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Abstract
This review explores the principles and applications of Recurrent Selection (RS) in plant breeding, emphasizing its significance in achieving genetic gains and adapting crops to evolving environmental conditions. Modern agriculture faces the challenge of meeting the growing global demand for food, feed, and fiber while coping with environmental changes and limited resources. In this context, breeding tools play a crucial role in enhancing the efficiency and effectiveness of crop improvement strategies. RS stands out as a powerful and dynamic breeding tool, offering a systematic approach to the genetic improvement of crops over successive generations. RS involves the repeated cycles of selection and mating within a population, promoting the cumulative improvement of desirable traits. The method harnesses the natural variation present in a population, allowing breeders to exploit the full potential of genetic diversity. Key components of RS, such as family selection, progeny testing, and the incorporation of molecular tools, are discussed to underscore its versatility in addressing complex breeding objectives. The iterative nature of RS enables breeders to respond dynamically to changing selection priorities, ensuring adaptability to emerging challenges, such as climate change and evolving pest and disease pressures. Furthermore, this review delves into the integration of cutting-edge technologies, including genomics and phenomics, to enhance the precision and speed of RS. The synergy between traditional breeding practices and modern molecular tools accelerates the breeding cycle, ultimately providing breeders with a robust and efficient framework for crop improvement. In conclusion, Recurrent Selection emerges as a breeding tool that bridges the gap between traditional methods and contemporary advancements, offering a sustainable approach to meet the demands of a rapidly evolving agricultural landscape. This review highlights the importance of RS in achieving resilient, high-yielding crops that contribute to global food security while addressing the challenges posed by a changing environment.
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13.1 Introduction
The 21st century presents agriculture with unprecedented challenges, as the global population burgeons, exacerbating the demand for food, feed, and fiber. This surge in demand is juxtaposed against the backdrop of environmental changes and resource constraints, compelling the agricultural sector to innovate and evolve. Breeding tools have emerged as indispensable instruments in navigating this complex terrain, offering a pathway to enhance the efficiency and effectiveness of crop improvement strategies. Among these tools, Recurrent Selection (RS) has risen to prominence as a potent and dynamic approach to shaping the genetic destiny of crops over successive generations. Modern agriculture finds itself at a crossroads, grappling with the intricate dance between escalating global demand and the limitations imposed by environmental changes and scarce resources. The need for increased productivity is more pressing than ever, as arable land diminishes, water becomes scarcer, and climate volatility threatens crop yields. This dynamic landscape necessitates innovative solutions, with breeding tools emerging as linchpins in the quest for sustainable and resilient agricultural practices. At the heart of contemporary agricultural progress lies the transformative potential of breeding tools. These tools encompass a spectrum of methodologies aimed at enhancing the genetic makeup of crops, fostering traits that confer resilience, adaptability, and increased productivity. Breeding tools are not merely instruments for optimizing yield; they are crucial agents in developing crops that can withstand environmental stresses, resist pests and diseases, and contribute to the overall sustainability of agriculture. In the arsenal of breeding tools, Recurrent Selection stands out as a particularly dynamic and strategic method for crop improvement. Recurrent Selection (RS) involves the cyclic process of selection and mating within a population, offering an iterative approach to enhancing desirable traits over generations. This iterative process distinguishes RS from traditional breeding methods, as it taps into the inherent genetic diversity of populations, allowing for continuous refinement and improvement (Zhang and Guldbrandtsen, 2021). The efficiency of recurrent selection depends on various factors, one of which is estimation of genetic and phenotypic parameters during selection cycles. These estimates guide breeding programs in definition of breeding strategies, the intensity of selection to be used, the way of evaluating the diverse traits, and the need for introducing new parents (Silva et al., 2023). In  any  recurrent  selection  program,  progress from selection is directly related to the expected change in allelic frequency and the magnitude of  genetic  variance  in  breeding  population.  Therefore,  population  improvement  through recurrent  methodology  focuses  on  two  main  objectives,  first  the  improvement  of  mean performance  of  population  though  an  increase  in  the  frequency  of  favorable  alleles  and secondly,  maintenance  adequate  genetic  variability  in  the  improved  population  for  continued selection  and  genetic  improvement  in  subsequent  generations (Noor et al.,2013; Helms et al., 1989).  A central tenet of Recurrent Selection is its ability to harness the natural variation present within a population. Genetic diversity is the currency of evolution, providing the raw materials for adaptation and resilience. RS exploits this diversity, unlocking the full potential of crops by allowing breeders to continuously explore and exploit the genetic variations within populations (Zhang and Guldbrandtsen, 2021). The adaptability of Recurrent Selection is a hallmark of its effectiveness in addressing diverse breeding objectives. Whether the goal is to enhance yield, improve nutritional content, or develop resistance to specific pests or diseases, RS provides a flexible framework. The iterative nature of RS allows breeders to fine-tune their selection priorities based on evolving challenges, making it a robust tool for navigating the complexities of contemporary agriculture. In the face of climate change and evolving pest and disease pressures, the ability to respond dynamically to changing priorities is paramount. Recurrent Selection, with its iterative cycles, empowers breeders to adjust their focus in real-time. This adaptability ensures that breeding programs remain responsive to emerging challenges, fostering the development of crops that can thrive in dynamic and unpredictable environments. As technology continues to advance, the integration of cutting-edge tools becomes essential for optimizing breeding outcomes. In the realm of RS, genomics and phenomics play a pivotal role. Genomics, the study of an organism's entire set of genes, enables breeders to identify specific genes associated with desirable traits (Jannink et al., 2010). Phenomics, on the other hand, involves the comprehensive analysis of an organism's observable traits. Together, these technologies provide a holistic understanding of the genetic basis of traits, facilitating more precise and efficient selection in RS. The synergy between traditional breeding practices and modern molecular tools accelerates the breeding cycle. The precision afforded by genomics allows for the targeted selection of plants with the desired genetic makeup (Jannink et al., 2010).  Phenomics complements this by providing detailed insights into the performance of selected plants under varying conditions. The amalgamation of these technologies not only enhances the speed of RS but also increases the likelihood of success in achieving breeding objectives. In the ever-evolving landscape of agricultural science, Recurrent Selection emerges as a bridge between traditional methods and contemporary advancements. While rooted in the principles of selective breeding that have been practiced for centuries, RS leverages modern technologies to expedite and refine the process. This integration of tradition and innovation positions RS as a breeding tool that not only respects the legacy of agricultural practices but also embraces the possibilities offered by scientific progress. Recurrent Selection offers a sustainable approach to addressing the multifaceted challenges confronting modern agriculture. By harnessing natural variation, responding dynamically to changing priorities, and integrating cutting-edge technologies, RS embodies the resilience needed to navigate the complexities of a rapidly evolving agricultural landscape. The iterative nature of RS ensures that breeders remain at the forefront of innovation, continually adapting their strategies to meet the demands of global food security and sustainability.
13.1.1 Components of Recurrent Selection
a. Family Selection
Within the framework of RS, family selection plays a pivotal role. This approach involves the comprehensive assessment and selection of entire families of plants rather than individual specimens. By evaluating the performance of families, breeders gain a holistic understanding of the genetic composition and potential of the population. Family selection contributes to the preservation and enhancement of desirable traits, ensuring a more comprehensive and effective breeding process.
b. Progeny Testing
Another critical component of RS is progeny testing. This involves the evaluation of the performance of selected families in subsequent generations by planting and assessing their offspring (Visscher et al., 2008). Progeny testing provides valuable insights into the heritability of traits, enabling breeders to make informed decisions about the continued selection of specific families for further breeding cycles (Comstock and Robinson, 1948).
c. Incorporation of Molecular Tools
In the era of genomics, the incorporation of molecular tools has revolutionized plant breeding, and RS is no exception (Jannink et al., 2010). The integration of molecular techniques, such as marker-assisted selection, accelerates the breeding process by enabling breeders to identify and select plants with desired traits more efficiently (Hospital et al., 1997). Molecular tools enhance the precision of RS, offering a targeted approach to trait improvement and reducing the time required for achieving breeding goals.
13.2 Types of recurrent selection 
13.2.1 Simple recurrent selection 
Simple Recurrent Selection (SRS) is a plant breeding technique that aims to improve the performance of crops over multiple generations by selectively breeding individuals with desirable traits. This method is particularly valuable in enhancing quantitative traits, such as yield, disease resistance, and stress tolerance (Falconer and Mackay, 1996). In this comprehensive discussion, we will delve into the principles, applications, and advantages of Simple Recurrent Selection, supported by relevant references.
i. Principles of Simple Recurrent Selection
Simple Recurrent Selection involves a cyclic process that spans multiple generations. The key steps in this approach include the initial selection of a population, evaluation of progeny, and subsequent reintroduction of the selected individuals into the breeding population. The cycle is then repeated to gradually accumulate favorable alleles and improve the overall performance of the crop. The foundation of Simple Recurrent Selection lies in the understanding of genetic variation within a population. By identifying individuals with superior traits and allowing them to contribute to the next generation, breeders can gradually shape the genetic composition of the population to meet specific objectives. This iterative process is essential for enhancing complex, polygenic traits that are influenced by multiple genes.
ii. Applications of Simple Recurrent Selection
a. Yield Improvement: One of the primary applications of Simple Recurrent Selection is the improvement of crop yield. By selecting and breeding individuals with higher yield potential over several generations, breeders can develop varieties that are better adapted to specific environmental conditions and management practices (Brown et al., 2017).
b. Disease Resistance: SRS has been successfully applied to enhance disease resistance in various crops (Wang et al., 2019). By repeatedly selecting individuals with resistance to specific pathogens, breeders can develop cultivars that exhibit increased resilience to prevalent diseases (Smith et al., 2020). 
c. Stress Tolerance: Simple Recurrent Selection is effective in improving stress tolerance, such as drought or salinity resistance. By selecting individuals that perform well under stress conditions, breeders can develop varieties that are more resilient in challenging environments (Jones et al., 2018).
iii. Advantages of Simple Recurrent Selection
a. Adaptability: SRS is adaptable to a wide range of crops and can be tailored to address specific breeding goals. Its flexibility makes it a valuable tool for breeders working with diverse plant species (Jones et al., 2018).
b. Continuous Improvement: The cyclic nature of SRS ensures continuous improvement over generations. Each cycle allows for the refinement of desired traits, leading to a steady progression in the overall performance of the crop (Smith et al., 2020).
c. Cost-Effectiveness: Compared to some advanced breeding techniques, SRS is often more cost-effective. It relies on traditional breeding methods and does not require sophisticated technology, making it accessible to a broader range of breeders and research institutions (Brown et al., 2017).
iv. Challenges and Considerations
While Simple Recurrent Selection offers numerous advantages, it is not without challenges. Maintaining genetic diversity within the population is crucial to prevent inbreeding depression (Zhang and Guldbrandtsen, 2021). Additionally, the time required for significant improvements may be a limitation, especially when compared to some modern breeding technologies (Smith et al., 2020).
Simple Recurrent Selection is a valuable tool in plant breeding, offering a straightforward and effective approach to improving quantitative traits in crops (Falconer and Mackay, 1996). By harnessing the principles of genetic variation and selection over multiple generations, breeders can create cultivars with enhanced yield, disease resistance, and stress tolerance. As technology continues to advance, it is essential to recognize the enduring significance of Simple Recurrent Selection in sustainable crop improvement (Brown et al., 2017).
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Fig 1. Procedure for Simple Recurrent Selection
13.2.2 Recurrent Selection for General Combining Ability
Recurrent Selection for General Combining Ability (GCA) is a sophisticated plant breeding strategy that aims to enhance the overall performance of a population by selectively breeding individuals with superior general combining abilities (Smith et al., 2007). This method is crucial for improving the genetic potential of a crop by focusing on the additive genetic effects that contribute to the expression of desirable traits (Hill et al., 2008). In this comprehensive discussion, we will delve into the principles, applications, and advantages of Recurrent Selection for General Combining Ability, supported by relevant references.
i. Principles of Recurrent Selection for General Combining Ability
General Combining Ability refers to the additive genetic effects that influence the performance of an individual in a broad range of genetic backgrounds (Hill et al., 2008). Recurrent Selection for GCA involves the systematic evaluation and selection of parents based on their general combining abilities. The primary goal is to identify and propagate individuals that consistently contribute favorable genetic material to the next generation (Gupta et al., 2020).
The breeding cycle typically consists of three main steps: the initial selection of parents based on their GCA, crossing these parents to create a genetically diverse population, and then evaluating the progeny to identify individuals with superior general combining abilities (Smith et al., 2007). This cycle is repeated over multiple generations to accumulate and concentrate desirable alleles within the breeding population (Smith et al., 2007).
ii. Applications of Recurrent Selection for General Combining Ability
a. Yield Improvement: Recurrent Selection for GCA has been widely applied to enhance crop yield. By focusing on the additive genetic effects that contribute positively to yield, breeders can develop varieties with improved overall performance (Hill et al., 2008).
b. Stress Tolerance: The identification and selection of parents with high GCA for stress tolerance traits, such as drought or disease resistance, contribute to the development of cultivars that perform well under challenging environmental conditions (Gupta et al., 2020).
c. Quality Traits: Recurrent Selection for GCA is valuable for improving quality traits in crops, including nutritional content, flavor, and processing characteristics. By selecting parents with positive GCA for these traits, breeders can develop varieties that meet consumer preferences (Johnson et al., 2019).
iii. Advantages of Recurrent Selection for General Combining Ability
d. Broad Genetic Base: By focusing on general combining ability, this approach allows breeders to tap into a broad genetic base. This broad base enhances the potential for creating diverse and adaptable varieties (Johnson et al., 2019).
e. Multigenic Trait Improvement: Recurrent Selection for GCA is particularly effective for improving traits influenced by multiple genes. This includes complex traits such as yield, stress tolerance, and quality characteristics (Johnson et al., 2019)..
a. Predictability: The emphasis on additive genetic effects in GCA provides a level of predictability in breeding outcomes (Hill et al., 2008). Breeders can anticipate the performance of selected parents and make informed decisions to achieve their breeding goals (Li et al., 2017).
iv. Challenges and Considerations
While Recurrent Selection for General Combining Ability offers significant advantages, it is essential to address potential challenges. Maintaining genetic diversity within the breeding population and managing inbreeding depression are critical considerations (Smith et al., 2007). Additionally, the time required to observe substantial improvements through this method may be a limiting factor, especially in crops with longer breeding cycles (Chen et al., 2018).
a. Recurrent Selection for General Combining Ability is a powerful tool in plant breeding, providing a systematic approach to improve complex traits in crops (Johnson et al., 2019). By strategically selecting parents based on their general combining abilities, breeders can enhance yield, stress tolerance, and quality characteristics over multiple generations. Despite challenges, the advantages of this method, including its broad genetic base and predictability, underscore its importance in sustainable crop improvement.
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Fig 2. Procedure for general combining ability
13.2.3 Recurrent selection for specific combining ability
Recurrent Selection for Specific Combining Ability (SCA) is a sophisticated plant breeding strategy designed to enhance the performance of a population by focusing on the specific interactions between parental combinations (Smith et al., 2007). This method aims to identify and exploit the non-additive genetic effects that contribute to the expression of desirable traits in hybrids (Hill et al., 2008). In this comprehensive exploration, we will delve into the principles, applications, and advantages of Recurrent Selection for Specific Combining Ability, supported by relevant references.
i. Principles of Recurrent Selection for Specific Combining Ability
Specific Combining Ability refers to the interaction between alleles from different parents, contributing to the performance of their hybrid progeny (Smith et al., 2018). Recurrent Selection for SCA involves the systematic evaluation and selection of parents based on their specific combining abilities. Unlike General Combining Ability, which focuses on additive genetic effects, SCA targets the unique and non-additive genetic interactions that are crucial for the development of high-performing hybrids (Hill et al., 2008).
The breeding cycle in Recurrent Selection for SCA typically comprises three main steps: the initial selection of parents based on their specific combining abilities, crossing these parents to create a genetically diverse population, and evaluating the hybrid progeny to identify individuals with superior specific combining abilities (Smith et al., 2018). This cycle is repeated over multiple generations to accumulate and concentrate desirable alleles in the breeding population.
ii. Applications of Recurrent Selection for Specific Combining Ability
a. Hybrid Vigor Enhancement: Recurrent Selection for SCA is particularly valuable for improving hybrid vigor, also known as heterosis. By selecting parents with complementary specific combining abilities, breeders can develop hybrids that exhibit superior performance compared to their parents (Smith et al., 2018).
b. Quality Traits in Hybrids: SCA can be applied to improve specific quality traits in hybrid crops. By targeting non-additive genetic effects related to traits such as nutritional content or flavor, breeders can develop hybrids with enhanced quality characteristics (Hill et al., 2008).
c. Disease Resistance in Hybrids: Recurrent Selection for SCA is effective in enhancing disease resistance in hybrid crops. By selecting parents with specific combining abilities that confer resistance to prevalent diseases, breeders can develop hybrids with improved resistance (Wang et al., 2017).
iii. Advantages of Recurrent Selection for Specific Combining Ability
a. Targeted Improvement: SCA allows breeders to specifically target and improve particular traits of interest in hybrids (Kumar et al., 2020). This targeted approach ensures that the non-genetic effects contributing to specific traits are enhanced over generations (Hill et al., 2008).
b. Heterosis Exploitation: Recurrent Selection for SCA maximizes the exploitation of heterosis, leading to the development of hybrids with superior performance. This is particularly important for crops where hybrid vigor is a key factor in overall productivity (Kumar et al., 2020).
c. Customization: The flexibility of Recurrent Selection for SCA allows breeders to customize their breeding goals based on the specific traits they aim to improve in hybrids. This customization is valuable for addressing diverse market demands (Wang et al., 2017).
iv. Challenges and Considerations
While Recurrent Selection for Specific Combining Ability offers significant advantages, it is not without challenges. Managing the complexity of non-additive genetic interactions requires careful consideration (Hill et al., 2008). Additionally, maintaining genetic diversity within the breeding population to avoid inbreeding depression is crucial (Zhang and Guldbrandtsen, 2021).
Recurrent Selection for Specific Combining Ability is a powerful tool in plant breeding, providing a targeted approach to enhance specific traits in hybrids (Smith et al., 2018). By focusing on the unique genetic interactions that contribute to specific combining abilities, breeders can improve hybrid vigor, quality traits, and disease resistance. Despite challenges, the advantages of this method underscore its importance in developing high-performing hybrid varieties (Chen et al., 2019).
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Fig 3. Procedure for specific combining ability
13.3 Methods of recurrent selection
In the ever-evolving field of crop improvement, breeding strategies play a pivotal role in enhancing the genetic potential of crops. Among these strategies, Recurrent Selection (RS) stands out as a dynamic and iterative approach that has gained prominence for its ability to enhance desirable traits over successive generations. This comprehensive exploration aims to delve into the various types of Recurrent Selection, each tailored to address specific breeding objectives. As we navigate through family selection, mass selection, and reciprocal recurrent selection, we uncover the nuances and applications that make each type unique. Understanding the intricacies of these approaches is essential for harnessing the full potential of Recurrent Selection in modern agriculture.
13.3.1 Family Selection: Nurturing Genetic Lineages for Excellence
a. Principles of Family Selection:
Family Selection within the framework of Recurrent Selection is characterized by the evaluation and selection of entire families of plants rather than individual specimens. This approach acknowledges the complexity of trait inheritance and aims to capture the cumulative genetic effects within a family lineage. The principle is rooted in the understanding that individual plants within a family may carry different combinations of genes, and selecting entire families ensures a more comprehensive assessment of the genetic potential within a population (Smith et al., 2007).
b. Applications and Advantages:
Family Selection proves particularly effective when the traits of interest are influenced by multiple genes or when complex interactions between genes contribute to the overall phenotype. It is widely employed in crops where traits like disease resistance, abiotic stress tolerance, or nutritional content are polygenic. By selecting entire families, breeders can capture the synergistic effects of genes within a family lineage, promoting the preservation and enhancement of desirable traits. The advantages of Family Selection extend beyond trait complexity. It offers increased genetic diversity within the selected populations, reducing the risk of losing valuable genetic material (Smith et al., 2007). Moreover, the approach provides a buffer against the potential effects of genetic drift, ensuring that the genetic makeup of the population remains robust over successive generations.
13.3.2 Mass Selection: Shaping Populations through Phenotypic Excellence
Principles of Mass Selection:
Mass Selection, another facet of recurrent selection, is characterized by the direct and deliberate selection of individual plants based on their phenotypic performance. Unlike Family Selection, which emphasizes selecting entire families, Mass Selection targets superior individuals within a population (Smith et al., 2007). The key criterion for selection is the expression of desirable traits, and plants exhibiting the desired characteristics are chosen to contribute to the next generation.
Applications and Advantages:
Mass Selection is particularly effective when the traits of interest are primarily governed by a few major genes, resulting in a more straightforward inheritance pattern. It is commonly employed in crops where traits like high yield, uniform maturity, or grain quality are the primary breeding objectives. By focusing on the phenotypic expression of traits, Mass Selection allows for the rapid accumulation of desired characteristics within a population (Smith et al., 2007).
The advantages of mass selection lie in its simplicity and efficiency. It is well-suited for populations with a low level of genetic diversity, as it can rapidly fix desirable traits within a few generations (Smith et al., 2007). Additionally, Mass Selection is adaptable to various breeding objectives, making it a versatile tool in the hands of plant breeders.
13.3.3 Reciprocal Recurrent Selection: Fostering Genetic Exchange for Hybrid Vigor
Principles of Reciprocal Recurrent Selection:
Reciprocal Recurrent Selection (RRS) is a sophisticated form of Recurrent Selection that aims to exploit heterosis or hybrid vigor by simultaneously selecting and mating superior individuals from two or more distinct populations. In RRS, reciprocal crosses are made between superior individuals from one population (A) and another population (B), followed by selection within the resulting hybrid populations (Smith et al., 2007). This reciprocal exchange of genetic material seeks to combine favorable alleles from both parental populations, enhancing the performance of the resulting hybrids.
Applications and Advantages:
Reciprocal Recurrent Selection is particularly advantageous in crops where the exploitation of heterosis is a key breeding objective, as seen in hybrid crops. It is commonly employed in crops such as maize, where the development of high-yielding hybrids is crucial. RRS aims to break down the genetic barriers between populations and promote the exchange of beneficial alleles, resulting in improved hybrid performance (Combs and Bernardo, 2013). The advantages of RRS are evident in the harnessing of hybrid vigor, leading to increased yield potential, improved stress tolerance, and overall superior performance of the resulting hybrids. By promoting genetic exchange, RRS leverages the complementary strengths of distinct populations, enriching the genetic diversity within the breeding program (Zhang and Guldbrandtsen, 2021).
13.3.4 Genomic Recurrent Selection: Merging Precision with Genetic Potential
Principles of Genomic Recurrent Selection:
In the era of genomics, a new dimension has been added to Recurrent Selection through the incorporation of molecular tools (Jannink et al., 2010).  Genomic Recurrent Selection involves the use of molecular markers to assist in the selection of individuals carrying specific genomic regions associated with desirable traits (Hospital et al., 1997). This approach enhances the precision and efficiency of Recurrent Selection by allowing breeders to directly target and manipulate the genetic factors influencing the traits of interest (Rincent et al., 2012).
Applications and Advantages:
Genomic Recurrent Selection is particularly effective when the traits of interest have a known genetic basis or when marker-trait associations have been identified (Jannink et al., 2010). It is widely employed in crops where complex traits, such as disease resistance or nutritional content, are influenced by specific genes (Rincent et al., 2012). By leveraging genomics, breeders can expedite the breeding process, reduce the generation time, and enhance the accuracy of selection (Jannink et al., 2010).  The advantages of Genomic Recurrent Selection extend to its ability to overcome challenges associated with phenotypic evaluation, especially for traits that manifest late in the plant's development or under specific environmental conditions (Jannink et al., 2010).  The precision afforded by molecular markers allows for the identification and selection of individuals carrying the desired alleles, leading to more efficient and targeted crop improvement (Hospital et al., 1997). In the panorama of crop improvement, Recurrent Selection emerges as a multifaceted tool, offering various approaches to cater to diverse breeding objectives. Family selection, mass selection, reciprocal recurrent selection, and genomic recurrent selection each bring a unique set of principles and applications to the table, enriching the breeder's toolkit (Rincent et al., 2012). The art and science of plant breeding lie in the judicious selection of these recurrent selection methods based on the specific traits under consideration, the genetic architecture of those traits, and the breeding goals. Family selection excels when addressing complex traits influenced by multiple genes, while mass selection proves efficient for traits with a simpler genetic basis. Reciprocal recurrent selection capitalizes on heterosis, fostering genetic exchange, and genomic recurrent selection leverages molecular tools for precision breeding. As we navigate the complexities of modern agriculture, understanding and harnessing the potential of recurrent selection in its various forms become paramount (Rincent et al., 2012). These strategies not only enhance the genetic potential of crops but also contribute to the development of resilient, high-yielding varieties that can meet the challenges of a rapidly changing agricultural landscape. Recurrent Selection stands as a testament to the ongoing evolution of breeding methodologies, adapting to the needs of contemporary agriculture and embodying the synergy between tradition and innovation. By exploring and incorporating the diverse facets of recurrent selection, plant breeders can pave the way for sustainable and efficient crop improvement, ensuring the resilience and productivity of crops for generations to come.
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Fig 4. Response of recurrent selection: distribution of genotypes in a breeding population of a finite size versus that in a conceptually infinite-size population (Darrah et al., 2019)
13.4 Development of  random-mating population:
In the intricate tapestry of plant breeding, the development of random-mating populations represents a pivotal stage in the pursuit of genetic improvement. Random-mating populations are foundational for various breeding strategies, providing a platform for understanding genetic diversity, estimating heritability, and facilitating the exploration of complex trait inheritance (Zhang and Guldbrandtsen, 2021). This exploration delves into the nuances of developing random-mating populations, elucidating the underlying principles, methods employed, and the significance of such populations in advancing the field of plant breeding.
13.4.1 Fundamentals of Random-Mating Populations:
Random-mating populations are characterized by individuals mating without any preference for specific genotypes, resulting in a panmictic population where all possible pairwise matings are equally likely. This randomization is a departure from controlled mating systems and is crucial for studying genetic parameters and establishing baseline genetic structures (Visscher et al., 2008). The establishment of a random-mating population is foundational to various breeding methodologies (Lynch and Walsh, 1998). It serves as the starting point for quantitative genetic studies, allowing researchers to dissect the genetic architecture of complex traits and estimate heritability (Falconer and Mackay, 1996). Furthermore, these populations become a valuable resource for subsequent selection programs and the creation of improved cultivars (Hallauer et al., 1988).
13.4.2 Methods for Developing Random-Mating Populations:
a. Initial Population Establishment:
The first step in developing a random-mating population is the establishment of an initial population with diverse genetic backgrounds. This often involves collecting germplasm from various sources, ensuring a broad representation of genetic diversity (Zhang and Guldbrandtsen, 2021). The inclusion of diverse parental lines is essential for capturing the richness of alleles that may contribute to desirable traits.
b. Equal Contribution to the Gene Pool:
In a true random-mating population, every individual has an equal chance of contributing genetic material to the next generation. Achieving this equilibrium requires careful planning during the initial population establishment, ensuring that no specific genotype is over-represented. This equal contribution to the gene pool promotes genetic diversity and prevents the fixation of alleles (Bernardo, 2016).
c. Large Population Size:
Large population sizes are integral to the maintenance of randomness in mating events. As the population size increases, the likelihood of non-random mating decreases, and the population approaches the idealized state of panmixia. Large populations also mitigate the effects of genetic drift, ensuring that allele frequencies remain stable over successive generations (Allard, 1999).
d. Avoidance of Selection Pressures:
Random-mating populations should be shielded from artificial selection pressures that could distort the natural distribution of genotypes. The goal is to maintain an environment where genetic changes occur solely due to chance, allowing for the observation of natural patterns of genetic variation.
13.4.3 Significance of Random-Mating Populations in Plant Breeding:
a. Estimation of Genetic Parameters:
Random-mating populations serve as a powerful tool for estimating key genetic parameters essential for plant breeding. Heritability, the proportion of phenotypic variation attributable to genetic factors, can be accurately estimated in a random-mating population. The unbiased nature of mating events allows for the separation of genetic and environmental influences on trait variation (Bernardo, 2008).
b. Understanding Complex Trait Inheritance:
The exploration of complex traits often requires the dissection of their genetic basis (Mackay, 2001). Random-mating populations facilitate the study of quantitative trait loci (QTL) and the identification of genomic regions associated with specific traits (Hospital et al., 1997). This understanding is crucial for marker-assisted selection and the development of cultivars with enhanced performance (Beavis, 1994).
c. Genetic Diversity Conservation:
Maintaining genetic diversity is a cornerstone of sustainable agriculture. Random-mating populations, by their very nature, preserve a broad spectrum of alleles, preventing the loss of potentially valuable genetic material (Zhang and Guldbrandtsen, 2021).  This diversity serves as a reservoir for future breeding efforts, ensuring adaptability to changing environmental conditions (Allard, 1999).
13.4.4 Challenges in Developing and Maintaining Random-Mating Populations:
a. Practical Constraints:
In practical breeding scenarios, achieving true randomness in mating events can be challenging. Factors such as physical barriers, geographic isolation, and logistic constraints may influence the mating patterns within a population. Despite these challenges, breeders strive to create populations that approximate random mating to the best extent possible.
b. Genetic Drift:
Genetic drift, the random fluctuation of allele frequencies in a population, poses a constant threat to the maintenance of randomness. In small populations, genetic drift can lead to the fixation of alleles, reducing genetic diversity (Zhang and Guldbrandtsen, 2021).  To counteract this, breeders must prioritize large population sizes to minimize the impact of genetic drift (Acquaah, 2012).
c. Balancing Selection Pressures:
Avoiding inadvertent selection pressures requires careful planning and management. The inadvertent selection of certain genotypes due to environmental factors or unintended biases can compromise the randomness of mating events. Vigilance in maintaining an unbiased environment is essential.
13.4.5 Applications of Random-Mating Populations in Plant Breeding:
a. Population Improvement:
Random-mating populations serve as the foundation for population improvement programs. Through recurrent cycles of selection, breeders can enhance the overall genetic potential of the population. This continuous improvement ensures that the population remains adaptable and responsive to changing agricultural needs (Smith et al., 2007).
b. Hybrid Development:
The creation of hybrids often involves the development of random-mating populations as the initial step. These populations contribute to the genetic diversity needed for creating superior hybrid combinations (Zhang and Guldbrandtsen, 2021). Subsequent to the formation of the hybrids, selection programs may be implemented to capitalize on heterosis (Melchinger and Gumber, 1998).
c. Pre-Breeding for Stress Tolerance:
Random-mating populations play a crucial role in pre-breeding efforts aimed at developing crops with enhanced stress tolerance. The diverse genetic backgrounds within these populations provide a resource for identifying novel alleles associated with traits such as drought resistance, disease tolerance, or nutrient efficiency.
13.4.6 Nurturing Genetic Potential for Future Generations
The development of random-mating populations is a cornerstone in the edifice of plant breeding, providing a canvas for the exploration of genetic diversity, the estimation of heritability, and the unraveling of complex trait inheritance (Zhang and Guldbrandtsen, 2021). As we navigate the complexities of breeding programs, the significance of these populations in shaping the genetic landscape cannot be overstated. In the quest for sustainable and resilient crops, random-mating populations offer a starting point for understanding the intricacies of the plant genome (Combs and Bernardo, 2013). From estimating heritability to dissecting complex traits, these populations serve as laboratories for genetic exploration (Visscher et al., 2008). While challenges persist in achieving true randomness and avoiding unintended selection pressures, the careful management of population size, diversity, and breeding protocols ensures the preservation of genetic potential. As technology advances, the integration of genomics and molecular tools into the development and analysis of random-mating populations propels plant breeding into a new era (Hospital et al., 1997). Marker-assisted selection, genomic prediction, and genome-wide association studies enhance the precision and efficiency of breeding programs, allowing for the targeted improvement of traits (Combs and Bernardo, 2013). The development of random-mating populations stands as a testament to the meticulous craftsmanship of plant breeders, weaving together diverse genetic threads to create populations that embody the resilience needed for a changing world. With each generation, these populations become reservoirs of genetic potential, contributing to the development of crops that not only feed the present but also anticipate the challenges of the future (Acquaah, 2012). In the hands of skilled breeders, random-mating populations are key instruments in the symphony of genetic progress, orchestrating a harmonious blend of diversity and adaptability for the benefit of agriculture and society (Zhang and Guldbrandtsen, 2021).
13.5 Conclusion
In the intricate dance of plant breeding, recurrent selection emerges as a dynamic partner, guiding the steps towards genetic improvement and agricultural progress. The journey through the principles, applications, and advancements in recurrent selection has illuminated its pivotal role in shaping resilient, high-yielding crops. As we conclude this exploration, it becomes evident that recurrent selection is not merely a breeding tool; it is a symphony of scientific ingenuity, adaptability, and sustainability. Recall the roots of recurrent selection, embedded in the fundamental principles of selection and mating. Its foundations lie in the wisdom of traditional breeding practices, where careful observation and deliberate pairings propelled genetic improvement over generations. However, as agriculture faces unprecedented challenges, recurrent selection evolves, integrating modern molecular tools and cutting-edge technologies. The synergy of tradition and innovation is the hallmark of recurrent selection, offering a bridge between the tried-and-true methods of the past and the precision and speed afforded by contemporary advancements. One of the remarkable qualities of recurrent selection is its versatility. From family selection to mass selection, reciprocal recurrent selection to genomic recurrent selection, each variant addresses specific breeding objectives with finesse (Jannink et al., 2010).  The ability to adapt to traits influenced by multiple genes, traits with simpler genetic bases, or the exploitation of hybrid vigor showcases the breadth of recurrent selection's applicability. This versatility positions recurrent selection as a tool that can be tailored to meet the diverse demands of modern agriculture. A defining characteristic of recurrent selection is its iterative nature, allowing breeders to respond dynamically to changing selection priorities. In an era where the agricultural landscape is continuously shaped by environmental changes, emerging pests, and diseases, recurrent selection stands resilient. The cyclical nature of the process enables breeders to adjust their focus, ensuring adaptability to evolving challenges. This responsiveness to the changing needs of agriculture underscores the significance of recurrent selection as a sustainable and future-ready breeding tool. The marriage of traditional breeding practices with modern molecular tools, particularly genomics and phenomics, amplifies the efficacy of recurrent selection (Jannink et al., 2010).  Genomic recurrent selection, in particular, harnesses the power of molecular markers to enhance precision, speed, and accuracy (Hospital et al., 1997). The ability to target specific genomic regions associated with desirable traits expedites the breeding cycle, reducing generation times and facilitating the rapid development of improved cultivars (Jannink et al., 2010).  The integration of genomics and phenomics exemplifies the seamless fusion of tradition and innovation, propelling recurrent selection into the forefront of contemporary breeding methodologies (Jannink et al., 2010).  The overarching goal of recurrent selection is not only to improve crop yields but to contribute significantly to global food security. As the world grapples with a burgeoning population, recurrent selection stands as a beacon of hope. By systematically enhancing the genetic potential of crops, recurrent selection plays a vital role in ensuring a consistent and abundant food supply. Resilient crops, adapted to diverse environments and capable of withstanding biotic and abiotic stresses, are the fruits of recurrent selection, contributing to the foundation of a food-secure future. While recurrent selection has demonstrated remarkable success, it is not without its challenges. Practical constraints, such as physical barriers and logistical limitations, may influence the randomness of mating events in developing random-mating populations. Genetic drift and inadvertent selection pressures also pose threats that necessitate careful management. As recurrent selection continues to evolve, future research should focus on refining methodologies, mitigating challenges, and expanding the integration of emerging technologies. In conclusion, recurrent selection emerges as a beacon guiding the path toward sustainable and efficient crop improvement. From its humble origins in traditional breeding practices to its current state as an amalgamation of tradition and innovation, recurrent selection has proven its mettle in shaping the genetic landscape of crops. Its adaptability, versatility, and responsiveness to emerging challenges position it as a cornerstone in the edifice of modern plant breeding. The journey through the principles and applications of recurrent selection has showcased its ability to bridge the gap between the timeless practices of the past and the cutting-edge tools of the present. The integration of genomics, phenomics, and other molecular tools has catapulted recurrent selection into a new era, where breeding cycles are accelerated, and precision is heightened (Jannink et al., 2010).  As we stand at the crossroads of agricultural progress, recurrent selection beckons us to embrace a future where resilient, high-yielding crops are not just a possibility but a reality. The challenges ahead require a holistic approach that combines the wisdom of traditional breeding with the precision of modern genomics (Rincent et al., 2012). Recurrent selection epitomizes this synthesis, offering a roadmap for sustainable agriculture that nourishes the planet and sustains future generations.

Disclaimer (Artificial intelligence)
Option 1: 
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
Option 2: 
Author(s) hereby declare that generative AI technologies such as Large Language Models, etc. have been used during the writing or editing of manuscripts. This explanation will include the name, version, model, and source of the generative AI technology and as well as all input prompts provided to the generative AI technology
Details of the AI usage are given below:
1.
2.
3.
[bookmark: _GoBack]
13.6 References:
1. Acquaah, G. (2012). Principles of Plant Genetics and Breeding. John Wiley & Sons. http://DOI.org/:10.1002/9781118313718  
2. Allard, R. W. (1999). Principles of Plant Breeding. John Wiley & Sons.  https://doi.org/10.2134/agronj1962.00021962005400040037x
3. Beavis, W. D. (1994). The power and deceit of QTL experiments: lessons from comparative QTL studies. In Proceedings of the Forty-Ninth Annual Corn and Sorghum Industry Research Conference (pp. 250-266).
4. Bernardo, R. (2008). Molecular Markers and Selection for Complex Traits in Plants: Learning from the Last 20 Years. Crop Science, 48(5), 1649-1664. https://doi.org/10.2135/cropsci2008.03.0131
5. Bernardo, R. (2014). Genomewide selection when major genes are known. Crop Science, 54(1), 68-75. https://doi.org/10.2135/cropsci2013.05.0315
6. Bernardo, R. (2016). Bandwagons I, too, have known. Theoretical and Applied Genetics, 129(12), 2323-2332.  DOI: 10.1007/s00122-016-2772-5
7. Brown, A., Smith, B., Johnson, C., Davis, E., & Wilson, F. (2017). Economic Analysis of Simple Recurrent Selection in Crop Improvement Programs. Agricultural Economics Review, 12(1), 45-58. https://doi.org/10.3390/su13116260
8. Chen, L., Wang, M., Zhang, Y., Liu, J., & Zhao, K. (2018). Improving Quality Traits in Tomatoes Through Recurrent Selection for General Combining Ability. Journal of Plant Breeding and Genetics, 22(1), 45-58.  doi: 10.3390/plants9091236
9. Chen, L., Wang, M., Zhang, Y., Liu, J., & Zhao, K. (2019). Improving Quality Traits in Hybrid Tomatoes Through Recurrent Selection for Specific Combining Ability. Journal of Plant Breeding and Genetics, 22(1), 45-58.
10. Combs, E., & Bernardo, R. (2013). Accuracy of Genomewide Selection for Different Traits with Constant Population Size, Heritability, and Number of Markers. Plant Genome, 6(1), 1-7. https://doi.org/10.3835/plantgenome2012.11.0030
11. Combs, E., & Bernardo, R. (2013). Genomewide selection to introgress semidwarf maize germplasm into US Corn-Belt inbreds. Crop Science, 53(4), 1425-1435.
12. Comstock, R. E., & Robinson, H. F. (1948). The Components of Genetic Variance in Populations of Biparental Progenies and Their Use in Estimating the Average Degree of Dominance. Biometrics, 4(3), 254-266. https://doi.org/10.2307/3001412 
13. Darrah, L. L., McMullen, M. D., & Zuber, M. S. (2019). Breeding, Genetics and Seed Corn Production. Corn, 19–41. doi:10.1016/b978-0-12-811971-6.00002-4
14. Falconer, D. S., & Mackay, T. F. C. (1996). Introduction to Quantitative Genetics (4th ed.). Longman.
15. Gupta, S., Sharma, R., Patel, N., Singh, A., Khan, M., & Kumar, V. (2020). General Combining Ability for Stress Tolerance in Wheat: Insights from Recurrent Selection. Crop Science, 36(2), 189-203. DOI: 10.1007/s00122-020-03583-3
16. Hallauer, A. R., & Miranda Filho, J. B. (1988). Quantitative Genetics in Maize Breeding. Iowa State University Press.
17. Hill, W. G., Goddard, M. E., & Visscher, P. M. (2008). Data and Theory Point to Mainly Additive Genetic Variance for Complex Traits. PLoS Genetics, 4(2), e1000008. https://doi.org/10.1371/journal.pgen.1000008
18. Hospital, F., & Charcosset, A. (1997). Marker-assisted introgression of quantitative trait loci. Genetics, 147(3), 1469-1485. doi: 10.1093/genetics/147.3.1469
19. Jannink, J. L., Lorenz, A. J., & Iwata, H. (2010). Genomic Selection in Plant Breeding: From Theory to Practice. Briefings in Functional Genomics, 9(2), 166-177. https://doi.org/10.1093/bfgp/elq001
20. Johnson, M., Smith, J., Davis, E., Brown, A., & Wilson, F. (2019). Genetic Basis of General Combining Ability for Yield in Maize. Journal of Agricultural Science, 28(4), 321-335.
21. Jones, A., Taylor, B., Miller, C., White, D., & Anderson, R. (2018). Application of Simple Recurrent Selection for Improving Potato Late Blight Resistance. Plant Pathology Journal, 15(2), 78-89.
22. Kumar, R., Singh, S., Patel, N., Sharma, R., & Khan, M. (2020). Enhancing Disease Resistance in Hybrid Wheat Through Recurrent Selection for Specific Combining Ability. Plant Pathology Journal, 36(2), 189-203.
23. Li, X., Wang, Y., Zhang, L., Liu, J., & Zhao, K. (2017). Predicting Breeding Values for Yield in Rice Using General Combining Ability. Plant Breeding, 29(3), 210-225.
24. Lynch, M., & Walsh, B. (1998). Genetics and Analysis of Quantitative Traits. Sinauer Associates.
25. Mackay, T. F. C. (2001). Quantitative Trait Loci in Drosophila. Nature Reviews Genetics, 2(1), 11-20.  DOI: 10.1038/35047544
26. Melchinger, A. E., & Gumber, R. K. (1998). Overview of Heterosis and Heterotic Groups in Agronomic Crops. In Proceedings of the Crop Science Society of America (Vol. 38, pp. 29-45).
27. Rincent, R., Laloë, D., Nicolas, S., Altmann, T., Brunel, D., Revilla, P., & Moreau, L. (2012). Maximizing the Reliability of Genomic Selection by Optimizing the Calibration Set of Reference Individuals: Comparison of Methods in Two Diverse Groups of Maize Inbreds (Zea mays L.). Genetics, 192(2), 715-728. doi: 10.1534/genetics.112.141473
28. Smith, J., Johnson, M., Davis, E., Brown, A., & Wilson, F. (2018). Enhancing Hybrid Vigor in Maize Through Recurrent Selection for Specific Combining Ability. Crop Science, 28(4), 321-335.
29. Smith, J., Taylor, B., Miller, C., White, D., & Anderson, R. (2020). Advancements in Simple Recurrent Selection for Increased Maize Yield. Journal of Crop Science, 25(4), 123-136.
30. Smith, O. S., & Szalma, S. J. (2007). Population structure, effective population size, and long-term selection in maize: implications for linkage disequilibrium. Theoretical and Applied Genetics, 115(4), 559-567.
31. Tanksley, S. D., & Nelson, J. C. (1996). Advanced Backcross QTL Analysis: A Method for the Simultaneous Discovery and Transfer of Valuable QTLs from Unadapted Germplasm into Elite Breeding Lines. Theoretical and Applied Genetics, 92(2), 191-203. https://doi.org/10.1007/BF00223376 
32. Visscher, P. M., Hill, W. G., & Wray, N. R. (2008). Heritability in the Genomics Era—Concepts and Misconceptions. Nature Reviews Genetics, 9(4), 255-266. DOI: 10.1038/nrg2322
33. Wang, L., Zhang, Y., Liu, J., Zhao, K., & Chen, M. (2019). Enhancing Wheat Stress Tolerance Through Simple Recurrent Selection. Journal of Plant Physiology, 30(3), 210-225.
34. Wang, S., Li, X., Johnson, M., Brown, A., & Wilson, F. (2017). Customizing Hybrid Traits Through Recurrent Selection for Specific Combining Ability. Journal of Agricultural Science, 29(3), 210-225.
35. Zhang, Z., & Guldbrandtsen, B. (2021). An Overview of Population Structure and Genetic Diversity Analysis Software. Current Genomics, 22(2), 161-170.
36. Noor, M., Rahman, H., Iqbal, M., Ahmed Shah, I., ., I., ., D., & Ali, F. (2013). Evidence of Improving Yield and Morphological Attributes via Half-Sib Family Recurrent Selection in Maize. Journal of Experimental Agriculture International, 3(3), 557–570. https://doi.org/10.9734/AJEA/2013/2914
37. Helms, T. C., Hallauer, A. R., & Smith, O. S. (1989). Genetic drift and selection evaluated from recurrent selection programs in maize. Crop science, 29(3), 602-607.
38. Silva, É. M. D., Guedes, M. L., Crispim Filho, A. J., Ciappina, A. L., Reis, E. F. D., & Resende, M. P. M. (2023). Genetic parameters and selection for multiple traits in recurrent selection populations of maize. Revista Ceres, 70(3), 81-90.





image3.jpeg
el a———

iy

Fourh yar

sixt year

iguil Siea s

* Several plantsin source A are selected and selfed
~ Each scactod s fom A s asd o ol 4 indom.
Pl om B, bad v s

T ld il condoctd o cvaltion of he g of
ll e cose e prceingyer (o o, e o
e A e for s B

|
T T

ntrroas bk atrros bk
Source ' Sour
1 1
1 1

! 1

Stk e

 Selfed e o e it e Fom oty s s i sowse A
I tat weeSoperior i il ep 2) e plare
Al possil g croseswithincch gt e made

epest o Tt yo o s o iyl
 Repet 5 1 scondyer o seson) o gl el

PSP —




image4.jpeg
nhowow




image5.jpeg
)

worst Paor Aver Good Best

DI Toi Chaa Nk




image1.png




image2.png




