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Abstract: Cytogenetics field is evolving rapidly due to advancement in next generation sequencing
technologies. It has progressed significantly in recent years from traditional to modern cytogenetics,
popularly known as cytogenomics. The tools for data analysis and visualization had been developed
since decades but due to continuous advancement in the field, they became obsolete or could not be
updated. Therefore, it is challenging for a biologist or geneticist to follow the latest tools available
and understand its applications. In the current review, we compiled both traditional as well as latest
up-to-date tools for the analysis and visualization of cytogenomics data so that it would be beneficial
for a biologist or even bioinformatician interested in cytogenomics field.
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Traditional Cytogenetics Meets Bioinformatics/ Genomics

In 1882, Walther Flemming, an Austrian cytologist, visualized portion of nucleus and was the
first research demonstrated human chromosomes in mitotic cells. A few years later, in 1888, Wilhelm
Waldeyer, proposed the term of “’chromosomes’ originating from Greek words for “’colored body”’.
In 1902-1903, Walter Sutton and Theodor Boveri formally introduced the “chromosome theory of
inheritance”. Around the same time, Sutton combined the cytology and genetics and referred to study
of chromosomes as *’ cytogenetics’ [1,2].

Advances in cytological preparation and microscopy were established by the end of 19th
century, which helped the cytogenetic to determine the accurate number of human chromosomes in
males and females [1,2]. Subsequently, Theophilus Painter introduced the X and Y sex chromosome
mechanism in males and females. Karyotype referred to ordered arrangement of chromosome was
proposed by Grigory Levinsky. In H.C. Hus's laboratory, an error reagent preparation, which
unexpectedly led to utilization of “hypotonic solution’” then Joe Hin Tjio and Alberta Levan resolved
the number of human chromosomes to be 46. The optimizing chromosomes preparation was the key
to establish the clinical cytogenetics field [1,2].

Jerome Lejeune and colleagues found the clinical cytogenetics by experimentally demonstrating
that the phenotypic effect was a result from chromosomal abnormalities, as they cultured the
fibroblast from a patient of Down syndrome and found additional copy of acrocentric chromosome
in all cells. A few years later, Peter Nowell and David Hungerford established the association
between the chromosomal abnormalities and cancer by demonstrating Philadelphia chromosome in
chronic myelogenous leukemia [1,2].

Nowadays, chromosomal analysis in both quantitative and qualitative effectively assist the
diagnosis of chromosomal aberrations and understand the mechanism of tumor development and
other diseases. The field of cytogenetics continues to evolve from banding to whole genome
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sequencing, the study of chromosomal abnormities and its relation with human disease remain a
priority of genomic medicine [3].

Classical Cytogenetics

The structure of a chromosome consists of two arms separated by centromere: a short arm,
designated as p (“petite”), and long arm, designated as q. Each chromosome is subdivided into
distinct regions, expanding from the centromere into the telomere. These regions are further divided
into bands (e.g., 8p11) and at higher resolution, into sub- bands (e.g., 8q11.1) [4].

The ability of distinguish individual chromosomes in clinical cytogenetics was limited until
Tobjorn Caspersson’s work in 1979, when he introduced quinacrine mustard staining for human
chromosome. This technique revealed unique banding pattern for each chromosome pair paving the
way for significant advancements in conventional and molecular cytogenetics [5]. These discoveries
facilitated the identification and characterization of various chromosomal abnormities including an
aneuploidy, deletions, duplications, inversions, translocations and insertions in constitutional
genetics and cancer research. The classification of the chromosomal abnormalities based on the size
and the location of centromere prior to the development of advanced banding technique [5].
Comparing abnormal chromosomes with their normal counterparts is essential for detecting
chromosome aberrations using banding technique.

Various chromosome banding methods were developed including Q, C- banding (C for
centromere), G- banding (G for Giemsa), R- banding (R for reverse) and high-resolution banding,
each providing distinct structural insights [5]. Q- banding, specific fluorochrome staining called
Quinacrine mustard is used to distinguish the human Y chromosome and X-Y and Y-autosome
translocation. The major limitation of this method is that due to quick fluorescence quenching, timely
photo is required to be taken for karyotyping. C- banding, developed by Pardue and Gall, was
historically employed to identify regions of heterochromatin localized at centromeres. This method
involves treatment with an alkaline solution followed by Giemsa staining. However, its application
in clinical settings has largely been discontinued. Despite this, C-banding remains useful for detecting
pericentric inversions in chromosomes 1, 9 and 16 as well as for identifying Y chromosome. Prior to
the advent of G-banding, chromosomes were classified into groups A through G based on their size
and centromere position [5].

The International System for Human Cytogenomic Nomenclature (ISCN) [6] was established to
standardize the designation of chromosomal abnormalities and ensure global consistency. This
system is based on the recognized banding patterns of each chromosome, as identified through G-
banding [7]. Currently, G-banding is the most widely utilized technique in clinical cytogenetics. It
plays a crucial role in detecting aneuploidy and structural chromosomal abnormalities, including
deletions, insertions and translocations. In this method, cells obtained from fresh tissues are cultured
and chromosomes are pretreated with trypsin before being stained with Giemsa. Under a brightfeild
microscope, chromosomes exhibit characteristic dark and light banding patterns. Regions with a high
GC content (euchromatin) remain intact and appear light, whereas regions with a high AT content
(heterochromatin) undergo denaturation by trypsin and appear dark [7].

R- banding produces a banding pattern inverse of G-banding, where dark regions are GC-rich,
and light regions are AT-rich [4]. AT- rich regions have a lower melting point than GC-rich regions
and undergo denaturation during incubation in a heated buffer prior to Giemsa staining, resulting in
lighter bands in AT-rich areas [7]. R-banding is particularly useful for detecting chromosomal
abnormalities located at the telomeres, including Jacobsen syndrome, which is characterized by a
terminal deletion of chromosome 11q [8]. Furthermore, high- resolution banding techniques imply
specific staining methods, such as Wright stain, which preferentially marks less supercoiled
chromosomes in late prophase and promatphase [9]. High-resolution banding allows for the
identification of a greater number of bands compared to conventional banding techniques, making it
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particularly useful for detecting chromosomal structural aberrations such as Prader-Willi syndrome,
which involves submicroscopic deletions in the 15q11-q13 region [10].

The technical standards and guidelines established by the American College of Medical Genetics
and Genomics (ACMG) delineate the procedures for processing and analyzing various types of
clinical samples. Bone marrow, neoplastic blood, and solid tumor specimens can be examined using
cytogenetic banding techniques [11,12]. Routine cytogenetics analysis typically requires
approximately twenty metaphase cells; however, in cases where mosaicism is suspected, additional
cells must be counted to enhance the sensitivity for detecting low- levels clones [13]. Advancements
in cytogenetic methodologies, including the use of chemical agents to induce chromosome breakage,
have significantly expanded our understanding of disease mechanisms [14]. The gold standard for
the clinical diagnosis of Fanconi anaemia involves treating cells with diepoxybutane or mitomycin C
to induce chromosomal breakage [15]. The diagnosis of Roberts syndrome can be established using
G- or C-banding, which reveals centromere separation and heterochromatin abnormalities [16].
Furthermore, fragile sites within chromosomes can be induced using folic acid — deficient culture
media and chemical agents such as aphidicolin and 5-bromo-2’-deoxyuridine. These fragile sites,
characterized by non-staining chromatin gaps, are named according to their chromosomal band
location. The most clinically significant fragile sites associated with human disorders include FRAXA
(fragile X syndrome) and FRAXE (fragile XE syndrome) [16].

Banding analysis provides critical information regarding chromosome number and structural
integrity, enabling the study of single cells, detecting of mosaicism and assessment of clonal
evolution. Additionally, this technique facilitates the identification of balanced and unbalanced
chromosomal aberrations, including translocations, invasions, duplications and deletions [17,18].
However, complex chromosomal rearrangements, such as cryptic translocations, chained fusion
events, chromothripsis, and chromoanasynthesis, cannot be accurately detected through banding
analysis. Moreover, the technique relies on culturing fresh cells, which may introduce limitations, as
abnormal cells often exhibit reduced proliferation rates, leading to their potential
underrepresentation or undetectability. Furthermore, factors such as samples type, quality and
preparation significantly influence the accuracy and reliability of abnormality detection [19].

Due to limited resolution of classical banding cytogenetics techniques in diagnosing
chromosomal aberrations, Pardue and Gall 1969 developed a precise technique called in situ
hybridization [20]. This technique enables the detection and localization of specific DNA or RNA
sequences within cells or tissues using fluorescently labeled nucleic acid probes. Initially, radioactive
isotopes were employed as markers; however, there were later replaced with fluorescence probes to
enhance safety and efficiency in chromosomal labeling [21,22]. Today, fluorescence in situ
hybridization (FISH) plays a pivotal role in cytogenetics diagnostic due to its numerous advantages,
including high sensitivity and specificity, spatial resolution, multiplexing capabilities, applicability
to a wide range of biological specimens (e.g., prenatal amniotic fluid, chorionic villi, peripheral blood,
bone marrow and frozen or formalin-fixed paraffin- embedded tissues) and rapid turnaround time
[23].

The FISH technique is performed through a series of steps, including sample preparation,
labeling with fluorescent probes, washing, counterstaining with 4’,6-diamidino-2-phenylindole
(DAPI), visualization using fluorescence microscopy and subsequent analysis, either manually or
through software- based signal quantification. This analysis allows for precise measurement of signal
intensity, localization and distribution within the nucleus [23,24].

FISH encompasses various techniques, each with specific clinical applications, including the
detection of chromosomal abnormalities, gene rearrangements, and copy number variations.
Interphase FISH is employed for the identification of chromosomal abnormalities and mosaicism.
This technique provides rapid results as it does not require cell culture preparation, allowing for the
analysis of a large number of cells within a single experiment [25]. Additionally, metaphase FISH is
utilized for detecting balanced and unbalanced chromosomal aberrations. It can be combined with
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other cytogenetic techniques to facilitate a more comprehensive analysis of chromosomal
abnormalities [25].

Locus- specific FISH is used to identify specific chromosomal aberrations within a targeted
genomic region and is particularly useful for detecting deletions and duplications that are not
identified through conventional banding techniques. This method is instrumental in diagnosing
recurrent microdeletion and micro duplication syndromes, as well as in detecting cryptic
rearrangements within telomere regions [25]. Another variant, whole chromosome painting (WCP),
employs probes that hybridize along the entire length of a chromosome enabling the visualization of
individual chromosomes and the identification of numerical and structural aberrations [26]. The
integration of WPC with spectral karyotyping has enhanced the detection of complex chromosomal
rearrangements; however, it has largely been superseded by advanced genomic technologies,
including chromosomal microarray analysis (CMA), optical genome mapping (OGM) and next-
generation sequencing (NGS) [27].

Copy number alterations (CNAs) in genomic DNA is associated with multiple human diseases
specially cancer. Therefore, the identification of CNAs in cancer is primary objective of elucidating
the mechanism of disease. Comparative genomic hybridization (CGH) is another cytogenetic
technique that utilize two different fluorescently labeled genomic DNA samples to detect genome-
wide copy number alterations. CGH was developed to overcome the limitations of spectral
karyotyping, which requires metaphase cell cultivation. Several advance array platforms have been
developed, including array CGH, single nucleotide polymorphism (SNP) arrays and a hybrid
approach combining array CGH and SNP arrays. CMA is widely applied to various biological
samples, including DNA extracted from blood, bone marrow, tissues, amniotic fluid, chorionic villi,
embryonic cells, stored cell fractions and cultured samples. It is commonly used for diagnosis
microdeletion and micro duplication syndromes. However, CMA is limited in that it can only detect
copy number gains and losses without providing structural information about chromosomal
rearrangements [28,29].

Optical genome mapping (OGM) is an emerging technique that enables the genome-wide
detection of structural variants (SVs) using labeled ultra- high molecular weight (UHMW) DNA. This
method preserves DNA integrity, minimizes fragmentation and facilitates the identification of SVs
across large genomic regions. OGM relies on specific repetitive sequence motifs (CTTAAG), which
occur approximately 15 times per 100 kb of genomic sequence, to label UHMW DNA [30]. Images
captured from single- labeled DNA strands are utilized to generate denovo genome assemblies,
which are then compared to a reference genome for the detection of SVs, including balanced and
unbalanced translocations and inversions and insertions. Furthermore, OGM provides insights into
gene disruption and altered long-range regulatory interactions, offering a valuable tool for
comprehensive structural variant analysis [31].

In the rapidly evolving cytogenomics era, WGS is a revolutionary tool by enabling decoding of
genetic life [32]. Combination of classical cytogenetics and modern genomics, it is the sequencing of
an individual’s entire genome, including both protein-coding and non-protein coding regions
detecting chromosomal abnormalities underlying genetic disorders, cancers, congenital conditions
and even pathogenic diseases [32,33]. WGS offers an unparalleled resolution, enabling the detection
of single-nucleotide variations, copy number changes, and complex structural rearrangements at a
genome-wide scale.

Advanced Cytogenomics in Specific Diseases Like Brain and Cancer

Chromosomal abnormalities and clonal dysregulation can be detected through molecular
cytogenetic analysis at the cellular level, whereas mutations and copy number alterations (CNAs) of
cancer-related genes can be identified at the genomic level using cytogenomic techniques, such as
array-based comparative genomic hybridization (array-CGH), single nucleotide polymorphism
(SNP) arrays, and next-generation sequencing (NGS). Due to the increased availability, improved
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resolution, and cost-effectiveness of cytogenomic technologies, the detection of novel mutations and
gene fusions associated with human cancer has become more efficient, thereby contributing to
precision medicine and personalized cancer therapy. Key oncogenic mutations, such as BRAF and
NRAS, have been identified as molecular targets in cutaneous melanoma [34], facilitating the
development of targeted therapeutic strategies. Additionally, NGS technology enables the
simultaneous detection of multiple genetic mutations and the analysis of circulating tumor cells
(CTCs) and circulating tumor DNA (ctDNA) [2], providing a comprehensive genomic landscape of
tumors. This approach offers several advantages, including non-invasiveness, early cancer detection,
and real-time monitoring of tumor evolution and treatment response. Among molecular cytogenetics
techniques, fluorescence in situ hybridization (FISH) remains a widely utilized diagnostic tool in
oncology. It is routinely employed for the detection of HER2 gene amplification in breast cancer,
BCR-ABL gene rearrangements in leukemias, and ALK-EML4 translocations in non-small cell lung
carcinoma (NSCLC) [35]. Additionally, the UroVysion FISH assay has proven to be a clinically
relevant tool for the detection and monitoring of bladder carcinoma [36].

The integration of cytogenomics and molecular cytogenetics has revolutionized cancer
diagnostics by providing a comprehensive understanding of chromosomal abnormalities, gene
mutations, and structural variations that drive tumorigenesis. While FISH-based techniques remain
a gold standard for detecting specific gene rearrangements and amplifications, the advent of high-
throughput cytogenomic technologies, such as array-CGH, SNP arrays, and NGS, has expanded the
ability to identify novel oncogenic drivers, complex rearrangements, and tumor heterogeneity with
unprecedented resolution. These advancements have been particularly impactful in brain and
hematologic malignancies, where chromosomal instability and gene fusions play a pivotal role in
disease progression. In glioblastoma (GBM), for example, cytogenomic profiling routinely identifies
EGFR amplifications, PTEN deletions, and chromosome 7/10 aneuploidy, which are critical for tumor
classification and targeted therapy selection. Similarly, in hematologic cancers, recurrent
chromosomal translocations such as t(9;22) in chronic myeloid leukemia (CML) and t(15;17) in acute
promyelocytic leukemia (APL) guide precision medicine approaches, including the use of tyrosine
kinase inhibitors (TKIs) and retinoic acid-based therapies, significantly improving patient outcomes
[37]. Beyond tumor tissue-based diagnostics, liquid biopsy-based cytogenomics is emerging as a
powerful tool for real-time cancer monitoring and minimal residual disease (MRD) detection. The
ability to analyze circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs) using NGS,
digital PCR, and epigenomic assays enables non-invasive tumor profiling, early relapse detection,
and adaptive treatment strategies [38]. This approach is particularly relevant in highly aggressive
cancers such as glioblastoma and triple-negative breast cancer, where genomic evolution under
therapeutic pressure often leads to drug resistance and disease recurrence. Moreover, advancements
in long-read sequencing, OGM, and artificial intelligence-driven cytogenomic analysis are refining
mutation detection, structural variant analysis, and therapy response predictions. As these
innovations continue to evolve, the synergy between molecular cytogenetics and cytogenomics will
play a crucial role in enhancing cancer diagnostics, improving precision medicine strategies, and
ultimately advancing personalized oncology.

Databases and Tools for the Visualization and Analysis of Cytogenomics
Dataset

Cytogenomic data is sensitive, large and rapidly growing, where its efficient storage and quick
retrieval is essential in carrying out further research. Databases serve the very purpose by keeping
vast amounts of quality data in an organized manner and often with very specific purpose or type.
Here we discuss popular databases categorized based on their focus areas.

Chromosomal Aberration and Karyotyping Databases
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This category focuses on databases serving for chromosomal disorders, structural variations and
karyotyping. DECIPHER (Database of Chromosomal Imbalance and Phenotype in Humans Using Ensembl
Resources) [39] is a well-known database for chromosomal imbalance, CNVs and phenotype. It also
has tools for the interpretation of submicroscopic chromosomal imbalance, inversions, and
translocations. The database is fully integrated into Ensemble Genome browser and covers more than
50000 patients. The database cab be accessed at https://www.deciphergenomics.org/. Mitelman

Database [40] is a repository of chromosomal aberrations and gene fusions in cancer. The database
has been manually curated from the literature by Felix Mitelman in collaboration with Bertil
Johansson and Fredrik Mertens. The database contains features like BigQuey and data analysis tools
and visually interactive data browser. The database The database is supported by National Cancer
Institute and the Swedish Cancer Society. The database is available at https://mitelmandatabase.isb-
cgc.org/.

Copy Number Variation (CNV) & Structural Variant Databases

The primary focus area of these databases are copy number variations (CNVs), structural
variants (SVs), and genomic rearrangements. dbVar [41] (https://www.ncbi.nlm.nih.gov/dbvar) is
NCBI's database known for housing clinical/common structural variations, CNVs and large
deletions. DGV (Database of Genomic Variants) [42], it is a curated catalogue of human genomic
variants focusing mainly on normal CNVs and SVs in the human population. The database has got
its own genome browser and can be accessed at http://dgv.tcag.ca/. Currently DGV has over 75

studies covering more than 7 million CNVs at sample-level. The Genome Aggregation Database
(GnomAD) [43], developed with the goal of aggregating and harmonizing both exome and genome
sequencing data from a wide variety of large-scale sequencing projects. The current v4 version of
database (GRCh38) provided spans 730,947 exomes, 1,199,117 SVs, 807,162 individuals and 76,215
whole-genome sequences. Gnomad database can be accessed at https://gnomad.broadinstitute.org/.

Cytogenomic Mutation and Specific Disease Databases

Databases under this category focus mainly on genomic information involved in genetic
disorders, chromosomal syndromes and inherited mutations. OMIM (Online Mendelian Inheritance
in Man) database is most popular and authoritative freely accessible database of human genes and
phenotype. It covers over 16000 human genes. OMIM database can be accessed at
https://www.omim.org. COSMIC database [44] from Welcome Sanger institute, UK, is a primary
source for somatic mutations in cancer. The database has been expert curated from more than 29000
scientific literatures and has integrated tools for the interpretation and analysis of impact of somatic
mutations on disease. COSMIC database can be accessed at https://www.cosmickb.org. TCGA (The

Cancer Genome Atlas) database [45] is a revolutionary cancer genomics program which has
molecularly characterized over 20000 primary cancer and matched normal samples covering 33
different cancer types. TCGA database has many useful tools and resources for cancer genomic data
interpretation and analysis. Most popular tools are cBioPortal [46], which provides visualization,
analysis and download of processed TCGA datasets. TCGA database can be accessed at
https://www.cancer.gov/tcga. ClinVar [47] database is from NCBI, which harbors clinically relevant

variants and their pathogenicity. ClinVar database has detailed reports of human variations classified
for Mendelian diseases, cancer or drug responses. ClinVar can be accessed at
https://www.ncbi.nlm.nih.gov/clinvar. Orphanet (https://www.orpha.net/) [48] is a unique resource
for improving knowledge on rare diseases. Currently the database covers 4462 genes and 6417
diseases. The database was established by INSERM (French National Institute for Health and Medical
Research), France in 1997.

Popular Variant Calling Tools
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GATK (Genome Analysis Toolkit)

GATK [49] is a popular open source software suite developed by Broad Institute for analyzing
high-throughput sequencing data (HTS), specifically optimized for variant discovery and genotyping
in RNA-Seq, Whole Exome Sequencing (WES), and Whole Genome Sequencing (WGS) datasets.
GATK pipeline performs quality control on raw FASTQ sequencing reads through FASTQC and uses
BWA-MEM algorithm for read alignment to the reference genome. HaplotypeCaller from GATK
detects SNVs and small indels from the aligned BAM files. For identifying tumor specific mutations,
GATK uses Mutect2 and GATK-SV for analyzing structural variants or large chromosomal
rearrangements. GATK does Variant Quality Score Recalibration (VSQR) and employs ML based
variant ranking. GATK uses GenotypeGVCFs and GenomicsDBImport tools for multi-sample variant
calling. GATK can be accessed at https://gatk.broadinstitute.orgy/.

DeepVariant

DeepVariant [50] is another popular open-source deep learning-based variant caller developed
by Google DeepMind. It uses convolutional neural network (CNN) to accurately detect SNVs and
Insertions/Deletions (Indels) from high-throughput sequencing (HTS) data. It uses GATK to generate
potential variant positions, then converting candidate regions into image tensors. DeepVariant
prediction model is trained on high-confidence variant calls from the Genome in a Bottle (GIAB)
project, which classifies each pileup image tensor into variants. DeepVariant achieved higher
accuracy than traditional tools like HaplotypeCaller or FreeBayes. DeepVariant pipeline is automatic,
which eliminates need for manual thresholding/tuning (like in GATK) and is optimized for GPU
acceleration for large WGS datasets. Further details of the DeepVariant can be accessed at
https://google.github.io/deepvariant/.

Samtools

Samtools [51] is a must have tool for genomics, where generated aligned raw read
(SAM/CRAM/BAM) file is analyzed for alignment statistics, calling variants or manipulating HTS
files. Samtools has programs for sorting according to genomic coordinates before variant calling as
well as produces index file for rapid access to reads. Samtools has a pileup-based variant calling
algorithm along with quality control methods such as filtering unmapped reads, extracting high
quality reads and even retrieving only reads mapping to specific chromosomes.

Open sourced Samtools can be accessed at https://www.htslib.org/.

Genome Browsers and Popular Visualization Tools

Beside useful databases there are very popular genome browsers (Table 1), which help in base-
level visualization and analysis of human chromosomes as well as genes. Unlike traditional databases
that store raw genomic sequences, genome browsers integrate sequencing data with functional
annotations, enabling efficient navigation through large-scale genomic datasets. These are mainly

UCSC (https://genome.ucsc.edu) [52], which provides visualization and annotation for not only
human assemblies but also viral genomes like SARS-CoV2; Ensembl [53] and NCBI Genome browsers
(https://www.ncbi.nlm.nih.gov/gdv), which covers mostly eukaryotic genome assemblies, which
provides interactive platform for cytogeneticists to study genomic variations, gene location and
chromosomal architecture.

Table 1. A comparative summary of discussed genomic browsers and visualization tools.

Tool Applications Limitations

Comparative genomics andLimited support for private

UCSC Genome Browser GWAS datasets
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Functional genomics andComputationally expensive,
Ensemble genome browser variant  annotation andsome features also require
prioritization scripting

Clinical cytogenetics, HumanLimited visualization
NCBI Genome Data Viewer reference genome analysiscompared to UCSC and
and gene expression studies Ensembl

Chromosomal interactionMore suited for network
CytoScape studies and  structuralanalysis than full genome
variation visualization visualization

SV, CNV and Chromosomalngh memory  usage, not

IGV . o ideal for comparative
aberration visualization .
genomics
Cancer enomics an Limited automation(no
Circos & . inbuilt GUI) and less
chromosome mapping . .
interactivity
. . Requires preprocessed data
. Population  genetics and 1 prep . .
ChromoPainter and parameter tuning is

evolutionary studies challenging

Apart from popular genome browsers, other open source web-app based genomic browsers
enable targeted cytogenomic studies leading to more specialized research opportunities. Tools like
CytoScape [54] which is developed for visualizing complex molecular interactions networks and
cytogenetic data. Integrative Genomic Viewer (IGV) [55] is a high-performance tool supporting large
scale WGS and transcriptomic datasets. Circos [56], a circular-layout visualization tool for
representing structural variants, CNVs and interaction between chromosomal regions.
ChromoPainter [57], used for visualizing ancestral chromosomal segments and haplotype sharing
across populations.

Cytogenomics Data Analysis Tools

Cytogenomics has evolved significantly with the integration of computational tools, improving
analysis of chromosomal structural changes and base level genomic variations. Advanced
cytogenomic tools also termed as systems cytogenomics certainly help in development and
applicability of chromosome research [58], through identification of structural variants, chromosomal
abnormalities, and pathway-based analysis. This section reviews key platforms and softwares used
in cytogenomics data analysis, categorized by their primary functions in Karyotyping, FISH or array
based.

Karyotyping is visual representation of a chromosome by producing images of it after a series
of processes. Chromosomal anomalies like the length of the chromosomes, position of centromeres,
banding patterns, and the difference in sex chromosomes are the underlying cause of numerous
diseases in humans like Down’s Syndrome, Cystic Fibrosis and even Cancer. With advancing soft
technologies various platforms are built to enhance analysis of chromosome images. Conventional
measurement of metaphase chromosomal spread and transforming data into table was a very slow
and complex process, requiring multiple photographic steps, manual statistical analysis and drawing
of images. There had been multiple attempts since several decades ago to automate this process
through computer programs or tools to facilitate accurate karyotype analysis [59-67]. However, these
tools became outdated due to technological advances and computer infrastructure or did not update
for many years. Here we describe in details tools which are actively updated and currently usable
(Figure 1, Table 2).
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Figure 1. Current popular tools for Cytogenomic data analysis.

Table 2. Comparative summary of selected tools for Karyotyping.

Language/ ..
Tool slag . Features Applications
Implementation
Plant and animal
cytogenetics f
VB .NET framework Karyotype Y?08 e o
measurin,
Windows and MACcharacterization and &
MATO/KaryoType chromosome lengths,
as well as chromosome e
ideogram
Github source code measurement & .
construction,
evolutionary studies.
Karyotype conversionClinical genetics,
into enomicCancer research and
Web based and R~ genor . .
CytoConverter coordinates, reportingPrecise mapping of
package .
net gain and loss ofchromosomal
genetic material aberrations
Grammar Parser with Detection of complex
Parses  ISCN-based . .p
CvtoGPS Antlr. K o int structural variations,
o aryo into
y Web based, maZhiZ frea dable teXtPersonalized
RCytoGPS (R version) medication
Prenatal diagnostics,
automated detection
Javascript, WebDownstream
of chromosomal
. based, chromosome e
Biochrom . . abnormalities in fetal
Image Processing andsegmentation and . .
. e screening, rare genetic
Deep Learning classification

syndromes, and
tumor cytogenetics.
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CytoConverter

Whole Chromosome or segment gain or loss leads to multiple human disease (syndrome) or
cancer. Karyotyping based on banding pattern, identifies locations of microscopic level changes such
as translocation, larger deletion and duplication events. However, since early 2000 with the
completion of human genome sequence, researchers are able to identify chromosomal aberrations in
terms of genomic coordinates. A similar tool, CyDAS [68] characterizes the chromosomal aberration
from cytogenetic nomenclature, but the tool is not updated since 2004. More updated tool,
CytoConverter [69] is developed on the existing challenges of cytogenetic nomenclature which are
used to describe chromosomal aberration in a collection of cells. This tool bridges this very gap by
converting karyotypes into genomic coordinates supplemented by the number of cells involved in
each aberration if demanded. CytoConverter also produces graphical representation, detailing areas
of gains and losses of chromosomes and chromosomal segments.

CytoConverter is programmed in R accepting karyotype strings or tab-delimited tables (first
column must have sample names while second column as karyotype) and follows the cytogenetic
nomenclature of ISCN 2016. CytoConverter outputs losses and gains, labelled by sample name, in
hg19, GRCh38 and also hgl8 coordinates. If cell count is provided in the input karyotype,
CytoConverter reports the cell wise distribution for each aberration along with the total number of
cells in the sample. Although this tool analyzes the samples where higher-resolution copy number
data is not available, but this tool does not report balanced translocations or inversion events.
Cytoconverter is available as web-based application at
https://jxw773.shinyapps.io/Cytogenetic _software.

CytoGPS

ISCN coded karyotype data is a text based standard format which is mostly human readable but
not machine readable. Karyotype stores the information or events regrading cytogenetic
abnormalities located on specific chromosomal band. The CytoGPS [70] tool translates this even-
location pair using a grammar set designing systems knowns as Antlr into a binary model, which
represents losses, gains and fusion (LGF) events. Each LGF event is represented separately for each
band. CytoGPS is web based tool where each chromosome is represented horizontally while each
cytogenetic band is shown vertically. Recently a R version, RCytoGPS [71] developed, which is more
adaptable to downstream computational pipelines. RcytoGPS takes JSON output generated by
CytoGPS and convert this into a R object, which facilitate further downstream analysis and
visualization. CytoGPS is available at http://cytogps.org/.

Biochrom

Biochrom [72] is another web-based tool, which has both manual and automated functions for
chromosomal segmentation and classification. It is based on deep learning technique, which takes
less computational time during image processing. The deep learning model is trained on 612
metaphase images with 48 having chromosomal aberration. Biochrom is an upgrade to conventional
method like MetaSel [73] in terms of manual interactions and processing time. MetaSel was originally
developed to select suitable metaphase chromosome spreads, which was considered a major
bottleneck in traditional cytogenetics. MetaSel had major chromosomal editing functions like split,
merge and fix with a karyotyping editor.

MATO

An updated and renamed tool MATO (Measurement and Analysis Tool) [74], previously known
as KaryoType [75], originally developed to study plant chromosomes. It allows efficient chromosome
measurements and karyotype analysis from microphotographs. Chromosomal characterization is
performed based on the number, size, arm ratio, centromeric index, relative lengths, angle, count and
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color. The tool offers automatic chromosome grouping based on quantitative traits. MATO is user
friendly to run on Windows and Mac OSX with free source distribution at github
https://github.com/sculab/MATO.

RS-FISH

RS-FISH (Radial Symmetry FISH) [76] is a user-friendly software to address the challenging task
of detecting fluorescent spots in two- and three-dimensional microscopy images. It offers interactive
parameter tuning and capable of processing large datasets of multiple samples using distributed
parallelization on workstations, clusters, or the cloud. RS-FISH maintains lower localization error
and high detection accuracy across a wide range of signal-to-noise ratios, a primary feature for spatial
genomics applications and single-molecule FISH.

The RS-FISH software is written in Java, which supports wide range of parameters allowing the
user to adjust it to the microscope settings. RS-FISH accepts all image data formats supported by
another  popular biological image processing tool, Fiji [77] and BioFormats
(https://github.com/ome/bioformats). Large images should be stored in the N5/Zarr format if doing
parallelization with Spark. RS-FISH is able to detect spots more precisely because it allows careful,
interactive parameter selection, however its accuracy drops if there is high noise in images.

SnoopCGH

SnoopCGH [78] is a java-based standalone application that accepts CGH data in tab, space or
comma separated format. The columns should have chromosome number, probe name, probe
starting and end positions, and a series of log intensity values corresponding to one or more
comparisons or samples. Its functionality includes assessment of data quality, normalization,
detection of SVs and integration of useful annotation of features. It has implemented SV breakpoint
analysis methods and enable the rapid visualization and dissection of putative SV regions.
SnoopCGH can be accessed at https://snoopcgh.sourceforge.net/.

Beside these there are commercial products for karyotype and advanced cytogenomic analysis
which are often sold together with the laboratory’s genetic imaging and analysis systems [79]. These
commercial softwares are built for PC desktop platform connected with microscope, which requires
a technologist or cytogeneticist to stay in the laboratory during the experiment. Few examples of
these commercial products are CytoGenomics Software by Agilent, MetaClass by Microptic,
ArgusSoft, HiBand by Applied Spectral Imaging, GenASIs FISHview by DSS and Ikaros, Metafer,
ISIS by Metasystems.

Conclusion

Although current cytogenomics tools and databases provide robust platforms for visualization,
and analyzing chromosomal abnormalities, yet they lack in interoperability and standardization.
Another key challenge lies in integrating multi-model data (e.g.,, WGS, karyotyping, CNV arrays)
into unified, clinically actionable framework, which can prove valuable in real time genetic problems
of the world. Furthermore, tools for variant identification are still very complex and require high
technical skills where many tools still lack intuitive interfaces and automated variant interpretation.
This should be fulfilled with more optimized development and better use of modern technology.
Future advancements in this field should focus on real-time data sharing, enhanced user-centric
platforms and Al-driven harmonization for precision cytogenomics.
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