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Abstract Sweet potato is a vital staple crop with significant potential to address global food security challenges. Developing
high-yield cultivars is essential to enhance productivity and meet increasing demand, and molecular breeding has emerged as a
promising approach for achieving these goals. This study explores recent advancements in molecular breeding techniques applied to
sweet potato, with a focus on understanding its unique genomic architecture and genetic diversity. Key methods such as
marker-assisted selection (MAS), genomic selection (GS), CRISPR-based gene editing, and RNA interference (RNAi) are examined
for their role in improving yield-related traits, photosynthetic efficiency, storage root development, and stress tolerance. A case study
on breeding programs in China highlights successful cultivar development and lessons for global breeding efforts. This study also
addresses challenges in molecular breeding, including polyploidy complexities and limitations in genomic tools, while outlining
future opportunities such as the integration of artificial intelligence (AI) and international collaborations. This study emphasizes the
need for targeted breeding strategies and policy support to ensure the development of resilient, high-yield cultivars capable of
contributing to food security and sustainable agriculture.
Keywords Sweet potato; Molecular breeding; CRISPR; Marker-assisted selection; Yield improvement

1 Introduction
Sweet potato (Ipomoea batatas L.) is a vital root crop globally, known for its adaptability to diverse environmental
conditions and its nutritional benefits. It ranks as one of the most important crops in many countries, including
Mozambique, where it is the third most significant root crop after cassava and maize (Maquia et al., 2013). The
crop's versatility allows it to be cultivated in various climates, from tropical to temperate regions, making it a
staple food source in many parts of the world (Karan and Şanli, 2021).

High-yield sweet potato cultivars are crucial for enhancing food security, especially in regions prone to food
shortages. The ability to produce more food per unit area can significantly impact the availability of nutritious
food, particularly in developing countries. For instance, in Turkey, expanding sweet potato cultivation to new
regions has been suggested to meet the increasing domestic demand (Karan and Şanli, 2021). High-yield cultivars
not only ensure a stable food supply but also contribute to economic stability by providing farmers with a reliable
source of income (Swanckaert et al., 2021).

Molecular breeding has emerged as a powerful tool in crop improvement, enabling the development of cultivars
with desirable traits such as high yield, drought tolerance, and disease resistance. By utilizing genetic,
morphological, and agronomic diversity, researchers can identify and select genotypes that are best suited for
specific environmental conditions. This approach has been particularly effective in characterizing sweet potato
germplasm and identifying genotypes with high agronomic potential, which can be used in breeding programs to
develop superior cultivars (Maquia et al., 2013; Teshome et al., 2020).

This study aims to provide recent insights into the molecular breeding of sweet potato for high-yield cultivars. It
will explore the genetic diversity within sweet potato germplasm, the assessment of yield and quality traits in
different environmental conditions, and the potential of molecular breeding techniques to enhance sweet potato
production. By examining these aspects, the study seeks to highlight the importance of molecular breeding in
ensuring food security and improving the livelihoods of farmers globally.
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2 Sweet Potato Genetics and Genomics: Foundation for Molecular Breeding
2.1 Genomic architecture of sweet potato (hexaploidy and challenges)
Sweet potato (Ipomoea batatas) is a hexaploid species, meaning it has six sets of chromosomes. This complex
genomic structure poses significant challenges for genetic and genomic studies. The hexaploid nature of sweet
potato results in a wide range of meiotic configurations and linkage phases, complicating gene action and
genotype data quality (Gemenet et al., 2020). Additionally, the high level of heterozygosity and the presence of
multiple homologous chromosomes make it difficult to develop accurate genetic maps and perform genome-wide
association studies (Hirakawa et al., 2015; Kim et al., 2017).

2.2 Recent advancements in sweet potato genome sequencing
Recent advancements in genome sequencing technologies have significantly improved our understanding of the
sweet potato genome. Single-molecule real-time sequencing has enabled the identification of massive full-length
cDNAs and alternative splicing events, facilitating comparative and functional genomics studies in sweet potato
(Figure 1) (Ding et al., 2019). Moreover, the development of a half haplotype-resolved genome has provided
insights into the hexaploidization history of sweet potato, allowing for a more detailed analysis of its genomic
structure. These advancements have paved the way for more precise and efficient molecular breeding strategies.

Figure 1 Plant materials used in this study and summary of PacBio RS II single-molecule real-time (SMRT) sequencing (Adopted
from Ding et al., 2019)
Image caption: (A-H) Photos showing the developmental stages and overall morphology of eight tissues in I. batatas used for SMRT
sequencing in this study. (A) Young leaves; (B) mature leaves; (C) apical shoots; (D) mature stems; (E) fibrous roots; (F) initiating
tuberous roots; (G) expanding tuberous roots; (H) mature tuberous roots. The photos were adopted from our previous report (Ding et
al., 2017). Number and length distributions of 220 035 reads in I. batatas (I) and 195,188 reads in I. trifida (J) from different PacBio
libraries (fractionated size: 1-2, 2-3, >3 kb); Proportion of different types of PacBio reads in I. batatas (K) and I. trifida (L) (Adopted
from Ding et al., 2019)
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2.3 Identification of key genes linked to yield traits
The identification of key genes linked to yield traits is crucial for the development of high-yield sweet potato
cultivars. Quantitative trait loci (QTL) mapping using whole-genome next-generation sequencing (NGS) has been
employed to identify clusters of single nucleotide polymorphisms (SNPs) linked to important agronomic traits,
such as storage root anthocyanin content (Yamakawa et al., 2021). Additionally, the construction of genetic maps
using EST-SSR markers has facilitated the identification of QTLs associated with major agronomic characters in
hexaploid sweet potato (Kim et al., 2017). These efforts have led to the development of tightly linked DNA
markers that can be used in marker-assisted selection for yield improvement (Zhang, 2024).

2.4 Genetic diversity and its implications for molecular breeding
Genetic diversity is a critical factor in the success of molecular breeding programs. Studies on the genetic
diversity of sweet potato and its diploid ancestor, Ipomoea trifida, have revealed a wealth of genetic variation that
can be harnessed for breeding purposes (Hirakawa et al., 2015). The comprehensive analysis of intraspecific and
interspecific sequence data has provided valuable insights into the genetic makeup of sweet potato, enabling the
identification of diverse alleles and haplotypes that can be targeted for trait improvement (Ding et al., 2019;
Amundson et al., 2020). Understanding and utilizing this genetic diversity is essential for the development of
robust and high-yield sweet potato cultivars through molecular breeding. By leveraging these recent insights into
the genetics and genomics of sweet potato, researchers can develop more effective molecular breeding strategies
to enhance yield and other desirable traits in this important crop.

3 Techniques and Tools in Molecular Breeding for Sweet Potato
3.1 Marker-assisted selection (MAS) in sweet potato breeding
Marker-assisted selection (MAS) has been a cornerstone in modern plant breeding, enabling the identification and
selection of desirable traits with greater precision and efficiency. MAS utilizes molecular markers that are closely
linked to target genes, facilitating the selection process. In sweet potato breeding, MAS has been instrumental in
mapping and introgressing genes associated with high yield and disease resistance. The development of
high-throughput sequencing technologies, such as genotyping-by-sequencing (GBS), has further enhanced the
efficiency of MAS by allowing the simultaneous discovery and genotyping of single nucleotide polymorphisms
(SNPs) across the genome (Figure 2) (He et al., 2014; Hasan et al., 2021). This approach has significantly
shortened the breeding cycle and increased the accuracy of selecting superior cultivars (Jannink et al., 2010;
Tiwari et al., 2022).

Figure 2 The figure explains the basic procedure of marker-assisted selection (Adopted from Hasan et al., 2021)
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3.2 Genomic selection (GS) strategies for yield improvement
Genomic selection (GS) represents a paradigm shift in plant breeding, particularly for complex traits controlled by
multiple genes with small effects. Unlike MAS, which focuses on individual loci, GS uses genome-wide marker
data to predict the performance of breeding lines. This method has shown great promise in accelerating genetic
gains and improving yield in crops like sweet potato. By incorporating high-throughput phenotyping and
genotyping, GS can enhance the accuracy of selection and reduce the breeding cycle time (Merrick et al., 2022;
Sandhu et al., 2022). The integration of machine learning and advanced statistical models further refines the
prediction accuracy, making GS a powerful tool for sweet potato yield improvement (Jannink et al., 2010).

3.3 CRISPR-based gene editing for targeted trait enhancement
CRISPR-Cas9 technology has revolutionized the field of genetic engineering by providing a precise and efficient
method for genome editing. In sweet potato breeding, CRISPR-based gene editing can be used to introduce or
modify specific genes associated with desirable traits such as increased yield, disease resistance, and improved
nutritional content. This technology allows for targeted modifications without the introduction of foreign DNA,
making it a more acceptable approach for developing genetically modified organisms (GMOs) (Dheer et al., 2020;
Ahmad et al., 2022). The application of CRISPR in sweet potato breeding holds great potential for creating
high-yield cultivars with enhanced traits in a relatively short time frame (Sandhu et al., 2022).

3.4 RNA interference (RNAi) in modifying metabolic pathways
RNA interference (RNAi) is a powerful tool for silencing specific genes and has been widely used to study gene
function and develop crops with improved traits. In sweet potato, RNAi can be employed to modify metabolic
pathways that influence yield and quality. For instance, silencing genes involved in starch biosynthesis or
degradation can lead to increased starch content and improved tuber quality. RNAi has also been used to enhance
resistance to pests and diseases by targeting genes essential for pathogen survival or virulence (Ahmad et al.,
2022). The use of RNAi in sweet potato breeding offers a versatile approach to fine-tune metabolic pathways and
achieve desired phenotypic outcomes (Dheer et al., 2020). By leveraging these advanced molecular breeding
techniques, sweet potato breeders can develop high-yield cultivars more efficiently and effectively, addressing the
growing demand for this important staple crop.

4 Trait-Based Molecular Approaches for High Yield Cultivars
4.1 Yield-related traits and their molecular regulation
Yield-related traits in sweet potatoes, such as tuber size, number, and overall biomass, are critical for achieving
high yield cultivars. Molecular regulation of these traits involves identifying and manipulating key genetic
markers associated with high yield. Advanced plant breeding tools, including genetic mapping and transgenic
approaches, have been instrumental in pinpointing these markers. Techniques such as TALENS, CRISPR-Cas9,
RNAi, and cisgenesis have been successfully employed to enhance yield-related traits by modifying specific
genes responsible for tuber development and growth (Ahmar et al., 2020; Ahmad et al., 2022).

4.2 Improvement of photosynthetic efficiency through gene modification
Photosynthetic efficiency is a pivotal factor in determining the overall yield of sweet potato cultivars. Enhancing
this efficiency can be achieved through gene modification techniques that optimize the photosynthetic pathways.
Recent advances in genome editing, particularly using CRISPR-Cas9, have enabled precise modifications in genes
that regulate photosynthesis. These modifications can lead to improved light absorption, carbon fixation, and
overall energy conversion efficiency, thereby boosting the yield potential of sweet potato plants (Ahmar et al.,
2020; Ahmad et al., 2022).

4.3 Molecular approaches to increase storage root development
The development of storage roots is a key determinant of sweet potato yield. Molecular approaches to enhance
storage root development include the use of genetic selection and mutagenic breeding to identify and propagate
desirable traits. Additionally, whole-genome sequencing and functional genomic tools have been employed to
understand the genetic basis of storage root formation. By targeting specific genes involved in root development,
researchers can manipulate these pathways to increase the size and number of storage roots, ultimately leading to
higher yields (Gebhardt, 2013).
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4.4 Enhancing stress tolerance (drought, salinity, and pest resistance) for stable yields
Stress tolerance is crucial for maintaining stable yields in sweet potato cultivars, especially under adverse
environmental conditions. Molecular breeding techniques have been utilized to enhance tolerance to drought,
salinity, and pests. Genetic selection and genome editing tools, such as CRISPR-Cas9, have been used to
introduce or modify genes that confer resistance to these stresses. By improving the plant's ability to withstand
environmental challenges, these molecular approaches ensure consistent and high yields even in suboptimal
growing conditions (Otoboni et al., 2020; Tiwari et al., 2020).

In summary, the integration of advanced molecular techniques in sweet potato breeding programs holds significant
promise for developing high yield cultivars. By focusing on yield-related traits, photosynthetic efficiency, storage
root development, and stress tolerance, researchers can create robust sweet potato varieties capable of meeting the
growing food demand (Basu et al., 2018).

5 Case Study: Genetic Resource Utilization for Sweet Potato Breeding in China
5.1 Overview of molecular breeding projects in China
China has been actively involved in molecular breeding projects to enhance the yield and quality of sweet potato
cultivars. These projects leverage advanced biotechnological tools such as SSR markers and RNA-seq to identify
and utilize genetic diversity within sweet potato germplasm. For instance, the phenotypic and genetic diversity
analysis of potato cultivars in China has provided a framework for similar studies in sweet potatoes, highlighting
the importance of molecular markers in breeding programs (Hu et al., 2022). Additionally, the integration of
market segment needs into breeding strategies has been emphasized to ensure that new cultivars meet the demands
of various stakeholders, including those focused on poverty alleviation and nutrition (Ojwang' et al., 2023).

5.2 Key high-yield cultivars developed through molecular techniques
Several high-yield sweet potato cultivars have been developed through molecular breeding techniques in China.
For example, the use of selection indexes and genetic parameters has led to the identification of promising
genotypes such as CERAT31-01, CERAT21-02, and CERAT51-30, which exhibit high beta-carotene content and
significant yield potential (Otoboni et al., 2020). Moreover, the evaluation of sweet potato genotypes through
crossbreeding has resulted in the development of cultivars like CERAT16-20 and CERAT31-1, which are noted
for their high productivity and suitability for both household consumption and industrial use (Oliveira et al.,
2022).

5.3 Challenges and achievements in breeding programs
Breeding programs in China have faced several challenges, including the need to balance genetic diversity with
the selection of high-yield traits. The high genetic variability within sweet potato populations has been both a
challenge and an opportunity, requiring sophisticated selection strategies to achieve genetic gains (Vargas et al.,
2020). Despite these challenges, significant achievements have been made, such as the development of genotypes
with high dry matter content and resistance to sweet potato virus disease (SPVD), which are crucial for stable and
high yields. Additionally, the use of genotype-by-environment interaction analysis has been instrumental in
identifying genotypes that perform well across diverse environmental conditions (Ngailo et al., 2019).

5.4 Lessons learned for global sweet potato breeding initiatives
The experiences from China's molecular breeding projects offer valuable lessons for global sweet potato breeding
initiatives. One key lesson is the importance of integrating molecular techniques with traditional breeding
methods to enhance the efficiency and effectiveness of breeding programs. The success of using SSR markers and
RNA-seq in identifying valuable genetic traits can be replicated in other regions to improve sweet potato cultivars
(Hu et al., 2022; Wei et al., 2023). Furthermore, the focus on market-driven breeding strategies ensures that new
cultivars meet the specific needs of different regions, thereby maximizing their impact on food security and
nutrition (Ojwang et al., 2023). Lastly, the emphasis on genetic diversity and the use of advanced statistical tools
for genotype evaluation can help other countries develop robust and high-yield sweet potato cultivars (Ngailo et
al., 2019; Otoboni et al., 2020; Vargas et al., 2020).
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6 Challenges and Opportunities in Molecular Breeding of Sweet Potato
6.1 Polyploidy and its complexity in molecular breeding
Polyploidy presents a significant challenge in the molecular breeding of sweet potato due to the complexity of its
genome. Sweet potato is an autopolyploid species, meaning it has multiple sets of chromosomes, which
complicates genetic analysis and breeding efforts. The presence of multiple homologous chromosomes can lead to
difficulties in SNP identification and validation, as well as in the development of molecular markers (You et al.,
2018; Yamakawa et al., 2021; Haque et al., 2023). For instance, the polyploid genome-wide association study
(GWAS) has been used to dissect the genetic basis of complex traits such as starch content, but the polyploid
nature of sweet potato adds layers of complexity to these analyses. Despite these challenges, advancements in
high-throughput genotyping tools, such as SNP arrays, are helping to overcome some of these obstacles by
providing more accurate and efficient genotyping methods for polyploid crops.

6.2 Limitations of current genomic tools and datasets
The current genomic tools and datasets available for sweet potato breeding are still limited, which hampers the
progress of molecular breeding programs. Although sequencing technologies have advanced, the assembly and
analysis of polyploid genomes remain challenging. The lack of comprehensive and high-quality reference
genomes for sweet potato limits the ability to perform detailed genetic analyses and develop effective molecular
markers (Visser et al., 2014). Additionally, the high cost and technical complexity of next-generation sequencing
and other genomic tools can be prohibitive for many breeding programs (Slater et al., 2017; Pandey et al., 2023).
There is a need for more robust and cost-effective genomic tools that can handle the complexity of polyploid
genomes and provide reliable data for breeding purposes.

6.3 Integration of high-throughput phenotyping with molecular breeding
Integrating high-throughput phenotyping with molecular breeding offers a promising opportunity to accelerate the
development of high-yield sweet potato cultivars. High-throughput phenotyping technologies, such as automated
imaging systems and sensor-based field phenotyping, can provide large-scale and precise phenotypic data that are
essential for effective selection in breeding programs (Slater et al., 2017). These technologies enable the rapid
assessment of multiple traits, including those related to yield, disease resistance, and quality, thereby enhancing
the efficiency of breeding efforts. Combining high-throughput phenotyping with genomic selection and
marker-assisted selection can significantly reduce the breeding cycle and improve the accuracy of selecting
superior cultivars (Sverrisdóttir et al., 2017; Pandey et al., 2022).

6.4 Opportunities for international collaboration and technology sharing
International collaboration and technology sharing present significant opportunities to advance the molecular
breeding of sweet potato. Collaborative efforts can facilitate the exchange of genetic resources, knowledge, and
technologies, thereby overcoming some of the limitations faced by individual breeding programs. For example,
sharing high-quality genomic datasets and advanced phenotyping tools can help standardize breeding practices
and improve the overall efficiency of sweet potato breeding (Visser et al., 2014; Slater et al., 2017). Additionally,
international partnerships can provide access to funding and technical expertise, which are crucial for developing
and implementing cutting-edge breeding technologies. By working together, researchers and breeders can
accelerate the development of high-yield, resilient sweet potato cultivars that can contribute to global food
security (Guo et al., 2023).

7 Future Directions and Recommendations
7.1 Need for deeper understanding of sweet potato functional genomics
To advance the molecular breeding of sweet potatoes, a deeper understanding of functional genomics is essential.
Functional genomics approaches, such as transcriptomics and allele mining, can identify functional markers (FMs)
closely associated with phenotypic traits, thereby increasing selection efficiencies for developing elite cultivars
(Salgotra and Stewart, 2020). Additionally, the development of genetic maps and quantitative trait loci (QTL)
analysis can facilitate the identification of key genes involved in desirable traits such as yield, disease resistance,
and nutritional content (Kim et al., 2017). The integration of these genomic tools will provide a robust platform
for the precise selection of high-yield sweet potato cultivars.
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7.2 Potential of AI and machine learning in molecular breeding
Artificial intelligence (AI) and machine learning (ML) hold significant potential in revolutionizing molecular
breeding. These technologies can analyze large datasets generated from genomic studies to predict the
performance of breeding lines and identify optimal breeding strategies. For instance, high-throughput sequencing
data combined with AI algorithms can enhance the prediction accuracy of genomic selection models, thereby
accelerating the breeding process (Caruana et al., 2019). The application of AI and ML can also optimize the
identification of SNP markers and their association with complex traits, leading to more efficient breeding
programs (Haque et al., 2023).

7.3 Policy recommendations to support molecular breeding research
To support the advancement of molecular breeding in sweet potatoes, several policy recommendations are
necessary. Governments and funding agencies should prioritize investments in genomic research and the
development of advanced breeding technologies. Policies should also encourage public-private partnerships to
facilitate the transfer of technology and knowledge from research institutions to breeding programs. Additionally,
regulatory frameworks need to be updated to accommodate the use of genome editing tools such as CRISPR-Cas9,
ensuring that new cultivars can be developed and commercialized efficiently (Ahmad et al., 2022). Support for
training programs in molecular breeding techniques will also be crucial to build the necessary human resource
capacity.

7.4 Vision for the next generation of high-yield sweet potato cultivars
The next generation of high-yield sweet potato cultivars will be characterized by enhanced nutritional content,
disease resistance, and adaptability to diverse environmental conditions. By leveraging advanced molecular
techniques such as genome editing, marker-assisted selection, and functional genomics, breeders can develop
cultivars with optimized traits for both yield and quality (Peng, 2011; Vargas et al., 2020). The integration of AI
and ML in breeding programs will further streamline the selection process, enabling the rapid development of
superior cultivars. Ultimately, these advancements will contribute to global food security by providing resilient
and high-yielding sweet potato varieties that can meet the demands of a growing population (Ngailo et al., 2019;
Otoboni et al., 2020).

8 Concluding Remarks
Recent advancements in molecular breeding have significantly contributed to the development of high-yield sweet
potato cultivars. Key findings from various studies highlight the importance of integrating traditional and modern
breeding techniques to enhance drought tolerance, yield, and nutritional quality. For instance, the use of molecular
markers and genetic mapping has been instrumental in identifying traits associated with drought resistance and
high yield. Additionally, genome editing tools such as CRISPR-Cas9 have opened new avenues for rapid and
precise genetic improvements. Studies have also emphasized the need for breeding programs to be demand-driven,
addressing specific market needs and socio-economic factors such as poverty, malnutrition, and gender inequality.

Molecular breeding holds immense promise for enhancing global food security, particularly in the context of
climate change and increasing food demand. By employing advanced genetic tools, researchers can develop sweet
potato varieties that are not only high-yielding but also resilient to environmental stresses such as drought. This is
crucial for smallholder farmers in developing countries who rely on sweet potato as a staple crop. Moreover, the
ability to rapidly develop new cultivars through techniques like speed breeding and genome editing can
significantly shorten the breeding cycle, making it possible to meet the urgent food needs of a growing global
population. The integration of molecular breeding with traditional methods also ensures that the new varieties are
well-adapted to local conditions and farmer preferences.

Future research in sweet potato breeding should focus on several key areas to maximize the benefits of molecular
breeding. First, there is a need for more comprehensive studies on the genetic basis of complex traits such as
starch content and drought tolerance, which can be facilitated by polyploid genome-wide association studies
(GWAS). Second, breeding programs should continue to prioritize the development of varieties that address
specific socio-economic challenges, including poverty alleviation and nutritional deficiencies. Third, the adoption
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of advanced breeding technologies like CRISPR-Cas9 and speed breeding should be expanded to accelerate the
development of new cultivars. Finally, collaborative efforts between researchers, policymakers, and farmers are
essential to ensure that the benefits of molecular breeding are widely disseminated and adopted, ultimately
contributing to global food security and sustainable agriculture.
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