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                                                  INTRODUCTION 

Advances in human genetics, and particularly the sequencing of the human genome, have 

greatly increased the power of both gene discovery and diagnosis and treatment of both rare and 

common diseases. This chapter provides a review of the basic principles of human genetics, 

including molecular genetics, cytogenetics, genetic transmission, and genomics. It then provides 

an introduction to the principles of genetic testing and major approaches to the treatment of 

genetic disorders. It also offers suggestions to the clinical investigator regarding the approach to 

phenotypic assessment in future studies of the genetic basis of a single gene and multifactorial 

disorders. Cytogenetics. Human genetics is the study of inheritance as it occurs in human 

beings. Human genetics encompasses a variety of overlapping fields including: classical 

genetics, cytogenetics, molecular genetics, biochemical genetics, genomics, population 

genetics, developmental genetics, clinical genetics, and genetic counseling. Genes are the 

common factor of the qualities of most human-inherited traits. Study of human genetics can 

answer questions about human nature, can help understand diseases and the development of 

effective disease treatment, and help us to understand the genetics of human life, DNA 

replication DNA structure Genetic testing, Genome, Genome-wide association, Genomics, 

Human genetics , Meiosis, Mitosis, Molecular genetics, Next-generation sequencing, 

Polymerase chain reaction, Single nucleotide polymorphism. 



HISTORY OF HUMAN GENETICS 

Theories and studies in human genetics have a long history. Observations on the inheritance of 

physical traits in humans can even be found in ancient Greek literature. In the eighteenth and 

nineteenth centuries observations were published on the inheritance of numerous diseases, 

including empirical rules on modes of inheritance. The history of human genetics as a theory-

based science began in 1865, when Mendel published his Experiments on Plant Hybrids and 

Galton his studies on Hereditary Talent and Character. A very important step in the 

development of human genetics and its application to medicine came with Garrod's 

demonstration of a Mendelian mode of inheritance in alkaptonuria and other inborn errors of 

metabolism (1902). Further milestones were Pauling's elucidation of sickle cell anemia as a 

―molecular disease‖ (1949), the discovery of genetic enzyme defects as the causes of metabolic 

disease (1950s, 1960s), the determination that there are 46 chromosomes in humans (1956), the 

development of prenatal diagnosis by amniocentesis (1968–1969) for the detection of 

chromosomal defects such as Down syndrome, and the large-scale introduction of molecular 

methods during the last 25 years. Concepts appropriated from human genetics have often 

influenced social attitudes and introduced the eugenics movement. Abuses have occurred, such 

as legally mandated sterilization, initially in the United States and later more extensively in 

Nazi Germany, where the killing of mentally impaired patients was followed by the genocide of 

Jews and Romani (Gypsy) people. 

                                                  TYPES OF GENETIC DISEASES 

Human is a one of the Almighty‘s complex creation. Humans are made up of trillions of cells 

and these cells holds the DNA which is composed of hereditary material. Information stored on 

DNA is transferred from one generation to another which transfers unique features from parents 

to the next generation and so on. Sometimes DNA has error in its information which causes 

different problems like genetic diseases. And these genetic disorders if transferred to the next 

generation could be an incurable disease. Genetic disorders are of different types i.e. single-

gene disorders, chromosomal disorders, complex disorders. 

A genetic disorder or a genetic disease is a condition which is caused by the error in someone‘s 

DNA. And these errors in a DNA can be of different type, single base mutation, single gene or 

multiple genes or it can involve the addition or subtraction of entire chromosome causing the 

genetic disease. Genetic disorders can be caused by single or multiple errors in an individual‘s 

genome which are categorized as Single gene disorders, Chromosomal disorders or complex 

disorders. Single-gene disorders are a type of genetic disorders in which only one or specific 

gene is mutated. It is sometimes also called as ―Mendelien genetic disorders‖. Currently there 

are about 4000 genetic disorders according to the scientists which are caused by the mutation in 

one gene. And some of these genetic diseases can be transferred from parents to the offspring.  



Some single gene disorders include  

• Cystic fibrosis  

• Sickle cell anemia  

• Fragile X syndrome  

• Muscular dystrophy  

• Familial hypercholesterolemia (FH)  

  Four of the main types are:- 

 Single-gene inheritance diseases. 

 Multifactorial genetic inheritance disorders. 

 Chromosome abnormalities. 

 Mitochondrial genetic inheritance disorders. 

1. Single gene disease: Any genetic disorder caused by a change affecting only 

one gene. There are thousands of single-gene diseases including 

achondroplasia, cystic fibrosis, hemophilia, Huntington disease, muscular 

dystrophy, and sickle cell disease Some well-known inherited genetic disorders 

include cystic fibrosis, sickle cell anemia, Tay-Sachs disease, phenylketonuria 

and color-blindness, among many others. All of these disorders are caused by 

the mutation of a single gene. Remember, for any given gene, a person inherits 

one allele from his or her mother and one allele from his or her father. 

Therefore, individuals with an autosomal recessive single-gene disease inherit 

one mutant allele of the disease-associated gene from each of their parents. 

Single gene disorders are among the most well-understood genetic disorders 

given their straightforward inheritance patterns (recessive or dominant) and 

relatively simple genetic etiology. Although the majority of these diseases are 

rare, in total, they affect millions of Americans. Some of the more common 

single-gene disorders include cystic fibrosis, hemochromatosis, Tay-Sachs, and 

sickle cell anemia. Even though these diseases are primarily caused by a single 

gene, several different mutations can result in the same disease but with 

varying degrees of severity and phenotype. But even the same mutation can 

result in slightly different phenotypes. This may be caused by differences in the 

patient‘s environment and/or other genetic variations that may influence the 

disease phenotype or outcome. For example, other genes have been shown to 

modify the cystic fibrosis phenotype in children who carry the same CFTR 

mutation. In addition, for some disorders such as galactosemia, mutations in 

different genes can result in similar phenotypes. 



2. Multifactorial Inheritance (Polygenic Inheritance)- describes the action of 

multiple genes that interact with one another and with environmental factors to 

lead to a phenotype. Multifactorial disorders are believed to constitute the 

majority of common traits affecting humans, such as diabetes mellitus, essential 

hypertension, coronary heart disease, and cancer, as well as some of the 

common isolated birth defects, including cleft lip/palate (CL/P), neural tube 

defects, congenital heart disease, and club foot. Multifactorial inheritance does 

not follow a simple Mendelian transmission pattern. This apparent non-

Mendelian pattern may be secondary to the condition being a syndrome rather 

than a disease, however. For example, there is evidence that hypertension and 

type II diabetes are syndromes with distinctly different pathophysiologic 

pathways leading the distant phenotype, i.e., elevated blood pressure or 

glucose. It is likely that the genetic variations underlying the altered physiology 

have strong interactions with the environment. Thus, this environment-gene 

interactions linked to a heterogeneous distant phenotype may have the 

appearance of a polygenic inheritance, but Mendelian transmission may 

actually be the case for the intermediate/proximate phenotype. Nevertheless, 

the recurrence risk of multifactorial disorders is higher among relatives of an 

affected individual than in the general population. The empirical risks of a 

multifactorial condition are based on a collection of large population studies. 

For example, in an isolated CL/P, the recurrence risk in siblings of affected 

individuals is about 3–5%, whereas the incidence of CL/P in the general 

population is only 1:700. Multifactorial disorders also reveal greater 

concordance for a disease in monozygotic twins than dizygotic twins or full 

siblings. The characteristics of the recurrence risk of a multifactorial condition 

include: 

a) Risk is higher for first-degree relatives of affected family members 

than for more distant relatives; 

b) Risk increases with the presence of more than one affected relative 



3. Chromosomal Abnormalities- Almost every cell in our body contains 23 pairs 

of chromosomes, for a total of 46 chromosomes. Half of the chromosomes 

come from our mother, and the other half come from our father. The first 22 

pairs are called autosomes. The 23rd pair consists of the sex chromosomes, X 

and Y. Females usually have two X chromosomes, and males usually have one 

X and one Y chromosome in each cell. All of the information that the body 

needs to grow and develop comes from the chromosomes. Each chromosome 

contains thousands of genes, which make proteins that direct the body‘s 

development, growth, and chemical reactions. Many types of chromosomal 

abnormalities exist, but they can be categorized as either numerical or 

structural. Numerical abnormalities are whole chromosomes either missing 

from or extra to the normal pair. Structural abnormalities are when part of an 

individual chromosome is missing, extra, switched to another chromosome, or 

turned upside down. It can occur as an accident when the egg or the sperm is 

formed or during the early developmental stages of the fetus. The age of the 

mother and certain environmental factors may play a role in the occurrence of 

genetic errors. Prenatal screening and testing can be performed to examine the 

chromosomes of the fetus and detect some, but not all, types of chromosomal 

abnormalities.It can have many different effects, depending on the specific 

abnormality. For example, an extra copy of chromosome 21 causes Down 

syndrome (trisomy 21). Chromosomal abnormalities can also cause 

miscarriage, disease, or problems in growth or development.  

The most common type of chromosomal abnormality is known as aneuploidy, 

an abnormal chromosome number due to an extra or missing 

chromosome.Most people with aneuploidy have trisomy (three copies of a 

chromosome) instead of monosomy (single copy of a chromosome). Down 

syndrome is probably the most well-known example of a chromosomal 

aneuploidy. Besides trisomy 21, the major chromosomal aneuploidies seen in 

live-born babies are: trisomy 18; trisomy 13; 45, X (Turner syndrome); 47, 

XXY (Klinefelter syndrome); 47, XYY; and 47, XXX.  



Structural chromosomal abnormalities result from breakage and incorrect 

rejoining of chromosomal segments. A range of structural chromosomal 

abnormalities result in disease. Structural rearrangements are defined as 

balanced if the complete chromosomal set is still present, though rearranged, 

and unbalanced if information is additional or missing. Unbalanced 

rearrangements include deletions, duplications, or insertions of a chromosomal 

segment. Ring chromosomes can result when a chromosome undergoes two 

breaks and the broken ends fuse into a circular chromosome. An 

isochromosome can form when an arm of the chromosome is missing and the 

remaining arm duplicates. Balanced rearrangements include inverted or 

translocated chromosomal regions. Since the full complement of DNA material 

is still present, balanced chromosomal rearrangements may go undetected 

because they may not result in disease. A disease can arise as a result of a 

balanced rearrangement if the breaks in the chromosomes occur in a gene, 

resulting in an absent or nonfunctional protein, or if the fusion of chromosomal 

segments results in a hybrid of two genes, producing a new protein product 

whose function is damaging to the cell. 

4. Mitochondrial genetic disorders- refer to a group of conditions that affect the 

mitochondria (the structures in each cell of the body that are responsible for 

making energy). All maternally inherited diseases are mitochondrial disorders. 

Children inherit their mitochondrial DNA only from their mother, unlike 

nuclear DNA which comes from the mother and father. Girls will always pass 

on a mtDNA mutation (genetic error or defect) and boys will never pass on a 

mtDNA mutation. People with these conditions can present at any age with 

almost any affected body system; however, the brain, muscles, heart, liver, 

nerves, eyes, ears and kidneys are the organs and tissues most commonly 

affected. Symptom severity can also vary widely. Mitochondrial genetic 

disorders can be caused by changes (mutations) in either the mitochondrial 

DNA or nuclear DNA that lead to dysfunction of the mitochondria and 

inadequate production of energy. Those caused by mutations in mitochondrial 

DNA are transmitted by maternal inheritance, while those caused by mutations 

in nuclear DNA may follow an autosomal dominant, autosomal recessive, or X-

linked pattern of inheritance. Treatment varies based on the specific type of 

condition and the signs and symptoms present in each person. Symptom 

severity can also vary widely. The most common signs and symptoms include: 



 Poor growth 

 Loss of muscle coordination 

 Muscle weakness 

 Seizures 

 Autism 

 Problems with vision and/or hearing 

 Developmental delay 

 Learning disabilities 

 Heart, liver, and/or kidney disease 

 Gastrointestinal disorders 

 Diabetes 

 Increased risk of infection 

 Thyroid and/or adrenal abnormalities 

 Autonomic dysfunction 

 Dementia 

ROLE OF GENETICS IN MEDECINE 

Genetics may have its greatest role in the care of individuals with common disorders in the 

realms of diagnosis and therapy. There will always be a subset of patients with multisystem 

disorders with a significant genetic component for  which the medical geneticist will be able to 

provide comprehensive assessment. Lexis and Noah Beery were misdiagnosed and mistreated 

for cerebral palsy for 14 years, until genetic sequencing led to a proper diagnosis of dopa -

responsive dystonia in 2010 and cured them of the symptoms that had plagued their childhood. 

However, despite the power of genetic sequencing in medicine, it is still emerging in translation 

and is reserved for certain subsets of patients. Sequencing the first human genome was a 

13-year international collaborative effort costing US$3 billion. Today, it can be completed for 

US$1000 in under 24 hours due to advancements in biotechnologies. This opens the door to the 

exciting prospect of routine whole-genome sequencing (genomic sequencing) for the standard 

patient, bringing forth an era of precision medicine, which tailors the prevention and 

management of illness to an individual patient using their detailed genomic data in combination 

with their environment, lifestyle, and background. 

The question implicit in my title was explicitly framed by Alan Guttmacher and colleagues in 

an article entitled ―Genomic Medicine: Who Will Practice It?‖ While this question is a general 

one, my particular concern is with what the roles of medical genetics and medical geneticists 

will be in what is being referred to as genomic medicine. To answer these questions, it is 

necessary to define what we mean by ―medical genetics and medical geneticists‖ and by 



―genomic medicine.‖ Although this might appear to be a semantic exercise, that is not my 

intention. Rather, if we are to look at the future role of medical genetics in the practice of 

medicine. 

PATTERNS OF  SINGLE GENE INHERITANCE 

Inheritance of traits in humans are based upon Gregor Mendel's model of inheritance. Mendel 

deduced that inheritance depends upon discrete units of inheritance, called factors or genes. 

Autosomal dominant inheritance 

Autosomal traits are associated with a single gene on an autosome (non-sex chromosome)—

they are called "dominant" because a single copy—inherited from either parent—is enough to 

cause this trait to appear. This often means that one of the parents must also have the same trait, 

unless it has arisen due to an unlikely new mutation. Examples of autosomal dominant traits and 

disorders are huntington‘s disease and achondroplasia. 

If we look again at the pedigree, several points emerge. First, polydactyly  occurs in every 

generation. Every affected child has an affected parent—no generations are skipped. This 

suggests dominant inheritance. Second, the trait occurs about equally in both sexes; there are 

seven affected males and six affected females in the pedigree. This indicates autosomal rather 

than sex-linked inheritance. Thus, so far, we would categorize polydactyly as an autosomal 

dominant trait. Note also that individual IV-11, a male, passed on the trait to two of his three 

sons. This would rule out sex linkage. (Remember that a male gives his X chromosome to all of 

his daughters but none of his sons. His sons receive his Y chromosome.) Consistency in many 

such pedigrees, has confirmed that an autosomal dominant gene causes polydactyly. 

Polydactyly shows variable penetrance and expressivity. The most extreme manifestation of the 

trait is an extra digit on each hand and one or two extra toes on each foot. However, some 

individuals have only extra toes, some have extra fingers, and some have an asymmetrical 

distribution of digits such as six toes on one foot and seven on the other. Waardenburg 

syndrome, is an inherited autosomal dominant disease that is characterized by a combination of 

deafness and abnormal pigmentation. The disease is responsible for over 2 per cent of the cases 

of adult deafness, and is often associated with a frontal white blaze of hair and white eyelashes. 

Certain types of Waardenburg syndrome are caused by mutations in the PAX-3 gene, a 

transcription factor involved in regulating embryonic development. One of the first mutations 

found within PAX-3 from a Waardenburg syndrome patient was an 18 bp deletion in the DNA 

encoding the DNA binding domain of the transcription factor. This deletion can be detected in 

other Waardenburg syndrome patients by PCR. Primers can be designed to flank the site of the 

deletion, amplification of the wild-type sequence. The disease must be dominant if every 

affected child of non-founding parents has an affected parent. The unaffected mother, who is 

marrying in, does not carry an allele for the disease; so the affected child inherits an allele only 

https://en.wikipedia.org/wiki/Dominance_(genetics)


from the affected father. No child could be affected by a single autosomal recessive allele, or X-

linked recessive allele, so the trait is dominant.                                             

1. Trait should not skip generations (unless trait lacks full penetrance). 

2. When an affected person mates with an unaffected person, approximately 50% of their 

offspring should be affected (indicating also that the affected individual is 

heterozygous). 

3. The trait should appear in almost equal numbers among the sexes. 

Autosomal recessive inheritance 

Autosomal recessive traits is one pattern of inheritance for a trait, disease, or disorder to be 

passed on through families. For a recessive trait or disease to be displayed two copies of the 

trait or disorder needs to be presented. The trait or gene will be located on a non-sex 

chromosome. Because it takes two copies of a trait to display a trait, many people can 

unknowingly be carriers of a disease. From an evolutionary perspective, a recessive disease or 

trait can remain hidden for several generations before displaying the phenotype. Examples of 

autosomal recessive disorders are albinism, cystic fibrosis. 

 If any affected founding daughter has 2 unaffected parents the disease must be autosomal 

recessive.  

 An affected individual must inherit a recessive allele from both parents, so both parents must 

have an allele.  

 If the father had a recessive X-linked allele, he would have to be affected (since he only has one 

X-linked allele).   

 If an affected founding son has 2 unaffected parents, we cannot determine if the recessive disease 

is autosomal or x-linked.  

 If the trait is autosomal, both parents can be unaffected carriers of the disease.  

 If the trait is X-linked, the son must have inherited his allele from his mother only, and his father 

can be unaffected.  

 When an affected non-founding son has 2 unaffected parents the disease must be X-linked 

recessive.  

 The father, who is marrying in, does not have any disease alleles, since he is marrying into the 

family; so the affected son inherits an allele only from his unaffected mother.   

A male cannot be affected by a single autosomal recessive allele, but can be affected by a single X-linked 

recessive allele. The disease must be recessive if any affected individual has 2 unaffected parents.  Since 

this is a genetic disease at least one parent must have an allele for the disease. If neither parent is affected, 

the trait cannot be dominant. 



                                                   PEDIGREE ANALYSIS 

Pedigrees are diagrams that show the relationships among the members of a family. It is 

customary to represent males as squares and females as circles. A horizontal line connecting a 

circle and a square represents a mating. The offspring of the mating are shown beneath the 

mates, starting with the first born at the left and proceeding through the birth order to the right. 

Individuals that have a genetic condition are indicated by coloring or shading. The generations 

in a pedigree are usually denoted by Roman numerals, and particular individuals within a 

generation are referred to by Arabic numerals following the Roman numeral. Traits caused by 

dominant alleles are the easiest to identify. Usually, every individual who carries the dominant 

allele manifests the trait, making it possible to trace the transmission of the dominant allele 

through the pedigree Every affected individual is expected to have at least one affected parent, 

unless, of course, the dominant allele has just appeared in the family as a result of a new 

mutation—a change in the gene itself. However, the frequency of most new mutations is very 

low—on the order of one in a million; consequently, the spontaneous appearance of a dominant 

condition is an extremely rare event. Dominant traits that are associated with reduced viability 

or fertility never become frequent in a population. Thus, most of the people who show such 

traits are heterozygous for the dominant allele. If their spouses do not have the trait, half their 

children should inherit the condition. Recessive traits are not so easy to identify because they 

may occur in individuals whose parents are not affected. Nevertheless, a large number of 

recessive traits have been observed in humans—at last count, over 4000. Rare recessive traits 

are more likely to appear in a pedigree when spouses are related to each other—for example, 

when they are first cousins. In humans, controlled crosses cannot be made, so geneticists must 

resort to scrutinizing family records in the hope that informative matings have been made that 

can be used to deduce dominance and distinguish autosomal from X-linked inheritance. The 

investigator traces the history of some variant phenotype back through the history of the family 

and draws up a family tree, or pedigree, using the standard symbols.  The clues in 

the pedigree have to be interpreted differently depending on whether one of the contrasting 

phenotypes is a rare disorder or whether both phenotypes of a pair are common morphs of 

a polymorphism. 

By analyzing a pedigree, we can determine genotypes, identify phenotypes, and predict how a 

trait will be passed on in the future. The information from a pedigree makes it possible to 

determine how certain alleles are inherited: whether they are dominant, recessive, autosomal, 

or sex-linked. 



Reading of a pedigree:1. Determine whether the trait is dominant or recessive. If the trait is 

dominant, one of the parents must have the trait. Dominant traits will not skip a generation. If 

the trait is recessive, neither parent is required to have the trait since they can be heterozygous. 

2. Determine if the chart shows an autosomal or sex-linked (usually X-linked) trait. For 

example, in X-linked recessive traits, males are much more commonly affected than females. In 

autosomal traits, both males and females are equally likely to be affected (usually in equal 

proportions). 

                                                    

                  Example of a pedigree analysis of X-Linked trait                           

                             

          Fig- Pedigree showing the inheritance of colorblindness across four generations. 

The diagram shows the inheritance of colorblindness in a family. Colorblindness is a 

recessive and X-linked trait (\text{X}^{b})(Xb)left parenthesis, start text, X, end text, 

start superscript, b, end superscript, right parenthesis. The allele for normal vision is 

dominant and is represented by \text{X}^{B}XBstart text, X, end text, start superscript, 

B, end superscript. 

In generation I, neither parent has the trait, but one of their children (II-3) is colorblind. 

Because there are unaffected parents that have affected offspring, it can be assumed that 



the trait is recessive. In addition, the trait appears to affect males more than females (in 

this case, exclusively males are affected), suggesting that the trait may be X-linked 

Common mistakes and misconceptions 

 The presence of many affected individuals in a family does not always mean that the trait is 

dominant. The terms dominant and recessive refer to the way that a trait is expressed, not by 

how often it shows up in a family. In fact, although it is uncommon, a trait may be recessive but 

still show up in all generations of a pedigree. 

 You may not always be able to determine the genotype of an individual based on a 

pedigree. Sometimes an individual can either be homozygous dominant or heterozygous for a 

trait. Often, we can use the relationships between an individual and their parents, siblings, and 

offspring to determine genotypes. However, not all carriers are always explicitly indicated in a 

pedigree, and it may not be possible to determine based on the information provided. 

                                          X-LINKED INHERITANCE 

Sex linkage describes the sex-specific patterns of inheritance and presentation when a gene 

mutation (allele) is present on a sex chromosome (allosome) rather than a non-sex chromosome 

(autosome). In humans, these are termed X-linked recessive, X-linked dominant and Y-linked. 

The inheritance and presentation of all three differ depending on the sex of both the parent and 

the child. This makes them characteristically different from autosomal dominance and 

recessiveness. 

There are many more X-linked conditions than Y-linked conditions, since humans have several 

times as many genes on the X chromosome than the Y chromosome. Only females are able to 

be carriers for X-linked conditions; males will always be affected by any X-linked condition, 

since they have no second X chromosome with a healthy copy of the gene. As such, X-linked 

recessive conditions affect males much more commonly than females. 

X-linked inheritance means that the genetic mutation is located on the X chromosome. These 

mutations can cause X-linked disorders. X-linked mutations don't cause the same problems in 

males and females. 

In humans, generally men are affected and women are carriers for two reasons. The first is the 

simple statistical fact that if the X-chromosomes in a population carry a particular X-linked 

mutation at a frequency of 'f' (for example, 1%), then that will be the frequency that men are 

likely to express the mutation (since they have only one X), while women will express it at a 

frequency of f
2
 (for example 1% * 1% = 0.01%) since they have two X's and hence two chances 

to get the normal allele. Thus, X-linked mutations tend to be rare in women. 



The second reason for female rarity is that women who express the mutation must have two X 

chromosomes that carry the trait, and they necessarily got one from their father, who would 

have also expressed the trait because he only had one X chromosome in the first place. If the 

trait lowers the probability of fathering a child or causes the father to choose to only have 

children with women who aren't carriers (so as to create daughters who are carriers rather than 

expressers, and then only if no genetic screening is used), then women become even less likely 

to express the trait 

Mutations in genes on the X chromosome can be recessive or dominant. 

Recessive X-linked disorders 

In females, the normal, unchanged, or healthy gene can override a recessive mutation so the 

disorder is suppressed. Disorders linked to X-linked recessive mutations usually only happen in 

females when they have 2 copies of the recessive mutation (1 on each X chromosome). In this 

case, there's no dominant "healthy" gene to override it. But, in males, there's only 1 X 

chromosome and if it has the recessive mutation, they will have the disorder. Recessive X-

linked disorders tend to be more common in males, because it's less likely that a female will get 

2 copies of the recessive mutation. X-linked recessive inheritance is a mode of inheritance in 

which a mutation in a gene on the X chromosome causes the phenotype to be always expressed 

in males (who are necessarily homozygous for the gene mutation because they have one X and 

one Y chromosome) and in females who are homozygous for the gene mutation, see zygosity. 

Females with one copy of the mutated gene are carriers. Examples: 

 Color blindness a very common trait in humans and frequently used to explain X-linked 

disorders. Between seven and ten percent of men and 0.49% to 1% of women are affected. 

Its commonness may be explained by its relatively benign nature. It is also known as 

daltonism. 

 Hemophilia, a blood clotting disorder caused by a mutation of the Factor VIII gene and 

leading to a deficiency of Factor VIII. It was once thought to be the "royal disease" found 

in the descendants of Queen Victoria. This is now known to have been Hemophilia B 

Dominant X-linked disorders 

In females, dominant X-linked mutations will always cause the disorder. This is because the 

mutated gene takes over or overrides the genes on the healthy X chromosome. In males, 

remember, there's only 1 X chromosome and if it has the dominant mutation, they'll have the 

disorder. In most dominant X-linked disorders, males have worse symptoms than females. To 

date, there haven‘t been any genes linked to cancer found on the X chromosome. X-linked 



dominant inheritance, sometimes referred to as X-linked dominance, is a mode of genetic 

inheritance by which a dominant gene is carried on the X chromosome. As an inheritance 

pattern, it is less common than the X-linked recessive type. In medicine, X-linked dominant 

inheritance indicates that a gene responsible for a genetic disorder is located on the X 

chromosome, and only one copy of the allele is sufficient to cause the disorder when inherited 

from a parent who has the disorder. In this case, someone who expresses an X-linked dominant 

allele will exhibit the disorder and be considered affected. 

X-linked dominant traits do not necessarily affect males more than females.  The exact pattern 

of inheritance varies, depending on whether the father or the mother has the trait of interest. All 

fathers that are affected by an X-linked dominant disorder will have affected daughters but not 

affected sons. However, if the mother is also affected then sons will have a chance of being 

affected, depending on whether a dominant or recessive X chromosome is passed on. When the 

son is affected, the mother will always be affected. Some X-linked dominant conditions are 

embryonic lethal in males, making them appear to only occur in females. Example 

Fragile X syndrome (FXS) is a genetic disorder characterized by mild-to-moderate intellectual 

disability. The average IQ in males is under 55, while about two thirds of females are 

intellectually disabled.
 
Physical features may include a long and narrow face, large ears, flexible 

fingers, and large testicles. About a third of those affected have features of autism such as 

problems with social interactions and delayed speech.
 
Hyperactivity is common, and seizures 

occur in about 10%. Males are usually more affected than females. 

Fragile X syndrome has an X-linked dominant inheritance 

                                            

Fig- a diagram showing (A) the affected father has one X-linked dominant allele, the mother 

is homozygous for the recessive allele: only daughters (all) will be affected. (B) The affected 

mother is heterozygous with one copy of the X-linked dominant allele: both daughters and sons 

will have 50% probability to be affected. (C) The heterozygous mother is called "carrier" 

because she has one copy of the recessive allele: sons will have 50% probability to be affected, 

50% of unaffected daughters will become carriers like their mother. 

 



 

  CONCLUSIONS 

Human genetics is the study of inheritance as it occurs in human beings. Human genetics 

encompasses a variety of overlapping fields including: classical genetics, cytogenetics, 

molecular genetics, biochemical genetics, genomics, population genetics, developmental 

genetics, clinical genetics, and genetic counseling. Genes are the common factor of the qualities 

of most human-inherited traits. A genetic disorder or a genetic disease is a condition which is 

caused by the error in someone‘s DNA. And these errors in a DNA can be of different type, 

single base mutation, single gene or multiple genes or it can involve the addition or subtraction 

of entire chromosome causing the genetic disease. Genetic disorders can be caused by single or 

multiple errors in an individual‘s genome, which are categorized as Single gene disorders, 

Chromosomal disorders or complex disorders. 

Inheritance of traits in humans is based upon Gregor Mendel's model of inheritance. Mendel 

deduced that inheritance depends upon discrete units of inheritance, called factors or genes. 

They are of 2 types autosomal recessive and autosomal dominant. 

Pedigrees are diagrams that show the relationships among the members of a family. It is 

customary to represent males as squares and females as circles. A horizontal line connecting a 

circle and a square represents a mating. The offspring of the mating are shown beneath the 

mates, starting with the first born at the left and proceeding through the birth order to the right. 

In humans, controlled crosses cannot be made, so geneticists must resort to scrutinizing family 

records in the hope that informative matings have been made that can be used to deduce 

dominance and distinguish autosomal from X-linked inheritance. The information from a 

pedigree makes it possible to determine how certain alleles are inherited: whether they 

are dominant, recessive, autosomal, or sex-linked. Sex linkage describes the sex-specific 

patterns of inheritance and presentation when a gene mutation (allele) is present on a sex 

chromosome (allosome) rather than a non-sex chromosome (autosome). In humans, these are 

termed X-linked recessive, X-linked dominant and Y-linked. They are of 2 types: Recessive and 

dominant X- Linked inheritance. 

                                                                 REFERENCES 

1. BENJAMIN A. PRINCE, Genetics A conceptual approach, 

2. Richard J Reece, Analysis of gene and genome, 

3.  Robert H. Tamarin, Principles of Genetics, 

4. Glossary". Genetics Home Reference. U.S. National Library of Medicine. 

<http://ghr.nlm.nih.gov/>. 

http://ghr.nlm.nih.gov/


 

Cytogenetics: Non disjunction; Structural and numerical 

chromosomal abnormalities – deletion; duplication; 

translocation; Sex determination; Role of Y chromosome  
 

CONTENTS  

Introduction of Cytogenetics 

Non disjunction 

Structural and numerical chromosomal abnormalities 

        *  Deletion 

        *  Duplication 

        * Translocation 

Sex determination 

Role of Y chromosome  

Introduction of cytogenetics 

Cytogenetics is the branch of genetics that studies the structure and behaviour of chromosomes 

and their relation to human disease and disease processes. During the past three decades, the 

importance of clinical cytogenetics to the practice of obstetrics and gynaecology has dramatically 

increased because clinical cytogenetics has a direct effect on the diagnosis, management, and 

prevention of many disorders that are caused by chromosome aberrations. For many chromosome 

disorders, physicians face medicolegal responsibilities in the areas of counselling, screening, and 

diagnosis, and obstetricians and gynaecologists therefore must have knowledge about the human 

chromosome constitution and be able to apply basic principles of chromosome behaviour to 

clinical practice. This chapter reviews important concepts and developments in cytogenetics and 

highlights their applications in the practice of obstetrics and gynaecology.  

Nondisjunction Definition 

Nondisjunction occurs in cell division when chromosomes do not divide properly. Chromosomes 

contain all of a cell‘s DNA, which it needs in order to function and reproduce. Normally, when a 

cell divides, the chromosomes line up in an orderly way and then separate from each other before 

cell division. When these chromosomes fail to separate properly, nondisjunction has occurred. The 

resulting daughter cells have an incorrect number of chromosomes; one may have too many, while 



another may have too few. This causes problems in cell function because a cell cannot function 

normally without the right amount of chromosomes. 

 

Types of Nondisjunction 

Nondisjunction can occur during mitosis, meiosis I, or meiosis II. 

During Mitosis: Somatic cells, or cells of the body, divide through mitosis. From each original 

parent cell, two identical daughter cells are created. In the parent cell, each chromosome is 

composed of two identical sister chromatids. During the anaphase stage, these chromatids 

normally separate, and one chromatid goes into each daughter cell. However, when nondisjunction 

occurs, the chromatids do not separate. The result is that one cell receives both chromatids, while 

the other cell receives neither. Each daughter cell then has an abnormal number of chromosomes 

when mitosis is complete; one cell has an extra chromosome, while the other is missing one. 



 

Mitotic nondisjunction 

During Meiosis I:  Gametes (eggs and sperm) are made through meiosis. One cell divides into 

four daughter cells through the combined processes of meiosis I and meiosis II. Meiosis I is 

similar to mitosis, but in meiosis I each pair of chromosomes lines up next to each other in 

preparation for making gametes, whereas in mitosis, the chromosomes are all in one line. In 

anaphase of meiosis I, nondisjunction happens when a pair of homologous chromosomes does not 

separate. In the resulting cells, one cell has two copies of a chromosome, while the other cell has 

no copies. When each of these cells goes on to divide into two cells during meiosis II, the four 

total cells produced will all have chromosomal abnormalities. 

During Meiosis II: Even if a cell divides normally in meiosis I, nondisjunction can still occur in 

meiosis II. During meiosis II, each cell splits and goes from diploid (two pairs of each 

chromosome) to haploid (one of each chromosome) in preparation for fertilization. If a pair of 

sister chromatids fail to separate properly during anaphase of meiosis II, one daughter cell will 

have an extra chromosome and one daughter cell will be missing a chromosome. If the other 

daughter cell created in meiosis I splits properly, the other two of the four total daughter cells 

created during meiosis II will have the normal number of chromosomes. 

Examples of Nondisjunction Disorders 

47 XXX females: ―super female.‖                                                  47 XYY males: ―double Y 

males.‖ 

45 X females: ―Turner Syndrome.‖                                                47 XXY males: ―Klinefelter 

Syndrome.‖ 

Trisomy 21: ―Down Syndrome.‖                                                    Trisomy 18: ―Edwards 

Syndrome.‖ 

Trisomy 13: ―Patau Syndrome.‖   



 Structural and numerical chromosomal abnormalities 

 

 



 



Deletions: A portion of the chromosome is missing or deleted. Known disorders in humans 

include Wolf-Hirschhorn syndrome, which is caused by partial deletion of the short arm of 

chromosome 4; and Jacobsen syndrome, also called the terminal 11q deletion disorder. 

Duplications: A portion of the chromosome is duplicated, resulting in extra genetic material. 

Known human disorders include Charcot-Marie-Tooth disease type 1A, which may be caused by 

duplication of the gene encoding peripheral myelin protein 22 (PMP22) on chromosome 17. 

Translocations: A portion of one chromosome is transferred to another chromosome. There are 

two main types of translocations: 

Reciprocal translocation: Segments from two different chromosomes have been exchanged. 

Robertsonian translocation: An entire chromosome has attached to another at the centromere - in 

humans these only occur with chromosomes 13, 14, 15, 21, and 22. 

Inversions: A portion of the chromosome has broken off, turned upside down, and reattached, 

therefore the genetic material is inverted. 

Insertions: A portion of one chromosome has been deleted from its normal place and inserted into 

another chromosome. 

Rings: A portion of a chromosome has broken off and formed a circle or ring. This can happen 

with or without loss of genetic material. 

Isochromosome: Formed by the mirror image copy of a chromosome segment including the 

centromere. 

Chromosome instability syndromes are a group of disorders characterized by chromosomal 

instability and breakage. They often lead to an increased tendency to develop certain types of 

malignancies. 

 DELETIONS 

Deletion or deficiency as the name suggests there is a loss of segment of chromosome. After break 

the part without centromere is lost. On the other hand, the part attached to the centromere acts as 

deficient chromosome. Bridges (1917) for the first-time observed deficiency in the Bar locus of 

Drosophila. 

Two types of deletions are found: 



Terminal deletion: 

A single break near the end of the chromosome. Described in maize but otherwise not common. 

Interstitial deletion: 

Chromosome breaks and reunites but the part is lost from in between.  Deletions are detected at the 

time of homologous pairing. If a part of chromosome is missing then the other chromosome also 

has to omit it in the form of bulging in order to make synapse. e.g., if a chromosome has 1, 2, 3, 4, 

genes. The part 2 is missing from one chromosome leaving, 1, 3, 4. The other homologous 

chromosome at the time of synapse bulge out or form loop at position 2 

If the missing segment is of physiological importance the individual will not survive. If dominant 

gene ‗A‘ is missing the recessive allele ‗a‘ may express itself. It is called pseudo dominance. In 

human, deletion of chromosome 5 results in cri-du-chat syndrome, children cry like cat, they have 

small head and are mentally retarded. Partial deletion of 18th chromosome results in a syndrome 

with large ears and long fingers. In corn the deficiency is restricted to pollen sterility. The male 

haploid gametophyte shows deficiency while female of it may receive metabolites from maternal 

tissue supplementing the deficiency. The omitted segment forms buckles.  

DUPLICATION A portion of the chromosome is duplicated, resulting in extra genetic material. 

Known human disorders include Charcot-Marie-Tooth disease type 1A, which may be caused by 

duplication of the gene encoding peripheral myelin protein 22 (PMP22) on chromosome 17. 

    Types of duplication: Tandem duplication: 

 



When the duplicating segment is near the centromeres e.g., the sequence on chromosome is 

abcdefghi the centromere is present between e and f the segment d e is repeated immediately after 

its normal position. 

Reverse tandem: When the segment is reversed in duplication, e.g., it is d e segment that is 

duplicated it will be duplicated as d e e d instead of d e d e. 

Displaced tandem:The segment is repeated somewhere away from its original location but on the 

same arm (homobrachial displacement) or on the other arm (heterobrachial displacement). 

Transposition: When the segment is duplicated on the non-homologous chromosome it is called 

transposition. 

Extra chromosomal: Duplication involves centromere it is called extra chromosomal. In salivary 

gland chromosome duplications are common either as buckling in the duplication heterozygote or 

as cross pairing between sections of different chromosomes. 

(C) Translocation: 

Transfer of a section of one chromosome to non-homologous chromosome is known as 

translocation. When there is exchange of segments on two non-homologous chromosomes it is 

called reciprocal translocation. It also includes exchange of segments between non homologous 

parts of a pair of chromosomes, e.g., ‗X‘ or ‗Y‘ chromosomes. The segment is neither lost or 

added it is just exchanged. 

 



Types of translocation: 

(a) Simple translocation: A single break in the chromosome and it is transferred onto the end of the 

other. (Fig. 43.9) 

(b) Shift or intercalary translocation: Common type of translocation involving 3 breaks so that a 

two-break section of one chromosome (e.g., Pale) is inserted within the break produced in a non-

homologous chromosome. (Fig. 43.9B) 

(c) Reciprocal translocation or Interchange: Frequently observed translocation where single break 

in two homologous chromosomes produces an exchange of chromosome segment between them. 

(Fig.43)  

Numerical chromosomal abnormalities 



Every species of an organism has a particular number of chromosomes in the somatic cells of it.  

These chromosomes are initiated in pairs. At the time of creation of gametes, the chromosome 

number is decreased. Therefore, the gametes take haploid set of chromosomes. Changes in the 

number of chromosomes from the diploid set are known as numerical chromosomal aberration. It 

is as well termed as ploidy.  There are two kinds of ploidy. They are as follow: 

1. Euploidy and      2. Aneuploidy.  

Euploidy: Euploidy is the difference in the chromosome number that takes place because of 

increase or decrease of full set of chromosomes. There are three types of it:  

1. Monoploidy,                2. diploidy and                    3. polyploidy 

Diploidy: In several plants and animals, the somatic cells comprise two sets of chromosome. 

Diploidy is created through the union of two gametes during fertilization. 

Polyploidy: In addition of one or more than one sets of chromosomes to the diploid set results in 

polyploidy. It is generally noticed in plants and infrequent in animals.  They are of two types. They 

are as follow:  1. autopolyploidy and    2. allopolyploids. 

 

 

 

Autopolyploidy : In the Addition of one or more haploid set of its own genome in an organism 

results in autopolyploidy. Grapes, Watermelon, and banana are autotriploids, while apple is an 

autotetraploid. 



Allopolyploidy: Raise in one or more haploid set of chromosomes from two dissimilar species 

result in allopolyploidy. Triticale is the first man prepared cereal. It is acquired through crossing a 

wheat Triticum durum (2n = 4x = 28) and a rye Secale cereal (2n = 2x = 14). The F1 hybrid (2n = 

3x = 21) is sterile. After that the chromosome number is doubled by using colchicine and it 

becomes an hexaploidy. 

 

Aneuploidy   

Variation that includes one or two chromosomes in the diploid set of an organism results in 

aneuploidy. It is of two kinds. They are as follow:  1. hypoploidy and       2. hyperploidy. 

Hypoploidy: Decrease in one or two chromosomes from the diploid set is explained like a 

hypoploidy.  There are two kinds of hypoploidy. They are as follow:  1. monosomy and 2. 

nullisomy. 

Monosomy is because of loss of a chromosome from the diploid set that is 2n - 1. Nullisomy is the 

state where a pair of homologous chromosomes is lost from the diploid set that is 2n - 2. 

Hyperploidy In Addition of one or two chromosomes to the diploid set of chromosome results in 

hyperploidy.  There are two categories of hyperploidy. That is as follow: 1. Trisomy and 2. 

Tetrasomy. 

Trisomy results because of the adding up of one chromosome to diploid set of chromosomes. It is 

presented through 2n + 1. Trisomics are monitored in Datura stramonium.  

Tetrasomy results because of the addition of two chromosomes to diploid set of chromosomes. It 

is presented through 2n+2. 

 



4. Sex determination   

A sex-determination system is a biological system that determines the development of sexual 

characteristics in an organism. Most organisms that create their offspring using sexual 

reproduction have two sexes. Occasionally, there are hermaphrodites in place of one or both sexes. 

There are also some species that are only one sex due to parthenogenesis, the act of a female 

reproducing without fertilization. 

Theories of sex determination in organisms sexes and intersexes in varying degree. 

 Modern theories of sex determination: 

 

Chromosomal theory of sex determination:  

In sexual reproduction in higher organism, male and female gametes are produced and fuse 

together to form zygote. These gametes are specialized cell with haploid number of chromosomes. 

The chromosomes are of two types-autosomes and sex chromosomes. 



Autosomes: it determines the phenotypic body characters. These chromosomes (22 pairs) in 

diploid organism do not differ among male and female. Their number and morphology are 

conserved in male and female. 

Sex chromosome: it determines sex. 

Herman Henking (1891) observed darkly stained chromatin element and named it as X body 

which was later found to be sex chromosome and named as X-chromosome. 

Miss Stevens (1905) observed Drosophila melanogaster and found four pair of chromosomes. In 

male flies, one pair of chromosomes was peculiar, one of them resembles with the X-chromosome 

of female while other is unequal in size. Later Wilson (1909) term this unusual chromosome as Y-

chromosome. So, Drosophila could be described as XX female and XY male. 

McClung (1902) suggests the chromosome was responsible for sex determination 

In human, there are 23 pairs of chromosomes 

Female= (22 pairs of AA chromosomes + XX) Male = (22 pairs of AA chromosome + XY) 

X and Y chromosomes differ from each other. In human Y chromosome is shorter than X- 

chromosome while In Drosophila Y chromosome is larger than X-chromosome. 

2. Genic balance theory of sex determination: 

B Bridge (1925) put forward the genic balance theory of sex determination in which he stated that 

the sex of an individual is determined by a balance between the genes for maleness and those for 

femaleness present in an individual. 

While studying Drosophila, it was found that Y chromosome is mostly heterochromatin and play 

no significant role in sex determination, the gene for maleness is present in autosomes while the 

gene for femaleness is present in X-chromosome. 

Therefore, all the individuals carry the gene for both sex-male and female. But it is actually the 

ratio between X-chromosome and the autosomes which governs the development of male or 

female sex. The ratio is known as sex index ratio.  

Sex index ratio (X/A) = (X chromosome number/ Number of autosome sets) 

If the sex index ratio (X/A) is 0.5 or less, it gives male sex 



If the sex index ratio (X/A) is 1 or more than 1 then it gives female sex 

If the sex index ration (X/A) is between 0.5 and 1 then it gives intersex 

Ploidy condition in Drosophila No. of X chromosome No. of autosomal set (A) Sex 

index ratio (X/A) Phenotype character 

2n (XXX) 3 2 1.5 Super female (XXX) 

3n 3 3 1 Female 

4n 4 4 1 Female 

2n 2 3 0.67 intersex 

2n 1 2 0.5 Male 

3n 1 3 0.33 Super male 

2n 2 4 0.5 Male 

This table shows sex expression in Drosophila according to sex index ratio. 

Genic balance theory explains the sex determination in Drosophila on the basis of sex index ratio, 

where Y-chromosome does not play role in sex determination. 

However, this genic balance theory of sex determination does not hold true for human or mammals 

and also in those individuals where Y chromosomes plays certain role in sex determination. 

3. Haplo-diplo mechanism of sex determination: 

In haplo-diplo mechanism of sex determination, females developed from fertilized egg and are 

diploid whereas male developed from unfertilized egg by the process called parthenogenesis and 

are haploid. 

This method of sex determination is very common in Insects species such as bees, ants, wasps. 

In a study conducted by Whitings (1945) on wasp species (Habrobracon), it was found that all 

females were diploid whereas most of the males were haploid and developed from unfertilized egg 

and very few males were diploid. 

Diploid male was poorly viable. 



Similar type of result can be observed in honey bees, where male drone developed by 

parthenogenesis process. 

4. Single gene sex determination: 

In microorganisms such as Chlamydomonas, Neurospora and Saccharomyces species, the sex is 

determined by a single gene. These microorganisms have two separate mating type (+/-strains) 

which are determined by a pair of alleles (gene). Sexual reproduction takes place when gametes 

from two opposite strain fused together. Gametes from same strain do not fuse in such organisms. 

Similarly, in some plants and animals, sex is determined by a single gene. For examples, Male and 

female mosquito differ from each other in a single gene. 

An example of single gene sex determination is observed in maize. Maize is a monoecious plant 

with both male and female sex organs in same plant.  If gene for both bassen cob and gene for 

tassel ear are in recessive form, then the monoecious plant is converted into dioecious plant 

(female). 

5. Cytoplasmic theory of sex determination: 

In bacteria eg E. coli, extra chromosomal DNA called sex factor (F-plasmid) is responsible for 

sexuality. 

The bacteria containing F-plasmid is known as donor (male) and denoted as F+ cell while the 

bacteria lacking F-plasmid is known as recipient (female) and denoted as F-cell. 

During bacteria conjugation, donor cell transfers its F-factor into recipient cell and finally F- cell 

also become F+ cell. 

F- factor may integrate with DNA of donor cell and become Hfr cell (high frequency 

recombination) and can transfer its genetic material to recipient cell 

However, cytoplasmic factor is also responsible for sexuality is some microorganisms is 

postulated by this theory. 

7. Environmental theory of sex determination: 

According to this theory, environmental factor plays direct or indirect role in determining sex of an 

organism. 



Every zygote contains all the responsible gene required for development of sex and expression of 

particular sex (male or female) is determined by internal or external environmental condition. 

In certain environmental condition, particular sex gene might get inhibited such that other sex gene 

get activated giving one type of sex and similarly in other environmental condition the process 

might get revered giving other type of sex. 

For example, in reptile like turtles, high temperature (30-35) induce the expression of female 

and low temperature (23-28) induce male sex. 

Also, in plants like Equisetum (puzzle grass), spore grown under optimum condition develops into 

female gametophyte and when grown under unfavourable condition develops into male. 

Other examples: In cucumber and melon, day lights length, temperature etc also differentiate sex. 

8. Hormonal control theory of sex determination: 

In certain animals, hormone plays an important role in sex determination (differentiation). 

For examples- A marine worm 

The worm Bonellia is morphologically distinct. Male worm is sessile, lives inside uterus of female 

worm and smaller in size than female worm which is about 2 inch long. 

After fertilization of egg, larvae are releases in water. All larvae are cytogenetically identical. 

Those larvae, which comes in contact with mature female get attached to their proboscis and 

develop into male. These males then migrate to female reproductive organs and live a parasite. But 

those larvae which do not come in contact with mature female develops into female worm. 

It has been found that the proboscis of mature female worm secrete hormone like substance which 

inhibits the larval gene determining female sex and allowing male gene to express. 

Other example; freemartin or hormonal intersex cattle 

If cattle develop dizygotic twins of opposite sex, there is more chance of development of sterile 

female calf (freemartin) and a normal male calf. 

Freemartin develops only when foetal membrane of two embryos fused together such that cross 

circulation between two embryos occurs. 



It was found that during cross circulation, some of the hormone released by male embryo cross the 

placenta of female embryo and it inhibits the secondary sexual characters in female embryo and at 

the same time induce male characters. Such that the female embryo after birth become more like 

male but it is sexually female. 

Freemartin is also known as hormonal intersex. 

BIOLOGICAL ROLE OF Y CROMOSOME :The Y chromosome is one of two sex 

chromosomes (allosomes) in mammals, including humans, and many other animals. The other is 

the X chromosome. Y is normally the sex-determining chromosome in many species, since it is the 

presence or absence of Y that typically determines the male or female sex of offspring produced in 

sexual reproduction. In mammals, the Y chromosome contains the gene SRY, which triggers male 

development. The DNA in the human Y chromosome is composed of about 59 million base 

pairs.[5] The Y chromosome is passed only from father to son. With a 30% difference between 

humans and chimpanzees, the Y chromosome is one of the fastest-evolving parts of the human 

genome.[6] The human Y chromosome carries an estimated 100-200 genes, with between 45 and 

73 of these protein-coding. All single-copy Y-linked genes are hemizygous (present on only one 

chromosome) except in cases of aneuploidy such as XYY syndrome or XXYY syndrome. 

BIOLOGICAL FUNCTIONS OF THE HUMAN ‘Y’ CHROMOSOME 

SRY gene and sex determination 

Anti-Turner syndrome effect 

Genes controlling spermatogenesis  

Oncogenic role of the Y chromosome
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                                                        INTRODUCTION 

 Chromosomes are the structures that hold our genes. Genes are the individual instructions 

that tell our bodies how to develop and keep our bodies running healthy. In every cell of 

our body there are 20,000 to 25,000* genes that are located on 46 chromosomes. These 46 

chromosomes occur as 23 pairs. 

 The eukaryotic chromosomes have been classified into two types-autosomes and 

allosomes. The autosomes not involved in sex determination. They exceed in number then 

sex chromosomes human diploid cells have 22pairs of autosomes and 1pair of sex 

chromosomes. 

 We get one of each pair from our mother in the egg, and one of each pair from our father in 

the sperm. The first 22 pairs are labelled longest to shortest. The last pair are called the sex 

chromosomes labelled X or Y. Females have two X chromosomes (XX), and males have 

an X and a Y chromosome (XY). Therefore everyone should have 46 chromosomes in 

every cell of their body. If a chromosome or piece of a chromosome is missing or 

duplicated, there are missing or extra genes respectively. When a person has missing or 

extra information (genes) problems can develop for that individual‘s health and 

development. 

 Each chromosome has a p and q arm; p (petit) is the short arm and q (next letter in the 

alphabet) is the long arm. Some of the chromosomes like 13, 14, and 15 have very small p 

arms. When a karyotype is made (see below) the q arm is always put on the bottom and the 

p on the top. The arms are separated by a region known as the centromere (red in picture), 

which is a pinched area of the chromosome. The chromosomes   need to be stained. 



 

 In 1842 Karl Wilhelm von Nägeli discovered subcellular structures that would later 

became known as chromosomes. He had observed the idioplasma, a network of string like 

bodies which he falsely assumed to form an interlinked network throughout the entire 

organism. 

HISTORY 

 In 1960, Peter Nowell and David Hungerford discovered the first chromosomal 

abnormality associated with cancer using cytogenetics (Nowell & Hungerford, 1960). 

Specifically, they identified an abnormal minute chromosome that was present in patients 

with chronic myeloid leukemia, a form of cancer that causes unrestricted growth of 

myeloid cells in the bone marrow. Nowell and Hungerford named the minute chromosome 

the Philadelphia chromosome, and the alteration associated with this chromosome was 

presumed to be a deletion. 

 

 Since the discovery of this particular chromosomal rearrangement, thousands of other 

chromosomal aberrations have been determined to be associated with cancer. These 

chromosomal changes are the signature of gene deregulation in cancer and lead to 

instability of the genome. Chromosomal changes are highly variable in different cancers, 

and the resultant phenotypic effects are equally variable 

 

CHROMOSOMAL ABNORMALITIES 

 

 There are many types of chromosome abnormalities. However, they can be organized 

into two basic groups: numerical abnormalities and structural abnormalities. 

 Numerical Abnormalities: When an individual is missing one of the chromosomes from 

a pair, the condition is called monosomy. When an individual has more than two 

chromosomes instead of a pair, the condition is called trisomy. 

An example of a condition caused by numerical abnormalities is Down syndrome, which is 

marked by mental retardation, learning difficulties, a characteristic facial appearance and poor 

muscle tone (hypotonia) in infancy. An individual with Down syndrome has three copies of 



chromosome 21 rather than two; for that reason, the condition is also known as Trisomy 21. An 

example of monosomy, in which an individual lacks a chromosome, is Turner syndrome. In 

Turner syndrome, a female is born with only one sex chromosome, an X, and is usually shorter 

than average and unable to have children, among other difficulties. 

Structural Abnormalities: A chromosome's structure can be altered in several ways. 

 Deletions: A portion of the chromosome is missing or deleted. 

 Duplications: A portion of the chromosome is duplicated, resulting in extra genetic 

material. 

 Translocations: A portion of one chromosome is transferred to another 

chromosome. There are two main types of translocation. In a reciprocal 

translocation, segments from two different chromosomes have been exchanged. In a 

Robertsonian translocation, an entire chromosome has attached to another at the 

centromere. 

 Inversions: A portion of the chromosome has broken off, turned upside down, and 

reattached. As a result, the genetic material is inverted. 

 Rings: A portion of a chromosome has broken off and formed a circle or ring. This 

can happen with or without loss of genetic material. 

Most chromosome abnormalities occur as an accident in the egg or sperm. In these cases, the 

abnormality is present in every cell of the body. Some abnormalities, 

However, happen after conception; then some cells have the abnormality and some do not. 

Larger abnormalities may be visible with a microscope in a test called chromosome analysis or 

karyotyping. Smaller chromosome abnormalities can be identified using a specialized genetic 

test that scans a person's chromosomes for extra or missing parts. These tests include 

chromosomal microarray analysis and fluorescent in situ hybridization (FISH).  

Gene abnormalities 

Small changes (mutations) may occur in a specific gene. These changes do not affect the 

structure of the chromosomes and thus cannot be seen on karyotype analysis or other 

chromosomal tests. More specific genetic testing is required. Some mutations in a gene cause no 

problems and some cause few or only mild problems. Other mutations cause serious disorders 

such as sickle cell anemia, cystic fibrosis, and muscular dystrophy. Increasingly, medical 

scientists are finding specific genetic causes of children's diseases. 

 

https://www.msdmanuals.com/en-nz/home/fundamentals/genetics/genes-and-chromosomes#v711475
https://www.msdmanuals.com/en-nz/home/blood-disorders/anemia/sickle-cell-disease
https://www.msdmanuals.com/en-nz/home/children-s-health-issues/cystic-fibrosis-cf/cystic-fibrosis-cf
https://www.msdmanuals.com/en-nz/home/children-s-health-issues/muscular-dystrophies-and-related-disorders/introduction-to-muscular-dystrophies-and-related-disorders


It remains unclear how most mutations occur. Most mutations are thought to appear 

spontaneously. Some substances or agents in the environment are capable of damaging and 

causing mutations in genes. These substances are called mutagens. Mutagens, such as radiation, 

ultraviolet light, and certain drugs and chemicals, can cause some cancers and birth defects. 

 

A mutation that affects the genes in a sperm or egg can be passed from parent to child. A 

mutation that affects genes in other cells may cause disease that is not passed down to children 

(because the sperm or egg are not affected). Having two copies of an abnormal gene can lead to 

serious diseases or conditions, such as cystic fibrosis or Tay-Sachs disease. 

Testing for chromosome and gene abnormalities 

A person's chromosomes and genes can be evaluated by analyzing a sample of blood. In 

addition, doctors can use cells from amniocentesis or chorionic villus sampling to detect certain 

chromosome or gene abnormalities in a fetus. If the fetus has an abnormality, further tests may 

be done to detect specific birth defects. More recently, a screening test has been developed in 

which a sample of a pregnant woman's blood is analyzed to determine whether her fetus has 

certain genetic disorders. This test is based on the fact that the mother's blood contains a very 

small amount of DNA from the fetus. This test is called noninvasive prenatal screening (NIPS). 

NIPS can be used to detect an increased risk of trisomy 21 (Down syndrome), trisomy 13, 

or trisomy 18 and certain other chromosome disorders but is not diagnostic. 

 

DISORDERS OF SEX CHROMOSOMES 

 

Klinefelter syndrome  

 Klinefelter syndrome (KS), also known as 47, XXY is the set of symptoms that result from 

two or more X chromosomes in males. The primary features are infertility and small poorly 

functioning testicles. Often, symptoms may be subtle and many people do not realize they 

are affected. Sometimes, symptoms are more prominent and may include weaker muscles, 

greater height, poor coordination, less body hair, breast growth, and less interest in 

sex. Often it is only at puberty that these symptoms are noticed. Intelligence is usually 

normal; however, reading difficulties and problems with speech are more 

common. Symptoms are typically more severe if three or more X chromosomes are present 

(48,XXXY syndrome or 49,XXXXY syndrome).  

 

 Klinefelter syndrome occurs randomly.The extra X chromosome comes from the father and 

mother nearly equally. An older mother may have a slightly increased risk of a child with 

KS.The condition is not typically inherited from one's parents. The underlying mechanisms 

involves at least one extra X chromosome in addition to a Y chromosome such that the 

total chromosome number is 47 or more rather than the usual 46. KS is diagnosed by 

the genetic test known as a karyotype. 

Turner syndrome  

 Turner syndrome (TS), also known 45,X,or 45,X0, is a genetic condition in which 

a female is partly or completely missing an X chromosome. Signs and symptoms 

vary among those affected. Often, a short and webbed neck, low-set ears, low 
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hairline at the back of the neck, short stature, and swollen hands and feet are seen at 

birth. Typically, they develop menstrual periods and breasts only with hormone 

treatment, and are unable to have children without reproductive technology. Heart 

defects, diabetes, and low thyroid hormone occur more frequently. Most people 

with TS have normal intelligence. Many have troubles with spatial 

visualization that may be needed for mathematics. Vision and hearing problems 

occur more often. 

 Turner syndrome is not usually inherited; rather, it occurs as a result of a genetic 

defect arising during formation of the reproductive cells in a parent or in early cell 

division during development. No environmental risks are known, and the mother's 

age does not play a role. Turner syndrome is due to a chromosomal abnormality in 

which all or part of one of the X chromosomes is missing or altered. While most 

people have 46 chromosomes, people with TS usually have 45.The chromosomal 

abnormality may be present in just some cells in which case it is known as TS 

with mosaicism. In these cases, the symptoms are usually fewer and possibly none 

occur at all. Diagnosis is based on physical signs and genetic testing. 

Triple X syndrome 

 Triple X syndrome, also known as trisomy X and 47,XXX, is characterized by the 

presence of an extra X chromosome in each cell of a female. Those affected are 

often taller than average. Usually there are no other physical differences and 

normal fertility.Occasionally there are learning difficulties, decreased muscle 

tone, seizures, or kidney problems. 

 Triple X is due to a random event.Triple X can result either during the division of 

the mother's reproductive cells or during division of cells during early 

development. It is not typically inherited from one generation to the next. A form 

where only a percentage of the body cells contain XXX. 

 

                         CHROMOSOMAL DELETION SYNDROME 

Chromosomes are structures within cells that contain DNA and many genes. 

A gene is a segment of deoxyribonucleic acid (DNA) and contains the code for a specific protein 

that functions in one or more types of cells in the body (see Genes and Chromosomes for a 

discussion about genetics). Genes contain instructions that determine how the body is supposed 

to function. 

When parts of chromosomes are missing, a number of syndromes can occur. These syndromes 

are called chromosomal deletion syndromes. They tend to cause severe birth defects and 

markedly limited intellectual development and physical development. A few chromosomal 

deletion syndromes are discussed here, but there are many others. 

1. Cri du chat syndrome [cat‘s cry syndrome, 5p minus syndrome]  

 In this rare syndrome, part of chromosome 5 is missing. The size of the missing part 

varies, and people who have larger deletions are often more severely affected. 

Children with this syndrome often have a characteristic high-pitched, mewing cry that sounds 

like a kitten crying. This cry may be heard immediately after birth, lasts several weeks, and then 
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disappears. However, not all affected newborns have this distinct cry. An infant with this 

syndrome may have a low birth weight and a small head with many abnormal features, including 

a round face, small jaw, wide nose, widely separated eyes, crossed eyes (strabismus), and 

abnormally shaped ears set low in the head. Often the infant seems limp. Webbed fingers and 

toes (syndactyly) and heart defects are common. There are significant limitations in mental and 

physical development. Many children with cri du chat syndrome survive to adulthood but have 

substantial disabilities. 

  2.  Prader-Willi syndrome 

About 70% of people who have this syndrome are missing part of chromosome 15. About 30% 

of people who have this syndrome have problems with the function of chromosome 15. 

 Many symptoms of Prader-Willi syndrome vary according to the child's age. Newborns 

with the defect feel limp, feed poorly, and gain weight slowly. Eventually these 

symptoms resolve. Then, between the ages of 1 and 6, appetite increases, often becoming 

insatiable. Children rapidly gain weight. The hands and feet remain small, and children 

remain short. Abnormalities of the face include almond-shaped eyes and a mouth with 

thin upper lips and down-turned corners. Children have bone disorders (such 

as scoliosis and kyphosis). Obsessive compulsive behaviours are common. The function 

of the reproductive organs is abnormally decreased, which limits growth and sexual 

development. Boys have undescended testes (cryptorchidism) and an underdeveloped 

penis and scrotum. Intellectual disability is common. Weight gain continues into 

adulthood and is excessive, which can lead to other health problems, such as obesity. 

Obesity can be severe enough to justify gastric bypass surgery. 

Ongoing research is being done to find treatments that help improve the prognosis for children 

and adults who have Prader-Willi syndrome. Many research studies show that human growth 

hormone is beneficial. 

4. 4p minus syndrome :  In this syndrome, part of chromosome 4 is missing. Children with 

this syndrome often have profound intellectual disability. Children may also 

have epilepsy, a broad or beaked nose, scalp defects, drooping upper eyelids (ptosis) and 

gaps or fissures (colobomas) of the iris, cleft palate, and delayed bone development. 

Boys may have undescended testes (cryptorchidism) and a misplaced opening of the 

urethra (hypospadias). Some children have an immune deficiency, which means their 

body is less able to fight off infections. Many affected children die during infancy. 

Children who survive into their 20s typically have severe disabilities. 

DUPLICATION 

 Duplication syndrome is a rare condition caused by the presence of an extra copy of a 

small piece of chromosome 1 in the cells of the body. Signs and symptoms can vary 

widely among affected individuals. Some individuals have no symptoms, while others 

may have features such as a large head size (macrocephaly); mild to 

moderate developmental delay and learning difficulties; autism or autistic-like 

behaviour; heart problems; seizures; and/or and distinctive facial features.
[1][2]

 This 
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condition can occur sporadically as a de novo mutation (by chance) or can 

be inherited in an autosomal dominant manner from a parent. Treatment depends on the 

signs and symptoms present in each individual. 

 
 

MECP2 duplication syndrome  

 MECP2 duplication syndrome is a rare genetic neurodevelopmental disorder 

characterized by a wide variety of symptoms including low muscle tone (hypotonia), 

potentially severe intellectual disability, developmental delays, recurrent respiratory 

infections, speech abnormalities, seizures, and progressive spasticity, a condition 

characterized by muscle stiffness that is worsened with movement and can be 

associated with involuntary muscle spasms. Additional symptoms can 

occur. MECP2 duplication syndrome is caused by the duplication of genetic material 

on a specific region on the X chromosome (Xq28). This region includes 

the MECP2 gene and typically several adjacent genes. In most affected individuals, 

the MECP2 duplication is inherited in an X-linked manner; in rare cases, the 

duplication may occur randomly for no apparent reason (de novo duplication). The 

disorder predominantly affects males, but females who carry the duplication on one X 

chromosome (heterozygotes) may exhibit some signs of the disorder. Rarely, females 

can develop a severe form of the disorder similar to males 

Translocation 

 Translocation Down syndrome is a type of Down syndrome that is caused when one 

chromosome breaks off and attaches to another chromosome. In this case, there are 

three 21 chromosomes but one of the 21 chromosomes is attached to another 

chromosome. The genetic material from the extra 21 chromosome is what causes the 

health problems that are caused by Down syndrome. In translocation Down syndrome, 

the extra 21 chromosome may be attached to the 14 chromosome, or to other 

chromosome numbers like 13, 15, or 22. In some cases, two 21 chromosomes can be 

attached to each other. 



 A small number of babies born with Down syndrome have translocation Down 

syndrome. There are no big differences between the patients who have translocation 

Down syndrome compared with those who have 3 separate copies of chromosome 21. 

This is called trisomy 21. 

 Whenever a translocation is found in a child, the parents‘ chromosomes are looked at to 

find out whether the translocation was inherited or not. If one parent has the 

translocation chromosome, then the healthcare provider knows the baby inherited the 

translocation from that parent. That parent will actually have 45 total chromosomes in 

each cell of the body, but the parent will be normal and healthy. This is because that 

parent still has only two copies of each chromosome, but two of these chromosomes 

are attached to each other. When a person has a rearrangement of chromosome material 

with no extra or missing chromosome material, the person is said to have a balanced 

translocation. That person can also be a balanced translocation carrier. 

CONCLUSIONS 

 Detection of chromosomal abnormalities in spontaneous abortion materials is very 

important to clarify the causes of loss of pregnancy. Detection of structural chromosomal 

abnormalities in the cases and their carrier parents can provide proper genetic counseling to 

these families. These families can be directed towards pre-implantation genetic diagnosis 

to prevent further pregnancies with complications. 
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INTRODUCTION 

Fluorescence in situ hybridization (FISH) is a molecular cytogenetic technique that 

uses fluorescent probes that bind to only those parts of a nucleic acid sequence with a high degree 

of sequence complementarity. It was developed by biomedical researchers in the early 1980s to 

detect and localize the presence or absence of specific DNA 

sequences on chromosomes. Fluorescence microscopy can be used to find out where the 

fluorescent probe is bound to the chromosomes. FISH is often used for finding specific features in 

DNA for use in genetic counseling, medicine, and species identification. FISH can also be used to 

detect and localize specific RNA targets (mRNA, lncRNA and miRNA) in cells, circulating tumor 
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cells, and tissue samples. In this context, it can help define the spatial-temporal patterns of gene 

expression within cells and tissues 

Fluorescent in situ hybridization (FISH), available since the 1990s, is a helpful, simple, and quick 

technology that can detect tiny chromosomal changes, particularly microdeletions, which may not 

be visible using traditional chromosomal analysis. If the child's phenotype suggests a specific 

common genetic disorder, such as velocardiofacial syndrome or Williams‘s syndrome, FISH 

testing can provide rapid confirmation of a diagnosis. It also is useful to provide rapid 

confirmation of a suspected trisomy diagnosis in a critically ill newborn. 

FISH testing of the tips of the chromosomes, called subtelomeric FISH, has been widely used 

since the late 1990s to identify subtle microdeletions in a region of the genome that may not be 

well seen with standard karyotype testing. This testing is being supplanted, however, by the 

new comparative genomic hybridization microarray. 

 Multicolor FISH testing is a useful technology that can help define further complex chromosomal 

rearrangements. 

Fluorescence in situ hybridization (FISH) uses DNA fragments incorporated with fluorophore-

coupled nucleotides as probes to examine the presence or absence of complementary sequences 

infixed cells or tissues under a fluorescent microscope. This hybridization-based macromolecule 

recognition tool was very effective in mapping genes and polymorphic loci onto metaphase 

chromosomes for constructing a physical map of the human genome. FISH technology offers three 

major advantages including high sensitivity and specificity in recognizing targeted DNA or RNA 

sequences, direct application to both metaphase advantages increased the analytic resolution from 

Giemsa bands to the gene level and enabled rapid detection of numerical and structural 

chromosomal abnormalities. Clinical application of FISH technology had upgraded classical 

cytogenetics to molecular cytogenetics. 

             

CELL BASED GENETIC DIAGNOSIS BY FISH 

 

Most DNA fragments used as probes are extracted from bacterial artificial clones (BACs) which 

contain cloned human genomic DNA sequences in the size of 100–200 Kilobases (Kb). These 

DNA fragments could be directly labeled by nick translation to incorporate nucleotides coupled 

with different fluorophores such as coumarins, fluoresceins, rhodamine, and cyanines (Cy3, Cy5, 

and Cy7). According to the targeted regions and labeling design, FISH probes can be divided into 

locus-specific probes targeted to specific regions or genes and regional painting probes for specific 

chromosomal bands, an entire chromosome or whole genome. Commonly used locus-specific 

probes include alpha repetitive sequences for centromeric regions and single copy sequences for 

subtelomeric and gene regions. Multi-color locus-specific probes allow simultaneously detection 

of numerical abnormalities of two to three regions in one FISH assay. For structural 

rearrangements, locus-specific probes with different fluorophores for two genes or for the 5′ and 3′ 

regions of a gene have been used to detect ―double-fusion‖ signals resulting from a reciprocal 

translocation or ―break apart‖ signals from a gene rearrangement, respectively. Painting probes 

have been used mostly in a research setting to dissect chromosome domains within a nucleus or 

structural rearrangements in metaphase chromosomes shows representative FISH applications of 



locus-specific and chromosome painting probes in the detection of numerical and structural 

chromosomal abnormalities 

Fish technology enabled the detection of an increased spectrum of genetic disorders from 

chromosomal abnormalities to submicroscopic copy number variants (CNVs) and extended the 

cell-based analysis from metaphases to interphases. The analytical resolution of FISH is in the 

range of 100–200 Kb as determined by the probe size, which is 50-fold higher than the 5–10 

megabase (Mb) Giesma banding of a high resolution karyotyping. Locus-specific probes detected 

submicroscopic CNV and led to the identification of a group of genomic disorders (also termed 

contiguous gene syndromes or microdeletion syndromes), such as DiGeorge syndrome by a 

deletion at 22q11.2, Prader-Willi syndrome and Angelman syndrome by a deletion at 15q11.2. 

FISH can be performed directly on interphase nuclei, which eliminated the time consuming cell 

culture procedure and extended its diagnostic application toward rapid screening of chromosomal 

and genomic abnormalities. In the following sections, the diagnostic applications of FISH 

technology are focused on three main areas: prenatal screening and postnatal diagnosis of 

constitutional chromosomal abnormalities and submicroscopic pathogenic CNVs, identification 

and monitoring of acquired chromosomal abnormalities in hematopoietic and solid tumors, and the 

detection of infectious diseases caused by microbials and parasites. 

PROBES – RNA AND DNA 

In biology, a probe is a single strand of DNA or RNA that is complementary to a nucleotide 

sequence of interest. 

RNA probes can be designed for any gene or any sequence within a gene for visualization of 

mRNA, lncRNA and miRNA in tissues and cells. FISH is used by examining the cellular 

reproduction cycle, specifically interphase of the nuclei for any chromosomal abnormalities 

FISH allows the analysis of a large series of archival cases much easier to identify the pinpointed 

chromosome by creating a probe with an artificial chromosomal foundation that will attract similar 

chromosomes
]
The hybridization signals for each probe when a nucleic abnormality is 

detected.Each probe for the detection of mRNA and lncRNA is composed of 20 oligonucleotide 

pairs, each pair covering a space of 40–50 bp. For miRNA detection, the probes use proprietary 

chemistry for specific detection of miRNA and cover the entire miRNA sequence 

Probes are often derived from fragments of DNA that were isolated, purified, and amplified for 

use in the human genome project. The size of the human genome is so large, compared to the 

length that could be sequenced directly, that it was necessary to divide the genome into fragments 

to preserve the fragments with their individual DNA sequences, the fragments were added into a 

system of continually replicating bacteria populations. Clonal populations of bacteria, each 

population maintaining a single artificial chromosome, are stored in various laboratories around 

the world. The artificial chromosomes can be grown, extracted, and labeled, in any lab containing 

a library. Genomic libraries are often named after the institution in which they were developed. An 

example being the RPCI-11 library, which is named after the Roswell Park Cancer Institute in 

Buffalo NY. These fragments are on the order of 100 thousand base-pairs, and are the basis for 

most FISH probes. 



                              VARIATIONS ON PROBE ANALYSIS 

FISH is a very general technique. The differences between the various FISH techniques are 

usually due to variations in the sequence and labeling of the probes; and how they are used in 

combination. Probes are divided into two generic categories: cellular and acellular. In fluorescent 

"in situ" hybridization refers to the cellular placement of the probe. 

Probe size is important because longer probes hybridize less specifically than shorter probes, so 

that short strands of DNA or RNA (often 10–25 nucleotides) which are complementary to a given 

target sequence are often used to locate a target. The overlap defines the resolution of detectable 

features. For example, if the goal of an experiment is to detect the breakpoint of a translocation, 

then the overlap of the probes — the degree to which one DNA sequence is contained in the 

adjacent probes — defines the minimum window in which the breakpoint may be detected 

The mixture of probe sequences determines the type of feature the probe can detect. Probes that 

hybridize along an entire chromosome are used to count the number of a certain chromosome, 

show translocations, or identify extra-chromosomal fragments of chromatin. This is often called 

"whole-chromosome painting." If every possible probe is used, every chromosome, (the whole 

genome) would be marked fluorescently, which would not be particularly useful for determining 

features of individual sequences. However, it is possible to create a mixture of smaller probes that 

are specific to a particular region (locus) of DNA; these mixtures are used to detect deletion 

mutations. 

A variety of other techniques uses mixtures of differently colored probes. A range of colors in 

mixtures of fluorescent dyes can be detected, so each human chromosome can be identified by a 

characteristic color using whole-chromosome probe mixtures and a variety of ratios of colors. 

Although there are more chromosomes than easily distinguishable fluorescent dye colors, ratios of 

probe mixtures can be used to create secondary colors. Similar to comparative genomic 

hybridization, the probe mixture for the secondary colors is created by mixing the correct ratio of 

two sets of differently colored probes for the same chromosome. This technique is sometimes 

called M-FISH. 

                           SINGLE-MOLECULE RNA FISH 

Single-molecule RNA FISH, also known as Stellar is RNA FISH, is a method of detecting and 

quantifying mRNA and other long RNA molecules in a thin layer of tissue sample. Targets can be 

reliably imaged through the application of multiple short singly labelled oligonucleotide 

probes. The binding of up to 48 fluorescent labeled oligos to a single molecule of mRNA provides 

sufficient fluorescence to accurately detect and localize each target mRNA in a wide-

field fluorescent microscopy image. Probes not binding to the intended sequence do not achieve 

sufficient localized fluorescence to be distinguished from background. 

Single-molecule RNA FISH assays can be performed in simplex or multiplex, and can be used as a 

follow-up experiment to quantitative PCR, or imaged simultaneously with a fluorescent 

antibody assay. The technology has potential applications in cancer diagnosis, neuroscience, gene 

expression analysis, and companion diagnostics. 
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Fiber FISH 

In an alternative technique to interphase or metaphase preparations, fiber FISH, interphase 

chromosomes are attached to a slide in such a way that they are stretched out in a straight line, 

rather than being tightly coiled, as in conventional FISH, or adopting a chromosome 

territory conformation, as in interphase FISH. This is accomplished by applying 

mechanical shear along the length of the slide, either to cells that have been fixed to the slide and 

then lysed, or to a solution of purified DNA. A technique known as chromosome combing is 

increasingly used for this purpose. The extended conformation of the chromosomes allows 

dramatically higher resolution – even down to a few kilobases. The preparation of fiber FISH 

samples, although conceptually simple, is a rather skilled art, and only specialized laboratories use 

the technique routinely. [Reference needed] 

Q-FISH 

Q-FISH combines FISH with PNAs and computer software to quantify fluorescence intensity. 

This technique is used routinely in telomere length research. 

Flow-FISH 

Flow-FISH uses flow cytometry to perform FISH automatically using per-cell fluorescence 

measurements. 

MA-FISH 

Microfluidics-assisted FISH (MA-FISH) uses a microfluidic flow to increase DNA hybridization 

efficiency, decreasing expensive FISH probe consumption and reduce the hybridization time. MA-

FISH is applied for detecting the HER2 gene in breast cancer tissues. 

Hybrid Fusion-FISH 

Hybrid Fusion FISH (HF-FISH) uses primary additive excitation/emission combination of 

fluorophores to generate additional spectra through a labeling process known as dynamic optical 

transmission (DOT). Three primary fluorophores are able to generate a total of 7 readily detectable 

emission spectra as a result of combinatorial labeling using DOT. Hybrid Fusion FISH enables 

highly multiplexed FISH applications that are targeted within clinical oncology panels. The 

technology offers faster scoring with efficient probesets that can be readily detected with 

traditional fluorescent microscopes. 

PRINCIPLE AND PROTOCOL FOR FISH 

FISH Principle 

Fluorescence in situ hybridization (FISH) is a technique that uses fluorescent probes which bind to 

special sites of the chromosome with a high degree of sequence complementarity to the probes. 

The fluorescent probes are nucleic acid labeled with fluorescent groups and can bind to specific 

DNA/RNA sequences. Thus, we can understand where and when a specific DNA sequences exist 

in cells by detecting the fluorescent group. It was developed in the early 1980s. Fluorescence 

microscopy can be used to find out where the fluorescent probe is bound to the chromosomes and 

flow cytometry can be used to detect the binding quantitatively. This FISH protocol is for a Cy5 
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and FAM labeled probe used in flow cytometry detection and fluorescence microscopy detection.

 

FISH protocol 

For Flow Cytometry Detection 

1. Probes are synthesized and end-labeled at the 5‘-end with either Cy5 or 6-

carboxyfluorescein (FAM) and purified via HPLC. Cy5-labeled probes are used in 

experiments involving conventional flow cytometry and FAM-labeled probes are used for 

experiments involving microscopy or imaging cytometry. The probes is used as a dual 

probe cocktail at a total probe concentration of 5 mg/µl (2.5 mg/µl each probe). 

2. Cell samples are pelleted for 5 minutes at 2,000 x and fixed for 30 min at 25°C with 500 µl 

10% neutral buffered formalin before FISH procedure. 

3. After fixation, the formalin is discarded and samples are washed once in 1x PBS. 

4. Fixed samples are harvested via centrifugation (5 min, 2,000 x g), the supernatant is 

discarded and cell pellets are resuspended in 0.5 ml of cell storage solution (a 50:50 mix of 

PBS: absolute ethanol) and then samples can be stored at -20? C until analysed. 

5. For each hybridization reaction, 100 µl of fixed samples are pelleted (5 min, 2,000 x g) and 

resuspended in 100 µl of hybridization buffer (0.7 M NaCl, 0.1 M Tris [pH 8.0], 0.1% 

SDS, 10 mM EDTA) containing the dual probe cocktail. 

6. Samples are hybridized for 30 min on a heat block set to 55ºC, followed by a 30 min wash 

step at the same temperature in 500 µl hybridization buffer without probe. 

7. Hybridized samples are pelleted and resuspended in a 50:50 mixture of PBS and absolute 

ethanol, cooled to -20ºC and ship on ice via overnight. 

8. Once received, samples are placed and held at -20ºC until used, for up to a week. Samples 

remained liquid under these storage conditions due to the ethanol content. 

9. Prior to analysis, tubes are vortexed to resuspend cells and break up loosely associated 

flocs or aggregates. 



10. 100 uL samples are pelleted via centrifugation (2,000 x g, 5 min). 

11. Wash samples with 100 µl PBS + 0.5% (w/v) bovine serum albumin (BSA). 

12. Centrifuge samples again at 2,000 x g, 5 min. 

13. Resuspend samples in 50 µl PBS + 0.5% BSA prior to running on the flow cytometer. 

For Fluorescence Microscopy Detection 

1. Prior to FISH, tape-bound cells are fixed for 30 min at 25°C by covering the sample 

contact area with 500 µl 10% neutral buffered formalin. 

2. After fixation, the formalin is discarded and the tape is washed once in 1x phosphate 

buffered saline (PBS). 

3. Then samples are dehydrated in ethanol (a 50, 80 and 95% (v/v) series, exposure for 3 min 

to 300 µl ethanol at each concentration) prior to hybridization. 

4. Samples on tapes are hybridized for 15 minutes at 55? C using a moisture-sealed slide 

incubation chamber. Briefly, 500 µl volumes of hybridization buffer (0.7 M NaCl, 0.1 M 

Tris [pH 8.0], 0.1% sodium dodecyl sulfate, 10 mM EDTA, containing probe, preheated to 

55 ºC) are applied to the surface of the tape and the chamber‘s lid is sealed, creating a 

moist, temperature controlled environment within the chamber. 

5. After 15 min, the lid is removed and samples are briefly rinsed with probe-free 

hybridization buffer, preheated to 55ºC. 

6. Hybridized cells on tapes are counterstained for 10 minutes in the dark with ~30 µl 

mounting medium containing 1.5 µg ml-1 4', 6-diamidino-2-phenylindole (DAPI). 

7. Then tapes are mounted with a coverslip and examined using a fluorescence microscope. 

                                       APPLICATIONS 

MEDICINAL APPLICATIONS   

Often parents of children with a developmental disability want to know more about their child's 

conditions before choosing to have another child. These concerns can be addressed by analysis of 

the parents' and child's DNA. In cases where the child's developmental disability is not understood, 

the cause of it can potentially be determined using FISH and cytogenetic techniques. Examples of 

diseases that are diagnosed using FISH include Prader-Willi syndrome, Angelman 

syndrome, 22q13 deletion syndrome, chronic myelogenous leukemia, acute lymphoblastic 

leukemia, Cri-du-chat, Velocardiofacial syndrome, and Down syndrome. FISH on sperm cells is 

indicated for men with an abnormal somatic or meiotic karyotype as well as those 

with oligozoospermia, since approximately 50% of oligozoospermic men have an increased rate of 

sperm chromosome abnormalities.
[17]

 The analysis of chromosomes 21, X, and Y is enough to 

identify oligozoospermic individuals at risk 

NEGATIVE ASPECTS OF FISH 

It shows that interphase FISH (depending on choice of probe) could be applied to identify all of 

the suggested genetic aberrations with the exception of loss of heterozygosity, demonstrating the 

https://en.wikipedia.org/wiki/Fluorescence_in_situ_hybridization#cite_note-sarrate-17


power of the technique through its broad detection range. However, FISH techniques have a single 

major downfall: Interphase (and metaphase) FISH and to a lesser extent SKY and M-FISH can 

only detect known genetic aberrations, providing the specific probe is available (in other words a 

probe for a known genetic aberration has to be hybridized to the specimen in order for the FISH 

technique to indicate the presence or absence of that specific genetic aberration FISH analysis with 

locus-specific probes or chromosome-specific DNA libraries is restricted to the targeted 

chromosome or chromosomal sub region. Therefore, and in strong contrast to chromosome 

banding-based karyotype analysis, while most valuable in the confirmation of previously 

characterized chromosomal aberrations, FISH cannot serve as a screening test for chromosomal 

rearrangements since most FISH techniques can only detect known imbalances.
35, 38

 SKY (and M-

FISH) can detect multiple karyotype abnormalities simultaneously, but both techniques are 

dependent on combined fluorochrome probes. M-FISH and SKY are not useful for distinguishing 

intrachromosomal rearrangements such as duplications, deletions or inversions.
32

 

The development of CGH partially compensates for the primary disadvantage of other FISH 

techniques because the main advantages of CGH is its use as a discovery tool, since it requires no 

previous knowledge of the chromosome imbalance that is involved.
35

 However, CGH requires the 

use of the relevant tumour DNA for its application and uses metaphase chromosome spreads as 

targets for hybridization which can only detect relatively large gains or losses in genomic 

material.
42

 Array CGH allows greater resolution, analysing DNA sequences from evenly spaced 

loci along the entire genome detecting smaller amplifications and deletions. In 2004, Ishkanian et 

al. produced the first sub-megabase resolution tiling set array covering the complete human 

genome which identified previously unknown DNA alterations including microamplifications and 

deletions containing oncogenes, tumor-suppressor genes and new genes that may be associated 

with multiple tumour types.
42, 43

 

The limitations of the current resolution of interphase FISH was recently highlighted by Savola ET 

al.
44

 the deletion of the CDKN2A locus at 9p21.3, a poor prognostic indicator in the Ewing 

sarcoma family of tumours, is primarily detected by FISH using a commercial probe with an 

approximate size of 190 kb. Owing to limitations in resolution, FISH analysis may fail to detect 

microdeletions smaller than 190 kb.
44

 in their study, array CGH was performed which revealed 

9p21.3 deletions encompassing the CDKN2A locus in eight-cell lines and in six tumours. In four 

cases (two cell lines and two tissue samples), the deletion was less than 190 kb in size, including a 

58-kb microdeletion, implicating CDKN2A FISH analysis can give false-negative results in cases 

with small microdeletions. 

                                        CONCLUSIONS 

Despite the minor disadvantages discussed in the previous section, the advent of FISH in 

cytogenetics in has proved invaluable in both diagnostics and research. The power of its ability to 

identify specific genetic aberrations has propelled FISH-based techniques to the forefront of 

screening procedures for prenatal,paediatric and adult cases in a wide variety of cell types, 

including paraffin-embedded tissue, making FISH analysis data a useful tool in the decision of 

therapy to combat cancer. This is supported by a recently conducted survey by Wordsworth et 



al. who reported that the most common techniques used for the testing of somatic mutations in 

laboratories were IHC and FISH. Most of the laboratories surveyed predicted testing would 

increase over the next 10 years, particularly for DNA testing using microarrays.I agree with the 

results of this survey and believe the near future of FISH lies in array-based technology, either 

with disease-specific CGH arrays that test for every known abnormality for a particular cancer; or 

disease-specific microarrays that display the mRNA expression levels of any oncogene and tumour 

suppressor gene; or a possible hybrid of the two displaying both quantitative and qualitative data. 

Steps to achieving these short-term goals have already been achieved: disease-specific arrays have 

been constructed for cancer diagnostics for some tumour types such as chronic lymphocytic 

leukaemia and certain types of lymphoma
51, 52

 and automated FISH imaging systems such as the 

Ariol SL-50 are already well-established in detecting patterns of genetic alterations during cancer 

development 

Improved aetiology through techniques such as FISH may be crucial in the fight against cancer, 

with the knowledge acquired effectively directed towards the research and development of better 

treatment strategies to benefit the sufferers of diseases based on these genetic aberrations 
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                                                          INTRODUCTION 

 Comparative genomic hybridization (CGH) is a molecular cytogenetic method for 

analysing copy number variations (CNVs) relative to ploidy level in the DNA of a test 

sample compared to a reference sample, without the need for culturing cells. The aim of 

this technique is to quickly and efficiently compare two genomic DNA samples arising 

from two sources, which are most often closely related, because it is suspected that they 

contain differences in terms of either gains or losses of either on which chromosome or 
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subchromosomal region (a portion of a whole chromosome). This technique was originally 

developed for the evaluation of the differences between the chromosomal complements of 

solid tumor and normal tissue,
[1]

 and has an improved resolution of 5– 10 megabases 

compared to the more traditional cytogenetic analysis  techniques of giemsa binding and 

fluorescence insitv hybridization (FISH) which are limited by the resolution of the 

microscope utilized 

 This is achieved through the use of competitive fluorescence in situ hybridization. In short, 

this involves the isolation of DNA from the two sources to be compared, most commonly a 

test and reference source, independent labelling of each DNA sample with fluorophores 

(fluorescent molecules) of different colours (usually red and green), denaturation of the 

DNA so that it is single stranded, and the hybridization of the two resultant samples in a 

1:1 ratio to a normal metaphase spread of chromosomes, to which the labelled DNA 

samples will bind at their locus of origin. Using a fluorescence microscope and computer 

software, the differentially coloured fluorescent signals are then compared along the length 

of each chromosome for identification of chromosomal differences between the two 

sources. A higher intensity of the test sample colour in a specific region of a chromosome 

indicates the gain of material of that region in the corresponding source sample, while a 

higher intensity of the reference sample colour indicates the loss of material in the test 

sample in that specific region. A neutral colour (yellow when the fluorophore labels are red 

and green) indicates no difference between the two samples in that location. 

 CGH is only able to detect unbalanced chromosomal abnormalities. This is because 

balanced chromosomal abnormalities such as reciprocal translocation inversion or ring 

chromosomes do not affect copy number, which is what is detected by CGH technologies. 

CGH does, however, allow for the exploration of all 46 human chromosomes in single test 

and the discovery of deletions and duplications, even on the microscopic scale which may 

lead to the identification of candidate genes to be further explored by other cytological 

techniques 

 Through the use of DNA microarrays  in conjunction with CGH techniques, the more 

specific form of array CGH (aCGH) has been developed, allowing for a locus-by-locus 

measure of CNV with increased resolution as low as 100 kilobases. This improved 

technique allows for the aetiology of known and unknown conditions to be discovered. 

                                                           HISTORY 

 The motivation underlying the development of CGH stemmed from the fact that the 

available forms of cytogenetic analysis at the time (giemsa banding and FISH) were 

limited in their potential resolution by the microscopes necessary for interpretation of the 

results they provided. Furthermore, giemsa banding interpretation has the potential to be 

ambiguous and therefore has lowered reliability, and both techniques require high labour 

inputs which limits the loci which may be examined. 

 The first report of CGH analysis was by Kallioniemi and colleagues in 1992 at the 

University of California, San Francisco, who utilised CGH in the analysis of solid tumors. 

They achieved this by the direct application of the technique to both breast cancer cell lines 

and primary bladder tumors in order to establish complete copy number karyotypes for the 

cells. They were able to identify 16 different regions of amplification, many of which were 

novel discoveries 

 Soon after in 1993, du Manoir et al. reported virtually the same methodology. The authors 

painted a series of individual human chromosomes from a DNA library with two different 

fluorophores in different proportions to test the technique, and also applied CGH to 

genomic DNA from patients affected with either Downs syndrome or t-prolymphatic 

leukaemia as well as cells of a renal papillary carcinoma cell line. It was concluded that the 
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fluorescence ratios obtained were accurate and that differences between genomic DNA 

from different cell types were detectable, and therefore that CGH was a highly useful 

cytogenetic analysis tool. 

 Initially, the widespread use of CGH technology was difficult, as protocols were not 

uniform and therefore inconsistencies arose, especially due to uncertainties in the 

interpretation of data. However, in 1994 a review was published which described an easily 

understood protocol in detail and the image analysis software was made available 

commercially, which allowed CGH to be utilised all around the world As new techniques 

such as microdissection and degenerate oligonucleotide primed polymerase chain 

reaction (DOP-PCR) became available for the generation of DNA products, it was possible 

to apply the concept of CGH to smaller chromosomal abnormalities, and thus the 

resolution of CGH was improved. 

 The implementation of array CGH, whereby DNA microarrays are used instead of the 

traditional metaphase chromosome preparation, was pioneered by Solinas-Tolodo et al. in 

1997 using tumor cells  and Pinkel et al. in 1998 by use of breast cancer cells This was 

made possible by the Human Genome Project which generated a library of cloned DNA 

fragments with known locations throughout the human genome, with these fragments being 

used as probes on the DNA microarray. Now probes of various origins such as cDNA, 

genomic PCR products and bacterial artificial chromosomes (BACs) can be used on DNA 

microarrays which may contain up to 2 million probes. Array CGH is automated, allows 

greater resolution (down to 100 kb) than traditional CGH as the probes are far smaller than 

metaphase preparations, requires smaller amounts of DNA, can be targeted to specific 

chromosomal regions if required and is ordered and therefore faster to analyse, making it 

far more adaptable to diagnostic uses. 

                                                                    CGH TECHNIQUE 

1. Preparation of Metaphase slides: chromosomes in metaphase are used as the target DNA. 

Colchicine is then used to arrest cells in mitosis and the cells are then dropped onto slide in such a 

way that they are spread nicely and don‘t overlap 

2. Extraction of Test and Reference DNA: The test DNA is extracted from fresh/frozen bulk 

tissue or paraffin embedded tissue 

3. Labelling and Fragmentation Of Test and Reference DNA: Is carried out by a process called 

Nick Translation where the Test and Reference DNA are labelled directly using 

different Fluorochromes -Test DNA produces a Green Fluorescence -Reference DNA produces a 

Red Fluorescence 

4. Hybridisation: Equal amounts of the Test and Reference DNA labelled DNA compete to 

undergo complementary base pairing with specific sequences on metaphase spreads 

5. Use of Fluorescence Microscopy & Digital Image Analysis: The fluoresce ratio of Red – 

Green intensity is calculated in order to determine whether chromosomal Loss or Gain has 

occurred 
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DESCRIPTION OF THE PROTOCOL 

 

METAPHASE SLIDE PREPARATION 

 Metaphase chromosomes are prepared according to standard protocols using 

phytohaemagglutinin stimulated peripheral blood lymphocytes from a karyotypically 

normal man or woman. Because women have two X chromosomes and the Y chromosome 

does not contain much genetic information, it is preferable to use metaphase spreads from 

women. High quality metaphase preparations for CGH should ideally have little cytoplasm 

(too much cytoplasm causes high background levels and may prevent optimal 

denaturation), minimal overlapping of the chromosomes (overlapping chromosomes need 

to be excluded from CGH analysis), and low cell density paired with ahigh mitotic index. 

In addition, the chromosomes should be of adequate length (400–550 bands) and not 

contain separated chromatids. Finally, for good banding strength, chromosomes should 

appear dark, not shiny, when looking through a phase contrast microscope.36 In short, 1 

ml of heparinised blood is added to 10 ml Ham F10 culture medium (Gibco BRL, Breda, 

Netherlands) containing foetal calf serum (10%), L-glutamine (1%), penicilin and 

streptomycin (1%), and phytohemagglutinin (1.5% in distilled water) and incubated at 

37°C in an atmosphere of 5% CO2 for 72 hours. Cells are arrested in mitosis by the 

addition of colchicine to a final concentration of 0.01 µg/ml, harvested, treated with 

hypotonic KCl (0.075 M) and fixed in 3:1 methanol/acetic acid. A crucial step in the 

procedure is the dropping of the fixed cell solution on to the slides. The success of this 

step is dependent on many factors (such as weather conditions, cell suspension quality, 

and laboratory conditions), but in our hands it is best to drop the cell suspension from a 

distance of ∼ 30 cm on to ethanol cleaned slides. Usually, one drop of the cell suspension 

results in a sufficient number of metaphase spreads for one CGH experiment. Optimal 

conditions are a room temperature of 24°C and a relative humidity of 60–70%. The slides 

should be evaluated with a phase contrast microscope. If large amounts of residual 

cytoplasm are still visible on the slides, the fixation step (3:1 methanol/acetic acid) should 

be repeated a few times. In addition, a postfixation step—dropping 3:1 methanol/ acetic 

acid on to a vertically positioned slide— might be helpful in removing cytoplasm. Slides 

are air dried (―aged‖) overnight at room temperature and stored at −20°C in groups of 

four, in the presence of either silica beads or nitrogen to keep them dry. It is important to 

test several batches of metaphase slides from different donors when setting up CGH 

experiments, because their behaviour in hybridisation can be variable (fig 5). 

Alternatively, fully prepared metaphase slides are commercially available. However, these 

slides still need to be tested before use, and the quality is not necessarily better than that of 

slides produced in house, as described above. 

 

DNA ISOLATION FROM TUMOUR TISSUE 

 The quality of DNA is a very important issue when performing CGH. DNA extracted from 

fresh or frozen tissue is usually of high molecular size (not degraded) and will be of the 

best quality for labelling purposes. However, when using formalin fixed, paraffin wax 

embedded tissue, the extracted DNA will be partly degraded (300–20 000 bp) and 

crosslinked. The quality of DNA from paraffin wax embedded tissues depends greatly on 

the pH of the formalin fixative, and on the duration of fixation; thus, neutral buffered 

formalin (pH 7.0) and fixation for no longer that 24 hours usually preserves DNA of 

sufficient quality. During the labelling process, by means of nick translation (that is, 

cutting DNA and substituting unlabelled nucleotides with digoxigenin, biotin, or 



fluorochrome labelled nucleotides), DNA becomes even shorter and, in the case of 

formalin fixed material, the DNA fragments may become too small for optimal CGH 

experiments. The crosslinking of DNA caused by the fixative can hamper the function of 

the enzymes, DNA polymerase and DNase, resulting in impaired incorporation of 

modified nucleotides. This will lead to an irregular and speckled hybridisation pattern of 

the metaphase chromosomes. As a result, difference in staining intensities between 

reference and tumour DNA are less pronounced. Both the standard phenol extraction 

method19 21 28 and commercially available DNA isolation kits, based on affinity 

columns, can be used and optimised for paraffin wax embedded, formalin fixed tissue. For 

paraffin wax embedded material in general, a series of 10–20 sections of 10 µm is 

sufficient to obtain 4–20 µg of DNA, depending on the amount and cellularity of the 

tissue. To reduce the number of crosslinks between the DNA strands in formalin fixed 

material, an overnight incubation at 37°C with 1 M sodium thiocyanate might be helpful. 

A prolonged incubation period (three days) with lysis buffer(155 mm NH4Cl, 10 mm 

KHCO3, 0.1 mM Na2EDTA, pH 7.4) and high concentrations of proteinase K (final 

concentration 2 µg/µl, freshly added twice a day) yields a sufficient quantity of relatively 

good quality DNA from paraffin wax embedded material. A protocol for the extraction of 

DNA from formalin fixed, paraffin wax embedded tissue, using affinity columns 

 

CONTAMINATION 

 Contamination (or dilution) of the tumour DNA with normal DNA (for example, from 

stromal and inflammatory cells) is an undesirable but inevitable problem when analysing 

tumours. The effect on CGH results will be that the green to red ratio shifts towards 1.0, so 

that if the tumour sample contains too much normal DNA, chromosomal aberrations can 

go undetected. In a triploid tumour, a single copy gain (4:3) or loss (2:3) becomes 

undetectable at 50% contamination, whereas in a diploid tumour a single copy gain (3:2) 

or loss (1:2) disappears at 75% contamination. Therefore, when more than 75% of the 

cells are neoplastic, whole sections can be processed. In cases when the tumour content is 

less than 75%, tumour tissue can be microdissected from the sections by demarcating with 

a marker, scraping it off with a surgical blade, and collecting it in Eppendorf tubes. In 

addition, advanced laser microdissection equipment can be used49; however, this is 

expensive and often not necessary. Inflammatory cells are particularly hard to dissect 

because they have usually infiltrated the tumour. Cell sorting techniques (for example, 

antibodies attached to magnetic beads or flow cytometric sorting) might permit the 

selection (and extraction) of tumour cells, or the elimination of inflammatory cells, to 

produce a more purified tumour DNA sample. 

 

AMOUNT OF DNA 

 Approximately 0.5–1 µg of DNA is required for one CGH experiment. In the case of 

carcinomas this is usually not a problem. However, small samples—for example, biopsies 

from premalignant lesions, might not yield enough DNA. In this situation, DOP-PCR35 50 

and other techniques51 have been used for DNA amplification. Because of the non-

random way in which DOP-PCR may amplify DNA it could give unreliable results. 

Therefore, additional control experiments (such as a repeated CGH experiment with 

reverse labelled probes) need to be included in every CGH experiment. In our hands, CGH 

with DOP-PCR amplified normal DNA hybridised against non-amplified normal DNA 

yielded CGH profiles with fluorescence ratios smaller or greater than 1.0. When 

amplifying both test and reference DNA with DOP-PCR, CGH profiles appeared to be 

more reliable, but not as good as non-amplified normal versus normal DNA (MM Weiss et 



al, 1998, unpublished results). In conclusion, if enough DNA is available for performing 

CGH without amplifying the DNA it is preferable not to use DOP-PCR. However, if a 

lack of sufficient DNA requires amplification, both tumour and reference DNA should be 

amplified in the same way and control experiments need to be performed simultaneously 

DNA LABELLING 

 A standard method (nick translation) is used to label the DNA and digest the DNA to the 

optimal fragment length of 500–1500 bp. A small amount (0.5–1.0 µg) of DNA is 

sufficient. When biotinylated and digoxigenin conjugated deoxynucleotides (dUTPs) are 

incorporated into the DNA (indirect labelling) after hybridisation, a detection step with 

fluorochrome conjugated antibodies (avidin–fluorescein isothiocyanate (FITC) and sheep 

antidigoxigenin –tetramethyl rhodamine isothiocyanate (TRITC), respectively) is required. 

Deoxynucleotides that have been directly conjugated with fluorochromes render a 

smoother but weaker hybridisation signal along the chromosomes. It is important that the 

labelled DNA fragments of both tumour and reference DNA are in the same range of 

lengths and are within the limits of 500–1500 bp. This has to be checked by 

electrophoresis on an ethidium bromide stained 1% agarose gel. 

 

BLOCKING 

Chromosomal regions with short repetitive DNA sequences occur throughout the whole genome, 

but in a high number at all centromeres, telomeres, and some specific regions (chromosome arms 

1p and 16p, and chromosomes 19 and 22). The lengths of these regions are highly variable 

between individuals (and thus between tumour and reference DNA), and this can interfere with 

CGH analysis. Therefore, repetitive DNA regions are blocked with unlabelled Cot-1 DNA 

(placental DNA from 50 to 100 bp, which is enriched for repetitive DNA sequences). Suboptimal 

blocking, seen as non-black centromeres, can lead to a reduced amplitude of the green to red ratio 

and gains and losses may go undetected. As an alternative to blocking, removal of repetitive 

sequences from the probe may be another solution to this problem. 

HYBRIDISATION 

 Aliquots of 300–350 ng of both tumour and reference labelled DNA (the probes) are mixed 

with 100 times the same amount of human Cot-1 DNA, precipitated, and resolved in a 6 µl 

hybridisation mix containing 50% formamide (which decreases the melting temperature of 

DNA) and 10% dextran sulphate (which increases the effective probe concentration), in 2× 

saline sodium citrate (SSC), pH 7.0. Sex matching of the normal and the reference labelled 

DNA is not necessary. In fact, the resulting uneven fluorescence ratio for the X 

chromosome could function as an extra control of the quality of the experiment (blocking, 

strength of the signal). However, sex matching should be taken into account when 

analysing the X chromosome. The probe and the normal metaphase slides are denatured 

separately: the slides in 70% formamide/2× SSC at 72°C for 5–10 minutes (depending on 

the metaphase slide batch), and the probes in a water bath at 80°C for 10 minutes. The 

hybridisation takes place under a coverslip in a humid incubator at 40°C for two to four 

days. After hybridisation, the slides are washed and counterstained with DAPI (0.35 µg/ml 

in an antifade solution (Vectashield; Vector Laboratories, Burlingame, California, USA) to 

produce a banding pattern, which enables chromosome identification and karyotyping. 

 

 

 



 

 

Hardware and software requirements for CGH 

 

VISUALISATION OF FLUORESCENCE 

 Visualisation of fluorescence of a metaphase for DAPI (blue; for chromosome 

identification), TRITC (red; normal reference DNA), and FITC (green; tumour DNA) 

using a fluorescence microscope. The microscope, lamp, objective, and the filters require 

special attention. Mercury arc lamp light sources are adequate if they are stable and can be 

aligned to give uniform illumination without chromatic variation. Microscope alignment is 

crucial, and should be given major attention. The objective should be of the ―plan‖ type, 

apochromatic, and provide ×63 or ×100 magnification, depending on the resolution of the 

camera. It should transmit UV light, and there should be no lens autofluorescence. The 



filters used should minimise the crosstalk between the three fluorochromes, which means 

that narrow band pass filters are required for excitation and emission. However, as the band 

width of a filter becomes narrower, the brightness of the remaining signals diminishes, 

which can result in long exposure times. Therefore, filters should provide the best 

compromise between crosstalk and brightness. Good filter sets for the often used 

DAPI/TRITC/FITC fluorochrome combination are commercially available. The lateral 

shift caused during changing between the filters should be minimal. An automatic filter 

wheel could prevent this shift, but software correction is also possible. 

IMAGE PROCESSING 

 Dedicated CGH software should enable the following steps to be carried out: (1) 

background subtraction; (2) segmentation and removal of non-chromosome objects; (3) 

normalisation of the FITC:TRITC ratio for the whole metaphase; (4) interactive 

karyotyping; and (5) scaling of chromosomes to a standard length, either for the whole 

chromosome or for each arm of the chromosome independently. For the last option it is 

necessary to position the centromeres correctly, which is also an interactive feature. The 

averaged ratios of several well selected metaphases are plotted along ideograms (showing 

schematically the G banding patterns) of the corresponding chromosomes in a so called 

relative copy number karyotype, presenting chromosome areas that are lost (deletions) or 

gained (amplifications). The interpretation of the ratio profiles can be done using either 

fixed or statistical thresholds. 

  

 
 

 



       APPLICATIONS 

Conventional 

 Conventional CGH has been used mainly for the identification of chromosomal regions 

that are recurrently lost or gained in tumors, as well as for the diagnosis and prognosis of 

cancer. This approach can also be used to study chromosomal abbreations in fetal and 

neonatal genomes. Furthermore, conventional CGH can be used in detecting chromosomal 

abnormalities and have been shown to be efficient in diagnosing complex abnormalities 

associated with human genetic disorders 

In cancer research 

 CGH data from several studies of the same tumor type show consistent patterns of non-

random genetic aberrations. Some of these changes appear to be common to various kinds 

of malignant tumors, while others are more tumor specific. For example, gains of 

chromosomal regions lq, 3q and 8q, as well as losses of 8p, 13q, 16q and 17p, are common 

to a number of tumor types, such as breast, ovarian, prostate, renal and bladder cancer. 

Other alterations, such as 12p and Xp gains in testicular cancer, 13q gain 9q loss in bladder 

cancer, 14q loss in renal cancer and Xp loss in ovarian cancer are more specific, and might 

reflect the unique selection forces operating during cancer development in different 

organs Array CGH is also frequently used in research and diagnostics of B cell 

malignancies, such as chronic lymphocytic leukemia. 

Chromosomal aberrations 

 Cri du chat CdC is a syndrome caused by a partial deletion of the short arm of chromosome 

5. Several studies have shown that conventional CGH is suitable to detect the deletion, as 

well as more complex chromosomal alterations. For example, Levy et al. (2002) reported 

an infant with a cat-like cry, the hallmark of CdC, but having an indistinct karyotype. CGH 

analysis revealed a loss of chromosomal material from 5p15.3 confirming the diagnosis 

clinically. These results demonstrate that conventional CGH is a reliable technique in 

detecting structural aberrations and, in specific cases, may be more efficient in diagnosing 

complex abnormalities. 

New development 

 A new technique that is currently being developed in different laboratories is the 

microarray method. Using metaphase chromosomes for hybridisation limits the detection 

of events involving small regions (< 10–20 Mb) of the genome. The array technique allows 

the detection of DNA copy number changes (genomic DNA) in more detail, as well as 

analysing gene expression using cDNA. Most publications so far concern cDNA 

arrays.53–56 Pinkel et al recently published an article on genomic DNA microarrays,57 

describing a method for the measurement of copy number fluorescence ratios on a set of 

clones that are located on chromosome 20, with an average interval of ∼ 3 Mb. The 

technique provides a high resolution (± 40 kb) for measurement of gains and losses of 

DNA sequences in genomes of mammalian complexity (fig 10). Shalon et al hybridised 

chromosomal probes to arrays of Saccharomyces cerevisiae genomic DNA fragments. 

Microarray CGH will enable the analysis of genetic aberrations in cancer with a high 

resolution, and will refine the allocation of crucial genes. Moreover, in clinical applications 

it could enable the identification of the status of certain disease related genes. A detailed 

discussion can be found elsewhere. 

                                          

 



                                                           CONCLUSIONS 

CGH technology provides genome scale overviews of DNA sequence copy number changes in 

tumours, using almost any kind of clinical specimen. It maps the origins of amplified and deleted 

DNA sequences on normal chromosomes, thereby highlighting the locations of important genes. 

However, to detect translocations, inversions, and small aberrations, additional techniques must be 

used. Therefore, CGH supplements rather than replaces current methods. 
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         INTRODUCTION TO DEVELOPMENTAL GENETICS 

 

 The function of genes is to pass on the information necessary to build proteins - and 

bodies - from one generation to the next. A newly fertilised egg cell has a collection of 

genes that contains all information needed to transform it from a single cell into an embryo 

and then an adult. The process that changes a single cell into a new person (or a new frog, 

or a new oak tree) is called development. 

 During the course of development, complex structures develop from simple ones. A single 

cell transforms itself into an adult organism.  

 Creating an organism from a single cell involves three important processes: 

1. Cell division: cells divide to produce more cells. 

           2. Cell differentiation: cells change into different types of cell to do specific jobs in the 

body, from nerve cells to muscle cells. 

             3.  Morphogenesis: groups of cells move and change their shape to produce the structure 

of the organism. 

 Genes play a vital role in controlling all of these processes. Genes contain the information 

a cell needs to make proteins - a bit like a recipe for a living thing. Different genes contain 

the information needed to make different proteins, and different proteins do different jobs 

in the cell. The proteins a cell makes decide what kind of cell it becomes, and there are 

some 350 different types of cell in an adult human being. 

https://en.wikipedia.org/wiki/Comparative_genomic_hybridization
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 Cells change into different types of cell because of changes in the way their genes work. 

Some genes are activated (switched on), and some genes are inactivated (switched off). As 

a result, the cell produces a specific set of proteins. So, for example, a nerve cell produces 

only the proteins needed to make a nerve cell, and a muscle cell produces only the proteins 

needed to make a muscle cell. 

  The homeotic or homeobox genes control whole sets of other genes to set out the basic 

body plan of the embryo, separating the front from the back, and producing the right body 

structure in the right place. One way in which genes can influence the activity of other 

genes is through the production of proteins called transcription factors.                   

                                 MATERNALEFFECT GENES  

 Multicellular organisms develop from a single fertilized cell. This cell is endowed with the 

potential to generate more cells that will interact with one another through direct contact 

and communicate through highly conserved signaling pathways to build an embryo with 

defined axes and organ systems. The embryo will continue to develop and grow into a 

mature adult capable of producing the cells necessary to form the next generation. In 

animals, this cellular interplay involves the formation of the gametes within the gonads of 

developing animals. Males of a species produce sperm, while females produce the larger of 

the gametes, the oocytes, and hermaphrodites produce both sperm and oocytes. In each sex, 

sperm or egg production depends on interactions and signaling between the somatic and 

germ line derived cells that comprise the gonad. Both cell types are ultimately crucial for 

gamete production, and thus for restoring the diploid DNA content through fertilization 

and to ensure optimal development of the resulting embryo. This review will focus on the 

contribution of the maternal gamete, the oocyte, which develops as the egg; when 

fertilized, this cell has the capacity to form all the cells of the embryo. 

 Regulation of gene expression in mammalian embryos is not completely known pre-

implantation embryos needs RNA and proteins synthesized during oogenesis, to regulate 

development before mater-embryo transition, to regulate development before 1-cell  zygote 

are transcriptionally silent. These are some genes oocyte specific genes called maternal 

effect genes. Mater-embryo transition is done through gradual degradation and reduction of 

maternal RNA and proteins, and the occurrence of zygote genome activation. Identification 

of maternal factors like mater, Npm2, Hsf1, flopped, Stella, Brg1, Zar1, Dnmt1 and filia in 

mice, showed the importance of these genes in mammals. 

 In addition to supplying half the DNA, eggs are full of nutrients, which in animals with 

large yolky eggs support the needs of the embryo until it can acquire food on its own. Eggs 

of all animals also contain mRNAs and proteins that are supplied to or deposited in the egg 

as it develops during oogenesis. These maternal gene products regulate meiosis, oocyte 

development, and early development of the embryo including fertilization, transitions 

between meiotic and mitotic cell cycles, and the switch from utilization of mRNAs and 

proteins provided by the mother to the embryo‘s own gene products during zygotic genome 

activation. 

 An embryo exclusively relies on maternal gene products, RNAs, and proteins for its early 

development until activation of its own genome. The precise developmental time period 



and developmental processes under maternal control when the embryo is largely 

transcriptionally silent vary among organisms. In some animals, such as mice, humans, and 

nematodes (Caenorhabditis elegans), only the first or first couple of cleavage cycles are 

accomplished before record of the embryonic genome is activated. Other organisms, such 

as Drosophila, Xenopus, and zebrafish, rely on maternal RNAs and proteins for a more 

prolonged developmental period that includes several additional rounds of cleavage cycles. 

This dependence on maternal products persists to include regulation of early embryonic 

patterning, morphogenesis, and even extends to developmental processes occurring well 

after most maternal gene products are expected to have been degraded (e.g., mitotic 

divisions in mouse, late gastrulation, segmentation, and pattern formation in zebrafish 

and Xenopus) 

 The source of maternal RNAs and proteins include molecules produced by the developing 

oocyte as well as somatic cells, which produce products that are later imported into the 

oocyte. In Drosophila, C. elegans, Xenopus, fish, and mammals proteins or their precursors 

are imported via the maternal bloodstream or from the somatic cells of the follicle. These 

gene products together with the RNAs and proteins produced by the oocyte constitute the 

maternal pool. The abundance of maternal proteins and transcripts in the developing 

oocytes within the vertebrate ovary makes maternal products difficult targets for 

interference because manual injection of interfering forms of the gene products, either 

plasmid DNA, messenger mRNA, or antibodies against the protein of interest are difficult 

to deliver or cannot be delivered in time to effectively block gene function before it is 

required. 

 Some maternal effect genes causing reproductive dysfunction in different mammalian species. 

These factors are preferentially expressed in growing oocyte, and their protein products remain 

until the late pre-implantation developmental stages. They have a highly impressive effect on 

developing embryos, as the embryos are blocked or growth delayed in null type.so, maternal effect 

genes will alter reproduction rate in abnormal inheritance. Loss of maternal effect genes does not 

make change in female normal ovulation and fertilization, but causes infertility or subfertility due 

to failure in pre-implantation development.                       

                                HOMEOTIC GENES 

 In evolutionary developmental biology homeotic genes are genes which regulate the 

development of anatomical structures in various organisms such as echinoderms, insects, 

mammals, and plants. Homeotic genes often encode transcription factor proteins, and these 

proteins affect development by regulating downstream gene networks involved in body 

patterning. Mutationsin homeotic genes cause displaced body parts, such as antennae 

growing at the posterior of the fly instead of at the head. 

 Homeotic gene, any of a group of genes that control the pattern of body formation during 

early embryonic development of organisms. These genes 

encode proteins called transcription factors that direct cells to form various parts of the 

body. A homeotic protein can activate one gene but repress another, producing effects that 

are complementary and necessary for the ordered development of an organism. 

 Homeotic genes contain a sequence of DNA known as a homeobox, which encodes a 

segment of 60 amino acids within the homeotic transcription factor protein. If 

a mutation occurs in the homeobox of any of the homeotic genes, an organism will not 

develop correctly. For example, in fruit flies (Drosophila), mutation of a particular 
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homeotic gene results in altered transcription, leading to the growth of legs on the head 

instead of antenna; this is known as the antennapedia mutation. 

 The role of homeotic genes in embryonic development was elucidated by American 

geneticists Edward B. Lewis and Eric F. Wieschaus and German geneticist Christiane 

Nüsslein-Volhard. These researchers conducted their experiments in Drosophila and 

shared the 1995 Nobel Prize for Physiology or Medicine for their discoveries. Homeotic 

genes homologous to those of Drosophila were later found in a wide range of organisms, 

including fungi, plants, and vertebrates. In vertebrates, these genes are commonly referred 

to as HOX genes. Humans possess some 39 HOX genes, which are divided into four 

different clusters, A, B, C, and D, which are located on different chromosomes. 

TYPES OF HOMEOTIC GENES  

 There are several subsets of homeotic genes. They include many of the Hox and parahox 

genes that are important for segmentation Hox genes are found in bilateral animals, 

including Drosophila (in which they were first discovered) and humans. Hox genes are a 

subset of the homeobox genes. The Hox genes are often conserved across species, so some 

of the Hox genes of Drosophila are homologous to those in humans. In general, Hox genes 

play a role of regulating expression of genes as well as aiding in development and 

assignment of specific structures during embryonic growth. This can range from 

segmentation in Drosophila to central nervous system (CNS) development in 

vertebrates. Both Hox and ParaHox are grouped as HOX-Like (HOXL) genes, a subset of 

the ANTP class.  

 They also include the MADS box containing genes involved in the ABC model of the 

flower development. Besides flower-producing plants, the MADS-box motif is also present 

in other organisms such as insects, yeasts, and mammals. They have various functions 

depending on the organism including flower development, proto-oncogene transcription, 

and gene regulation in specific cells (such as muscle cells)Despite the terms being 

commonly interchanged, not all homeotic genes are Hox genes; the MADS-box genes are 

homeotic but not Hox genes. Thus, the Hox genes are a subset of homeotic genes. 

 The structure of the four murine Hox complexes and the co-ordinate expression patterns of 

Hox genes have been elucidated for almost a decade. However, clues about their 

developmental functions have been recently uncovered from the analysis of loss-of-

function mutants generated by the gene targeting technique, as well as from transgenic 

mice with altered Hox gene expression domains. The 'anterior' Hox genes control the 

morphogenetic programme of specific hindbrain segments (rhombomeres) or pharyngeal 

arch neural crest derivatives. Various studies indicate that Hox gene products act in a 

region-specific, combinatorial and partly redundant manner to specify the identities of 

developing vertebrae. In addition, 'posterior' HoxA and HoxD genes act coordinately to 

control the growth and morphogenesis of skeletal structures along the proximodistal axis of 

developing limbs. Studies in other vertebrate model systems suggest that the evolution of 

Hox gene functions has allowed for the acquisition of specific morphological features 

along both the vertebral column and limbs of tetrapods. Gene targeting studies have also 

revealed region-specific functions of Hox genes along the developing digestive and genito-

urinary tracts. 
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  PATTERN FORMATION GENES 

 Organismal development is enabled by developmental mechanisms. A developmental 

mechanism is understood in this paper as gene product interactions and changes in cellular 

behaviors (such as mitosis, apoptosis, secretion of molecular signals, cellular adhesion, 

differentiation, and so forth) that are required for and cause the formation of a particular 

arrangement of cell states in three-dimensional space (i.e., a `pattern'; we reserve the word 

`form' for the spatial arrangement of cells without considering their state). In formal terms 

the development of an organism can be described as transformation from one set of 

patterns to another set of patterns and here we aim to highlight the basic logic of the 

developmental mechanisms underlying these pattern transformations. 

 Causal explanations of pattern formation in an embryonic primordium require knowledge 

of all the genes, epigenetic determinants (that is, surrounding cell arrangements and other 

micro environmental conditions in the embryo), and their interactions necessary for 

generating such a pattern from a previous pattern. In practice, causality can be inferred by 

testing how well a developmental mechanism predicts the `variational' properties – the 

range of potential morphological outcomes. 

 It is common in theoretical discussions of development to distinguish two components of 

pattern formation. First, pattern formation through cell-cell signaling mechanisms (we will 

refer to these as inductive mechanisms) establishes cells with different states and different 

spatial relationships by signaling in two and three dimensions in developing planar and 

solid tissues, respectively. Second, mechanisms that use cell behaviors other than signaling 

(we will refer to these as morphogenetic mechanisms) act on the previously established 

pattern to cause the formation of three-dimensional tissues and organs. As described in 

detail below, morphogenetic mechanisms change the spatial distribution of cells without 

changing cell states. Morphogenetic and inductive mechanism act at all stages of 

development. Inductive mechanisms are generally implicated in developmental changes 

that produce new patterns. Because induction is a prerequisite for development to proceed 

no particular attention is normally paid to the order in which inductive and morphogenetic 

mechanisms function. We suggest, however, that the relative timing, including possible 

coincidence, of inductive and morphogenetic mechanisms can have major consequences 

for developmental dynamics and the range of potential morphological outcomes, and is 



therefore of central importance for the understanding of both development and 

morphological evolution. In fact the terms `pattern', `pattern formation' and 

`morphogenesis' are often used in different and not always explicit ways. 
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