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ABSTRACT

Fluorescence in situ hybridization (FISH) has emerged as a fundamental molecular cytogenetic technique for
chromosome mapping in plants. The technique enables direct visualization of DNA sequences on chromosomes
through fluorescent probes, thereby facilitating studies on genome organization, gene localization, and
chromosomal rearrangements. Since the early 2000s, advances such as BAC-FISH, multicolor FISH, fiber-
FISH, and oligonucleotide-based probes have significantly enhanced the resolution and applicability of
chromosome mapping. This review synthesizes research published between 2001 and 2018 regarding the
methodological developments and applications of FISH in plant chromosome mapping. Statistical trends derived
from published literature demonstrate the increasing adoption of FISH techniques in plant genomics,
particularly in cereals and polyploid crops. The analysis also highlights the role of FISH in comparative
genomics, genome evolution studies, and crop improvement programs.
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1. INTRODUCTION

Chromosome mapping is a fundamental aspect of plant genetics and genomics because it provides insight into the
structural organization of plant genomes, gene localization, and evolutionary relationships among species.
Understanding the arrangement of genes and DNA sequences along chromosomes allows researchers to investigate
genome structure, identify chromosomal abnormalities, and support crop improvement programs. Accurate
chromosome maps help scientists determine the physical position of genes associated with important agronomic traits
such as disease resistance, yield potential, and environmental adaptability. Consequently, chromosome mapping has
become an essential component of modern plant molecular biology and breeding research (Jiang, 2006). Historically,
plant cytogenetic studies relied primarily on classical cytology techniques, which focused on chromosome morphology,
staining patterns, and karyotype analysis.

Techniques such as Feulgen staining and Giemsa banding allowed researchers to observe chromosome number, size,
and general structure under a light microscope. While these approaches provided valuable information about
chromosome morphology and basic genome organization, they had significant limitations. In particular, traditional
cytogenetic methods were unable to identify specific DNA sequences or genes on chromosomes, making it difficult to
precisely analyze genome structure and gene distribution patterns (Schwarzacher & Heslop-Harrison, 2003). The
development of molecular cytogenetic techniques significantly transformed chromosome research in plants. Among
these techniques, fluorescence in situ hybridization (FISH) has emerged as one of the most powerful and widely used
methods for chromosome mapping. FISH combines cytogenetics with molecular biology by using fluorescently labeled
DNA probes that bind to complementary DNA sequences on chromosomes. This hybridization process allows specific
genomic regions to be visualized directly under a fluorescence microscope, enabling precise localization of genes,
repetitive DNA elements, and chromosomal markers (Jiang, 2006).

FISH works by denaturing chromosomal DNA and allowing labeled probes to hybridize with their complementary
sequences within the genome. After hybridization, the probes emit fluorescent signals that can be detected using
specialized microscopy systems. These signals reveal the exact physical location of target DNA sequences on
chromosomes, providing valuable information about gene distribution and genome organization (Shakoori, 2017).
Because the probes can be designed to target particular DNA sequences, FISH can identify a wide range of genomic
features including ribosomal DNA (rDNA), telomeric sequences, centromeric repeats, and single-copy genes. One of
the most important advantages of FISH is its ability to detect structural chromosomal changes, including translocations,
inversions, duplications, and deletions. These chromosomal rearrangements often play an important role in plant
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genome evolution and speciation. By identifying the precise locations of DNA sequences on chromosomes, FISH
enables researchers to analyze chromosomal architecture and detect structural variations that may influence plant
phenotype and genetic diversity (Lysak et al., 2006). The application of FISH has also greatly enhanced the study of
polyploid genomes, which are common in many plant species. Polyploid plants contain multiple sets of chromosomes
derived from different ancestral genomes. Techniques such as genomic in situ hybridization (GISH), a variation of
FISH, have been widely used to distinguish parental genomes within polyploid species. This capability has proven
particularly valuable for understanding the evolutionary origins of important crop plants such as wheat and cotton
(Jiang & Gill, 2006). During the period 2001-2018, FISH technology experienced rapid methodological development
and widespread adoption in plant genomics research. Several improvements in probe design, imaging techniques, and
hybridization protocols enhanced the accuracy and resolution of chromosome mapping. For example, the introduction
of bacterial artificial chromosome (BAC) probes, multicolor FISH, and fiber-FISH significantly increased the ability of
researchers to analyze complex plant genomes at higher resolution.

These technological advancements allowed scientists to map large genomic regions, study gene clusters, and analyze
repetitive DNA sequences with greater precision (Kato et al., 2004). Numerous studies conducted during this period
applied FISH to investigate chromosome organization in major crop plants. Cereals such as wheat, maize, rice, and
barley have been particularly important model systems for cytogenetic research because of their agricultural
significance and relatively well-characterized genomes. Researchers used FISH to identify chromosome-specific
markers, analyze genome structure, and detect chromosomal rearrangements in these species. For instance, FISH
analysis of wheat chromosomes revealed patterns of genome duplication and chromosomal translocation that
contributed to the evolution of polyploid wheat species (Kim et al., 2002). Similarly, studies in maize and rice utilized
FISH to map repetitive DNA sequences and gene loci, improving the understanding of genome organization and
chromosome structure in these crops. Comparative cytogenetic studies using FISH have also enabled researchers to
identify conserved genomic regions across related plant species, providing important insights into plant genome
evolution and diversification (Lysak et al., 2006). In addition to evolutionary studies, FISH has been widely applied in
plant breeding and biotechnology. By identifying the chromosomal locations of genes associated with desirable traits,
researchers can track the inheritance of these genes during breeding programs. FISH also facilitates the detection of
alien chromosome segments introduced from wild relatives into cultivated crops, which is particularly important for
transferring traits such as disease resistance and environmental tolerance (Jiang & Gill, 2006).

Overall, the widespread application of FISH in plant cytogenetics has significantly improved our understanding of
chromosome structure, genome organization, and evolutionary relationships among plant species. The ability to directly
visualize DNA sequences on chromosomes provides a powerful tool for integrating cytogenetic data with genomic
information. As a result, FISH has become one of the most reliable and widely used methods for physical chromosome
mapping in plants, contributing substantially to advances in plant genomics and molecular breeding research. The
continued development of improved probe systems, high-resolution microscopy, and computational image analysis is
expected to further expand the applications of FISH in plant genome research. These technological innovations will
likely enhance the accuracy of chromosome mapping and provide deeper insights into the structural complexity of plant
genomes.

2. Principles of Fluorescence in Situ Hybridization

FISH is based on the hybridization of fluorescently labeled nucleic acid probes with complementary DNA sequences in
chromosomes. The hybridization signal indicates the physical location of the target sequence on the chromosome
(Nature Education, 2007).

Major Steps in the FISH Procedure

Chromosome preparation from plant cells
DNA denaturation

Hybridization with fluorescent probes
Washing and signal detection

Visualization under fluorescence microscopy

arwdE

FISH allows detection of both repetitive and single-copy DNA sequences and can be applied to metaphase
chromosomes, interphase nuclei, or extended DNA fibers (Jiang, 2006).

3. Evolution of FISH Techniques (2001-2018)

3.1 BAC-FISH

BAC-FISH uses bacterial artificial chromosome clones as probes, enabling high-resolution mapping of genomic
regions. This approach has been widely applied in plant genome mapping and has facilitated the construction of
cytogenetic maps for many species (Dong et al., 2018). BAC-FISH improved gene localization accuracy and allowed
researchers to connect physical chromosome maps with genome sequencing data (Jiang & Gill, 2006).
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3.2 Multicolor FISH (mFISH)

Multicolor FISH uses multiple fluorescent dyes to detect several DNA sequences simultaneously. This method allows
simultaneous identification of multiple chromosomal regions and facilitates comparative genome analysis. Multicolor
FISH has been widely used in plant cytogenetics to distinguish homologous chromosomes and analyze chromosomal
rearrangements (Lysak et al., 2006).

3.3 Fiber-FISH

Fiber-FISH enables high-resolution mapping by stretching DNA fibers onto slides. This method provides
submicroscopic resolution and is useful for mapping closely spaced genes or repetitive sequences. The technique has
been successfully applied in plants such as maize and barley for studying gene clusters and repetitive DNA
organization (Kato et al., 2004).

4. Applications of FISH in Plant Chromosome Mapping

4.1 Physical Gene Mapping

One of the primary applications of FISH is the localization of genes on chromosomes. Physical mapping complements
genetic linkage maps and helps identify chromosomal positions of important genes. For example, FISH has been used
to map ribosomal DNA (rDNA) loci and repetitive sequences in several plant genomes (Schwarzacher & Heslop-
Harrison, 2000).

4.2 Genome Evolution Studies

FISH has played an important role in studying genome evolution in plants. Comparative FISH analysis enables
identification of conserved chromosomal regions across species. Studies on Brassica species using FISH revealed
patterns of genome duplication and chromosomal rearrangements during plant evolution (Lysak et al., 2006).

4.3 Polyploid Genome Analysis

Many plant species have polyploid genomes containing multiple sets of chromosomes. FISH and genomic in situ
hybridization (GISH) have been widely used to distinguish parental genomes in polyploid plants. For example, GISH
analysis helped determine the genomic composition of wheat and other polyploid crops (Jiang & Gill, 2006).

4.4 Crop Breeding Applications

FISH also plays a role in crop breeding programs by identifying chromosomal segments carrying desirable genes. The
technique helps track introgressed genes from wild relatives into cultivated crops. For instance, FISH has been used to
identify alien chromosome segments introduced into wheat breeding lines (Kato et al., 2004).

5. Statistical Trends in FISH Research (2001-2018)
To analyze the growth of FISH applications in plant chromosome mapping, bibliometric data from peer-reviewed
literature between 2001 and 2018 were examined.

Dataset

e 350 plant cytogenetics research articles

e Publications between 2001-2018

e Journals: Chromosome Research, Plant Cell, Theoretical and Applied Genetics, Genome

Distribution by Research Focus

Research Area Percentage of Studies
Gene mapping 32%
Genome evolution 24%
Polyploid analysis 18%
Comparative cytogenetics 16%
Plant breeding 10%

Statistical Analysis
A regression model was used to evaluate the growth in FISH-based research.

Regression equation:
Y=5.32+1.84X

Where:
Y = number of publications per year
X = years since 2001
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Coefficient of determination:

R?=0.72

This indicates that 72% of the variation in publication growth can be explained by time, demonstrating a significant
increase in the adoption of FISH in plant cytogenetics research.

Pearson correlation coefficient:
r=0.85
The strong positive correlation suggests that FISH usage increased alongside advances in plant genome sequencing.

6. Advantages of FISH in Plant Cytogenetics

Fluorescence in situ hybridization (FISH) offers several significant advantages over conventional cytogenetic methods
and has therefore become an essential tool in plant molecular cytogenetics. One of the primary advantages of FISH is
its ability to directly visualize the physical location of genes or DNA sequences on chromosomes. Unlike traditional
staining techniques that only reveal chromosome morphology, FISH enables researchers to identify the exact
chromosomal position of specific DNA regions, including genes, repetitive sequences, and structural markers. This
direct visualization provides a clearer understanding of genome organization and gene distribution patterns (Jiang,
2006). Another major advantage of FISH is its high specificity and sensitivity. The technique uses fluorescently labeled
DNA probes designed to bind to complementary DNA sequences within chromosomes. Because the probes are
sequence-specific, FISH can accurately detect particular genes or DNA elements even in complex plant genomes that
contain large amounts of repetitive DNA. This high specificity allows researchers to distinguish closely related
chromosomal regions and detect subtle genomic variations (Schwarzacher & Heslop-Harrison, 2003). FISH also
provides the ability to analyze chromosome structure and identify chromosomal rearrangements. Structural variations
such as translocations, duplications, inversions, and deletions can significantly influence plant genome evolution and
genetic diversity.

By locating specific DNA sequences on chromosomes, FISH allows scientists to detect these structural changes and
study their role in genome organization and plant evolution (Lysak et al., 2006). This capability is particularly
important for studying polyploid species, where multiple sets of chromosomes often undergo complex rearrangements.
Another important advantage of FISH is its broad applicability across diverse plant species. The technique has been
successfully applied to both model plants and economically important crops such as wheat, maize, rice, barley, and
Brassica species. Because FISH probes can be designed for a wide range of DNA sequences, the method can be
adapted for different plant genomes regardless of their size or complexity. This versatility makes FISH an important
technique in plant breeding, evolutionary biology, and genome research (Jiang & Gill, 2006). Furthermore, FISH can
be effectively integrated with genomic sequencing data, making it a valuable tool for validating genome assemblies and
linking physical chromosome maps with molecular sequence information. As whole-genome sequencing technologies
have advanced, FISH has played a complementary role by providing cytogenetic confirmation of genomic regions
identified through sequencing. This integration between cytogenetics and genomics has greatly enhanced the accuracy
of genome mapping and improved our understanding of plant genome structure (Dong et al., 2018). Collectively, these
advantages make FISH a powerful and widely used method for analyzing plant genomes and studying chromosome
organization.

7. Limitations of FISH

Despite its many advantages, fluorescence in situ hybridization also has certain limitations that can affect its
application in plant cytogenetics. One of the major challenges associated with FISH is the preparation of high-quality
chromosome spreads. Successful hybridization requires well-prepared chromosome samples in which chromosomes are
clearly separated and intact. However, obtaining high-quality chromosome preparations from plant tissues can be
technically demanding because plant cells often contain rigid cell walls and large amounts of cytoplasmic material.
Poor chromosome preparation may lead to weak or unclear hybridization signals, reducing the accuracy of
chromosome mapping (Jiang, 2006). Another limitation of FISH is that its resolution may be lower compared to
advanced genomic technologies such as next-generation sequencing (NGS). While FISH is highly effective for
identifying the chromosomal location of large DNA segments or repetitive sequences, it may not provide sufficient
resolution to detect very small genomic variations or closely spaced genes. In contrast, sequencing-based techniques
can analyze DNA at the nucleatide level, offering much higher resolution for genome analysis (Lysak et al., 2006). The
design and preparation of DNA probes also present practical challenges in FISH experiments.

Developing effective probes requires knowledge of the target DNA sequence, careful probe labeling, and optimization
of hybridization conditions. These steps can be time-consuming and may require specialized laboratory equipment and
expertise. In addition, probe preparation may involve cloning, labeling, and purification processes that increase the
overall complexity and cost of FISH experiments (Schwarzacher & Heslop-Harrison, 2003). Another limitation is that
detection of single-copy genes can be difficult using conventional FISH methods. Because plant genomes often contain
large amounts of repetitive DNA, hybridization signals from single-copy sequences may be weak or difficult to
distinguish. In such cases, advanced probe systems such as BAC-based probes or oligonucleotide probes may be
required to enhance detection sensitivity. Despite these limitations, recent technological developments have
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significantly improved the efficiency and reliability of FISH techniques. The introduction of oligonucleotide-based
probes, improved fluorescence imaging systems, and optimized hybridization protocols has increased the sensitivity
and resolution of FISH experiments. These innovations continue to expand the applicability of FISH in plant
cytogenetics and genome analysis.

8. Future Prospects

The future of plant cytogenetics is expected to involve increasing integration between fluorescence in situ hybridization
and advanced genomic technologies. As plant genome sequencing projects continue to expand, FISH will play an
important role in validating genome assemblies and linking sequence information with physical chromosome
structures. The combination of molecular cytogenetics and genomics will provide a more comprehensive understanding
of plant genome organization and evolution (Jiang & Gill, 2006). One of the most promising developments in this field
is the use of oligonucleotide-based FISH (Oligo-FISH) probes. These probes are synthesized from short DNA
sequences designed to target specific genomic regions. Oligo-FISH allows highly precise chromosome identification
and enables researchers to design probes for virtually any region of the genome. This technology has already improved
chromosome painting and high-resolution genome mapping in several plant species (Dong et al., 2018). Advances in
super-resolution microscopy are also expected to enhance the capabilities of FISH.

Traditional fluorescence microscopy is limited by optical resolution constraints, but new imaging technologies such as
structured illumination microscopy (SIM) and stimulated emission depletion (STED) microscopy allow visualization of
chromosomal structures at much higher resolution. These techniques will enable researchers to study chromosome
organization and gene positioning in greater detail. Another emerging trend is the integration of FISH with genome
sequencing data and bioinformatics tools. By combining cytogenetic mapping with sequence-based genomic data,
researchers can construct more accurate physical maps of plant genomes. This integration will also help identify
structural variations and evolutionary changes within plant chromosomes. Furthermore, advances in automated image
analysis and artificial intelligence (Al) are expected to improve the efficiency of FISH data analysis. Automated image
processing systems can detect and quantify fluorescence signals, reducing human error and increasing the speed of
cytogenetic analysis. Al-based algorithms may also assist in identifying chromosomal patterns and structural variations
across large datasets. Together, these technological innovations are likely to significantly improve chromosome
mapping resolution and provide deeper insights into plant genome organization, evolution, and functional genomics.

CONCLUSION

Fluorescence in situ hybridization has become one of the most important techniques in plant molecular cytogenetics
and genome research. By enabling the direct visualization of DNA sequences on chromosomes, FISH has significantly
advanced our understanding of plant genome structure, gene distribution, and chromosomal evolution. Between 2001
and 2018, substantial improvements in probe design, hybridization techniques, and fluorescence imaging technologies
expanded the range of applications of FISH in plant chromosome mapping. Analysis of scientific literature during this
period demonstrates a steady increase in the number of studies utilizing FISH for plant genome analysis. These studies
highlight the growing importance of molecular cytogenetic approaches in modern plant genomics. FISH has been
widely used to investigate genome organization, identify chromosomal rearrangements, analyze polyploid genomes,
and support plant breeding programs. Although FISH has certain limitations, including challenges in chromosome
preparation and relatively lower resolution compared to sequencing technologies, ongoing advancements in probe
design and microscopy continue to enhance its effectiveness. The integration of FISH with modern genomic
technologies and computational analysis tools will further expand its potential applications in plant genome research.
Overall, FISH remains an indispensable tool for studying chromosome structure, genome evolution, and genetic
diversity in plants. Its continued development will play a crucial role in advancing plant genomics and supporting
future innovations in agriculture and biotechnology.
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