
IntechOpen Series  
Genetics, Volume 11

Unraveling the Causalities of 
Genetic Variations 

Recent Advances in Cytogenetics

Edited by Hayrettin Okut and Subrata Kumar Dey





Unraveling the Causalities 
of Genetic Variations 
- Recent Advances in 

Cytogenetics
Edited by Hayrettin Okut 
and Subrata Kumar Dey

Published in London, United Kingdom



Unraveling the Causalities of Genetic Variations - Recent Advances in Cytogenetics
http://dx.doi.org/10.5772/intechopen.111119
Edited by Hayrettin Okut and Subrata Kumar Dey

Contributors
Aditi Chaudhary, Aram Asareh Zadegan Dezfuli, Asra Kirmani, Chanda Siddoo-Atwal, Ching-Fen Hsu, 
Faisel Ahmed, Hayrettin Okut, Jaffar Abass Wani, Junyi Xin, Kachienga Leonard, Magwalivha Mpho, 
Mahrukh Hameed Zargar, Manikantan Pappuswamy, Meilin Wang, Mohammad Hashemzadeh, Mulong Du, 
Nethathe Bono, Niranjana Karukayil Gopalakrishnan, Qian Jiang, Rikhotso Mpumelelo Casper, Rosey 
Zackula, Sana Syed Ansar, Shi-Yu Rao, Silu Chen, Subrata Kumar Dey, Tahir Mohiuddin Malla, Xiaoling 
Guo, Xin Zheng, Xiu-Zhi Fu, Yuqing Ran, Zafar A. Shah

© The Editor(s) and the Author(s) 2025
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 4.0 License which permits commercial use, distribution and reproduction of the 
individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/ copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and 
not necessarily those of the editors or publisher. No responsibility is accepted for the accuracy 
of information contained in the published chapters. The publisher assumes no responsibility for 
any damage or injury to persons or property arising out of the use of any materials, instructions, 
methods or ideas contained in the book.

First published in London, United Kingdom, 2025 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: IN TECH d.o.o., Prolaz Marije Krucifikse Kozulić 3, 51000 Rijeka, 
Croatia, info@intechopen.com or visit our website at intechopen.com.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Unraveling the Causalities of Genetic Variations - Recent Advances in Cytogenetics
Edited by Hayrettin Okut and Subrata Kumar Dey
p. cm.

This title is part of the Genetics Book Series, Volume 11
Topic: Genomics 
Series Editor: Kenji Ikehara 
Topic Editor: Irina Vlasova-St. Louis

Print ISBN 978-1-83769-903-2
Online ISBN 978-1-83769-902-5
eBook (PDF) ISBN 978-1-83769-904-9
ISSN 3049-7094

If disposing of this product, please recycle the paper responsibly.

http://dx.doi.org/10.5772/intechopen.111119
mailto:permissions%40intechopen.com?subject=
https://www.intechopen.com/page/copyright-policy
mailto:info%40intechopen?subject=
http://intechopen.com


IntechOpen Book Series  

Genetics
Volume 11

Aims and Scope of the Series
“Genetics,” which has been proud of its tradition since Mendel presented his re-
search results in 1865, initially progressed quite slowly due to simple observational 
approaches of individuals and groups. However, the discovery of double-strand-
ed DNA by Watson and Crick about 70 years ago triggered rapid progress in life 
sciences, including genetics, which was primarily conducted using Escherichia coli 
and bacteriophages infecting E. coli. Subsequently, genetics has achieved remark-
able developments, such as understanding genetic disorders, including cancers, 
through research on the biogenesis and differentiation of plants and animals. 
The two topics of this book series - Human Genetics, and Genomics - will address 
important areas of advancement in genetics. 
Human Genetics: After fundamental genetics, initially studied with the main goal 
of revealing the functions of individual genes and proteins, genetics expanded 
from understanding the genetic system itself to understanding many infectious 
diseases caused by bacteria and viruses. Consequently, human beings are now over-
coming infectious diseases by developing medicinal chemicals, including antibiot-
ics and vaccines. However, genetic disorders remain challenging to cure up to now. 
Nevertheless, even the cure for them, including various cancers, is coming closer 
to reality due to the rapid progress of human genetics. In this way, the welfare of 
human life continues to improve, and even longevity, which was once a dream, has 
been achieved to some extent in recent years. 
Genomics: On the other hand, the understanding of the comprehensive interrela-
tionship of whole genes or whole proteins functioning in one organism has become 
possible now, as research has entered the era of genomics, owing to the rapid prog-
ress of base sequence analysis and bioinformatics. The development of genomics 
has further made it possible to understand the evolutionary processes of organisms 
through comparative studies among the genomes of many organisms. 
This book series will discuss the findings obtained during the advancement of 
human genetics and genomics. It is also expected that this series will trigger the 
formation of a better world composed of human beings and all other organisms on 
Earth through discussions of research results obtained under the development of 
general genetics.
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Preface 

The rapid advancement in biomedical research in human genetics has transformed 
our understanding of genetic variation, disease risk, and treatment response. This 
edited volume, “Unraveling the Causalities of Genetic Variations – Recent Advances 
in Cytogenetics”, presents a comprehensive overview of genetic variation research by 
current experts in the field. 

Genetic differences, ranging from single-nucleotide changes to large chromosomal 
rearrangements, form the basis of human diversity and are key to understanding 
the mechanisms of complex diseases. Cytogenetics has undergone a dramatic shift 
with advances in technology, enabling more in-depth explorations of how genetic 
differences impact health outcomes. This book reflects the status of this evolving 
field and offers glimpses into future uses. 

The chapters explore genetic variation research in a step-by-step fashion, beginning 
with its foundation and progressing to applications in personalized medicine. The 
chapters describe the evolving landscape of genetic studies, indicating a shift from 
single-gene diseases to research that encompasses multiple genetic elements, envi-
ronmental factors, and epigenetic modifications. Population genetics observations 
describe variations that contribute to adaptation and evolution, such as the protective 
effect of β-thalassemia genes against malaria in specific populations. 

The book emphasizes methodological advances through coverage of environmental 
pollutant-based polygenic risk scores (EpPRS) and polygenic risk scores (PRS). 
These methods combine genetic and environmental data to improve predictive risk 
assessment. Microdeletion syndromes are also elaborated upon. Chapters outline 
how array comparative genomic hybridization and next-generation sequencing have 
revolutionized the identification and characterization of these disorders. 

Translation of genetic variation research into personalized medicine is the primary 
emphasis within the field. Chapters demonstrate how genetic profiling can be utilized to 
inform personalized prevention and treatment, which has the potential to revolutionize 
the practice of medicine. The book addresses challenges facing the contemporary world, 
for example, the genetic causes of antibiotic resistance. It demonstrates how bacteria 
evolve their genetic material to develop resistance. 

The book concludes with talks on technological advancements that will characterize 
the field of cytogenetics. Long-read sequencing (sequencing large portions of DNA 
at once), optical mapping (large-scale imaging of DNA structure), and single-cell 
analysis (analysis of genetic variation in single cells) now enable the exploration of 
complex variation with unerring accuracy. Methods such as Mendelian randomization 
(pointing towards causality via genetic variants) can be employed to determine causal 
relationships between variations and health status. Throughout, care is taken of the 
ethical, legal, and social dimensions of genetic research. 



IV

This book integrates existing knowledge and highlights emerging research areas. The 
varying expertise of the authors provides comprehensive coverage of this developing 
branch. The authors' vision provides readers with both the fundamental knowledge 
and new developments to construct the future of genetic medicine. 

My sincere gratitude goes to my colleague, Rosey Zackula (University of Kansas, 
School of Medicine, Wichita), who has always stood by me for many things, including 
exchanging scholarly ideas. I would also like to thank Antonija Grgec, a Publishing 
Process Manager at IntechOpen, who has always been supportive of overcoming 
formalities and keeping me informed through her instructions and alerts. Lastly, we 
thank all the contributors who have made this comprehensive evaluation of genetic 
variation studies achievable through sharing their experience and knowledge. 
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Chapter 1

Introductory Chapter:  
The Evolving Landscape of Genetic 
Variation Research
Hayrettin Okut

1. �Introduction

The field of biomedical research in human genetics is advancing rapidly. Because 
genetic variations affect biological functions, disease susceptibility, and responses to 
environmental factors, it is crucial to investigate these variations, which are defined as 
changes in DNA sequences. Human diversity is supported by genetic variations, which 
range from single-nucleotide changes to significant chromosomal alterations. In some 
instances, these variations indicate the risk of disease. Cytogenetics has undergone sig-
nificant changes as a result of recent technological advancements, supporting a more 
comprehensive examination of the health effects associated with genetic variation.

Genetic research has shifted from focusing solely on single-gene disorders to 
examining health risks associated with multiple genes and environmental factors. We 
now understand that genetic variations operate within complex networks influenced 
by the environment, epigenetic changes, and random events. As Lappalainen et al. 
[1] note, epigenetic changes make it even more challenging to understand how genes 
and the environment interact to affect health. This broader approach lets researchers 
study how genetic variations contribute to disease.

Advanced technologies, including genome-wide studies, next-generation sequenc-
ing, and sophisticated computational tools, are utilized in modern cytogenetics. By 
identifying genetic variations across large populations, high-throughput sequenc-
ing advances our understanding of disease risk and genetic diversity. New genetic 
markers, improved risk prediction, and enhanced individualized treatment are all 
made possible by advanced data analysis techniques that facilitate the identification of 
significant genetic alterations and their associated consequences.

2. �Discovering genetic variations

Genetic variations come in many forms and can have different effects. Some 
have little impact, while others can strongly affect how the body works. To better 
understand these effects, researchers combine genetic data with information about 
proteins, metabolism, and gene activity. This combined approach helps show how 
genetic changes influence health.

Studying genetic variations helps us learn more about how humans adapt and 
evolve. For example, some Indian populations are protected against malaria because 
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they have the β-thalassemia trait, showing how migration and natural selection 
influence our genetic makeup. Analysis of these adaptations enhances understanding 
of human evolutionary processes and informs strategies for addressing future health 
challenges.

Population genetics examines how genetic variation is distributed among different 
groups of people. By examining specific genetic variants, scientists can determine 
how people migrated in the past, identify signs of natural selection, and describe 
adaptations unique to certain populations. These findings help create tailored preven-
tative initiatives and make it easier to understand how diseases spread. Understanding 
people’s genetic histories may help healthcare to be more equitable and effective.

Polygenic risk scores (PRSs) are a novel approach to assessing an individual’s 
likelihood of developing a disease and understanding how environmental factors 
may impact their health. For example, Environmental Pollutant-based Polygenic 
Risk Scores (EpPRS) combine genetic and environmental information to estimate 
a person’s exposure to certain pollutants. PRS methods examine multiple genetic 
variants to provide a comprehensive view of disease risk. Although there are signifi-
cant challenges in utilizing PRS with diverse populations, there are also challenges in 
connecting these scores to widespread health databases.

Microdeletion syndromes are a group of genetic disorders that are notable because 
they can present in several ways. They are caused by the loss of specific parts of chro-
mosomes. These disorders frequently display complex symptoms that affect multiple 
organ systems, as they have lost various genes in the deleted area. Modern cytogenetic 
methods, including array comparative genomic hybridization and next-generation 
sequencing, have revolutionized the detection and characterization of microdeletions. 
These methods facilitate the connection between genotype and phenotype, enabling 
more effective patient management.

3. �Closing the gap between personalized medicine and genetic adaptations

Personalized medicine is one of the most groundbreaking applications of research 
into genetic variation. By tailoring prevention and treatment approaches to a person’s 
genetic profile, it promises to change how healthcare is delivered and improve patient 
outcomes. Jamalinia and Weiskirchen [2] suggest that combining genetic data with 
lifestyle and environmental data enables more targeted interventions, which in 
turn improve treatment efficacy and reduce adverse effects. To make personalized 
medicine effective, we need to ensure that everyone has access to genetic testing, 
develop clinical decision support tools, and educate healthcare professionals about the 
principles of genetic medicine. Induced pluripotent stem (iPS) cell models for single-
gene inheritance illnesses are one way that personalized medicine can change how we 
think about genetic disorders. These models are great for studying how diseases work 
and testing personalized treatments.

Research on antibiotic resistance highlights the importance of understanding how 
bacteria modify their genetic material. Antibiotic-resistant bacteria pose a significant 
health threat because they often develop resistance through mutations and genetic 
exchange [3]. Researchers can develop more effective plans to prevent infections and 
maintain public health by gaining a deeper understanding of these processes.

Understanding bacterial genetic alterations is crucial, as evidenced by research on 
antibiotic resistance. Because they frequently develop resistance through mutations 
and genetic exchange, antibiotic-resistant strains represent a serious health risk. 
4



Introductory Chapter: The Evolving Landscape of Genetic Variation Research
DOI: http://dx.doi.org/10.5772/intechopen.1012694

3

By understanding these processes, researchers can develop more effective plans to 
combat infections and protect public health.

Research on the carcinogens found in cigarette smoke and cooking oil fumes 
shows how the environment and genetics interact to influence cancer risk. Genetic 
variations can affect how toxins are processed or how DNA is repaired, which can 
impact a person’s vulnerability to cancer brought on by these exposures. This high-
lights the importance of considering both environmental and genetic factors when 
evaluating cancer risk.

4. �The cutting edge of cytogenetics: Advancements in technology and 
prospects

New technologies that help us discover and explain genetic variants are advanc-
ing cytogenetics rapidly. Advanced sequencing, specialized staining, and detailed 
chromosome analysis enable us to study genetic variations more closely. Using these 
methods with computer tools also makes predictions and diagnoses more accurate.

Long-read sequencing and optical mapping enable the study of repetitive DNA 
and complex genetic changes. Single-cell sequencing shows changes in specific cell 
types and highlights variations between individual cells. As these techniques continue 
to improve, we will learn even more about how genetic variations affect health.

Combining cytogenetics with fields like functional genomics and systems biol-
ogy is opening new paths for genetic research. Using different types of data helps 
us understand how genetic changes work. Advanced computer methods, including 
artificial intelligence and machine learning, help find important patterns and possible 
treatment targets.

For example, Mendelian randomization (MR) is an epidemiological technique 
that aims to overcome the limitations of conventional epidemiological studies and the 
practical difficulties associated with randomized controlled trials (RCTs) by leverag-
ing genetic variation to detect causal effects between an exposure and an outcome. 
MR utilizes genetic differences as instrumental variables to overcome the limitations 
of observational research and strengthen the case for causality. It is expected that 
MR approaches will become more useful in clinical decision-making and biomedical 
research as they continue to improve, especially for complex features [4].

As genetic research advances, we must consider its ethical, legal, and social 
implications. Issues such as consent, privacy, discrimination, and fair access to testing 
require ongoing attention. By addressing these concerns, we can ensure that genetic 
research benefits people and respects their rights.

5. �Conclusion: Toward a precision health future

Interdisciplinary collaboration across scientific fields has yielded novel insights 
into health and disease. Integrating genetic, environmental, and clinical data 
enhances precision health, which includes public health, disease prevention, and 
personalized medicine. This integration enables earlier identification of health risks 
and supports the selection of more effective treatment strategies.

Analysis of genetic variation improves the diagnosis and treatment of diseases. 
Furthermore, incorporating clinical information with genetic test results enables 
more precise diagnoses and accelerates earlier initiation of treatment. Additionally, 
5
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understanding the mechanisms of genetic diseases informs drug development and 
supports the selection of optimal therapies for individual patients. While gene editing 
holds potential for correcting deleterious genetic mutations, concerns regarding 
safety and equitable access persist.

Recognizing the complexity of genetic variations and their causal relationships to 
human health is crucial for the advancement of cytogenetics. Maximizing the impact 
of genetic variation research depends on interdisciplinary approaches that integrate 
clinical medicine, environmental science, and genetics. Effective translation of 
genetic discoveries into improved health outcomes requires sustained collaboration 
among scientific disciplines, as noted by Heng et al. [5]. In a globally interconnected 
context, this comprehensive strategy enables the effective management of complex 
health challenges and facilitates the application of genetic variations to improve medi-
cal interventions.

The study of genetic variations is key to modern biomedical research. It helps us 
understand how diseases start, how our bodies work, and how to treat illnesses. As 
genetic techniques improve, we are moving closer to utilizing genetic data for more 
effective treatments, prevention, and informed health choices. To achieve this goal, 
we must continue to keep innovating, working together, and translating discoveries 
into real health benefits.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Cytogenetics and Microdeletion 
Syndromes
Mahrukh Hameed Zargar, Tahir Mohiuddin Malla, 
Faisel Ahmed, Zafar A. Shah, Jaffar Abass Wani  
and Asra Kirmani

Abstract

The emergence of molecular cytogenetic technologies has transformed the process 
of identifying new microdeletion syndromes. Traditional methods of identifying 
these syndromes relied on the chance discovery of patients exhibiting specific clinical 
features and visible chromosomal rearrangements through techniques like G-banding. 
However, with the introduction of comparative genomic hybridization using microar-
rays, it has become possible to detect previously unknown and recurring imbalances 
in individuals presenting with conditions such as mental retardation and nonspecific 
features. In contrast to the conventional “phenotype-first” approach in cytogenet-
ics, array-based comparative genomic hybridization allows for a “genotype-first” 
approach. This means that the focus is on identifying genetic variations or imbal-
ances in the genome before associating them with specific clinical phenotypes. By 
facilitating the identification of novel genomic disorders and recurrent imbalances, 
this technology has revolutionized the field of cytogenetics and deepened our 
understanding of the genetic underpinning of microdeletion syndromes. The present 
chapter emphasizes the role of cytogenetics technologies in delineating the aetiology 
of microdeletion syndromes.

Keywords: cytogenetics, microdeletion syndromes, fluorescent In situ hybridization, 
comparative genomic hybridization, chromosomal microarray

1. �Introduction

Cytogenetic analysis plays an important role in delineating the aetiology of 
numerous suspected chromosomal disorders. Cytogenetics examines the connec-
tion between chromosomal abnormalities and genetic disorders in humans [1]. 
Microdeletion syndromes are a group of disorders caused by the deletion of small 
chromosomal segments (< 5 Mb in size) that contain multiple genes, each potentially 
contributing independently to the disease phenotype. These disorders usually arise 
from the haploinsufficiency of critical genes in the affected region [2].

Microdeletion syndromes often occur when a chromosomal segment is lost, 
resulting in a deficiency of a small number of crucial genes or, in some instances, a 
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single gene [3]. Microdeletions are mostly spontaneous and manifest in about 5% 
of individuals with unexplained cognitive impairment [4, 5]. They are often linked 
to various congenital abnormalities and developmental delays [3]. The prevalent 
microdeletion disorders are DiGeorge syndrome (22q11.2), Prader-Willi syndrome, 
Angelman syndrome (15q11–13), Williams syndrome (7q11.23), and Wolf-Hirschhorn 
syndrome (4p16.3) [6].

The genetic changes associated with microdeletion syndromes are often undetect-
able by conventional or high-resolution karyotyping (2–5 Mb), thereby necessitating 
the use of molecular cytogenetic techniques such as fluorescence in situ hybridization 
(FISH) or the latest array comparative genomic hybridization (CGH) technique [7]. 
Over the years, cytogenetic analysis has significantly advanced and become a routine 
part of laboratory testing, providing crucial diagnostic and prognostic informa-
tion for human diseases. The integration of microarray technology with molecular 
cytogenetics and traditional chromosome analysis has revolutionized clinical cyto-
genetics. The benefits of microarray technologies are now widely recognized in the 
medical and laboratory communities involved in genetic diagnosis, leading to greatly 
enhanced visualization and validation capabilities [8].

2. �Conventional cytogenetics

Banded karyotyping, using conventional methods, is widely accepted as the 
most reliable and accurate technique for diagnosing and predicting the outcome of 
genetic disorders. It has been used to scan for changes in the genome that include 
both increases and decreases in specific parts of the genome, as well as rearrange-
ments within and between the chromosomes [9]. Karyotyping research has been 
used to establish the causal relationship between certain chromosomal abnormalities 
and clinical disorders such as congenital malformations, developmental delay (DD), 
and mental retardation (MR) [10]. Nevertheless, banding analysis is regarded as a 
process that requires a significant amount of time and manual effort. Typically, it 
takes around two weeks to get the findings, although there is a possibility that some 
clinically significant chromosomal abnormalities at a submicroscopic level may go 
unnoticed [11]. Moreover, the identification of microdeletions and duplications 
that lead to notable clinical problems including congenital abnormalities, mental 
retardation (MR), developmental delay (DD), or intellectual impairment (ID) is 
challenging [12]. The lack of precise bands resolution on particular chromosomes 
hinders the accurate characterization and interpretation of intricate and hidden 
chromosomal changes.

3. �Molecular cytogenetics

Fluorescence in situ hybridization (FISH) and comparative genomic hybridization 
(CGH) have developed as effective diagnostic methods to address the limitations 
of banding analysis in molecular cytogenetics. These approaches are often used as 
supplementary methods to standard cytogenetics for the detection of chromosomal 
abnormalities [9]. It is often used in addition to traditional approaches to detect 
chromosomal abnormalities [13–17]. Variable molecular cytogenetic techniques are 
considered valuable additions or potential alternatives to chromosomal banding. 
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These techniques improve the comprehensive interpretation of numerical and 
complex chromosome abnormalities by bridging the gap between conventional band-
ing analysis and molecular genetic studies [18–20]. Table 1 provides a comparison 
between various cytogenetic techniques.

3.1 �Fluorescence in situ hybridization

FISH uses DNA probes that are fluorescently labeled and specific to chromosomal 
regions. The probes used in FISH testing are replicated segments of genomic DNA. 
They have the ability to identify certain DNA sequences and generate a fluorescent 
signal when they bind to their complimentary sequences. This signal stands out 
against the backdrop of dyed chromosomes, making FISH testing very effective [21] 
(Figure 1). The FISH technique enables the identification of minor genomic changes 
ranging from 50 Kb to 100 Kb and also allows for the direct observation of these 
changes in cells that have not been grown [22]. Fluorescence in situ hybridization 
(FISH) is a commonly used method for identifying microdeletions. Fluorescence in situ 
hybridization (FISH) has emerged as the prevailing technique for detecting preva-
lent microdeletion disorders such as Prader-Willi syndrome, Angelman syndrome, 
Velocardiofacial (DiGeorge) syndrome, and Williams syndrome. In cases where there is 
a strong suspicion based on clinical symptoms, the AI system may also identify uncom-
mon syndromes like Wolf-Hirschhorn syndrome and Smith-Magenis syndrome [6].

Techniques Method Characteristics Application Advantages

Conventional 
cytogenetics 
(G-banding)

Lymphocyte 
culture, 
Metaphase 
arrest, 
G-banding, 
Microscopy

Special dye 
generates 
specific banding 
pattern for each 
chromosome

Detection of 
numerical 
and structural 
chromosomal 
anomalies

Screening of 
chromosome level 
abnormalities 
genome-wide

Fluorescent 
In Situ 
Hybridization

Cultured/ 
interphase 
lymphocytes, 
Fluorescent 
DNA probes, 
Microscopy

Labelled DNA is 
used as a probe to 
search for target 
sequences in 
chromosomes

Detects all types 
of balanced and 
unbalanced 
chromosome 
anomalies

Interphase 
cytogenetics 
Possible, Less time 
consuming

Comparative 
Genomic 
Hybridization

Molecular 
technique

Comparative 
hybridization 
of differentially 
labelled test DNA 
and reference 
DNA

Identify 
biomarkers 
Gene discovery, 
functional analysis

Genome-wide 
screening of genomic 
anomalies, No need 
for cell culture

Array 
Comparative 
Genomic 
Hybridization

Molecular 
technique

Identification of 
DNA sequences 
by specific DNA 
binding proteins 
in cells

Identification 
of cryptic 
rearrangements 
(aneuploidy, 
deletions, 
duplications or 
amplifications)

High-resolution 
target-specific 
detection of gene 
amplification, 
submicroscopic 
information on 
imbalances

Table 1. 
Comparison of conventional cytogenetics and molecular cytogenetic techniques.
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3.2 �Comparative genomic hybridization

Comparative genomic hybridization (CGH) is a valuable technique for identify-
ing subtle genetic imbalances, such as increases or losses of chromosomal material 
that may not be easily apparent using standard cytogenetic methods. Comparative 
genomic hybridization (CGH) enables the identification of amplifications and deletions 
in specific areas of DNA across all chromosomes. The approach operates by doing a 
comparison between the genomic content, or DNA, of a patient, or target, and that of a 
normal control person. The resolution of “classical” or metaphase comparative genomic 
hybridization (CGH) is quite poor, measuring roughly 15 megabases (Mb) of DNA 
[10]. Comparative genomic hybridization (CGH) is a technique that may be used to 
screen the complete genome for abnormalities. It is a modified version of fluorescence 
in situ hybridization (FISH) technology and has the benefit of detecting imbalances 
over the entire genome [23]. In general, the ability to identify copy number variations 
using FISH and CGH approaches is only marginally better than traditional karyotyp-
ing. Moreover, these tests require a significant amount of manual labour and consume 
a considerable amount of time, particularly when many genomic areas are examined 
[24]. In order to identify such irregularities, a method with great resolution is necessary.

3.3 �Array comparative genomic hybridization

Array CGH is a kind of CGH where the comparator DNA, RNA, or tissue is 
arranged in an organized pattern on a glass slide or glass beads. There are three 
fundamental categories of arrays: bacterial artificial chromosomes (BAC) arrays, 
oligonucleotide arrays (usually consisting of 60 base pairs), or single nucleotide 
polymorphism (SNP) arrays (often containing a few nucleotides). Nowadays, most 
SNP-based arrays include single locus probes in addition to SNPs. These arrays may 
be either targeted arrays or full genomic arrays. Targeted arrays specifically focus on 
identifying known microdeletion/microduplication syndromes and other known sites 
associated with inherited Mendelian illnesses [25]. The first targeted arrays consisted 
of around 500 to 600 BACs. Whole genomic arrays provide comprehensive coverage 

Figure 1. 
Schematic diagram of FISH.
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of the complete genome with varied degrees of precision. The first complete genomic 
arrays consisted of BAC arrays, including around 2600 BACs, evenly distributed at 
intervals of approximately 1 megabase (Mb) over the whole genome. This arrange-
ment allowed for a resolution of about 1 Mb [26]. Oligonucleotide and SNP arrays 
have replaced the usage of BACs. The majority of labs use either oligonucleotide or 
SNP arrays, which typically have an average resolution of around 35 kilobases (kb) 
throughout the whole genome. The use of chromosomal microarrays has made it 
easier to identify novel microdeletion disorders and enhance the understanding of 
those that already exist [27].

Chromosomal microarray/array CGH involves attaching brief DNA sequences that 
match certain chromosomal locations throughout the whole genome to a solid surface. 
The arrangement of these sequences impacts the magnitude of the most minute 
detectable chromosomal abnormality. The standard array will include loci often asso-
ciated with microdeletion/duplication disorders, along with many subtelomeric and 
pericentromeric areas. Subtelomeric regions are often affected by DNA copy number 
alterations, as reported by Gresham et al. in [28]. In order to carry out the test, DNA 
that has been labeled with fluorescent markers is combined with both the patient’s 
DNA and a control sample. This mixture is then applied to the array. Distinct fluores-
cent probes are used for the patient and control groups. Following hybridization, the 
signals are identified, and the data produced is analyzed using software to discover 
any alterations in the number of copies between the control and patient DNA. Testing 
is conducted on whole blood samples, and the typical time it takes to complete the 
process might range from one to three weeks, depending on the laboratory and any 
further investigations required for confirmation (Figure 2).

Typical reasons for doing CGH testing include developmental delay, inability to 
grow, distinctive physical characteristics, numerous birth defects, below-average 
height, seizure problems, and autism spectrum disorder. Comparative genomic 
hybridization (CGH) may also be helpful in identifying the individual genes 

Figure 2. 
Schematic diagram showing the stepwise procedure of CGH and Array CGH (Adopted from Nagarajan et al. [29].
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implicated and in determining the size and nature of a chromosomal aberration found 
using traditional cytogenetics. According to current practice standards, it is recom-
mended to use CGH in addition to traditional karyotype analysis for patients who 
have developmental delay or congenital malformations, as stated by Jang et al. in [30]. 
CGH has limits, including as the possibility of false-negative results if the patient has 
a copy number alteration that is not detected by the particular array employed in the 
laboratory. According to Evangelidou et al. [31], point mutations and duplications/
deletions that are less than the resolution limit of the specific array (usually 50–100 
Kb) cannot be identified [30]. Array CGH is a high throughput method that can be 
applied to detect copy number changes to a resolution as low as 1 Kb. Genome-wide 
arrays are rapidly replacing conventional karyotyping in postnatal diagnostics 
as they are increasingly performed for the evaluation of individuals with birth 
defects, dysmorphic features, and mental retardation. ISCA (International Standard 
Cytogenomic Array) Consortium [32] supports the use of array CGH as a first-line 
test for various phenotypes including suspected microdeletion syndromes [31].

4. �Conclusion

Microdeletion syndromes are difficult to diagnose by conventional cytogenetic 
techniques. The advancements in cytogenetic technology have, however, empow-
ered clinicians as well as researchers to unveil the submicroscopic deletions when it 
comes to ruling out their genetic causes. Newer cytogenetic tools like FISH, CGH, 
and array CGH can now be offered as first-line diagnostic tools for the elucidation of 
microdeletions, copy number variations, and single nucleotide changes. The advent 
of molecular cytogenetic technology has transformed the process of identifying new 
microdeletion syndromes besides characterization of the already existing ones.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
14

mailto:mhameedz@gmail.com
http://creativecommons.org/licenses/by/4.0


Cytogenetics and Microdeletion Syndromes
DOI: http://dx.doi.org/10.5772/intechopen.1006054

7

References

[1] Li M, Pinkel D. Clinical cytogenetics 
and molecularcytogenetics. Journal 
of Zhejiang University. Science. B. 
2006;7:162-163

[2] Watson CT, Tomas MB, Sharp AJ, 
Mefford HC. The genetics of 
microdeletion and microduplication 
syndromes: An update. Annual Review 
of Genomics and Human Genetics. 
2014;15:215-244

[3] Vissers LE, Stankiewicz P. 
Microdeletion and microduplication 
syndromes. Genomic Structural Variants: 
Methods and Protocols. 2012;838:29-75

[4] Hunter AG. Outcome of the 
routine assessment of patients with 
mental retardation in a genetics clinic. 
American Journal of Medical Genetics. 
2000;90:60-68

[5] Kirchhoff M, Bisgaard AM, 
Bryndorf T, Gerdes T. MLPA analysis 
for a panel of syndromes with mental 
retardation reveals imbalances in 5.8% 
of patients with mental retardation 
and dysmorphic features, including 
duplications of the Sotos syndrome and 
Williams-Beuren syndrome regions. 
European Journal of Medical Genetics. 
2007;50:33-42

[6] Madon PF, Athalye AS, Sanghavi K, 
Parikh FR. Microdeletion syndromes 
detected by FISH–73 positive from 374 
cases. International Journal of Human 
Genetics. 2010;10(1-3):15-20

[7] Xu J, Chen Z. Advances in molecular 
cytogenetics for the evaluation of mental 
retardation. In: American Journal of 
Medical Genetics Part C: Seminars 
in Medical Genetics (Vol. 117, No. 1). 
New York: Wiley Subscription Services, 
Inc., A Wiley Company; 2003. pp. 15-24

[8] Peterson JF, Aggarwal N, Smith CA, 
Gollin SM, Surti U, Rajkovic A, et al. 
Integration of microarray analysis into 
the clinical diagnosis of hematological 
malignancies: How much can we 
improve cytogenetic testing? Oncotarget. 
2015;6(22):18845

[9] Kang JU. Overview of cytogenetic 
technologies. Korean Journal of Clinical 
Laboratory Science. 2018;50(4):375-381

[10] Nowakowska B, Bocian E. 
Molecular cytogenetic techniquesand 
their application in clinicaldiagnosis. 
Medycyna Wieku Rozwojowego. 
2004;8:7-24

[11] Simons A, Sikkema-Raddatz B, 
de Leeuw N, Konrad NC, Hastings RJ, 
Schoumans J. Genome-wide arrays in 
routine diagnosticsof hematological 
malignancies. Human Mutation. 
2012;33:941-948

[12] Park JH, Woo JH, Shim SH, Yang SJ, 
Choi YM, Yang KS, et al. Application 
of a target array comparative genomic 
hybridization to prenatal diagnosis. BMC 
Medical Genetics. 2010;11:102

[13] Dave BJ, Sanger WG. Role of 
cytogenetics and molecular cytogenetics 
in the diagnosis of genetic imbalances. 
Seminars in Pediatric Neurology. 
2007;14:2-6

[14] Vermeesch JR, Fiegler H, de 
Leeuw N, Szuhai K, Schoumans J, 
Ciccone R, et al. Guidelines for molecular 
karyotyping in constitutional genetic 
diagnosis. European Journal of Human 
Genetics. 2007;15:1105-1114

[15] Wan TS. Cancer cytogenetics: An 
introduction. Methods in Molecular 
Biology. 2017;1541:1-10

15



Unraveling the Causalities of Genetic Variations – Recent Advances in Cytogenetics

8

[16] Chennamaneni R, Gundeti S, 
Konatam ML, Bala S, Kumar A, Srinivas L. 
Impact of cytogenetics on outcomes in 
pediatric acutelymphoblastic leukemia. 
South Asian J Cancer. 2018;7:263-266

[17] Chandran RK, Geetha N, 
Sakthivel KM, Aswathy CG, Gopinath P, 
Raj TVA, et al. Genomic amplification 
of BCR-ABL1 fusiongene and its 
impact on the disease progression 
mechanism in patients with chronic 
myelogenouslukemia. Gene. 
2018;686:85-91

[18] Russo A, Degrassi F. Molecular 
cytogenetics of the micronucleus: 
Still surprising. Mutation Research. 
2018;836(Pt A):36-40

[19] Iourov IY, Vorsanova SG, Yurov YB. 
Recent patents on molecularcytogenetics. 
Recent Patents on DNA & Gene 
Sequences. 2008;2:6-15

[20] Bejjani BA, Shaffer LG. Clinical utility 
of contemporary molecularcytogenetics. 
Annual Review of Genomics and Human 
Genetics. 2008;9:71-86

[21] Qiu HR, Miao KR, Wang R, Qiao C, 
Zhang JF, Zhang SJ, et al. The application 
of fluorescence in situ hybridization in 
detecting chronic myeloid leukemia. 
Zhonghua Yi Xue Yi Chuan Xue ZaZhi. 
2009;26:207-210

[22] Li MM, Andersson HC. Clinical 
application of microarray-based 
molecular cytogenetics: An emerging 
new era of genomic medicine. The 
Journal of Pediatrics. 2009;155:311-317

[23] Patrinos GP, Ansorge W, Phillip B. 
Danielson Molecular Diagnostics. 3rd 
ed. Greece: Academic Press; 2016. 
pp. 249-267

[24] Melissa SS, Mirella JM, Ronald JW. 
Evolving applications of microarray 

analysis in prenatal diagnosis. Current 
Opinion in Obstetrics & Gynecology. 
2011;23:103-108

[25] Zvara Á, Kitajka K, Faragó N, 
Puskás LG. Microarray technology. Acta 
Biologica Szegediensis. 2015;59 
(Suppl. 1):51-67

[26] Van den Veyver IB, Beaudet al. 
Comparative genomic hybridization 
and prenatal diagnosis. Current 
Opinion in Obstetrics and Gynecology. 
2006;18(2):185-191

[27] Slavotinek AM. Novel microdeletion 
syndromes detected by chromosome 
microarrays. Human Genetics. 
2008;124:1-17

[28] Gresham D, Dunham MJ, Botstein D. 
Comparing whole genomes using DNA 
microarrays. Nature Reviews Genetics. 
2008;9(4):291-302

[29] Nagarajan P, Tetzlaff MT, Curry JL, 
Prieto VG. Use of new techniques in 
addition to IHC applied to the diagnosis 
of melanocytic lesions, with emphasis 
on CGH, FISH, and mass spectrometry. 
Actas Dermo-Sifiliográficas. 
2017;108(1):17-30

[30] Jang W, Kim Y, Han E, Park J, 
Chae H, Kwon A, et al. Chromosomal 
microarray analysis as a first-tier 
clinical diagnostic test in patients 
with developmental delay/intellectual 
disability, autism spectrum disorders, 
and multiple congenital anomalies: 
A prospective multicenter study in 
Korea. Annals of Laboratory Medicine. 
2019;39(3):299

[31] Evangelidou P, Alexandrou A, 
Moutafi M, Ioannides M, Antoniou P, 
Koumbaris G, et al. Implementation 
of high resolution whole genome array 
CGH in the prenatal clinical setting: 
Advantages, challenges, and review 

16



Cytogenetics and Microdeletion Syndromes
DOI: http://dx.doi.org/10.5772/intechopen.1006054

9

of the literature. Bio Med Research 
International. 2013;2013(1):346762

[32] Miller DT, Adam MP, Aradhya S, 
Biesecker LG, Brothman AR, 
Carter NP, et al. Consensus statement: 
Chromosomal microarray is a first-tier 
clinical diagnostic test for individuals 
with developmental disabilities or 
congenital anomalies. The American 
Journal of Human Genetics. 
2010;86(5):749-764

17





1

Chapter 3

Recent Molecular Techniques in 
Cytogenetics
Rikhotso Mpumelelo Casper, Kachienga Leonard, 
Magwalivha Mpho and Nethathe Bono

Abstract

Cytogenetics involves all aspects of chromosome biology. Through the application 
of molecular cytogenetic techniques in biology and medicine, we gain insights into the 
structural and functional organization of chromosomes, chromosomal abnormalities, 
and genomic variations in developmental, medical, and cancer genetics. This chapter 
explores recent advancements in molecular cytogenetics and their implications for 
managing hereditary diseases. It explores cutting-edge molecular methodologies such as 
spectral karyotyping, fluorescence in situ hybridization, and next-generation sequencing 
alongside the groundbreaking CRISPR genome editing technology. The chapter will high-
light how these technologies have enhanced our understanding of chromosomal abnor-
malities, genome variation, and the genetic basis of hereditary diseases. Furthermore, it 
will shed light on the potential of these advancements in paving the way for novel thera-
peutic interventions aimed at rectifying genetic abnormalities associated with hereditary 
diseases, thereby offering new avenues for medical intervention and treatment.

Keywords: molecular cytogenetics, genome editing, next-generation sequencing, 
chromosomal aberrations, hereditary diseases

1. �Introduction

Cytogenetics is a discipline of biology that focuses on the study of chromosomes 
and their heredity, particularly when applied to medical genetics [1]. The history of 
cytogenetics began with the description of thread-like structures in plant cell nuclei 
by Swiss botanist Nageli in the 1840s [2]. These structures are now known as chromo-
somes. These chromosomes become visible under a microscope during cell division, 
and specialized staining techniques enable the examination of their number and 
structure in diagnostic testing [2].

The science of cytogenetics is based on the genetics of cells whereby information 
from the parent material is passed to the offspring through hereditary [3]. This is deter-
mined by the functions and characteristics of the cell transmitted from parents to the 
offspring. This process applies to the germ cells of the ovary and testes, which, through 
fertilization become a new offspring and the somatic cells that produce offspring cells of 
the same tissue or organ where they reside [3]. Li and Pinkel [4] also defined cytogenetics 
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as the relationship between aberrations (defects) in chromosomes and human genetic 
diseases. Furthermore, this area of genetics also enables the study of fundamental 
processes. One of them is the nature of inherited syndromes. These genomic alterations 
are involved in tumorigenesis, the whole genome of organisms or humans in a three-
dimensional organization and epigenetic features of higher-order chromatin structure 
[4, 5]. Cytogenetics includes all aspects of chromosome biology as well as the use of 
molecular cytogenetic techniques in biology and medicine, such as chromosome struc-
tural and functional organization, genome variation, expression and evolution, chromo-
some abnormalities, and genomic variations in medical genetics and tumor genetics.

In clinical practice, cytogenetics plays a crucial role in evaluating infants and chil-
dren with birth defects, investigating individuals experiencing infertility or recurrent 
pregnancy loss, analyzing prenatal and pre-implantation samples for chromosomal 
abnormalities, and identifying cancer-related chromosomal alterations in patients 
with solid tumors and hematologic neoplasms [6]. These same methodologies are 
also employed in cytogenetic research focusing on speciation, genome stability, and 
chromosomal evolution.

2. �Molecular cytogenetic techniques

Molecular cytogenetic techniques are a vital component of the diagnostic process 
of genetic disorders caused by chromosomal abnormalities [6]. These techniques 
have been developed to get beyond the drawbacks of traditional cytogenetics, namely 
its poor resolution and incapacity to detect specific chromosomal abnormalities. 
Molecular cytogenetics includes various techniques briefly discussed below such as 
fluorescence in situ hybridization (FISH), multicolor FISH (M-FISH, SKY, and CCK), 
primed in situ labeling (PRINS), next-generation sequencing, spectral karyotyping 
and comparative genomic hybridization (CGH) [6].

2.1 �Spectral karyotyping (SKY)

SKY is a molecular cytogenetic process that utilizes differential visualization 
techniques of all the chromosomes of human or organisms through image exposure 
with distinct colors within a single hybridization [7–10]. It is also a process of staining 
chromosomes to analyze the chromosome complement of an organism, including 
the structure and number of chromosomes. The chromosome staining is done by the 
banding technique, which helps to visualize the dark (gene-rich) and light (gene-
poor) regions of the chromosome [11]. SKY has been developed to clearly show and 
identify all 24 human chromosomes at once without requiring prior knowledge of any 
abnormalities involved. SKY can discern the abnormalities that cannot be detected by 
traditional banding techniques and fluorescent in situ hybridization (FISH). Making 
SKY a hypersensitive, hyper-accurate, and hyper-intuitionist method [12].

This technique also uses an integration of Fourier spectroscopy with epifluores-
cence microscopy with charged-coupled device imaging, according to Garini et al. 
[13], where probes are PCR-labeled through the incorporation of either haptenized or 
directly labeled nucleotides as a single reaction as dUTP labeled. These specific probe 
chromosomes are pooled together at the same time, and repetitive sequences are sup-
pressed with excess cot-1 DNA in the hybridization mixture onto metaphase chromo-
somes. The hybridized chromosomes are then visualized using Fourier spectroscopy 
with epifluorescence microscopy with charged-coupled device imaging that allows 
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triple bandpass to filter and permits simultaneous excitation of all the fluorochromes 
and the entire emission spectrum of metaphase in the range of between 400 and 
800 nm [10]. Once a single image containing the spectra information for each image 
is obtained, the fluorescent intensities in the green, red and near infrared emission 
range are visualized in a standard display of red, green, and blue (RGB) [7]. The 
authors further opined that the pixels with the same spectral information are assigned 
a pseudocolor, which allows for the spectral classification of all chromosomes and 
the chromosomes are classified and aligned in a karyotype table. Interpretation and 
comparison of all aberrations are summarized in the karyogram.

It is used to detect inter-chromosomal structural aberrations (translocations and 
insertions) which are associated with balanced and imbalanced arrangements. This 
technique can be applied in the identification of cryptic translocation and expound-
ing on the complex aberrations [14–16]. It is also used to identify various markers and 
ring chromosomes which are not unidentifiable by conventional banding techniques 
[17–19]. Intrachromosomal alterations resulting in small deletions or duplications and 
para- or pericentric inversions do not result in changes in chromosome size or spectral 
signature of the aberrant chromosome and, therefore, cannot be detected by SKY. 
Very small marker chromosomes or double minute chromosomes cannot always be 
unambiguously classified.

2.2 �Fluorescence in situ hybridization (FISH)

This technique was first used to map the human genome and to localize a specific 
gene on a chromosome. It is further used in the clinical field to detect chromosomal 
aberrations such as duplication, deletion, balanced/unbalanced translocations, and 
monosomy/trisomy [11]. FISH is based on the use of chromosome region-specific 
and fluorescent-labeled DNA probes. FISH refers to the use of labeled nucleic acid 
sequence probes for the visualization of specific DNA or RNA sequences on mitotic 
chromosome preparations or in interphase cells [10]. Pinkel et al. [20, 21] developed a 
technique to visualize chromosomes using fluorescent-labeled probes called fluores-
cent in situ hybridization (FISH). The technique is the most convincing technique for 
locating the specific DNA sequences, gene mapping, diagnosis of genetic diseases, and 
genetic aberrations aiding various types of cancers or identification of novel onco-
genes. FISH involves the annealing of RNA or DNA probes attached to a fluorescent 
reporter molecule with a specific target sequence of sample DNA, which can be viewed 
under fluorescence microscopy. The technique has advanced; through multicolor 
whole chromosome probe techniques such as spectral karyotyping, multiplex FISH, 
or an array-based method using comparative genomic hybridization, it is possible to 
screen the whole genome simultaneously. FISH has been acknowledged as a depend-
able diagnostic and discovery tool in the fight against genetic diseases and has trans-
formed the field of cytogenetics [22]. The following processes or steps are involved: 
(a) double-stranded chromosomes, preferably of metaphase, are denatured (on fixed 
slides) by using formamide and heat, (b) the slide is pooled with fluorescent-labeled 
probes at 37°C, (c) fluorescent probes anneal at the complementary site of the chro-
mosomes, and (d) visualize the slide under the fluorescence microscope [23].

2.3 �Comparative genomic hybridization (CGH)

This process utilizes the reference DNA together with labeled tumor through 
hybridization on the normal metaphase chromosomes to generate a profile of DNA 
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copy in tumor genomes along the chromosome length [10]. It is an important global 
screening that tests the aberrations in the chromosomes within a given tumor genome. 
According to Dorritie et al. [10], this process allows for the retrospective identification 
of aberrations within correlations of cytogenetics and prognosis. The most important 
thing about this process is that it requires less DNA and has proven useful in establish-
ing a solid tumor progression in phenotype/genotypic [24]. The only drawback to this 
process is that it does not capture any information regarding the nature of chromo-
somal segments involved in a copy number of alteration (chromosome rearrangement).

Comparative genomic hybridization (CGH) is a unique FISH method (dual 
probes) used to identify any genetic abnormalities. The basis of the technique is 
comparing the total genomic DNA of a particular sample (such as tumor DNA) with 
the total genomic DNA of normal cells. Usually, two distinct fluorescent dyes are used 
to mark an identical amount of both tumor and normal DNA. This combination is 
then added and hybridized to a normal lymphocyte metaphase slide [25]. A fluores-
cent microscope equipped with a CCD camera and an image analysis system is used to 
view the slides, and evaluation software is used to count copies of genetic materials.

2.4 �Primed in situ labeling (PRINS)

Primed in situ labeling (PRINS) is a versatile and inexpensive technique that has 
been used traditionally to identify tandemly repeated target sequences in chromo-
somes and nuclei as an alternative to FISH. The technology has the benefit of using 
very small probes that can quickly penetrate practically any target and can differenti-
ate among closely similar DNA sequences in situ. This unit covers both the standard 
PRINS and the dideoxy-PRINS variant, which can significantly boost the reaction’s 
sensitivity [26].

3. �Recent high-throughput genomic methods

3.1 �Array-CGH

In this throughput, metaphase chromosomes are used in the comparative genome 
hybridization, which is substituted by a high-density DNA microarray sported with 
artificial human bacterial chromosome (ABC) cloned [27]. They include cDNA 
sequences/PCR, degenerated primer PCR, or, for better genomic resolution, rolling 
circle amplification, which is incorporated [28]. Single nucleotide polymorphism (SNP) 
is used to assist in detecting rare and common genomic arrangements. This technique 
requires a single hybridization onto one array common genome hybridization process 
that is pegged on co-hybridization with a test together with a reference DNA [28].

3.2 �Next-generation sequencing (NGS)

This technique is also known as second-generation or parallel sequencing. This 
approach entails arrays of several thousands of sequences in templates in parallel, 
generating numerous more copies of short reads of DNA per lane [29, 30]. Most of 
the common platforms used in this process are the following: 454 (Roche Applied 
Science, Branford, CT), Solexa (Genome Analyzer, Illumina Inc. Sandiego, CA), 
SOLiD (Applied Biosystems, Foster City, CA), Polonator (Dover/Harvard Systems, 
Salem, NH), and HeliScope (Helicos BioSciences, Cambridge, MA) [28]. The authors 
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further reported that the NGS technique has been applied wholesomely in character-
izing populations of expressed genes, all protein-coding genes (exomes), as shown 
in Figure 1. NGS also involves fragmentation of the DNA, immobilization of the 
fragments, and ligation of adapters to form libraries [28]. It is currently used in cancer 
research to establish disease-causing mutations and drug discovery because of its 
cost-effective and high sequencing capacity.

4. �Applications in chromosomal abnormalities

Molecular cytogenetics plays a vital role in the characterization and detection of 
chromosomal abnormalities, which are changes in the number or structure of chro-
mosomes that can result in a variety of genetic disorders and diseases. To discover 
different chromosomal abnormalities, the area of molecular cytogenetics has greatly 
evolved, including cutting-edge techniques like karyotyping, gene rearrangement 
investigations, and molecular cytogenetics [31]. There are two types of chromosomal 
abnormalities: structural and numerical variations. Changes in chromosomal num-
bers, such as polyploidy (having multiple copies of the entire set of chromosomes) 
and aneuploidy (having extra or missing chromosomes), are examples of numerical 
variations. Conversely, structural variants refer to alterations in the chromosomal 
structure, including translocations, inversions, duplications, Insertion, Ring chromo-
somes, deletions, and cross-displacement (Figure 2).

4.1 �The detection and characterization of diseases resulting from chromosomal 
abnormalities

The detection and characterization of chromosomal abnormalities and the 
specific role of molecular cytogenetics in understanding structural variations are 
discussed below:

Figure 1. 
Molecular cytogenic techniques and recent high throughput [28].
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4.1.1 �Hematologic malignancies

These are oncogenes that have an impact on immune systems such as blood, 
leukemia, lymph nodes, lymphoma and bone marrow. Combined analysis of 
FISH-based methods and karyotyping has been useful in the precise delineation 
of the karyotypes and accurate chromosome analysis of complex diagnostic cases. 
According to Das and Tan [28], with the introduction of high throughput genomic 
technologies such as NGS, FISH-based chromosome level detection has gradually 
changed focus to genome-wide detection of single nucleotide and indel variants that 
are common in cancer.

4.1.2 �Gliomas

These are frequent tumors that occur in the central nervous system, and they 
are classified based on the cell type or non-neoplastic glial cells (ependymomas, 
astrocytomas, oligodendrogliomas and mixed gliomas such as oligoastrocytomas) 
on the supratentorial and infratentorial of the membrane of brain. The initiation 

Figure 2. 
A schematic picture represents the chromosomal abnormalities. Chromosomal abnormalities can be divided 
into deletion, duplication and inversion, which occur in single chromosome (a), translocation (b) insertion 
(c) ringing the chromosome (d) and cross-displacement between two chromosomes (e). Picture obtained from 
Montazerinezhad et al. [31].
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of gliomas is based on multiple genetic alterations. The FISH technique is used to 
detect oligodendrogliomas which is associated with better response to adjuvant 
therapy because of imbalance translocation between chromosomes 1 and 19 [27]. 
The evaluation of the molecular status of each of these markers is a major relevant 
diagnostic and prognostic tool for brain tumors and is used by neuropathologists in 
routine clinical practice.

4.1.3 �Sarcomas

These oncogenes constitute approximately 1% of all solids tumors, and 
there is considerable morphological overlap between various histogenetic types. 
Chromosomal karyotyping is generally the classic approach for identifying genetic 
markers and translocations in soft tissue sarcomas.

4.1.4 �Carcinomas

Carcinomas, too, have highly complex karyotypes like sarcomas and the enumera-
tion of these aberrations by molecular cytogenetics has rapidly increased.

Table 1 summarizes the detection and characterization techniques for the above-
mentioned diseases and their advantages and disadvantages.

Method Techniques Application Advantage/disadvantage

Cytogenetics Karyotype Detecting numerical and gross 
structural aberrations

Low resolution, time-consuming, 
and labor requirements

FISH Detecting trisomies, monosomies 
and microdeletions

Detects mosaicism

CGH Detects copy number variations of 
genetic material

Used only for losses and gains

Molecular RFLP Restriction fragments are separated 
by electrophoresis

Requires mutation in restriction site

ARMS PCR Allele-specific amplification 
of mutant and normal allele, 
determination of the genotype of an 
individual

Highly sensitive possible to detect 
any known mutation May increase 
time and costs

Multiplex PCR Amplification of more than one 
target simultaneously

Reduces time and labor 
requirements, lower sensitivity and 
specificity

Nested PCR Amplification using external and 
internal primer sets

More sensitive, decreases 
nonspecific amplification

RT-PCR Amplification of RNA Amplification of all RNA types May 
increase time and costs

Real-time PCR Amplification, detection, and 
quantification of target

Increased specificity Usually 
eliminates postamplification 
analyzes More expensive

MLPA Deletions and duplications A multiplex technique Identifies 
very small single gene aberrations 
(50–70 nt)

DGGE Based on migration within gradient 
gel electrophoresis

Detects close to 100% of point 
mutations
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5. �Genome variations and genetic diseases

The molecular cytogenetic techniques have significantly impacted the understand-
ing of genome variations and genetic diseases. These techniques, such as fluorescence 
in situ hybridization (FISH), have enhanced the resolution and diagnostic utility of 
cytogenetic analysis, enabling the specific detection of unique sequences, chromo-
somal regions, or entire chromosomes in cells [22, 32]. They have played a crucial 
role in identifying disease-causing mutations and variants by providing insights 
into genomic variations in unaffected individuals and those with morbid conditions 
affecting all cells of an organism [6]. In the context of hereditary diseases, molecular 
cytogenetics has become a vital tool for diagnosing genetic disorders caused by chro-
mosomal abnormalities. By combining cytogenetics and molecular biology, molecular 
cytogenetics has increased the resolution of cytogenetic analysis, allowing for the 
detection of subtle and gross chromosome rearrangements, heteromorphisms, and 
other genomic variations that can have diverse phenotypic effects [6]. These tech-
niques have revolutionized the field by enabling the study of fundamental biological 
questions related to inherited syndromes, tumorigenesis, and the three-dimensional 
organization of the human genome. By utilizing molecular cytogenetic approaches, 
researchers can identify chromosomal abnormalities with higher precision and delve 
into the genetic basis of hereditary diseases, ultimately aiding in the identification of 
disease-causing mutations and variants that underlie various genetic disorders [6].

6. �Therapeutic implications

The potential of molecular cytogenetic advancements in therapeutics lies in the 
ability to correct genetic abnormalities through gene therapy approaches [33, 34]. Gene 

Method Techniques Application Advantage/disadvantage

SSCP Based on migration within gel 
electrophoresis

Detects about 80–90% of point 
mutations

Heteroduplex 
analysis

Based on homoduplexes and 
heteroduplexes motilities in gel 
electrophoresis

Detects nearly 80% of mutations

CCM DNA: DNA or DNA: RNA 
heteroduplexes are cleaved by 
piperidine

All possible mutations are 
detectable, uses toxic substances

PTT It is based on a combination of PCR, 
transcription, and translation

Detects translation-terminating 
mutations, missense mutations are 
not detected

OLA It is based on the ligation of two 
flanked primers annealed with 
target sequences

Detects all base exchanges

FISH: fluorescence in situ hybridization; CGH: comparative genomic hybridization; RELP: restriction fragment 
length polymorphism; ARMS; amplification refractory mutation system; PCR: polymerase chain reaction; RT: 
reverse transcriptase; MLPA; multiplex ligation-dependent probe amplification; DGGE: denaturing gradient gel 
electrophoresis; SSCP: single strand conformational polymorphism; CCM: chemical cleavage of mismatch; PTT: protein 
truncation test; OLA: oligonucleotide ligation assay.

Table 1. 
Cytogenetics and molecular methods for mutation detection [25].
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therapy involves altering the genetic code to restore the functions of critical proteins 
affected by genetic mutations. This can be achieved through gene transfer therapy, 
where a normal copy of the gene is introduced to replace a faulty one, or through 
genome editing, which modifies existing DNA in cells. The use of viral vectors, such 
as adenoviruses and lentiviruses, has been successful in delivering genetic material for 
gene therapy, although it carries some risks like triggering immune responses or caus-
ing errors leading to cancer [35–37]. Researchers are also exploring non-viral vector 
technologies, like nanoparticles, to deliver genetic material more safely and effectively. 
Challenges in gene therapy include ensuring safety and efficiency, and addressing 
the risks and benefits specific to each disease being treated [38]. The development of 
gene therapy requires careful consideration of factors like sustained manufacturing 
of therapeutic gene products without harmful side effects [37, 39]. Future directions 
in therapeutic interventions involve overcoming technical challenges, improving the 
delivery of genes or gene-editing tools to target specific cells, and enhancing control 
over the functionality and timing of treatments within the body. As gene therapy 
continues to evolve, advancements in vector technologies, delivery systems, and 
understanding of genetic diseases will pave the way for more effective and targeted 
therapeutic interventions.

7. �Case studies and clinical applications

The sources provided offer valuable insights into molecular cytogenetics and its 
clinical applications. Molecular cytogenetics, a field combining molecular biology 
and cytogenetics, focuses on analyzing chromosome structure to distinguish normal 
and cancer-causing cells. It plays a crucial role in diagnosing and treating various 
malignancies, including hematological malignancies and brain tumors. Techniques like 
fluorescence in situ hybridization (FISH) are commonly used to detect chromosomal 
abnormalities associated with genetic diseases and cancer [6]. In clinical settings, 
molecular cytogenetics is instrumental in diagnosing genetic disorders caused by chro-
mosomal abnormalities. It has significantly advanced diagnostic capabilities beyond 
classical cytogenetics by increasing resolution and diagnostic utility. Techniques like 
FISH, multicolor FISH, and comparative genomic hybridization (CGH) are pivotal in 
identifying chromosomal abnormalities and understanding their diagnostic implica-
tions [40]. Case studies in molecular cytogenetics demonstrate its diagnostic and 
prognostic applications in oncology and medical genetics. By analyzing chromosome 
structure, these studies provide insights into the genetic causes of cancer, potential 
treatment strategies, and personalized medicine approaches based on cytogenetic 
findings. The field continues to evolve, with ongoing projects like the Cancer Genome 
Characterization Initiative (CGCI) focusing on genomic research for rare cancers to 
elucidate genetic abnormalities and their role in cancer pathogenesis [40].

8. �Ethical considerations and future directions

The ethical considerations surrounding genome editing and genetic manipula-
tion are a topic of significant debate and concern. Various international bodies 
and studies have addressed these issues, emphasizing the importance of ethical 
guidelines, transparency, responsible science, respect for persons, fairness, and 
transnational cooperation [41]. One key ethical concern is the distinction between 
27



Unraveling the Causalities of Genetic Variations – Recent Advances in Cytogenetics

10

somatic and germline interventions, as well as between therapy and enhancement. 
The difficulty in drawing clear lines between these categories has led to debates 
on the normative implications of human nature, consent from future generations, 
potential slippery slopes toward eugenics, and implications for justice and equal-
ity [42]. Regulatory frameworks play a crucial role in governing genome editing 
technologies. Oversight of human genome editing is embedded within the larger 
context of international conventions and norms for the protection of human rights 
and research involving human subjects. Principles for governance of genome editing 
have general application globally and are reflected in specific statutory and regula-
tory rules adopted by various nations [41]. Looking toward the future, it is essential 
to continue developing robust ethical guidelines, fostering public engagement and 
dialog, establishing global regulatory bodies, and promoting international collabo-
rations to ensure that the use of gene-editing technologies is grounded in interna-
tional ethical standards and addresses the ethical challenges associated with these 
advancements [43].

9. �Conclusion

In conclusion, molecular cytogenetics continues to be a vital field in both biologi-
cal and medical research, offering invaluable insights into the intricate world of 
chromosome biology. Through cutting-edge techniques such as spectral karyotyping, 
fluorescence in situ hybridization, next-generation sequencing, and CRISPR genome 
editing, researchers have made significant strides in understanding chromosomal 
abnormalities, genome variations, and the genetic underpinnings of hereditary dis-
eases. The advancements discussed in this chapter not only deepen our comprehen-
sion of genetic disorders but also hold immense promise for clinical applications. The 
potential to correct genetic abnormalities through genome editing opens new avenues 
for medical treatment, offering hope to individuals affected by previously incurable 
conditions. The advancements in molecular cytogenetics outlined in this chapter 
have the potential to revolutionize the way we diagnose, manage, and treat hereditary 
diseases, heralding a new era of precision medicine.
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Chapter 4

Technological Advances in Cancer 
Cytogenetics
Subrata Kumar Dey

Abstract

The field of cytogenetics has witnessed significant changes due to constant evolu-
tion of new methodologies for the detection of chromosomal alterations in number 
and structure. The discovery of Philadelphia chromosome in Chronic Myelogenous 
Leukemia (CML) ushered in new era in cancer cytogenetics. Classical cytogenetics is 
based on G-banded chromosome analysis and karyotyping, which can detect altera-
tions in structure and number of chromosomes in a diploid set. Subsequent develop-
ment of molecular cytogenetic techniques such as Fluorescence In situ Hybridization 
(FISH) where fluorescent dye-labelled DNA probes are used to identify chromosome 
rearrangements at metaphase or interphase stage. On the other hand, Comparative 
Genomic Hybridization (CGH) technique is applied for the detection of copy number 
variations. It is used to detect chromosomal aberrations such as deletions, additions 
and ploidy abnormalities, whereas array CGH compares two differentially fluores-
cent labelled test and reference samples simultaneously at multiple loci. The major 
advantage of this technique is that it can detect deletions and duplications at submi-
croscopic level. Furthermore, genome sequencing technology has also been applied 
to understand the mutational signatures in the origin of different types of cancer. 
The present review traces the evolution of cytogenetic techniques in the detection of 
genomic alterations in cancer.

Keywords: cancer, genome, cytogenetics, mutation, techniques

1. �Introduction

The determination of diploid chromosome number in human [1] soon led to the 
discovery of several chromosomal disorders. Over the years, conventional karyotyp-
ing was recognized as gold standard for the detection of chromosomal abnormalities. 
The association of Philadelphia chromosome (translocation between chromosomes 9 
and 22) in chronic myelogenous leukemia (CML) [2], specifically relates chromosome 
abnormality with cancer. In case of acute lymphoblastic leukemia (ALL), transloca-
tion was detected between chromosomes 12 and 21 [3] by conventional karyotyping. 
However, to overcome the limitation of conventional karyotyping and for rapid 
detection of chromosomal abnormalities, FISH (fluorescence in situ hybridiza-
tion) was developed as an indispensable method for the detection of chromosomal 
rearrangements such as translocation, inversion, and microdeletion, which has 
greatly enhanced the efficiency and accuracy of the chromosome analysis [4, 5] by 
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combining conventional cytogenetics and molecular technologies. On the other hand, 
analysis of copy number variations and genome-wide screening analysis was made 
possible by the introduction of CGH (comparative genomic hybridization) technique 
[6]. This technique was developed to compare the chromosome complements of the 
solid tumor with that of normal tissue, and its resolution was at the level of five to ten 
megabases. This method was found to be more accurate than conventional Giemsa 
banding and FISH. However, the low resolution, which was the main limitation of 
the CGH method, was further overcome by the introduction of array CGH where 
metaphase chromosome was replaced by cloned DNA fragments. This facilitates 
the detection of structural variations of genome at base pair level [7]. Advances in 
our knowledge of cancer diagnosis and management have led to the introduction of 
genomic profiling of cancer patients by introducing NGS (next-generation sequenc-
ing) technology, which has been found to be very useful in guiding the treatments of 
cancer patients [8]. Moreover, cancer is characterized by intertumoral and intratu-
moral variations of cells, and there is an irregular distribution of genetically different 
tumor subpopulations within and between single disease site or across different 
disease sites [9]. Progress in high-throughput technologies has enabled a better under-
standing of genomic alterations in human cancer, and next-generation sequencing is 
now advised to guide therapy of different types of cancers since the high-throughput 
technology has played an important role in understanding altered genetic pathways in 
cancer and to guide targeted therapy [10].

In this review, discussion has been made regarding the technological advance-
ments from conventional cytogenetics to cytogenomic analysis of cancer and clinical 
usefulness of these techniques in the diagnosis and management of different types of 
malignancies.

2. �Conventional cytogenetic analysis: Karyotyping and chromosome 
banding

The chromosome constitution of a diploid individual is described as karyotype 
when chromosomes are arranged on the basis of decreasing order of length and 
position of centromere. Metaphase chromosome preparation involves short-term 
cell culture followed by colchicine pretreatment to arrest dividing cells at metaphase 
stage. Chromosome preparation is done using the conventional airdrying technique, 
and metaphase plates are subjected to G-banding, which involves trypsin pre-
digestion followed by staining with Giemsa stain. As a result, dark bands are termed 
as G-bands, while light bands are called R-bands. The construction of karyotype 
from metaphase plates provides an overall picture of the genome of an affected cell. 
Construction of G-banded karyotype and analysis under microscope enables the 
identification of different types of structural chromosomal rearrangements such 
as translocation between chromosome numbers 9 and 22 in acute lymphoblastic 
leukemia (ALL) [11].

Moreover, alteration in the number or structure of the chromosome, including 
deletions, duplications, and translocations in the range of 5–10 megabases (Mb), 
could be detected, which is visible under microscope. One of the advantages of this 
technique is the detection of the abnormalities that are present at very low number, 
particularly in myeloid neoplasms [12]. It has been observed that karyotype of 
cancer cells is often altered due to change in the chromosome number which has been 
observed in most of the carcinoma cells. It has been suggested that aneuploidy is an 
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essential component of tumorigenesis and changes in chromosome number are seen 
in around 85% of carcinoma cells [13]. Moreover, chromosomal analysis of malignant 
cells faces technical challenge as the results are unpredictable and inconsistent. Low 
mitotic index and poor chromosome morphology are some of the limitations of 
conventional cytogenetic method.

2.1 Molecular cytogenetics

It involves the use of different methods where DNA probes are labeled with 
colored fluorescent tags to observe the specific regions of the chromosomes. These 
techniques may be used to detect chromosomal alterations in dividing as well as 
nondividing cell populations.

2.2 Fluorescence in situ hybridization (FISH)

The standard FISH protocol involves the use of fluorescent-labeled DNA probes 
that are capable of hybridizing complementary DNA sequences in chromosomal 
regions within the nucleus of intact cells or in metaphase chromosomes and produce 
a fluorescent signal which indicates the chromosomal location of a particular gene or 
DNA sequence and can be observed under a fluorescence microscope with appropri-
ate filters [14, 15] while in CISH (chromogenic in situ hybridization)probe is labeled 
with biotin or digoxigenin. Sensitivity of these techniques is found to vary with the 
detection of different types of oncogene. CISH is more sensitive in the detection of 
HER-2/neu oncogene amplification [16]. The first gene to be mapped using FISH 
was thyroglobulin [17]. FISH provides a higher level of resolution than the standard 
G-banding technique and facilitates karyotype analysis of nuclei of nondividing 
cells, providing rapid diagnosis of different types of leukemia such as BCR: ABL1 
fusion gene in chronic myelogenous leukemia (CML). This technique was used for 
the detection of translocation in large cell lymphoma [18], acute myeloid leukemia 
(AML) [19], and also for the analysis of chromosomal abnormalities in tumors in 
children [20]. FISH opened the way for the development of a new technology called 
spectral karyotyping (SKY) or multicolor FISH(M-FISH). This technique allows the 
labeling of chromosomes with different painting probes at the same time, resulting in 
the detection of translocations and other complex karyotypes, which are the charac-
teristic features of solid tumors [21]. There are also two main locus-specific Identifier 
FISH probe systems for the detection of gene rearrangements in cancer investiga-
tion: dual color translocation probes and dual color break-apart probe [22]. The 
dual color translocation probes are designed to detect known partner genes such as 
BCR-ABL1 that result from translocation between chromosomes 9 and 22 in chronic 
myelogenous leukemia (CML). On the other hand, dual color break-apart probes are 
useful for detecting translocation involving multiple translocation partners in mixed 
lineage leukemia (MLL) where the MLL gene was affected by translocation at 11q23 
[22]. FISH techniques no doubt improved the diagnosis of hematologic malignancies 
as well as solid tumors in comparison to conventional G-banded techniques. Breast 
cancer is one of the most common type of tumor reported in women, and FISH 
technique is used to detect the HER2 gene locus. FISH probes are also available for the 
detection of ALK, ROS1 oncogenes in lung cancer, and CCNE1 in ovarian cancer [16]. 
Therefore, the applications of advanced FISH techniques facilitate the identification 
of chromosomal aberrations that are responsible for oncogene activation, which 
remain unresolved by the application of conventional karyotyping.
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2.3 Comparative genomic hybridization (CGH)

This method involves analyzing copy number variations (CNVs) in the DNA of 
test sample compared to a reference sample. The aim of this technique is to quickly 
compare two genomic DNA samples arising from two sources such as solid tumor and 
normal tissue. In CGH technique, DNA from sample in study and the control DNA 
extracted from an individual with a normal karyotype are differentially labeled with 
green and red fluorochromes, respectively. Using fluorescence microscope and com-
puter software, the differentially colored fluorescent signals are compared to detect 
the gain or loss of material in the test sample [7, 23]. CGH is able to detect unbalanced 
chromosomal abnormalities. However, it is unable to detect balanced chromosomal 
abnormalities such as translocations, inversions, or ring chromosome that do not 
affect copy number variations. CGH technology was used to detect the gene encoding 
the catalytic subunit of phosphatidyl ionositol 3-kinase (PIK3CA) which is amplified 
in ovarian cancer [24], thus identifying PIK3CA as an oncogene associated with ovar-
ian cancer. A distinct advantage of this technique is that formalin-fixed and paraffin-
embedded tissues can also be used for investigation which made this technique useful 
for cancer research. However, the resolution of the conventional CGH is a major 
limiting factor in its clinical applications. Aberrations smaller than 5-10 Mb cannot be 
detected using conventional CGH [25].

2.4 Array CGH

CGH methods are found to be labor intensive and require the use of metaphase 
chromosomes, which results in limited resolution. However, development of array-
based CGH method does not require the use of metaphase chromosome. This method 
uses DNA arrays of human genome adhered to microchip. The main advantage of 
Array CGH is its ability to detect different types of chromosomal abnormalities 
such as deletions, duplications and amplification of any locus [7, 9]. Array CGH 
has advanced the conventional cytogenetics from microscope to computer-based 
analysis, which is able to identify genomic abnormalities at higher resolution. Array 
CGH enables analysis of whole genome in a single experiment, and until now, its 
applications have been mainly directed at detecting genomic abnormalities in cancer. 
This technique is also used to identify multiple forms of chromosomal instability in 
colorectal cancer [26], genomic copy number alterations in bladder cancer [27] and 
cervical cancer [28]. This technique is also applied extensively for deletion mapping 
and identification of tumor suppressor genes. It has also made a significant contribu-
tion to understanding tumor biology and increasing resolution of arrays, made pos-
sible analysis of genome up to the single base pair level which indicates its potential 
to identify many genes within this range [29]. Continuous refinement of diagnostic 
technologies and the subsequent development of DNA microarrays technologies have 
made possible whole genome analysis not only at high resolution but also open up the 
possibilities for clinical application. This new technology has opened up the possibil-
ity to combine with other genomic profiling technologies such as Single Nucleotide 
Polymorphism (SNP) and next-generation sequencing(NGS). These techniques 
grouped together as cytogenomics technologies, leading toward personalized cancer 
genomics and help to identify specific cancer signatures for the diagnosis and progno-
sis of cancer [9].

Table 1 shows comparison between conventional cytogenetic and molecular 
techniques.
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2.5 Next-generation sequencing (NGS)

Introduction of NGS platform has opened a new vista in genomic profiling 
of cancer patients. This technology uses parallel sequencing of multiple small 
fragments of DNA to determine sequence and this high -throughput technology 
has allowed a rapid increase in the speed as well as decrease in the cost at which 
a genome of the patient can be sequenced. NGS approaches include both DNA 
and RNA analysis. It includes targeted sequencing of genes of interest and RNA 
sequencing facilitates the detection of posttranscriptional modifications, gene 
fusion and single nucleotide polymorphisms [30]. Lately, introduction of NGS 
technology has revolutionizing cancer molecular diagnostics due to its many 
advantages compared to conventional diagnostic methods. Application of this 
technology has played an important role in understanding altered genetic pathways 
in cancer, genomic aberrations, insertions and deletions and copy number varia-
tions [30]. This technology is mainly used in solid tumor and hematologic cancer 
diagnosis. Among males, prostate cancer is the leading cause of death in many 
countries. High tumor heterogeneity is a challenge for formulating treatment for 
this cancer. Recent advances in NGS technology facilitated the understanding of 
genetic profile of prostate cancer and two major signaling pathways such as P13K-
PTEN-Akt and RTK-Ras-MAPK [31], which subsequently improved the diagnosis 
and treatment protocols of prostate cancer. Lung cancer is another leading cause 
of cancer-related death and is often detected at an advanced stage. Application 
of NGS has identified EGFR/KRAS/ALK alterations which is responsible for lung 
cancer [32]. On the other hand, the application of NGS technology not only detects 
BCR-ABL translocation in chronic myelogenous leukemia (CML) but also facili-
tates the precise identification of novel mutations that may be of great prognostic 
value and clinical importance [33]. NGS has been successfully employed to identify 

Techniques Approach Features Application

G-Banding Metaphase
Chromosome

Transverse bands
across each chromosome

Identification of
chromosomal aberrations

FISH Interphase &
Metaphase Chr.

Fluorescence dye
Labeled DNA as
probe

Detection of Mutation

Spectral
Karyotyping

Metaphase
Chromosome

Fluorescence dye
labeled DNA as probe
for each chromosome
of karyotype

Genome wide screening

CGH Fixed biopsies Labeled DNA as probe Detection of DNA
copy no. variation

Array-CGH Array
DNA

Labeled DNA as probe Detection of chr.
aberrations at
submicroscopic level

Genome
Sequencing

DNA Sequencing of whole Genome Identification of
mutation

Abbreviations: FISH: Fluorescence In situ hybridization, CGH: Comparative Genomic hybridization.

Table 1. 
Comparison of conventional cytogenetic and molecular techniques.
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novel mutations in a variety of cancers, including bladder cancer, renal cell carci-
noma, small cell lung carcinoma, prostate cancer and different types of leukemias 
[34]. Advancement of NGS technology has made possible the comprehensive 
molecular profiles of normal and tumor genomes for designing personalized treat-
ment regimens, though the clinical utility and efficacy of comprehensive genomic 
profiling are still under evaluation [35]. Furthermore, the availability of cancer 
sequencing data leads to the identification of mutational signatures and carcino-
gens responsible for specific signature at a single gene level. Along with DNA 
alterations, several forms of RNA alterations, including gene silencing, have also 
been reported in human cancer. The computational approach, which includes the 
application of machine learning and artificial intelligence to classify and predict 
models based on genomic datasets, is achieving promising results, suggesting a 
potential diagnostic use, and it will play an important role in the clinical decision-
making process [36].

3. �Conclusion

Cytogenetic studies have made possible the discovery of the chromosomal basis of 
cancer through the identification of chromosomal abnormalities like the Philadelphia 
Chromosome in chronic myeloid leukemia, t (9;22). This technique identifies chro-
mosomal aberrations in the range of 5–10 megabase (Mb). The initial expansion of 
cancer cytogenetics techniques was with fluorescence in situ hybridization (FISH) to 
assess the genomic alterations more accurately at submicroscopic level (50-100 kb) by 
labeling DNA probes with a fluorescent dye or, in certain cases, chromogenic in situ 
hybridization (CISH) by labeling with biotin or digoxigenin. Rapid advancement of 
molecular cytogenetics has made possible the introduction of comparative genomic 
hybridization (CGH), which has made possible the genome-wide scan to identify 
copy number variations and to identify chromosomal regions associated with loss 
or gain of genetic information at the resolution of 5–10 Mb. Keeping in mind, the 
accuracy and rapidity of the experiment, further advancement was made in array 
CGH to identify genomic alterations. By using DNA microarrays, it is possible to 
identify cause of several chromosomal abnormalities in cancer at genomic level with 
resolution up to 30 kb. Ongoing research led to the development of next-generation 
sequencing (NGS) technology, which automated the profiling of genome of cancer 
patients, identified the altered genetic pathways of oncogenes, which led toward per-
sonalized treatment of cancer and detection genomic imbalances in the range of 50 
kilobase (kb) to 1 megabase (Mb) resolution. Recent applications of machine learn-
ing and artificial intelligence in the analysis of genomic data and creating predictor 
models will play an important role in diagnosis and clinical decision-making process 
in cancer-affected patients.
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Chapter 5

Discovering Causality with 
Mendelian Randomization: 
What It Is and How to Do It 
Hayrettin Okut and Rosey Zackula 

Abstract 

Mendelian Randomization (MR) is a powerful analytical method that assesses 
causal relationships. When direct exposure is neither feasible nor ethical, this method 
incorporates an instrumental variable (such as a genetic variant) as a substitute for an 
exposure, and measures the causative influence directly related to an outcome (e.g., 
disease). In this way, MR eliminates the need for an unattainable randomized exper-
iment. However, the instrumental variable must meet three core assumptions: be 
associated with the exposure of interest, unrelated to any confounding factors that 
impacts the outcome, and affect the outcome only through the exposure. Conducting 
an MR study requires six basic steps: (1) define the causal association, (2) select an 
instrumental variable, (3) evaluate core assumptions, (4) conduct an analysis that 
produces a model, (5) validate the model, and (6) report findings. Various software 
offers MR analyses: R, Python, SAS, STATA, and other specialized programs. 
Although MR is a powerful tool, it has challenges and limitations. For example, 
instrumental variables can influence multiple traits (pleiotropy), be weak instru-
ments, or can be underpowered. Future advancements aim to correct pleiotropy and 
expand the range of instrumental variables including genetic variants. MR represents 
a significant advancement in causal inference in medicine; it overcomes the limita-
tions imposed on randomized clinical trials and is superior to observational studies 
that only measure associations. This chapter will outline current MR methodologies 
and provide a framework for those interested in investigating causal relationships 
using genetic variants. 

Keywords: Mendelian randomization (MR), causal inference, instrumental variable, 
statistical methods, genetic epidemiology 

1. Introduction 

Mendelian Randomization (MR) is an analytical approach within epidemiology 
and statistical genetics that uses genetic variants -referred to as instrumental vari-
ables- to act as substitutes or proxies for adjustable exposures [1]. Its purpose is to 
evaluate potential causal connections between exposures and particular outcomes. 
Prior to the inception of MR, the gold standard approach to show causality was 
randomized trail designs. Yet they can be expensive and may challenge ethical and
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practical constraints; for example, demonstrating that cancer is caused by exposure to 
smoking. Thus, researchers depended predominantly on observational studies and 
conventional statistical techniques to explore connections between risk factors and 
outcomes. Although, observational studies establish associations, rather than causa-
tion, and are susceptible to biases, such as confounding and reverse causation, making 
it challenging to determine the true cause-effect relationships between exposures and 
outcomes. These limitations raise uncertainties about the validity of findings and 
hinder the ability to establish definitive causal relationships. MR, however, fills a 
crucial gap between randomized trials and observational studies to discover causal 
relationships [2–4]. 

Unraveling the Causalities of Genetic Variations – Recent Advances in Cytogenetics

MR can be considered a form of inherent randomized controlled trial (RCT) where 
genetic allocation follows Mendel’s laws of equal segregation and independent assort-
ment [5]. These Laws, first described by Gregor Mendel in 1865, describe how genetic 
variations are passed from parents to their offspring in a random fashion. The Law of 
Equal Segregation states that, when two alleles separate during gamete formation, each 
resulting gamete has an equal probability of containing either allele. The Law of Inde-
pendent Assortment states that each allele is independent, and thus offspring may 
inherit any combination of alleles from their parents. Thus, genetic variants mimic both 
assumptions of randomness: equal probability and independence. Figure 1A and B 
briefly summarizes the history of MR, from Mendel’s Laws to the present [6]. 

MR was first introduced as a study design by Katan [7] to uncover causal connec-
tions between exposures and outcomes. This novel approach would go on to provide 
important insights within fields such as medicine, pharmacology, public health, 
econometric, and social sciences. Gray and Wheatley elaborated upon MR by 
obtaining unbiased estimations of the effects of a suspected causal factor, while 
avoiding the requirement for a traditional RCT [8]. 

In MR, the genetic variants, or single nucleotide polymorphisms (SNPs), act as 
instrumental variables, facilitating the investigation of whether an exposure of inter-
est (e.g., BMI, fasting glucose, smoking, alcohol use status) causally influences an

Figure 1. 
A. Mendelian Laws; evolution. B. History of Mendelian Randomization (MR).
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outcome (e.g., disease risk, type 2 diabetes, any health condition). Utilizing these 
genetic instruments, MR seeks to determine causal effects within observational stud-
ies, eliminating the necessity for conventional randomized trails. In other words, MR 
analytical method helps explore potential causal connections in situations where 
performing randomized trials is not possible due to ethical dilemmas or practical 
constraints. Figure 2 demonstrates the relationships between instrumental variables 
(Z), exposures (X), and outcomes (Y), while circumnavigating the effects of 
confounding variables (U). These relationships follow certain assumptions. For 
example, β5 demonstrates that no relationship exists between Z and U. Further, β6 
shows that there is no direct relationship between Z and Y, except through X.
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Figure 2. 
Relationship within Mendelian Randomization (MR). The red dashed arrows indicate pathways that 
should not exist if the genetic variant (GV) is valid. The line for β5 means independent of any unobserved 
confounding variables, also referred to as the independence assumption (Z ⊥ U). The line for β6 means GV and 
outcome Y are independent, conditional on exposure X and unmeasured confounders U (Z ⊥ Y|X), also referred to 
as the exogeneity assumption. The dark blue arrow represents the GV strongly predicts the exposure, and β1 
the regression coefficient of the GV-exposure association. The light blue arrow represents the β2 regression 
coefficient of the exposure-outcome association. The dark and light gray represents β3 and β4, the effects of 
the confounder (U) on the exposure (X) and the outcome (Y ), respectively.

Leveraging genetic variants akin to a randomized trial, enables researchers to 
mimic the randomization process of clinical trials, medicine, pharmacology. Public 
health, econometric and social sciences. These genetic variants, assumed to be unaf-
fected by confounding variables, are used as proxies for modifiable exposures (e.g., 
biomarkers, behaviors) to assess causal relationships. Consequently, this approach 
significantly mitigates biases present in observational studies, allowing for more 
robust causal inference and empowers researchers to successfully investigate causal 
relationships between exposures and outcomes. While MR has many advantages, it is 
not without limitations and challenges. These will be outlined in the section titled “V. 
Challenges and Limitations of Mendelian Randomization” within this book chapter. 
A glossary of terms used throughout this chapter is provided in Box 1. 

Biological pathways: Molecular mechanisms through which genetic variants may influence disease risk. 

Causal inference: The process of determining whether a relationship between two variables is causal. 
Confounding: Factors that are associated with both the exposure and the outcome, which may distort the 

observed association. 
Exposure: The variable of interest that is hypothesized to have a causal effect on the outcome. 
False discovery rate (FDR): The proportion of significant findings that are actually false positives. 
Genetic risk score (GRS): A measure that combines the effects of multiple genetic variants to predict an 

individual’s genetic risk for a particular outcome. 
Genetic variant: Any specific difference in the DNA sequence between individuals. 
Heterogeneity: Differences in the magnitude or direction of effects across different subgroups or studies.
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Inherited genetic variation: Genetic variants that are passed down from parents to offspring and are present 
at birth. 

Instrumental variable (IV): A variable used in MR that is associated with the exposure of interest but is not 
directly associated with confounding factors. 

Linkage disequilibrium (LD): Non-random association of alleles at different loci, which can affect the 
interpretation of genetic associations. 

Mediation analysis: Assessing the extent to which the effect of an exposure on an outcome is mediated 
through an intermediate variable. 

Mendelian randomization (MR): A method that uses genetic variants as instrumental variables to assess 
causal relationships between an exposure and an outcome. 

Multiple testing correction: Statistical techniques used to adjust for the increased risk of false positives when 
multiple hypotheses are tested simultaneously. 

Outcome: The variable that is being studied to see if it is affected by the exposure. 
Pleiotropy: The situation where a single genetic variant influences multiple phenotypic traits. 
Power: The probability of detecting a true effect in a statistical analysis. 
Relevance to exposure: Select genetic variants that are strongly associated with the exposure of interest. This 

ensures that the instrumental variables adequately capture the variability in the exposure and increase the 
power of the MR analysis to detect causal effects. 

Reverse causality: A situation that occurs when the outcome influences the exposure, rather than the 
exposure influencing the outcome. 

Single nucleotide polymorphism (SNP): A common type of genetic variation, occurring when a single 
nucleotide base is substituted with a different base. 

Winner’s curse: Genetic associations tend to be overestimated when first discovered; occurs when the 
strongest associations are selected on the basis of a p-value threshold and lead to over-estimation of the causal 
association. 

Box 1. 
Glossary. 

2. Source of biases in causal inferences and assumptions for valid 
Mendelian randomization 

Determining the causative risk factors for prevalent conditions is crucial for the 
development of interventions targeted at treating or managing diseases in clinical 
studies. The ability to make causal inferences using traditional epidemiological 
methods is constrained, mainly due to two common types of biases: confounding and 
reverse causation [9]. Confounding bias occurs when the apparent association 
between an exposure and an outcome is distorted by the influence of a third variable 
(confounder) that is connected to both the exposure and the outcome. In simpler 
terms, bias due to confounding occurs when an external factor falsely impacts the 
connection between the investigated exposure and the observed outcome. For exam-
ple: what is the causal effect of coffee consumption on cardiovascular health? Exces-
sive coffee consumption may directly affect cardiovascular health by increasing heart 
rate and hypertension. However, this observation may be confounded by coffee’s 
indirect effect on a third factor, such as sleep quality, which itself independently 
influences cardiovascular health. Thus, coffee consumption may negatively affect 
cardiovascular health either through its direct effect, or by its indirect effect on a third 
variable, sleep quality. These two effects are unable to be isolated, and thus 
researchers may find it difficult to determine which exposure is responsible for the 
outcome. To address confounding bias, various strategies are employed: randomiza-
tion in experimental studies, matching in observational studies, stratification, and
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statistical control. Randomization and matching techniques control for bias by dis-
tributing potential confounders evenly across exposure groups; thus, reduce their 
impact. Stratified analyses, with multivariable regression models and sensitivity ana-
lyses, provide additional tools for assessing the influence of confounding variables. 
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Reverse causation arises when there is a reversal in the perceived cause-and-effect 
relationship between variables; Y causes X, rather than X causing Y. For example, 
reduced cardiovascular health may reduce sleep quality, which may in turn lead to 
increased coffee consumption: in this case, poor cardiovascular health increases coffee 
consumption, rather than coffee consumption reducing cardiovascular health. To 
mitigate reverse causation, longitudinal study designs and prospective cohort studies 
are essential to ensure a clear temporal sequence, minimizing the risk of 
misinterpreting the cause-and-effect relationship. 

Confounding bias and reverse causation may also occur with MR studies. This can 
lead to misinterpretation of results and inaccurate conclusions about the direction of 
causation. Consider, for example, an MR study designed to investigate if a genetic 
variant associated with higher body mass index (BMI) increases the risk of developing 
type 2 diabetes. This investigation may be confounded by a third factor that also 
increases BMI, such as a thyroid condition; in this case, the genetic variant may cause 
high BMI either directly, or indirectly by influencing the thyroid condition. Moreover, 
reverse causation may occur in the case of individuals whose high BMI results from 
the early metabolic effects of undiagnosed diabetes; in this case, diabetes would cause 
high BMI, rather than high BMI causing diabetes. The strategic selection of study 
designs, coupled with careful consideration of potential confounders, can be used to 
address reverse causation and confounding bias with multivariable analysis (multi-
variable MR analysis is beyond the scope of this chapter), thereby strengthening the 
overall robustness of MR research. 

Among the tools used by epidemiologists to address confounding and reverse 
causation, MR is one of the most robust: it disentangles causal relationships from 
observational data, utilizing a systematic approach to address the complexities of both 
reverse causation and confounding bias [10]. First, because genetic variants act as 
proxies for the exposure of interest, they offer a quasi-randomized setting that mini-
mizes confounding bias. By adjusting levels of the exposure on the outcome, reverse 
causation and confounding bias are avoided, making it possible to explore the direct 
impact of genetic variation on the outcome. Second, to address reverse causation, MR 
effectively establishes temporality and provides a reliable basis for causal inference, as 
genetic inheritance is fixed at conception. 

Genetic variants used in MR studies must satisfy three assumptions related to 
instrumental variables: relevance, exogeneity and independence. First, the genetic variant 
should be associated with the exposure of interest (risk factor) to ensure that it has a 
significant impact on the exposure; this assumption is known as relevance. Second, the 
genetic variant should be unrelated to any confounding factors that might influence 
the relationship between the exposure and the outcome. This assumption helps isolate 
the causal effect and is known an exogeneity. Third, the genetic variant should be 
randomly assigned during conception and should not be associated with any factors 
that might confound the relationship between the exposure and the outcome variable. 
This is known as the assumption of independence. These three assumptions are crucial 
for the validity of MR studies, as they aim to mimic a RCT using naturally occurring 
genetic variation to infer causal relationships between an exposure and an outcome. 
Violation of these assumptions can lead to biased estimates of causal effects. Figure 3 
demonstrates the three assumptions regarding instrumental variables in MR.
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Figure 3. 
A–C. Core assumptions in Mendelian Randomization. (A) Relevance assumption: The genetic variant used as an 
instrument should be associated with the exposure of interest; (B) Exogeneity (exclusion-restriction) assumption: 
The genetic variant should not be associated with any factors that might confound the relationship between the 
exposure and the outcome variable, and (C) Independence Assumption: The genetic variant should be unrelated 
to any confounding factors. The red dashed arrows indicate pathways that should not exist if the genetic 
variant (GV) is valid. The line for β5 means independent of any unobserved confounding variables, also referred to 
as the independence assumption (Z ⊥ U). The line for β6 means GV and outcome Y are independent, conditional 
on exposure X and unmeasured confounders U (Z ⊥ Y|X), also referred to as the exogeneity assumption. 
The dark blue arrow represents the GV strongly predicts the exposure, and β1 the regression coefficient of the GV-
exposure association. The light blue arrow represents the β2 regression coefficient of the exposure-outcome 
association. The dark and light gray represents β3 and β4, the effects of the confounder (U) on the exposure 
(X) and the outcome (Y ), respectively.

The first assumption, relevance, can be expressed as follows (Figure 3A): let us 
denote Z as the instrumental variable (genetic variant), X as the exposure of interest 
(risk factor), and Y as the outcome variable. Relevance implies that there must be a 
strong association between the genetic variant (Z) and the exposure (X). Statistically, 
this can be expressed as Cov(Z, X) 6¼ 0: that is, the covariance between the genetic 
variant and the exposure should be non-zero, indicating a significant association.
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This ensures that the genetic variant is a relevant predictor of the exposure. In statis-
tical terms, this assumption establishes the genetic variant as a valid instrument that 
has a substantial impact on the exposure. By doing so, researchers can then use the 
genetic variant as a naturally randomized tool to investigate causal relationships 
between the exposure and the outcome. 
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The second assumption, independence, implies that the instrumental variable 
(genetic variant) (Z) is independent of any unobserved confounding variables (U); 
that is, Z ⊥ U (Figure 3B). Thus, the genetic variant must be statistically independent 
of any unobserved factors that might confound the relationship between the exposure 
(X) and the outcome (Y). In other words, the genetic instrument is not influenced by 
hidden or unmeasured variables that could affect both the exposure and the outcome. 

The third assumption, exogeneity, implies that the instrumental variable (genetic 
variant) (Z) is independent of both unobserved confounding variables (U) and the 
outcome (Y), rather than the exposure (X)  (Figure 3C). Statistically, this can be 
expressed as Z⊥Y ∣X  =  E(Y|X): the genetic variant must be statistically independent of 
the unobserved confounders, given the exposure. Thus, the genetic variant must not 
be influenced by unobserved factors that might confound the relationship between 
the exposure and the outcome. Determining the size of the causal impact may not 
always be a primary concern nor indeed feasible; this is especially true for regression 
outcomes that stem from studies employing diverse data transformations, which may 
lead to incongruent effect estimates. Nonetheless, when these three assumptions are 
met, MR can serve the purpose of assessing the presence of a causal relationship.

3. Steps to conduct Mendelian randomization analysis 

A comprehensive MR analysis is composed of six primary steps, which are listed in 
Table 1. Each step should be thoroughly addressed in the resulting publication, 
enabling readers to evaluate model validity. Special reporting guidelines for MR stud-
ies are also available to assist in this process [10–13]. 

Step 1: Define the causal relationship and data sources 
Prior to starting a MR study, it is important to first use a robust, well-evidenced 

hypothesis to identify the causal association that is to be evaluated [14]. Additionally, 
MR studies may include more than one source of data. For example, a single-sample 
MR study design may include individual data, or a two-sample MR study design may 
include both individual data and summary data, such as genome-wide association 
studies (GWAS) or meta-analyses. Each design may involve multiple steps in the 
analysis process, as discussed below. 

Step What should be done 

1 Define the presumed causal association to be investigated and select data source(s) 

2 Select (at least one) genetic variant to be used as the instrumental variable 

3 Evaluate the three core assumptions and discuss their applicability 

4 Select method of analysis based on study design and conduct MR 

5 Assess the validity and robustness of MR findings with sensitivity analysis 

6 Report and discuss findings 

Table 1. 
Six primary steps for conducting a Mendelian Randomization study.

7
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Step 2: Determine criteria for identifying suitable variants/variables 
A critical step in conducting a MR study is to determine which genetic variant(s) to 

include in the analysis [15]. For example, should variants from the same or multiple 
regions of the genome be included? If the same region is used, results may be under-
powered, with all-or-none results: all genes selected may be related to the outcome, or 
no genes may be related to the outcome. If multiple regions are used, correlated 
variants may be included, which may lead to instability of results [16]. Multiple 
genetic variants from different regions may also be considered, such as SNPs [17]. 
Alternatively, allele scores that summarize multiple genetic variants could be used as 
instrumental variables [15]. Regardless, the choice of genetic variants should consider 
both biological and statistical test results that include a pre-specified p-value cutoff. 

To successfully implement an MR study, researchers must set criteria that will 
identify suitable genetic variants to be used as instrumental variables, Z. A valid 
instrumental variable must provide an unbiased estimation of the causal effect of the 
exposure on the outcome. To do so, it must satisfy the three fundamental assumptions: 
relevance, exogeneity, and independence [18]. The instrumental variable must also be 
independent of confounders and exhibit minimal collinearity: this ensures that the 
instrumental variable will provide a valid basis for causal inferences relating the 
exposure to the outcome. Basic steps and considerations for identifying suitable 
variants in a MR are summarized in Box 2. 

Exclusion restriction: Verify that the selected genetic variants only influence the outcome through the 
exposure of interest, and not through alternative pathways. This principle ensures that the instrumental 
variables satisfy the exclusion restriction assumption necessary for valid causal inference. 

Functional relevance: Consider the biological plausibility of the selected genetic variants in relation to the 
exposure and outcome of interest. Variants located in or near genes known to be involved in relevant biological 
pathways are more likely to yield meaningful insights. 

Homogeneity: The exposure should have the same effect on all individuals. Though this is not verifiable, 
one option is to evaluate if the effect is the same across subgroups. 

Independence: Select genetic variants that are independent of potential confounders. Ensure that the 
selected variants are not associated with factors that could bias the causal estimates, such as lifestyle factors, 
socioeconomic status, or other health-related behaviors. 

Multiple instruments: Utilize multiple independent genetic variants as instrumental variables: this will 
mitigate the potential for weak instrument bias and increase the precision of causal estimates. 

Relevance to exposure: Select genetic variants that are strongly associated with the exposure of interest. This 
ensures that the instrumental variables adequately capture the variability in the exposure and increase the 
power of the MR analysis to detect causal effects. 

Replication: To ensure robustness of findings, validate the association between the selected genetic variants 
and the exposure in independent datasets or populations. 

Sensitivity analyses: Conduct sensitivity analyses, such as MR-Egger regression or leave-one-out analyses, to 
assess the robustness of results to potential violations of MR assumptions, including pleiotropy or weak 
instrument bias. 

Strength of association: Preferentially select genetic variants with large effect sizes on the exposure, as these 
variants provide greater statistical power to detect causal effects. 

Box 2. 
Criteria for identifying suitable variants in a MR. 

Regardless of the study design or its method for choosing genetic variants, a 
comprehensive analysis should evaluate the robustness of the model. It should include 
sample size calculations for individual data via power analysis (optional) [19], evalu-
ation of assumptions for each instrumental variable, MR estimator, and sensitivity 
analyses [13].
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Step 3: Evaluate core assumptions 
Table 2 illustrates a summary of the methods used to evaluate the three fundamental 

assumptions. As indicated in the table, formal testing is solely applicable to the “rele-
vance” condition. The remaining two conditions can be disproven via sensitivity analyses, 
yet  cannot  be  proven  true [20].  Relevance  of  Z is tested in the first-stage regression. As a 
general guideline, for a single exposure regressor, it is recommended that the F-statistic 
from a joint test should exceed 10 to determine whether all excluded instruments (vari-
ables in genetic variant Zi that are not in exposure, Xi) significantly deviate from zero. 
Therefore, when presenting genetic variant (instrumental variable (Zi)) estimates, it is 
essential to include the F-test results. For situations involving a single instrument and a 
single exposure regressor, this entails ensuring that the t-value associated with the instru-
ment exceeds approximately√10, which is around 3.2, or that the corresponding p-value 
falls below 0.0016. Hence, choosing suitable genetic variants (instrumental variables) in 
MR requires careful consideration to ensure the validity of the anal ysis.

Step 4: MR analysis: Estimation of causal effects 
After confirming that genetic variants meet the three assumptions of an instru-

mental variable—namely, that they exhibit strong association with the exposure (rel-
evance), remain independent of confounding factors (independence), and solely 
influence the outcome through the exposure (exogeneity)—a suitable method can be 
chosen to estimate the parameters in the MR analysis. Various methods are able to 
determine the size of causal effects, with the choice of method depending on the 
specific practical context. However, it is important to acknowledge that this chapter 
only presents an introduction to MR: detailed discussion of all methods for estimating 
causal effects exceeds the scope of this chapter. 

There are two overarching approaches to MR methodology: single-sample Mendelian 
Randomization (SS-MR) and two-sample Mendelian Randomization (TS-MR). Single-
sample Mendelian Randomization (SS-MR) is a powerful method used to assess causal 
relationships between an exposure (e.g., a risk factor or intervention) and an outcome 
(e.g., a disease) using genetic variants as instrumental variables. The basic principle of MR 
relies on genetic variants being randomly allocated at conception, similar to a natural 
RCT. To estimate the causal effects, selection of an appropriate SS-MR method depends 
on the research question and assumptions. Common methods include, Inverse Variance 
Weighting (IVW), Wald ratio estimator, and MR-Egger regression, among others. 

Conversely, two-sample MR (TS-MR) utilizes GWAS data to estimate the causal 
effects. There are two ways to use GWAS information as genetic variants; individual 
level or summary statistics (when individual level GWAS is not publicly available). 
GWAS-summary statistics are the regression coefficients of SNPs for target outcome 
variable. Thus, data accessible to the public is driving the advancement of MR tech-
niques utilizing multiple SNP instruments and leveraging GWAS summary statistics 
for model fitting. See Table 3 below for an overview of methods in MR, considering 
both study design and assumptions, and with detailed explanations of each method. 

The most frequently used methods are Inverse Variance Weighting (IVW), MR-
Egger Regression, Weighted Median Method, MR-PRESSO (Mendelian Randomiza-
tion Pleiotropy RESidual Sum and Outlier), and Generalized Summary Data Mende-
lian Randomization (GSMR). Additionally, Bayesian weighted MR, robust adjusted 
profile score, MRMix, CAUSE, and MRAID are also employed for TS-MR. These 
methodologies vary in their approaches to three main considerations: instrument 
selection from available SNPs, modeling and controlling for horizontal pleiotropy, and 
statistical inference procedures. Notably, MR-Egger can be applied to both GWAS 
summary statistics and individual-level data to identify biases in meta-analyses and to
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detect biases stemming from horizontal pleiotropy in two-sample MR studies [21]. 
Furthermore, for individual-level data, methods such as MVMR, MR-GENIUS, 
sisVIVE, and Adaptive LASSO are utilized [9].
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Step 5: Assess robustness of findings with sensitivity analyses 
Following the parameter estimation, the next step is to conduct sensitivity ana-

lyses. Sensitivity analyses help researchers assess the validity and robustness of MR 
findings and provide insights into the potential impact of biases or violations of 
assumptions. In order to enhance the reliability of causal inference, MR results are 
commonly presented alongside sensitivity analyses that account for different patterns 
of pleiotropy. Pleiotropy occurs when one genetic variant is associated with multiple 
phenotypes and can be either horizontal or vertical. Horizontal pleiotropy is a viola-
tion of the exogeneity assumption and occurs when the genetic variant influences the 
outcome directly; i.e., the variant is independent of the exposure. Vertical pleiotropy is 
a spurious, or false, pleiotropy that occurs when a genetic variant affects other traits 
which influence the outcome but is dependent on the exposure. As such, this genetic 
variant can be used to estimate the causal influence between traits [22]. Additional 
approaches are performed to assess model robustness and detect potential violations 
of MR assumptions, such as pleiotropy or weak instrument bias. 

Sensitivity analyses are performed automatically in many applications, as in MR-
Base software [23]. Common sensitivity analyses and diagnostics in MR are heteroge-
neity tests, leave-one-out (LOO) analyses and funnel plots. Heterogeneity can be 
calculated for the inverse variance weighted (IVW) and MR-Egger tests, and this can 
be used to navigate between models of horizontal pleiotropy [24]. To assess whether 
the MR estimate is influenced or biased by a single SNP with potentially significant 
horizontal pleiotropic effects, we can recalibrate the effect by removing one SNP at a 
time in sequence. Identifying SNPs that, when excluded, cause a substantial alteration 
in the estimate can offer valuable insights into the estimate’s sensitivity to outliers 
[22]. As frequently employed in meta-analysis applications, funnel plots represent an 
alternative approach for sensitivity analysis. Here, the estimate for a specific SNP is 
plotted against its precision. Detecting asymmetry in the funnel plot may suggest 
violations of the exogeneity assumption due to horizontal pleiotropy. 

Step 6: Interpretation and reporting 
Interpreting causal effects in MR analysis requires careful consideration of the 

underlying assumptions, methodological choices, and potential sources of bias [25]. 
Once the parameters have been estimated, the interpretation phase becomes essential 
for drawing meaningful conclusions from the results. However, potential limitations, 
such as pleiotropy, may be present and must be acknowledged. The STROBE-MR 
provides a comprehensive guideline for MR analyses and reporting ([13]; https:// 
www.strobe-mr.org). 

4. Software and tools for Mendelian randomization analysis 

To conduct MR analysis effectively, researchers rely on a range of specialized software 
and packages tailored to the unique demands of this methodology. The availability of 
sophisticated software solutions has significantly enhanced the precision, efficiency, and 
reliability of MR, empowering researchers to unravel complex causal pathways with 
unprecedented clarity. Here, we provide an overview of some prominent MR software 
and packages, see Table 4. Performing MR analysis requires careful consideration of 
study design, data sources, and analytical methods.
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R/RStudio [26] Python [27] Other software 

MR-Base: A comprehensive 
platform that provides access to a 
wealth of summary-level data for 
MR analysis. It hosts curated 
databases of genome-wide 
association studies (GWAS) and 
summary statistics, along with 
tools for performing various MR 
analyses, including inverse 
variance-weighted (IVW), MR-
Egger, and weighted median 
methods. 

MendelianRandomization: 
Conducts various MR methods, 
including inverse-variance 
weighted (IVW) analysis, 
weighted median, MR-Egger 
regression, and more. This 
package often serves as the go-to 
tool for many researchers due to 
its comprehensive set of features. 

mrrobust (Stata): It provides 
functionalities for several MR 
methods, including inverse-
variance weighted (IVW) 
estimation and robust alternatives. 
Ivregress or ivreg2 (Stata): These 
procedures fit a regression via 
2SLS but also via GMM 
(generalized method of moment) 
when 2SLS is used. It can directly 
show the estimates of both the first 
and second stage of least squares. 
simmr (BioRxiv): This can be 
useful for researchers developing 
new MR methods or 
evaluating the performance of 
existing ones. 

TwoSampleMR: Designed 
specifically for conducting MR 
analyses using summary-level data 
from GWAS. It offers a range of 
methods for MR analysis, 
including IVW, MR-Egger, 
weighted median, and MR 
pleiotropy residual sum and outlier 
(MR-PRESSO) tests. This also 
facilitates sensitivity analyses and 
provides tools for assessing 
horizontal pleiotropy. 

PyMendel: Offers functionalities 
for genetic analysis, including MR 
analysis. It provides tools for data 
preprocessing, performing MR 
analysis using various methods, 
and generating plots to visualize 
results. 

PROC SYSLIN and PROC QLIM 
(SAS): These procedures allow for 
the implementation of 
instrumental variable (IV) 
regression methods like two-stage 
least squares (2SLS) – a technique 
relevant to MR analysis. However, 
customization might be needed for 
specific MR methods. 
PROC REG (SAS): This procedures 
in SAS can be used to estimate the 
causal effect (outcome) of an 
exposure (mediator) on an 
outcome variable, conditioned on 
a genetic instrument (exposure). 
However, it would not account for 
specific MR assumptions

MendelianRandomization: This 
offers functionalities for 
performing both single and 
multivariable MR analyses. It 
includes methods for estimating 
causal effects using summary-level 
data and provides options for 
sensitivity analyses and model 
diagnostics. 

Genal: User-friendliness and 
streamlining complex analyses. 
This provides us help for data 
cleaning for single nucleotide 
polymorphism (SNP) data, 
association testing, polygenic risk 
scoring. MR analyses with various 
methods. Offers core 
functionalities from established R 
packages like TwoSampleMR and 
MR-Presso. 

MendelianRandomization.jl (Julia): 
This is a Julia package specifically 
designed for MR analysis. It 
provides functionalities similar to 
those available in Python and R 
packages for MR analysis. 

MR-Robust: This is particularly in 
the presence of violations of MR 
assumptions such as horizontal 
pleiotropy. It implements robust 
methods, including robust 
adjusted profile score (RAPS) and 
MR-Egger robust regression, to 
provide more reliable causal 
estimates. 

MeRP: Streamlines the curation of 
genetic variants from GWAS 
catalog. There are three 
components of the MeRP pipeline: 
i) Pulling genetic variants from 
public data, ii) filtering to satisfy 
MR conditions, and iii) the causal 
effect-score calculation for MR 
analysis. 

Table 4. 
Software for MR analyses.

1660



Discovering Causality with Mendelian Randomization: What It Is and How to Do It
DOI: http://dx.doi.org/10.5772/intechopen.1012224

Here, we outline a general guideline on using specific software, such as MR-Base 
and TwoSampleMR, for conducting MR analysis: 

4.1 Data preparation 

Obtain summary-level data for the exposure, outcome, and genetic instruments 
from reputable sources or conduct GWAS to generate summary statistics. Ensure data 
quality and consistency across datasets, including harmonization of variants and allele 
frequencies. 

4.2 Instrument selection 

Identify genetic instruments (i.e., instrumental variables) associated with the 
exposure of interest and independent of confounders using methods like genome-
wide significance thresholding and LD clumping. Check for pleiotropy and assess 
instrument strength using methods like F-statistic and MR-Egger intercept. 

4.3 MR analysis 

Use MR-Base platform or TwoSampleMR package to perform MR analysis, 
selecting appropriate methods based on the research question and assumptions. Con-
duct primary analysis using methods like IVW or weighted median to estimate causal 
effects. Perform sensitivity analyses, including MR-Egger regression and leave-one-
out analysis, to assess the robustness of results. 

When all three MR assumptions are upheld, the interpretation of results becomes 
meaningful, enabling the evaluation of regression coefficients and the testing of asso-
ciations between genetic variants, exposure data, and outcome data. These interpre-
tations also involve assessing the magnitude and direction of causal effects estimated 
by the chosen method. Any violation of the three assumptions can undermine the 
validity of causal inference. In practical application, a thorough assessment of the 
assumptions becomes imperative. Given that exogeneity and independence assump-
tions pertain to the absence of specific types of confounding, their verification 
remains unattainable, requiring practitioners to exercise caution in the planning of 
MR analyses. 

For single-sample MR, where genetic variants serve as instrumental variables, the 
estimated causal effects reflect the impact of the exposure on the outcome. However, 
interpreting these effects requires caution, as they may be biased. Sensitivity analyses, 
such as leave-one-out tests, can help assess the robustness of results to potential 
violations of the core assumptions. In two-sample MR, where GWAS data are lever-
aged, interpreting causal effects involves considering the strengths and limitations of 
using summary statistics from separate samples. While this approach can enhance 
statistical power and generalizability, it also introduces challenges such as horizontal 
pleiotropy, where genetic variants influence the outcome through pathways other 
than the exposure of interest. Methods like MR-Egger regression can help detect and 
adjust for such biases, but their interpretation also requires careful consideration of 
underlying assumptions. 

Furthermore, interpreting MR results entails considering the broader context of 
the research question and existing evidence. Causal effects estimated through MR 
should be interpreted in conjunction with findings from observational studies, RCT, 
and other types of evidence. Consistency across different study designs strengthens
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causal inference and increases confidence in the results. Thus, researchers should 
provide detailed descriptions of methods used, including software and packages, the 
MR estimates with the magnitude and direction of causal effects, along with results of 
sensitivity analyses. Implications of findings and potential avenues for future research 
should also be discussed. By following these steps and leveraging specialized MR 
software and packages, researchers can conduct rigorous MR analyses to investigate 
causal relationships between exposures and outcomes, contributing to advancements 
in epidemiology and genetics. 

Unraveling the Causalities of Genetic Variations – Recent Advances in Cytogenetics

Overall, interpreting causal effects in MR analysis requires a nuanced understand-
ing of the methods used, the assumptions underlying them, and the broader context of 
the research question. By carefully considering these factors, researchers can draw 
reliable conclusions about the causal relationships between exposures and outcomes in 
observational data. For thorough reporting of MR studies, consider using EQUATOR 
network (https://www.equator-network.org/reporting-guidelines/) and checklists, 
such as STROBE-MR for reporting MR studies [13, 28]. 

5. Challenges and limitations of Mendelian randomization 

MR faces several challenges and limitations that warrant consideration. First, MR 
is constrained by its reliance on large sample sizes. Often, the genetic variants that 
serve as proxies for exposures or traits account for only a minute fraction of the 
overall variability in those exposures or traits. Consequently, to derive precise 
risk estimates, researchers typically require datasets comprising thousands of 
samples [29]. 

Second, MR analysis can be complicated by linkage disequilibrium, wherein mul-
tiple genetic variants are inherited jointly - these variants may be heterogeneous in 
their impact on the exposure or outcome, which can potentially undermine the valid-
ity of the findings. To ensure the robustness and reliability of MR results, this factor 
must be meticulous considered and adjusted for. 

A third limitation is population stratification, which may occur in studies involving 
mixed or stratified populations. In this case, spurious associations may emerge due to 
the correlation between the genetic variant and the outcome with the ancestral back-
ground. To mitigate this issue, methodologies have been developed to either confine 
analyses to homogeneous populations, or to adequately control for population strati-
fication using techniques such as principal components analysis or linear mixed 
models [30]. 

Fourth, especially present in single-sample MR studies, is the “winner’s curse” 
phenomenon: when a genetic association between an exposure and an outcome is first 
discovered, the significance of that association tends to be overestimated compared to 
later studies. When a sample subject to the “winner’s curse” is utilized for both the 
discovery and the MR analysis for constructing the genetic instrument, there is a risk 
of biasing the instrumental variable and exposure estimates upwards. This limitation 
may be circumvented by employing a two-sample MR approach.

A fifth limitation stems from trait heterogeneity, horizontal pleiotropy, and link-
age disequilibrium. These complexities undermine the underlying assumptions of MR 
analyses, and necessitate a deep understanding of genetic variants and biological 
mechanisms. To address these issues, specialized techniques, such as MR-Egger 
regression and weighted median approaches, have been developed to detect and 
account for pleiotropy [29].
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Sixth, because MR relies on assumptions about the biological pathways that link 
genetic variants to exposures and outcomes, unanticipated complexity in the under-
lying biology may lead to misinterpretation of causal relationships. Integrating bio-
logical knowledge and conducting robust sensitivity analyses can help to mitigate this 
limitation. 

Despite these constraints, MR studies remain capable of offering valuable insights into 
causal connections between exposures and outcomes, particularly in scenarios where 
alternative study designs, such as randomized controlled trials, are impractical or 
unethical. It is essential for researchers to meticulously weigh the assumptions and con-
straints of MR and supplement their findings with additional evidence to fortify causal 
inference. This approach ensures a comprehensive understanding of the relationships 
under investigation. Several researchers have provided more details on the limitations of 
MR; [31–34] the utility of MR is contingent upon navigating these limitations through 
robust methodologies and careful consideration of genetic and population factors. 

6. Future directions in applications of Mendelian randomization 

The future MR holds significant promise as advancements in genomics and data 
science continue to evolve. One key direction is the integration of multi-omics data, 
including epigenomics, transcriptomics, and metabolomics, to provide a more com-
prehensive understanding of the causal pathways linking genetic variants to complex 
traits and diseases [30, 33]. This holistic approach can uncover novel biomarkers and 
therapeutic targets, enhancing precision medicine. 

Another promising avenue is the application of MR in diverse populations. Tradi-
tionally, MR studies have been predominantly conducted in European populations, 
limiting the generalizability of findings [20, 21]. Expanding MR research to include 
diverse ethnic groups will improve the robustness of causal inferences and ensure the 
benefits of genomic discoveries are equitably distributed. 

The development of sophisticated statistical methods and machine learning algo-
rithms also presents a future direction for MR. These advancements can improve the 
detection and correction of pleiotropy, a major challenge in MR, by distinguishing 
true causal effects from confounding influences. Enhanced computational tools will 
facilitate more accurate and reliable MR analyses, making them accessible to a broader 
range of researchers [11, 31]. 

Finally, the integration of MR with electronic health records (EHRs) and large-
scale biobanks, such as the UK Biobank [20], and All of Us Research Program, will 
provide unprecedented opportunities for causal inference in real-world settings. This 
will enable the investigation of gene-environment interactions and the causal effects 
of lifestyle and environmental factors on health outcomes. Furthermore, the ethical 
and regulatory aspects of MR will gain increasing attention. As MR becomes more 
influential in shaping public health policies and clinical guidelines, it is crucial to 
address ethical considerations related to genetic privacy, data sharing, and the 
responsible communication of findings to the public. 

7. Conclusion 

Mendelian Randomization represents a powerful tool for causal inference, provid-
ing valuable insights into the relationships between genetic variants, exposures, and
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health outcomes. As the field advances, addressing biases, enhancing methodological 
approaches, and incorporating diverse data sources will be key to unlocking its full 
potential. By fostering inclusivity and ethical integrity, MR will continue to contribute 
significantly to the understanding of disease etiology and the improvement of public 
health interventions. Continuing advancement in the fields of genomics and data 
science will ensure that MR remains an indispensable tool for causal analysis. 
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Chapter 6

Environmental Pollutant-Based 
Polygenic Risk Score: A Genetic 
Surrogate for Environmental 
Pollutants Assessment
Mulong Du, Junyi Xin, Silu Chen and Meilin Wang

Abstract

Accurate measurement of environmental pollutants is necessary for precision 
health risk assessment. However, current methods for detecting and profiling 
humans’ internal exposure to pollutants remain prohibitively costly, time-consuming, 
and energy-intensive. Polygenic risk scores (PRSs), which aggregate effects of genetic 
variants across the genome, have been widely applied in predicting phenotypes 
and could serve as genetic surrogates for traits of interest. This includes a genetic 
proxy relevant to environmental exposure to pollutants, facilitating disease predic-
tion and risk evaluation. This chapter introduces a state-of-the-art technology: the 
environmental pollutant-based PRS (EpPRS), which harnesses the complete genetic 
and exposomic data. Furthermore, we have developed an adverse outcome pathway 
(AOP) framework aimed at assessing the effects of contaminants on the risk of can-
didate diseases. In addition, EpPRS, as a surrogate of genetically predicted exposure, 
can be effectively utilized in various analyses, including causal inference, mediation 
analysis, and phenome-wide association studies. In conclusion, EpPRS can act as 
a robust proxy to assess internal pollutant exposure. The application of the EpPRS 
in disease risk assessment elucidates the mechanisms linking exposure and disease, 
thereby providing a foundation for developing strategies to control environmental 
pollutants.

Keywords: environmental contaminant, polygenic risk score, genetic surrogate,  
risk assessment, environmental health

1. �Introduction

Environmental contaminants are an ever-present concern in modern human 
environments, characterized by their diversity and widespread nature. The develop-
ment of sophisticated detection techniques has heightened awareness of the risks to 
both environmental and human health posed by these chemicals. Despite advance-
ments, accurately assessing health risks remains a formidable challenge on account of 
the inherent persistence, high toxicity, long-distance mobility, and bioaccumulation 
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of pollutants. Although some countries have implemented bans on various environ-
mental contaminants, their production and use continue in others [1–3]. Additionally, 
recent climate change has facilitated the unrestricted release of pollutants from ice 
and soil sediments [4]. Persistent organic pollutants (POPs), for instance, are syn-
thetic chemicals known for their environmental persistence, bioaccumulate in the 
food chain, and significant health hazards [5]. The toxicity of POPs is particularly 
magnified for apex predator within the food chain. POPs remain omnipresent in 
diverse food items, like milk, meat, fish, and dairy products, inflicting chronic dam-
age to humans due to lifelong exposure [6].

Traditional risk assessment models have proven inadequate for evaluating the 
human health hazards posed by the multitude of chemical compounds and environ-
mental contaminants. To address these challenge, traditional risk assessment methods 
are undergoing significant revisions. Recently, the adverse outcome pathway (AOP) 
has been proposed as a novel approach to incorporate correlations between adverse 
outcomes and risk assessments across different biological organizational levels [7]. 
The AOP framework commences with a molecular initiating event (MIE), where 
a compound interacts with a biological target, triggering a series of higher-level 
events (such as subcellular, cellular, system, or individual level) that culminate in 
adverse health outcomes. However, for environmental pollutants, accurate exposure 
assessment remains crucial. The detection of human internal exposure to pollutants 
remains costly, time-consuming, and resource-demanding. Additionally, limitations 
in resources for monitoring and management necessitate the development of cost-
efficient alternative approaches for evaluating environmental exposure levels.

The polygenic risk score (PRS) has emerged as an important tool in the genetic 
research of complex trait diseases, complementing genome-wide association stud-
ies (GWAS) [8]. PRS aggregates the effects of multiple genetic variants across the 
genome to predict the genetic predisposition of individuals to certain traits or dis-
eases. Genetic variations in environmental response genes can significantly influence 
the status of pollutant biomarkers and/or the relationships between pollutant expo-
sure and biomarkers [9, 10]. This implies that individual genotypes might influence 
the impacts of environmental pollutant exposure. Some investigations have integrated 
environmental genomic data to explore genetic susceptibility to diseases influenced 
by the environment, identify genes vulnerable to chemical damage, and pinpoint 
functionally significant single-nucleotide polymorphisms (SNPs) in genes responding 
to environmental stimuli [11]. Taking inspiration from the PRS approach, we suggest 
leveraging genetic tools from environmental genomics to predict individual risks due 
to contaminant exposure.

Given the extensive research conducted on environmental exposures, the geno-
toxicity of POPs on humans warrants attention. Polychlorinated biphenyls (PCBs) 
and organochlorine pesticides (OCPs) were among the first substances enlisted under 
the Stockholm Convention in 2004 [12], following polybrominated diphenyl ethers 
(PBDEs) added in 2009 (https://www.pops.int/). Despite long-standing prohibi-
tions on POPs, certain countries continue to produce and utilize these substances, 
and climate change has further contributed to their unrestricted release from ice and 
soil sediments [4]. Utilizing POPs as a case example, we developed an environmental 
pollutant-based polygenic risk score (EpPRS) by means of genetic methods. This 
method aims to enhance understanding of biological variation across and within 
individuals, offering another option for evaluating environmental pollutant exposure 
when direct measurements are unavailable. In order to thoroughly illustrate the 
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toxic pathways connecting POP exposure and disease risk, we suggest employing the 
EpPRS as a genetic substitute to evaluate the health risks posed by environmental 
contaminants within the AOP framework.

The integration of comprehensive genetic and exposomic data through the EpPRS 
offers a novel approach to improve the accuracy of health risk assessments related to 
environmental pollutants. This innovative method combining genetic tools and envi-
ronmental genomics lays the groundwork for more effective strategies in pollutant 
control and public health protection. By providing detailed insights into the biological 
mechanisms and pathways affected by environmental exposures, the EpPRS frame-
work has the potential to significantly advance our understanding of how pollutants 
contribute to disease risk and progression. Moreover, this approach can facilitate the 
development of personalized intervention strategies and inform policy decisions 
aimed at mitigating the adverse health effects of environmental pollutants.

In conclusion, the challenge of accurately assessing the health risks posed by 
environmental contaminants remains significant. However, through the development 
and application of novel methodologies such as the EpPRS and the AOP framework, 
we can enhance our ability to predict and manage these risks. The continued integra-
tion of genetic and exposomic data will be crucial in advancing our understanding 
of the complex interactions between environmental exposures and human health, 
ultimately leading to more effective public health strategies and interventions.

2. �Materials

2.1 �Research participants

Individuals were enlisted from a study based on community. From two separate 
populations, 714 individuals were selected, each having both POP exposure and 
GWAS data. The training phase consisted of 410 participants and the validation stage 
comprised 304 subjects. Subjects who have serious cognitive impairment or psychi-
atric disorders were excluded from this study. The type 2 diabetes mellitus (T2DM) 
history was documented through self-reported diagnosis, in which the participant 
responded “yes” for either “Have you ever used the hypoglycemic drug?” or “Fasting 
blood glucose ≥ 7.0 mmol/L?” [13].

The age distribution of participants in both datasets was similar (mean = 60.58 
and 59.78). There was a higher prevalence of females in the validation stage (43.4 vs. 
64.5%). Diabetes prevalence stood at 19.1%, marginally surpassing prior studies [14]. 
All research subjects signed informed consent, and the study was approved by the 
Nanjing Medical University Institutional Review Board.

2.2 �Determination of persistent organic pollutants

The blood plasma samples obtained from the participants subjected to analysis for 
the presence of persistent organic pollutants (POPs), comprising 2 OCPs, 15 PCBs, 
and 5 PBDEs, using gas chromatography-tandem mass spectrometry (GC-MS/MS). 
Levels under half the detection limit (LOD) were treated as under LOD. POP levels 
were transformed into standard normal distributions via inverse normalization. The 
concentrations of the 2 OCPs, 15 PCBs, and 5 PBDEs were combined to evaluate their 
overall effects.
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2.3 �Genome-wide association study and heritability estimates for POPs

Using Illumina Human Omni ZhongHua Bead Chips, genotyping was performed 
in accordance with the protocols detailed in our previous studies [15]. The SNPs 
and samples underwent consistent quality control protocol. Exclusions were on the 
basis of discrepancies in sex, genetic relatedness (PI_HAT >0.25), or unanticipated 
duplications. Non-genotyped SNPs were imputed using IMPUTE2 according to the 
1000 Genomes Project. SNPs were excluded if they met any of the following criteria: 
(i) call rate < 95%; (ii) minor allele frequency (MAF) < 0.05; (iii) localized on the sex 
chromosome; (iv) imputation info score < 0.3; or (v) Hardy-Weinberg equilibrium P 
value <1 × 10−6. A total of 3,938,474 autosomal SNPs were kept for statistical analysis. 
Principal component analysis (PCA) was employed to evaluate stratification of 
populations and outlier points, referencing the 1000 Genomes Project (March 2012).

Using PLINK 1.90, the correlation between POPs and SNPs was analyzed with an 
additive model that accounted for eigenvectors, age, and sex. The quantile-quantile 
and Manhattan plots, which were on the basis of log10-transformed P values, were 
generated with the CMplot R package. No evidence was found to suggest that P values 
had been systematically inflated, indicating that no significant residual population 
structure was present.

The genomic-relatedness-matrix restricted maximum likelihood (GREML) model, 
implemented in genome-wide complex trait analysis software (GCTA v1.94.1), was 
conducted on individual-level GWAS data to estimate SNP-based heritability 2( )SNPh  
for any POP [16]. Genetic relationships between individual pairs were determined 
using all autosomal markers with MAF ≥ 0.05. Each POP dataset was analyzed later 
with a linear model, and GREML was employed to estimate the variance explained by 
genome-wide SNPs, identical to the 2

SNPh . Covariates included age, sex, and the top 
three principal components (PCs). The first three principal components could explain 
approximately 80% of the total variance. Due to the small sample size, which could 
reduce statistical efficiency, GWAS sets with estimates below 0.01 were excluded. The 
heritability estimates ranged from 0.036 for BDE99 to 0.503 for BDE100.

3. �Construction of EpPRS

The PRS was calculated using the formula: β
=

=∑ 1
PRS n

i ii
SNP , where SNPi is 

the number of risk alleles (0, 1, or 2) of each SNP, and βi is the coefficient of linear 
regression derivative of the POP GWAS in the training phase. Data of individual-
level genotypes from the validation phase were used to construct EpPRS (Figure 1). 
To identify the most effective, we created the PRS of each POP using three diverse 
techniques: Lasso, PRS-CS, linkage disequilibrium (LD) clumping, and P value 
thresholding (C + T). In total, we created 14 EpPRSs were generated for each POP 
exposure. All EpPRSs were statistically positive and were found to be correlated with 
their corresponding concentrations observed during the training phase and were thus 
selected for deeper analysis. The specific methods are described below.

3.1 �LD clumping and P value thresholding (C + T)

We employed LD clumping to eliminate all non-independent SNPs, utilizing 
the 1000 Genomes Project East Asian populations as a reference. According to the 
70



Environmental Pollutant-Based Polygenic Risk Score: A Genetic Surrogate for Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.1007519

5

summary statistics of POPs, PLINK software was used to identify three groups of 
variants [17]. The region size was set to 1 Mb and the LD r2 to 0.001, 0.01, and 0.1, 
with three different P value thresholds (1 × 10−5, 1 × 10−4, and 1 × 10−3). The threshold 
of P value that resulted in the greatest R2 among the nine scores was selected.

3.2 �Lasso

An optional approach to C + T PRS construction utilizing complete summary 
statistics is “Lasso” [18]. The PRS weights are calculated in this approach utilizing 
summary statistics derived from GWAS and LD data from a reference panel with 
penalization employed. In this study, the default panel (LDblocks = “ASN.hg19”) in 
the lassosum R package was employed as a reference. Subsequently, we selected the 
optimized elastic net tuning parameters (s and λ) through a process of validation. 
We selected s and λ values that resulted in the largest R2 were chosen for subsequent 
investigation.

3.3 �PRS-CS

PRS-CS employs a high-dimensional Bayesian regression framework and continu-
ous shrinkage prior to determining the posterior effect sizes of SNPs through the use 

Figure 1. 
Flowchart depicting the construction, evaluation, and application of the EpPRS.
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of GWAS summary statistics and an external LD reference panel. This approach is 
described in detail in Ref. [19]. This study employed the PRS-CS pipeline with various 
global shrinkage parameters, phi, to obtain weights for each SNP. (1 × 10−5, 1 × 10−4, 
1 × 10−3, and auto). These weights were derived from external EAS populations from 
the 1000 Genomes Project. Subsequently, the EpPRS for POPs was subsequently 
computed as a weighted sum of SNP scores in the validation phase.

4. �Evaluation of EpPRS

To assess the efficacy of each EpPRS, a model was created for each POP exposure, 
adjusting for sex, age, and the top three PCs. The evaluation of EpPRSs involved 
the selection of the most optional running parameters within the Lasso, C + T, and 
PRS-CS methods (s and λ for Lasso; P value threshold for C + T SNP sets; phi for 
PRS-CS). This was done based on the R2 values from the linear regression model, 
adjusted for age, sex, and PC1-3. The EpPRS with the highest value of R2 among the 
three methods was designated as the final alternative in the field of POP genetics. We 
then explored the utility of EpPRSs as substitutes in scenarios where personal expo-
sure data were unavailable.

4.1 �Performance comparison across methods

The corresponding EpPRSs were derived from the summary statistics of 22 POPs 
in the validation phase using different methods based on the results of the training 
phase. The EpPRS with the highest value of R2 for each POP was selected (Table 1). 
The C + T method yielded the most effective EpPRSs for four PBDEs and seven PCBs. 
Lasso performed best for the seven PCBs and OCPs, while PRC-CS exhibited superior 
performance for BDE100 and PCB77. These results highlight that the performance of 
each method varies depending on the specific trait, emphasizing the significance of 
evaluating multiple methods (Figure 2A).

4.2 �Correlations of EpPRSs across exposures

To assess if EpPRSs can serve as an optional approach in instances when 
someone’s exposure data is lacking, we examined the correlations between known 
exposures and EpPRSs. Most POPs exhibited positive relationships (r ranging 
from −0.23 for PCB157 and BDE153 to 0.73 for PCB170 and PCB180; Figure 2B). 
Similar but slightly lower correlations were observed between EpPRSs, with 
values ranging from −0.28 for PCB153-PRS & β-HCH-PRS to 0.49 for PCB138-PRS 
and PCB153-PRS (Figure 2C). Since EpPRSs capture only a small portion of the 
exposure variance, the pairwise correlations were generally lower (Figure 2D). 
Consequently, the correlations of POP measurement were validated to a satisfac-
tory degree by EpPRSs according to consistent patterns. These data indicate that 
the EpPRSs are suitable candidates for exposure assessment in studies where direct 
measurement is impractical or biased.

4.3 �Combined effect of POPs

Seeing the potential synergistic effects of combined exposures to POPs (PCBs, 
PBDEs, and OCPs) in leading to adverse effects, we aggregated the concentrations of 
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2 OCPs, 15 PCBs, and 5 PBDEs to assess their cumulative effects, respectively. Based 
on GWAS summary data (Figure 2E), we observed no systematic inflation of P values 
in accordance with the residual population structure (λPCBs = 1.000, λPBDEs = 1.006, 
λOCPs = 1.011, Figure 2F). In line with the performance of the 22 individual POPs, 
the C + T method outperformed PRS-CS and Lasso for the combined assessments of 
PCBs, PBDEs, and OCPs (Figure 2G). Similar patterns were found between exposure 
levels, EpPRSs, and exposure versus EpPRSs (Figure 2H).

4.4 �Fungibility of EpPRSs for disease diagnosis compared to pollutant exposure

The measurement of the environmental pollutants concentrated in plasma is often 
invasive, time-consuming, and costly. We investigated whether EpPRSs could serve as 

POPs PRS generation PRS evaluation

Method Tuning parameter SNPs in EpPRS R2

PCBs C + T r2 = 0.001; P < 1 × 10−3 361 0.0288

PCB77 PRS-CS phi = 1 × 10−4 770,688 0.0129

PCB81 C + T r2 = 0.1; P < 1 × 10−4 63 0.0471

PCB105 C + T r2 = 0.01; P < 1 × 10−4 62 0.0115

PCB114 Lasso s = 0.2; λ = 0.002069138 2,712,774 0.0343

PCB118 C + T r2 = 0.1; P < 1 × 10−5 4 0.0431

PCB123 Lasso s = 0.2; λ = 0.001274275 2,929,653 0.0397

PCB126 C + T r2 = 0.1; P < 1 × 10−4 58 0.0226

PCB138 Lasso s = 0.2; λ = 0.001 3,006,480 0.0202

PCB153 C + T r2 = 0.1; P < 1 × 10−5 2 0.0353

PCB157 Lasso s = 1; λ = 0.001 3,269,422 0.0226

PCB167 Lasso s = 1; λ = 0.1 144,617 0.0411

PCB169 C + T r2 = 0.01; P < 1 × 10−4 77 0.0246

PCB170 C + T r2 = 0.001; P < 1 × 10−4 46 0.0285

PCB180 Lasso s = 1; λ = 0.078476 379,390 0.0200

PCB189 Lasso s = 1; λ = 0.001 3,267,800 0.0147

PBDEs C + T r2 = 0.1; P < 1 × 10−3 515 0.0810

BDE47 C + T r2 = 0.001; P < 1 × 10−4 58 0.0623

BDE99 C + T r2 = 0.01; P < 1 × 10−5 9 0.0427

BDE100 PRS-CS phi = 1 × 10−4 770,688 0.0231

BDE153 C + T r2 = 0.01; P < 1 × 10−3 491 0.0500

BDE154 C + T r2 = 0.1; P < 1 × 10−3 488 0.0878

OCPs C + T r2 = 0.1; P < 1 × 10−4 67 0.1395

β-HCH Lasso s = 0.2; λ = 0.001 3,010,774 0.1401

4,4’-DDE Lasso s = 0.9; λ = 0.1 83,547 0.0850

Table 1. 
The best generated and evaluated PRS for each POP.
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alternatives in the absence of individual exposure data. Owing to its high prevalence 
and significant links to environmental and genetic factors, T2DM was chosen for 
comparison. The predictive manifestations between personal phenotype and EpPRSs 
were usually measured using the area under the receiver operating characteristic 
curve (AUC). The DeLong test was utilized for AUC comparison. A non-significant 
DeLong test suggested that EpPRSs could effectively substitute exposure data. Most 

Figure 2. 
Prediction performance and comparative analysis of EpPRSs across various methodologies and exposures. (A) 
The predictive performance of the three utilized PRS methods for 22 POPs was evaluated in the validation stage. 
The heatmap illustrates the relative predictive performance of each method across different POPs. The x-axis 
is arranged based on heritability in the training stage. We compare the pairwise correlation between (B) 22 
continuous exposures in the validation stage, (C) EpPRSs in the validation stage, and (D) exposures (y-axis) 
and EpPRSs (x-axis). (E) Additionally, we present circular Manhattan plots of GWASs for the combined effect 
of PBDEs, PCBs, and OCPs. The outermost circle represents the chromosomal and SNP position on the x-axis, 
while from the periphery to the center, it indicates the GWASs of the OCPs, PBDEs, and PCBs, respectively. 
SNPs outside the red circular lines indicate P < 5 × 10−4. (F) The quantile-quantile plot illustrates genome-wide 
association with PCBs, PBDEs, and OCPs. Along with representation of genomic inflation factor λ for associations 
with POPs. (G) The predictive performance of the three utilized PRS methods of PCBs, PBDEs, and OCPs in 
the validation stage. The heatmap displays the relative predictive performance of each method across POPs. The 
x-axis is arranged based on heritability in the training stage. (H) Pairwise correlation between PCB, PBDE, and 
OCP exposures are compared in the validation stage, alongside EpPRSs and exposures on the y-axis and EpPRSs 
on the x-axis.
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EpPRSs were found to be reliable predictors for T2DM prediction, although not for 
PCB169, BDE47, BDE154, or 4,4′-DDE (Figure 3). Discrepancies between specific 
EpPRSs and original pollutant concentrations might stem from the restricted power 
of the exposure GWASs owing to small sample sizes.

4.5 �Utilities of EpPRSs on outcomes

To advance investigate the diagnostic efficacy of EpPRSs, we contrasted the AUCs 
of a traditional disease-PRS model (T2DM-PRS) and a disease-EpPRS model (T2DM-
PRS & EpPRS of POPs) (Figure 4A). Specifically, we first constructed a traditional 
T2DM-PRS using significant SNPs from reported T2DM GWAS data, applying the 
C + T method (MAF ≥ 0.05, r2 < 0.1, P value <5 × 10−8) [20]. The T2DM-PRS was then 
utilized to assess the diagnostic effectiveness of T2DM. We then developed a disease-
EpPRS model (T2DM-EpPRS) to investigate the combined EpPRS of POPs and the 
effect of T2DM-PRS. The diagnostic manifestations of the T2DM-EpPRS model for 
PCB126 (AUC = 0.694, 95% CI = 0.615–0.773, Pdelong test = 0.043; Figure 4B) and for 
BDE153 (AUC = 0.703, 95% CI = 0.627–0.780, Pdelong test = 0.037; Figure 4C) showed 
an improved accuracy for the prediction of T2DM compared to the T2DM-PRS alone 
(AUC = 0.625, 95% CI = 0.548–0.701).

Figure 3. 
Comparing the predictive efficacy of exposure and EpPRSs for T2DM during the validation stage. The 
accompanying forest plots illustrate the AUC curves and 95% CI for EpPRS (depicted in red) and exposure (shown 
in blue) for (A) PCBs, (B) PBDEs, and (C) OCPs. The vertical extent of each bar displays the 95% confidence 
interval for the AUC, with the point at which the bar crosses the axis showing the AUC estimate. * P < 0.05; 
** P < 0.01; *** P < 0.001. Alternatives/n.s: the AUCs between EpPRSs and exposures yielded insignificant results, 
indicating that EpPRS could serve as effective alternative methods for pollutants in disease prediction.
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5. �Application of EpPRS

5.1 �AOP framework application in EpPRS biological pathways

5.1.1 �Identification of potential molecular initiating events and key events

In order to further explore the underlying mechanisms linking POP exposure and 
T2DM, the AOP framework was established [7]. To identify specific POPs serving as 
possible MIEs contributing to T2DM, we focused on PCB126 and BDE153, due to their 
significant enhancement of T2DM prediction through EpPRSs. A total of 240 associ-
ated with contaminant genes were identified from the SNPs annotated in the EpPRSs 
of PCB126 and BDE153. Through cross-referencing the GeneCards database, we identi-
fied 2626 genes closely relevant to T2DM. (GIFtS ≥10 and relevance score ≥ 5; https://
www.genecards.org/) [21]. As illustrated in Figures 5, 47 pollution-disease-related 
genes were found to overlap between the two databases.

For these, which may be considered potential MIEs, we conducted Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis, which yielded 2713 phenotypes associated with T2DM (2690 GO 
terms and 23 pathways). In addition, utilizing the Comparative Toxicogenomics 

Figure 4. 
Assessing the diagnostic efficacy of two models for the prediction of T2DM: a traditional disease-PRS and a 
disease-EpPRS model. (A) The forest plot illustrates the performance of the two models in predicting T2DM. In 
comparison to the traditional disease-PRS model, the disease-EpPRS model demonstrates a statistically significant 
improvement in the AUC curves and 95% CI, which indicates enhanced diagnostic performance for T2DM. (B) 
ROC curves for the diagnostic accuracy of the traditional disease-PRS model and disease-EpPRS of the PCB126 
model for T2DM. (C) ROC curves illustrate the performance of the traditional disease-PRS and disease-EpPRS of 
the BDE153 models for T2DM. The efficacy of the traditional disease-PRS model was shown in green ROC curve, 
while the efficacy of the disease-EpPRS model was illustrated in the orange ROC curve.
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Database (CTD, https://ctdbase.org/) [22], we identified 3851 phenotypes relevant 
to T2DM (123 phenotypes, 2934 GO terms, and 794 pathways). We found seven 
coregulated genes (KCNQ1, HMGB1, AKT1, UGT1A9, CACNA1C, UGT1A7, and 
ABCC1) among the overlapping phenotypes for T2DM as potential MIEs. Potential 
key events (KEs) were identified for the phenotypes (14 phenotypes and 12 path-
ways) regulated by these seven genes.

5.1.2 �Construction and assessment of the AOP framework

The AOP framework was built upon direct MIEs and the interrelationships 
between adverse outcomes relevant to risk assessments across various organiza-
tional levels in organisms. Unlike previous studies that often had isolated foci (in 
vitro/in vivo), our AOP framework standardized and modularized events across 
molecular, cellular, tissue, organ, and ultimately organismal, as well as population 
levels. This approach emphasizes logical inference for the determination of the 
contextual link between POP exposure and disease occurrence. We utilized a hier-
archical diagram of the GO terms (https://www.ebi.ac.uk/Quick GO/) to categorize 
the pathways and phenotypes, which were categorized into three groups: system, 
cellular, and KEGG pathways.

For assessing this AOP framework, we applied the weight of evidence (WoE) to 
assess the data, identify each toxic exposure event, and highlight the uniformity of 

Figure 5. 
The flow diagram illustrates the construction of an AOP framework.
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similar toxic events across different toxic procedures. WoE was also used to link the 
series of various toxic events, ensuring logical connections between toxic events. 
According to the handbook from the Organization for Economic Co-operation and 
Development (OECD) handbook, AOPs were categorized as low, moderate, or high 
confidence based on the evidence’s robustness.

Within the resulting AOP framework, we divided cellular processes into six 
groups. As illustrated in Figure 6A, the AOP framework was developed through com-
prehensive data collection, systematic evaluation of the research findings, and assess-
ment of biological plausibility using the WoE method. Our AOP framework indicated 
that the combined effects of genetic and environmental stressors from PCB126 and 
BDE153 influenced the expression of seven potential MIEs. These stressors included 
cellular processes, particularly homeostatic and metabolic processes, via the cGMP-
PKG signaling pathway and the sphingolipid signaling pathway. At a systemic level, 
alterations in these cellular processes resulted in liver damage, a critical organ for 
glucose metabolism, and ultimately to T2DM.

Figure 6. 
A framework for the analysis of the underlying mechanisms of action of POPs in the development of T2DM, from 
the alteration of gene expression to the manifestation of the disease. (A) An AOP framework connecting PCB126 
and BDE153 susceptibility genes to T2DM. (B) Molecular docking analysis of PCB126 and AKT1. (C) Molecular 
docking analysis of BDE153 and AKT1. The cyan dotted line illustrates the formation of a hydrogen bond. (D) 
AKT1-mediated AOP framework of T2DM.
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5.1.3 �Construction and assessment of the AKT1-mediated AOP framework

It is interesting to note that AKT serine/threonine kinase 1 (AKT1) was found to 
participate in most of the potential KEs during our study of the seven potential MIEs. 
To evaluate the binding affinity of PCB126 and BDE153 to AKT1, we conducted in 
silico molecular docking to describe the structural interactions. The structure of 
AKT1 was obtained from the AlphaFold Protein Structure Database (https://alpha-
fold.ebi.ac.uk/, UniProt ID: P31749). The 3D structures of POPs were created using 
PubChem CID (https://pubchem.ncbi.nlm.nih.gov/), and PyMOL visualized the 
structural interactions between AKT1 and POPs. The binding patterns revealed that 
both BDE153 and PCB126 formed a hydrogen bond with LEU-156 of AKT1, with pre-
dicted binding energies of −6.710 kcal/mol for PCB126 (Figure 6B) and −6.553 kcal/
mol for BDE153 (Figure 6C), which indicates stable binding.

Consequently, we identified AKT1 as a possible MIE for developing the AKT1-
mediated AOP framework (Figure 6D). In this framework, we noted that the 
combined environmental and genetic stressors inhibited AKT1 phosphorylation. 
Subsequently, the downregulation of AKT1 phosphorylation disrupted the cGMP-
PKG signaling pathway, leading to abnormalities in insulin secretion and calcium 
ion homeostasis. This disruption resulted in impaired glucose homeostasis at the 
organ-system level, resulting in T2DM. Evaluation of the WoE for the AOP following 
handbook from OECD indicated high confidence in this framework, suggesting its 
applicability in assessing the impact of POP exposure on T2DM.

5.2 �Mendelian randomization analysis

Apart from employing genes annotated by EpPRS to explore disease toxicity 
pathways, POP GWAS SNPs can be used as instrumental variables (IVs) to investigate 
the causal relationship between POPs and disease. Hence, we suggest making use of 
Mendelian randomization (MR) analysis, a causal association study approach that 
necessitates summary statistics data in lieu of raw genotype data, to investigate the 
connection between POPs and cancer risk, as an extension of EpPRS.

Furthermore, POP GWAS SNPs can be employed for causal inference. Using the 
C + T method-based SNPs as IVs, we performed a two-sample MR analysis to explore 
the causal relationship between 11 POPs and the risk of 11 cancers in BioBank Japan 
(https://jenger.riken.jp/en/) [23]. The analyses were conducted using TwoSampleMR 
R package (version 0.5.6). It is noteworthy that the carcinogenic impact of POPs 
was mainly displayed in digestive system cancers, including BDE154 and pancreatic 
cancer (OR = 1.03, P = 0.016), PCB81 and colorectal cancer (OR = 1.02, P = 0.017), 
PCB105 and gastric cancer (OR = 1.02, P = 0.018), and PCB126 and biliary tract can-
cer (odds ratio (OR) = 1.08, P = 0.047). These findings highlight the utility of EpPRS 
in extending beyond T2DM to explore associations with other health outcomes, offer-
ing a robust tool for understanding the broader impacts of environmental pollutants 
on human health.

By integrating genetic data and exposomic information, the EpPRS framework 
not only advances our understanding of the genetic and environmental interplay in 
disease risk but also provides a valuable resource for public health strategies aimed at 
mitigating the adverse effects of environmental pollutants. The application of EpPRS 
in different contexts demonstrates its versatility and potential for significant contri-
butions to environmental health research.
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6. �Discussion

In this chapter, we established EpPRSs using environmental genomics data and 
examined their feasibility as genetic substitutes for contaminant exposure. Taking POPs 
and T2DM as an illustration, we demonstrated that EpPRS-annotated genes allow for 
the rapid, efficient, and accurate investigation of the toxic hazards posed by chemical 
substances. Furthermore, by employing the AOP framework, we revealed the mecha-
nism of action through which these chemical substances impact disease development.

In a previous study, Ma and colleagues demonstrated that an exposure PRS could be 
used to improve disease prediction models, which could serve as a proxy for exposures 
that are hard to measure. While our study shares conceptual similarities, it uniquely 
focuses more on environmental contaminant-susceptible SNPs, an area that remains 
underexplored in environmental genomics. However, it is important to note that EpPRS is 
solely capable of quantifying the heritable component of exposure variability associated 
with genetically determined variants at the time of birth. It does not account for early 
variants or lifetime environment exposure [24]. In the case of pollutants with impacts 
that show high heritability, as indicated by large-sample GWASs, EpPRS can serve as a 
more accurate replacement for direct concentration measurement [8]. Of note, the meth-
odology discussed in this chapter can be expanded to other environmental pollutants.

Nevertheless, this study has certain limitations. Our subjects were exclusively from 
the Asian population, and we did not employ the novel PRS-CSx method, which could 
boost the clinical applicability of PRS across diverse ethnic groups [25]. Additionally, 
our results indicated that generating EpPRS with the best predictive performance 
does not follow a one-size-fits-all method. Instead, a wide variety of methodological 
options must be considered to optimize predictions.

The application of EpPRSs extends beyond model prediction and AOP framework 
construction to include MR analysis. Additionally, mediation analysis can also be 
employed to investigate polygenic pleiotropy. Furthermore, phenome-wide explora-
tions can identify clinical phenotypes potentially associated with environmental 
exposure, offering a comprehensive approach to understanding the health impacts of 
environmental pollutants.

7. �Conclusion

This chapter introduced the EpPRS as a valuable proxy for evaluating exposure 
to environmental contaminants, especially in studies where direct measurements 
are impractical or biased. Our findings provide robust evidence supporting the use 
of EpPRS in disease risk assessment related to environmental pollutants, thereby 
providing information for strategies of regional contaminant control. We anticipate 
that this research will significantly contribute to decision-making processes aimed at 
mitigating the health risks associated with environmental pollution.
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Chapter 7

Genetic Changes, Epigenetic 
Modifications and Antibiotic 
Resistance Caused by Bacterial 
Infection
Mohammad Hashemzadeh and Aram Asareh Zadegan Dezfuli

Abstract

Genetic elements play a crucial role in spreading recombinant strains with new 
traits. Bacteria share genetic elements and transfer them to one another through 
various means. The transferred genetic material often benefits the recipient bacteria, 
providing advantages such as antibiotic resistance, tolerance to foreign substances, or 
the ability to utilize new metabolites. This utility is essential for bacteria to thrive in 
different environmental conditions and in the human body. This study investigates 
the roles of genetic elements in both Gram-negative and Gram-positive bacteria.

Keywords: genetic modification, antibiotic-resistant, infection disease, 
gram-positive bacteria, gram-negative bacteria

1. �Introduction

The field of microbial genetics has its roots in the 1950s and is based on the emer-
gence of genetic variants in microorganisms and the deliberate induction of genetic 
variations through chemical and physical mutagens. Microorganisms also reproduce 
quickly, which facilitates genetic experimentation [1]. Researchers have used natural 
methods, such as transformation, conjugation, and virus-mediated transduction, to 
create temporary or more permanent partial diploidy in bacteria. This has allowed 
them to study how genetic material complements each other and how genetic recom-
bination occurs between different variants [2]. By using these methods, scientists 
have been able to assign individual mutations to specific genes and establish genetic 
maps [3]. The same principles apply to the study of bacteriophage genetics when 
different phage mutants infect host bacteria simultaneously. In classical microbial 
genetic studies, mutants induced by specific mutagens—resulting in nucleotide 
substitutions and missense or nonsense mutations—have been extensively used. 
This has been possible thanks to the understanding of how specific mutagens work. 
One common assumption in this field has been that spontaneous genetic variants 
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are usually substitution mutants or, more broadly, point mutants [2]. In the late 
1960s, microbial geneticists started concentrating on a specific kind of spontaneous 
mutation that has polar effects, which are caused by the insertion of mobile genetic 
elements [4]. Further research on the movement of these elements showed that not all 
microbial recombination activities require homologous recombination between iden-
tical DNA sequences [5, 6]. Site-specific recombination, such as the integration of 
proviral genomes into the bacterial host chromosome, was discovered. It was revealed 
that recombination can occur in DNA sequences. Transposition and site-specific 
recombination result in deletions and DNA inversions [7]. These processes can also 
bring together chromosomal DNA segments, serving as natural gene carriers. In this 
chapter, genetic elements and their role in bacterial genome changes, and the transfer 
of different genes, including antibiotic resistance, are discussed.

2. �The role of genes in the creation of genetic distinctions

Hereditary variety is essential for organic advancement. Populaces with assorted 
parental shapes and hereditary variations are the premise for common choice, 
affected by the organisms’ living conditions. Studies show that genetic variants are 
caused by mistakes during DNA replication that cause large changes in the original 
sequence [8]. The next hypothesis is the evolutionary genes that show the biological 
evolution of the population of organisms. In general, there are two evolutionary gene 
models [9]. One of these species produces genetic variation, while the other species 
control genetic variation. Bacteria have different forms in terms of adaptation to the 
environment, nutritional deficiency, and inappropriate conditions of temperature, 
pressure, and oxygen [10]. Also, some bacterial species have become the normal flora 
of the body and have a peaceful coexistence with many of their hosts. Of course, this 
condition exists as long as the host has a good safety situation. Today, good studies of 
gene evolution in bacteria are in access [11, 12].

3. �Discover natural strategies for creating genetic variations

The concept of mutation in molecular genetics differs from classical genetics. 
In molecular genetics, any change in the nucleotide sequence of the genome is 
considered a mutation, regardless of whether it causes a change in the organ-
ism’s physical characteristics. Molecular mechanisms that cause DNA sequence 
alterations do not necessarily result in immediate phenotypic changes [13]. Many 
nucleotide changes have no immediate effect on the organism’s phenotype. While 
few DNA sequence alterations offer a selective advantage to the organism, many 
more cause a selective disadvantage or lethality [14]. However, genetic changes do 
not occur spontaneously in bacteria only in response to a different environmental 
condition. There are three genetic strategies for creating genetic changes in bacte-
ria. (1) DNA sequence changes, such as nucleotide substitution, deletion, inser-
tion, and disruption of the sequence of nucleotides, (2) Rearrangement of parts 
of the DNA sequence through recombination displacement, (3) Horizontal gene 
transfer, which leads to the acquisition of “foreign” DNA sequences. In Figure 1, 
a comprehensive overview of the molecular evolution elements of prokaryotic 
microorganisms is displayed [15].
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There are three main strategies for creating genetic variations, and they each have 
different effects. When it comes to their impact on evolution, different mechanisms 
within the same strategy can replace each other, but not mechanisms from a different 
strategy. This means that bacteria that are well-suited for evolution are likely to have 
at least one, and preferably several, systems for each of the three different evolution-
ary strategies [16].

4. �Local sequence change

Local sequence changes could theoretically be individual steps in developing 
new biological functions, but there is no general evidence for a specific direction of 
these steps. The creation of a completely new biological function through mutations 
maybe extremely rare unless natural selection can act on a basic function controlled 
by the DNA sequence. The situation may change as biological functions are gradually 
improved and natural selection begins to exert its influence. This applies to different 
genes. Researchers use ribosomal RNA to estimate evolutionary distances in the place 
of gene sequence changes. In this way, harmful mutations in action-oriented genes are 
eliminated. Also, changes in the sequence of the DNA sequence affect its structure [17].

5. �DNA rearrangement

Gene conversion can also occur through the process of intragenomic reshuffling of 
DNA sequences, where related sequences within the genome undergo recombination. 
Another important effect of DNA rearrangement is the creation of new combina-
tions of functional capacities through the fusion of different functional domains. 
Genomics research increasingly reveals that different functional genes often share 
related sequence motifs and functional domains [18]. Occasional DNA reshuffling 
is a significant source for the creation of these fusion genes. The reassortment of 
expression control signals with different reading frames used in protein production 
also occurs through DNA rearrangement. Additionally, DNA rearrangements can 
lead to the duplication of DNA segments, providing substrates for further evolution. 
Conversely, deletion of DNA segments can also result from DNA rearrangement pro-
cesses, helping to remove unnecessary sequences from the genome through natural 
selection [19].

Figure 1. 
Comprehensive overview of the molecular evolution elements of prokaryotic microorganisms.
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6. �DNA acquisition

Antibiotic-resistance genes have been widely studied, and it has been found that 
microorganisms can share the evolutionary success of others through DNA acquisi-
tion. This efficient strategy can quickly result in new capabilities, particularly for 
accessory genes, and can enable microorganisms to inhabit new environments. This 
strategy has a significant evolutionary impact. Additionally, the acquisition strategy 
can also influence the functions of essential housekeeping genes through the transfer 
of DNA segments [20].

7. �Recombinant systems

Many of the molecular functions of site-specific recombination systems of 
bacteria have been extensively studied. Microbial populations may evolve different 
DNA arrangements as a result of some of these systems. A significant number of 
secondary recombination sites can be created in DNA by enzymes that invert DNA, 
each with its recombination frequency. For an individual reaction, the results of 
such recombination are not predictable statistically. Although hybrid locations differ 
from the consensus, they are relatively stable, displaying local sequence variations 
in addition to the consensus [21]. Scientists can interpret DNA inversions involving 
secondary sites of recombination as errors caused by enzyme systems or as evidence 
of evolution. Site-specific DNA inversions largely provide novel DNA sequence 
fusions at low frequencies that maybe useful under natural selection, highlighting 
the evolutionary function of site-specific DNA inversions [22]. In flip-flops, DNA 
inversions are more frequently reproducible, possibly as a result of the evolution 
of the gene involved. When none of the possible arrangements of a DNA segment 
exhibit a strong selective disadvantage, a segment undergoing frequent reproducible 
inversion can be tolerated [23].

8. �Transferable elements

There is an impressive number of molecular elements known to exist in pro-
karyotes, including insertion sequences (IS). These components exhibit different 
DNA rearrangement capabilities that are determined by the individual selection 
criteria for each component [24]. Some IS elements adhere strictly to consensus 
sequences for their insertion targets, while others adhere to more intricate rules and 
may have a preference for specific regions of DNA where they can insert into vari-
ous DNA sequences. Transpositions of DNA do not lead to gene fusion right away 
[25]. However, the removal of an IS element at a later stage can cause gene fusion. IS 
elements can impact genome evolution by offering sequence homologies in different 
DNA locations, resulting in DNA rearrangements through homologous recombina-
tion. These changes, together with transpositional DNA rearrangements, play a 
role in both the joining and separating of chromosomal DNA segments to and from 
natural gene carriers, which is important for gene acquisition strategies. In general, 
ARE elements control their transposition activities to ensure acceptable rates of DNA 
rearrangements for maintaining a specific microbial strain [26]. However, certain IS 
elements can cause very high rates of various DNA rearrangements due to specific 
structural arrangements at the location of IS elements in DNA molecules (dimeric IS 
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structures). This can result in a sudden increase in transpositions within a subset of 
the bacterial strain containing the IS element in question [27].

9. �DNA repair systems

The majority of genetic rearrangements within a genome and mechanisms for 
transferring DNA horizontally are likely facilitated by genetic processes. However, 
when it comes to genetic variation caused by small changes in DNA sequence, the cir-
cumstances maybe different. One of the primary factors contributing to such changes 
is the inherent instability of nucleotides’ structure, which can result in mutations or 
errors during DNA replication [28]. Furthermore, external factors known as environ-
mental mutagens can interact with DNA and induce alterations in the local sequence 
[29]. While generating genetic diversity through small changes in DNA sequence can 
benefit from these natural mutation sources, organisms must be careful to control the 
frequency of such alterations to manageable levels. This control is achieved through 
DNA repair mechanisms, essential for maintaining a certain level of genetic stability. 
Therefore, these mechanisms are considered evolutionary genes that regulate the rate 
of genetic variation [30].

10. �Restriction-modification systems

Restriction enzymes play a significant role in reducing the uptake of foreign DNA 
by bacteria, which effectively lowers the acquisition of foreign gene functions to 
manageable levels. When foreign DNA molecules enter recipient bacteria, restric-
tion enzymes cut them into fragments, which are then subject to degradation [31]. 
However, these fragments can also be recombined and permanently integrated into 
the recipient’s genome if given the opportunity. In this way, bacterial restriction-
modification systems demonstrate the operational genes of evolution. On one hand, 
they limit DNA acquisition to minimal levels, while on the other hand, they promote 
DNA acquisition in small increments [32].

11. �Site-specific recombination

When discussing instances of genetic evolution, it is crucial to recognize that 
nature also utilizes factors other than genes to generate genetic variations. Both 
intrinsic structural characteristics of biological macromolecules and external 
influences, like those induced by mutagens interacting with DNA, play a crucial 
role [33]. This concept extends beyond just local sequence modifications, impact-
ing various methods of creating genetic diversity. It is suggested that occasional 
interactions between site-specific recombination enzymes and secondary recom-
bination sites could lead to temporary structural alterations in either the DNA 
substrate or the enzyme protein, potentially signifying significance. Similarly, 
structural instabilities could be implicated in the transposition of variants into 
consensus target sequences [34]. While acknowledging the potential difficulty 
of experimentally investigating this hypothesis using biophysical or biochemi-
cal approaches due to the inefficacy of these reactions and the fleeting nature of 
structural variants in biological macromolecules, it is apparent that structural 
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factors can also influence genetic variations. Another nongenetic component 
affecting the generation of genetic diversity is the random interactions between 
enzymes and their substrate, like recombination sites on DNA molecules [35]. 
These chance encounters also play a role in DNA acquisition strategies, such as in 
transformation, transduction, and conjugation processes [36]. Despite numerous 
efforts to determine whether bacteria possess mechanisms to identify evolutionary 
needs and respond by increasing mutagenesis or producing appropriate genetic 
variations, definitive answers remain elusive. Generally, the generation of genetic 
variations occurs independently of specific functional requirements related to 
particular environmental conditions. However, there may be exceptions to this 
principle, which can be explained by the adage ‘no rule without exception [37].

12. �Evolution of evolutionarily

The components involved in biological evolution are likely to undergo evolu-
tion themselves. However, since the outcomes of evolution, such as genes, do not 
directly undergo natural selection within individual cells of microbial populations, 
their improvement occurs at the population level through their mutagenic impact 
on genes that can be directly selected [38]. This is referred to as second-order 
selection and has led to a refinement of evolutionary functions over time. This 
refinement may include aspects such as the interaction of recombination enzymes 
with different DNA sequences and the regulation of the transposition activity 
of mobile genetic elements [39]. It is also likely that elements within genomes 
have their evolutionary history, particularly nucleotide sequences that influence 
regional differences in how genetic variations are generated. Molecular genetics 
strategies and methodologies allow us to experimentally explore these questions 
and measure the contribution of specific mechanisms of genetic variation to 
overall mutagenesis [39].

13. �Mobile genetic elements and antimicrobial resistance

Antibiotic-resistant bacteria are a significant contributor to infections acquired 
in healthcare settings globally, and resistance has also been observed in community-
acquired infections. Illness, mortality, and healthcare costs are substantially increased 
by infections caused by multidrug-resistant organisms [40]. Studies at the molecular 
level have indicated that widespread multidrug resistance often results from the 
acquisition of preexisting determinants followed by their amplification in response 
to selective pressure. The movement, accumulation, and dissemination of resistance 
genes are predominantly facilitated by mobile genetic elements (MGEs), which are 
entities that facilitate the transfer of DNA within a cell (e.g., between a chromosome 
and a plasmid or between two plasmids) as well as between cells. Insertion sequences 
(IS) and transposons (Tn) are discrete segments of DNA capable of relocating 
themselves (along with associated resistance genes) to new positions almost indis-
criminately within a single cell or between distinct DNA molecules. On the other 
hand, integrons (In) utilize specific recombination mechanisms to transfer resistance 
genes to defined sites. MGEs are often present in multiple copies in different regions 
of a genome, allowing for the exchange of genetic sequences through homologous 
recombination [41]. Genetic exchange between cells can be facilitated by various 
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mechanisms such as conjugation/mobilization (mediated by plasmids and integra-
tive conjugative elements [ICE]), transduction (assisted by bacteriophages), and 
transformation (the uptake of extracellular DNA). The interplay between different 
MGEs plays a significant role in the rapid evolution of multiple multidrug-resistant 
pathogens in response to antibiotic therapy [42]. While it is not possible to cover 
all MGEs involved in resistance across all bacterial species in a single article, this 
discussion primarily focuses on the most noteworthy elements in Gram-negative and 
Gram-positive bacterial species that are of major clinical concern. Included in this list 
are Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Enterobacter spp. (known collectively as 
the ESKAPE group) as well as Escherichia coli (comprising the ESKAPEE group) 
[43]. However, the types of MGEs discussed are broadly applicable to numerous 
other bacterial groups. The objective is to highlight the diversity and key features 
of MGEs associated with resistance in these organisms while also referencing more 
detailed reviews for a deeper analysis of specific elements or biological processes [44]. 
Figure 2: The diagram illustrates various mobile genetic elements (MGEs) and the 
mechanisms involved in the transmission of antibiotic-resistance genes within and 
between cells.

13.1 �IS and transposons

Insertion Sequences (IS) are usually small mobile genetic elements that typi-
cally carry little more than one (sometimes two) transposase (tnp) genes. Their 
characteristics have been reviewed several times. IS can be categorized based on 

Figure 2. 
The diagram demonstrates the movement of antibiotic-resistance genes through mobile genetic elements in cells. 
Two cells are shown, one as a donor and the other as a recipient. The donor cell, highlighted in blue, contains two 
plasmids with various genes and mobile genetic elements of different colors. Intracellular processes are indicated 
by thin black arrows, with processes mediated by a transposase protein marked as Tnp and those by a site-specific 
recombinase protein as Ssr. Intercellular transfer is represented by thick green arrows. The illustration shows how 
resistance genes linked to different mobile genetic elements can move within and between DNA molecules, like 
from the chromosome to a plasmid or between plasmids. Additionally, the diagram displays the movement of gene 
cassettes, integrative and conjugative elements, and the transfer of resistance genes from incoming plasmids to the 
chromosome or other plasmids in the recipient cell.
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active site motifs in Tnp, designated by key amino acids that come together in the 
active site [45]. These motifs are most commonly DDE (Asp, Asp, and Glu), but 
can also be DEDD or HUH (two His residues separated by a large hydrophobic 
amino acid). Additionally, IS can be classified based on whether transposition is 
conservative (cut-and-paste mechanism) or replicative. Replicative transposition 
can occur by a copy-and-paste mechanism (the IS top replicated to join the donor 
and recipient in a cointegrate, which is then resolved to give the original donor plus 
the recipient with the IS) or a copy-out-paste-in mechanism. Unit transposons have 
traditionally been considered as elements larger than IS, bounded by IR rather than 
by a pair of IS. They include a transposase gene and an internal “passenger” gene, 
which may encode antibiotic resistance [46]. The distinction between IS and Tn 
is becoming more complex, as there are now examples of relatives of well-known 
IS carrying passengers (transporter IS), which may have a Tn name/number, and 
cryptic relatives of transposons without any passengers, which may be given an IS 
name. Insertion sequences (IS) are mobile genetic elements that overlap the two 
transposase (tnp) genes. IS classification is usually classified based on movement, 
which includes cutting and pasting or repetitive movement. In the replication 
transfer mechanism, IS attaches a donor to a recipient or removes a copy [47]. 
Transposons are elements larger than IS that are controlled by IR. Transposons 
contain a transposase gene and antibiotic-resistance genes. Sometimes it becomes 
difficult to distinguish between IS and Tn because they have similar functions. 
Antibiotic-resistance genes are often associated with Tn3 family transposons. 
Members of the extended Tn3 family are typically characterized by a terminal IR 
of ∼38 bp, designated IRL and IRR relative to the direction of transcription of the 
tnpA transposase gene [48]. Tn3 family transposons contain resolvase genes tnpR 
and a cleavage site (res). Translocation occurs via a multiplex mechanism in which 
TnpA generates a concentric structure containing repeated copies of the transpo-
son that separates the original donor and acceptor molecules [49]. So, by direct 
recombination, the targeting site produced by TnpR is converted into molecules 
that contain one copy of the transposon. The translocation creates a 5 bp TSD. 
Tables 1 and 2 show insertion sequences (IS) and compound transposons associ-
ated with resistance genes in Gram-negative and Gram-positive bacteria.

13.2 �Gene cassette and integrons

A gene cassette is a small movable element, usually sized between 0.5 and 1 
kilobase pairs, containing a single gene (sometimes two), typically lacking a promoter 
and an attC recombination site. Gene cassettes can exist as free circular forms, but 
they lack replicative ability and are commonly integrated into an integron. An inte-
gron is defined by an intI gene, an attI recombination site, and a promoter (Pc) [47]. 
The intI gene encodes a unique tyrosine recombinase specific to sites, with an extra 
domain that sets it apart from related enzymes. This recombinase facilitates recombi-
nation between the integron’s attI site and a cassette’s attC site, allowing the cassette 
to be integrated into the integron in a way that permits gene expression controlled 
by the Pc promoter [49]. Multiple cassettes can be inserted into one integron to form 
a cassette array, often mistakenly called a “cassette, which can confer resistance to 
multiple antibiotics. Integrons are categorized into classes based on the sequence of 
the IntI gene, such as IntI1, IntI2, and IntI3, each having corresponding attI1, attI2, 
and attI3 sites. Class 1 integron was the first to be identified and is commonly found 
in clinical isolates resistant to antibiotics [50].
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13.3 �Plasmids

Plasmids play a crucial role in transferring mobile genetic elements and acquiring 
antimicrobial resistance genes in both Gram-negative and Gram-positive bacteria. 
They vary in size, ranging from less than a kilobase to several megabases. Their 
ability to replicate independently enables them to be passed on to new host cells, 
often requiring specific gene systems for efficient vertical inheritance. Some plas-
mids also facilitate conjugation or mobilization to spread horizontally [51]. These 
plasmids have a central “backbone\comprising essential maintenance functions, with 
additional “activities added to benefit the host cell and plasmid in a specific environ-
ment, especially in resistance plasmids, which contain resistance genes and mobile 
elements like insertion sequences, transposons, and integrons. Different backbone 
structures may have various insertions or resistance regions, with some sharing the 
same resistance genes and mobile elements [52]. This section will outline the main 
functions encoded by plasmid backbones and describe key characteristics of known 
plasmid groups that have significantly contributed to the dissemination of antibiotic 
resistance within species. Post-replication, plasmids must be distributed to daughter 
cells during cell division. Small plasmids, present in high numbers, are efficiently 
inherited by both daughter cells through random segregation [53]. In contrast, 
larger plasmids present in low copy numbers face the risk of being outcompeted by 
plasmid-free counterparts unless they contain functional modules for maintenance, 
such as multimer resolution, partitioning, and post-segregational killing systems. 
Resolution systems convert plasmid multimers into monomers for independent 
segregation into daughter cells and usually consist of a site-specific recombinase 
and a specific DNA site [53]. Some plasmids only have a site recognized by a chro-
mosomally encoded resolvase. Partitioning systems help distribute plasmid copies 
to daughter cells and typically involve two genes encoding a DNA-binding adaptor 
protein and a motor protein. Post-segregational killing systems, or plasmid addiction 
systems, eliminate cells that do not inherit the plasmid due to replication, resolution, 
or partitioning failures. These systems include toxin-antitoxin systems with a toxic 
polypeptide and an antitoxin that inhibits toxin expression or activity. Plasmid TA 
systems rely on a labile antitoxin compared to the toxin, leading to cell death if the 
plasmid is not inherited by the daughter cell. Additionally, restriction-modification 
systems on plasmids and other mobile elements can act as post-segregational killing 
systems [54].

13.4 �Transformation

Transformation is the process in which a bacterial cell acquires new genetic 
material from the environment. There are two models of transformation: (1) Natural 
transformation, in which bacterial cells use a natural mechanism to absorb DNA 
from the environment where other bacteria have existed. When the bacteria die and 
decompose, their DNA is released into the environment. And other bacterial cells 
can enter them into their system. The way to transfer this foreign DNA is through 
the bacterial cell membrane and it is combined in the DNA strand. In some cases, if 
the sequence obtained from the environment is similar to the bacterial sequence, it is 
combined with the bacterial genome [55]. (2) Transformation in laboratory condi-
tions of foreign DNA absorption occurs through laboratory conditions. Researchers 
use this method to study genes and create a specific function or remove a system to 
use. The most common bacterium in this method is E. coli bacteria. This bacterium 
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is easily used in genetic engineering due to its high division speed and has a highly 
permeable membrane for the entry of foreign DNA. Transformation in laboratory 
conditions is achieved through electroporation. In this method, bacterial cells are 
placed in an electric field so that foreign DNA easily passes through the host mem-
brane. Also, another method used in transformation in laboratory conditions is 
thermal shock, which allows foreign DNA to enter the bacterial genome through the 
high temperature of the cell membrane. Plasmid is often used to carry out transfor-
mation in laboratory conditions and transfer target genes [56]. Plasmids can repro-
duce in bacterial cells and are used as vectors. Plasmids are widely used for simulating 
a mechanism and studying it, transfer, and genetic engineering. In many cases, 
plasmids carry antibiotic-resistance genes and help researchers to identify antibiotic-
resistant cells [57].

13.5 �Conjugation

Conjugation involves a bacterial cell transmitting genetic information directly to 
another bacterial cell. The donor cell first replicates part or all of its genetic material 
and then forms a tube known as a sex pilus between the two cells [58]. The copied 
DNA can then move through the sex pilus as a single linear strand, and the recipient 
cell can integrate the DNA into its chromosome or plasmid. While the recipient cell 
has the potential to receive a copy of every gene from the donor cell, this does not 
always happen as the fragile sex pilus can break randomly, halting conjugation and 
preventing the transfer of any remaining genes [59]. Only bacterial cells with a fertil-
ity factor can act as donor cells, as possessing a fertility factor gene is a prerequisite 
for this role, whereas any bacterial cell can serve as a recipient cell. The fertility factor 
is a gene that enables a bacterial cell to produce a sex pilus [60]. When the fertility 
factor gene is located on a plasmid, the plasmid is termed an F+ plasmid, indicating 
the presence of a fertility factor. If the fertility factor gene is incorporated into the 
chromosome, the cell is referred to as an Hfr bacteria [61]. Due to the size of the chro-
mosome, the transfer of a fertility factor within it to a recipient cell is uncommon, 
with the sex pilus often breaking before this region can be passed on. Fertility factors 
situated on plasmids are more likely to be transferred to recipient cells compared to 
those located on chromosomes [62].

13.6 �Transduction

Transduction involves a bacterial cell obtaining genetic material from a virus that 
has infected it. Bacteriophages, a type of virus that infects bacteria, insert their DNA 
into the bacterial DNA to replicate using the host cell’s machinery [63]. This process 
takes place at a specific location known as the attachment site. During an infection, 
the bacterial cell replicates the viral DNA and packages it into viral capsids, which are 
then released from the cell. In some cases, genes near the attachment site may also be 
mistakenly packaged with the viral DNA, resulting in their transfer to the next bacte-
rial cell infected by the virus [64]. Specialized transduction occurs when only genes 
adjacent to the attachment site are transferred, while generalized transduction allows 
for the packaging of any bacterial gene into the new virus. The speed of the infection 
cycle and viral release varies among viruses, with some replicating rapidly in a lytic 
stage, while others remain dormant for longer periods in a lysogenic stage. Certain 
viruses can switch between lytic and lysogenic stages based on the environmental 
conditions [65].
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13.7 �Antibiotic-resistant in bacteria

The issue of antibiotic resistance in the treatment of bacterial infections in 
humans is a significant concern, primarily attributed to the excessive use of antibiot-
ics [66]. The World Health Organization has identified antibiotic resistance as a major 
challenge of the twenty-first century. Evidence suggests that the administration of 
antibiotics to animals can lead to the emergence of drug-resistant bacterial infections 
in both animals and humans [67]. Various measures have been enforced in certain 
countries like the United States, the United Kingdom, Sweden, and the Netherlands 
to regulate the utilization of antibiotics in animals [68]. Conversely, in India, a 
substantial quantity of different antibiotics is routinely employed in farm animals, 
particularly in the poultry sector. Consequently, there has been a progressive increase 
in antibiotic resistance among the natural bacteria of animals and their surroundings 
[69]. Antibiotic-resistant bacteria originating from animals have the potential to 
transmit to the human population through pathways such as direct contact, consump-
tion of animal meat, and agricultural practices [70]. Resistance genes carried by bac-
teria can be excreted in feces, facilitating their transfer to other bacterial pathogens. 
The accumulation of resistant bacteria in animals can result in the dissemination of 
antibiotic-resistant bacteria to humans [71]. Therefore, concerns have been expressed 
regarding the use of antibiotics in animal feed, as this practice could contribute to the 
proliferation of antibiotic-resistant bacteria in humans. The utilization of antibiot-
ics in livestock can lead to contamination of the environment [72]. Consequently, 
when animals excrete antibiotics that are utilized as manure, these substances can 
contaminate the environment via agricultural waste. This could facilitate the develop-
ment and spread of antibiotic-resistant bacteria. In India, antibiotics are extensively 
employed in food animals, particularly within the poultry industry [73]. However, 
there are presently no regulatory directives in Iran concerning the administration of 
antibiotics in animals meant for domestic consumption [73]. Furthermore, antibiotic-
resistant bacteria and genes have been detected in poultry litter. For example, 
Staphylococcus sciuri, a prevalent bacterium in poultry, has been shown to possess 
antibiotic resistance [74].

13.8 �Understanding the mechanisms of antibiotic resistance in gram-positive 
bacteria

The challenge posed by antimicrobial resistance (AMR) is significant, with an esti-
mated annual occurrence of over 670,000 infections caused by AMR pathogens in the 
European Union (EU), resulting in more than 33,000 fatalities. Additionally, the eco-
nomic ramifications are substantial, with projections suggesting that the impact on EU 
healthcare systems may exceed 1 billion euros. The majority of deaths are attributed 
to a limited number of species, including multi-drug-resistant (MDR) Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Acinetobacter 
spp., and Enterococcus spp. [75]. These bacteria have rapidly developed mechanisms of 
resistance in response to selective pressures, such as the production of enzymes that 
deactivate antibiotics, alterations in antibiotic targets, and reduction of intracellular 
antibiotic levels. Understanding these resistance mechanisms is imperative for health-
care providers when choosing appropriate antibiotic therapies, particularly in cases 
where laboratory test results are pending [76]. This paper offers an overview of the key 
resistance mechanisms found in significant AMR pathogens like S. aureus, Enterococcus 
spp., E. coli, P. aeruginosa, Acinetobacter spp., and K. pneumoniae.
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13.9 �S. aureus

Staphylococcus aureus (S. aureus) is considered a significant pathogen largely due 
to its high levels of resistance to antibiotics [77]. The bacterium has been observed 
to develop new resistance mechanisms since the early 1940s when penicillin resis-
tance was first detected [78]. As a consequence of this ongoing evolution, S. aureus 
has exhibited resistance to a broad spectrum of antibiotics such as β-lactams, 
tetracyclines, aminoglycosides, fluoroquinolones, clindamycin, trimethoprim-
sulfamethoxazole, vancomycin, daptomycin, and linezolid. In the European Union, 
Methicillin-resistant S. aureus (MRSA), a prevalent strain with antibiotic resistance, 
was associated with more than 148,000 infections and 7000 fatalities in the year 2023 
[78]. The impact of antibiotic resistance in S. aureus is overviewed in Table 3.

Initially, S. aureus resistance to β-lactams arose due to β-lactamases being devel-
oped. β-lactam antibiotics target the transpeptidase moiety in penicillin-binding 
protein (PBP)-2. β-lactams mimic D-Ala4-D-Ala5 and attach to a serine residue in the 

Antibiotic Mechanism of resistance

Penicillin’s Penicillinase, production of PBP2a

Cephalosporins 
generation 1

PBP2a

Cephalosporins 
generation 2

PBP2a

Cephalosporins 
generation 3

PBP2a

Cephalosporins 
generation 4

PBP2a

b-lactamase inhibitor PBP2a

Carbapenems PBP2a

Tetracyclines Ribosomal methylation of binding sites, efflux pumps

Tigecycline efflux pumps

Macrolides Ribosomal methylation of binding sites, efflux pumps

Clindamycin Ribosomal methylation of binding sites, efflux pumps

Fluoroquinolones Mutations in topoisomerase IV and DNA gyrase, efflux pump

Rifampicin Mutations in RNA polymerase gene

TMP/SMX Mutations in DHPS and DHFR

Aminoglycosides Aminoglycoside degradation enzymes

Aminoglycosides Electrostatic repulsion through an increase to the cell-surface charge

Vancomycin VRSA: altered structure of peptidoglycan precursors from D-Ala-D-Ala to 
D-Ala-D-Lac;

 VISA: increased production of peptidoglycan, thicker cell wall, decoy D-Ala-D-Ala 
dipeptides on cell surface

Linezolid Mutations to the 23S rRNA, altering required modifications to the 23S rRNA, 
mutations to the 50S ribosomal L3 protein

Table 3. 
The impact of antibiotic resistance in S. aureus [77].
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active site of transpeptidase, forming a stable intermediate known as penicillin-O-
serine, which hinders peptidoglycan synthesis. Serine β-lactamases of S. aureus form 
this same intermediate but quickly hydrolyze it, resulting in the release of an inactive 
product called penicilloic acid. The gene carrying the β-lactamase is situated on a 
transposon either in a plasmid or integrated into the genome of S. aureus [66].

Methicillin-resistant S. aureus (MRSA) becomes resistant to methicillin and other 
β-lactam antibiotics by producing PBP2a, a protein similar to PBP2, but unaffected 
by β-lactam antibiotics due to its altered active site structure. This resistance extends 
to most β-lactam antibiotics, except for ceftaroline fosamil. Ceftaroline fosamil can 
overcome this resistance by binding to an allosteric site on PBP2a, resulting in a 
conformational change that allows access to the active site serine [79].

Vancomycin resistance in S. aureus comes in two forms: vancomycin-resistant S. 
aureus (VRSA) and vancomycin-intermediate S. aureus (VISA). Generally, vancomy-
cin resistance is found in MRSA strains. Interestingly, the mechanisms of VISA and 
VRSA are entirely distinct; hence VISA strains cannot evolve into VRSA, except under 
rare circumstances with the acquisition of additional resistance mechanisms [80].

Daptomycin, an antibiotic with a unique mechanism, binds to calcium, leading 
to the formation of cationic complexes that then interact with phosphatidylglycerol 
(PG) on the cell membrane, eventually causing cell death. Daptomycin’s high affinity 
to PG makes it specific for Gram-positive bacteria, although it is ineffective in pul-
monary infections due to issues distinguishing PG in bacteria and lung surfactants. 
Resistance to daptomycin can occur through mechanisms that alter its interaction 
with PG [81].

Macrolides and clindamycin hinder protein synthesis by attaching to the 23S 
rRNA in the 50S ribosomal subunit. Resistance to macrolides may result from 
ribosomal methylation or efflux pumps expelling the antibiotics from within the 
cell. Erythromycin ribosomal methylase (erm) genes, responsible for resistance to 
clindamycin, are widespread among S. aureus strains and may be expressed constitu-
tively or induced [82].

Clindamycin is a preferred antibiotic for treating MRSA infections in community 
settings. It is crucial to identify the macrolide, lincosamide, and streptogramin 
type B (MLSB) resistance phenotype to assess the efficacy of clindamycin therapy. 
Identifying constitutively resistant MLSB strains (cMLSB) and strains with inducible 
MLSB (iMLSB) resistance, which may turn resistant during treatment, is vital. The 
standard D-test can help detect iMLSB resistance in S. aureus isolates [83].

Linezolid, an antibiotic belonging to the oxazolidinone class, functions by inhibit-
ing protein synthesis through binding to the 23S rRNA segment in the 50S ribosomal 
subunit. It is commonly used to combat resistant Gram-positive bacteria like MRSA 
and VRE. Nonetheless, S. aureus has developed resistance mechanisms like muta-
tions in the 23S rRNA and alterations to modifications needed for susceptibility to 
linezolid [83].

13.10 �Enterococcus spp.

Enterococcus faecium and Enterococcus faecalis are significant pathogens because of 
their resistance to antibiotics, particularly vancomycin, which can be transmitted to 
other bacterial species, leading to VRSA [84]. Moreover, they are naturally resilient 
to various antibiotics. In the European Union in 2023, VRE strains of E. faecium and 
E. faecalis caused more than 16,000 infections and 1000 fatalities. Enterococci have 
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penicillin-binding proteins with low affinity, making them inherently resistant to 
β-lactam antibiotics like penicillin and ampicillin. They are also less responsive to car-
bapenems and entirely resistant to cephalosporins. The resistance to cephalosporins 
in enterococci is probably due to the weak affinity of enterococcal penicillin-binding 
proteins toward antibiotics, specifically PBP5, and other mechanisms such as two-
component signal transduction systems [85]. The co-administration of ampicillin and 
ceftriaxone is effective against E. faecalis, similar to ampicillin and gentamicin, which 
is the standard treatment. Enterococci can mutate their penicillin-binding proteins, 
resulting in high-level resistance to penicillins, as seen with PBP5 of E. faecium. 
Additionally, enterococci can acquire plasmid-mediated bla genes for the produc-
tion of β-lactamase, similar to those discovered in S. aureus [86]. Despite the known 
synergy of aminoglycosides and β-lactams, both E. faecalis and E. faecium are intrinsi-
cally resistant to aminoglycosides due to their impermeable cell walls. Nonetheless, 
when combined with a cell wall synthesis inhibitor like ampicillin, aminoglycosides 
can penetrate the enterococcal cell and carry out their bactericidal function [87]. 
Furthermore, E. faecium can produce acetyltransferases and phosphotransferases that 
enzymatically inhibit multiple aminoglycosides, including tobramycin, kanamycin, 
and amikacin [88]. Hence, gentamicin and streptomycin are the only reliable options 
against enterococci. Nevertheless, enterococci can acquire mobile genetic elements 
that confer high-level resistance to these aminoglycosides. Acquired resistance to 
gentamicin is mediated by enzymes that phosphorylate and acetylate the antibiotic, 
preventing its binding to the 30S ribosomal subunit [89]. Streptomycin resistance 
is facilitated by aminoglycoside-modifying enzymes and can also occur through 
ribosomal mutations, which raise the MIC for streptomycin by eight times compared 
to the production of aminoglycoside-modifying enzymes. Enterococci have an 
inherent resistance to TMP-SMX due to their unique ability to absorb folate from 
their surroundings [90]. They could result in enterococci displaying susceptibility 
to TMP-SMX in laboratory tests, but this does not necessarily imply that TMP-SMX 
will be clinically effective against enterococci in living organisms. The resistance of 
fluoroquinolones in enterococci appears to be mostly acquired, with mechanisms that 
include mutations in the “quinolone resistance-determining regions” that reduce the 
enzymes’ affinity for the antibiotic, the production of efflux pumps, and a protective 
protein encoded by the qnr gene, which is believed to safeguard DNA gyrase by limit-
ing the binding of fluoroquinolones to the enzyme [91]. Additionally, enterococci are 
inherently resistant to macrolides and clindamycin. Macrolide resistance seems to be 
influenced by efflux pumps and deactivating enzymes, like an erythromycin meth-
ylase encoded by the erm gene [92]. The mechanism of clindamycin resistance varies 
among species in E. faecalis, resistance is due to the presence of the lsa gene, which 
encodes an ATP-energized efflux pump, while in E. faecium, resistance appears to be 
mediated by the linB gene, which encodes a nucleotidyltransferase that deactivates 
clindamycin through adenylation [92]. The development of tetracycline resistance in 
enterococci involves mechanisms like the production of efflux pumps and ribosomal 
protection proteins. Overexpression of genes such as tetL and tetM has been linked 
to resistance to tigecycline as well. The mechanism of daptomycin resistance in E. 
faecium involves the electrostatic repulsion of the daptomycin-calcium complex 
from the cell membrane, leading to an increase in the membrane’s positive charge. 
Daptomycin resistance occurs when mutations in the LiaFSR signaling system disrupt 
the cell membrane and cell wall’s homeostasis, resulting in the redistribution of car-
diolipin. This prevents daptomycin from oligomerizing in the septal cell membrane. 
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The mechanism of vancomycin resistance in enterococci is the same as that found in 
VRSA and was transferred to S. aureus by VRE [93].

14. �Mechanisms of antimicrobial resistance in gram-negative bacteria

14.1 �P. aeruginosa

Pseudomonas aeruginosa, also known as P. aeruginosa, is a highly worrisome Gram-
negative bacterium that is resistant to multiple drugs, coming in second only to E. coli 
in terms of infections and fatalities caused. In the European Union, it is estimated that 
multi-drug-resistant P. aeruginosa is responsible for more than 72,000 infections and 
over 4800 deaths every year. More specifically, around 61,892 cases and 4155 deaths 
are linked to strains resistant to carbapenem, while 1262 cases and 84 deaths are 
linked to strains resistant to colistin [78]. The mechanisms of antibiotic resistance in 
P. aeruginosa and other significant Gram-negative bacteria are detailed in Table 4.

The bacterium’s membrane permeability is very low, making it highly resistant 
to many antibiotics, estimated to be between 12 and 100 times less permeable than 
E. coli’s membrane. Antibiotics that manage to enter the P. aeruginosa cell encounter 

Antibiotic Common mechanisms of resistance in Gram-negative bacteria

P. auruginosa E. coli K. pneumoniae A. baumanii

Penicillins AmpC, ESBLs, other b-lactamases

Cephalosporins 
generation 1

AmpC, ESBLs

Cephalosporins 
generation 2

AmpC, ESBLs

Cephalosporins 
generation 3

AmpC, ESBLs

Cephalosporins 
generation 4

ESBLs

b-lactamase inhibitor AmpC

Aztreonam ESBLs

Carbapenems Class B & D

Tigecycline Efflux pumps

Macrolides Efflux pumps

clindamycin Efflux pumps

Fluoroquinolones Mutations in topoisomerase IV and DNA gyrase, efflux pump

Rifampicin Mutations in RNA polymerase gene

TMP/SMX Efflux Pumps

Aminoglycosides Aminoglycoside degradation enzymes

Colistin Reduction of membrane negative charge through addition of N4-aminoarabinose 
to lipid A

Table 4. 
Mechanisms of antibiotic resistance in P. aeruginosa and other important gram-negative bacteria [78].
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efflux pumps and antibiotic-inactivating enzymes, reducing their effectiveness. P. 
aeruginosa can develop resistance through mutations that result in deficiencies in 
porins, decreased permeability, changes to antibiotic targets, or increased expression 
of efflux pumps and antibiotic-inactivating enzymes [80]. The bacterium also has 
adaptive mechanisms for antibiotic resistance, like forming biofilms and persister 
cells. Biofilms protect bacteria from the immune system and environmental stressors, 
while persister cells can withstand high antibiotic concentrations by halting the 
synthesis of antibiotic target proteins P. aeruginosa has both natural and acquired 
mechanisms to resist β-lactam antibiotics [94]. Natural mechanisms include influx 
pumps and β-lactamases like AmpC and extended-spectrum β-lactamases (ESBLs). 
Acquired resistance mechanisms involve mutations in porins, overexpression of 
hydrolyzing enzymes and efflux pumps, and modification of penicillin-binding 
proteins, reducing susceptibility to various β-lactams. Acquisition of β-lactamases like 
Class B carbapenemases is linked to high morbidity and mortality from carbapenem-
resistant strains of P. aeruginosa. AmpC enzymes, being cephalosporinases, can 
hydrolyze various antibiotics and are inducible, causing quick resistance emergence 
[95]. Antipseudomonal cephalosporins may not initially induce AmpC expression, 
but prolonged use can lead to treatment failure due to overproduction of AmpC. 
ESBLs hydrolyze several antibiotics and are constitutively expressed, meaning 
certain antibiotics may not lead to therapeutic failure in ESBL-positive strains. 
OXA-type β-lactamases produced by P. aeruginosa can hydrolyze specific antibiotics 
and are not inhibited by clavulanic acid [96]. Carbapenem resistance in P. aeruginosa 
involves metallo-β-lactamases that can hydrolyze most β-lactams but not aztreonam. 
Resistance to aminoglycosides in P. aeruginosa is due to impermeability. Other resis-
tance mechanisms include overexpression of efflux pumps and changes to the ribo-
somal target [97]. Resistance to fluoroquinolones in P. aeruginosa is related to efflux 
pumps and mutations in target enzymes encoding topoisomerase IV and DNA gyrase, 
resulting in high-level resistance. The bacterium is also resistant to tetracyclines, 
macrolides, TMP/SMX, and rifampicin due to efflux pump production [33]. Efflux 
pumps are responsible for causing resistance to macrolide and TMP/SMX antibiotics. 
Mutations in the RNA polymerase gene lead to rifampicin resistance, but this could 
potentially harm the fitness of P. aeruginosa [44]. Colistin is typically used as a final 
resort to combat multidrug-resistant Gram-negative pathogens, working by disrupt-
ing the cell membrane through its interaction with lipid A in the lipopolysaccharide 
(LPS). By binding to the phosphate groups on lipid A, colistin inserts itself into the 
membrane, ultimately causing cell lysis by compromising its integrity. P. aeruginosa 
develops resistance to colistin by modifying the negative charge of the cell membrane 
needed for interaction with the positively charged colistin molecule. This is achieved 
through the production of N4-aminoarabinose, which binds to lipid A and neutralizes 
its negative charge [98].

14.2 �E. coli

Antibiotic-resistant E. coli strains were the primary cause of infections 
and deaths in the EU in 2023, with over 700,000 infections and 8465 fatalities 
recorded. This had a more significant impact than S. aureus and P. aeruginosa 
combined. The third-generation cephalosporin-resistant E. coli strains accounted 
for more than 343,000 infections and 10,000 deaths. Infections caused by colistin-
resistant E. coli strains resulted in 7156 cases and 500 deaths, while carbapenem-
resistant strains led to 2619 infections and 141 deaths [99]. E. coli strains can 
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produce various β-lactamases, including ESBLs, AmpC, and carbapenemases 
of classes A, B, and D. Initially, SHV-ESBLs and TEM-ESBLs were predominant 
in E. coli, but CTX-M-ESBLs now hold that position [100]. The most commonly 
found ESBL gene in human E. coli isolates is blaCTX-M15, responsible for 88.6% 
of annual infections caused by third-generation cephalosporin-resistant E. coli 
strains in the EU. The presence of AmpC β-lactamases in E. coli has been of interest 
since the first E. coli AmpC β-lactamase was discovered in 1940 [99]. Unlike other 
Enterobacteriaceae, E. coli typically produces low levels of AmpC β-lactamases due 
to the absence of AmpR. Mutations in the ampC gene or acquisition of a stronger 
promoter are mechanisms for AmpC hyperproduction [100]. Carbapenem resis-
tance has risen due to ESBL and AmpC-producing strains, necessitating increased 
use of carbapenems, resulting in the development of carbapenem-resistant strains. 
This resistance can arise through various mechanisms, including the production 
of carbapenemases, efflux pumps, and porin mutations. The main carbapenemase 
variants in Enterobacteriaceae are KPCs, NDM, VIM, IMP, and OXA-48, with 
NDM and OXA-48 being prevalent in E. coli [101]. Resistance to rifampicin, 
macrolides, fluoroquinolones, and tetracyclines in E. coli has similar mechanisms 
to other Enterobacteriaceae [97]. Mechanisms include mutations in specific genes, 
target site modifications, and efflux pump production. Aminoglycoside resistance 
in E. coli is mediated through enzymes such as acetyltransferases and phos-
photransferases. The resistance to colistin in E. coli involves modifications in LPS, 
with plasmid-mediated resistance being noted through the mcr-1 gene. This gene 
causes changes in LPS, reducing the affinity of colistin. MCR-1 has been identified 
in various countries, while another gene for colistin resistance, mcr-2, has been 
found in Belgium [101].

14.3 �K. pneumoniae

Klebsiella pneumoniae is inherently immune to penicillin, such as ampicillin, due 
to the existence of specific first-generation β-lactamases like SHV-1 and TEM-1. It 
can also resist first- and second-generation cephalosporins through the production 
of broad spectrum β-lactamases (BSBL). Resistance to third- and fourth-generation 
cephalosporins can occur by creating ESBLs or AmpC enzymes. Carbapenem resis-
tance is the most critical form of β-lactam resistance in K. pneumoniae, mainly due 
to various carbapenemases like KPCs, NDM, and OXA-type carbapenemases. Apart 
from carbapenemase production, other mechanisms such as loss of outer membrane 
proteins and efflux pumps can also contribute significantly to carbapenem resistance, 
sometimes in conjunction with the overproduction of β-lactamases like AmpC or 
ESBLs [102]. The modified Hodge test assists in distinguishing between carbapen-
emase and non-carbapenemase-mediated carbapenem resistance by observing the 
growth of an indicator strain alongside a suspect strain grown with a carbapenem. 
It is crucial to note that infections caused by carbapenem-resistant K. pneumoniae 
have a high mortality rate in hospitalized patients, reaching up to 48%. There is an 
increasing concern regarding the rise of carbapenem resistance in hypervirulent 
K. pneumoniae. In K. pneumoniae, resistance to aminoglycosides can occur via dif-
ferent mechanisms, including efflux pumps, aminoglycoside-modifying enzymes 
like adenylation, acetylation, or phosphorylation, and the production of 16SrRNA 
methylase, which provides high levels of resistance to various common aminoglyco-
sides [103]. When it comes to fluoroquinolone antibiotics, K. pneumoniae can develop 
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resistance through mutations in specific genes, overproduction of efflux pumps, 
plasmid-carried qnr genes, and a bifunctional aminoglycoside acetyltransferase. 
Tetracycline resistance in K. pneumoniae is primarily due to the presence of efflux 
pumps like tetB, while tigecycline resistance is mostly a result of increased acrAB 
efflux pump activity. However, if sensitive, minocycline demonstrates better antibac-
terial activity against KPC-producing Enterobacteriaceae, including Klebsiella spp., 
compared to tigecycline. Colistin resistance in K. pneumoniae can happen through 
multiple mechanisms, such as upregulation of the acrAB efflux pump, modifications 
to lipid A of LPS via certain pathways, or mutations in core genes involved in lipid A 
maturation. Rifampicin, when used with colistin, can have synergistic effects against 
KPC-producing K. pneumoniae, although resistance may develop due to the produc-
tion of a specific enzyme. Additionally, K. pneumoniae has a notable ability to form 
biofilms, protecting host defenses and antibiotics, especially in medical devices like 
catheters [104]. The mechanisms of antimicrobial resistance in Acinetobacter bauman-
nii involve the production of various β-lactamases [104]. For instance, all A. bauman-
nii strains produce a chromosomally encoded AmpC cephalosporinase, while some 
may also harbor additional β-lactamases like TEM-1, CTX-M, and SHV variants, with 
certain strains possessing ESBLs. Sulbactam, an inhibitor of Class A β-lactamases, 
plays a crucial role in A. baumannii infections by inhibiting β-lactamases as well as 
specific proteins of the bacterium [105]. In cases of A. baumannii infections, sulbac-
tam is typically administered in combination with other antibiotics like carbapenems 
or colistin, and high doses might be necessary to ensure effectiveness. Nevertheless, 
resistance to sulbactam can still arise in A. baumannii strains, particularly those 
producing certain types of β-lactamases like TEM-1 or metallo-β-lactamases such as 
VIM or NDM [106]. The most crucial type of β-lactamases produced by A. baumannii 
are the OXA-51-like Class D carbapenemases, which are distinct to this bacterium. 
OXA-51-like enzymes, which have weak carbapenemase activity, are widespread in 
A. baumannii strains, making them a reliable genetic marker for identification. Other 
carbapenems like OXA-23, OXA-40, and OXA-58 can also be found in A. bauman-
nii strains, either in the chromosome or on plasmids. Tetracycline resistance in 
Acinetobacter spp. is linked to ribosomal protection proteins or efflux pump pro-
duction, while tigecycline resistance is associated with the AdeABC efflux pump or 
mutations in specific genes that affect membrane permeability or metabolism [106]. 
However, AdeABC efflux pumps do not influence susceptibility to minocycline in A. 
baumannii strains, even those resistant to tigecycline [106].

15. �Conclusion

Bacteria have become resistant to all antibiotics due to exposure. Understanding 
resistance mechanisms can help clinicians predict resistance patterns, even for anti-
biotics not included in the antibiogram, and choose the best antibiotic for the specific 
pathogen. Although new antibiotics may fight established resistance mechanisms, 
using them unwisely will lead to the development of resistance against them too.
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Chapter 8

Asymmetry of Brain and Behavior 
of People with Williams Syndrome 
in Verbal and Nonverbal Processing
Ching-Fen Hsu, Qian Jiang, Shi-Yu Rao, Xiu-Zhi Fu 
and Xin Zheng

Abstract

People with Williams syndrome (WS) are a population with genetic deficits on 
chromosome 7q11.23. This deficit is rare and was first identified in 1961. Due to this 
deficit, the cognitive and linguistic profiles of people with WS are characteristic. 
The cognitive style of people with WS in information processing is local focusing 
and global ignorance. People with WS have rich lexical, semantic, and grammatical 
knowledge, such as conditionals, but show atypical sentence processing and compro-
mised brainwaves on semantic integration. This peculiarity has driven my laboratory 
to conduct a series of studies to determine the root cause of atypical processing in 
people with WS in the verbal and nonverbal domains. In this chapter, the findings of 
our laboratory on verbal and nonverbal domains in people with WS regarding asym-
metry of the brain and behavior are introduced. All findings may contribute to the 
rehabilitation of this population in the near future.

Keywords: Williams syndrome, rehabilitation, language, cognition, 
asymmetry of brain and behavior

1. �Introduction

Language is a communication tool that involves at least one sender and receiver in 
conveying messages. Messages conveyed successfully by a sender and receiver suc-
ceed in communication. Successful communication includes speech, language, and 
extralinguistic components [1]. Any breakdown in each component results in unsuc-
cessful communication; hence, messages cannot be completely sent to the receivers. 
In speech components, communication involves articulation, resonation, aspiration, 
and phonation. While articulating, message senders should clearly convey the man-
ner, place, and voicing of articulation. To produce clear articulation, speakers should 
make appropriate aspirations with the diaphragm rising up during exhalation and 
lowering down during inhalation. Upon exhalation, the airstream resonates in the 
oral or nasal cavity based on the produced sounds. The velum is raised for oral sounds 
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and lowered for nasal sounds. Phonation is also important for the vibration of sounds 
in the pharynx and larynx. All the components make speech clear and possible in 
communication. Communication in the language component includes form, content, 
and use. Language form refers to the syntactic structure, morphology, and phonol-
ogy. Language content refers to the semantics of a language. Language use refers to 
the pragmatics of language or appropriate use in contexts. Only the right context 
can convey messages meaningfully. In the extralinguistic components, communica-
tion includes paralinguistics, nonlinguistics, and metalinguistics. Paralinguistics is 
required in communication, such as stress, pitch, intonation, prosody, and supra-
segmental features. These features are essential in distinct languages; for instance, 
stress is important in English, and pitch is important in Chinese. Intonation is key in 
expressing speech acts, such as directive, imperative, or interrogative acts. Prosody is 
the combination of stress, pitch, and intonation. Suprasegmental features, that is, the 
features superimposed on segments, are essential in producing correct pronunciation, 
such as nasalization. Nonlinguistics in communication includes proxemics and kine-
sics. Proxemics refers to the distance between speakers and listeners. To ensure effec-
tive communication, the distance should be comfortable on both sides. Kinesics refers 
to nonverbal body language, gestures, and facial expressions used to signal messages. 
Metalinguistics in communication refers to the involvement of thinking and planning 
of meaningful messages. In addition to the components of speech, language, and 
extralinguistics, social interaction forms the basis of human communication. From 
infancy, babies develop an attachment to their caregivers, especially their mothers. 
This attachment involves infant-directed speech, eye gaze, cuddling, joint attention, 
and responses to babies. Through attachment, social relationships develop, and an 
early mode of social interaction develops.

Social ability develops from interactions with the environment. According 
to neuroconstructivism [2, 3], organisms grow by actively interacting with their 
environment from embryos to adulthood. Westermann et al. [4] provide robust 
evidence to support neuroconstructivism. Genes are expressed to bear some char-
acteristics within their surroundings, and encellment facilitates neuronal signal 
transmission via synapses. Enbrainment compensates for cognitive abilities, such as 
neural plasticity, and embodiment shows motor fitness with contextual complexity. 
Ensocialment builds up social relationships through the development of attachment. 
Neuroconstructivism highlights dynamic interactions in the development of organ-
isms and their environments. However, the extent to which gene deficits influence the 
development of cognitive and language abilities remains unclear [5].

2. �Language and cognitive profiles of people with Williams syndrome

To determine the answer to this question, people with neurodevelopmental disor-
ders with gene deficits were studied in our laboratory, including Williams syndrome 
(WS), Down syndrome (DS), and Prader-Willi syndrome (PWS). Since our labora-
tory has been conducting research on people with WS the longest compared to other 
syndromes, in this chapter, people with WS will be focused on and introduced.

Since 1961, Williams syndrome has been identified by cardiologist Dr. Williams 
[6]. People with WS are characterized by unique genotypes and phenotypes. The 
genotypes of people with WS are rooted in chromosome 7q11.23 with an average of 
15–22 missing genes, including the elastin gene and LIMK1 gene [5, 7]. Due to genetic 
deficits, people with WS have supravalvular aortic stenosis, hypercalcemia, wide 
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mouths, large ears, and epicanthic folds. Williams syndrome is a rare disorder with 
an etiology of 1 in 20,000 to 25,000 live births [8]. People with WS are born with 
an atypical amygdala and misaligned central fissures between the two hemispheres 
from typically developing (TD) controls. A smaller anterior frontal region but a 
larger posterior neocerebellum region than TD is also observed in people with WS. 
Moreover, people with WS have smaller lenticular nuclei than those with TD. The 
phenotypes of people with WS include mental disability with an average IQ of 55 
and uneven cognitive profiles of impaired visuospatial ability, but relatively good 
language ability. However, the face processing of people with WS is in the normal 
range. Based on Bellugi et al. [9], people with WS recognize model faces from several 
choices in different shades and orientations; however, they cannot identify line angles 
from various line orientations. This difference in differentiating faces from geometric 
lines suggests that faces are unique social cues for people with WS. Another study on 
the social interaction of people with WS showed their attraction to the faces of the 
experimenters while the experimenters approached them with toys making sounds in 
their hands. Hence, fluent language, advantageous face processing, and hypersocial 
tendencies in people with WS lead to the hypothesis of a social module [10].

Recently, our laboratory of language pathology and developmental neurosciences 
has attempted to rehabilitate people with neurodevelopmental disabilities (people 
with WS included) by conducting a series of studies on cognition and language. 
Our findings challenge previous reports of completely impaired visuospatial abil-
ity and good language ability in people with WS. In fact, people with WS develop 
visuospatial ability at the mental age level [11–13] but mixed levels of language ability 
[14–20]. The face processing of people with WS reaches their chronological age (CA) 
[21]. Most interestingly, people with WS could perform normal-like behaviors with 
atypical neurological brainwaves in the verbal [18, 22] and nonverbal domains [21]. 
These findings of asymmetry between the brain and behavior make the cognitive and 
language profiles of people with WS different. Further studies using animations and 
virtual reality make the rehabilitation of people with WS possible in the future [23, 
25, 26]. This chapter highlights the implications of brain and behavioral asymmetry 
on the rehabilitation potential of people with WS to lend support to neuroconstruc-
tivism [2, 3, 27, 28].

3. �Brain and behavioral asymmetry in verbal domain

The distinct patterns of social behaviors of people with WS might be rooted in 
the cognitive style of ignorance of the global configuration, but focusing on local 
information. In a copy drawing study of a two-story house [9], people with WS drew 
pieces of the house scattered in different places without a complete picture of the 
house. In another copy drawing study of a bicycle, people with WS drew pieces of 
the bicycle without forming an entire picture. A study using the Navon test on people 
with WS revealed the same cognitive profile. In a test of copying a large letter D 
with small y elements, people with WS drew small letters in two horizontal or verti-
cal lines, without configuration D. This asymmetry in local and global information 
processing in the nonverbal domain of people with WS is compatible with their rich 
lexical semantics and deficient sentential processing in the verbal domain [15–17].

To investigate the root cause of deficient sentential processing in people with WS, 
two hypotheses were generated. The first hypothesis is that people with WS truly 
have impaired lexical semantics. In other words, people with WS have difficulty 
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interpreting lexical words in context. The second hypothesis is that people with WS 
have impaired integration of lexical words while processing sentences. To examine 
the first hypothesis, we reviewed previous studies. Studies have reported that people 
with WS have advantageous knowledge of lexical semantics. In a word-generation 
study, people with WS produced significantly more lexical words in a category, for 
instance, animals, than TD controls. People with WS produced significantly more 
low-frequency animals and a greater total number of animals than TD controls. In 
a study of comprehension of homonyms [28], people with WS picked up both the 
primary meanings and secondary meanings of homonyms, equally frequent in collo-
cation with the targets, such as bank in its primary meaning of money and secondary 
meaning of river. In the same study, TD chose the primary meanings of homonyms 
but not secondary meanings. In Tyler et al. [29], people with WS primed categorical 
and functionally related word pairs as TD controls. These findings suggest that people 
with WS have rich lexical semantics, given their intellectual disabilities. Hence, it 
seems that the first hypothesis was challenged, as people with WS develop at or even 
exceed normal levels.

To test the second hypothesis, Hsu [15] conducted a study using the classic 
homonym paradigm across nouns and verbs in people with WS. A leading context 
was presented before the homonym, followed by a picture corresponding to one of 
the meanings of the homonym. Immediately after the presentation of the homonym, 
people with WS had to decide whether the picture was compatible with the leading 
context. The correct response to each homonym was figurative but not literal. For 
instance, a target homonym po1-leng3-shui3 (泼冷水 in Chinese original text) has 
the literal meaning of ‘dampen cold water’ and the figurative meaning of ‘show no 
care or be apathy.’ A minor goal was to examine whether the integration of lexical 
words differed across nouns and verbs. People with WS showed significantly higher 
yes responses to the literal meaning of verbs compared to the figurative meanings of 
the same verbs, whereas the reverse pattern was observed in TD controls. People with 
WS showed a pattern similar to nouns in TD. The findings not only showed degraded 
integration of lexical words into sentences but also confirmed the different processing 
of nouns and verbs in people with WS.

Another study on causal inference by Hsu [17] showed delayed backward infer-
ence and deviant forward inference in people with WS. In the backward causal infer-
ence study, people with WS deviated in causal processing from consequence to cause. 
In the forward causal inference study, people with WS had delayed causal processing 
from cause to consequence. The MA controls showed similar performance as the CA 
controls in backward causal inference but differed from the CA controls in forward 
causal inference. These findings indicate that people with WS are deficient in higher-
level cognitive processing of causal inference. The findings in the study of Hsu and 
Tzeng [16] uncovered impaired integration of propositions embedded in sentences. 
These studies suggest that people with WS are deficient in sentence processing. Hsu 
et al. [22], who conducted a study using the false memory paradigm, reported that 
people with WS made similar amounts of false alarms to lures as TD controls. The 
same pattern was observed in Hsu [18] using functional neuroimaging, showing a 
similar pattern of processing word pairs of causal relations and functional relations. 
Hence, the second hypothesis confirms that people with WS develop delayed and 
deviant integration of lexical words into sentences. This might be the root cause of 
impairment in the sentential processing of people with WS.

Considering the neurological performance in verbal studies, asymmetry of the 
brain and behavior in people with WS has been observed. In a study that used a false 
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memory paradigm to examine conceptual integration, while TD controls reflected 
brainwaves to semantically related lures as presented words, people with WS showed 
brainwaves to lures as new words [22]. This finding suggests that people with WS 
processed lures with atypical underlying neurological mechanisms from TD controls. 
A study on the processing of distinct semantic relationships of causal, categorical, 
associative, and functional word pairs in people with WS revealed different patterns 
from TD at the neurological level [18]. By using the subtraction method of TD and 
people with WS, in processing categorical word pairs, while TD controls processed 
this type of word pair with the right parietal precuneus, people with WS did not show 
activation in this brain region. In processing associative word pairs, while TD con-
trols processed words with brain activation in the region of the left frontal subgyral 
areas, people with WS did not show this activation. In processing causal word pairs, 
while TD processed words in the left superior frontal gyrus, people with WS did not 
show this pattern. In processing functional word pairs, while TD processed words in 
the right insula, people with WS did not show this activation. In summary, people 
with WS have distinct underlying neurological mechanisms for processing lexical 
words with distinct semantic relationships. Using distinct neurological mechanisms, 
however, people with WS show normal-like behavioral performance. This sheds light 
on the rehabilitation potential of people with WS.

4. �Brain and behavioral asymmetry in nonverbal domain

In the nonverbal domain, the asymmetry of the brain and behavior is also 
valid. People with WS showed problems recognizing faces with emotions because 
of their inability to integrate pieces of faces related to emotions [30]. Hsu and 
Chen [21] conducted a study to examine the processing of changes in figures 
and configures of faces after viewing model faces. Participants were first pre-
sented with a model face, followed by a target face with changes in figures or 
configurations. Participants were asked to judge whether the displayed target 
was the same or different from the model face. While decisions were made, the 
participants’ brainwaves were recorded using event-related potentials. The results 
revealed distinct patterns of brain waves in the left and right hemispheres. In the 
left hemisphere, TD controls differentiated the three types of faces distinctly, 
whereas people with WS only differentiated faces with changes in figures from 
those with changes in configuration and model faces. The latter two types of face 
yielded no difference. In the right hemisphere, TD controls showed differences 
in figure-changed faces from configure-changed and model faces. No differ-
ence was observed between the latter two face types. People with WS processed 
face changes in figures and configures distinct from model faces. These findings 
suggest that people with WS were not sensitive to the differentiation of configure-
changed faces from model faces in the left hemisphere; moreover, people with 
WS processed configure-changed faces using a figure-changed strategy. Atypical 
neurological brainwaves emerged, given the normal behavioral patterns of people 
with WS. Another study by Grice et al. [31] on basic-level visual processing 
revealed atypical perceptual patterns of people with WS compared to TD controls. 
Participants viewed three types of images and recorded the corresponding brain-
waves using event-related potentials: packmen, real squares, and Kanizsa squares. 
The results showed that people with WS processed illusory Kanizsa squares and 
packmen induced more negative brainwaves compared to real squares, whereas 
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TD controls processed the three types of images significantly differently. Kanizsa 
squares were processed more negatively than real squares, which, in turn, were 
processed more negatively than packmen by the TD. These findings suggest that 
people with WS are atypical in basic-level visual perception, leading to impaired 
integration of high-level cognitive information. This study is also compatible with 
the study by Mills et al. [32], both confirming atypical processing of people with 
WS to faces. In summary, people with WS exhibit asymmetrical performances 
between the brain and behavior in the nonverbal domain, similar to the patterns 
shown in the verbal domain.

5. �Rehabilitation potential in people with Williams syndrome

Based on the findings of asymmetry of the brain and behavior in verbal and 
nonverbal studies on people with WS, our laboratory has started to explore their 
rehabilitation potential using advanced technology such as animation clips and vir-
tual reality. The rationale for taking the theory of mind study as the pioneering work 
to examine the potential was to figure out the interaction of verbal and nonverbal 
abilities in people with WS. Theory of mind is an important cognitive ability that uses 
linguistic cues to execute reasoning in others’ minds [33]. Several pioneering studies 
have been conducted on people with WS and DS in our laboratory. In the study by Hsu 
and Rao [23] on theory of mind to examine whether their ability in mental inference 
could be enhanced via presentation of animations, two studies were conducted on 
first-order and second-order mentalizing abilities. Traditionally, theory of mind tests 
were conducted using 2D black and white paper; in our study, animations with 3D 
design were tested. It was hypothesized that animations could attract the attention of 
people with WS more and induce their mentalizing abilities more deeply and easily. 
The classic study on theory of mind using the story of Sally and Anne [24] presented 
in animations was initially tested on TD groups of 3- and 4-year-olds for the first-
order mentalizing test and on TD groups of 5- and 6-year-olds for the second-order 
mentalizing test. People with WS were tested later. The results confirmed that, 
compared to the critical age of 4 years in passing the first-order theory of mind, in 
Hsu and Rao [23], people with WS passed the test at 5.9 years old by using computer-
ized animations. This finding confirms that computerized animations are a useful 
tool for successfully inducing the mentalizing ability of people with WS compared to 
previous studies of worse performance at 9–23 years old or unsuccessful passing age 
at 17.11 years old [10, 34, 35].

In the second-order theory of mind study using animations, people with WS 
passed the test at 7.14 years old mentally or 10.5 years old chronologically [26], which 
was closer to the critical age of 6–7 years old when passing the test. This finding in age 
was earlier than previous studies on the second-order study by Karmiloff-Smith et al. 
[10] at 9 years of age and by Sullivan and Tager-Flusberg [36] at 8.56 years of age. 
Both studies on theory of mind in people with WS revealed that people with WS were 
enhanced in mentalizing others’ minds from another protagonist’s viewpoint using 
animation clips. Further studies investigating knowledge of lexical semantics via 
advanced technology using virtual reality revealed worse performance in people with 
WS in a spatial navigation task [24]. In the spatial navigation task, people with WS 
showed similar practice effects in the supermarket shopping task from the first to the 
fourth navigation as their TD controls. This effect also sheds light on the rehabilita-
tion potential of people with WS.
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6. �Conclusion

The asymmetry of local focusing and global ignorance of people with WS leads 
to impaired integration of contextual information in verbal and nonverbal domains. 
Importantly, some studies have shown normal behavioral performances given 
deficient underlying neurological mechanisms in people with WS, which is termed 
asymmetry of the brain and behavioral phenomena. Based on the findings of asym-
metry, rehabilitation is possible for people with WS, who may use atypical neurologi-
cal reflections to achieve TD behaviors. The brains of people with WS show plasticity 
in processing cognitive abilities across verbal and nonverbal domains, as neurocon-
structivism claims [2, 3]. The brains of people with WS are shaped developmentally 
and dynamically. Advanced technologies in modern society, such as virtual reality, 
augmented reality, animation, and robotics, can be developed as rehabilitated tools 
for people with WS in the near future.
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Chapter 9

iPS Cell Models of Human Single 
Gene Inheritance Diseases
Yuqing Ran and Xiaoling Guo

Abstract

Single gene inheritance diseases account for a large proportion of human  
congenital genetic diseases. For a long time, it has been difficult for scientists to 
directly obtain patient’s somatic cells to establish in vitro cell models to study disease 
pathogenesis or screen personalized treatment drugs. Theoretically, induced plu-
ripotent stem (iPS) cells have the potential to differentiate into various types of cells 
derived three germ layers such as cardiomyocytes, Leydig cells, RPE, podocytes, islet 
cells, neurons, et al. The advent of reprogramming a variety of somatic cells into iPS 
cells provided the possibility to generate different human cell models carrying the 
patient’s genetic background and mutational profiles even with single gene inheri-
tance disease phenotype to used for studying the pathological mechanisms, drug 
screening, or gene therapy in vitro. Here, we will discuss the development of iPS cells 
and its applications in single gene inheritance diseases, including key advancements, 
challenges, and future research directions.

Keywords: induced pluripotent stem (iPS) cells, human single gene inheritance 
diseases, reprogramming, cell models, application

1. �Introduction

Single gene inherited diseases are a class of disorders caused by mutations in one 
gene, and have well-defined genetic mechanisms and phenotypic characteristics 
[1, 2]. Elucidating the pathological mechanisms of human single gene inherited 
diseases plays a key role in the discovery of new therapeutic strategies. The traditional 
animal models of transgenic mutations are invaluable for simulating human diseases 
to explore the potential pathological mechanisms at different developmental stages 
and specific cell types in vivo. However, due to species differences, animal models 
cannot truly reflect the clinical characteristics of disease [3, 4]. Moreover, it is gener-
ally difficult to obtain human end-terminal differentiated cells such as cardiomyo-
cytes, retinal pigment epithelium (RPE), neuron, Leydig cells, and so on for in vitro 
pathological mechanism study [5, 6].

The emergence of induced pluripotent stem (iPS) cells breaks this limitation and 
becomes an attractive alternative because of their ability to be derived from somatic 
cells of patients with single gene inheritance diseases through cell reprogramming 
technology [7, 8]. At the same time, iPS cells with the patient’s genetic background 
have self-renewal and differentiation potential, so they can theoretically be infinitely 
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induced to differentiate into any type of human cells to establish personalized 
disease cell models carrying single gene inheritance disease phenotype for precision 
medicine [9, 10].

Currently, both human embryonic stem (ES) cells and iPS cells have been used to 
model human genetic diseases. Although the initial in vitro cell models were devel-
oped using ESCs [11], there has been a gradual shift in preference toward iPS cells due 
to their lack of similar ethical issues associated with ES cells as well as the availability 
of iPS cells.

iPS cells are very similar to embryonic stem (ES) cells in that they both express 
pluripotency markers, and both have the potential to differentiate into three germ 
layers (endoderm, mesoderm, and ectoderm) [12–14]. Moreover, iPS cells can also be 
used to address the problems of immune rejection faced by ES cells [15, 16]. So, iPS 
cell models of human single gene inheritance diseases provide a powerful platform for 
studying disease mechanisms, drug screening, and gene therapy development.

2. �Development of iPS cell technology

Since 2006, iPS reprogramming technology has developed rapidly, ushering in 
an exciting new era in the field of regenerative medicine. In 2006, Takahashi and 
Yamanaka achieved the first reprogramming iPS cells derived from mouse skin 
fibroblasts by introducing four key transcription factors Oct4, Sox2, Klf4, and c-Myc 
[17]. Subsequently, human somatic cells were also successfully reprogrammed into 
iPS cells using the same four transcription factors [14]. In 2008, Dunsbergen et al. 
[18] and Wernig et al. [19] demonstrated that iPS cells can also be produced using 
only three transcription factors (Oct4, c-Myc, Klf4 or Oct4, Sox2, Klf4). Kim et al. 
[20] and Huangfu et al. [21] further improved reprogramming technology, showing 
that neural stem cells need only two transcription factors (Oct4 binds to Klf4, c-Myc, 
or Sox2) to be reprogrammed into iPS cells. Surprisingly, Kim et al. [22] successfully 
generated iPS cells derived from neural stem cells using only one transcription  
factor Oct4.

Initially, retroviruses vectors were widely used for delivering Yamanaka factors 
[7, 13, 14, 16]. This delivering method was highly efficient but had significant disad-
vantages, including the possibility of insertional mutagenesis to cause cancer risk. 
Subsequently, advances in reprogramming technology sought safer and more efficient 
methods. One such advancement was the use of Sendai virus (SeV), which was a non-
integrating RNA virus [23]. Once, we successfully reprogrammed patient-derived 
urine cells into human iPS cells using Yamanaka factors such as SOX2, OCT4, KLF4, 
and c-MYC mediated by Sendai virus [24]. With the development of study, research-
ers had paid attention to the reprogramming with non-genetic approach, such as 
using RNA, proteins, and small molecules to reprogram patient somatic cells into iPS 
cells [25].

Yakubov et al. firstly [26] reprogrammed somatic cells into iPSCs using RNA-
based methods. Warren et al. also [27] achieved reprogramming of iPS cells from 
human somatic cells by transducing mRNA encoding four transcription factors and 
enhancing mRNA stability through modifications like glycosylation and methylation 
at the 5′ end. Anokye-Danso et al. [28] cloned exogenous miR302/367 genes into the 
pLOVE vector, and successfully reprogrammed human and mouse somatic cells into 
iPS cells by transfection vector. In addition, the recombinant proteins such as KLF4, 
OCT4, SOX2, and c-MYC (RPTs) were used to generate iPS cells [29–31].
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The reprogramming of iPS cells involved acetylation, demethylation mediated 
chromatin remodeling, and some key signaling pathways such as MAPK, Wnt, TGF-β, 
MEK-ERK, and so on [32–34]. Therefore, iPS reprogramming can be achieved by 
intervening in epigenetics and key signaling pathways. Li et al. [35] demonstrated 
that iPS cells could be reprogrammed from somatic cells using Oct4 and a combina-
tion of small molecules (VPA, CHIR99021, 616,452, and tranylcypromine), replacing 
Sox2, Klf4, and c-Myc. Hou et al. [36] further expanded this approach by replac-
ing 4TFs with six small molecules (VPA, CHIR99021, 616,452, tranylcypromine, 
Forskolin, and DZNep) to achieving iPS cells. These methods can safely reprogram 
somatic cells into iPS cells without altering the host genome, opening new avenues for 
iPS cells application in the field of regenerative medicine.

These iPS cells, which are characterized by pluripotency and self-renewal capacity, 
must be induced by carefully optimized differentiation protocols to produce func-
tional cell types, which were related to disease modeling and therapeutic applications. 
The differentiation processes involved mimicking natural developmental signals 
during embryonic development, using a combination of growth factors, signaling 
molecules, and environmental conditions to drive iPS cells toward the desired devel-
opmental lineage [37]. Using different small molecules, researchers could induce iPS 
cells differentiation into different specific cell types, such as neurons, cardiomyocytes, 
or liver cells, which were crucial for studying potential pathological mechanisms of 
diseases and developing targeted therapy drugs. Our team successfully used molecular 
compounds to induce human iPS cells differentiation into Leydig-like cells [38].

What’s more, the emergence of CRISPR-Cas9 genome editing technology has 
further promoted the development of iPS cells. CRISPR-Cas9 is able to precisely and 
efficiently manipulate the genome and allows the introduction or correction of inter-
est mutations in iPS cells. In addition, the gene processing of iPS cells holds important 
prospects for the development of personalized gene therapy.

3. �Applications of iPS cell models in single gene inheritance diseases

Single gene inherited diseases are caused by mutations in a single gene [1, 2]. 
The pattern of these diseases typically follows the Mendelian inheritance patterns, 
including dominant, recessive, or X-linked inheritance [39, 40]. Although the patho-
genesis and clinical manifestations of each single gene inherited disease are different, 
the etiology is clear and usually caused by mutation in one gene. The construction of 
disease models from iPS cells provides a powerful tool for in-depth understanding of 
the pathological mechanisms of these diseases and the development of new treat-
ment strategies. The following are specific application examples of iPS cell models in 
several single gene inherited diseases.

3.1 �iPS cell models in Alzheimer’s disease (AD)

AD, a fatal condition, is a neurological disease characterized by progressively 
declining cognitive processes, such as memory and learning, and irreversible neuro 
degeneration [41]. Currently, the main treatment for AD is symptomatic therapy, 
such as using acetylcholinesterase inhibitors [42] and NMDA receptor antagonists 
[43] to alleviate symptoms, but the disease cannot be cured or reversed.

Kondo T et al. [44] generated iPS cells from somatic cells of patients with familial 
and sporadic AD and differentiated them into neural cells. Neurons derived from 
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patient iPS cells with a familial amyloid precursor protein (APP)-E693D mutation 
leads to endoplasmic reticulum (ER) and oxidative stress. Docosahexaenoic acid 
(DHA) could alleviate the stress responses in AD neural cells derived iPS cells, 
suggesting that DHA may in fact be effective for a subset of patients. This further 
demonstrates the utility of patient-specific iPS cells in investigating the underlying 
mechanisms of AD and evaluating the effects of drug therapy.

3.2 �iPS cell models in Noonan syndrome

First reported in 1968, Noonan Syndrome (NS), also named LEOPARD Syndrome, 
is a relatively common autosomal dominant disorder [45]. The incidence of NS ranges 
from approximately 1:1000 to 2500 and is characterized by distinct craniofacial fea-
tures, short stature, congenital cardiac anomalies, developmental delays, and variable 
neurocognitive impairment [46–49]. Approximately 80% of patients with NS harbor 
gene mutations, which are involved in the RAS/mitogenactivating protein kinase 
(MAPK) pathway [48, 50]. The gene of serine/threonine kinase rapidly accelerated 
fibrosarcoma 1 (RAF1) is crucial in the conserved RAS/MAPK pathway. NS can be 
caused by the gene mutations in RAF1 [48], which may account for about 3–17% 
patients with NS [51].

Younghee et al. [52] used skin fibroblasts cells from patients with Noonan syn-
drome to reprogram into iPS cells. Subsequently, these iPS cells were induced to 
differentiate into neural progenitor cells and neurospheres, and further differenti-
ated into neurons and glial cells. The results showed that mutations in SHP2 lead to 
premature and excessive generation of glial cells during neurodevelopment, revealing 
the cellular and molecular basis of neurodevelopmental abnormalities in Noonan syn-
drome. This approach not only preserves the patient’s genetic mutation background 
but also accurately simulates the cellular and molecular mechanisms of the disease. It 
also provides a powerful model system for understanding the pathology of Noonan 
syndrome, which could help to develop potential treatment strategies.

3.3 �iPS cell models in Lowe syndrome

First described by Lowe et al. in 1952 [53], Lowe syndrome (LS), an inherited rare 
X-linked multisystemic disorder syndrome with the prevalence of approximately 1 
per 500,000, is characterized by congenital cataracts, neonatal hypotonia, intellec-
tual impairment, and renal tubular dysfunctions with slowly progressive renal failure 
[54]. LS can mainly affect the function of the eye, brain, and kidney and is caused by 
the gene mutations of OCRL at Xq25-26, which encodes an inositol polyphosphate 
5-phosphatase (IPP-5P) in the trans-Golgi network [54, 55]. IPP-5P is essential for 
proper cell migration, spreading, cytoskeleton-plasma membrane adhesion, and vari-
ous protein-protein interactions [56].

Akhtar et al. [57] extracted skin fibroblasts cells from patients with Lowe syn-
drome and reprogrammed these cells into iPS cells. Subsequently, they induced these 
iPS cells to differentiate into neuronal cells. Based on these neuronal cell models, they 
observed abnormal phospholipid metabolism caused by mutations in the OCRL1 
gene, which in turn affects the neural development process. These results indicate 
that the use of patient-derived iPS cell models can effectively simulate the neurode-
velopmental deficits of Lowe syndrome, and provide a deeper understanding of the 
pathological mechanisms of the disease.
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4. �Conclusions

iPS cell model has demonstrated significant potential and value in the study of 
human single gene inheritance diseases. By reprogramming the patient’s somatic 
cells into iPS cells and further differentiating them into disease-specific cell types, 
researchers can simulate key processes and phenotypic characteristics of disease 
development. However, iPS cell model still faces many challenges, such as the effi-
ciency and consistency of cell differentiation, the complexity of the model, and the 
feasibility of translating research findings into clinical applications.

Future research directions may include optimizing the differentiation methods 
of iPS cell, improving their accuracy in simulating disease processes, and developing 
more targeted treatment strategies. In addition, combining gene editing technology 
and high-throughput screening methods to establish a larger scale iPS cell resource 
library will help accelerate the development of personalized treatment methods.

In summary, iPS cells provide a powerful experimental platform for studying 
human single gene inheritance diseases, and also open broad prospects for future 
scientific research and clinical treatment.
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Abstract

This chapter endeavours to elucidate the striking similarities between the 
emissions originating from cooking oils and the smoke produced by cigarettes, both 
teeming with a cocktail of carcinogenic compounds such as polycyclic aromatic 
hydrocarbons, aromatic amines, and nitro-polycyclic aromatic hydrocarbons. This 
analysis posits a profound potential for noteworthy chromosomal modifications 
akin to those observed in response to exposure to cigarette smoke. Moreover, an 
augmented prevalence of genetic disorders, encompassing spontaneous abortion, 
is envisaged. The principal thrust of this paper lies in elaborating upon the inherent 
cancer-inducing attributes of these carcinogens present in both cooking oil fumes 
and cigarette smoke. Furthermore, it delves into the demographic cohorts exhibiting 
heightened susceptibility to such cytogenetic alterations.

Keywords: cooking oil fumes, smoke point, polycyclic aromatic hydrocarbons, 
indoor air pollution, repeatedly heated cooking oils, lung cancer, 
particulate matter (PM), volatile organic compounds (VOCs)

1. �Introduction

Cooking oil fumes (COFs) represent a complex array of substances, with their 
composition varying based on the cooking method (e.g., boiling, frying etc.) and 
the type of oil used (e.g., rapeseed oil, coconut oil, sunflower oil, soybean oil etc.). 
Additionally, the presence and efficiency of fume extractors play a significant role. 
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Research indicates that volatile particulates from lard heated to 200 and 300°C, as 
well as soybean oil heated to 300°C, exhibit mutagenic properties in the Salmonella/
microsomal assay with S9 mix. According to epidemiological studies, women who 
are exposed to cooking oil fumes have a higher chance of developing lung cancer. 
Cooking practises and the utilisation of fume extractors are plausible biological 
determinants of lung cancer risk. They impact the concentration of known mutagens 
and carcinogens in oil fumes, including polycyclic aromatic hydrocarbons (PAHs), 
heterocyclic aromatic amines, benzene, and formaldehyde [1–3].

Deep-frying is a major contributor to indoor air pollution. Recently, commercial 
kitchens have begun using vegetable margarine for frying, which can lead to pulmonary 
inflammation that intensifies with prolonged exposure. Fast-food restaurants, popular 
for their convenience and affordability, predominantly serve fried foods. More people 
come into contact with cooking fumes and other pollution for longer periods of time as 
these establishments proliferate and consumer appetite for their products rises. High-
temperature cooking generates carcinogenic fumes. Epidemiological studies indicate that 
cooks and bakers are at a heightened risk of developing cancer. Particularly, non-smok-
ing women in East Asia exhibit a higher risk of cancer. Among bakers and pastry cooks, 
there is a notable excess of bronchial carcinoma, with a relative risk (RR) of 3.6 and a 
confidence interval (CI) of 1.3–10.4. This signifies that these individuals are 3.6 times 
more likely to develop bronchial carcinoma compared to a reference group, possibly the 
general population or another occupational group. The confidence interval underscores 
the statistical significance of this finding, indicating that the true relative risk is highly 
likely to fall within this range. Aldehydes present in cooking fumes can infiltrate cells, 
causing damage by reacting with macromolecules such as DNA [4–6].

Cooking oil fumes (COFs) from hot oil may play a role in the development of 
lung cancer. Since 2021, South Korea has recognised occupational lung cancer among 
individual cafeteria workers. Occupational exposure to COFs can influence lung 
cancer development, and ventilation is a critical factor. COFs can cause lung cancer in 
women, independent of smoking. Cooking emissions and inadequate kitchen ventila-
tion are linked to increased lung cancer risks, especially in women. Furthermore, 
poor ventilation during cooking can elevate the risk of lung cancer [7–9].

2. �The impact of various cooking oils and cooking methods on human 
health

Coronary heart disease (CHD) is the leading cause of death worldwide, with its 
occurrence rising swiftly, especially in developing nations like India. Edible oils play 
a critical role in the development, treatment, management, and prevention of CHD. 
Selecting the appropriate edible oil is particularly important in India, where cooking 
techniques differ from those in Western countries. Edible oils consist of different fatty 
acids, which can be classified into three categories: saturated fatty acids, monoun-
saturated fatty acids, and polyunsaturated fatty acids [10].

Saturated fatty acids are generally considered harmful because they can elevate 
total cholesterol (TC) and low-density lipoprotein (LDL) cholesterol, increasing 
the risk of atherosclerosis. According to research, women are more likely to prevent 
coronary heart disease by substituting unhydrogenated monounsaturated and poly-
unsaturated fats for saturated and trans fats than by consuming fewer lipids overall. 
Additionally, dietary fat intake has been directly linked to the risk of postmenopausal 
invasive breast cancer [11].
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In Chinese cuisine, stir-frying, frying, and deep-frying are common cooking 
methods. We also measured the rate with which cooks employed each approach and 
asked about their typical cooking practises, such as waiting for cooking oil vapours 
to release before starting to cook. To preserve food as fresh as possible, traditional 
Chinese cooking emphasises rapid frying in oils heated to high degrees. Studies have 
shown that exposure to cooking oil fumes (COFs) among military cooks is higher 
than that among office workers. The levels of airborne particulate PAHs in kitchens 
significantly exceed those found in office environments [1].

Cooking generates various substances, including particulate matter, liquid oil 
droplets, water vapour, and gaseous pollutants. Cooking techniques include boiling 
food in soup or water, as in hot pots, are popular in China. This technique does not use 
oil at all and cooks’ food at a lower temperature, but it does not always result in less 
pollution or harm. The type and shape of food show minimal impact on the particu-
late matter (PM) emission characteristics during boiling [12].

Boiling water releases more large particles, whereas heating oil releases more 
little particles. These are the differences in the emission characteristics of the two 
processes. Studies indicate that PM2.5 emissions generally decrease in the fol-
lowing order: deep-frying (0.709–2.731 mg/m3) > stir-frying (0.700–0.958 mg/
m3) > stewing (~0.573 mg/m3) > quick-frying (0.140–0.433 mg/m3) > boiling 
(0.004–0.247 mg/m3) > steaming (0.011–0.088 mg/m3), with most levels exceeding 
the national indoor air standards.

The average concentration of PM2.5 in the immediate breathing zone during 
family cooking was found to be 0.599 mg/m3. Housewives, including some pregnant 
women who are particularly sensitive to PM2.5, are typically the primary participants 
in home cooking. Unlike commercial restaurants, home cooking involves less intense 
heat and smaller quantities of food [13].

Although spending more time indoors can lessen the impacts of outdoor air 
pollution, it can also raise the chance of breathing in high concentrations of interior 
pollutants, like those from heating and cooking. Particulate matter emitted by heated 
cooking oil poses significant health hazards. Among indoor pollutants, particulate 
matter is a leading cause of various health issues, including heart attacks, severe 
asthma, reduced lung function, respiratory irritation, and breathing difficulties [14].

Inhaling cooking oil fumes is harmful to human health. Studies have shown that 
coconut and olive oil produce the most particles at low temperatures, while peanut 
and canola oil generate the most particles at high temperatures [15]. One of the main 
sources of indoor particulate matter, cooking oil fumes (COFs), are linked to respira-
tory symptoms such as coughing congestion in the nose, and diminished lung func-
tion. The exposure level to COFs during typical Chinese domestic cooking can cause 
short-term detrimental effects on cardiopulmonary health, trigger inflammatory 
responses, and induce oxidative stress [16].

Fats, alkanes, and olefins are the main constituents of oil fumes, which are then 
followed by aldehydes, ketones, esters, aromatic compounds, and heterocyclic com-
pounds. Studies have shown that cooks in both commercial and domestic kitchens 
are exposed to extremely high levels of particulate and gaseous pollutants. Real-time 
measurements in a Chinese food store revealed that during cooking, the mass and 
number concentrations of fine particulate matter (PM2.5) increased by factors of 12 
and 85, respectively, compared to non-cooking periods [16]. Temperature is the most 
significant factor influencing the rate of evaporative emissions of cooking oil fumes, 
with the evaporation rate and pollutant emissions being highest from unrefined oil 
samples. The popularity of fried foods means that cooking procedures often involve 
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volatilising oils at high temperatures, making oil temperature a major factor in cook-
ing emissions. Negative health outcomes from exposure to particulate emissions from 
cooking with vegetable oils include respiratory symptoms, reduced lung function, 
neonatal complications, and cardiovascular diseases [17].

Fast-food is becoming increasingly significant in society due to its quick avail-
ability and appealing taste. This trend increases the exposure of cooks to cooking 
oil fumes, which can have drastic long-term health effects [18]. In southern India, 
where coconut oil is commonly used for cooking, even low-temperature heating of oil 
produces particles that affect those working in home kitchens.

One of the most popular and sophisticated methods of food preparation is deep-
frying, frequently practised in fast-food establishments. The quality of the oil or fats 
used to fry meals greatly influences their quality. For instance, deep-frying in sun-
flower oil raises the concentration of linoleic acid but only results in a 2% dry increase 
in total fat. γ- and α-linoleic acids are oxidised, whereas eicosapentaenoic and doco-
sahexaenoic acids are retained. Additionally, deep-frying triggers the production of 
volatile chemicals, mainly aldehydes and ketones from polyunsaturated fatty acids, 
as well as free amino acids through proteolysis. Additionally, significant quantities of 
furanic compounds, such as furan and furfuryl alcohol, are generated during deep-
frying, especially when frying coated fish [19].

A product that is fried tastes excellent, has a pleasant flavour, and can be made 
quickly. Emulsifiers, anti-polymerising agents, and natural and synthetic antioxi-
dants improve the performance during frying [20]. During frying humidity and air 
are mixed with hot oil and cause chemical reactions in the oil used for frying. As a 
result, these fats and oils are affected by autoxidation, thermo-oxidation, pyrolysis, 
and thermal polymerisation as well as oxidative decomposition, which alter and 
degrade the composition of the oil thereby produce such as dimeric and polymeric 
materials which can be harmful to health [18, 20].

A number of factors, such as the type of frying oil used, the temperature, the 
length of time the food is fried, the frying pan, and the moisture level of the food, 
affect the kind, quantity, and creation of hazardous compounds produced during 
frying. An important consideration is the type of frying oil used, which serves as a 
medium for heat transfer [21, 22]. When oils are used for extended periods of time, 
they oxidise and produce hydroxides as well as volatile substances including alde-
hydes, ketones, carboxylic acids, and other unwanted substances.

The majority of human life is spent indoors, and cooking contributes significantly 
to indoor air pollution. Consequently, it is crucial to analyse how much human 
exposure occurs to home cooking fumes. For the quality of the frying medium and 
fried foods, as well as the shelf life of the food products, the choice and characteris-
tics of the oils used in the frying process are crucial. Antioxidants can decrease the 
oxidation of frying oil, but their effectiveness diminishes at high frying temperatures. 
Lignan compounds in sesame oil are effective antioxidants in deep-fat frying [23]. 
Traditional oils high in polyunsaturated fatty acids (PUFA) are not ideal for frying 
due to their fatty acid composition, iodine value (IV) characteristics, and their higher 
oxidation tendency [24].

Vegetable oils are frequently heated to high temperatures in cooking. Cooking oils 
that have been heated repeatedly (RCO) can release a number of chemicals, some of 
which are known to be carcinogenic and include polycyclic aromatic hydrocarbons 
(PAHs).

The consumption of RCO and inhalation of its fumes are associated with a high 
incidence of genotoxic, mutagenic, and tumorigenic effects, as well as various 
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cancers. Cooking fumes have been found to increase the occurrence of aberrant cells, 
including chromosomal breaks, fragments, exchanges, multiple chromosomal dam-
ages, and micronuclei, in a dose-dependent manner [25].

One of the main health advantages of plant-based oils is the breakdown of important 
polyphenol antioxidants that occur during the heating process. Repeatedly heating fats, 
especially polyunsaturated fats, at high temperatures beyond their smoke point can 
result in the formation of carcinogenic compounds in both the oil and the foods cooked 
in it [25]. Unrefined oils typically have lower smoke points and can become rancid more 
quickly, so it is important to understand their smoke points and store them properly.

Studies suggest that the fumes from cooking oils containing PAHs and NPAHs may 
increase the risk of lung cancer among cooks [26]. The addition of natural antioxi-
dants, such as catechin, could reduce the presence of these carcinogens [27]. Sixteen 
PAHs have been identified as being emitted through deep-frying and frying methods 
using rapeseed, soybean, peanut, and olive oils [28].

Cooking generates a variety of volatile, semi-volatile, and particulate pollutants. 
Since most people spend over 80% of their time indoors, indoor air quality has a sig-
nificant impact on human health compared to outdoor environments [29]. One of the 
leading causes of lung cancer among women is exposure to kitchen cooking fumes. 
Indoor pollution associated with cooking oil increases lung cancer susceptibility in 
China, primarily due to the frequent use of deep-frying and poor kitchen ventilation 
in Chinese cooking traditions [30].

The presence of triacylglycerol (TAG) dimers in fresh cooking oils is typical 
because these dimers form during the deodorisation stage of oil refining, which 
involves high-temperature processing. These acyclic dimers can potentially lead to the 
creation of polyaromatic hydrocarbons or cyclic compounds [31].

The smoke point is a crucial physical parameter used to determine the stability of 
oils. It generally correlates with the accumulation of decomposition products. When 
oil starts to smoke, it marks the onset of both flavour and nutritional degradation 
[32]. A low smoke point usually indicates low thermal stability, while a higher smoke 
point suggests that the oil is of superior quality [33].

Higher smoke points are generally associated with monounsaturated oils, which 
include high oleic sunflower and safflower oils, canola oil, peanut oil, almond oil, 
olive oil, avocado oil, and so on. Sesame oil, on the other hand, contains nearly equal 
proportions of monounsaturated and polyunsaturated fats [34, 35]. Table 1 defines 
list of smoke index of selected cooking oil types used.

3. �The impact of ventilation in cooking areas on human health

Wood and charcoal are the main biomass fuels used by one-third of the world’s 
population for cooking. There are an estimated 3.8 million premature deaths each year 
due to the household air pollution caused by burning these fuels, which is the primary 
environmental cause of mortality. Research indicates that ventilation improvements 
can reduce smoke concentration almost as effectively as many clean stove interven-
tions implemented in real-world scenarios. Moreover, kitchen concentration is an 
inaccurate measure of exposure in households using biomass. This suggests that the 
interplay between stoves, fuels, housing conditions, and cooking behaviours must be 
considered when evaluating the success of clean cooking policies [40, 41].

The relationship between kitchen ventilation, cooking fuels, and cooking oil 
consumption and the risk of lung cancer was estimated using Cox proportional 
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hazards regression and was reported as hazard ratios (HR) with a 95% confidence 
interval. Poor kitchen ventilation was associated with a 49% increased risk of lung 
cancer compared to adequate ventilation. Compared to women who were never 
exposed to inadequate ventilation, those who encountered it as children or adults had 
a 69% higher likelihood of lung cancer. Lung cancer accounts for approximately 18% 
of cancer deaths worldwide, with many of these deaths being preventable and largely 
attributable to tobacco use. However, Asian women have a relatively high rate of lung 
cancer despite a low prevalence of smoking [40, 42–45].

Chinese cooking techniques frequently release a variety of carcinogens into the 
air, which cooks—most of whom are women—inevitably inhale. While smoking 
tobacco is the primary risk factor for developing lung cancer, most Han Chinese 
women with lung cancer are non-smokers [46]. Lung cancer among non-smokers is 
a significant health issue that is gaining increasing recognition. Studies have shown 
that among lifetime non-smokers, lung cancer incidence is significantly higher in 
women than in men [47].

Genetic and environmental factors, particularly occupational exposure, can also 
elevate the risk of lung cancer. High levels of indoor particulate matter and other 
harmful indoor air pollutants are a factor in Taiyuan’s increased lung cancer inci-
dence rate among lifetime non-smokers. Research has found a significant interaction 
between cooking oil fume exposure and TERT (telomerase reverse transcriptase) 
polymorphism on lung cancer risk among Chinese non-smoking females [48].

Lung cancer is the leading cause of death among males in industrialised coun-
tries and is on the rise among females [49]. Cooks are exposed to a broad range of 
substances produced during the cooking and frying processes, including cooking 
oil aerosols, ignition items, organic gaseous pollutants, and steam from the food’s 
moisture content. Emissions from high-temperature frying are classified as probably 
carcinogenic to humans, and studies indicate an increased risk of lung cancer among 
cooks [50].

Workers in metal processing, baking, and ship deck crew have been reported to 
have an increased risk of lung cancer for all histological subtypes; for particular his-
tological subtypes, this risk is higher among construction workers, chefs and cooks, 
and medical professionals. Odds ratios (ORs) for lung cancer associated with work 

S. no Type of cooking oil Smoke index Reference

1. Coconut oil 177°C [36]

2. Palm oil 235°C [36]

3. Sesame oil 177°C [36]

4. Olive oil 210°C [36]

5. Sunflower oil 227°C [36]

6. Rapeseed oil 107°C [37]

7. Peanut oil 232°C [37]

8. Avocado oil 271°C [38]

9. Butter 177°C [38]

10. Castor oil 200°C [39]

Table 1. 
Smoke index of selected cooking oil types used.
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as a cook, along with 95% confidence intervals (CIs), were estimated using uncondi-
tional logistic regression [51, 52]. The types of lung cancer associated with exposure 
to cooking oil fumes include adenocarcinoma, squamous cell carcinoma, small cell 
carcinoma, and large cell carcinoma.

4. �Effects of exposure to cooking oil fumes on pregnancy

Exposure to cooking oil fumes during pregnancy significantly increases the risk 
of having a baby that is large for gestational age. Studies suggest that such exposure 
can also affect birth weight, with some research indicating a connection between 
pregnancy exposure to polycyclic aromatic hydrocarbons (PAHs), particulate matter 
(PM), and volatile organic compounds (VOCs) and abnormal birth weights. Less 
than 2500 grams at delivery is considered low birth weight and is associated with 
increased infant morbidity and death that persists throughout adulthood.

Research in California has shown associations between PM2.5 exposure and 
reduced birth weight among full-term infants, even after adjusting for carbon monox-
ide (CO) levels. Analogously, research conducted in India emphasises the connection 
between low birth weight and newborn death and mother usage of different domestic 
cooking fuels. The primary cause of the airborne particulate matter and hazardous 
chemical levels in traditional open-fire cookstoves is the inefficient burning of coal 
and biomass. Substantial evidence links household air pollution (HAP) to severe 
health consequences, especially when exposure occurs in utero or early life [53, 54].

Mounting evidence shows that exposure to HAP during pregnancy is detrimental 
to maternal health, affects foetal and infant development and viability, and increases 
the risk of both short- and long-term adverse health and developmental outcomes. 
Specifically, biomass combustion produces high concentrations of PAHs, which 
contribute to increased rates of abnormal reproductive system maturation, foetal 
developmental abnormalities, and growth retardation [54].

Babies born to mothers cooking with wood, dung, or straw were 175 g lighter, on 
average, compared with babies born to mothers using liquefied petroleum gas (LPG), 
natural gas, or electricity and hence Household use of high pollution cooking fuels 
may cause reduced birth weight [55]. According to study findings, children whose 
moms cooked occasionally, frequently, or consistently during their pregnancies were 
more likely to exhibit behaviours similar to autism than children whose mothers 
never cooked. Pregnancy-related cooking frequency and COF exposure raised the 
likelihood that a kid may exhibit behaviours similar to autism. When mothers used 
natural gas instead of coal or other cooking fuels, their child’s likelihood of exhibiting 
autistic-like behaviours was reduced. Furthermore, pregnant women using ventila-
tion measures during cooking significantly decreased likelihood of the presence 
of autistic-like behaviours in their children [56]. In China, with culturally specific 
cooking habits that are the main source of indoor air pollution the contributions of 
COFs exposure on preschoolers’ neurodevelopmental outcomes may be greater than 
that found in Western countries [57].

Carbonyl concentrations in kitchens mainly because of its small kitchen and poor 
ventilation. However, high carbon-containing species (C5–C10) such as hexaldehyde, 
heptaldehyde, and nonanaldehyde (16.62–77.00% of total carbonyls) contributed 
comparatively with low carbon-containing compounds (23.01–83.39% of total car-
bonyls) in kitchens and the highest total carbonyl concentrations in exhaust streams, 
indicating that stir-frying and grilling are inclined to produce polluted gases [57].
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Exposure to cooking oil fumes (COFs) has been linked to the development of 
various chronic diseases, including lung cancer, chronic bronchitis, fatty liver, and 
numerous respiratory symptoms. Additionally, COFs exposure is associated with 
adverse health outcomes such as oral cancer, cervical intraepithelial neoplasia, 
chronic bronchitis, and cervical precancerous lesions.

Research has well documented that maternal prenatal exposure to COFs can 
significantly increase the risk of adverse birth outcomes, including low birth weight 
(LBW), large for gestational age (LGA), and preterm birth [53, 58–64]. Studies have 
shown that prenatal exposure to COFs for 0–1 hour per day is significantly associated 
with LGA newborns, whereas exposure for more than 1 hour per day is associated 
with small for gestational age (SGA) newborns, although this latter finding did not 
reach statistical significance [63].

Further studies confirm that prenatal exposure to indoor air pollution (IAP) from 
biomass, kerosene, or solid fuels can lead to low birth weight, stillbirth, abnormal 
gestational size, and neonatal death. These findings underscore the global health risks 
posed by such exposures. Moreover, there is a confirmed correlation between mater-
nal exposure to COFs and children’s hyperactive behaviours. Poor ventilation during 
cooking while mothers were pregnant has been identified as a significant risk factor 
for clinical levels of hyperactivity in their offspring [65].

Children exhibiting autistic-like behaviours were significantly more likely to 
have parents with a junior high school education rather than a college degree, moth-
ers who were housewives instead of employed, lower family incomes, and younger 
maternal and paternal ages [56]. Additionally, as the social economy develops and 
health awareness improves, there is a gradual shift from polluting to clean cooking 
fuels. This transition is expected to reduce air pollutants from cooking. Using clean 
fuels during pregnancy has been shown to reduce the likelihood of hyperactivity in 
children, compared to using coal fuels [65, 66].

5. �Conclusion

Exposure to cooking oil fumes is a significant health concern today. These fumes 
can generate mutagens and cause cytogenetic changes, making it crucial to select 
cooking oils that emit fewer harmful substances. Understanding the smoke point of 
cooking oils is vital, as it influences the generation of harmful compounds. Proper 
ventilation in cooking environments is essential, as poor ventilation is a major factor 
in increasing exposure to cooking oil fumes.

In hotels, for example, kitchens often have inadequate ventilation, leading to 
higher exposure for cooks and bakers, which increases their risk of lung cancer. 
Pregnant women exposed to cooking oil fumes face risks such as altered gestation 
periods and having children with conditions like autism, developmental issues, 
hyperactive behaviour, low birth weight, and preterm delivery.

Economic and educational factors play a significant role in mitigating these risks. 
As education and economic status improve, people tend to shift towards cleaner and 
less polluting cooking fuels. However, the fast-food industry, due to its popularity for 
taste and quick service, exposes workers to higher levels of cooking oil fumes since 
most fast foods are prepared by frying or deep-frying methods.

Therefore, it is crucial to educate people, particularly less-educated parents-to-be 
and young fast-food industry workers, about the risks of cooking oil fumes. This edu-
cation can help reduce lung cancer rates and abnormalities in offspring. Compared to 
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working mothers, homemakers are more exposed to cooking oil fumes, emphasising 
the need for awareness and preventive measures in home environments.

Overall, addressing the risks of cooking oil fumes requires a multifaceted 
approach, including choosing appropriate cooking oils, ensuring proper ventilation, 
improving economic and educational conditions, and raising awareness about the 
health impacts of cooking oil fumes. This comprehensive strategy can help mitigate 
the adverse health effects and improve overall public health.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 11

β-Thalassemia in India: A Classic 
Case of Genetic Adaptation in 
Response to a Pathogen with 
a Historical Perspective on 
Ancient Population Migrations 
(a Mini-Review)
Chanda Siddoo-Atwal

Abstract

In the 1940s, JBS Haldane hypothesized that haemoglobinopathies including 
β-thalassemia had become common in regions where malaria was endemic and that 
natural selection had acted to increase their prevalence. Subsequent case-control 
studies have confirmed that both α- and β-thalassemia provide a high degree of 
protection against clinical malaria. Then, in 1956, a hematologist, JK Siddoo, pub-
lished a pioneering paper reporting that β-thalassemia (also known as Mediterranean 
anemia as it is common among Greeks, Italians, and other Mediterranean peoples) 
was prevalent in Sikh populations from the Punjab. The hypothesis was that invad-
ing Aryan tribes had brought the gene to India with them around 1500 BC from the 
southern steppes of Europe. However, there is little evidence to support this theory. 
Nevertheless, nomadic Iranian (Eurasian) tribes known as “Scythians” started to 
invade the subcontinent in succession around 50 BC, following the incursions of 
Alexander the Great in 325 BC. Moreover, the crumbling Indo-Greek kingdom that 
had persisted for almost 200 years finally fell to these invaders from the East and 
some of the displaced Greeks intermarried with the conquering Scythians. Therefore, 
sequencing and comparative analysis of the beta-globin gene from modern-day 
populations could help to provide conclusive proof for this ancient instance of gene 
flow and genetic adaptation to a dangerous pathogen.

Keywords: α-/β-thalassemia, gene regulation, single base substitutions, frameshift 
mutations, RNA-processing mutants, transcriptional mutants, initiation codon 
mutations
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1. �Introduction

Historically, most of its invaders have entered India through the northwest corri-
dor of the subcontinent. It has been proposed that the first invaders of Punjab in India 
were the Aryan tribes between 2000 and 1500 BC (sharing a common place of origin 
and pre-history with the Iranians). However, there is virtually no archaeological 
evidence to support this claim, which is only substantiated through the new Indo-
European language the invaders brought with them to the subcontinent, (Sanskrit) 
and the existence of sacred writings and rituals still performed in this language to this 
day. There are also some intriguing genetic studies based on comparative analysis of 
the Y chromosome that suggest populations with the Y-haplogroup R1a1 moved to the 
Russian Plain around 4800–4600 B.C from where they migrated to Anatolia, Mittani, 
the Arabian Peninsula, Iran, the South Urals, and North India [1].

The primitive culture of these Aryans was grafted onto the highly sophisticated 
civilization of the Indus Valley, and, in time, they developed a caste system to sepa-
rate the Aryan conquerors from the conquered Dravidians. The former was divided 
into Brahmins (priests), Kshatriyas (warriors), and Vaisyas (traders and farmers), 
while the latter was restricted to the Shudra or “untouchable” classes. Ultimately, 
the Brahmins, by virtue of their wit and learning, came to rule supreme over all the 
other castes or social groups, which flexible at first, eventually came to be deter-
mined by birth [2, 3].

The first evidence of a historical invasion occurs c. 500 BC from the writings 
of Greek historians such as Herodotus and Strabo who mention a Persian kingdom 
in northern India. It was Darius the Great who added northwestern India to the 
Achaemenid Empire during his reign (522–486 BC) [4].

Following the Indian exploits of Alexander the Great in 325 B.C. that have been 
very well-documented by Greek historians such as Arrian, various Greek satraps and 
kings governed over the Punjab region for a period of 150–200 years. They are com-
memorated by a wealth of coins and in Sanskrit literary works like the Ramayana in 
which they are called “Yavanarajas.” Perhaps, the most notable of these monarchs was 
Menander, who became a Buddhist, and ruled over a larger kingdom than any other 
known Indo-Greek rulers as documented by the Greek biographer, Plutarch [2, 3, 5].

After the Greeks, various nomadic Iranian-speaking Scythian tribes from Central 
Asia were the next set of conquerors to enter the portals of northwest India between 
50 B.C. and 150 A.D. For the most part, the legacy of the Greeks was not a long-lasting 
one and traces of their culture were eroded with the advent of the mass immigra-
tion of these Scythian hordes and their subsequent inter-marriages with the Greeks. 
However, in the Kanishka era of the Kushanas, the relatively late (easternmost) 
Scythian tribe to enter India with distinctly Turkic cultural elements, the Gandhara 
style of sculpture, which was heavily influenced by the Greek school, flourished in 
northwest India [6, 7]. Many of the coins minted by the earlier Scythian, Parthian, 
and Kushana kings had also featured Greek deities such as Apollo, Poseidon, and Zeus 
suggesting a shared theism and some degree of cross-cultural assimilation. As these 
rulers all belonged to different Scythian tribes, this part of Indian history is known as 
The Scythian Period [7].

In the annals of one of the leading Rajput families of Rajasthan (Bhatti), a branch 
of which was supplanted to Punjab as one of its royal families (Sidhu-Brar), one can 
start to distinguish traces of their Scythian origin. A fourth century AD inscription 
mentioned in the Bhatti history (Annals of Jessulmer) states that their ancestor Saca 
Salivahan, a “Gete” or Scythic prince ruled over Salpoor and confirms this assertion 
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of a Scythian descent [8]. In time, as many of the Rajput clans such as the Bhattis were 
transplanted to the more fertile region of the Punjab, they assumed the name of “Jat,” 
the appellation of the local farming communities, which also claimed descent from 
Gete or Scythic invaders [8–11]. Genetic studies suggest a more recent relationship 
to Europe and Central Asia of certain “Jat” populations due to a higher complement 
of shared DNA and, thus, support a later historic migration of some groups to the 
subcontinent [11, 12]. Similarly, genetic studies on ancient mummies from the Tarim 
Basin in the region that was once inhabited by the Yuezhi and the Kushanas have 
revealed a Eurasian genetic profile [13–15]; even today, the main modern Turkic 
populations in this Tarim basin region of Xinjiang are a genetic mixture of European 
and East Asian lineages found in contemporary Central Asians [15, 16]. In addition, 
a significant overlap of the DNA of Jats with that of earlier North Indian “Indo-
European” groups also supports the Russian steppe hypothesis and a prehistoric 
Aryan migration into the Indus Valley as they were all related Indo-Aryan/Indo-
Iranian tribes with a shared theism [12].

Starting in the second millenium, invaders of Punjab and northwest India 
included the Turks, Pathans (Afghans), and Mughals (Persianized descendants of the 
Mongols), who brought with them a highly elaborate Islamic culture of their own. Not 
only did they resist Hinduization until the later reign of the “Great Mughals” (par-
ticularly, Akbar, who married a Rajput princess and adopted Indian customs) but also 
they often cruelly tried to force Islam on the Indian masses as their holy mission [17]. 
This led to the rise of various religious reform movements in medieval India, such as 
Sikhism, which advocated spiritual universality and social equality. Ironically, Guru 
Nanak had started a socialistic movement (in which women were regarded as equals) 
in reaction to the tyranny of both the Brahmins and the Islamic invaders. It would 
become most popular with the “Jat” farming communities of Punjab who already had 
a more egalitarian social structure than other parts of India [9, 18].

It is in this milieu that the Sikhs emerged as a significant political power in 
Northwest India in the eighteenth century (prior to the British in the mid-nineteenth 
century) culminating with the empire of Maharaja Ranjit Singh, who actively 
employed women in his administration and annexed parts of Afghanistan [19, 20].

2. �Introduction to β-thalassemia and its history

β-Thalassemias are a group of hereditary blood disorders affecting the synthesis 
of β-hemoglobin chains, and the results range from severe anemias requiring regular 
blood transfusions to asymptomatic individuals. There are three main forms of the 
disease: thalassemia major, the most severe form with early presentation; thalassemia 
intermedia, a moderate form with clinical symptoms that present later in life; and 
thalassemia minor, the least severe and asymptomatic form, which can cause moder-
ate anemia. Frequency of this disease is 1 in 10,000 in the European Union and 1 in 
100,000 throughout the rest of the world [21].

In developing countries where diagnosis of thalassemia major can be delayed, 
clinically, children may display growth retardation, pallor, jaundice, poor muscula-
ture, leg ulcers, and skeletal changes among other symptoms. In developed countries 
where blood transfusions may be implemented sooner, patients can develop iron 
overload-related issues including endocrine complications, dilated myocardiopathy, 
liver fibrosis, and cirrhosis. The main clinical features of thalassemia intermedia 
patients are hypertrophy of erythroid marrow and related complications, gallstones, 
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painful leg ulcers, and an increased predisposition to thrombosis. Thalassemia minor 
is not associated with any clinical symptoms except mild or moderate anemia in 
certain cases [21].

The effects of thalassemia major on the body are multi-faceted and extremely com-
plex. Treatment involves regular blood transfusions administered every 2 to 5 weeks 
in order to promote normal growth in children, normal physical activity, adequately 
suppress bone marrow activity, and minimize transfusional iron accumulation. 
Complications can include increased transfusion requirements, fever due to a variety 
of bacterial infections including Yersinia and Klebsiella, back pain due to osteoporosis, 
unexplained abdominal pain and chest pain due to a variety of factors, dyspnoea, 
jaundice due to liver failure, and leg cramps due to hypoparathyroidism [22] and most 
probably due to a lack of oxygen in the muscles as experienced by athletes.

India has a large β-thalassemia burden, and there are an estimated 100,000 
patients with a syndrome, but in the absence of National Registries of patients, the 
exact numbers are unknown. Recent studies estimate the average prevalence of 
β-thalassemia carriers at 3–4% [23], while an extensive screening project based on a 
large number of college students and pregnant women in the states of Maharashtra, 
Gujarat, Punjab, Karnataka, West Bengal, and Assam indicated a national average 
carrier rate of 2.78% [24]. Nation-wide screening programs in different regions have 
revealed that many ethnic groups such as Sindhis, Kutchi Bhanushalis, Lohanas, 
Punjabi Khatris and Vaisya-Aroras (it is quite possible that these Indo-Aryans of the 
Punjab intermarried with the Greeks in pre-Scythian times), Bengalis, certain Muslim 
groups, and tribal populations from Gujarat and Orissa have a higher prevalence 
ranging from 4 to 17%. It is suggested by the authors of a recent report that there is a 
need for education and awareness programs for health professionals, college students, 
pregnant women and the general public, a requirement to intensify screening in all 
states and to provide genetic counseling and prenatal diagnosis [23]. The main treat-
ments that are available include blood transfusions and iron chelation therapy. While 
India bears approximately 25% of the global β-thalassemia burden, the Punjab with 
an estimated 4700 thalassemia major patients contributes nearly 5% of the national 
total [25, 26]. As a result, Project Rainbow has been initiated there to try and reduce 
this burden. Affected individuals often display complications like growth retardation, 
endocrine and cardiac dysfunction, and transfusion-transmitted infections that arise 
as a result of iron overload and the use of unsafe blood [26].

2.1 �Old World origin of the gene

It is unlikely that humans were exposed to large malaria outbreaks before the 
advent of agriculture when early Neolithic farmers settled in mosquito-infested soft 
and marshy soil near standing water [27]. Recent studies from ancient sites of the 
Middle Euphrates region support the view that they are contemporary with the begin-
ning of cultivation (c. 10,000 B.C.) and that the world’s first urban centers developed 
in the late fourth millennium B.C. along the banks of the Tigris and Euphrates Rivers 
in Mesopotamia. This region includes southern Iraq, a small region of southeast 
Turkey and northeast Syria around the Middle Euphrates. This may also be the 
birthplace of wheat agricultural innovation [27, 28].

After the domestication of wheat, the agricultural technology spread west 
through the Mediterranean basin. As agriculture spread in Greece, it is possible that 
Greece was one of the most malarious regions of the Mediterranean. Subsequently, 
Anatolia was the site of several civilizations including Hittite, Persian, Greek, Roman, 
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Byzantine, and Seljuk between 2000 B.C. and 1100 A.D. resulting in the flow of vari-
ous mutations into and out of present-day Turkey, which became cross-roads for the 
old world [27].

Thus, the most common and widespread β-thalassemia mutations in the 
Mediterranean World and adjoining Arab countries are likely the oldest. For example, 
Codon 39 (C > T) is believed to be of Roman origin, and IVS-1-110 is believed to 
have arisen in Turkey. In fact, malarial selection for this oldest β-thalassemia allele 
in Anatolia may date to a period somewhere between 6500 and 2000 BC. The lat-
ter reaches its highest frequency in Eastern Mediterranean Arab countries and 
may have been introduced there by Turkish, Greek, or Phoenician settlers [29]. 
Interestingly, the β-thalassemia mutations reported in Arab populations are mainly of 
Mediterranean and Asian origin, suggesting ancient commerce and trade routes [27].

At the same time, the malaria antigen has also been detected in Egyptian mum-
mies dating from 3200 and 1304 BC suggesting another possible site of origin [30]. 
According to this theory, malaria most likely traveled from the African rainforest 
down the Nile to the Mediterranean spreading east to the Fertile Crescent and north 
to Greece. Greek traders and colonists brought it to Italy from where Roman soldiers 
and merchants would carry it as far north as England and Denmark [31]. However, 
β-thalassemia mutations are relatively rare in Africa [32] while another inherited 
hemoglobin disorder, sickle cell anemia, is much more common [33]. Therefore, the 
African continent is more likely the place of origin for sickle cell mutations, espe-
cially, as consanguineous marriages are popular there.

3. �DNA mutations and haplotypes associated with gene flow and 
migration

An intriguing facet of modern genetics is that genetic polymorphisms that tend 
to be inherited together (DNA haplotypes) can help to determine the date of origin, 
track gene flow of a particular β-globin gene mutation, and detect major migra-
tions [27]. Unfortunately, extensive studies in this area are lacking on the Indian 
subcontinent.

In general, it is estimated that 1.5% of the global population are carriers of 
β-thalassemia. The average frequency of β-thalassemia carriers in Greece is 7.4%, but 
in some regions, it can be as high as 15–20%. Interestingly, in the small Sikh study car-
ried out by JK Siddoo in the 1950s, the mean frequency was at least 6% corresponding 
quite closely to the levels observed in Greek communities [34, 35]. Although there do 
not appear to be too many contemporary ethnic studies on this subject in India, there 
is one large Indian study that corroborates this earlier finding that the prevalence of 
β-thalassemia in the country is highest in Punjabi and Sindhi (originating from the 
adjoining province of Sindh in Pakistan) communities [36, 37]. Although the major 
Greek mutations have been well documented, the sequencing data from India is not 
as comprehensive, and large-scale studies in specific states of interest are warranted 
[38]. Nevertheless, one interesting observation to arise is that the people of Greece 
and Turkey have had a shared genetic lineage since prehistory (Neolithic times) [39]; 
a shared history since the time of Troy; and Greeks have colonized Turkey from the 
time of Alexander the Great. Thus, one common promoter region mutation has been 
identified among Jat-Sikhs (46%) that coincides with a Turkish genotype, −88 (C-T) 
[40, 41]. In Turkey, there is also a relatively high prevalence of the β-thalassemia trait 
in some areas (up to 7.9%). A further Indo-Greek collaboration could help to shed 
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more light on this ancient mystery and uncover other possible Mediterranean muta-
tions that are common between these two populations.

Studies from Pakistani populations claiming Greek descent are a little more 
revealing [42]. Using genetic distance measures sensitive to recent events, the lowest 
distances were observed between Pathans and Greeks. Clade E3b1 lineages which are 
frequent in Greeks, but not in Pakistanis, were observed in two Pathan individuals, 
one of whom shared a 16 Y-STR haplotype with Greeks. A shortened version of this 
haplotype is concentrated in Macedonia and Greece providing strong evidence for a 
European origin for at least a small percentage of the Pathan Y chromosomes. A close 
genetic affinity has also been found between Jat and Afghani populations, particularly 
Pathans, since they share a joint culture and history [12]. In the past, Punjab has been 
a province of Afghanistan; parts of Afghanistan have been annexed by Punjab, and 
the Sikhs regularly fought territorial wars with the Pathans [19]. So, not only were the 
borders between the two areas fluid but also most invaders entered India through the 
Northwest and several Jat tribes are known to have inhabited Afghanistan [11, 43]. 
Thus, a genetic overlap in these two groups is not surprising.

So far, in India, it has been established through genetic studies that there are five 
common mutations, which account for between 80 and 93% of all β-thalassemia 
mutations, and five less common mutations including the “Turkish” mutation preva-
lent among Jat-Sikhs. The results suggest relatively recent and local origins for most 
β-thalassemia mutations. In addition, multiple haplotype associations and widespread 
geographical distribution of certain high frequency alleles are also consistent with an 
older origin. In this regard, another very interesting case of possible gene flow in the 
opposite direction involving β-thalassemia mutations from the Indian subcontinent 
occurs in the Omani population. The nature of the β-thalassaemia mutations that have 
been determined in the Omani population suggests that the majority have been intro-
duced by gene flow. There was active commerce between Oman and the area around 
the Indus Valley for centuries. Burial sites and pottery dating to around 3000 B.C. 
have also been unearthed in the surrounding Gulf countries. Using archaeological 
data from all these various sites, it has been possible to establish that there was trade 
between Mesopotamia (present day Iraq), the lands bordering the Arabian Gulf and 
the Indus Valley people. Historically, Oman was a major maritime nation with links to 
the Far East and India on the one hand and East Africa and Egypt on the other, as well 
as trade in the Arabian Gulf. IVS-1-5 (G > C), a severe β+ allele, is the most prevalent 
of the mutations thus far described in Oman. A detailed analysis of the distribution of 
β-thalassemia mutations in Pakistan shows that the IVS I-5 (G > C) mutation is wide-
spread in that country, reaching a peak incidence in the Baluchis (76.2%) and having 
a high prevalence among the Sindhis (43.9%). It is also found at a high frequency in 
India [27, 44]. Thus, it is highly likely that altogether, the β-thalassemia mutations 
on the Indian subcontinent reflect considerable ethnic diversity, and gene flow from 
population migrations particularly on the Northwest route of invaders, and natural 
selection by malaria infection [45, 46].

4. �A brief analysis of β-thalassemia and β-globin gene mutations

β-Thalassemia is represented by the decreased production of β-globin chains in the 
adult hemoglobin A molecule, which is involved in oxygen delivery to the entire body. 
The result of this biochemical anomaly is inefficient erythropoiesis and peripheral 
hemolysis [27]. Physiologically, an inefficient circulatory system and inability of 
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blood to carry oxygen efficiently to every cell and organ is tantamount to a long-term 
death sentence.

The main cause of β-thalassemias is point mutations and, occasionally, deletions 
of the β-globin gene on chromosome 11. This genetic disorder is predominantly inher-
ited in an autosomal recessive manner, although, more rarely, there are also dominant 
mutations of the gene. β-thalassemia is particularly prevalent in regions where 
malaria is endemic and confers an adaptive advantage against infection [47, 48].

More than 180 mutations have been identified and classified in the complex 
β-globin gene, which requires tight control in the synthesis of its tetrameric hemoglo-
bin molecules [49–51]. This gene contains three exons and two introns and displays 
several levels of transcriptional and translational regulation. β-Thalassemia mutations 
include nonsense mutations, RNA processing mutations, transcriptional mutations in 
the promoter region, and mutations in the initiation codon [52–54].

This is a vast field of study, and much research has been conducted in it. In fact, 
the well-elucidated structure of the β-globin gene including its promoter, enhancer, 
start and stop codons, translated and untranslated regions, GATA sites for tran-
scription factors and poly(A) site serves as an excellent model for genetic studies in 
general [55].

As an example of how migration detection in β-thalassemia carriers works, a study 
in Germany with non-immigrant German populations found that roughly two-thirds 
of thalassemia minor cases appear to be caused by Mediterranean mutations (61%). 
In contrast, approximately one-third of cases may have originated as a result of local 
mutations such as the one that affects position −2 of the intron 1 splice acceptor site 
(IVSI-129 A-G) and a deletion of a single G in codon 15/16 (FS 15/16 ΔG). The former 
finding suggests introduction due to migration from the Mediterranean region, prob-
ably during the historic Roman occupation of northern Europe [41].

Similarly, while common mutations causing β-thalassemia major and minor 
occur in populations from northern, western, and eastern India, rare and even 
novel mutations may occur in some of these populations. In one Indian study, DNA 
sequencing of LCR HS2, 3, and 4 core sequences revealed a polymorphism, an A-G, 
in the palindromic sequence, TGGGGACCCCA, of LCR HS4 [56]. So, once again, the 
G allele could be a new evolutionary mutation in the Indian population, while certain 
other Mediterranean mutations may have been introduced via migration. However, 
outbreeding is rare in India due to the highly rigid caste system, which does not 
encourage inter-caste unions. Therefore, one opportunity for this to have occurred 
is as a result of the intermarriages documented to have taken place during the Indo-
Greek and Scythian periods of Indian history in the frontier provinces [57–59]. There 
is a good possibility of finding overlapping mutations in this select gene pool with 
the genetic profile of “recent” Eurasian nomads that might be expected from Indo-
Scythians [11, 13, 55].

5. �Future perspectives

Perpetuating a painful and debilitating genetic disorder like β-thalassemia major 
that is a slow death sentence does not seem humane. Extensive genetic counseling 
and prenatal diagnosis campaigns appear to be the best options available to coun-
tries with a significant population afflicted by this devastating disease to reduce its 
burden. It can also constitute a moral dilemma and financial burden for the parents 
of young patients.
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One future implication is that, with the progress of climate change and an increase 
in air pollution, the condition of β-thalassemia homozygotes will likely worsen as the 
frequency of blood transfusions will increase with their increasing oxygen needs. At 
the same time, it is a real possibility that heterozygotes may start to experience some 
of the same symptoms as homozygotes such as muscle cramps from pollutants in the 
atmosphere that interfere with oxygen delivery (personal observation). Most hetero-
zygotes, who are not anemic, are often on the lower end of normal blood production, 
which may no longer be an adequate hemoglobin level for normal physiological 
functioning with the decreasing air quality in the world. According to the Air Quality 
Index, there is hardly any country on the Earth with pristine air that is not polluted 
with coarse (PM10) and fine (PM2.5) particulate matter (from wildfire smoke and 
fossil fuels linked to lung irritation and respiratory tract cancer), nitrogen dioxide 
and carbon monoxide (which decrease the capacity of hemoglobin to carry oxygen), 
and ozone (which can reduce lung function and inflame the lining of the lungs) [22, 
60–64]. Another common industrial air pollutant is sulfur dioxide, which irritates the 
respiratory tract with particularly serious effects in asthmatics [65].

A recent EU report has stated that there were 400,000 deaths in Europe in 2021 
related to three main air pollutants and that some of these fatalities could have been 
avoided if pollutants had been reduced to meet WHO standards. Pollution caused by 
fine particulate matter (PM2.5) was associated with 253,000 deaths, while 52,000 
deaths were attributed to nitrogen dioxide pollution, and 22,000 deaths were attrib-
uted to ozone exposure [66].

As a preventive measure, the use of air purifiers indoors and an app for thalasse-
mics and others suffering from blood disorders that calculates the levels of toxic gases 
in the outside air and when it is safe for them to go outdoors may be helpful in their 
daily lives.

6. �Conclusions

In conclusion, the multiple levels of gene regulation, as illustrated in this 
example of the β-globin genes, make up a highly elaborate and finely tuned system 
to determine subtle differences in gene expression between individuals resulting 
in varied production and type of β-globin chains. Such small differences or genetic 
polymorphisms are the reason for the genetic susceptibility of certain individuals to 
specific diseases and may represent an ancient inherited adaptive response to a killer 
pathogen like the Plasmodium parasite in India. It is highly likely that altogether the 
β-thalassemia mutations on the Indian subcontinent reflect considerable ethnic diver-
sity, gene flow from population migration particularly in the Northwest (probably 
represented by the less common mutations), and natural selection by malaria infec-
tion. Genetic studies suggest relatively recent and local origins for most β-thalassemia 
mutations, while multiple haplotype associations and widespread geographical 
distribution of certain high frequency alleles (common mutations) are also consistent 
with an older origin.

Given the varied history of Punjab, it is not surprising that a “Turkish” 
β-thalassemia mutation would gain prevalence among the population. Nevertheless, 
it is also an intriguing possibility that this same gene pool, which likely absorbed 
the Indo-Greeks, became the repository for an older Mediterranean mutation from 
Ancient Greece. The limited study in Pathan men, which could be expanded and 
extended to include Jat-Sikh men, may point to a possible link to Greece and Macedon.  
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There are also still more β-thalassemia mutations to be identified in the Sikh com-
munity that may correspond with Greek ones. Naturally, this is a subject which 
needs to be actively studied by pursuing a general campaign of gene sequencing 
and a more detailed study of possible accompanying DNA haplotypes in India with 
a special emphasis on their link to specific past migrations [45, 46, 67]. In either 
case, whether it represents an old Mediterranean mutation or a Central Asian one, 
it is a fascinating finding that links this particular population to its past heritage, 
especially as gene sequencing of Turkish genomes in Turkey has revealed an 
affinity with both South European populations (which encompasses Greeks and 
Mediterraneans) plus a relatively more recent contribution from ancestral East 
Asian populations [68]. The “Turkish” β-thalassemia mutation also correlates well 
with the prevalence of Y-chromosome Haplogroup Q common to Huns, Mongols, 
and Turks among Jats [11].

Furthermore, in the German study identifying the “Turkish” β-thalassemia muta-
tion, two other participants, who were listed as being of unspecified Middle Eastern 
origin, also appeared to share the same mutation [41]. It does not appear to be a com-
mon mutation in Arab populations, though However, Turkey (which is sometimes 
classified as Mediterranean and sometimes as Middle Eastern) has the highest average 
prevalence of the β-thalassemia trait at 2.7% than any of the Middle Eastern countries 
and ranges between 5 and 7.9% on its East Mediterranean seaboard. Therefore, this 
incidence level is more in keeping with that observed in Sikh populations [6%] and 
is also in agreement with the recorded history of Punjab, its people, and their com-
bined European (mainly Scandinavian and Balto-Slavic) and Central Asian (mainly 
Mongolian and Turkic Central Asian republics) genetic profile [11, 27, 37].

Finally, in Iranian populations, the prevalence of β-thalassemia is estimated at 
approximately 4–8% in most areas, while in the Mazandaran province 10% of the 
population are carriers; however, the “Turkish” mutation is not one of the common 
mutations cited in the available literature [69]. Persia was also part of Alexander 
the Great’s eastern empire, and this might help explain the high incidence of 
β-thalassemia carriers in Iran where intermarriages between Persians and Greeks 
were documented to have occurred, as well, by Greek historians. Nevertheless, the 
genetic profile of Sikhs fits with what one might expect of Scythian (Eurasian) 
nomads from the far eastern reaches of the Persian Empire, whose domain extended 
all the way from China to Central Europe according to Strabo and archaeological 
excavations [70, 71].

Such complicated histories hardly make for facile genetic studies. However, the 
results can be tantalizing, especially when they support the writings of classical 
historians and literary figures from the ancient world including Greece, China, Persia, 
and India.
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