lection, yet this same variation makes it difficult to fix desira-
ble traits through conventional breeding approaches [4]. Mo-
lecular studies have revealed extensive genomic diversity in
cassava, with thousands of single nucleotide polymorphisms
(SNPs) distributed across the genome [8, 12]. This genetic di-
versity is critical for adaptation to varying environmental con-
ditions and for improving traits such as yield, disease re-
sistance, and root quality [6]. However, most economically
important traits in cassava are polygenic, controlled by numer-
ous small-effect genes, often interacting epistatically, which
complicates their inheritance and selection [1]. Quantitative
genetics plays a central role in cassava breeding because traits
such as root yield, dry matter content, starch quality, and re-
sistance to abiotic stresses exhibit continuous variation and are
quantitatively inherited [4, 11]. Epistatic interactions further
complicate these traits, as the effect of one gene may depend
on the presence or absence of other genes, influencing the pre-
dictability of phenotypic outcomes.

Genotype x environment (G*E) interaction is another critical
factor shaping cassava performance. GXE occurs when different
genotypes respond differently to environmental conditions, lead-
ing to variation in trait expression across locations or seasons [10].
For instance, a genotype that performs well in one agroecological
zone may underperform in another, underscoring the importance
of evaluating genotypes across multiple environments to identify
broadly adapted and stable cultivars [4, 11]. Statistical models
such as additive main effects and multiplicative interaction
(AMMI) and genotype plus genotype *x environment (GGE) bip-
lots have been employed to dissect GXE interactions in cassava,
providing valuable insights for selection and stability analysis [10,
11]. Genetic diversity is a cornerstone of cassava breeding pro-
grams, as it supplies the raw material for selection and supports
the development of improved varieties with enhanced resilience
and productivity [6]. Studies using simple sequence repeat (SSR)
markers have reported moderate to high levels of genetic diver-
sity in cassava germplasm collections. For example, research in
West African cassava populations estimated expected heterozy-
gosity values ranging from 0.45 to 0.48, reflecting substantial ge-
netic variation suitable for selection [7]. Understanding popula-
tion structure, including the presence of subpopulations due to
geographic or genetic differentiation, is also critical for designing
effective breeding strategies and interpreting results from ge-
nome-wide association studies (GWAS) [12]. Advances in ge-
nomics have transformed the study of cassava genetics by ena-
bling high-throughput genotyping and the identification of thou-
sands of SNP markers across the genome. These markers are in-
tegral for implementing genomic selection (GS) and conducting
GWAS, which facilitates the dissection of complex traits [4, §].
GWAS has identified genetic loci associated with traits of eco-
nomic importance, including yield components, starch content,
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and processing quality for products such as gari, providing breed-
ers with candidate genes and molecular markers for use in MAS
and GS [12].

Heritability estimates are a critical aspect of understanding
the genetic basis of traits in cassava, representing the propor-
tion of phenotypic variation attributable to genetic factors.
High heritability indicates that a trait is largely controlled by
genetic factors and can be efficiently improved through selec-
tion. In cassava, traits such as dry matter content typically ex-
hibit higher heritability than yield, whereas yield and disease
resistance often display moderate heritability due to environ-
mental sensitivity [1, 4]. Knowledge of heritability informs
breeding strategies, including the optimal allocation of re-
sources for phenotyping and selection. Integration of genomic
and phenotypic data through genomic selection models, such
as genomic best linear unbiased prediction (G-BLUP), allows
breeders to capture the effects of many small-effect genes sim-
ultaneously, improving prediction accuracy for complex traits
[6, 8]. Leveraging genome-wide markers and phenotypic per-
formance, GS can accelerate breeding cycles, increase genetic
gain, and facilitate the selection of genotypes with superior
agronomic performance and stability. In summary, the genetic
basis of cassava breeding is defined by high heterozygosity,
polygenic inheritance, and substantial GXE interaction. Mo-
lecular tools, high-throughput genotyping, GWAS, and GS
have enhanced our understanding of cassava genetics, ena-
bling more precise and efficient breeding strategies. These ad-
vances are critical for the development of improved cassava
varieties that meet the demands of food security, industrial uti-
lization, and climate resilience, ensuring that cassava contin-
ues to play a vital role in global agriculture [1, 4, 8].

3. Conventional Breeding Strategies

Conventional breeding has historically been the backbone
of cassava improvement programs and continues to play a crit-
ical role in generating genetic variability and developing im-
proved cultivars. The approach relies primarily on the selec-
tion of superior phenotypes derived from controlled hybridi-
zation among diverse parental lines. Despite the emergence of
modern genomic tools, conventional breeding remains indis-
pensable due to its direct connection to field performance and
farmer-preferred traits. The process begins with germplasm
collection and characterization. Cassava germplasm includes
landraces, improved varieties, and wild relatives, each con-
tributing unique alleles for breeding. Landraces are highly val-
ued for their adaptation to local agroecological conditions, re-
silience to environmental stresses, and farmer acceptance.
Studies have shown that farmer-managed varieties often har-
bor traits such as drought tolerance and pest resistance that are
not present in improved lines, making them critical resources
for breeding programs [6, 13]. Controlled hybridization is a
central component of conventional cassava breeding. Breed-
ers select parental genotypes based on complementary traits
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and genetic diversity to maximize heterosis and recombina-
tion. However, cassava presents significant challenges for hy-
bridization due to irregular flowering, low seed set, and asyn-
chronous flowering among genotypes. Recent studies have ex-
plored techniques such as photoperiod manipulation, pruning,
and the application of plant growth regulators to enhance
flowering and synchronization, thereby improving crossing
efficiency [14, 15]. Following hybridization, breeding popu-
lations undergo a multi-stage selection process. The first stage
typically involves seedling nurseries, where thousands of
progenies are evaluated for basic traits such as vigor and dis-
ease resistance. Selected genotypes are then advanced to
clonal evaluation trials (CETs), where they are propagated

vegetatively and evaluated for yield and other agronomic traits.

Advanced yield trials (AYTs) and multi-environment trials
(METs) are subsequently conducted to assess genotype per-
formance across diverse environments. This stepwise selec-
tion process is effective in identifying superior clones; how-
ever, it is time-consuming and resource intensive. The entire
breeding cycle can take 5—8 years before a variety is released

[15]. Additionally, phenotypic selection is influenced by envi-
ronmental factors, which can obscure genetic differences
among genotypes and reduce selection accuracy.

Another limitation of conventional breeding is its ineffi-
ciency in improving complex traits. Traits such as yield,
drought tolerance, and quality attributes are controlled by
multiple genes with small effects, making it difficult to select
using phenotypic methods alone. Furthermore, the strong gen-
otype x environment (GXE) interaction in cassava complicates
the identification of stable and high-performing genotypes [10,
11]. Despite these limitations, conventional breeding has
achieved significant successes. Improved cassava varieties
with enhanced yield, disease resistance, and processing qual-
ity have been developed and released in many countries.
These achievements underscore the importance of conven-
tional breeding as a foundation for cassava improvement.
However, to meet the increasing demand for food and indus-
trial products, there is a need to enhance the efficiency of con-
ventional breeding. This requires the integration of modern
tools such as molecular markers and genomic prediction mod-
els to complement traditional approaches [6, §].

Integrated Cassava Breeding Pipeline from Hybridization to Genomic Selection

& - F0- a0 &

3>

Germplasm Collection=» Parental Selection ~» Controlled Hybridization ~# Seedling Nursery

=»  Multi-Environment Trials

(METs)

Clonal Evaluation Trials - Variety Release

Figure 1. Integrated cassava breeding pipeline should be placed in the conventional and modern breeding strategies.

4. Marker-assisted Selection (MAS)

Marker-assisted selection (MAS) has significantly en-
hanced the efficiency of cassava breeding by enabling the use
of molecular markers to select for desirable traits. MAS is
based on the identification of genetic markers linked to quan-
titative trait loci (QTLs) or genes controlling specific traits,
allowing breeders to select individuals based on their geno-
type rather than phenotype. In cassava, MAS has been widely
used for improving resistance to diseases, particularly cassava
mosaic disease (CMD). The CMD2 gene, a major resistance
gene, has been successfully incorporated into breeding pro-
grams using molecular markers, leading to the development
of resistant varieties [16, 17]. Recent studies have further
identified additional loci associated with CMD resistance,
providing opportunities for pyramiding resistance genes to en-
hance durability [18]. Molecular markers used in cassava
breeding include simple sequence repeats (SSRs), single nu-
cleotide polymorphisms (SNPs), and Diversity Arrays Tech-
nology (DArT) markers. Among these, SNP markers are the
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most widely used due to their abundance, stability, and suita-
bility for high-throughput genotyping. Advances in next-gen-
eration sequencing technologies have facilitated the discovery
of thousands of SNP markers, enabling genome-wide analyses
and marker development [8, 12]. MAS offers several ad-
vantages over conventional breeding. It allows for early selec-
tion of desirable traits, reducing the need for extensive field
testing and accelerating breeding cycles. It also improves se-
lection accuracy, particularly for traits with low heritability or
those that are difficult to measure phenotypically. Furthermore,
MAS enables the simultaneous selection of multiple traits, in-
creasing breeding efficiency. However, MAS has limitations,
particularly complex traits controlled by multiple genes with
small effects. In such cases, the effect of individual QTLs may be
too small to be detected or used effectively in selection. Addition-
ally, the expression of QTLs can be influenced by environmental
factors, reducing the reliability of marker-based selection [10, 11].
Recent advances in genomic technologies have addressed some
of these limitations by enabling the identification of multiple
QTLs and the development of genomic prediction models. None-
theless, MAS remains an important tool in cassava breeding, par-
ticularly for traits controlled by major genes.
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5. Genomic Selection (GS)

Genomic selection (GS) represents a paradigm shift in cas-
sava breeding, enabling the prediction of breeding values us-
ing genome-wide marker data. Unlike MAS, which focuses on
a limited number of markers, GS incorporates information
from thousands of markers across the genome, capturing the
cumulative effects of many small-effect genes. The foundation
of GS lies in statistical models that relate marker data to phe-
notypic traits. One of the most widely used models is the best
genomic linear unbiased prediction (G-BLUP) model:

y=1lu+Za+e

Genomic selection (GS) has been successfully implemented
in cassava breeding programs, demonstrating significant im-
provements in selection accuracy and genetic gain. Studies
have shown that GS can reduce breeding cycle time from ap-
proximately 5 years to 2-3 years, thereby accelerating the de-
velopment of improved varieties [4, 19]. One of the key ad-
vantages of GS is its ability to improve complex traits that are
difficult to select using conventional methods. By capturing the
effects of many small-effect genes, GS provides a more accurate
estimate of breeding values, enabling more effective selection [8].
However, the implementation of GS requires substantial invest-
ment in genotyping, phenotyping, and data management infra-
structure. This poses challenges for breeding programs in devel-
oping countries, where resources may be limited.

6. Genome-wide Association Studies
(GWAS)

Genome-wide association studies (GWAS) have become an
essential tool for dissecting the genetic architecture of com-
plex traits in cassava. GWAS involves scanning the genome
for associations between genetic markers and phenotypic
traits across a diverse population. Recent GWAS studies in
cassava have identified SNPs associated with important traits
such as yield, disease resistance, and processing quality [12].
For example, SNP markers associated with gari quality traits
have been identified, providing valuable information for
breeding programs [20]. GWAS complements MAS and GS
by providing insights into the genetic basis of traits and facil-
itating the development of molecular markers. However,
GWAS requires large populations and high-density marker
data to achieve sufficient statistical power.

7. Multi-environment Trials and Stability
Analysis
Multi-environment trials (METs) are essential in cassava

(Manihot esculenta Crantz) breeding due to the crop’s pro-
nounced sensitivity to environmental variability and strong
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genotype x environment (GXE) interactions. Cassava is culti-
vated across diverse agroecological zones in sub-Saharan Af-
rica, Latin America, and Asia, where rainfall, soil fertility,
temperature, and disease pressure substantially influence gen-
otype performance [11, 10]. Consequently, genotypes per-
forming well in one environment may underperform in an-
other, necessitating rigorous multi-location evaluation to iden-
tify stable and adaptable varieties [4, 8]. Recent studies con-
sistently demonstrate that GXE interaction contributes a sig-
nificant proportion of phenotypic variance in cassava. For ex-
ample, METs conducted in South Africa revealed that GXE ef-
fects contributed more to variation in fresh root yield than gen-
otype alone, highlighting the dominant influence of environ-
mental factors on trait expression [11]. Similarly, trials in Bra-
zil confirmed significant GXE effects across yield and quality
traits, emphasizing the importance of stability analysis in
identifying genotypes suitable for broader adaptation [10].
These findings illustrate that selection based solely on mean
performance is insufficient; breeders must consider both sta-
bility and adaptability when choosing superior genotypes. Sta-
tistical models such as the Additive Main Effects and Multi-
plicative Interaction (AMMI) and Genotype plus Genotype x
Environment interaction (GGE) biplot models are widely used
to analyze MET data. The AMMI model combines analysis of
variance (ANOVA) for additive effects with principal compo-
nent analysis (PCA) for multiplicative interaction effects, al-
lowing GxE variance to be partitioned into interpretable com-
ponents [11, 21]. This method has proven effective in identi-
fying stable genotypes, delineating mega-environments, and
guiding deployment strategies for cassava varieties [10].

The GGE biplot model focuses on the genotype and GXE
effects combined, providing a graphical representation of
“which-won-where” patterns. This is particularly valuable for
breeders aiming to select either broadly adapted genotypes or
those tailored to specific environments [22]. Comparative
studies suggest that integrating AMMI and GGE analyses with
BLUP-based approaches improves the precision of stability
assessment, particularly for traits with high environmental
sensitivity [4, 8]. Emerging methods such as the Weighted Av-
erage of Absolute Scores from the BLUP matrix (WAASB)
offer a comprehensive approach, combining stability and
mean performance into a single index. WAASB allows breed-
ers to simultaneously select for yield and stability, addressing
limitations of traditional stability parameters [12]. METs also
facilitate the identification of mega-environments, which are
critical for optimizing breeding strategies. Studies show that
cassava-growing regions can be grouped into distinct mega-
environments based on genotype performance, enabling tar-
geted breeding and variety deployment [10]. In West Africa,
with high agroecological diversity, such stratification im-
proves the efficiency of variety testing and release strategies.
Despite their importance, METs are resource-intensive, re-
quiring extensive trials across multiple locations and seasons.
Environmental heterogeneity, measurement error, and climate
change introduce additional uncertainties that complicate data
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interpretation [11]. To address these challenges, integrating
MET data with genomic information has become a priority.
Multi-environment genomic selection models incorporate
GxE interactions to predict genotype performance across en-
vironments, improving genomic estimated breeding value
(GEBV) accuracy while reducing the need for extensive field
testing [6, 8]. In conclusion, METs and stability analysis are
central to cassava breeding. Advanced statistical models and
genomic tools enable breeders to select genotypes that are not

only high yielding but also stable across diverse environments,

accelerating the development of varieties adapted to climate
variability and agroecological diversity.

8. Integration of Breeding Approaches

Integrating conventional and modern breeding approaches
is a transformative strategy for accelerating cassava improve-
ment. Traditional methods, including controlled hybridization
and phenotypic selection, effectively generate genetic varia-
tion and identify superior individuals but are constrained by
long breeding cycles, low selection accuracy for complex
traits, and environmental influences [1, 4]. Modern genomic
tools, including marker-assisted selection (MAS), genomic se-
lection (GS), and genome-wide association studies (GWAS),
complement conventional methods by enhancing precision,
efficiency, and early selection capability [8]. Genetic gain, a
key objective of breeding programs, depends on selection in-
tensity, accuracy, genetic variance, and the length of the breed-
ing cycle. GS significantly improves genetic gain by increas-
ing selection accuracy and reducing cycle duration. Recent
modeling studies indicate that integrating GS into cassava
breeding pipelines can enhance genetic gain by over 10%
compared to phenotypic selection alone [6, 8]. Integration be-
gins with molecular characterization of germplasm using

high-density markers to assess genetic diversity and popula-
tion structure. This information guides parental selection for
hybridization, maximizing genetic recombination and hetero-
sis. MAS is applied to select individuals carrying favorable
alleles for traits governed by major genes, such as disease re-
sistance [7].

GS extends this approach by enabling early selection based
on genome-wide marker data. Unlike MAS, which focuses on
specific loci, GS captures the cumulative effect of many
small-effect genes, making it particularly effective for com-
plex traits such as yield, starch content, and drought tolerance
[4]. Combining GS with conventional selection allows for
rapid-cycle breeding, where early-generation selections can
be advanced without waiting for multi-season evaluations,
thereby reducing breeding time. Incorporating multi-environ-
ment trial data into genomic prediction models further im-
proves selection accuracy. Accounting for GXE interactions,
breeders can predict genotype performance across diverse en-
vironments, enabling targeted deployment and development
of broadly adapted or environment-specific varieties [8, 11].
High-throughput phenotyping technologies, such as remote
sensing, UAV-based imaging, and ground-penetrating radar,
enhance integrated breeding by providing rapid, non-destruc-
tive measurement of complex traits, including biomass, can-
opy structure, and root architecture [12]. Integrating these
phenotypic datasets with genomic information strengthens
predictive models and accelerates breeding progress. Chal-
lenges of integration include high genotyping and phenotyp-
ing costs, data management complexities, and limited tech-
nical capacity in developing regions. Initiatives such as the
NextGen Cassava Breeding Project provide infrastructure,
training, and resources to facilitate the adoption of integrated
breeding, particularly in Africa [6].

Conceptual Framework for Cassava Breeding: Linking Phenotypic, Genotypic,
and Environmental Data to Variety Release
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Figure 2. Conceptual Framework for Cassava Breeding.
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9. Emerging Technologies in Cassava
Breeding

Emerging technologies are transforming cassava breeding
by enabling precise, rapid, and data-driven improvement of
complex traits. Genome editing using CRISPR/Cas systems
allows precise modification of target genes, facilitating the in-
troduction or removal of traits without altering the broader ge-
netic background [23, 24]. In cassava, genome editing has
been applied to improve disease resistance, reduce cyanogenic
glucosides, and enhance nutritional quality. This represents a
significant leap beyond traditional selection approaches.
Multi-omics approaches including genomics, transcriptomics,
proteomics, and metabolomics provide comprehensive in-
sights into the molecular basis of trait expression. Tran-
scriptomic analyses identify stress-responsive genes, while
metabolomics elucidates biochemical pathways linked to
quality traits. Integrating these datasets enables identification
of candidate genes and improves accuracy of genomic predic-
tions [12, 24]. High-throughput phenotyping technologies,
such as UAV imaging, LiDAR, and automated root imaging,
facilitate rapid, non-invasive measurement of traits like can-
opy cover, biomass, stress responses, and root architecture [4].
These tools significantly expand phenotyping capacity while
reducing labor and increasing accuracy, complementing ge-
nomic data for predictive breeding.

Artificial intelligence (Al) and machine learning (ML) are
increasingly applied to analyze complex datasets, identify pat-
terns, and optimize selection decisions. For example, ML al-
gorithms can predict genotype performance across multiple
traits and environments, guiding breeders in optimizing
crosses and prioritizing candidates for advancement [8].
Speed breeding and controlled environment techniques are be-
ing explored to shorten the cassava breeding cycle. Innova-
tions in rapid propagation, optimized photoperiods, and con-
trolled growth environments have the potential to reduce gen-
eration times, accelerating the evaluation of early-generation
material [1]. Digital agriculture platforms and decision-sup-
port systems further enhance breeding efficiency by integrat-
ing data on soil, weather, genotype performance, and other en-
vironmental factors, supporting data-driven selection and de-
ployment strategies [6].

Despite these advances, adoption of emerging technologies
faces challenges, including high costs, regulatory constraints
(especially for genome editing), and the need for technical ex-
pertise. Capacity building and infrastructure development are
critical to fully exploit these innovations.

10. Conclusion

Cassava breeding has experienced a paradigm shift from
traditional, phenotype-based selection to an integrated, data-
driven system that harnesses genomic, computational, and
phenotyping innovations. This transformation is essential to
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meet the growing global demand for food, feed, and industrial
products, while addressing the increasing pressures of climate
change, biotic stresses, and evolving production systems. Cen-
tral to contemporary cassava improvement is the recognition
of genotype x environment (GXE) interactions as a key deter-
minant of performance. Multi-environment trials (METs) and
advanced stability analyses, including AMMI and GGE mod-
els, provide breeders with the tools to identify genotypes that
are both high-performing and broadly adaptable. These ap-
proaches allow for evidence-based decision-making, mini-
mizing the risks of selecting genotypes that perform well in
limited environments but fail under broader cultivation condi-
tions. The integration of conventional and modern breeding
methods has substantially accelerated genetic gain in cassava.
Genomic selection (GS) has emerged as a transformative tool, en-
abling the capture of cumulative small-effect genes and facilitat-
ing rapid-cycle breeding. Combining genome-wide marker data
with high-quality phenotypic observations, GS improves selec-
tion accuracy, shortens breeding cycles, and enhances the devel-
opment of superior cultivars with desirable traits, such as disease
resistance, yield stability, and improved nutritional quality.

Emerging technologies, including genome editing, multi-
omics integration, high-throughput phenotyping, and artificial
intelligence, are further expanding the frontiers of cassava
breeding. These innovations allow precise, targeted modifica-
tions of key genes, enable detailed trait dissection, and stream-
line decision-making processes, creating opportunities to de-
velop climate-resilient and nutritionally enhanced varieties.
Despite these advances, challenges remain. Successful imple-
mentation requires robust infrastructure, skilled human re-
sources, and effective data management systems. Regulatory
and policy frameworks must support innovation while ensur-
ing biosafety, sustainability, and equitable access. In resource-
limited contexts, such as Sierra Leone, integrating local
germplasm with modern breeding tools is crucial for produc-
ing varieties that are adapted to local agroecological condi-
tions and socio-economic needs. In conclusion, the future of
cassava breeding depends on the successful integration of con-
ventional knowledge, genomic innovation, and advanced phe-
notyping. This synergy promises to accelerate the develop-
ment of high-performing, resilient, and quality-enhanced va-
rieties, contributing meaningfully to food security, economic
development, and sustainable agriculture.

11. Future Direction

Future research in cassava breeding should focus on
strengthening the integration of genomic and phenotypic data
to enhance selection accuracy for complex traits. Developing
cost-effective and scalable tools for genotyping, phenotyping,
and data analysis will be critical for resource-limited breeding
programs. Participatory approaches that involve farmers in the
selection process can ensure that improved varieties meet lo-
cal needs and preferences, promoting adoption and impact.
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Emphasis should also be placed on breeding for climate resil-
ience, nutritional quality, and industrial utility, leveraging
emerging technologies such as genome editing, multi-omics,
and artificial intelligence. Combining these innovations with
conventional knowledge, cassava breeding can accelerate the
development of high-performing, adaptable, and sustainable
varieties to meet future global food and economic challenges.
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