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HARNESSING THE GENETIC DIVERSITY OF YAM BEAN (Pachyrhizus spp.) FOR CROP IMPROVEMENT
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ABSTRACT 

	The yam bean (Pachyrhizus spp.) is a climate-resilient, multipurpose underutilized legume that holds significant potential for global food security and sustainable, low-input farming. Its nutrient-dense tubers rich in protein, vitamin C, and folic acid coupled with its ability to enhance soil fertility through symbiotic nitrogen fixation, make it an ideal crop for diversified agricultural systems. Genetic research confirms a stable diploid nature (2n=22) across species such as P. erosus, P. tuberosus, and P. ahipa, providing a foundational framework for systematic improvement. Breeding efforts have successfully evolved from classical germplasm selection, yielding high-performing varieties like Rajendra Mishrikand-1 (RM1), to interspecific hybridization and mutation breeding via gamma radiation and EMS to optimize plant architecture and dry matter. While biotechnological tools like SSR markers and micropropagation have accelerated diversity assessments, the crop’s commercial potential is still limited by seed toxicity, rapid viability loss, and yield instability. Addressing these constraints through integrated genomic innovation and marker-assisted selection is essential to transitioning this versatile legume into a mainstream global commodity.
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1. INTRODUCTION

The growing global population has intensified challenges related to food security and nutritional deficiencies, particularly in resource-limited regions. To address these issues, there is a rising interest in exploring underutilized, nutrient-rich crops that can contribute to sustainable and resilient food systems. One such promising crop is the yam bean (Pachyrhizus spp.), a leguminous plant cultivated for its edible tubers and valued for its high yield potential and nutritional benefits. In India, yam bean is known by several regional names, including Tani Uttan Kai in Tamil, Kasaur, Sankalu, and Misrikand in Hindi, Shankalu in Bengali, and Kandha in Telugu (Kumar et al., 2024). 
The tubers of the yam bean provide significant nutritional value, offering rich sources of proteins, amino acids, carbohydrates, and vital micronutrients such as folic acid, vitamin C, and vitamin B2 (Noman et al. 2007; Pradeepika et al. 2018; Pati et al. 2021). Beyond nutrition, the yam bean is highly adaptable, demonstrating resilience across various ecological and geographical settings while tolerating both biotic and abiotic stresses. As a legume, it also benefits agricultural systems by improving soil fertility; it achieves this by fixing atmospheric nitrogen through a symbiotic relationship with Rhizobium-Bradyrhizobium (Kjaer, 1992; Castellanos et al., 1997), which makes it well-suited for low-input farming (Jean et al., 2017b).
The yam bean belongs to the Leguminosae family and subtribe Diocleinae (Sorensen, 1988). Closely related taxa include members of the subtribes Glycininae and Phaseolinae, which comprise important legumes such as soybean and common bean (Lackey, 1977; Ingham, 1990; Tay Fernandez et al., 2021). Originally native to Mexico and Central America, the Pachyrhizus genus is now extensively cultivated in many tropical and subtropical regions (Pati et al., 2019). There are 5 different Pachyrhizus spp. The genus includes five recognized species, of which three are cultivated (P. erosus, P. tuberosus, and P. ahipa) and two are wild (P. panamensis and P. ferrugineus). All cultivated yam bean species share the same genetic characteristics: they are diploid, self-compatible, and can undergo interspecific hybridization (Sorensen, 1991). It thrives in various agroecological environments and is typically propagated using true seeds. 
Despite its many advantages, low root dry matter (RDM) content remains a major constraint limiting the crop’s wider adoption (Agaba et al., 2016). However, this challenge also provides an opportunity for genetic improvement through hybridization with high-RDM genotypes (Gruneberg et al., 2003), potentially enhancing its value for both food and industrial uses (Tumwegamire et al., 2011). Given its high nutritional value, nitrogen-fixing ability, adaptability to marginal environments, and potential for bio pesticidal use, the yam bean represents a climate-resilient, multipurpose legume with significant promise for improving food and nutrition security in tropical and subtropical regions.

2. CYTOLOGY

Yam bean (Pachyrhizus spp.) is predominantly a self-pollinated crop bearing bisexual flowers. The three commonly cultivated species, Pachyrhizus erosus, Pachyrhizus tuberosus, and Pachyrhizus ahipa all possess a diploid chromosome number of 2n = 2x = 22 (Sorensen, 1991; Santayana et al. 2014). Flow cytometry is widely used in Pachyrhizus for ploidy determination, detection of mixoploidy and aneuploidy, and estimation of genome size and 2C DNA content. The technique is favored for its simplicity in sample preparation, speed, and high accuracy and reproducibility. 
A foundational study by Pati et al. (2019) established the first baseline cytogenetic data for the underutilized yam bean (Pachyrhizus spp.). The authors analyzed nine genotypes across the two cultivated species, P. erosus (six genotypes) and P. tuberosus (three genotypes). With Oryza sativa cv. Nipponbare as the primary internal reference standard, the study precisely quantified the 2C nuclear DNA content, revealing a small variation among genotypes. The 2C DNA content for P. erosus ranged from 1.17 to 1.22 pg, corresponding to a 1C genome size of 572–597 Mbp. P. tuberosus was found to have a slightly smaller nuclear DNA content, ranging from 1.07 to 1.09 pg (523–533 Mbp). This benchmark report provides a critical resource for advancing genomic research and targeted crop improvement programs in yam bean.

3. CLASSICAL BREEDING APPROACHES FOR MEXICAN YAM BEAN IMPROVEMENT

Plant breeding strategically utilizes genetic diversity sourced from germplasm collections, hybridization, and mutation to develop superior crop varieties. Within the genus Pachyrhizus, species such as P. erosus, P. ahipa, and P. tuberosus provide an extensive genetic base that is essential for optimizing crop performance. By systematically characterizing these traits, breeders can develop varieties tailored to specific environmental demands and evolving consumer preferences (Zanklan et al., 2018; Pati et al., 2019; Rajiman et al., 2025).

The introduction of the Havelock landrace (IC No. 635945) from the Andaman and Nicobar Islands into India provided a clear point of comparison with the established RM1 variety. Significant variations were observed in leaf growth, flower density, floral morphology, and tuber shape, underscoring the presence of highly valuable genetic diversity within newly introduced germplasm (Murugesan et al., 2024).
In a separate evaluation, 22 yam bean accessions sourced from the International Potato Center (CIP) gene bank in Lima, Peru, were tested across three major agro-ecological zones in Rwanda. While the accession EC209018 was identified as a high-yielding genotype, it displayed notable yield instability across different locations. Conversely, the genotypes AC209034, AC209035, and EC209046 demonstrated superior phenotypic stability and adaptability, maintaining consistent root production despite variable environmental conditions. These results emphasize that classical breeding combined with global germplasm introduction remains an effective strategy for identifying stable, high-yielding genotypes suitable for diverse tropical regions (Jean et al., 2017a).


3.1 Selection
In yam bean breeding, selection is primarily concerned with identifying genetically distinct genotypes among diverse germplasm. To improve specific traits, the Rajendra Mishrikand-1 (RM1) variety was developed over multiple generations using mass and clonal selection from parent line No. 29 of Mexican breeding lines (Singh et al., 1981). 
Rajiman et al. (2025) used morphological characterization and cluster analysis to identify Line X, a promising mutant with higher productivity than several local varieties. This line stood out from existing germplasm due to its distinctive tuber skin coloration and violet-blue flowers. Dendrogram analysis revealed a distant genetic relationship with other lines. These findings demonstrate the effectiveness of phenotypic profiling and selection in identifying elite lines for broadening the genetic base of yam beans.

3.2 Heterosis breeding

Heterosis breeding utilizes the higher performance of F₁ hybrids resulting from crossings between genetically heterogeneous parents. This method has been successfully used in yam bean (Pachyrhizus spp.) to improve yield-related and morphological features. Interspecific hybridization was carried out between three Pachyrhizus tuberosus accessions and fifteen Pachyrhizus ahipa accessions, producing six viable interspecific hybrids. These hybrids showed considerable heterosis in various parameters, including plant height, leaf size, and seed weight, as well as improved reproductive vigour and overall growth performance. Such findings emphasize the ability of interspecific crosses to widen the genetic base of cultivated yam bean varieties (Gruneberg et al., 2003). By mating 22 Mexican lines with three male testers (T-1, T-2, and T-3), 66 F1 hybrids were created. The investigation found four female lines (ML-4, ML-13, ML-17, and ML-32) and one male tester (T-3) with a high General Combining Ability (GCA) for root yield. The hybrids ML-13 × T-3 and ML-32 × T-3 had higher root yield per plant, indicating favourable GCA and Specific Combining Ability (SCA) values due to additive × additive gene interactions. Crosses between parents with different GCA effects, such as ML-4 × T-1, showed strong SCA effects, indicating additive and dominant gene interactions. These findings highlight the strategic importance of heterosis breeding in increasing root output and vigour by using non-additive genetic diversity (Jha and Singh, 2014).

3.3 Hybridization

Hybridization serves as a fundamental mechanism for generating genetic variability and enhancing critical agronomic traits within the yam bean genus. Pioneering research demonstrated that the three cultivated Pachyrhizus species exhibit a high level of genomic compatibility, which facilitates the transfer of desirable traits across species boundaries. Utilizing accessions such as P. ahipa (AC102/485) and P. tuberosus (TC118/186), studies revealed that F1 hybrids consistently maintained high pollen fertility levels, ranging from 78% to 94%, indicating that minimal genetic barriers exist to hybrid formation. Furthermore, hybrid seeds displayed exceptional viability, with germination rates reaching 100% in instances where P. ahipa served as the pollen parent. A significant discovery in these early trials was the presence of heterosis (hybrid vigour) for seed yield in specific crosses like (P. erosus × P. ahipa) and (P. ahipa × P. tuberosus). However, the comparatively poor performance of their reciprocal counterparts highlighted the profound influence of maternal effects and cross direction on the phenotypic expression of yield-related traits. These findings established interspecific hybridization as a dependable strategy for producing high-yielding cultivars tailored for diverse agricultural systems (Sorensen, 1991).

Building upon this foundation, subsequent breeding programs utilized diallelic crossing schemes to integrate the high-dry-matter content of P. tuberosus, the high-altitude adaptation of P. ahipa, and the drought tolerance of P. erosus. This methodology successfully produced 18 fertile and vigorous interspecific and 12 intraspecific F1 progenies. These lines were rigorously validated through a combination of morphological, agronomical, and multivariate statistical analyses. These populations are currently being advanced to the F2 and F3 generations to isolate transgressive segregants that combine high starch concentrations with the robust environmental adaptability required for changing climates (Heider et al., 2012).
To specifically address the inheritance of phenological traits, researchers conducted a diallel cross between three early-maturing P. ahipa accessions and three late-maturing, high-yielding P. tuberosus accessions. This targeted approach led to the development of "Hybrid 1" (AC 209004 x TC 209013), a superior genotype that successfully fused the rapid development cycle of the Andean species with the biomass potential of the Amazonian type. This success underscores the potential of interspecific hybridization to bridge the gap between early harvesting and high caloric density in root crops 
(Jean et al., 2017b).

Extended research into the genetic architecture of yield components by interspecific crosses involving high-dry-matter Pachyrhizus tuberosus, low-dry-matter P. ahipa, and high-yielding P. erosus. In a study involving 18 planned F1 crosses, 16 were successfully established and subsequently self-pollinated to generate an F2 population of 830 lines. From this pool, 83 lines were selected based on high dry matter yield, and subsequent F3 trials demonstrated that Relative Dry Matter (RDM) possesses high narrow-sense heritability, indicating that the trait can be effectively enhanced through systematic hybridization and selection (Agaba et al., 2017; 2021). Complementary studies involving P. ahipa and P. tuberosus further revealed that the combining ability for yield and maturity is largely dictated by additive gene action. The reported predictability ratio, which exceeded unity, implies that traits such as days to 50% flowering and maturity can be effectively fixed in the early generations of a breeding program, allowing for the rapid stabilization of early-maturing, high-yielding lines (Ndirigue, 2019).

Finally, the genetic basis of qualitative traits was elucidated through inheritance studies of flower colour. By crossing a white-flowered line (YBWF-1) with purple-flowered lines (RM-1 and L No-3), it was observed that all F1 offspring displayed purple pigmentation. The F2 generation consistently segregated into a 3:1 purple-to-white ratio, a pattern confirmed by chi-square tests. This clear evidence of monogenic inheritance, where purple colour is controlled by a single dominant gene, provides a simple yet effective morphological marker for verifying the success of controlled pollinations in future hybridization efforts (Pati et al., 2020).

3.4 Mutation breeding

Mutation breeding serves as a vital strategy for expanding genetic variability in crop development, as evidenced by studies on the yam bean. Treating yam bean seeds with Ethyl Methane Sulfonate (EMS) at concentrations ranging from 0.25% to 2.0% was demonstrated to effectively produce diverse mutant lines in the M2 generation. A notable achievement of this chemical mutagenesis was the isolation of a dwarf mutant that significantly outperformed its parent in tuber yield while maintaining comparable starch and rotenone levels. Biochemically, this mutant exhibited a slight elevation in protein content and a reduction in sugar concentration (Nair and Abraham, 1990). Complementing these findings, the impact of physical mutagens was investigated by applying gamma radiation (0–500 Gy) to the Mexican yam bean. The results indicated a dose-dependent decline in germination rates, pollen viability, and overall agronomic performance. While the highest germination was observed at 100 Gy, higher doses led to significant inhibition, with the lethal dose (LD50) identified between 150 and 176 Gy. Despite these physiological constraints, irradiation successfully heightened trait variability across the population, and the study recommended an optimal dose range of 150–200 Gy to maximize genetic diversity while minimizing detrimental effects on plant vitality (Hayati et al., 2022).


4. BIOTECHNOLOGICAL STRATEGIES FOR MEXICAN YAM BEAN IMPROVEMENT

4.1 Accelerating Mexican Yam Bean Breeding via Micropropagation
Micropropagation serves as a critical biotechnological tool in addressing breeding challenges such as low seed viability, enabling the rapid multiplication of high-value plants like the yam bean. In studies focusing on the in vitro cultivation of Pachyrhizus erosus, researchers aimed to establish optimal protocols for sterilization, explant selection, and hormonal concentrations for regeneration and callus formation. The most effective sterilization procedure for nodal, stem, and leaf explants involved treating seeds with 10% NaClO for 10 minutes, while tuber explants required a slightly higher concentration of 15% NaClO for the same duration to achieve optimal results. Among the various tissues tested, nodal explants proved to be the most successful for shoot regeneration, particularly when cultured on Murashige and Skoog (MS) medium supplemented with 1.0 mg/L benzyl adenine (BA) to induce multiple shoots. Furthermore, investigation into the roles of auxins (NAA and 2,4-D) and cytokinins (kinetin and BA) revealed that a specific combination of BA and NAA produced a friable callus, which is highly suitable for subsequent suspension culture applications (Obisesan et al., 2021).

4.2 Assessing Genetic Diversity of Yam Bean by Using Molecular Markers

Molecular markers are indispensable tools in modern plant breeding for assessing genetic diversity, identifying complex species relationships, and facilitating marker-assisted selection. In the genus Pachyrhizus, 17 polymorphic microsatellite markers were developed via 454 pyrosequencing of SSR-enriched genomic libraries to investigate both intraspecific and interspecific diversity across cultivated (P. ahipa, P. erosus, and P. tuberosus) and wild (P. panamensis and P. ferrugineus) species. These markers demonstrated high utility by successfully cross-amplifying across the genus, revealing 3 to 12 alleles and expected heterozygosity ranging from 0.095 to 0.831; however, a notably low level of genetic variability was observed in P. ahipa, where 15 of 17 loci were monomorphic, indicating a narrow genetic base likely resulting from historical bottlenecks or high rates of self-pollination (Deletre et al., 2013). 
Further exploration utilizing AFLP (amplified fragment length polymorphism) markers on 58 accessions across three species yielded an average diversity index of 2.45, reinforcing the effectiveness of AFLP in fingerprinting and managing diverse germplasm collections (Santayana et al., 2014). Subsequent investigations combining nuclear microsatellite markers with chloroplast DNA sequencing identified two distinct evolutionary lineages: Andean landraces (Lineage A) and Amazonian landraces (Lineage B). This sharp phylogeographic separation suggests that intense environmental selection and isolated domestication events in different ecological zones significantly drove the evolution of these diverse ecotypes (Deletre et al., 2017). More recently, the strategic use of comparative genomics led to the identification of 15 useful SSR markers derived from soybean to analyze 140 yam bean accessions. This successful cross-species transferability revealed a diversity dissimilarity of 0.42 and a mean polymorphic information content (PIC) of 0.36. The study categorized these accessions into two main clusters and three sub-populations, determining that 79% of the genetic variance resides within populations while 21% exists among them. These findings highlight a substantial reservoir of internal genetic variation that remains available for future crop improvement and climate-resilience breeding programs (Jena et al., 2024).


5. CHALLENGES FACING YAM BEAN BREEDING AND IMPROVEMENT

5.1 Rapid Decrease in Germination Viability
A primary constraint in yam bean breeding is the rapid loss of germination viability in seeds when stored under humid conditions. However, some wild species, such as Pachyrhizus panamensis, demonstrate better retention of germination percentage even under adverse storage conditions (Sorensen, 1996). This suggests potential for incorporating improved storage tolerance through breeding.

5.2 Pest and Disease Problems
Yam bean cultivation is threatened by various pests and diseases that severely reduce yields. Notable pests include bean weevils (bruchids) and insects from the Diabrotica genus, while Bean Common Mosaic Virus (BCMV) affects both seeds and plants (Sorensen, 1996; Damayanti et al. 2008). Effective management strategies, along with breeding for pest and disease resistance, are essential to mitigate these challenges.

5.3 Agricultural Constraints and Yield Variability
Yam bean exhibits irregular and inconsistent yields, which is a significant limitation for commercial cultivation. Despite considerable genetic variation within the species, efforts to enhance yield stability, disease resistance, and drought tolerance are still in their early stages (Agaba et al., 2016). Additionally, reproductive pruning, particularly in Pachyrhizus ahipa due to its specific inflorescence characteristics, is labour-intensive (Sorensen, 1996). The lack of organized breeding programs further contributes to inconsistent yields across different environments, discouraging substantial investment from commercial farmers (Ravi et al., 2025). 

5.4 Seed Toxicity and Food Safety Concerns
The toxicity of Mexican yam bean seeds, primarily due to the presence of rotenoids such as rotenone, represents a major obstacle to their commercial use in food products (Jaiswal et al., 2021). While the roots are safe for consumption, seed toxicity and the risk of cross-contamination reduce consumer acceptance and hinder market growth. Strict food safety regulations in many countries further limit commercialization, necessitating proper labelling or effective detoxification methods (Ravi et al., 2025).


6. Conclusion

This article highlights the potential of yam bean as a valuable yet underutilized crop with significant agricultural, nutritional, and industrial importance. The crop exhibits extensive genetic diversity, thrives in diverse ecological settings, and serves a dual purpose as a source of edible tubers and seeds, the latter containing insecticidal compounds. Given the limited research available, future studies should focus on genetic and agronomic improvements to enhance adaptability, stress tolerance, and resilience to climate change. Modern breeding techniques, including gene editing and marker-assisted selection, have the potential to improve yields, increase disease resistance, and enhance nutritional quality.
To promote commercialization, it is essential for governments and agricultural organizations to emphasize the crop’s benefits, such as its use in food products and meat alternatives. Conducting detailed sensory evaluations and market analyses will help maximize consumer acceptance, while adopting sustainable farming practices and providing policy support will be crucial for integrating yam bean into global food systems.
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