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Crop-specific Biotic Stress Management: Leveraging Cytogenetic Insights

Abstract
Biotic stresses pose significant challenges to global crop production, threatening food security and agricultural sustainability. Effective management of biotic stressors, including pathogens, pests, and weeds, is essential to mitigate yield losses and ensure crop productivity. Cytogenetics, a branch of genetics focusing on the study of chromosomes and their inheritance patterns, offers valuable insights and tools for understanding the genetic basis of biotic stress resistance in crops. In this review, we provide an overview of the applications of cytogenetics in biotic stress management, highlighting its role in elucidating genetic mechanisms of resistance, identifying molecular markers for breeding programs, and enhancing crop resilience to biotic stressors. For instance, drought tolerance mechanisms differ in wheat (Triticum aestivum) and rice (Oryza sativa), with wheat exhibiting higher osmotic adjustment through proline accumulation, whereas rice relies more on root plasticity and antioxidant enzyme activity. Similarly, heat stress responses in maize (Zea mays) and soybean (Glycine max) highlight the role of heat shock proteins and photosynthetic efficiency under high-temperature conditions. By integrating cytogenetic techniques and methodologies used in cytogenetic analysis, including karyotyping, fluorescence in situ hybridization (FISH), comparative genomic hybridization (CGH), fluorescence-activated cell sorting (FACS), polymerase chain reaction (PCR), chromosome banding techniques, microarray analysis, and next-generation sequencing (NGS) we can overcome this biotic stresses too. This review also addresses the challenges and limitations of cytogenetic approaches and discusses future research directions. By synthesizing advancements in cytogenetics and stress management, this article serves as a comprehensive resource for researchers, plant breeders, and agricultural stakeholders focused on sustainable crop production.
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1. Introduction
Crop-specific biotic stress management is an essential aspect of agricultural science, as it directly impacts food security and agricultural productivity. Biotic stress refers to the damage caused to crops by living organisms such as bacteria, fungi, viruses, and insects (Çelik et al., 2020; Mittal et al., 2023; Chaudhary et al., 2022). 
Interestingly, while traditional breeding methods have played a significant role in developing biotic stress-tolerant plants, recent advances in cytogenetics and biotechnology have opened new avenues for crop improvement. Cytogenetic insights have facilitated the identification and introgression of resistance genes from diverse genetic resources, enhancing the ability to manage biotic stress effectively (Bakala et al., 2021). Cytogenetics, the study of chromosomes and their associated genetic phenomena, offers a powerful toolkit for understanding the genetic basis of biotic stress resistance in crop plants. By leveraging various cytogenetic techniques and methodologies, researchers can elucidate the intricate genetic mechanisms underlying plant-pathogen interactions, identify genomic regions carrying resistance genes, and develop tailored breeding strategies for enhancing crop resilience.
This review provides a comprehensive overview of the role of cytogenetics in biotic stress management in crops. We delve into the principles and applications of cytogenetic techniques such as karyotyping, fluorescence in situ hybridization (FISH), genomic in situ hybridization (GISH), and comparative genomic hybridization (CGH) in elucidating the genetic architecture of stress resistance. Furthermore, we explore how cytogenetic analyses contribute to the identification, validation, and utilization of genetic resources for breeding stress-tolerant crop varieties. As we navigate the complexities of biotic stress management in crops, the insights gleaned from cytogenetic studies offer valuable guidance for breeders, researchers, and policymakers seeking to address the urgent need for resilient and sustainable agricultural systems.

2. Introduction to Biotic Stress in Crops:
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Fig. 1Factors affecting Biotic factors in plants.
The review discusses the complex interplay of biotic stresses in crop plants, which stem from interactions among living organisms within the environment. It highlights the significance of understanding these dynamics, emphasizing the impact of biotic stressors such as bacteria, nematodes, fungi, viruses, insect pests, and weeds on crop productivity. Additionally, it underscores the role of breeding approaches, both classical methods and modern tools, in addressing these biotic stresses.
Incorporating cytogenetic approaches into this review involves leveraging chromosome-based techniques to dissect the genetic mechanisms underlying crop resistance to biotic stressors. By studying chromosomal variations and genetic markers associated with resistance traits, cytogenetics contributes to breeding efforts aimed at developing resilient crop varieties. This entails identifying chromosomal regions linked to resistance genes, characterizing genetic diversity within crop populations, and integrating molecular cytogenetic tools like fluorescence in situ hybridization (FISH) or comparative genomic hybridization (CGH) to elucidate genomic changes underlying biotic stress tolerance.
Biotic stresses, resulting from interactions among living organisms, pose significant challenges to crop productivity. Pathogens such as bacteria, nematodes, fungi, viruses, insect pests, and weeds severely impact major crops, including cereals, pulses, oilseeds, and vegetables. These stressors lead to substantial yield losses by damaging plant structures and disrupting physiological processes. For example, Xanthomonas oryzae causes bacterial leaf blight in rice (Oryza sativa), significantly reducing grain yield (He et al., 2010). Similarly, Fusarium oxysporum leads to wilt disease in chickpea (Cicer arietinum) (Lal et al., 2024), affecting root function and overall plant health. Nematodes, such as Meloidogyne spp., impair root development in crops like tomato (Solanum lycopersicum), reducing water and nutrient uptake (Jones et al., 2013). Insect pests, such as the maize stem borer (Chilo partellus), damage Zea mays, affecting photosynthesis and grain production (Kfir et al., 2002). The impact of biotic stress is particularly critical during breeding stages like hybridization, where susceptibility to stress can hinder the development of resilient varieties. Therefore, understanding these stress factors and integrating them into breeding programs is essential for improving crop resilience and ensuring sustainable agricultural production (Rubiales et al., 2023; Parihar et al., 2022; Pandey et al., 2017).
Moreover, cytogenetics aids in understanding the mechanisms of pathogen or pest virulence, such as genomic rearrangements or chromosomal aberrations associated with increased pathogenicity. By deciphering these genomic dynamics, cytogenetic approaches provide valuable insights into the coevolutionary arms race between crops and biotic stressors, informing strategies for sustainable crop protection and management.
The importance of biotic stresses can be imagined from the facts epidemic spread of Phytopthora could result into Irish famine during nineteenth century. Around one million individuals perished during the famine, with an additional million choosing to emigrate from Ireland. Single outbreak of locusts could devastate the vegetation across the continents. Out of around a dozen locust species, the desert locust is the most infamous due to its capacity to spread quickly and across great distances. It has the potential to pose a threat to an area of 32 million square kilometers, spanning 50 countries from West Africa to India.Similarly the rusts of wheat, mildew of maize and millets have caused serious losses to crops and affected a large number of human populations. The outbreak of Ug99 race of has shaken the world with its possible implications and many projects involving huge money were started across the world in order to identify the source of resistance (Bainsla& Meena, 2016).
In short, integrating cytogenetic approaches with breeding strategies enhances our understanding of the genetic basis of biotic stress resistance in crop plants, facilitating the development of resilient varieties capable of withstanding diverse biotic challenges.
3. Overview of Cytogenetics:
The branch of genetics known as "cytogenetics" is concerned with the form, activity, and function of chromosomes, especially as they relate to inheritance and genetic variation within populations. It encompasses various techniques and methodologies aimed at understanding the organization and dynamics of chromosomes, as well as their role in determining phenotypic traits and genetic disorders.  
In Agriculture cytogenetic techniques are instrumental in analyzing chromosomal aberrations, genome organization, and genetic diversity, which are essential for crop improvement programs. These methods aid in developing crop varieties with enhanced tolerance to environmental stresses and resistance to diseases and pests (Chester et al., 2010). In Human Genetics cytogenetics is vital for diagnosing genetic disorders, as chromosomal abnormalities are often linked to diseases such as Down syndrome, Turner syndrome, and chronic myeloid leukemia. Techniques like karyotyping, fluorescence in situ hybridization (FISH), and comparative genomic hybridization (CGH) help identify chromosomal mutations and structural variations, providing insights into disease mechanisms and genetic inheritance (Kannan and Zilfalil., 2009).
By employing these cytogenetic techniques, researchers and clinicians can better understand genetic diseases in humans and develop improved crop varieties in agriculture, thereby enhancing both human health and agricultural productivity.

4. Role in Studying Genetic Variation:
Cytogenetics plays a crucial role in studying genetic variation by providing insights into the structural and numerical changes in chromosomes that underlie phenotypic diversity and disease susceptibility. Through cytogenetic analysis, researchers can identify chromosomal aberrations such as deletions, duplications, inversions, and translocations, which may be associated with genetic disorders or traits of interest. Additionally, cytogenetics enables the mapping of genes and genetic markers to specific chromosomal regions, facilitating the study of gene expression, regulation, and evolutionary relationships among individuals or populations. 
Genetic variation is fundamental to adaptation, providing the raw material upon which natural selection acts. Mutations, recombination, and gene flow introduce genetic diversity, leading to phenotypic variations that can enhance survival and reproduction in changing environments. For instance, studies have shown that genetic variance in traits such as drought tolerance in plants or disease resistance in animals can significantly influence an organism's fitness. Natural selection then favours these advantageous traits, leading to their increased frequency in the population over time. Understanding the sources and impacts of genetic variation is crucial for fields like evolutionary biology, conservation, and agriculture, as it informs strategies to maintain biodiversity and improve species resilience (Jain & Devi et al., 2018).
5. Techniques and Methodologies Used in Cytogenetic Analysis:
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Figure 2: Techniques in cytogenetics.

5.1. Karyotyping 
A karyotype is like a blueprint showing the number, size, and shape of chromosomes in a species when viewed under a microscope. When studying how these blueprints change over time in a group of organisms, scientists focus on details like the number of chromosomes, where they connect, and any specific patterns they have (Resende, 2017).
Table 1. Application of karyotype study 
	Sr. no.
	Utility of karyotype study
	Reference

	1.
	Understanding evolutionary processes through taxonomy and systematics
	

	2.
	Plant breeding to recognize structural alterations and their correlation with sterility, as well as to comprehend obstacles to the introduction of new genes.
	

	3.
	Creation of chromosomal &genetic maps
	

	4.
	Arranging the transfer of genes.
	(Resende, 2017)

	5.
	Genomic analysis focused on tracking crosses.
	

	6.
	For syndromesdetection.
	

	7.
	Investigation of living and non-living stress factors and the impact of chemicals on chromosomes.
	



Karyotyping can be used in biotic stress management in crops to understand chromosomal variations associated with resistance or susceptibility to biotic stressors, aiding in breeding programs and genetic studies. Here's how:
5.1.1. Identification of Chromosomal Aberrations: Karyotyping allows the detection of chromosomal abnormalities linked to biotic stress resistance or susceptibility. By comparing karyotypes between resistant and susceptible cultivars, researchers can identify chromosomal regions harboring genes involved in defense mechanisms(Lou et al., 2010).
5.1.2. Marker Development: Chromosome-specific markers can be developed based on karyotyping data, aiding in marker-assisted selection (MAS) for biotic stress resistance. These markers facilitate the introgression of resistance alleles into elite cultivars, enhancing their resilience to biotic stressors(Thirumurugan et al., 2014).
5.1.3. Genomic Mapping: Karyotyping helps in physically mapping genes and genetic markers associated with biotic stress resistance onto specific chromosomal regions. This information enables the identification of quantitative trait loci (QTL) governing resistance traits, guiding breeding efforts for stress-tolerant crops (Van Os et al., 2006).
5.1.4. Monitoring Chromosomal Stability: Biotic stress management strategies may induce chromosomal rearrangements in crops. Karyotyping allows for the assessment of genetic stability over generations, ensuring the absence of unintended chromosomal changes that may affect stress tolerance. (Zhao et al., 2021).

5.2.  In situ hybridization
Recent advancements in molecular biology are quickly enhancing numerous technological innovations employed in examining disease mechanisms. In situ hybridization (ISH) stands out as a distinctive method that merges molecular biology and histochemical techniques to analyze gene expression in tissue samples and cytological preparations. This approach entails a reaction where a labeled nucleotide probe binds to complementary RNA or DNA sequences within the target (Jin and Lloyd, 1997).
Molecular cytogenetic research methods like FISH and GISH are widely utilized and highly regarded tools for exploring plant genetics. These techniques are frequently employed to uncover details regarding chromosomal mutations, organization, and the evolution of genomes. (He et al., 2016; Andres &Kuraparthy 2013).
5.2.1. Fluorescence in situ hybridization (FISH):

Fluorescence in situ hybridization (FISH) is a molecular cytogenetic method utilized for identifying and localizing particular DNA sequences on chromosomes. In biotic stress management in crops, FISH can be applied in the following ways:
Detection of Pathogen Genomes: FISH can be used to visualize the presence and distribution of pathogen genomes within infected plant tissues. By designing fluorescent probes complementary to pathogen-specific DNA sequences, FISH enables the direct detection of pathogens such as viruses, bacteria, or fungi in host plant cells. This information can aid in understanding the spatial dynamics of pathogen invasion and colonization within plant tissues.FISH has been used to detect plant viruses such as Tomato spotted wilt virus (TSWV) in infected host tissues. By hybridizing fluorescent probes targeting viral RNA or DNA sequences, researchers can visualize the presence and distribution of viral particles within plant cells (Moyer et al., 2000).
Mapping of Resistance Genes: FISH can assist in mapping resistance genes (R genes) within crop genomes. By labeling R gene loci with fluorescent probes, researchers can precisely localize these genes on specific chromosomes. This information helps breeders in marker-assisted selection (MAS) programs aimed at introgressing R genes into crop varieties to enhance resistance against biotic stressors.FISH has been employed to map disease resistance genes in crop species. For example, FISH mapping was used to localize the potato late blight resistance gene Rpi-blb3 on chromosome 4 of potato (Pel et al., 2009).
Analysis of Chromosomal Rearrangements: Biotic stressors can induce chromosomal rearrangements in crop genomes, leading to altered gene expression patterns or genomic instability. FISH can be used to visualize and characterize these rearrangements by comparing the distribution of fluorescent signals on chromosomes between stressed and unstressed plants. This allows researchers to identify structural changes associated with stress responses and adaptation mechanisms.
FISH has been utilized to analyze chromosomal rearrangements induced by biotic stressors. In wheat, FISH was used to characterize chromosomal translocations associated with resistance to wheat stripe rust (Puccinia striiformis f. sp. tritici)( Zhang et al., 2018).Wheat varieties containing the 1R chromosome from Yukuri exhibited resistance to both stripe rust and powdery mildew. Additionally, varieties carrying the 3RL and 7RL chromosome arms showed resistance specifically to stripe rust. (Wang et al., 2023)

5.2.2.Genomic in situ hybridization (GISH)
Genomic in situ hybridization (GISH) is a molecular cytogenetic technique that allows for the visualization of genomic components within cells, particularly useful in identifying and characterizing genetic material in hybrids and polyploids (Silva and Souza, 2013; Ramzan et al., 2017).
5.2.2.1.  Detection of Introgressed Genes:
Baker et al, (2020) employed GISH to detect introgressed chromosomal lines produced from crosses between hexaploid wheat and Th. elongatum, alongside an Axiom® Wheat-Relative SNP Genotyping Array. Species in the Thinopyrum genus have demonstrated a broad spectrum of genetic variations encompassing traits related to both biotic and abiotic stresses, as well as quality attributes.
5.2.2.2. Verification of Introgression Lines:
In a study by(Khrustaleva et al., 2019) GISH was used to map lethal genes linked to resistance traits, demonstrating its utility in precise genetic mapping in the case of bulb onion breeding for downy mildew resistance.
5.2.2.3. Characterization of Chromosomal Rearrangements:
GISH is a powerful tool for the characterization of chromosomal rearrangements, which can be directly linked to the management of biotic stress in plants. The technique's ability to identify and monitor alien chromatin is particularly valuable for breeding programs aimed at enhancing resistance to pathogens and pests through interspecific hybridization and introgression (Ramzan et al., 2017; Czernicka et al., 2010; Jiang and Gill, 1994).These examples demonstrate how GISH can be effectively utilized in biotic stress management in crops by facilitating the identification, verification, and characterization of genetic elements associated with resistance to various pathogens and pests.
5.3. Comparative genomic hybridization (CGH)
Comparative genomic hybridization (CGH) is a molecular cytogenetic technique used to examine differences in the number of copies of DNA sequences. The principles of CGH, such as the detection of DNA sequence copy differences, could theoretically be applied to crop genomes to identify genetic variations associated with resistance or susceptibility to biotic stressors such as pathogens or pests (Ostroverkhova et al., 2002; Bayani and Squire, 2004).

5.4. Fluorescence-activated cell sorting (FACS)
Fluorescence-activated cell sorting (FACS) is a technique that can be instrumental in managing biotic stress in crops by enabling the isolation and analysis of specific cell types under stress conditions. For instance, FACS has been utilized to study cell type-specific responses in transgenic plants expressing fluorescent proteins, which is crucial for understanding how different cell types in crops react to biotic stress (Evrard et al., 2012). Moreover, the ability to isolate cells from plants that express fluorescent proteins dynamically in response to stress factors allows for the investigation of cellular mechanisms and the identification of key regulators involved in the plant's response to biotic stress (Carter et al., 2013).
Table 2. Application of FACS in various contexts
	Sr. no.
	Application
	Field of study
	Reference

	1.
	Isolation of specific cell types in plants 
	for developmental studies 
	(Iyer and Benfey, 2010).

	2.
	Purification of rare cell populations 
	for functional studies 
	(Liao et al., 2016)

	3.
	Enhancement of microalgal strains 
	for biotechnological applications 
	(Pereira et al., 2018)


  
5.5. Chromosome banding techniques 
Chromosome banding techniques are essential tools in cytogenetics, providing a means to identify and characterize chromosomes and their specific segments (Schreck and Distèche, 1994). This technique are instrumental in locating genes within chromosomes, which can be crucial for genetic improvement programs aimed at enhancing biotic stress resistance in plants (Simon et al., 2023; Forster, 1992).For instance, in rice, the physical locations of genes conferring resistance to various biotic stresses have been mapped, facilitating the use of marker-assisted selection (MAS) to improve resistance in local varieties (Simon et al., 2023). Similarly, the detailed cytogenetic data provided by banding techniques for the Florida manatee contribute to genetic mapping projects that could indirectly aid in the management of biotic stresses through better understanding of the species' genome (Gray et al., 2002). Various staining techniques, such as G-banding, C-banding, and R-banding, are used to produce characteristic banding patterns on chromosomes, allowing for the identification of individual chromosomes and the detection of structural abnormalities, such as deletions, duplications, and inversions.They play a supportive role in the genetic mapping and identification of resistance genes. This information is then utilized in breeding programs to develop resistant cultivars, contributing to the management of biotic stresses in agricultural and natural ecosystems ( Simon et al., 2023; Forster, 1992; Mekonnen et al., 2017).
5.6. Microarray analysis: 
Microarray technology allows for the parallel analysis of thousands of DNA sequences on a solid support surface. In cytogenetics, microarrays can be used to detect chromosomal imbalances, gene expression patterns, and genomic variations associated with genetic disorders and diseases.Microarray analysis, a cytogenetic tool, is utilized to investigate the gene expression profiles of plants under biotic stress, aiding in the management of such stresses by identifying differentially expressed genes (DEGs) that are involved in stress responses. For instance, in tea plants, microarray analysis revealed a significant number of DEGs associated with blister blight and grey blight diseases, which are major biotic stresses affecting tea quality and yield (Ashokraj et al., 2020). Similarly, a network-based meta-analysis approach in wheat identified key genes and molecular mechanisms in response to biotic stress, contributing to the understanding of the plant's response and potentially guiding breeding for resistance (Nemati et al., 2023). Contradictorily, while microarray analysis is powerful, it is not the sole approach for managing biotic stress. 
Table 3. Summary of cytogenetic analysis tools, their methodologies and formulations
	Sr. No.
	Cytogenetic Tool
	Methodology
	Formulations

	Reference

	1
	Karyotyping
	Chromosomes are stained using techniques like G-banding to identify structural variations.
	Sample preparation, mitotic cell arrest (e.g., colchicine), slide preparation, staining, and microscopic analysis.
	Anon, 2025 January

	2
	Fluorescence in situ hybridization (FISH)
	Uses fluorescent probes to detect specific DNA sequences on chromosomes, aiding in pathogen detection and mapping resistance genes.
	DNA denaturation, hybridization, fluorescence microscopy.
	Anon, 2024 November

	3
	Genomic in situ hybridization (GISH)
	Distinguishes parental genomes in hybrids using whole genomic DNA as a probe.
	Labeled genomic DNA hybridized to chromosomal preparations, followed by fluorescent detection.
	Anon, 2024, JUly

	4
	Comparative genomic hybridization (CGH)
	Compares genomic DNA from different sources to detect chromosomal gains and losses.
	Labeled test and reference DNA hybridized to normal metaphase chromosomes or arrays.
	Anon, 2024 June

	5
	Fluorescence-activated cell sorting (FACS)
	Uses fluorescence-tagged cells sorted based on size, granularity, and fluorescence intensity.
	Cells stained with specific dyes or antibodies before sorting via flow cytometry.
	Anon, 2024 October

	6
	Chromosome banding techniques
	Different staining methods like G-, C-, and R-banding highlight specific chromosome regions.
	Stains such as Giemsa, quinacrine, or silver nitrate differentiate chromosomal structures.
	Anon, 2024 January

	7
	Microarray analysis
	DNA/RNA is hybridized to a microarray chip containing thousands of probes to study gene expression and genomic variations.
	Fluorescent-labeled DNA, hybridization buffer, and scanning systems facilitate data analysis.
	Anon, 2024 June



6. Polyploidization
Polyploidy is the presence of more than two sets of chromosomes in an organism.Polyploidization is a process that results in the formation of cells with more than two sets of chromosomes, which can have various implications for organisms across different kingdoms
6.1. Effect of Polyploidization on Plant Biotic Stresses
The interaction between polyploidy and insects in plants has uncertain effects on insect abundance and dispersal. However, two significant outcomes are observed in insect physiology: i. Polyploidy leads to the development of new defenses in insects (herbivores). ii. Insects may adapt existing defenses and broaden their choice of hosts. (Yin et al., 2011; Arvanitis et al., 2011; Edger et al., 2015). An instance of a defense mechanism triggered by polyploidy is evident in Brassicales, where genome duplication plays a role in the production of glucosinolate compounds, providing defense against butterflies (Edger et al., 2015). However, Edger et al. (2015) also noted that in certain scenarios, herbivores are attracted to polyploids due to coevolutionary processes. Does increased polyploidy attract insects? Herbivores tend to favor polyploid plants. This assertion is supported by Thompson et al. (1997), who found higher infestations of the prodoxy moth Greyapolitella in tetraploid Heuchera grossulariifolia compared to its diploid counterparts. Similarly, Kao (2008) observed higher attack rates by the tephritid fly Campiglossa footeorum in tetraploid Arnica cordifolia compared to triploid cultivars. However, Nuismer and Thompson (2001) documented more frequent attacks by the stem borer moth Greya piperella in diploid Heuchera grossulariifolia rather than tetraploids. Likewise, Gross and Schiestl (2015) found that diploid Gymnadenia conopsea orchids were more frequently attacked by aphids than their tetraploid counterparts. These conflicting findings suggest that polyploidy does not necessarily deter herbivore behavior. However, it has been proposed that insect herbivory is not influenced by cytotype-dependent habitat selection but rather by host seeking behavior. In open fields and natural ecosystems, insects tend to prefer the most common host in that habitat (Segraves & Anneberg, 2016). While the results indicate that polyploidy can have varied effects on insect attacks, it also presents some trade-offs. Generally, polyploid plants exhibit higher growth and reproductive capabilities. Therefore, polyploids may help mitigate economic damage and reach an economic threshold for herbivory, which can be challenging in diploid plants.
6.2. Polyploidy and Pathogen Resistance Pathogens 
Banana allotriploid cultivars (AAB) and polyploid watermelon germplasm exhibit resistance to fusarium, as noted by Gonda et al. (2022). Polyploid strawberry varieties (US4808 and US4809) have been reported to be resistant to four groups of Xanthomonas fragariae (Liu et al., 2009). Several studies have indicated that polyploid genotypes display higher resistance to pathogens compared to their diploid counterparts (Gonda et al., 2022). Autotetraploid and autotriploid watermelon varieties demonstrate greater resistance to fusarium than diploid watermelon (Gonda et al., 2022). Diploid apple cultivars are more susceptible to Alternaria alternata and Colletotrichum gloeosporioides compared to autotetraploid apple cultivars such as Hanfu and Gala (Chen et al., 2017). Allopolyploid tobacco exhibits better resistance against plant viruses than diploid tobacco (Gottula et al., 2014). Tetraploid wheat shows increased resistance to powdery mildew and leaf rust compared to diploid wheat (Yuan et al., 2007).
Top of Form
7. Applications of Cytogenetics in Biotic Stress Management
Cytogenetics, the study of chromosomes and their role in heredity, has applications in biotic stress management primarily through the identification and introgression of resistance genes into crop varieties. Cytogenetic techniques are pivotal in assessing how various stress factors impact higher plants, particularly concerning dose-dependent responses essential for crop growth and development. By employing methods such as fluorescence in situ hybridization (FISH) and genomic in situ hybridization (GISH), researchers can detect chromosomal aberrations and genome instability induced by different stress levels. These techniques enable the identification of specific genetic regions affected by stress, facilitating a deeper understanding of plant responses to varying stress intensities. Such insights are crucial for developing stress-resilient crop varieties (Kwasniewska & Bara 2022).
The advancement of molecular genetics and biotechnology has facilitated the use of cytogenetic techniques to locate and map resistance genes, known as R-genes, which are crucial for breeding programs aimed at improving biotic stress resistance in crops (Bakala et al., 2021). These techniques replace more traditional and labour-intensive methods, enabling the efficient selection of desirable traits. Interestingly, while cytogenetic analyses have been instrumental in mapping resistance genes in crops like rice and wheat, the focus has often been on abiotic stress tolerance in other crops such as flax, with less emphasis on disease resistance (Simon et al., 2023; Yadav et al., 2022). This indicates a potential area for further exploration and application of cytogenetic approaches in managing biotic stresses across a wider range of crops.
8. Collaborative efforts for effective stress management
The successful management of biotic stress using cytogenetic information is the key to better crop breeding. Individual breeders generally do not have expertise across the full range of disciplines that now impact on breeding strategies, and are usually unlikely to have cytogenetic expertise in-house. The global loss of cytogeneticists in agriculture is posing major problems as stress management becomes more complex. Therefore, it is important to promote closer collaboration between breeders and cytogeneticists on both specific and more generic aspects of stress factors, in order to help breeders in making full use of cytogenetic information. This should involve access for breeders to updated information on stress-related genetic changes in crops, and to cytogenetic expertise for help in identifying and utilizing relevant molecular markers. Cytogeneticists often work on wild relatives or related species where relevant genetic changes can be identified and studied more easily, and this can give valuable information for breeders of the crop. Opportunities for such collaboration, and also with pathologists in relevant disease areas, could be facilitated through formation of specific stress-related research groups or networks, involving both public and private sector scientists. Financing of such work is essential, and offers potential for good returns on investment, but availability of relevant funding mechanisms may vary between different countries and regions. An essential general aspect is education and training of young scientists in relevant disciplines. In recent years education in classical cytogenetics or plant pathology has become a low priority in many developed countries, due to high technology and molecular biology foci of many academic or research institutions. While molecular techniques are powerful and essential tools for modern stress analysis and breeding, a good understanding of basic cytogenetic principles is of enormous help in correctly interpreting molecular data and in avoiding wrong conclusions. Unfortunately, it is becoming common to encounter molecular biologists who are following molecular marker data analysis protocols which they do not fully understand. A more harmonic balance of molecular and classical approaches is needed, and this can come about with greater awareness of the strong complementarity of these techniques. Published information on successes in stress management using cytogenetic approaches is a good way of promoting this awareness, and a greater appreciation of crop-specific stress problems and potential long-term environmental impacts on stressed crop ecosystems is needed to help secure the interest of cytogeneticists and biologists working in wild species areas.
8.1. Comparative Effects with Wild Species:
Wild relatives of cultivated crops often exhibit greater genetic diversity and resilience to environmental stresses due to natural selection. For example, wild wheat species, such as Aegilops tauschii, possess genes conferring resistance to various diseases and tolerance to abiotic stresses, which have been lost in domesticated wheat through selective breeding (Kishii, M. 2019). Similarly, wild rice species like Oryza rufipogon harbor alleles that enhance tolerance to high temperatures, salinity, and drought. These genetic traits have been utilized to improve stress resistance in cultivated rice varieties (Zheng et al., 2024). Cytogenetic studies comparing stressed crops and their wild relatives can identify specific chromosomal regions associated with stress tolerance. This knowledge facilitates the introgression of beneficial genes from wild species into cultivated crops, enhancing their resilience to environmental stresses. For instance, the transfer of chromosomal segments from Aegilops speltoides into wheat has improved drought tolerance and disease resistance (Djanaguiraman et al., 2019). 
9. Future Directions and Challenges
With the advancements in novel technologies and introgression of resistance into crop species, there is evidence of a shift in focus towards more durable and often broad spectrum strategies of biotic stress control. This is typified by the resurgence in planting crop cultivars rather than hybrids and adequate incentives for the development of crop-specific biotic stress control strategies. Such an environment should be conducive to an increased interest in cytogenetic approaches to identify and transfer resistance factors for direct improvement of a crop cultivar. However, this optimism is tempered by the current trends in molecular genetics and transgenic approaches to biotic stress management, which have had limited success in delivering durable resistance and have often not been crop-specific in their approach.Though transgenic methods may find greater success in manipulating plant responses rather than directly combating pathogens, cytogenetic approaches can complement these efforts effectively. They can identify and introduce significant resistance factors that are frequently tailored to specific pathogens or their strains. One future trend would be the combination of these technologies to deliver a resistance package for specific crop cultivars that effectively addresses the numerous biotic stress threats with a level of durability not previously achieved. A resistance package may consist transgenically modified genes conferring general or non-race specific resistance and major gene introgressions dictating race-specific resistance to a particular pathogen. An alternate package may use genes conferring specific or race-specific resistance that have been identified through QTL analysis and are introgressed using marker-assisted selection. These approaches can vary in their feasibility and efficiency and decisions on which to employ should be influenced by knowledge of the crop and pathogens in question. In the end it should be clearer which approach is best for a particular biotic stress threat as compared to current situations involving transgenic technology.
9.1. Emerging trends in crop-specific biotic stress management
The first step of artificial infection of wheat seedlings of lines with different Pch loci. It appears that increasingly the primary goal of disease management will be the protection of crop yield, and an increased understanding of the genetic and environmental factors that lead to yield loss to particular diseases will influence prioritization of research directions in the private and public sector in favor of diseases that are yield limiting. Progress in understanding disease resistance will raise the issue of how best to deploy resistance genes from a diverse array of sources and potentially new types of resistance with approaches that minimize increases in the genetic vulnerability of the pathogen population to the crop and reduce unintended fitness costs to the crop from the resistance gene. A greater focus on the breeding of disease-resistant crop varieties will entail major changes in breeding programs and cultivar choices for many crops. At its most effective, this approach may obsolete some diseases and negate the need for disease-specific management.Alternative disease control strategies may involve selection for tolerance to a disease that is a cheaper option than full disease avoidance and allows partial control with minimal crop protection input. Theoretically, partial disease avoidance could be achieved by matching the flowering period of a crop to the period of low inoculum for a disease with knowledge of the genetics of both the crop and the pathogen. These types of cropping decisions are part of an emerging trend in crop agronomy and management known as precision agriculture and will, at some point, be influenced by technology from plant breeding.Cropping systems are complex and the benefits of improved disease resistance to farmers are noteworthy. The oncosts of chemical control must be weighed up against the costs of capital and learning with new technologies, and there needs to be explicit proof that disease resistance contributes to increased income for it to be a priority. Nevertheless, the declining efficacy of control with chemicals due to the policy shift on reducing the use of hazardous pesticides and the evolution of pathogens to overcome major gene resistance mean that alternative strategies for disease control are becoming more attractive. This trend will increase the need for an understanding of the epidemiological and agroecological factors that influence the severity of crop-specific diseases and how they relate to cropping practice and patterns.Managing plant diseases and pests is not a static scenario. It offers continuous challenges due to the changes in the environment and the adaptations in the organisms that need to be managed. The key trend in the coming years is likely to be the faster and more precise deployment of more durable resistance to diseases and pests. Cytogenetic techniques will deliver this through more targeted introgressions from wild species and more precise marker-assisted selection. Functional genomics research will underpin these approaches by providing a greater understanding of the mechanisms of resistance and thus the targets for the plant breeder. An allied trend on which this approach is partly dependent is a shift to viewing disease resistance as a priority trait in cropping systems.
9.2. Addressing challenges in implementing cytogenetic insights
Previous success in developing strains of potatoes with resistance to the golden cyst nematode, using nematode and virus-resistant tomato rootstocks, provides a strong example of how cytogenetic knowledge can significantly enhance the efficiency of resistance breeding. Unfortunately, this success has not led to widespread adoption of similar strategies for other pathosystems. Rates of success for developing specific disease-resistant cultivars can be quite low, often making the investment of time and resources unattractive to plant breeders. For certain crops or disease systems, it may be more cost-effective to utilize genetic modifications of existing cultivars. While a cytogenetic approach would still be feasible in many cases, the negative public perception of genetic modification may deter its implementation, thus restricting potential avenues for biotic stress resistance.Considering its substantial progress over the past two decades, this review argues that wide-scale deployment of cytogenetic insights can result in significant advances in crop biotic stress management. The relevance of cytogenetic insights to developing crop cultivars with biotic stress resistance has been demonstrated in several crops. However, an array of biotic stress management information, including that derived from classic genetics studies, often fails to be integrated into modern breeding programs. Gene pyramiding is one example where a cytogenetic approach, such as the development of markers to track introgressions, could provide an effective strategy to combine genes for resistance that are effective on specific pathogens or insect biotypes. Pyramiding is an attractive strategy for durable resistance but is seldom employed in comparison to its potential benefits.
10. Conclusion
In conclusion, the application of cytogenetic techniques in biotic stress management holds immense promise for the sustainable improvement of crop resilience against pathogens, pests, and other biotic stressors. Through the utilization of various cytogenetic methodologies such as karyotyping, fluorescence in situ hybridization (FISH), genomic in situ hybridization (GISH), and comparative genomic hybridization (CGH), researchers have been able to unravel the complex genetic mechanisms underlying plant-pathogen interactions.By identifying chromosomal regions carrying resistance genes, verifying introgressed segments from wild relatives, and characterizing genomic rearrangements associated with stress responses, cytogenetic approaches provide invaluable insights into the genetic architecture of biotic stress resistance in crops. Furthermore, these techniques facilitate the development of novel breeding strategies aimed at enhancing crop performance and mitigating yield losses caused by biotic stressors. Therefore, cytogenetics offers a powerful toolbox for understanding, exploiting, and harnessing the genetic diversity present in crop plants to combat biotic stresses effectively. Continued research efforts aimed at refining cytogenetic techniques, deciphering the genetic basis of stress resistance, and translating genomic discoveries into practical breeding applications will be pivotal for ensuring global food security and sustainability in the face of evolving biotic challenges.
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