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Abstract 

Abstract Modern plant breeding faces the challenge of developing resilient crop varieties for global food 

security. In this context, induced mutagenesis using physical agents, particularly ionizing radiation, has 

been positioned as an effective tool for generating genetic variability. This review explores the 

underlying molecular mechanisms, where radiation induces both direct and indirect damage to the DNA, 

leading to point mutations and, crucially, double-strand breaks (DSBs). These genomic alterations trigger 

genomic plasticity, which is fundamental to the success of plant breeding programs. Success stories are 

referenced, demonstrating the technique's efficacy in improving key agronomic traits. These include the 

creation of mutants with resistance or tolerance to different biotic or abiotic stress conditions, as well as 

genotypes with higher yield and nutritional value. The capacity of mutagenesis to optimize plant 

architecture is also demonstrated, which facilitates mechanical harvesting, significantly reduces field 

losses, and lowers production costs. In conclusion, the ability of physical agents to induce mutations in 

complex quantitative traits positions mutagenesis as a vital solution against climate change and the 

increasing demand for sustainable crops. The future integration of mutagenesis with omics technologies 

and gene-editing tools like CRISPR/Cas9 promises unprecedented precision and efficiency. This 

synergistic approach reaffirms that physical mutagenesis is not an obsolete technique, but a key platform, 

complementary to gene editing, for accelerating the development of a new generation of crops.  
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Mutagénesis física: una plataforma para la plasticidad genómica y la variabilidad genética en cultivos 

de interés agronómico 

Resumen 

El fitomejoramiento moderno enfrenta el desafío de desarrollar variedades de cultivos resilientes para la 

seguridad alimentaria global. En este contexto, la mutagénesis inducida con agentes físicos, 

particularmente la radiación ionizante, se ha posicionado como una herramienta eficaz para generar 

variabilidad genética. Esta revisión explora los mecanismos moleculares subyacentes, donde la radiación 

induce daño tanto directo como indirecto al ADN, lo que genera mutaciones puntuales y, de manera 

crucial, roturas de doble cadena (DSBs). Estas alteraciones genómicas desencadenan una plasticidad 

genómica fundamental para el éxito de los programas de fitomejoramiento. Se refieren casos de éxito 

que demuestran la eficacia de la técnica para mejorar rasgos agronómicos clave. Estos incluyen la 

creación de mutantes con resistencia o tolerancia a diferentes condiciones de estrés biótico o abiótico, 

así como genotipos con mayor rendimiento y valor nutricional. Se muestra también la capacidad de la 

mutagénesis para optimizar la arquitectura de la planta, lo que facilita la cosecha mecánica, reduce 

significativamente las pérdidas en el campo y disminuye los costos de producción. En conclusión, la 

habilidad de los agentes físicos para inducir mutaciones en caracteres cuantitativos complejos posiciona 

a la mutagénesis como una solución vital frente al cambio climático y la creciente demanda de cultivos 

sostenibles. La integración futura de la mutagénesis con tecnologías ómicas y herramientas de edición 

génica como CRISPR/Cas9 promete una precisión y eficiencia sin precedentes. Este enfoque sinérgico 

reafirma que la mutagénesis física no es una técnica obsoleta, sino una plataforma clave, complementaria 

a la edición génica, para acelerar el desarrollo de una nueva generación de cultivos. 

Palabras clave: fitomejoramiento, radiación ionizante, seguridad alimentaria, variedades resilientes  

1. Introduction 

In a context of unprecedented population growth and the acceleration of climate change, global 

agriculture faces one of its most critical challenges 1. Food security, a cornerstone of the social and 

economic stability of nations, is directly threatened by extreme climate variability, soil degradation, and 

the proliferation of pests and diseases—factors that have begun to undermine crop productivity globally 

2. This unsustainable pressure underscores the urgency of moving beyond traditional genetic 
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improvement strategies and developing plant varieties that are intrinsically more resilient and productive 

to ensure the future of human nutrition 1. 

Genetic variability is the cornerstone of plant breeding, serving as the driving force behind species 

adaptability and the development of new cultivars 3,4. Historically, breeding programs have relied on 

traditional sources of variation, such as sexual recombination through crossing and spontaneous 

mutations 5. However, in the context of modern challenges, these sources are increasingly limited. The 

slow emergence of natural mutations, coupled with the narrow genetic base of many domesticated crops, 

restricts the spectrum of available variability, making it difficult to obtain urgent traits such as tolerance 

to extreme conditions 6. 

The pace of natural evolution, although constant, is insufficient to generate the variability needed to 

address the growing demands of food security 7. In this context, induced mutagenesis using physical 

agents emerges as a proactive strategy, acting as an evolutionary accelerator that generates massive 

genetic variability, overcoming the limitations of natural selection 8,9. Although historically fundamental 

to the success of modern agriculture, as evidenced during the Green Revolution, physical mutagenesis 

has intensified its relevance in the era of advanced biotechnology.  

Far from being an obsolete technology, physical mutagenesis is positioned as a complementary platform 

to gene-editing tools like CRISPR-Cas 10. The controlled application of gamma radiation or X-rays 

allows plant breeders to create a wide range of novel alleles and desirable agronomic traits 11,12. This 

synergism is the main justification for its continued importance in the fight for food security, as it 

provides an inexhaustible source of variation for gene discovery and the creation of new alleles not found 

in nature 9. 

This review transcends the conventional view of physical mutagenesis as a simple technique for inducing 

random mutations. Our main thesis establishes that this methodological strategy represents a robust 

platform for the efficient induction of genomic plasticity, a fundamental trait that confers upon plants the 

capacity to flexibly respond to their environment. This plasticity, in turn, facilitates the emergence of 

valuable agronomic characteristics, such as tolerance to biotic and abiotic stress conditions or increased 

biomass production. By adopting this new paradigm, we re-evaluate the potential of physical mutagenesis 

to drive adaptation and genetic innovation in crop improvement. 

2. Mechanisms of action of ionizing radiation on DNA 
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Understanding the molecular mechanisms by which ionizing radiation induces mutations is fundamental 

to optimizing its use in plant breeding. The biological effects of agents such as gamma rays and X-rays 

are not limited to a single type of interaction, but rather manifest through a complex cascade of events 

that compromise the integrity of deoxyribonucleic acid (DNA), inducing changes ranging from structural 

and numerical alterations to visible chromosomal aberrations in plant species 13. These phenomena occur 

through two main pathways which, although distinct, operate synergistically: direct damage, where the 

radiation energy directly impacts the DNA molecule, and indirect damage, a predominant mechanism 

mediated by the radiolysis of surrounding water molecules and the consequent formation of highly 

reactive free radicals 8. 

The imbalance in cellular homeostasis caused by these interactions initiates a series of molecular events 

that, if not correctly repaired, lead to the formation of point mutations and chromosomal rearrangements 

14. It is these genomic alterations, and their wide range, that make ionizing radiation such a powerful tool 

for generating genetic variability, serving as the basis for the development of new and valuable agronomic 

traits 15. Despite the emergence of precision technologies, the study of these mechanisms remains vital 

for understanding genomic plasticity and the continuous relevance of mutagenesis in the era of advanced 

biotechnology, constituting an essential point of comparison for evaluating the risks of new techniques 

and the evolution of the crop resilience paradigm 16. 

2.1. Direct damage: primary mechanism of molecular interaction 

Ionizing radiation, upon penetrating the cell, can interact directly with the DNA molecule, depositing its 

energy and causing immediate damage to its structure. This mechanism, known as direct damage, occurs 

when photons or ionizing particles, such as gamma rays or beta particles, impact the atoms that compose 

the deoxyribose-phosphate backbone or the nitrogenous bases of the double helix 17. 

Although this interaction is energetically inefficient and accounts for a fraction of the total damage 

(approximately 30%), its genomic consequences are substantial. The absorption of energy can trigger the 

rupture of covalent bonds, resulting in single-strand breaks (SSBs) or, more critically, double-strand 

breaks (DSBs), which are the most severe lesions and the most difficult for cellular systems to repair 18. 

DSBs are the most lethal type of lesion for the genome and the main trigger of mutations and 

chromosomal rearrangements. When the cell's repair systems fail to correct these lesions accurately, 

error-prone repair pathways, such as non-homologous end joining (NHEJ) 19,20, are initiated. These 

processes can result in the deletion of large DNA segments, as well as large-scale translocations and 
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inversions—phenomena that excessively alter the genome structure and are crucial for generating the 

desirable genetic variability in plant breeding 17,21. Therefore, by inducing these DSBs, direct damage 

becomes a fundamental pillar for creating the genetic diversity required for crop adaptation. 

2.2. Indirect damage: the predominant mechanism of ionizing radiation 

The primary mechanism by which ionizing radiation causes genetic damage is through an indirect 

pathway, which accounts for approximately 70% of the total DNA damage 17. This process begins with 

the radiolysis of water, as ionizing radiation, upon passing through the cell nucleus, interacts with the 

water molecule (H2O), the most abundant compound in the environment, instead of directly impacting 

the DNA. This interaction deposits its energy into the water molecules, causing their dissociation into a 

series of highly reactive and transient species, such as hydrogen radicals (•H), hydrated electrons (𝑒𝑎𝑞
− ), 

and, most critically, the hydroxyl radical (•OH) 22. 

These free radicals, particularly the •OH radical, are extremely reactive and rapidly migrate to attack the 

adjacent DNA molecule. The reactivity of the radical makes it a formidable aggressor, capable of causing 

a wide range of DNA lesions, including the oxidation of nitrogenous bases, the rupture of bonds in the 

deoxyribose-phosphate backbone, and the induction of SSBs 17. The resulting SSBs are frequently 

converted into DSBs during DNA replication, which underscores the importance of indirect damage as 

the main driver of mutations and chromosomal rearrangements in induced mutagenesis. 

3. Genomic effects of physically induced mutagenesis 

Ionizing radiation has been positioned as a crucial tool in biology and plant breeding for inducing 

mutagenesis and generating genetic variability 9,23. At the genomic level, its impact is manifested through 

a series of molecular lesions that drive mutation. These interactions produce a variety of damage, ranging 

from point mutations and small insertions/deletions (INDELs)—frequent due to base oxidation—to the 

most serious and destabilizing lesion: DSBs, which have a high impact on the genomic plasticity of 

irradiated plants 17,24. 

Indeed, these DSBs are the hallmark of radiation damage. Their incorrect or incomplete repair can lead 

to complex chromosomal rearrangements, including large-scale translocations and deletions, which 

fundamentally reconfigure the genome and create the basis for genetic variability 18,21. 

3.1. Point mutations and small insertions/deletions 
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Point mutations and small insertions/deletions (INDELs) represent smaller-scale alterations that can have 

a profound impact on gene function and phenotypic expression 24. These small-scale mutations are the 

result of DNA damage. Indirect damage, mediated by the highly reactive •OH radical generated by water 

radiolysis, is a key mechanism for the induction of these mutations. The •OH is capable of oxidizing 

bases, creating lesions that, if not repaired correctly, can result in mutations and the induction of clustered 

damage 22,25.  

At the molecular level, radiation damage is materialized in the alteration of nitrogenous bases and the 

rupture of phosphodiester bonds in the deoxyribose-phosphate backbone. When bases are oxidized, 

lesions such as 8-oxoguanine can form, which, during DNA replication, can incorrectly pair with adenine 

instead of cytosine, resulting in a point mutation 26,27. 

Similarly, SSBs or the rupture of phosphodiester bonds can be incorrectly processed by repair systems, 

leading to the loss or addition of one or more nucleotides, generating INDELs that frequently induce 

frameshifts and the consequent loss of protein function 19. 

In the context of plant breeding, the induction of small-scale mutations is of maximum relevance, given 

that they generate functional variability without incurring the lethal or unfavorable consequences 

associated with large-scale lesions. This distinction between small-scale genomic damage and 

destabilizing chromosomal-level damage is crucial 24,28. Consequently, the detailed analysis of small-

scale mutations is indispensable for unraveling genetic diversity and establishing the molecular basis of 

the phenotypic variability generated through induced mutagenesis 17. 

3.2. Double-Strand Breaks (DSBs) 

Exposure to ionizing radiation represents a significant threat to genome integrity, with DSBs being the 

most severe and biologically relevant lesion 17. DSBs are characterized by the simultaneous or near-

simultaneous rupture of both DNA strands, and they are formed as a result of both direct and indirect 

damage. The high linear energy transfer (LET) of certain types of radiation is particularly efficient in 

inducing complex and clustered DSBs, which exacerbates the challenge of cellular repair 29,30. 

The critical role of DSBs lies in the difficulty of their repair. While SSBs are repaired with high fidelity, 

the repair of DSBs presents a significant risk of error. The cellular repair system can resort to two main 

pathways: homologous recombination (HR), which is a high-fidelity process, and non-homologous end 

joining (NHEJ), which is more error-prone 29,31. 
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If NHEJ repair is performed incorrectly or if multiple DSBs are repaired with each other, a variety of 

aberrant chromosomal rearrangements can be generated. These rearrangements, including translocations, 

deletions, and inversions, are the main causes of genomic instability and are considered the key events 

in induced plant mutagenesis 18,32. 

In the context of plant breeding, the induction of DSBs is a dual strategy. They are the most dangerous 

lesions that can lead to cell death, but their faulty repair is the main source of large-scale genetic 

variability, which is fundamental for the creation of new crop varieties 9,30. Understanding the formation 

and repair of DSBs is, therefore, essential for manipulating radiation mutagenesis in a controlled and 

effective manner.  

3.3. Chromosomal rearrangements 

Chromosomal rearrangements represent the most significant large-scale mutations and are a direct 

consequence of the incorrect repair of DSBs, the most lethal lesion induced by ionizing radiation. While 

the high-fidelity repair pathway, HR, generally ensures precise repair, the NHEJ pathway is error-prone 

20,33. If multiple DSBs are generated, the broken ends can be incorrectly joined, leading to chromosomal 

aberrations such as translocations and inversions; translocations occur when a chromosome fragment 

attaches to a non-homologous one, and inversions involve the reversal of a DNA segment within the 

same chromosome 34. These events alter the genome structure and can fundamentally change gene 

expression by moving genes to new locations 32. 

In addition to translocations and inversions, faulty DSB repair can also result in chromosomal deletions, 

the loss of an entire DNA segment, which may span multiple genes 18,20. Deletions are particularly 

detrimental, as they can lead to the inactivation of essential genes or the disruption of genetic sequences, 

resulting in severe consequences for cell viability and function 35,36. By inducing a high number of DSBs, 

radiation significantly increases the probability of these repair errors, making chromosomal 

rearrangements a distinctive characteristic of induced genetic damage 30,34. 

In the field of plant breeding, the induction of chromosomal rearrangements is considered a double-edged 

sword: while they can be lethal to the individual, they represent a vital and historical source of genetic 

variability for the selection of desirable agronomic traits 8. This calculated risk justifies the continued use 

of mutagenic agents in the generation of new cultivars. Rearrangements can alter the inheritance pattern 

of genes and confer new genetic combinations that result in improved agronomic characteristics, 

including the crucial resistance to diseases or tolerance to environmental stress. 
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This principle justifies the use of mutagenic agents to drive variability in crops and lays the foundation 

for modern chromosomal engineering 9,37. The precise understanding of the mechanisms underlying these 

chromosomal rearrangements, particularly DSB repair, is crucial for optimizing mutagenesis techniques 

and selecting mutants efficiently 36,37. 

4. Applications in plant genetic improvement 

Traditionally, diversity has relied on natural variation, sexual recombination, and spontaneous 

mutations—processes that operate at an intrinsically low rate. However, to meet the demands of a 

growing population and adapt crops to increasingly unpredictable environmental and biotic conditions, 

breeders have strategically resorted to using induced mutagenesis with ionizing radiation as a powerful 

and efficient tool 38. The capacity of radiation to induce a broad spectrum of mutations randomly and at 

a high frequency in the genome, which form the basis for improved resistance and productivity traits, 

solidifies its role as a fundamental pillar in sustainable agriculture 39. 

Induced mutagenesis has proven to be one of the most efficient tools for accelerating the mutation rate 

and generating a wide range of genetic variability in crops 9,38. This technique has been instrumental in 

the development of more than 3,400 mutant crop varieties cultivated worldwide, thus solidifying the role 

of mutagenesis as an indispensable tool in breeding 40. 

Its contribution to global food security and the development of resilient cultivars in the face of the climate 

crisis is widely documented 39. Its application includes the creation of new traits and agronomic 

improvements (tolerance to biotic and abiotic stress, improvements in terms of quality), the rectification 

of specific traits, and the generation of variability in vegetatively propagated crops 12,41. 

4.1. Generation of genetic variability and genomic plasticity 

Genetic variability is the engine of evolution and the fundamental pillar of any crop breeding program. 

Although natural diversity and traditional crosses have historically been the main source of new alleles, 

these processes are intrinsically slow and insufficient to meet the urgency of crop improvement in the 

current era 4,16,38. To respond to growing global demands for agricultural production and the need to adapt 

crops to a changing environment, physically induced mutagenesis has solidified its role as a tool to 

accelerate the generation of this variability 9,42. 

4.2. Improvement of agronomic traits 
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The adaptation of crops to biotic and abiotic stress conditions is a fundamental pillar for global food 

security, a challenge that has intensified due to climate change and the emergence of new pests and 

diseases. In this context, induced mutagenesis has solidified its role as a powerful and proven strategy to 

generate the necessary genetic variability for plant breeding. Unlike conventional breeding techniques, 

which rely on natural variability and are intrinsically slow, mutagenesis offers an efficient pathway for 

the creation of new alleles and the diversification of the gene pool, which is essential for the development 

of resilient crops in a changing environment 16. This contrast underscores that traditional breeding, though 

valuable, is based on processes that do not align with the speed of current agricultural challenges. 

At the molecular level, the key to the genetic improvement process resides in the induction of DSBs. 

Although DSBs represent the most dangerous type of DNA damage, their repair is the basis of genomic 

plasticity, resulting in a broad spectrum of mutations ranging from single base-pair changes to large-

scale chromosomal rearrangements 43,44. This massive variability, leveraged by plant breeders, has 

proven effective in improving key agronomic traits, including resistance and tolerance to pathogens 45, 

to drought and salinity 46, improvement of yield and nutritional value 47, and modification of plant 

architecture 48. In this way, physical mutagenesis emerges as an indispensable tool in building more 

resilient and sustainable agricultural systems for the future. 

4.2.1. Progress against biotic and abiotic stress challenges 

Global food security faces an unprecedented crisis, demanding the development of resilient crops that 

can withstand biotic and abiotic stress, challenges intensified by climate change and the emergence of 

new pests 49,50. 

In this context, induced mutagenesis with ionizing radiation has solidified its role as a fundamental and 

proven strategy to generate the necessary genetic variability for modern plant breeding 51. Its most 

significant application is the improvement of crop resistance to various stress factors, both biotic (pests 

and diseases) and abiotic (environmental), thus demonstrating its crucial role in adapting agriculture to 

climate change 12,52. 

The ability to generate a broad spectrum of mutations randomly and at high frequency allows breeders 

to access genetic variants that are not found in the natural germplasm 53. This process is fundamental for 

the exploration of genetic diversity in plant species, thus constituting a strategic pillar in modern plant 

breeding 23. 
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For example, rice varieties with tolerance to multiple types of abiotic stress have been successfully 

developed through the combination of gamma radiation and in vitro tissue culture 54. More specifically, 

the obtainment of rice mutants with tolerance to drought and salinity 55,56, as well as tolerance to 

submergence 57, has been validated. Similarly, the technique has been applied to develop chickpea lines 

tolerant to glyphosate 58, considering the challenge in agriculture for weed control. 

On the other hand, it has also successfully generated mutants with tolerance to biotic stress, including 

quarantine diseases that threaten global food security. This is the case with resistance to the fungus 

Fusarium oxysporum f. sp. cubense (Foc), the causal agent of Fusarium wilt in banana 59, which is 

considered the most devastating disease of the Musa genus worldwide. Similarly, resistance has been 

achieved to the bacterium Candidatus Liberibacter 60, which causes Huanglongbing (HLB), considered 

the most destructive disease of citrus globally. 

These advances not only confirm the technical feasibility of physical mutagenesis but also validate its 

crucial role in building more resilient and sustainable agricultural systems for the future. The use of 

cutting-edge analyses such as transcriptomic and metabolomic characterization allows for the 

identification of the molecular mechanisms that confer tolerance to abiotic stresses, such as salinity in 

barley 61. Additionally, the implementation of advanced technologies like carbon ion beam radiation 62, 

strengthens mutagenesis as a precise tool for genetic improvement. Table 1 presents some progress in 

the generation of tolerant and resistant variants to different biotic and abiotic stress conditions in various 

crops of agronomic interest. 

Table 1. Cases of physical mutagenesis: inducing biotic and abiotic stress tolerance in crops 

Crop Physical mutagen  Valued Trait(s) Ref. 

Wheat                                                             

(Triticum aestivum) 
Gamma rays 

Resistance to Puccinia triticina                 

(Leaf and stem rust) 

63, 

64 

Rice                                                             

(Oryza sativa) 

Gamma rays Tolerance to multiple types of abiotic 

stress  
54 

Gamma rays Salinity tolerance 56 

Gamma rays Lodging resistance 65 

Gamma rays Submergence tolerance 57 

Barley                                                                          

(Hordeum vulgare) 

Gamma rays 
High salinity tolerance 61 

Maize                                                                                

(Zea mays) 

Gamma rays 
Drought and salinity tolerance 

66, 

67 
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Soybean                                           

(Glycine max) 

Gamma rays 
Salinity tolerance 68 

Gamma rays Tolerance to Macrophomina phaseolina 

(charcoal rot) 
69 

Potato                                                        

(Solanum tuberosum) 

Gamma rays Resistance to Rhizoctonia solani                                                     

(Stem canker and black scurf) 
70 

 
Gamma rays Resistance to Ralstonia solanacearum 

(Bacterial wilt) 
71 

Cassava                                                                      

(Manihot esculenta) 

Gamma rays Resistance to viruses                                      

(Viral diseases) 
72 

Sugarcane                                      

(Saccharum officinarum) 

Gamma rays 
Drought tolerance 73 

Banana                                    

(Musa paradisiaca) 

Gamma rays Resistance to Fusarium oxysporum f. sp. 

cubense (Foc) (Fusarium wilt) 
59 

Cowpea                                                    

(Vigna unguiculata) 

Gamma rays 
Drought resilience 74 

4.2.2. Progress in yield and quality 

The increasing global demand for food and the need for superior nutrition have positioned the 

improvement of crop yield and quality as central objectives of plant breeding 75,76. In this context, induced 

mutagenesis with ionizing radiation has solidified its role as an invaluable tool in plant breeding, offering 

an effective pathway for the creation of genetic variability; this technique translates into higher 

productivity and superior nutritional value in crops 38,74. 

Many advances confirm the crucial role of ionizing radiation not only in increasing productivity but also 

in enriching the nutritional profile of crops 77. This potential is fundamental for addressing the challenges 

of global food security and malnutrition, positioning mutagenesis as a non-invasive and indispensable 

technology in modern breeding strategies 38. 

Success stories validate its application, where it has been shown that optimizing radiation doses induces 

physiological and morphological changes that increase seed productivity in wheat 78. Similarly, the 

impact of gamma radiation on the nutritional properties of barley microgreens has been validated 79. 

These findings are complemented by studies in rice, where gamma ray mutagenesis not only increases 

agronomic yield but also induces profound changes in the plant's biochemical composition 80. In legumes, 

new genetic lines with superior yield have been developed in lentils 81, peanut 82, and chickpea 83. It has 
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also been validated that gamma ray-induced mutations are an effective tool for biofortification, such as 

increasing the content of oil and protein levels in soybean 47, which enhances its nutritional value and 

industrial yield. 

These findings not only confirm the capacity of ionizing radiation to increase productivity and yield but 

also validate its potential to enrich the nutritional profile of crops, a crucial factor for addressing global 

food security and malnutrition. Table 2 presents some progress in improving the yield, productivity, and 

nutritional quality in various crops. 

Table 2. Cases of physical mutagenesis: improving crop yield and nutritional value 

Crop Physical mutagen  Valued Trait(s) Ref. 

Wheat                                                             

(Triticum aestivum) 
Gamma rays Seed yield 77 

Rice                                                             

(Oryza sativa) 

 

Gamma rays 

Phytochemical and phytohormonal 

profiles 
79 

Barley                                                                          

(Hordeum vulgare) 

Gamma rays Phytochemical and bioactive 

compounds 
78 

Nitrogen ion beam High yield (grain weight and ear type) 84 

Maize                                                                                

(Zea mays) 

X-rays Improvement in growth, yield, and 

nutritional value 
85 

Soybean                                           

(Glycine max) 

Gamma rays 
Increased oil and protein content 47 

Potato                                                        

(Solanum tuberosum) 

Gamma rays Physicochemical and functional 

properties 
86 

Sugarcane                                      

(Saccharum officinarum) 

Gamma rays Physiological, biochemical, and yield 

traits 
87 

Banana                                    

(Musa paradisiaca) 

Gamma rays 
Plant height and pseudostem girth 88 

Coffee                                                                   

(Coffea arabica L.) 

Gamma rays 
Germination and seedling vigor 89 

Tomato                                                            

(Solanum lycopersicum 

L.) 

Gamma rays 
Increased phenolic compounds and 

carotenoids 
90 
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4.2.3. Progress in plant architecture 

Plant architecture is a crucial objective in plant breeding, since an optimal structure can directly influence 

photosynthetic efficiency, stress tolerance, and, fundamentally, the ease of harvest 91,92. Induced 

mutagenesis with ionizing radiation has allowed for the specific modification of these morphological 

traits, enabling scientists to "design" plants with superior agronomic characteristics 93,94. 

Ionizing radiation can induce mutations that alter plant height, panicle size, leaf angle, or even straw 

hardness, thereby generating improved genotypes that facilitate mechanical harvesting and reduce field 

losses 95,96. Success stories in this area not only confirm the ability of mutagenesis to influence 

architecture but also validate its potential to transform agricultural productivity and make it more 

efficient. Some achievements obtained in various crops of agronomic interest through physical 

mutagenesis, focused on modifying plant architecture, are detailed in Table 3.  

Table 3. Physical mutagenesis cases for advancing crop morpho architecture. 

Crop Physical mutagen  Valued Trait(s) Ref. 

Rice                                                             
(Oryza sativa) 

Gamma rays Plant height (lodging resistance) 97 

Barley                                                                          

(Hordeum vulgare) 
Gamma rays Plant height and effective tiller number 98 

Wheat                                                             

(Triticum aestivum) 

 

Gamma rays 

Production of Doubled Haploid (DH) 

Lines 
99 

Cotton                                  

(Gossypium hirsutum L.) 

Linear electron 

accelerator 

Fiber length and strength, plant 

morphology 
100 

Chili                                   

(Capsicum annuum) 

Gamma rays Height, branching, and plant hape/form. 

Number, weight, and size of the fruit. 
101 

Lentil                                   

(Lens culinaris Medik.) 

Gamma rays 
Plant height, root length, pod number 102 

Peanut                                     

(Arachis hypogaea L.) 

Gamma rays 
Plant height, biomass, and leaf structure 103 

Mango                           

(Mangifera indica) 

Gamma rays 
Plant growth and leaf size 104 

Banana                                   

(Musa acuminata L.) 

Gamma rays 
Short stature (lodging resistance) 105 
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Coffee                                

(Coffea arabica L.) 

Gamma rays 
Short stature (lodging resistance) 106 

 

5. Conclusions and future perspectives 

Induced mutagenesis with physical agents, particularly ionizing radiation, has solidified its role as a 

powerful and irreplaceable tool in modern plant breeding. Throughout this work, we have elucidated that 

its effectiveness lies in the ability to generate broad and random genetic variability, while the underlying 

molecular mechanisms, such as DNA double-strand breaks (DSBs), provide the basis for developing 

genotypes with superior agronomic traits. The resulting genetic damage is not merely destructive; on the 

contrary, it fosters a genomic plasticity that, when channeled through rigorous selection programs, leads 

to the creation of new varieties with high-value attributes. 

We have demonstrated, through concrete success stories, that physical mutagenesis is a proven strategy 

for improving resistance to biotic and abiotic stresses, optimizing yield and nutritional quality, and, 

crucially, redesigning plant architecture for greater harvesting efficiency. The ability to induce mutations 

in complex and quantitative characters positions this technique as a fundamental solution to the 

challenges of global food security, climate change, and the increasing demand for sustainable crops. 

Looking ahead, the synergy between physical mutagenesis and cutting-edge omics technologies is the 

path forward for unprecedented advancement. The application of next-generation genomics will allow 

for the exhaustive characterization of mutants at the molecular level, precisely identifying the genes and 

altered alleles responsible for the desired phenotypes. This will not only accelerate the selection process 

but will also provide essential information to elucidate the molecular networks and genetic mechanisms 

underlying complex traits. 

We propose the integration of mutagenesis with CRISPR/Cas9 technology. Induced mutagenesis 

programs could massively generate mutant libraries, which would then be screened using gene editing 

tools to rapidly identify and validate gene function. This combined approach could significantly reduce 

the development time for new varieties. 
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Furthermore, the use of ion beam radiation, which offers greater spatial precision and a lower random 

distribution of mutations, opens the door to more targeted and controlled mutagenesis, minimizing 

undesired effects and maximizing efficiency. 

Physical mutagenesis is not a technology of the past; it is a key tool for the future of agriculture, 

facilitating the creation of a new generation of more resilient, nutritious, and productive crops for a 

constantly changing world. 
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