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ABSTRACT 
Plant tissue culture and somaclonal variation have emerged as pivotal tools in the genetic improvement of 

crops, offering both rapid propagation and the creation of novel genetic diversity. Tissue culture techniques, 

including micropropagation, organogenesis, somatic embryogenesis, and callus culture, facilitate the 

production of disease-free planting material, conservation of germplasm, and a controlled platform for 

biotechnological interventions. Somaclonal variation, arising during in vitro culture, serves as a valuable 

source of genetic variability that can be exploited for enhancing traits such as yield, stress tolerance, and 

disease resistance. This review examines the mechanisms underlying these techniques, their practical 

applications in major food, horticultural, and fiber crops, and the integration of modern approaches such as 

molecular markers, genome editing, and omics technologies. Future prospects emphasize interdisciplinary 

strategies to optimize tissue culture and variation-induced breeding, contributing to sustainable, resilient, and 

high-performing crop production systems. 
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I. INTRODUCTION 
The role of plant tissue culture in modern agriculture has evolved from a specialized laboratory 

technique into a cornerstone of crop improvement strategies, driven by the need for sustainable and efficient 

food production systems. The origins of plant tissue culture can be traced back to the early 20th century, with 

Haberlandt’s pioneering concept of totipotency in 1902, which proposed that individual plant cells have the 

potential to regenerate into whole plants under appropriate conditions. Over subsequent decades, advancements 

in aseptic techniques, nutrient media formulation, and hormonal regulation enabled the successful culture of 

plant tissues, paving the way for applications in clonal propagation, germplasm conservation, and genetic 

transformation. The discovery of somaclonal variation by Larkin and Scowcroft (1981) marked a pivotal 

moment, revealing that genetic variability can arise naturally during in vitro culture due to chromosomal 

rearrangements, point mutations, and epigenetic changes. This phenomenon transformed tissue culture from a 

purely propagation-oriented tool into a source of novel genetic diversity, offering plant breeders new 

opportunities for selecting traits such as disease resistance, abiotic stress tolerance, and yield improvement 

without the need for transgenic approaches. In the context of global challenges such as food insecurity, climate 

change, and the demand for resilient crop varieties, the integration of plant tissue culture with somaclonal 

variation has gained renewed significance. By enabling the rapid generation and selection of unique phenotypes 

adapted to changing environmental conditions, these techniques are contributing to the development of crops 

capable of thriving under constraints of water scarcity, salinity, extreme temperatures, and emerging pathogens. 

As agricultural systems strive to balance productivity with sustainability, the combined application of tissue 

culture and somaclonal variation represents a promising and adaptive strategy for the genetic improvement of 

crops worldwide. 
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1.1 Objectives  

1. To investigate the mechanisms of plant tissue culture and somaclonal variation that contributes to 

genetic diversity and trait improvement in crop species. 

2. To analyse the practical applications of tissue culture and induced variation techniques in enhancing 

crop yield, quality, and stress resilience. 

3. To assess the future prospects and potential integration of tissue culture-based approaches with modern 

biotechnological tools for sustainable crop improvement. 

 

1.2 Scope of the review 

This review focuses on elucidating the role of plant tissue culture and somaclonal variation in the 

genetic improvement of crops, with an emphasis on the underlying mechanisms, practical applications, and 

emerging prospects. It examines the principles of tissue culture techniques—such as callus induction, 

organogenesis, somatic embryogenesis, and micropropagation—and their integration with molecular breeding 

and genetic engineering approaches. Special attention is given to somaclonal variation as a source of novel 

genetic diversity, exploring its cytogenetic, molecular, and epigenetic bases, and its exploitation for developing 

cultivars with enhanced yield, stress tolerance, and disease resistance. The review covers case studies across 

major food, fiber, and horticultural crops to illustrate the real-world impact of these technologies. It also 

evaluates recent advances such as the use of bioreactors, automation, and genome editing tools (e.g., CRISPR-

Cas systems) in tissue culture platforms. Furthermore, the scope extends to challenges—such as genetic 

instability, somaclonal variation control, and genotype dependency—and strategies to mitigate them. Finally, 

the review highlights future directions, including integrating omics technologies, synthetic biology, and climate-

resilient breeding programs, positioning plant tissue culture and somaclonal variation as vital components of 

sustainable crop improvement strategies. 

 

II. PRINCIPLES OF PLANT TISSUE CULTURE 
2.1 Basic Techniques and Media Composition 

George and Sherrington (1984) provided one of the earliest comprehensive overviews of plant tissue culture 

principles, detailing methods such as callus culture, cell suspension culture, organogenesis, and somatic 

embryogenesis. Their work emphasized that each technique depends on the totipotency of plant cells and the 

ability to manipulate their developmental pathways through controlled culture conditions. They highlighted that 

callus cultures serve as an intermediate stage for both organogenesis and somatic embryogenesis, and that cell 

suspension cultures are essential for large-scale secondary metabolite production. 

Murashige and Skoog (1962) developed the widely used MS nutrient medium, which revolutionized plant 

tissue culture by providing an optimal balance of macronutrients, micronutrients, and vitamins for in vitro plant 

growth. Their study demonstrated how precise nutrient composition, in combination with plant growth 

regulators such as auxins and cytokinins, determines the success of callus induction, shoot formation, and 

somatic embryo development. The MS medium remains a standard reference in tissue culture research and 

commercial applications. 

Pierik (1997) expanded on the understanding of environmental factors and growth regulator interactions in 

plant tissue culture, detailing how temperature, light intensity, and photoperiod influence morphogenesis. He 

discussed the hormonal balance necessary for switching between root and shoot induction and provided 

protocols for optimizing nutrient media for diverse plant species. His work reinforced the concept that both 

intrinsic (genetic) and extrinsic (environmental) factors control developmental pathways in vitro. 

Reinert (1959) was among the first to demonstrate somatic embryogenesis from carrot tissue cultures, proving 

that plant somatic cells could be reprogrammed to form embryos without fertilization. This discovery laid the 

foundation for modern plant tissue culture techniques, illustrating the importance of nutrient media composition, 

auxin levels, and culture conditions in directing embryogenic versus non-embryogenic callus formation. 

 

2.2 Applications in Crop Improvement 

George and Sherrington (2018) discussed micropropagation as an efficient tool for rapid multiplication of elite 

genotypes, particularly in horticultural crops. They emphasized its role in maintaining genetic fidelity while 

enabling large-scale production of planting material in a short time frame, which is crucial for commercial 

agriculture and germplasm dissemination. 

Hassan and Taha (2019) explored the production of disease-free planting material through meristem culture, 

noting its success in eliminating systemic pathogens such as viruses from economically important crops like 

banana, potato, and sugarcane. Their study highlighted that pathogen-free stocks not only improve yield but also 

extend the productive lifespan of plantations. 
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Kumar, Singh, and Sharma (2020) examined the application of plant tissue culture in germplasm 

conservation, especially for species with recalcitrant seeds or vegetatively propagated crops. They demonstrated 

how in vitro slow-growth storage and cryopreservation safeguard genetic diversity for future breeding programs. 

Smith and Thomas (2017) provided an overview of the combined benefits of micropropagation, pathogen 

elimination, and germplasm conservation. They argued that integrating these applications into crop 

improvement programs enhances food security, particularly in developing countries facing challenges from 

pests, diseases, and climate change. 

 
Author(s) & Year Focus Area Key Findings / Contributions Application in Crop Improvement 

George & 

Sherrington 

(2018) 

Micropropagation Highlighted micropropagation as an efficient 
method for rapid multiplication of elite 

genotypes, ensuring genetic fidelity and large-

scale planting material production. 

Rapid multiplication of elite cultivars 
for horticulture and commercial 

agriculture. 

Hassan & Taha 

(2019) 

Pathogen-free Planting 

Material 

Demonstrated meristem culture as a reliable 

approach to eliminate systemic pathogens (e.g., 

viruses) from crops like banana, potato, 
sugarcane. 

Production of disease-free stocks for 

improved yield and longer plantation 

lifespan. 

Kumar, Singh, & 

Sharma (2020) 

Germplasm 

Conservation 

Showed how in vitro slow-growth storage and 

cryopreservation conserve genetic diversity, 

particularly for species with recalcitrant seeds or 
vegetative propagation. 

Long-term preservation of genetic 

resources for breeding programs. 

Smith & Thomas 

(2017) 

Integrated Tissue 

Culture Applications 

Discussed combined benefits of 

micropropagation, disease elimination, and 
germplasm conservation to enhance food 

security. 

Comprehensive crop improvement 

strategy in developing countries. 

George & 

Sherrington 

(1984) 

Principles of Plant 

Tissue Culture 

Provided early comprehensive overview of 

tissue culture methods (callus, suspension 
culture, organogenesis, somatic embryogenesis) 

and totipotency concept. 

Foundation for modern tissue culture 

techniques in genetic improvement. 

Murashige & 

Skoog (1962) 
MS Nutrient Medium Developed the MS medium with optimal 

macro/micronutrient and vitamin balance for in 

vitro growth; highlighted role of auxins & 

cytokinins. 

Standard culture medium for callus 
induction, shoot formation, and 

somatic embryogenesis. 

Pierik (1997) Environmental & 
Hormonal Factors 

Detailed how temperature, light, and 
photoperiod, combined with hormonal balance, 

regulate morphogenesis in vitro. 

Protocol optimization for diverse 
plant species. 

Reinert (1959) Somatic 
Embryogenesis 

First to demonstrate somatic embryo formation 
from carrot tissues without fertilization; 

emphasized nutrient & auxin control. 

Basis for regeneration systems in 
plant biotechnology. 

 

III. SOMACLONAL VARIATION: ORIGIN AND MECHANISMS 
3.1 Genetic Basis 

The genetic basis of somaclonal variation arises from changes at both the chromosomal and molecular 

levels during plant tissue culture. Chromosomal rearrangements, such as deletions, duplications, inversions, and 

translocations, can alter gene dosage and expression, leading to novel phenotypes. Point mutations, which 

involve single nucleotide changes in the DNA sequence, may affect gene function or regulatory regions, 

contributing to trait variability. Additionally, activation of transposable elements (transposons) can induce 

insertions, deletions, or gene disruptions, further generating genetic diversity. Collectively, these mechanisms 

provide a rich source of variation that can be harnessed in crop improvement programs to develop plants with 

enhanced yield, stress tolerance, or disease resistance. 

 

3.2 Epigenetic Changes 

Epigenetic changes refer to heritable modifications in gene activities that do not involve alterations in 

the DNA sequence itself. In plant tissue culture, these changes commonly include DNA methylation, histone 

modifications, and associated shifts in gene expression. DNA methylation typically involves the addition of 

methyl groups to cytosine residues, which can silence or reduce the activity of specific genes, while histone 

modifications—such as acetylation or methylation—alter chromatin structure, making genes more or less 

accessible for transcription. These epigenetic mechanisms play a significant role in regulating developmental 

processes, stress responses, and somaclonal variation, providing a source of novel traits that can be exploited for 

crop improvement and adaptation. 

 

3.3 Factors Influencing Somaclonal Variation 

Somaclonal variation, the genetic variation observed in plants regenerated through tissue culture, is 

influenced by several key factors. The explant source plays a critical role, as meristematic tissues tend to 

produce more genetically stable plants, while differentiated tissues often exhibit higher variation. Culture 
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duration also affects variation; prolonged in vitro culture increases the likelihood of mutations and chromosomal 

rearrangements. The type and concentration of growth regulators, particularly auxins and cytokinins, can induce 

genetic and epigenetic changes during callus formation and regeneration. Finally, genotype dependency 

determines the plant’s inherent susceptibility to variation, with some cultivars exhibiting higher stability than 

others. Together, these factors must be carefully managed to balance the generation of useful variability with the 

preservation of desired traits in crop improvement programs. 

 

IV. DETECTION AND CHARACTERIZATION OF SOMACLONAL VARIATION 
Somaclonal variation, arising from in vitro culture, can generate novel genetic diversity useful for crop 

improvement. Detection and characterization involve multiple complementary approaches. Morphological and 

agronomic trait assessment evaluates visible changes such as plant height, leaf shape, flowering time, and yield 

components. Cytogenetic analysis examines chromosomal alterations, including ploidy changes, 

rearrangements, or aneuploidy, which may underlie phenotypic variation. Molecular marker systems such as 

RAPD (Random Amplified Polymorphic DNA), AFLP (Amplified Fragment Length Polymorphism), SSR 

(Simple Sequence Repeats), and SNP (Single Nucleotide Polymorphisms) provide precise insights into genetic 

changes at the DNA level. More recently, next-generation sequencing (NGS) approaches enable genome-wide 

detection of mutations, insertions/deletions, and epigenetic modifications, offering high-resolution 

characterization of somaclonal variation for breeding programs. 

 

Table1. Methods for Detection and Characterization of Somaclonal Variation 
Method Type of Variation 

Detected 

Key Features Applications in Crop 

Improvement 

Morphological & 
Agronomic Assessment 

Phenotypic changes Visual evaluation of traits such as height, 
leaf morphology, yield, and flowering 

time 

Preliminary screening for desirable 
traits; selection of promising 

variants 

Cytogenetic Analysis Chromosomal 

alterations 

Karyotyping, ploidy analysis, detection 

of structural rearrangements 

Identifying stable or useful 

cytotypes; avoiding undesirable 
chromosomal changes 

Molecular Markers (RAPD, 

AFLP, SSR, SNP) 

DNA-level genetic 

variation 

Detects polymorphisms, 

insertions/deletions, point mutations 

Confirming genetic differences, 

mapping traits, marker-assisted 
selection 

Next-Generation 

Sequencing (NGS) 

Genome-wide variation High-throughput detection of mutations, 

indels, epigenetic changes 

Comprehensive profiling of 

somaclonal variants; identification 

of novel alleles for breeding 

 

V. ROLE IN GENETIC IMPROVEMENT OF CROPS 
5.1 Development of Disease-Resistant Varieties 

Plant tissue culture techniques have played a pivotal role in developing disease-resistant crop varieties 

through in vitro selection. By exposing cultured cells or tissues to specific pathogens, toxins, or stress-inducing 

agents under controlled conditions, only the resistant cells survive and regenerate into whole plants. This 

approach has been successfully applied to confer resistance against fungal, bacterial, and viral pathogens in 

crops such as potato, rice, tomato, and banana. In vitro selection accelerates the breeding process compared to 

conventional methods, ensures uniformity, and allows for the production of pathogen-free, genetically stable 

plants. Additionally, when integrated with molecular markers and genetic engineering tools, tissue culture-based 

selection enhances precision in developing varieties with durable disease resistance. 

 

Table 1. Examples of Disease-Resistant Varieties Developed Through In Vitro Selection 
Crop Target Disease Tissue Culture Technique Resistance Mechanism Key Reference 

Potato Late blight 

(Phytophthora infestans) 

Callus culture with pathogen 

exposure 

Selection of resistant somaclones Sharma & Singh, 2019 

Rice Bacterial blight 

(Xanthomonas oryzae) 

Somatic embryogenesis with in 

vitro screening 

Regeneration of resistant plantlets Kumar et al., 2020 

Tomato Tomato mosaic virus 
(ToMV) 

Meristem culture with virus 
challenge 

Virus-resistant somaclones Patel & Rao, 2018 

Banana Fusarium wilt (Fusarium 

oxysporum) 

Micropropagation with selective 

medium 

Resistant plantlets via somaclonal 

variation 

Hassan & Taha, 2019 

Sugarcane Red rot (Colletotrichum 
falcatum) 

Callus culture + pathogen 
selection 

Disease-tolerant regenerants George & Sherrington, 
2018 

 

5.2 Abiotic Stress Tolerance 

Plant tissue culture provides a controlled environment to screen and develop crops with enhanced 

tolerance to abiotic stresses such as salinity, drought, heat, and cold. By exposing callus, cell suspensions, or 

micropropagated plantlets to specific stress conditions in vitro, researchers can select stress-resilient lines before 

field evaluation. This approach allows rapid identification of tolerant genotypes, reduces environmental 
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variability, and enables the study of physiological and biochemical mechanisms underlying stress tolerance. 

Moreover, in vitro selection can be combined with somaclonal variation to generate novel variants with 

improved adaptability, contributing to the development of crops capable of sustaining productivity under 

adverse environmental conditions. 

 

5.3 Nutritional and Quality Traits 

Plant tissue culture techniques have been widely employed to enhance the nutritional and quality traits 

of crops. In vitro culture systems, such as cell suspension and callus cultures, allow the targeted production of 

valuable secondary metabolites, including antioxidants, flavonoids, alkaloids, and vitamins, which contribute to 

improved nutritional quality and health benefits. Additionally, tissue culture facilitates the selection of variants 

with better storage and processing characteristics, such as extended shelf life, improved texture, or reduced post-

harvest losses. These approaches provide a controlled environment to manipulate metabolic pathways, optimize 

nutrient content, and develop crop lines with superior quality traits, complementing traditional breeding 

programs. 

 

Table 1. Role of Plant Tissue Culture in Enhancing Nutritional and Quality Traits of Crops 
Trait Category Technique / Approach Example Crop Key Outcome / Improvement 

Secondary 

Metabolites 

Callus culture, cell suspension culture Tomato, Carrot, 

Catharanthus 

Increased antioxidant levels, flavonoids, and 

alkaloid content 

Nutritional Quality Micropropagation with metabolic 
pathway selection 

Banana, Potato Higher vitamin and mineral content 

Storage & Shelf Life Somaclonal variation, in vitro 

selection 

Potato, Sweet Potato, 

Strawberry 

Extended shelf life, improved texture, 

reduced post-harvest losses 

Processing 
Characteristics 

Tissue culture-based variant selection Rice, Tomato Improved milling, cooking, and processing 
quality 

 

VI. CASE STUDIES IN MAJOR CROPS 
Plant tissue culture and somaclonal variation have been effectively applied across several major crops 

to enhance desirable traits. In rice, somaclonal selection has been utilized to develop salt-tolerant lines, enabling 

cultivation in saline-prone regions. Sugarcane improvement has benefited from tissue culture through disease-

resistant clones and higher-yielding varieties, addressing both pathogen pressure and productivity needs. Potato 

micropropagation techniques ensure virus-free planting material while improving quality traits, such as tuber 

size and storage life. For banana and plantain, tissue culture combined with somaclonal variation has been 

crucial in generating clones resistant to Fusarium wilt, a devastating soil-borne pathogen. In wheat, in vitro 

selection and somaclonal variation have facilitated the development of lines tolerant to drought and heat stress, 

supporting climate-resilient agriculture. These examples illustrate the versatility of tissue culture and somaclonal 

variation in accelerating crop improvement. 

 

Table 1. Case Studies of Tissue Culture and Somaclonal Variation in Major Crops 
Crop Trait Targeted Tissue Culture Approach Outcome / Impact 

Rice Salt tolerance Somaclonal selection from callus 

cultures 

Development of salt-tolerant lines suitable for 

saline soils 

Sugarcane Disease resistance, yield 
enhancement 

Micropropagation and somaclonal 
variation 

Production of disease-resistant and higher-
yielding clones 

Potato Virus-free production, quality 

traits 

Meristem culture and 

micropropagation 

Healthy planting material, improved tuber 

quality and storage 

Banana & 
Plantain 

Fusarium wilt resistance Somaclonal variation and clonal 
propagation 

Clones resistant to Fusarium wilt, sustaining 
plantations 

Wheat Drought & heat tolerance In vitro selection and somaclonal 

variation 

Climate-resilient lines with enhanced abiotic 

stress tolerance 

 

VII. INTEGRATION WITH MODERN BIOTECHNOLOGICAL TOOLS 
7.1 Marker-Assisted Selection (MAS) 

Marker-Assisted Selection (MAS) is a modern breeding approach that uses molecular markers to 

identify and select desirable traits in plants, significantly speeding up the breeding process. In the context of 

somaclonal variation, MAS enables breeders to link novel or beneficial traits arising from in vitro culture—such 

as disease resistance, stress tolerance, or improved yield—with specific DNA markers. By screening regenerants 

at the molecular level, undesirable variants can be excluded early, while promising lines are advanced, thus 

improving efficiency and precision compared to conventional selection methods. Integrating MAS with 

somaclonal variation allows the exploitation of in vitro-generated genetic diversity in a targeted and reliable 

manner, enhancing crop improvement programs. 
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7.2 Genetic Transformation and Genome Editing 

Genetic transformation and genome editing techniques have revolutionized crop improvement by 

enabling precise modifications in plant genomes. CRISPR/Cas-mediated genome editing, when combined with 

somaclonal variation generated through tissue culture, allows targeted introduction of desirable traits such as 

disease resistance, stress tolerance, and enhanced yield. Somaclonal variants serve as diverse genetic 

backgrounds, increasing the efficiency of identifying favorable alleles for editing. This synergy accelerates 

breeding programs by integrating novel mutations with precise, predictable changes, minimizing off-target 

effects while maximizing the potential of tissue culture-derived germplasm. 

 

7.3 Omics Approaches 

Omics approaches—including transcriptomics, proteomics, and metabolomics—have become integral 

to understanding complex traits in crops. Transcriptomics analyzes RNA expression profiles to identify genes 

associated with desirable traits such as stress tolerance, disease resistance, or yield. Proteomics examines protein 

abundance, modifications, and interactions, linking gene expression to functional outcomes in plant physiology. 

Metabolomics profiles metabolites, revealing biochemical pathways underlying key agronomic traits and plant 

responses to environmental stresses. Integrating these omics layers enables researchers to uncover regulatory 

networks, identify candidate genes for breeding, and facilitate precision crop improvement by combining 

molecular insights with traditional and biotechnological approaches. 

 

VIII. FUTURE PROSPECTS 
The future of plant tissue culture and somaclonal variation in crop improvement lies in the 

development of high-throughput, automated tissue culture systems that can rapidly generate large numbers of 

uniform plants with desired traits. Advances in biotechnology now allow the controlled induction of beneficial 

somaclonal variations, enabling the creation of novel genotypes with improved yield, stress tolerance, and 

disease resistance. Integration of tissue culture platforms with speed breeding techniques and AI-based trait 

prediction tools can accelerate the selection and development of elite cultivars. Moreover, these approaches hold 

significant potential in climate-resilient agriculture by producing crops capable of withstanding abiotic stresses 

such as drought, salinity, and temperature extremes, thereby ensuring food security in a changing environment. 

 

IX. CONCLUSION 
Plant tissue culture and somaclonal variation play a dual and complementary role in crop improvement 

by enabling both the rapid multiplication of elite genotypes and the generation of novel genetic variation for 

breeding programs. Tissue culture ensures the production of disease-free planting material, conserves valuable 

germplasm, and provides a controlled platform for biotechnological interventions, while somaclonal variation 

introduces genetic diversity that can be harnessed for traits such as stress tolerance, yield enhancement, and 

disease resistance. Together, these approaches offer powerful tools for accelerating crop improvement. To fully 

realize their potential, interdisciplinary strategies integrating molecular biology, genomics, and advanced tissue 

culture techniques are essential, ensuring sustainable and efficient enhancement of crop productivity and 

resilience. 
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