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Abstract
Since the completion of the human genome project our understanding of the genes, and their function in various pathophys-
iological conditions, has advanced and revolutionized the medical field. From a simple chromosome study to complex DNA 
sequencing, array CHG, and Next-Generation sequencing technology has made it possible to diagnose many rare diseases 
which were thought of as nonexistence or difficult to diagnose. And many of these disorders can be treated if diagnosed 
early. The burden of genetic disorders seems to be high in India likely to be due to consanguinity practiced in many com-
munities. The present article is a basic understanding of the field of genetics and when to suspect and, how to diagnose and 
manage in day-to-day clinical practice.
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Introduction

In recent years, due to increasing awareness of ge-
netic disorders and the possibility of personalized 
medicine and treatment for many genetic disor-

ders, there has been a growing interest in the field 
of genetics. With technological advancements and 
the introduction of high throughput techniques like 
next-generation sequencing (NGS), CGH microarray, 
fluorescent in situ hybridization (FISH) etc. in the last 
few decades,[1,2,3] a number of genetic disorders have 
been identified which makes it possible to provide a 
confirmed diagnosis to the family and clinician for 
better management and counseling. As more studies 
are aimed at deciphering the link between the genome 
and human health, there is certainly a significant role 
of genetics in medical practice. Here, we give a brief 
overview of the basic concepts in genetics and describe 

the common genetic disorders. We emphasize the im-
portance of awareness among family physicians to ad-
dress the challenges associated with these conditions.    

Basic Concepts in Genetics
Deoxyribose nucleic acid (DNA) is the hereditary 

material in humans that encodes all the information 
necessary for the cell. It is composed of four nucleo-
tide bases: adenine (A), guanine (G), cytosine (C) and 
thymine (T). Inside the cell, the DNA is arranged in 
structures called chromosomes. There are 46 chromo-
somes (23 pairs) in the human genome, 22 pairs of au-
tosomes (numbered 1-22) and one pair of sex chromo-
somes (X and Y). The genetic information is transmit-
ted from parents to offspring through chromosomes, 
as each parent contributes one member of each pair 
of chromosomes. The study of these chromosomes is 
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called a karyotype which is the primary genetic inves-
tigation for common syndromes like Down syndrome, 
Klinefelter, Turner, Edward, Patau syndrome and any 
other genetic disorders that can be identified by chro-
mosomal rearrangement (Figure 1). 

A total of 6 billion base pairs comprises the hu-
man genome and approximately 21,000 genes are dis-
tributed across 23 pairs of chromosomes with an aver-
age composition of 500 to 1000 genes in each. Gene is 
the basic functional unit in human genetics. The sim-
ple definition of a gene is that it comprises a DNA se-
quence made up of four letters called nucleotides; A, 
T, G and C and can be divided into two regions: exons 
(protein-coding part) and introns (non-coding part) 
(Figure 2). This region is transcribed into messenger 
RNA (mRNA) and in turn, translated into a functional 
protein by the cellular machinery.

During the process of DNA replication, errors (e.g., 
incorporating the wrong nucleotide) may occur, but 
most of them are repaired by the dedicated repair ma-
chinery in the cell. Yet, some errors that persist get 
transmitted from generation to generation. This pro-
cess that ultimately results in a change in the genetic 

material is defined as a mutation. A number of genetic 
disorders are a result of mutations in the gene that af-
fects its normal functioning. It is now possible to iden-
tify these mutations with the help of various molecu-
lar techniques like PCR (Figure 3), Sanger sequencing, 
NGS etc. Likewise, molecular cytogenetic techniques 
like FISH (Figure 4) and microarray can aid in the de-
tection of microdeletion or microduplication in the 
chromosomes.

PCR is a technique used to create multiple copies of 
target DNA. The key steps: 
1. 	Denaturation- Template DNA is subjected to a high 

temperature to convert double-stranded DNA into 
a single-stranded form. 
2. 	 Annealing- In this step, short nucle-
otide sequences called primers bind to the 
complementary region on the template 
DNA. 
3. 	 Extension- with the help of the DNA 
polymerase enzyme, nucleotides comple-
mentary to the template strand are added, 
thus synthesizing a new DNA strand. 

This 3-step process can be repeated for 
several cycles to produce multiple copies of 

Figure 1: Chromosomal complement showing normal male 
karyotype-46, XY

 Figure 2: Basic structure of a gene

Figure 3: Polymerase chain reaction (PCR) and the steps 
involved.
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the original DNA. 

Fluorescent in situ hybridization is a cytogenet-
ic technique and is used for the detection of specific 
cytogenetic abnormalities such as chromosome num-
ber aberrations, chromosomal microdeletions etc. It in-
volves the use of labeled DNA probes that attach to a 
high degree complementary parts of the chromosome 
and can emit colored signals. 

No two individuals can share the same DNA se-
quence as there are different types of sequence varia-
tion that may occur anywhere in the human genome, 
within or outside of genes. Each human being has a 
unique DNA sequence due to polymorphic sites pres-
ent in the DNA (about 1 in 1000 DNA bases is poly-
morphic). There are multiple types of DNA mark-
ers, the most common being single nucleotide poly-
morphisms (SNPs), which consist of single nucleotide 
change. Common SNPs are widely used in genetic as-
sociation studies for common genetic disorders like 
thalassemia, sickle cell anemia, achondroplasia and 
other seven thousand genetic disorders. In addition to 
this, there are regions in the genome with repetitive se-
quences, called trinucleotide repeat sequence and are 
increasingly associated with human diseases like neu-
rodevelopmental and neurodegenerative disorders, 
also called triple repeat expansion disorders.[4] The 
most common of these are Huntington, Fredrick atax-
ia, Fragile X, myotonic dystrophy and Spinocerebellar 
ataxia (SCA). 

Human Genetic Disorders
Human genetic disorders are a result of a defect in 

the genetic material. These can be at the chromosomal 
level or at the DNA level. As a result of the defect, dif-

ferent processes inside the cell are impaired ultimately 
leading to a medical condition. These disorders can be 
broadly classified into three categories: chromosom-
al disorders, a single gene or mendelian disorders and 
metabolic disorders.

Chromosomal Disorders
These can occur either due to a change in the chro-

mosome number or structure. Thus, they can be broad-
ly classified into numerical abnormalities, structur-
al abnormalities and abnormalities of the sex-chromo-
some. The most common disorder due to change in the 
chromosome number is Down syndrome (DS) (Figure 
5A) with an incidence of ~1 in 800 live births. [3] In this 
case, there is an extra copy of chromosome number 21. 
The most common characteristic physical features are 
up-slanting palpebral fissures, single palmar crease, 
short stature, and hypotonia. In addition to this, neu-

rological phe-
notypes such 
as intellectu-
al disability, 
sleep apnea, 
seizures, be-
havioral prob-
lems and de-
mentia are al-
so visible in af-
fected patients. 
In almost 95% 
of the DS cas-
es, there is free 
trisomy i.e., an 
extra copy of 
chromosome 

Figure 4: Interphase nuclei showing three orange signals 
for chromosome 21 in all cells indicating the presence of 

three copies of chromosome 21 (Down syndrome).

Figure 5A: Down syndrome patient. Key 
clinical indications are the flat round face, 
almond-shaped eyes, small nose, abnor-

mally shaped ears.

 Figure 5B: Metaphase showing the presence of free trisomy 
21 in a Down syndrome child, 47, XY, +21
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21 (Figure 5B), whereas 3-4% of cases are because of 
translocations, in which there is a transfer of genetic 
material from one chromosome to another. Our study 
has shown a similar observation with 84.8% cases 
due to free trisomy and 8.9% due to translocations. [5] 
Karyotyping is the widely used test for the diagnosis of 
DS as well as other numerical aberrations. Other than 
trisomy 21, trisomy 18 (Edward syndrome) and triso-
my 13 (Patau syndrome) are also regularly observed.

Structural chromosome rearrangement is another 
phenomenon that takes place during events of chro-
mosome breakage and rejoining in different config-
urations. When such rearrangements affect the func-
tioning of critical genes, there can be serious clinical 
effects. Translocation, inversion, deletion and duplica-
tion are the different types of chromosomal rearrange-
ments that take place. 

In case of abnormalities of sex chromosomes, there 
is either loss or gain of sex chromosome. For instance, 
in the Turner syndrome, there is the presence of a sin-
gle X chromosome (45, X). They are phenotypically fe-
male but they show clinical features like short stature, 
webbed neck, and there is incomplete or no develop-
ment of secondary sex characteristics, leading to infer-
tility. In contrast, Klinefelter syndrome (KS) that occurs 
in males shows the presence of an extra X chromosome 
(47, XXY). In the majority of cases, these conditions are 
diagnosed later in adulthood as the clinical indications 
become pronounced and can be picked up by clini-
cians. Generally, males showing any one of the follow-
ing indications are suspected for KS: genital abnormal-
ities at birth, tall stature, incomplete puberty, learning 
difficulties in adolescence or adult males being evalu-
ated for infertility (~3% infertile males have KS). Even 
then, almost two-thirds of KS cases may remain un-
diagnosed, the major reason being variable phenotype 
and many cases having subtle findings. Table 1 gives 
an overview of the common genetic disorders in India, 
their prevalence and the key clinical features observed.

Single Gene or Mendelian Disorders
 They are considered to be rare compared to oth-

er genetic disorders with an incidence of 4-5 per 1000 
live births. [6] As the name suggests these disorders are 
a result of a mutation in a single gene and the disease 
follows the Mendelian pattern of inheritance. Disease 
or trait which is determined by a gene on an auto-
some is referred to as an autosomal inherited condi-
tion. Whereas when it is due to a gene on a sex chro-
mosome, it is known to show sex-linked inheritance. 
When a disease can manifest in the presence of one 

copy of a mutant gene, it is referred to as an autoso-
mal dominant condition. However, autosomal reces-
sive disorders occur when both the copies of a gene 
are mutated. 

Some of the most frequent and well-known mono-
genic disorders include β-thalassemia, sickle cell ane-
mia, Duchenne muscular dystrophy (DMD), cystic fi-
brosis, spinal muscular atrophy (SMA) and several 
metabolic syndromes (e.g., phenylketonuria, G6PD de-
ficiency etc.). Notably, there is an increased burden of 
these disorders in the present context in India owing to 
the high proportion of consanguinity and endogamy 
seen in several Indian communities. A number of inde-
pendent studies have identified the common mutation 
spectrum for these single-gene disorders in the Indian 
population. As most of these disorders present in early 
childhood, awareness and knowledge about these dis-
orders among physicians, especially pediatricians are 
critical in order to pick up the early signs and provide 
an accurate diagnosis. [7,8,9]

Beta-thalassemia is a common autosomal recessive 
disorder in India, with an estimate of ~10,000-20,000 af-
fected children born every year.[10] It is caused due to re-
duced or no expression of beta-globin genes. There are 
3 main types depending on the disease severity: major, 
intermediate and minor, major being the most severe. 
In thalassemia major children, there is a mutation on 
both the copies of beta-globin genes. They are normal 
at birth but develop severe anemia subsequently. To 
compensate for the falling hemoglobin and RBC lev-
els, repeated blood transfusion is essential. A varying 
set of mutations in the HBB gene have been identified 
among different ethnic groups in India. For instance, 
in Gujarat, our study showed IVS-I-5, 619 bp deletion, 
codons 41/42, codons 8/9 and IVS-I-1 (G>T) to be the 
most common mutations for β-thalassemia.[11] Beta-
thalassemia intermedia individuals may or may not 
show any symptoms. In the case of beta-thalassemia 
minor cases, the mutation is present only on one copy 
of the HBB gene, hence they are carriers and no treat-
ment is required. Among other common monogen-
ic disorders, cystic fibrosis is a lethal genetic disease 
that primarily affects the lungs and pancreas and less 
frequently other organs like the liver, kidney, intestine 
and male reproductive organs. It is a result of abnor-
mal transport of chloride ions across the apical mem-
branes of epithelial cells due to pathogenic mutation in 
the CFTR gene. The most common pathogenic variant 
reported in almost 70% of the affected Caucasian indi-
viduals is p. Phe508del, [12] however, in addition to this, 
several other CFTR gene mutations have been identi-
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fied in the Indian population with p. Phe508del seen 
in about 30% of the affected cases,[13] (Dr. Jayesh Sheth 
& group, personal communication 2021). The clini-
cal manifestations in CF mimic other disorders like 
bronchitis, asthma, tuberculosis etc., hence, diagnosis 
can be easily missed due to a low index of suspicion. 
A large proportion of males, approximately 1 in 3500 
live births are affected with Duchenne muscular dys-
trophy (DMD), a progressive disorder causing muscu-
lar weakness and early death. The mutation is present 
in the dystrophin gene located on the X chromosome. 
Due to the X-linked recessive mode of inheritance, fe-
males are generally carriers and males are affected 
(50% probability of carrier mother to pass the defective 
gene to son). The most common mutation in the dys-
trophin gene is the deletion of exons in the hot-spot re-
gion (exon 44-55) [14] followed by point mutations and 
duplications. At present, there is no definitive ther-
apy for DMD except a few drugs to treat the symp-
toms and improve the quality of life of DMD patients. 
Though exon skipping therapy seems to be a promis-
ing one to treat these children with exon 51 deletion.[15] 
SMA is another muscle weakness disorder due to mu-
tation or deletion in the SMN1 gene. It is characterized 
by poor balance, weight-related issues, pain, deformi-
ties such as dislocated joints, scoliosis, knee contrac-
tures. Recently a drug has been approved for the treat-
ment of SMA.[16] It is based on an antisense oligonucle-
otide strategy that helps in restoring the function of the 
SMN2 gene, a homolog of SMN1 in its absence. A ma-
jor hurdle, however, is the exorbitant costs of this ther-
apy and hence patients have to depend on charity ac-
cess programs.[17]

Thus, continuous efforts are directed towards de-

veloping therapeutic approaches for several monogen-
ic disorders as they are associated with high morbidity 
and mortality. Providing an early and accurate genet-
ic diagnosis is the most important step in the manage-
ment of these diseases. There are a number of genetic 
tests available for the diagnosis that apply the princi-
ples of molecular techniques like polymerase chain re-
action (PCR), multiple ligation probe analysis (MLPA), 
Sanger sequencing, q-PCR etc.   

Metabolic Disorders 
A number of metabolic pathways within the cell 

consist of a series of reactions catalyzed by different 
enzymes. Due to mutation in genes encoding these en-
zymes, there can be a substantial decrease in the en-
zyme activity causing impaired metabolism with sub-
sequent clinical manifestations. All the different condi-
tions characterized by defects in metabolism belong to 
the group of metabolic disorders. These are individu-
ally rare but have a combined incidence of >1 in 5000 
birth,[18] making them a significant health issue to be 
addressed. 

One of the most common metabolic disorders is 
phenylketonuria (PKU), first described by a Norwegian 
physician, Asbjørn Følling.[19] This condition is due to 
deficiency of phenylalanine hydroxylase enzyme, en-
coded by the PAH gene which can be diagnosed by a 
simple urine screening of the common inborn error of 
metabolic disorders (IEMs).

In addition to this, there are about 250 metabolic dis-
orders which can be identified by the newborn screen-
ing using tandem mass screening (TMS) from the blood 
on a filter paper or from the urine sample by gas chro-
matography-mass spectrometry technique known as 
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GCMS. The clinical phenotype of affected patients in-
cludes growth failure, vomiting, diarrhoea microceph-
aly, seizures and intellectual impairment caused by 
the accumulation of toxic by-products.  Alkaptonuria 
is another classical example of metabolic disorder due 
to impaired tyrosine metabolism and accumulation of 
homogentisic acid. The affected patients are normal at 
birth but develop progressive arthropathy as the af-
fected tissues become weak and brittle with time. In 
addition to these, there is another group of storage dis-
orders particularly lysosomal storage disorder (LSDs), 
that comprise ~70 different conditions due to deficien-
cy of various lysosomal enzymes. Impaired lysosome 
function due to mutation in genes encoding any one 
of the following: lysosomal enzymes (hydrolases), in-
tegral lysosomal membrane proteins (ion transport-
ers), or cytosolic proteins (enzyme modifiers or activa-
tors) is the underlying cause of LSDs. Generally, affect-
ed children present with the initial symptoms within 
the age of 6 months to 10 years and the most common 
features are coarse facial features, hepatosplenomega-
ly, skeletal dysplasia, respiratory issues, and neurode-
generation.[18] Our study has previously shown a large 
burden of LSDs in India with Gaucher disease being 
the most common.[8] Notably, the majority of metabol-
ic disorders show the autosomal recessive mode of in-
heritance.

The introduction of newborn screening has enabled 
primary screening of infants for some of the common 
metabolic disorders like organic acidemia, PKU, ma-
ple syrup urine disease (MSUD), congenital hypothy-
roidism (CH), cystic fibrosis (CF), congenital adrenal 
hypoplasia (CAH). This has made it possible to save a 
number of children with a lifelong permanent disabili-
ty. Though unfortunately, to date, India does not have 
a universal national newborn screening program even 
for the most common treatable disorders. 

Early diagnosis of metabolic disorders aids in the 
improvement of outcomes associated with these con-
ditions as treatment interventions is available for some 
of them. In the case of PKU, a low phenylalanine di-
et can help in preventing the development of neuro-
logical and psychological changes by normalizing the 
phenylalanine concentration in the body. A key de-
velopment in treatment options for metabolic disor-
ders is mainly dietary supplementation and enzyme 
replacement therapy. It is now an approved therapy 
for a number of LSDs namely Gaucher disease, Fabry 
disease, Pompe disease, MPS I, MPS II, MPS IV A and 
MPS VI.[20] 

Prenatal Diagnosis
For genetic disorders, prevention is better than cure 

as nearly 95% of these diseases have no treatment. In 
such conditions, prenatal diagnosis by testing the un-
born fetus for a specific genetic condition is the on-
ly tool available to prevent the burden of these dis-
orders. For this, a fetal sample is collected, generally 
by two common methods namely: chorionic villi sam-
pling (done between 10 and 13 weeks of gestation) and 
amniocentesis (done between 14 and 20 weeks of ges-
tation). The introduction of prenatal diagnosis has in-
creased the number of referrals to genetic clinics as it 
gives parents the option to terminate the pregnancy 
when a genetic abnormality is detected. Chromosomal 
abnormalities like Down syndrome, metabolic dis-
orders like Gaucher disease and single-gene disor-
ders like thalassemia, SMA etc. can be detected early 
with the help of prenatal diagnosis. A prenatal diag-
nosis study carried out by Sheth et al in western India 
showed 7.2% of the total cases to have chromosomal 
abnormalities, most common being Down syndrome 
(2.7%).[21] In addition to this, the use of chorionic villi 
and cultured amniotic fluid cells for prenatal diagnosis 
of LSDs by enzyme and molecular methods was also 
demonstrated in a study by Sheth et al.[22] Thus, a num-
ber of studies have shown a successful outcome of pre-
natal diagnosis in cases where the index case is diag-
nosed with a genetic condition. Hence, prenatal diag-
nosis is an important strategy for the prevention of ge-
netic conditions. However, providing genetic counsel-
ling to the couple explaining to them the risks, benefits 
and limitations of the procedure is important. 

Conclusion
Overall, there are a considerable number of genetic 

disorders that are prevalent in India and contribute sig-
nificantly to infant morbidity and mortality. The accu-
rate incidence of many of these disorders in the coun-
try is still not completely known. There is an alarm-
ing need to create awareness among family physicians, 
specialists of the different medical fraternity and peo-
ple about these disorders by a specific genetic inves-
tigation to identify such cases and provide them ear-
ly and correct diagnosis for early interventional thera-
py and management. These disorders being genetic in 
origin are not completely curable. Yet, with continuous 
technological advancements, in addition to therapeu-
tic interventions, prevention by prenatal diagnosis is 
widely available for all genetic disorders, except com-
plex diseases like diabetes, cardiac disorders and ma-
ny cancers. In short, a genetic diagnosis can improve 
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the presenting symptoms and the overall quality of life 
of the affected individuals. Thus, collective efforts of 
the clinicians, scientists and patients can aid in over-
coming the challenges posed by this group of inherited 
and non-inherited diseases and to reduce their burden. 
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