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Overview

Human beings have used principles of inheritance for thousands of years. For 

example, knowing that offsprings resemble their parents, only those crop plants 

were selected for breeding, which had beneficial traits like higher yield or larger 

grain size. Further, this method was even employed to domesticate animals. 

However, genetics did not begin as a field of science until Gregor Mendel 

published his pioneering work on inheritance in pea plant in 1866, which explained 

the laws of heredity. He demonstrated that one factor (now called as gene) for 

each trait is inherited from each parent. Since then, we have learned a great deal 

about genetics. 

Chapter I deals with the fundamental concepts of genetics. Genes undergo 

recombination, which is the basis of genetic variation in sexually reproducing 

organisms. Mutations also contribute to genetic variation and play a key role in 

evolution. Genes interact with each other and their expression is influenced by 

environment. Gene frequencies in a population remain constant under certain 

conditions. 

In Chapter II, we shall learn about the genes and genomes, which lie at the core of 

modern day biotechnology. The genes present in DNA transcribe to produce 

mRNA which is then translated into proteins - the vital functional biomolecules, 

which play key role in the biological processes happening in the cells. Expression 

of genes is tightly regulated during growth and development. However, 

uncontrolled cell division under certain conditions leads to the development of 

cancer. 

GENETICS AND MOLECULAR BIOLOGY
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Modern biotechnology relies heavily on thorough understanding of the principles of inheritance of traits 

from one generation to the next. A major objective of biotechnology is to modify the genetic constitution 

of useful organisms (plants, animals or microbes) for their efficient utilization by human beings. This 

genetic modification is achieved either by introduction of novel genes and over-expression of an existing 

gene having desirable effects, or on the other hand, by silencing the expression of existing undesirable 

or deleterious genes. Thus, the genetics of a trait to be modified using biotechnological tools must be 

understood in terms of the number and identity of the genes directly responsible for that trait and their 

available allelic forms, as well as defective mutant forms that may lead to a particular disease or loss of 

function. A unique feature of biotechnology is that it permits transfer of genes across the species barrier 

and, therefore, useful genes from other genus and species may also be studied in a different genetic 

background. This chapter describes briefly the principles of genetics, a branch of biology that deals with 

the inheritance of traits from one generation to another. The science of genetics has, in fact, grown from 

the diverse speculative theories of inheritance during the nineteenth century to a very precise science at 

the molecular level towards the end of the twentieth century. 

It is a common experience that striking similarities exist in the appearance of parents and their 

offsprings in any species. This is because traits are transmitted from one generation to the next. 

The ancient literature, Manu Smriti (700-500 B.C.) proclaims "Subeejam Sukshetre Jayate 

Sampadyate", meaning that a good seed and good field yield abundant produce, highlighting 

the importance of not only the genetic make up but also the impact of environment on the proper 

expression of the genetic potential. Famous Greek philosophers, Plato and Aristotle (427-347 

B.C.) also recognized the role of heredity in human beings, particularly in the ruling classes. In 

A.D. 1070, a Chinese horticulturist Wang Kuan described 39 cultivars of peonies. 1n 1516, 

William Harve postulated that all living organisms developed from an egg cell. Invention of the 

first compound microscope by Jenson and Jenson in 1590 encouraged researchers to look 

deeper and unravel the basis of inheritance. In 1717, Thomas Fairchild produced the first hybrid 

between Dianthus barbetus and Dianthus caryophyllis in an inter-specific cross. In 1763, 

Joseph Kolreuter studied hybridization in plants and recognized the role of both parents in 

heredity and also performed backcrosses. In 1809, Lamarck proposed the theory of inheritance 

of acquired characteristics, for example, the long neck of giraffe. In 1831, Robert Brown 

discovered the nucleus in Tradescantia cells. In 1859, Charles Darwin published his famous 

theory of evolution by natural selection. 

It was not easy to determine the exact nature of the genetic material for a long time. Until the 

middle of the eighteenth century many biologists in Europe believed that small organisms could 

arise all of a sudden from decaying matter (The theory of spontaneous generation). 

3.1.1 Historical Perspective 

Chapter 1
CONCEPTS OF GENETICS 
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Spontaneous appearance of flies on the refuse and that of 

many fungi on the decaying organic matter seemed to 

support the idea that life could arise without the transfer of 

matter from the immediate ancestors. However, Italian 

biologists Redi and Spallanzani seriously questioned this 

theory in a series of experiments by trying to prevent 

contaminating sources of genetic material and concluded 

that spontaneous generation was not possible. This theory 

was finally put to rest by Pasteur (1822-1895) and Tyndall 

(1820-1893) who showed that observed growth was due to 

contamination of living spores. 

It is widely accepted that the modern science of genetics 

started from the discovery of the laws of inheritance by 

Gregor John Mendel (Fig. 1). In 1866, Mendel published 

his landmark paper on "Experiments in Plant 

Hybridization" which later became the foundation of laws of 

heredity (Mendel's laws). Unfortunately, his work was ignored for a long time until in 1900 three 

scientists namely, de Vries, Tschermark and Correns independently rediscovered the Mendel's 

laws of heredity. In 1902, Sutton and Boveri drew attention to the parallelism between the 

Mendelian factors and that of chromosomes during meiosis and established the chromosomal 

basis of inheritance. In 1906, Bateson coined the term 'genetics' to cover all matters concerning 

heredity and variation. He along with Punnet also showed that sometimes traits tend to inherit 

together and do not segregate in a classical Mendelian manner, thus giving rise to the concept of 

linkage. 

W. Johannsen introduced the word 'gene' in 1910. However, at that time, it referred to a 

hypothetical unit of information that governed the inheritance of a particular characteristic of an 

organism. Now it is a well-known fact that a gene is actually a stretch of DNA molecule that codes 

for a specific polypeptide (protein) through a messenger RNA molecule. 

Gregor Mendel, who was an Austrian monk and a mathematician by training performed his 

famous experiments in garden pea during 1856-1863 to study the inheritance pattern of seven 

contrasting characters such as plant height, flower colour, seed shape, etc (Table 1). Pea plant 

is an excellent system for studying inheritance because it is a self-fertilizing plant and crosses 

can be made easily. Mendel made crosses between different true breeding or pure lines 

(obtained by selfing for many generations) of pea plants having contrasting characters and 

based on his results, he proposed the principles of inheritance, which are popularly known as 

‘Mendel’s laws’.

Mendel summarized the results of his experiments on peas in two laws: the ‘law of 

segregation’ and the ‘law of independent assortment’. Let us study each of Mendel’s laws 

with an appropriate examples.

3.1.1.1 Mendelian genetics 

3.1.1.1.1 Mendel's laws of inheritance 

Fig. 1. Gregor Mendel
Father of Genetics.
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1. Law of segregation:

In this law, Mendel demonstrated that how a single character is inherited by making crosses 

between contrasting characters in peas. Let us consider one such hybridization experiment, 

where he crossed tall and dwarf pea plants (Monohybrid cross). Mendel noticed that all the 

progeny of first generation (Filial1 or F1 generation, which was raised by collecting the seeds 

produced from this cross and used them to generate F1 plants) were tall and dwarf phenotypes 

were not obtained, indicating that the F1 progeny always resembled like one of its parents, and 

the phenotype of other parent was missing (Fig. 2). Later, Mendel self-pollinated the tall F1 

plants to raise F2 generation, and surprisingly he found dwarf phenotype along with tall plants 

among the F2 progeny, suggesting that the dwarf character re-appeared. He obtained ¾ th 

(75%) proportion of F  progeny as tall and ¼ (25%) proportion of progeny as dwarf (3:1 ratio). 2

These observations have disproved the ‘blending theory of inheritance’, which said that the 

features of offspring are intermediate to those of their parents, since he did not get any pea 

plants that are intermediate in height. He obtained either tall or dwarf in F  progeny. 2

Characters Contrasting phenotypes (Characters)

Stem height Tall or Dwarf       

Flower position Axial or Terminal

Flower colour Violet or White

Pod colour Green or Yellow

Pod shape Inflated or Constricted

Seed colour Yellow or Green

Seed shape Round or Wrinkled

Mendel also obtained similar results in monohybrid crosses involving all other contrasting 

characters. These results prompted Mendel to propose that some ‘factors’ (which are now 

called as ‘genes’ – the units of inheritance) are stably passed to progeny through the gametes. 

Mendel stated that each individual has two factors for each character, one from each parent (pea 

plant being diploid organism). Now, we know that genes which are responsible for a pair of 

contrasting characters are referred to as ‘alleles’ (i.e. these are alternative form of the same 

gene, which code for a particular character).

Acccording to Mendel’s interpretation, the factor for plant height can exist in two alternative 

forms, and one is responsible for tallness (Mendel designated this factor as ‘T’) and the other 

one is responsible for dwarfness, which is designated as ‘t’. In crosses between tall (TT) and 

dwarf (tt), dwarf phenotype was absent in F1 generation, but present again in the F  generation. 2

This suggests that the F1 plants must contain two factors (two alleles, one for tallness and one 

for dwarfness), otherwise both tall and dwarf phenotypes could not have present in F  progeny. 2

Therefore, we write ‘Tt’ for F1 plants, and these plants are referred as ‘heterozygotes’ as they 

contain two different alleles for this trait (gene). If plants contain two same alleles, like in case of 

the true breeding parent lines of pea plant, tall (TT) or dwarf (tt), then it is called as 

‘homozygotes’. The phenotype of F1 plants is ‘tall’ although their genotype (genetic 

F  2

Table 1 . The seven contrasting characters studied by Mendel in garden pea plant
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constitution) is ‘Tt’. This means that ‘T’ allele is dominant over ‘t’ allele, because tall phenotype 

which is controlled by ‘T’ allele is seen. Therefore, we say that ‘T’ allele is ‘dominant’ and ‘t’ allele 

as ‘recessive’ (Fig. 2). In fact, the genotype of F1 or F2 tall plant was demonstrated by Mendel 

by crossing a tall plant from F  (Tt) with a dwarf plant (tt) and he obtained tall and dwarf plants in 2

1:1 ratio. This cross is called as ‘Test cross’.

Mendel also studied whether different pairs of characters are inherited together or 

independently. He had performed a series of dihybrid crosses by considering two different 

characters. For example, a cross between plants with ‘round, yellow’ peas (homozygous 

dominant, RRYY genotype) and plants with ‘wrinkled, green’ peas (homozygous recessive, 

rryy genotype) had produced F1 progeny with the same phenotype, round and yellow peas and 

also with the same genotype (RrYy). Therefore, all are double heterozygotes. In F  generation, 2

Mendel obtained four classes of phenotypes in a particular ratio, i.e 9:3:3:1, of which 9 plants 

were ‘round, yellow’ peas (a parental combination), 3 plants with ‘round, green’ peas (non-

parental combination), 3 plants with 

‘wrinkled, yellow’ peas (non-parental 

combination) and 1 plant with ‘wrinkled, 

green’ pea (a parental combination) 

(Fig. 3). 

These observations suggest that the 

parental characters can be split and 

non-parental combination an be 

obtained in F2 generation. However, the 

segregation ratio (9:3:3:1) in dihybrid 

cross (Fig. 3) clearly show that the two 

pairs of characters segregate in an 

independent manner. This means that 

the law of independent assortment 

states that alleles of different genes 

(responsible for two different traits) 

assort independently of one another 

during gamete formation. The dihybrid 

cross can also be easily interpreted if 

one looks it as two concurrent 

monohybrid crosses, i.e taking just the 

‘round and wrinkled’ peas or ‘yellow and 

green peas, where the two genes are 

independently inherited with 3:1 ratio. 

The actual basis for this is that the two 

genes are not linked to each other as 

they are present  on d i f ferent  

chromosomes (genes can only be linked 

2. Law of independent assortment:

(TT)

(Tt)

(1TT, 2Tt) (tt)

Fig. 2. The monohybrid cross between 

tall and dwarf pea plants shows the 

segregation of alleles of a gene in F2 generation.

Tall pea plantShort pea plant (tt)

F1

F2

All tall pea plants

3 tall: 1 short

P1
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when they are present on the same 

chromosome, and such genes are expected 

to segregate together and do not show the 

independent assortment). Indeed, Mendel 

had been very lucky as the each of the pairs 

of alleles for seven contrasting characters he 

examined were present on different 

chromosomes of pea plant, and therefore 

Mendel did not observe any linkage between 

them.

However, some traits do not follow 

Mendelian inheritance. For example, when a 

true-breeding variety of four 0' clock plant 

with red flowers is crossed with a true-

breeding variety with white flowers, the 

heterozygote offspring (F1) have pink 

flowers (intermediate colour). F1 upon 

selfing produces 1 red, 2 pink and 1 white 

flowers (Fig. 4). This phenomenon is known 

as ‘incomplete dominance’.  Further, in 

some cases, both the alleles are active in 

the heterozygous condition and this 

phenomenon  i s  known  as  ‘Co-

dominance’, e.g ABO blood groups in 

human beings.

By the year 1900 microscopic studies of the 

cell had already revealed that particulate 

units were present in the nucleus of a cell. 

These units called chromosomes duplicate 

during the interphase stage of the cell cycle 

and then separate during meiosis. There 

was a striking relationship between 

Mendelian factors and the chromosomes. 

For example, the chromosomes are found 

in pairs during meiosis, but they become 

single during gamete formation. They 

again regain their paired characteristics in a 'zygote' which is formed as a result of fertilization of 

the male and female gametes. Thus the halving of chromosome number during gamete 

formation is restored after fertilization. The arrangement of spindle fibers during meiosis is such 

that individual chromosomes in each pair are independent to move to either pole resulting in 

independent assortment of chromosomes in the gametes. The same relationship holds true for 

3.1.1.2. The role of chromosomes in inheritance

P1

F1

F2

Fig. 3

Fig. 3. The dihybrid cross between round, 
yellow seeds and wrinkled, green seeds 

in pea plant shows the  independent 
assortment of characters in F2 generation.

Self-fertilization

(Pink flower)

(White flower)(Red flower)
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1 White flower
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Fig. 4.   Incomplete dominance of the 
flower colour in four-O’-clock plant.
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the Mendelian factors that assort 

independently of each other. Thus in the 

year 1903,  Sut ton and Bover i  

independently and simultaneously 

pointed out this relationship between 

chromosomes and the Mendelian 

f a c t o r s ,  a n d  p r o p o s e d  ‘ T h e  

Chromosome Theory of Inheritance’, 

which has been explained with the help 

of diagrams (Fig. 5 and Fig. 6). 

It is clear from the chromosomal basis of 

inheritance that in a diploid organism 

every gene must exist in two sets, one on 

each chromosome of the homologous 

pair. Over a period of time, random 

mutations create changes in the DNA 

sequence of these genes. Just imagine 

that the same gene is present not only in 

the pair of chromosomes of every cell of 

an individual but also in the nucleus of a 

large number of individuals belonging to 

the same species. Thus, at any given 

time, we actually have innumerable 

number of copies of a particular gene. 

Due to random nature of natural 

mutations, a gene may be changed at 

different positions in different mutational 

events and, therefore, alternative forms 

of a gene (allele) are created naturally, 

leading to the formation of new alleles. 

Some of these forms may affect the 

function of the gene while alterations in 

some other portions of the gene may not 

have any obvious effect on the gene 

function or the phenotypic character 

controlled by it. 

Alleles can be defined as different 

alternative forms of the same gene pair, each of which may affect the particular character 

differently. However, by definition, a maximum of two alleles can exist in a diploid individual at a 

time, one on each chromosome of the pair. If both the alleles are identical, then the condition is 

homozygous and when they are different, they are said to be in a heterozygous condition. Some 

examples of multiple alleles in plants and animals have been shown in Table 1. However, recent 

3.1.2 Multiple Alleles 

Fig. 5. Segregation of homologous 

chromosomes  during meiosis explains 

Mendel's law of segregation.

Fig. 6. Random alignment of tetrads during prophase 
of meiosis I explains Mendel's law of independent assortment.

MEIOSIS I

Prophase I

Metaphase I

Heterozygous (Yy)
diploid cell from a
plant with yellow
seeds

Anaphase I
Telophase I

MEIOSIS II

Prophase II

Metaphase II

Anaphase II
Telophase II

Possible haploid gametes

Prophase I

Metaphase II

Anaphase I
Telophase I

MEIOSIS I

Heterozygous (YyRr) diploid 
cell from a plant with round 
yellow seeds

OR

MEIOSIS II

Prophase II

Metaphase II

Anaphase II

Telophase II

Possible haploid gametes
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DNA sequencing studies have revealed that single nucleotide polymorphism (due to allelic 

differences) is very common in many organisms including us. One can expect that out of every 

1000 base pairs of DNA, one base pair is likely to be different between any two individuals. Many 

of these changes would not have phenotypic consequences but they would certainly be useful in 

DNA fingerprinting and genetic studies. 

Eye colour in Drosophila w/w White
a aW /w Apricot
ch chW /w Cherry
bl blW / Blood
w wW /W Wine
+s +sW /w Stellenbusch wild type

A ABlood group in human beings I /I A
A OI /I A
B BI /I B
B OI /I B
A BI /I AB
O OI /I O

Seed storage protein in wheat Glu-A1a HMW subunit 1

Glu-A1b HMW subunit 2*

Glu-A1c null

Genes are linked by virtue of their being located on the same chromosome. Actually, Mendel's 

law of independent assortment of genes is based on the independent orientation of the different 

homologous chromosome pairs during meiosis. Thus, only those genes that are located on 

different chromosomes normally show the independent assortment. Mendel was lucky in many 

ways that the seven pairs of contrasting characters he studied in the pea plant, were present on 

seven different chromosomes of pea. That is why he was able to get the expected 9:3:3:1 ratio in 

the dihybrid F  progeny (Fig. 3). 2

Genes (alleles) present on the same chromosome normally do not show independent 

segregation because they are physically linked together (called as linkage) (Fig. 7). Still there is 

some degree of assortment during meiosis due to the process of crossing over involving 

breaking and rejoining (exchange) of DNA segments between homologous chromosomes. 

Therefore, crossing over is a process that breaks the original linkage between the genes present 

in chromosomes. The amount of such crossing over depends primarily upon the distance 

between the genes. It is obvious that the analysis of the frequency of recombination between two 

genes allows the estimation of relative distance between them on a chromosome. The 

recombination frequency is measured by analyzing the number of different phenotypes (original 

parental types versus the novel recombinant types) in the segregating populations originating 

Table 1. Some examples of multiple alleles in animals and plants

Trait and Organism Gene symbol Phenotype

3.1.3 Linkage and Crossing Over 
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from a single heterozygous individual (Fig. 8). 

Fig. 7. Simple inheritance of two pairs of alleles located on the same chromosome pair (linked genes).

Fig. 8. Recombinants produced from meiosis in which non-sister chromatids 

cross over between the genes under study (linked genes).

Genetic recombination may be defined as the exchange of genetic material between 

homologous chromosomes. The segments of DNA of a chromosome are exchanged with the 

other chromosome of the pair and thus, it generates new combinations of genes (Fig. 8). This is 

achieved by extensive shuffling of the genetic material during meiosis. Recombination is the 

basis of tremendous genetic diversity in sexually reproducing organisms. In contrast to 

mutation, genetic recombination gives rise to different combinations of the existing allelic forms 

(multiple alleles) of the thousands of separate genes present in a species. In fact, the process of 

sexual reproduction is designed to generate practically limitless combinations of genes on which 

3.1.3.1 Genetic recombination 
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the natural selection has operated for millions of years to evolve adaptable genotypes. New 

combinations of genes are produced after every cycle of gamete formation and fertilization that 

forms a new zygote. 

Recombination, however, occurs only in dividing cells. You will learn in Unit IV that there are two 

kinds of cell divisions - mitosis and meiosis. Mitosis occurs in the somatic or vegetative tissues 

where a diploid body cell divides into two identical diploid cells. Normally no genetic 

recombination takes place during mitosis. This division is important for the growth and 

development of organisms from single cell to fully-grown beings. It also helps in the repair of 

damaged body tissues and in the maintenance of homeostasis. In contrast, meiosis occurs only 

in the reproductive cells during the process of gamete formation. A diploid progenitor cell 

generates four haploid gamete cells. These male and female gametes have new combinations 

of genes and after fertilization, they produce a variety of different genotypes. 

Since a living cell has a large number of genes (for example, about 25000 genes in humans) 

each with many different alternative forms, it is possible to have almost unlimited number of 

different combinations of these genes in a progeny. 

Morgan was the first scientist to demonstrate linkage between genes in Drosophila in the year 

1911. He explained that this phenomenon was due to the presence of genes on the same 

chromosome. Morgan and co-workers found numerous hereditary characteristics associated 

together in groups, the so called linkage groups. For example, white eyes, miniature wings, 

yellow body colour, single bristles etc. constituted a group of traits that were linked with the sex of 

Drosophila. There were four linkage groups in Drosophila and similarly, seven linkage groups 

were identified in pea and ten in maize. These linkage groups are actually nothing but the four, 

seven and ten haploid chromosomes of these respective species. Morgan also expressed the 

opinion that probably there was a relationship between the recombination frequencies of linked 

genes and their linear distance along the chromosome. 

The basis of gene mapping can be best understood by taking the simplest example of three 

genes A, B and C located in a linear order on a chromosome. Now• if we know the degree of 

separation between genes A and B and that between genes B and C, then it should be possible 

to estimate the distance between genes A and C. This distance is calculated based on the 

recombination frequencies in the segregating progeny and is known as the genetic distance, 

which is often expressed in the unit centiMorgan (cM). One cM corresponds to roughly one 

percent recombination frequency between the two genes. In order to develop genetic maps of 

chromosomes, one not only needs to know the distance between genes but also their order 

along the chromosome. Fortunately, the order of the genes can also be determined based on the 

recombination frequencies, in this case the frequency of double cross over. 

A common method used in mapping genes has been to measure recombination frequencies 

between three gene pairs segregating in a single cross, or a three-point cross. This is well 

illustrated by the work of Bridges and Olbrycht (1926) on three sex-linked characters in 

Drosophila. 

3.1.4 Genetic Mapping 



55

3.1.5 Gene Interaction 

Each character is governed by a pair of genes, one each coming from the male and the female 

parent. In case of complete dominance, we get a ratio of 3:1 in the F2 progeny of a monohybrid 

cross. When dealing with two independent characters such as, flower colour and plant height, 

there occurs four types of progeny: two parental and two recombinants in the ratio of 9:3:3:1. 

This is the ideal situation with complete dominance that is when the F1 heterozygote is identical 

to one of the parents (one with the dominant allele). However, in case of incomplete dominance, 

we expect 1:2:1 ratio for a single gene and similarly, the number of phenotypes in the F2 progeny 

of a dihybrid also changes (Fig. 4). 

In nature, however, we regularly encounter situations when a phenotype is actually controlled by 

more than one pair of genes. The genes interact with each other in a number of ways to give the 

final outcome. Broadly, these gene interactions are of two types: (i) additive gene action and (ii) 

non-additive interaction (epistasis). 

When two or more genes are controlling a phenotype and each gene has a small but equal 

effect, it is called additive gene action. For example seed colour in wheat is controlled by two 

pairs of additive genes as in F  generation we get a ratio of 15:1. 2

Epistasis or non-additive gene actions could 

be of different types and the type of gene 

action can be judged by the ratio of 

phenotypes obtained in the next generation. 

A classic example for the analysis of epistatic 

relationships is the genetic control of flower 

colour in the pea plants, in which two 

complementary genes are involved to give 

phenotype. One parent is AAbb, the other is 

aaBB, and both mutations ‘a’ and ‘b’ are 

recessive and affect the same pathway of 

pigment formation. When the two varieties of 

pea plants with AAbb (white flower) and aaBB 

(white flower) are crossed, the F1 plants 

phenotype will be purple flower (with AaBb 

genotype) because of the presence of a 

dominant allele from each gene is required 

for the synthesis of anthocyanin pigment to 

get pink flower.  In the F2, only 9/16 of the 

plants will carry at least one dominant allele of 

both ‘A’ and ‘B’ genes (with AABB, AaBb, 

AABb, AaBB genotypes) and the other 7/16 

Fig. 9. An example of epistasis in a pea plant, where the determination 
of purple flower colour the dominat allele of both the A and B genes 

(complementary in nature), and this kind of gene interaction results in 
9 purple and 7 white flowers in F2 generation.
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will be unable to make pigment as they show homozygous condition for at least one of the 

recessive alleles (with aabb, aaBb, Aabb, Aabb, aaBB genotypes) and thus result in white flower 

phenotype.  Therefore, the ratio of purple flower to white flower in F2 generation is 9:7, which is a 

deviation from normal 9:3:3:1 ratio in typical dihybrid cross (Fig. 9). There are few more 

commonly occurring ratios for epistasis between two genes, where one gene inhibits the 

expression of another (results in 13:3 ratio), one gene supplementing the effect of the other 

(9:3:4) and one gene hides the effect of other (12:3:1). 

The sex-linked characters were one of the first ones to be associated with chromosomes mainly 

because of the difference in the size of X and Y chromosomes. The relationship between the 

chromosome composition and the sex (maleness or femaleness) of an organism is now clear. 

In most plants and many lower 

animals both male and female 

organs are combined within the 

same individual and these are 

called hermaphrodites or 

monoecious individuals. On 

the other hand, some plants like 

papaya and most higher 

animals produce either sperm 

or egg but not both. These are 

called Unisexual or dioecious 

individuals. Inheritance of sex, 

like any other character, is also 

controlled by genes. Early 

cytological observations in 

some insects indicated that sex 

was associated with a particular 

type of chromosomes. Here 

both the chromosomes of the 

pair are not identical and can be 

d is t ingu ished under  the  

microscope. The most common 

system is XY/XX system. In 

Drosophila and also in human 

XX is female and XY is male 

(Fig. 10). The relationship 

between sex determination and 

the presence of a particular 

chromosome was discovered in 

the beginning of the twentieth 

century. A number of traits have 

3.1.6 Sex-Linked Inheritance 

Fig. 10. Sex determination in humans
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been always associated with 

s e x .  F o r  e x a m p l e ,  

haemophilia, a disease in 

which blood fails to clot, 

almost always occurs in 

males while the females are 

known to serve as carriers of 

the disease (Fig.11), and this 

disease is linked to X-

chromosome. T.H. Morgan 

produced clear cut evidence 

that a specific trait namely, 

white eye colour was linked to 

the inheritance of sex and 

was most likely associated 

with the X chromosome. 

Since the Y chromosome in 

males did not possess any gene for eye colour, it gave a distorted segregation in the progeny. 

Therefore, the male progeny of a white-eyed female would have white eyes but in the female 

progeny one may expect 50% white and 50% red eyed individuals. It is now well understood that 

the distorted segregation is because genes for sex determination and that for eye colour were 

very tightly linked on the sex chromosome X. In fact, these sex-linked characters proved, for the 

first time, the existence of linked genes, which was in contrast to the law of independent 

assortment of traits described by Mendel. 

Nuclear DNA is certainly the universal genetic material. Genes located on nuclear 

chromosomes obey Mendelian inheritance and are segregated in typical Mendelian ratios. 

Nevertheless, there are certain characters that are transmitted in a non-Mendelian fashion. 

Such characters are either governed by mitochondrial or chloroplast genes. This phenomenon 

is called as “Extranuclear or cytoplasmic inheritance”. 

The characters that are controlled by cytoplasmic genes show certain criteria: i) a lack of 

Mendelian segregation and typical Mendelian ratios, ii) governed by mitochondrial or 

chloroplast DNA and iii) show maternal inheritance as these characters are usually transmitted 

only by eggs or ovules (uniparental maternal inheritance), with some exceptions where male 

parent (like pollen) can also contribute cytoplasm (biparental inheritance). We will discuss only 

few well-known examples which provide evidence for the existence of extranuclear mode of 

inheritance. 

One of the first convincing examples of extranuclear inheritance is the inheritance of leaf 

variegation in four O'clock (Mirabilis jalapa) plant, which was reported soon after rediscovery of 

Mendel's laws by Carl Correns in 1909. The plant had variegated leaves (leaves with patches of 

both green and white tissues) in some branches, but it also contained green leaves in some 

branches, and other branches only with white leaves (Fig. 12). Since flowers appeared on all the 

3.1.7 Extranuclear Inheritance

Fig. 11.  X-linked recessive inheritance.
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branches, Correns could make different 

crosses between variegated, green and 

white flowers. As inheritance of leaf 

variegation is controlled by genes located 

in chloroplast DNA, the phenotype of the 

maternal parent is solely responsible for 

determining the phenotype of all progeny 

irrespective of the phenotype of the 

paternal parent. For instance, mating of 

the white and green sectors or green and 

white sectors of a plant will give the off-

springs the phenotype of the maternal 

parent, when used as female. However, a 

cross between variegated (as female) 

and white/green/variegated (as male) 

may form variegated, green or white off-

springs (Fig. 13). Thus, variegation of 

leaves is an example of organelle 

(chloroplast) heredity, and is due to a 

defective gene in the chloroplast DNA of 

some cells. 

The inheritance of streptomycin 

resistance in Chlamydomonas reinhardii 

and inheritance of striped leaves in maize 

are also governed by chloroplast genes 

and show uniparental  maternal  

inheritance. 

There are some characters that are 

controlled by mitochondrial genes, and 

the inheritance pattern of petite mutants 

of baker's yeast, Saccharomyces 

cerevisiae is one such example. Yeast 

cells normally form large colonies called 

as grande on nutrient agar plates. 

Rarely, small or minute colonies called as 

petite, also appear amongst them. These petite colonies grow slowly because of low respiration 

due to defects in the mitochondrial electron transport proteins namely, cytochromes, a, b, and c 

which are essential for oxidative phosphorylation. Petite mutants arise spontaneously at a rate 

of about 1/500 per cell generation. The genetic analysis revealed that the petite mutants are 

inherited in three different ways (Fig. 14), and on the basis of this they have categorized these 

into ‘segregational petites’, ‘neutral petites’ and ‘suppressive petites’.  The segregational 

petites are due to mutations in nuclear genes, and therefore they show the typical Mendelian 

ratio of 2:2 in a cross between wild-type and segregational petite. However, a cross between 

Fig. 12. Four O’ clock (Mirabilis jalapa).

__________________________________

(A)           White (Female)  X  White/Green/Variegated (Male)

All progeny white

(B) Green (Female)   X   White/Green/Variegated (Male)

All progeny green

(C) Variegated (Female)  X  White/Green/Variegated (Male)

Variegated, Green or White
___________________________________________________________

Fig. 13. Inheritance pattern of variegated 
leaves in four O’ clock plant.
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wild-type and neutral petite and wild-type and suppressive petite results in all wild-type and all 

petites, respectively (Fig. 14), showing a non-Mendelian pattern of inheritance due to defective 

in mitochondrial function. 

The inheritance of 'poky' phenotype (similar to petite yeasts) in Neurospora crassa, cytoplasmic 

male sterility in maize is also governed by mitochondrial genes.

It is now well established that the mitochondria of all organisms as well as the chloroplasts 'of all 

photosynthetic cells, contain usually circular and double-stranded DNA molecules that contain a 

limited number of genes. These organellar genes code for the rRNAs, tRNAs and some of the 

proteins required in the organelle. As the proteins encoded by organellar gens are not adequate 

for organelle biogenesis and function, they  import some proteins synthesized in the cytoplasm, 

encoded by nuclear genes. Mitochondrial genome size varies greatly from 17 kb to 2000 kb, 

depending on the organism. On the other hand, there is not much variation in the chloroplast 

genome (ranges from 120 kb to 180 kb) of several photosynthetic organisms. Organellar 

genomes and genes share some similarities with bacterial genomes which supports the 

‘endosymbiont hypothesis’, which suggests that mitochondria and chloroplasts might have 

originated from aerobic bacteria and cyanobacteria, respectively.

Fig. 14. The inheritance of different types of petite mutants. A cross between the wild-type and segregational petite (A),

wild-type and neutral petite (B) and wild-type and suppressive petite (C).

In Mendelian transmission genetics, you have studied certain traits that are controlled by single 

genes or oligogenes like Mendelian traits for flower colour- green or yellow whose inheritance 

pattern led to single Mendelian ratio. These traits are called as qualitative traits. However, 

many traits in different organisms, including some of the most economically important traits such 

as milk yield in animals, yield of crop plants and egg laying in animals show continuous variation 

and are governed by several genes (polygenes) in which each gene contributes for the trait in a 

cumulative (equal) manner. Such traits are called as quantitative traits. Several examples of 

qualitative and quantitative traits are given in Table. 2. In quantitative traits, no allelic pairs 

exhibit dominance and there is no genetic interaction between alleles of different loci and no 

linkage between the loci is involved. 

3.1.8 Quantitative Inheritance 

Wild-type              Segregational

Petite
Wild-type                    Neutral 

Petite
Wild-type                Suppressive 

Petite

2 Wild-types  +

2 Segregational Petite
All Wild-type All Petite
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Table 3. Examples of qualitative and quantitative traits in different organisms

Qualitative traits Quantitative traits

Mendelain traits like seed colour (green or yellow) Milk yield in animals

and seed shape (round or wrinkled) Egg laying

Haemophilia, sickle cell anaemia and several other Height in humans

Human genetic diseases Eye colour

Fruit fly wings – Long or short Skin colour

Blook groups in humans Body weight

Presence or absence of cattle horns Intelligence

Coat colour in rabbit (Agouti, Himalayan and Chinchilla) Serum cholesterol

Lifespan

White spotting in mice

Coat spotting in animals

Fruit diameter and length

Crop yield

The continuous variation in quantitative traits results from the combined effects of genetic and 

environmental variations. The contribution of genetic or environmental effects vary, depending 

upon the trait, but in most cases neither factor governs the variation exclusively. This 

quantitative variation can be measured in populations by counting the number of individuals with 

a particular value for a trait and by applying statistical methods. For instance, the genetic basis 

for plant height can be determined by growing plants in a uniform environment. The differences 

in plant height can be attributed to the contribution of genes controlling height, rather than the 

environmental differences. By growing the same variety of plants in several different 

environments, it would be possible to determine the effect of environmental variations on plant 

height. Thus, there is a genotype- environment interaction for a quantitative trait, and the total 

phenotypic variation (P) of such a trait is the sum of gene effects (G) and the environment effect 

(E) (P = G + E).  the phenotypic variation that is due to gene effect is know as "broad sense 

heritability" (H2). Narrow-sense heritability represents only additive effects of alleles. The 

heritability of a given trait may be any number from 0 to 1.0. For example, all the Mendelian traits 

like blood types would have heritability value of 1.0 as there are no environmental effects. The 

heritability value of identical twins or genetical homozygous line (pure line) is zero because any 

variation in them is due to environmental effects and not due to gene effects. 

Let us examine the inheritance of a quantitative trait, for example, stature in man by presuming 

that this trait is under the control of four gene pairs with two alleles each (AaBbCcDd). In this 

example, A, B, C and D are contributing alleles for the trait, and a, b, c and d are non-contributing 

alleles. The stature of individuals will depend on the number of contributing alleles. For instance, 

a very tall person would have all the contributing alleles (AABBCCDD), a very short person 

would have no contributing alles (aabbccdd) and a person with medium height would have half 

the contributing alles (AaBbCcDd). Let us consider another example of a quantitative trait, the 
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inheritance of kernel (seed) colour in wheat 

by presuming that the character is governed 

by three pairs of genes. A cross between red 

and white kernel results F1 with grains of 

intermediate colour between red and white. 

When F1 plants are crossed, F2 progeny 

exhibits a range of grain colours, that is, dark 

red, medium dark red, medium red, light red, 

and white, depending upon" the presence of 

contributing alleles (Fig.15). Such traits with 

continuous variations form the bell- shaped 

curve of normal distribution (Fig.15). On the 

other hand, qualitative traits do not show 

normal distribution and they can be classified 

based on distinct phenotypes, e.g Tall or 

dwarf in Mendel’s pea experiments.

So far we have seen the way genes 'behave 

at the individual organism level. Within a 

diploid organism every gene exists in a pair. 

When both the genes of the pair are identical, 

the locus is said to be homozygous and when 

they are different, the locus is heterozygous. 

The phenotype of the character governed by 

the gene pair then depends on whether there 

occurs complete dominance, incomplete dominance or co-dominance. 

An interplay of multiple alleles and the nature of dominance may create several alternate 

phenotypes. Furthermore, in a single organism a trait may be governed by more than• one gene 

pair located at different positions on the same or different chromosomes. There may be a case of 

multiple genes with small effects or quantitative inheritance, or there may be only a few major 

genes interacting in different ways as described under epistasis. Nonetheless, all these 

situations describe the relationship between genetic constitution and the phenotype in a single 

individual. However, most species. exist as a group or a population and different individuals of 

the population have a mix of alleles at the individual level, unless they are clones. The survival of 

species depends on its ability to cope with the changing environmental conditions. Often this 

ability is directly related to the level of diversity or heterogeneity present in the population. So a 

population generally has a number of different alleles for a particular gene and the frequency of 

these alleles in the population are always in a flux depending on the changing environment. 

We must, therefore; study how the frequencies of different alleles of a gene are governed at the 

population level. This study comes under a separate branch of genetics known as population 

genetics. Analogous to Mendel's laws of inheritance at the individual level, the gene 

frequencies in a population are governed by laws proposed by Hardy in England and Weinberg 

3.1.9 Genes at the Population Level 

Fig. 15. Polygenic inheritance where three genes 

are involved in determining a quantitative trait 

(kernel colour in wheat).
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in Germany. Hardy and Weinberg proved that gene frequencies in a population are not 

dependent on dominance or recessiveness of the alleles and may remain constant over 

generations under certain conditions. The principle of Hardy and Weinberg may be understood 

by taking a simple example of one gene with two alleles T and t in humans (the allele T for testing 

a chemical, PTC (phenylthiocarbamide), is dominant over allele t, for lacking the ability to taste 

this chemical). If these two alleles are present in a population with the frequency p and q, then 

according to Hardy and Weinberg principle, the gene frequencies would remain constant 

generation after generation if it meets the following criteria: (i) the population is large and is made 

of randomly mating individuals, (ii) there is no selection (iii) there is no mutation and (iv) there is 

no fitness difference due to the two alleles. In practice, however, this rarely happens and forces 

of mutation, selection, mating restrictions and genetic drift are constantly at work and, therefore, 

gene and genotype frequencies keep on changing. 

1. Describe briefly the Mendel's laws of inheritance? 

2. How Mendel's law of segregation can be explained by the segregation of homologous 

chromosomes during meiosis? 

3. Differentiate between complete dominance and incomplete dominance?

4. Define the following terms: 

Gene Multiple alleles

Allele Blood groups

Homozygote Heterozygote

Genotype Phenotype

Linkage Genetic mapping 

Recombination Dominant allele                                   

Recessive allele Incomplete dominance                        

Co-dominance Sex determination

5. What is gene interaction? Give some examples for gene interaction. Where the phenotypic 

ratios deviate from Mendelian ratios? 

6. Define the following terms: 

Cytoplasmic genes Oligogenes

Uniparental inheritance Polygenes

Biparental inheritance Heritability

Petite yeast Hardy-Weinberg law

7. Differentiate between: 

(a)   Nuclear genes and cytoplasmic genes

(b)   Uniparental inheritance and Biparental inheritance 

(c)   Maternal inheritance and Maternal effects 

(d)   Broad sense heritability and Narrow-sense heritability 

(e)  Oligogenes and polygenes 

Review Questions 
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8. Fill in the blanks:

a) XX and XY sex determination is present in --------------------------------

b) -------- is the father of genetics. 

c) --------- is the exchange of genetic material between homologous chromosomes.

d) The genes which do not show Mendelian segregation (ratios) are called-------------------

e) The traits that are governed by several genes are said to be --.----------.-------------------

h) The principle where the gene frequencies will remain constant generation after generation 

was proposed by ------------.------- 

i) Morgan worked on ------------------------------------------ and demonstrated the phenomenon 

of linkage between genes. 

9. Differentiate between : a) Multiple alleles and b) Multiple genes
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In the previous chapter, we have learned about inheritance of characters from parents to offsprings. 

These characters are carried over from one generation to the next by the hereditary material, which 

resides in every living organism. However, the nature of the heriditary material had not been known for 

long. The discovery of the nature of the genetic material could be easily regarded as one of the major 

breakthroughs in the history of modern science. Subsequent discoveries of the structure, function and 

organization of the genetic material paved the way for the revolution in our understanding of biological 

processes, equipping us with the skills and technologies to manipulate organisms or cells for various 

applications in biotechnology.           

Today, we all know that nucleic acid is the genetic material. It was first isolated by Johann Friedrich 

Miescher in 1868 from the pus cells. He called it as “nuclein” because of its acidic nature. However, the 

immense significance and the impact that this molecule possessed on the living systems, could not have 

been imagined at that time.

In 1928, Frederick Griffith made a significant observation while studying the bacterium 

Streptococcus pneumoniae (also called Diplococcus pnemoniae) that is responsible for causing 

human pneumonia. In one of the strains of this bacterium, the cells are enclosed in a 

polysaccharide capsule. This 

strain gives rise to smooth-

edged colonies when grown on 

appropriate media and are thus 

c a l l e d  ' Ty p e  S ' .  S u c h  

encapsulated Pneumococci 

kills mice by causing pneumonia 

(virulent strain). They can also 

mutate and give rise to the non-

virulent form that lacks the 

polysaccharide capsule. The 

later gives rise to rough-edged 

colonies on appropriate media 

and are thus, designated as 

‘Type R’. When cultured 

separately, both R and S strains 

t ransmit  their  respect ive 

c h a r a c t e r s  t o  f u t u r e  

generations. In one experiment, 

3.2.1 DNA as genetic material

Chapter 2
GENES AND GENOMES: STRUCTURE AND FUNCTION

 

Fig. 1. The Griffith experiment demonstrating bacterial transformation
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Griffith killed some virulent S cells by boiling them and injected these heat-killed S cells into 

mice. The mice survived, showing that the carcasses of the cells do not cause death. However, 

when mice were injected with a mixture of heat-killed S cells and live R cells, the mice died as a 

result of pneumococcal infection (Fig. 1). Furthermore, the bacteria isolated from a mouse that 

had died from such a mixed infection were only of the S type. These results showed that the live 

R cells had somehow been replaced by or transformed to S bacteria. Hence, it was concluded 

that there was a 'transforming principle' present in the cell debris of S cells which is responsible 

for the observed transformation of R cells to S cells. But the nature of this transforming principle 

still needed to be determined.

The nature of transforming factor was confirmed by Oswald Avery, Colin MacLeod, and Maclyn 

McCarty in 1944. They prepared a filtrate of heat-killed S cells and treated it with hydrolytic 

enzymes that degrade: DNA, RNA and proteins. Cell-filtrate treated with DNA degrading 

enzyme lost its transforming ability. But those treated with either RNA or protein degrading 

enzymes retained the ability to transform the R cells into the S cells. So the transforming 

principle was identified as DNA. However, some critics who continued to hold the historical view 

that protein, and not the DNA, is genetic material remained unconvinced. Further experiment by 

Harshey and Chase, described below, removed any remaining doubts about DNA being the 

genetic material. 

A Hershey and M. Chase performed an experiment using bacteriophage T2 in 1952, which 

finally proved that DNA is the genetic material. Bacteriophage T2 is a virus, which infects the 

bacteria Escherichia coli. This virus is made up of DNA and proteins. When bacteriphage infects 

bacteria, complete virus does not 

enter in the bacterium but only some 

part of virus. After some time the 

bacterial cells lyse and large number 

of phase particle are released. 

Hershey and Chase did two sets of 

experiment. In experiment one, they 

specifically labelled the DNA by 

growing them in presence by 

radioactive isotope of phosphorus. As 

the protein does not contain 

phosphorus only DNA was radio-

labelled. In another experiment the 

virus protein was specifically labelled 

by radioactive sulphur containing 

amino acid cystein.

These radio-labelled viruses were 

used to infect the E. coli. After certain 

period of time coat of virus was 

3.2.1.1 Identification of DNA as the transforming principle

3.2.1.2 The Hershey - Chase experiment

Fig. 2. The Hershey- Chase experiment

1. Infection

2. Blending

3. Centrifugation

Phosphorus detected in cellsNo sulfur detected in cells

Phosphorus labeled
DNA core

Bacteriophage 

Sulfur labeled 
protein capsule

No phosphorus
detected in supernatant 

Sulfur detected 
in supernatant 
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removed from the bacterial surface by physical shearing and the bacterial cells were pelleted by 
35centrifugation leaving viral coat in supernatant. The supernatant showed S radioactivity 

32whereas the bacterial pellet showed P radioactivity. Therefore it was confirmed that only DNA 

of virus entered in the bacterial cells not protein and DNA of virus was responsible for the 

formation of large number of viral progeny.

Now, let us recall our memory of components and the structure of nucleic acids learned in Unit II 

to gain further knowledge as provided in the following sections.

All living organisms reproduce to perpetuate their own kind. Reproduction, must therefore 

involve faithful replication and transmission of the genetic information of the parents to the 

progeny. How is this genetic information, which is stored in the 

molecular form of DNA in cells, replicated? 

James Watson and Francis Crick suggested a model for DNA 

duplication based on the specific (complementary) base pairing 

that occurs between the nitrogenous bases of the two strands of 

a DNA molecule. The two strands of the double helix separate 

and each of the separated parental strands then act as a 

template for the synthesis of a new complementary daughter 

strand. (Fig.3). This means that guanine in the parent strand, for 

example, would serve as a template, via its hydrogen bonding 

potential, for the incorporation of cytosine in the new, 

complementary daughter strand. Thus, the parental duplex is 

replicated to form two daughter duplexes, each of which consists 

of one parental strand and one newly synthesized daughter 

strand. This mode of DNA replication is called semi-conservative 

replication. The evidence for this model, however, came from the 

experiment performed by M.S. Meselson and F. W. Stahl in 1958. 

A culture of E. coli bacteria was grown in a medium in which the 
14normal, light isotope of nitrogen, N had been replaced by the 

15heavy isotope, N. The DNA of these cells now had a higher buoyant density than the DNA of 
14cells grown in a medium containing N. The former is commonly called heavy DNA and the later, 

light DNA. This is because the ‘heavy’ isotope of nitrogen is incorporated in the purine and 
15pyrimidine bases of the DNA molecules grown in N containing media. The cells grown in the 

14 15N-containing medium were washed to remove the N-medium and transferred to a medium 
14 14containing N. The new DNA strands that were synthesized were ‘light’, as N was incorporated 

into the bases of these DNA molecules. The cells were allowed to grow in this medium for one or 

two generations. The DNA was subsequently extracted from these cells and analysed by density 

gradient centrifugation. The DNA isolated from cells grown for one generation in the medium 
14 15 14containing N contained equal amounts of N and N. The density of these ‘hybrid’ DNA 

3.2.2 DNA Replication

3.2.2.1 Overall principle of DNA replication

3.2.2.1.1  Meselson and Stahl experiment
Fig. 3: The orignal Watson Crick 

proposal for the replication of a 

double helical molecule of DNA.
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molecules was intermediate between the 

densities of the  ‘heavy DNA’ and ‘light 

DNA’. Moreover, when DNA was isolated 

from cells that were grown for two 
14generations in N containing  medium,  two  

kinds of DNA duplexes  were  observed:  
15 14those   that   were N- N   hybrids and  

14those that were made up of only N. Hence, 

these resu l ts  prov ided the f i rs t  

experimental proof of a semi-conservative 

mode of DNA replication (Fig. 4). 

Subsequent studies have verified that DNA 

replication is indeed semi-conservative.

Replication usually starts at a specific site 

on a DNA sequence known as the origin of 

replication. The bacterial chromosome 

consists of a single origin of replication, 

whereas the eukaryotic chromosomes 

contain multiple origins of replication. The 

point at which replication occurs is termed 

as the replication fork. It is sometimes 

also called the growing point. Once 

replication has been initiated, two replication forks are formed and they move away from the 

origin in opposite directions. This mode of replication is termed bi-directional replication.

DNA replication is not a passive and spontaneous process, but requires the action of several 

enzymes to unwind the double helix and synthesize the new strand of DNA. The key players 

involved in the replication of DNA in both prokaryotes and eukaryotes include: 

This class of enzymes is required for the initiation of the unwinding of DNA. Nicking and 

religating DNA by topoisomerases relieve the tension holding the helix in its coiled and 

supercoiled structures. 

These enzymes accomplish the unwinding of the original double helix, once supercoiling has 

been removed by topoisomerases. Helicases disrupt the hydrogen bonds holding the two 

strands of DNA together. This activity requires energy that is generated by the hydrolysis of ATP. 

These proteins selectively bind to the single-stranded DNA region produced by the action of 

helicases. SSBs prevent the single stranded region of DNA from reforming the duplex state 

during replication.

3.2.2.2 Molecular mechanism of DNA replication

3.2.2.2.1 Replicative machinery: enzymes in DNA replication 

(I) Topoisomerases:

(ii) Helicases:  

(iii) Single-strand binding proteins (SSBs): 

Fig. 4: Results of Messelson & Stahl’s Experiment
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(iv) DNA polymerases: 

(v) Primase: 

(vi) DNA ligase: 

3.2.2.3  Semi-discontinuous replication

These are the most important enzymes for replication as these are responsible for the synthesis 

of new DNA. Although multiple DNA polymerases are present in both prokaryotic and eukaryotic 

cells, only some of them (i.e., DNA polymerase III in E. coli and DNA polymerase ? in eukaryotes) 

are directly involved in the replication of nuclear DNA. The others (i.e., DNA polymerases I and II 

in E. coli and DNA polymerases ?, ?, ? and ? in eukaryotes) are involved in subsidiary roles in 

replication and/or participate in the repair of damaged DNA. The eukaryotic DNA polymerase ? is 

involved in mitochondrial DNA replication.

DNA polymerases can synthesize DNA only in the 5' to 3' direction. This means that they extend 

the DNA chain by catalyzing the formation of a phosphodiester bond between the 3'-hydroxyl 

end of the growing DNA chain and the 5' phosphate of the incoming deoxy-ribonucleoside 

triphosphate (dNTP). The choice of the incoming dNTP is governed by complementary base 

pairing with the template strand. In addition to possessing 5' to 3' polymerizing activity, many 

prokaryotic and eukaryotic DNA polymerases also exhibit a 3' to 5' exonuclease activity. This 

activity catalyzes the removal of nucleotides one by one from the 3' end of the polynucleotide 

chain to correct the occasional base pairing error that may occur during strand synthesis. This is 

called proofreading as it checks the fidelity of what has been synthesized. E. coli DNA 

polymerase I has 5' to 3' exonuclease activity as well. This activity is required for the removal of 

RNA primers during the synthesis of the lagging strand. Interestingly, none of the other 

eukaryotic DNA polymerases contain 5' to 3' exonuclease activity. This implies that other 

enzymes must be present in eukaryotic cells, which may be performing the same function. 

Another unifying feature of all DNA polymerases is that they cannot initiate the synthesis of a 

new strand of DNA from free nucleotides. Thus, they need a primer to provide a free 3'-hydroxyl 

group onto which they can add new dNTPs and extend the DNA chain. 

The requirement for the free 3'-hydroxyl group is fulfilled by a short fragment of RNA that is 

synthesized at the initiation sites by the enzyme Primase in E. coli and DNA polymerase ? in 

eukaryotes. Although, the use of these RNA primers is almost certainly the most common 

mechanism for initiating DNA synthesis, certain viruses appear to have evolved quite different 

mechanisms for the initiation of DNA synthesis. 

This enzyme seals any nicks in the DNA by forming a phosphodiester bond between 3'-hydroxyl 

and 5'phosphate groups. 

The two chains composing one DNA double helix are antiparallel. Thus, if one chain is aligned in 

the 5' to 3' direction, its partner must be aligned in the 3' to 5' direction. This suggests that during 

DNA replication one of the newly synthesized strands is polymerized in the 5' to 3' direction, 

while the other strand is polymerized in the 3' to 5' direction. However, all known DNA 

polymerases can synthesize DNA only in the 5' to 3' direction. So, how does the synthesis of the 
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3' to 5' strand take place? The answer to this problem is that the strand which grows overall in the 

3' to 5' direction (called the lagging strand), is synthesized discontinuously as a series of short 

DNA fragments. Each of these fragments is synthesized with the usual 5' to 3' polarity and is 

referred to as Okazaki fragment, after R. Okazaki, who first identified them. In case of bacteria, 

these fragments are 1000-2000 nucleotides in length, but in eukaryotes, these fragments are 

probably less than 200 nucleotides long. Finally these separate Okazaki fragments are joined 

together to produce the intact daughter strand. In comparison, the other strand which grows 

overall in the 5' to 3' direction (called the leading strand) is synthesized continuously. Since 

during DNA replication, one strand is synthesized continuously and the other strand is 

synthesized discontinuously, replication is said to be semi-discontinuous (Fig. 5).

Fig. 5: Semi-discontinuous replication of DNA

We now come to yet another problem that 

arises due to the inability of DNA 

polymerases to initiate the synthesis of a 

new strand of DNA. DNA synthesis is 

primed by short segments of RNA made by 

either the Primase or DNA polymerase ?. 

This priming needs to occur only once on 

the leading strand. Once a single primer is 

formed at the origin of replication, DNA 

polymerase proceeds f rom there 

continuously synthesizing the leading 

strand. But for the synthesis of the lagging 

strand, priming is a repeated process that 

must occur every time a new Okazaki 

fragment is initiated. This would leave the 

lagging strand not as a single piece of DNA, 

but as a series of disconnected short pieces 

of DNA attached to RNA primers. So the 

next question that arises is how are these 

fragments converted into a continuous DNA 
Fig. 6.  Synthesis of Okazaki fragments 
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molecule? The RNA primers are removed with the simultaneous synthesis of new DNA 

fragments replacing the excised RNA primers. In E. coli, the primers are excised by the 5' to 3' 

exonuclease activity of DNA polymerase I and the new DNA is synthesized by the 5' to 3' 

polymerase activity of the same enzyme. The adjacent Okazaki fragments are then joined 

together by ligase, to form an intact lagging strand and the replication of a DNA molecule is 

successfully accomplished! (Fig. 6).

A gene can be defined as a segment of DNA, which carries biological information for the 

formation of some RNA molecule (non-coding genes) or polypeptides (coding genes). Some of 

the examples of non-coding genes are: rRNA, tRNA and microRNA genes. These genes are 

very important as they have specific and important functions in the cell. Genes may vary greatly 

in size, but the average size of a gene about 1000 base pairs. Each gene (coding region) carries 

a promoter (controlling elements that are present at the upstream region and that drives the 

expression of gene) and a terminator (that is present at the downstream region of the gene and is 

involved in the termination of transcription). The biological information carried by a gene is 

present in its nucleotide sequence, which is essentially a set of instructions for the synthesis of 

an RNA molecule that may eventually produce a polypeptide chain. This process is known as 

gene expression.

Genes are separated from one another by intergenic region on the DNA molecule. In case of 

viruses, genes are closely arranged with very little intergenic DNA between them. However, in 

higher organisms, the genes are more spread out and are usually separated by very long 

intergenic (spacer) regions. Indeed, the total number of genes in different organisms varies 

greatly from a few thousands to several thousands. For example, E. coli (single chromosome) 

carries approximately 4500 genes, whereas yeast (16 chromosomes) contains about 6500 

genes. It has been estimated that the human genome would contain about 20,000-25,000 

protein coding genes. This suggests that only 1-2 per cent of the human genome codes for 

proteins and the rest includes genes for different types of RNA molecules and several kinds of 

DNA repeats.

Genes may consist of stretches of intervening DNA sequences, which do not carry any message 

(introns) along with the regions that contain biological information (exons). Such genes are 

known as ‘split genes’ (also called discontinuous genes or mosaic genes), and are common in 

higher organisms, including humans. The number of introns in a gene may vary from none to 

more than a hundred. Organisms have a mechanism to remove introns after transcription of a 

gene. This process is called RNA splicing. On the other hand, prokaryotes do not contain introns 

in their genes, and therefore the splicing mechanism is absent in such organisms (Fig. 7).

Genes may occur singly or in clusters. The genes that are present in clusters are related and two 

common examples are the operons (present in bacteria) and the multigene family (in plants and 

humans). Some genes may lose the biological information they had once coded for as a result of 

mutations, so that they are no longer functional. Such genes are known as pseudogenes.

3.2.3 Fine Structure of the Gene
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3.2.4 From Gene To Protein

The information encoded in the 

sequence of the four bases of 

DNA directs the assembly of 

amino acids in the correct 

order, so as to produce the 

protein for which the given DNA 

sequence is responsible. In 

eukaryotes, the DNA is 

enclosed inside the nucleus, 

while the protein synthesizing 

machinery is outside in the 

cytoplasm and the two never 

meet! Then how does such a 

DNA sequence direct protein 

synthesis? It does so by 

sending out copies of the coded 

information to the cytoplasm. In 

prokaryotes, this copy comes 

immediately in contact with the 

cytoplasm,  as  there  is  no  

nuclear  membrane.  The information in DNA is a sequence of bases, so it follows that its copy 

must also be a nucleic acid. However, in this case, it is RNA rather than DNA. Please recollect 

from section 2.2.5 of Unit II, where we have learned about the different types of RNA molecules. 

The different RNA molecules have their specific roles in deciphering the biological information 

from DNA. The RNA, which acts as a ‘carrier’ of the genetic information from its site of synthesis 

in the nucleus to the site of protein synthesis in the cytoplasm, is called the messenger RNA or 

mRNA. The process of synthesis of mRNA from a DNA template is known as transcription. But 

why would the cell want to have mRNAs as an intermediate between a gene and the polypeptide 

it encodes? The use of mRNA allows the cell to separate information storage from information 

utilization. The gene information can be amplified by having many copies of the mRNA made 

from a single copy of DNA. Also, it gives the cell a greater opportunity to control both the level and 

the timing of expression of the various genes. Once the mRNA is synthesized as a 

complementary copy of one of the strands of DNA that make up a gene, it moves into the 

cytoplasm. In the cytoplasm, it serves as a template for the synthesis of proteins by a process 

known as translation. Therefore, the flow of information in cells is: 

DNA ? RNA ? Proteins. This is also referred to as ‘central dogma’ in molecular biology. 

However, in case of retroviruses, where the genetic material is RNA instead of DNA, the RNA is 

converted by a process of reverse transcription into a single- stranded DNA, which is then 

converted into double-stranded DNA. This establishes the general principle that information in 

the form of either type of nucleic acid sequence can be converted into the other type, resulting in 

the modification of the central dogma to: DNA ? RNA ? Proteins (Fig. 8).

Fig. 7.   The features of a gene
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3.2.5 Transcription- The  Basic Process

Transcription is the process of transfer of sequence information from DNA to RNA. The DNA 

strand whose nucleotide sequence is complementary to that of the mRNA is called the template 

or anti- sense strand. The other strand 

whose base sequence is identical to 

that of the mRNA (except for T in DNA 

to U in RNA) is called the sense or 

cod ing  s t r and .  The  enzyme  

responsible for transcription in both 

prokaryotes and eukaryotes is called 

DNA- dependent RNA polymerase or 

more commonly as RNA polymerase. 

This enzyme moves along the 

template DNA synthesizing RNA in the 

5' to 3' direction, using ribonucleoside 

triphosphates (rNTPs) as substrates. 

The chemical reaction catalyzed by 

RNA polymerase is similar to that 

catalyzed by DNA polymerase, in which the alpha phosphate group of the incoming rNTP is 

transferred to the 3' hydroxyl group of the growing RNA chain. But RNA polymerases differ from 

DNA polymerases in an important aspect. RNA polymerases do not require a primer and can 

initiate the synthesis of a new chain. The DNA site to which an RNA polymerase molecule binds 

to accomplish initiation is called promoter. In addition to providing the binding site for the 

polymerase, the promoter also tells the polymerase ‘where’ to start synthesis and in ‘which’ 

direction to proceed. The first nucleotide corresponding to the position at which transcription 

begins is labelled as +1 and is called the transcription start site.

The best-characterized RNA polymerases are those of eubacteria, for which E. coli is a typical 

example. A single RNA polymerase is responsible for the synthesis of all mRNA, rRNA and tRNA 

in the eubacterium E. coli. This enzyme can be separated into two components – the core 

enzyme and a sigma factor. The core enzyme is a multimer, comprising two copies of the á-

subunit and one copy each of the â and â’ subunits. It has a general affinity for DNA and is 

responsible for elongating the RNA chain. When the core enzyme (á-2 â â’) is joined by the 

sigma factor, the resultant holoenzyme (á-2 â â’ó) loses much of its affinity for random DNA and 

binds tightly to the promoter sequence. RNA synthesis now begins within a transcription bubble, 

in which the two strands of DNA are transiently separated to make the template strand available 

for base pairing with the incoming rNTP. The holoenzyme synthesizes the first phosphodiester 

bond in the RNA chain and initiation is thus achieved. At this point, the sigma factor dissociates 

and the remaining core enzyme now released from the promoter moves down the gene 

extending the RNA chain. The elongation of the RNA chain continues till the RNA polymerase 

reaches the terminator sequence in DNA. Here the enzyme stops adding nucleotides to the 

growing RNA chain, releases the RNA transcript and dissociates from the DNA template (Fig. 9).

Fig. 8.  Flow of information in eukaryotic cells 
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Fig. 9. The process of transcription 

In case of eukaryotic cells, the situation is slightly more complex. There are three different RNA 

polymerases that share the responsibility of transcribing the different classes of RNA molecules. 

RNA polymerase I transcribes rRNA; RNA polymerase II transcribes mRNA and RNA 

polymerase III transcribes tRNA and other small RNAs. Each of these polymerases contains 8-

14 subunits. The basic mechanism of polymerization of RNA by these RNA polymerases 

resembles that of the E. coli RNA polymerase. This implies that even in case of eukaryotes, the 

RNA is assembled in the 5' to 3' direction from the four rNTPs under the guidance of the DNA 

template. But a significant difference between the E. coli and eukaryotic RNA polymerases is 

that none of the eukaryotic RNA polymerases can directly recognize the promoter. Hence, 

initiation at eukaryotic promoters requires a large number of accessory factors that are primarily 

responsible for recognizing the promoter. 

Another difference between mRNA production in prokaryotes and eukaryotes is that in case of 

eukaryotes, all three major types of RNAs, i.e., mRNA, rRNA and tRNA, are derived from a 

precursor RNA molecule termed the primary transcript or pre-RNA. These primary transcripts 

are processed to form smaller, functional RNAs. The precursor mRNA molecules (called the 

Heterogenous RNA or hnRNA) are processed in the nucleus before they are transported into the 

cytoplasm (Fig. 10). These processing reactions include:

(i) Modification at the 5' end of the primary RNA transcript called capping. During capping, an extra 

guanosine residue is first added to the terminal nucleoside triphosphate of the primary RNA 

transcript. This guanosine residue is then further modified by addition of methyl groups. The cap 

structure prevents the 5' end of the mRNA from being digested by exonucleases. It aids in the 

transport of mRNA out of the nucleus and plays an important role in the initiation of mRNA 

translation.

(ii) Addition of a string of adenosine residues, forming a poly (A) tail at the 3' end of the mRNA 

(called as polyadenylation).

(iii) Removal of those parts of the primary transcript that correspond to the introns. This process of 

removal of introns and joining together of the exons is known as splicing. 

The mature mRNA thus formed is leaves the nucleus and enters the cytoplasm. On the other 

hand, the mRNA molecules synthesized in prokaryotes do not undergo any of the above-

mentioned reactions and directly serve as the templates for protein synthesis 
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Fig. 10.  Processing of hnRNA 

It is important to understand how the sequence of four bases in the mRNA specifies the amino 

acid sequence of a polypeptide since mRNA is an intermediate in the flow of information from 

DNA to proteins. What is the nature of the genetic code relating the mRNA base sequence to 

amino acid sequence? Since there are twenty different amino acids and only four different 

bases, it would be to logically impossible for each amino acid to be specified by only one 

nucleotide. Similarly, two nucleotide combinations could also specify only 16 amino acids (42). 

However, a combination of three nucleotides could specify 64 amino acids (43). Results of 

various experiments indicated that each amino acid is indeed coded by a sequence of three 

nucleotides (triplet) called a codon. The triplet code for each amino acid would thus provide 64 

different codons in the genetic code, which are in apparent excess to that required for specifying 

the twenty amino acids. 

So the next major step was to decipher the genetic code—that is, to determine how many of the 

64 possible codons are used, which codons specify which amino acid, how the code is 

punctuated and if different organisms use the same or different codons. Although the general 

properties of the genetic code were known by 1961, the coding assignments of the specific 

triplets were yet to be determined. The experiments of M. Nirenberg, H. Matthaei, S. Ochoa and 

H. G. Khorana over the next four years helped in deducing which codons specify which amino 

acid. Out of the 64 codons, 61 codons are used to specify amino acids (Table 1). The remaining 

three codons, UGA, UAA and UAG, do not represent any amino acid and are used to signal the 

termination of protein synthesis. These are referred to as termination codons or stop codons or 

nonsense codons. The prominent features of the genetic code can be outlined as follows: 

(i) The genetic code is unambiguous. Each codon corresponds to only one amino acid. 

(ii) The genetic code is degenerate – there are more than one codon specifying each amino acid. All 

amino acids, except methionine and tryptophan, are specified by more than one codon. Different 

codons that specify the same amino acid are called synonymous codons. The degeneracy of the 

genetic code minimizes the deleterious effect of mutations, since the change of a single 

nucleotide often produces a codon that still specifies the same amino acid.

(iii) The genetic code is non–overlapping. Each base along the mRNA is a part of only one codon.
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(iv) The genetic code is commaless. There are no intermediary nucleotides between different 

codons.

(v) Codons specifying the same or related amino acids tend to be similar in sequence. Often the 

base in the third position of a codon is not significant. Sometimes a distinction is made only 

between a purine versus a pyrimidine in the third position. This reduced specificity at the last 

position is known as third base degeneracy. 

(vi) The genetic code is largely universal. The genetic code is the same or very nearly the same in all 

organisms. However, some exceptions to the universality of the code are known to occur in 

Mycoplasma, human mitochondria, yeast and certain species of Tetrahymena and Paramecium.

The ‘language’ in DNA and RNA is 

the same — it consists of base 

sequences. But the ‘language’ of 

proteins is different — it consists of 

amino acid sequences. Hence, the 

synthesis of proteins, directed by 

mRNA, is known as ‘translation’. This 

means that the information encoded 

in the base sequence of an mRNA 

molecule has to be decoded and 

used to direct the sequential 

assembly of amino acids into a 

polypeptide chain. The amino acids 

bear no physical or chemical 

resemblance or relationship with the 

bases that could result in a direct 

assoc ia t i on  be tween  t hem.  

Therefore, the existence of ‘adaptor 

molecules’, which would form the link 

between the mRNA and the 

polypeptide being synthesized, was predicted. Since the hydrogen bonding potential of codon 

was most likely to be of significance, the adaptor molecules were postulated to be RNA 

molecules. 

R. Holley reported the first base sequence of a tRNA molecule in 1965. The tRNAs are small 

RNAs (73 to 93 bases long) that have a very specific secondary and tertiary structure. Although 

the secondary structure of tRNAs can be represented in the form of a clover leaf, they normally 

fold into a compact L-shaped tertiary structure (Fig.11). The tRNA molecule has four arms, 

named for their structure or function. The first is the acceptor arm, so called because the amino 

acid becomes attached to this arm of the tRNA molecule. The TØC arm is named for the 

presence of this triplet sequence (Ø stands for Pseudouridine). The anticodon arm always 

contains the anticodon triplet in the centre of the loop and the D arm is named for its content of 

3.2.7 Translation 

3.2.7.1 Transfer RNA (tRNA): The adaptor molecules
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Dihydrouridine. Pseudouridine and Dihydrouridine are examples of two ‘unusual’ bases found in 

tRNA. The part of the tRNA that is involved in the specific interaction with the codon of the mRNA 

is called the anticodon. It is defined as a triplet of bases, whose sequence is complementary to 

that of a codon. Depending on the interaction between the codon in mRNA and the anticodon 

present in a particular tRNA, the tRNA molecule will usually accept only the specific amino acid 

represented by the codon. Thus, it may be expected that there may be 61 different tRNA 

molecules in the cell, since there are 61 

codons – each representing an amino 

acid. However, the actual number of 

tRNA molecules in the cells is less than 

61. This is because one tRNA molecule 

can recognize more than one codon. 

But how does one tRNA molecule 

recognize more than one codon? The 

answer is that it does so by ‘wobble 

pairing’, which means that the pairing 

between the anticodon of the tRNA and 

the codon of the mRNA always follows 

the Watson- Crick base pairing rules 

(that is, A pairs only with U and G pairs 

only with C) at the first two codon   

positions, but the hydrogen bonding is 

more flexible at the third codon 

position. Wobbling occurs because the 

conformation of the tRNA anticodon 

loop allows flexibility at the first base of 

the anticodon. So, all the codons that 

differ in the third position and code for 

same amino acid, can use a single 

tRNA in protein synthesis, decreasing 

the requirement of total tRNAs in the cell.

The acceptor arm of the tRNA molecule contains a terminal 3' trinucleotide sequence of 5' CCA 

3', the terminal A base having a free hydroxyl group on the ribose sugar. The amino acid is 

attached to the hydroxyl group, by the action of enzymes called aminoacyl-tRNA synthetases. 

The overall reaction, which involves hydrolysis of ATP to generate energy, is represented as:

Amino acid + tRNA + ATP          Aminoacyl – tRNA +AMP +PPi. 

After an amino acid is loaded on to a tRNA, the aminoacyl- tRNA enters the ribosomes.

Ribosomes are made up of ribosomal RNA (rRNA) and several different proteins. They are 

present in cells in large numbers, except for terminally differentiated cells like RBCs that no 

3.2.7.2 Charging the tRNA: Attachment of amino acid to tRNA

3.2.7.3 Ribosomes: The cellular protein synthesizing machinery

Fig. 11.  Clover leaf structure of tRNA
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longer synthesize proteins. Ribosome size is most frequently expressed in terms of their rate of 

sedimentation in an ultracentrifuge, in units called S or Svedberg units. 

Ribosomes are composed of two subunits: a large subunit – 50S in prokaryotes and 60S in 

eukaryotes; and a small subunit – 30S in prokaryotes and 40S in eukaryotes. There are two sites 

on a ribosome for binding tRNA molecules –the A site (acceptor site) and the P site (donor site). 

The A site is the entry site for an aminoacyl – tRNA molecule. Prior to the entry of an aminoacyl – 

tRNA, the A site exposes the codon representing the next amino acid due to be added to the 

chain. The P site is the binding site for a peptidyl- tRNA carrying the nascent polypeptide chain. 

The codon representing the most recent amino acid to have been added to the nascent 

polypeptide chain lies in the P site. When both the A and P sites are occupied, peptide bond 

formation takes place by a reaction in which the polypeptide chain carried by the peptidyl-tRNA 

is transferred to the amino acid carried by the aminoacyl – tRNA. This creates a new peptidyl- 

tRNA (longer by one amino acid) in the A site and leaves a deacylated tRNA (devoid of any amino 

acid) in the P site. The deacylated tRNA is expelled and the new peptidyl- tRNA is shifted into the 

P site, as the ribosome moves one codon along the mRNA. The next codon to be translated now 

lies in the A site which is ready for a new aminoacyl- tRNA to enter, when this entire cycle of 

events will be repeated. 

Although the cycle of events just described may look simple, the ribosome is not by itself 

competent to undertake the reactions of binding mRNAs and the tRNAs. It requires the help of 

many accessory proteins. These protein factors are involved transitorily in the process of 

translation. They participate in the process and are released into the cytoplasm to function in 

another round of protein synthesis. The synthesis of a polypeptide chain can be divided into 

three distinct activities: initiation, elongation and termination. 

Protein synthesis begins mostly at the AUG (rarely GUG) codon on the mRNA and involves the 

formation of an initiation complex. This complex consists of the smaller ribosomal subunit, 

mRNA and the initiator tRNA (tRNA carrying methionine in eukaryotes and formyl-methionine in 

prokaryotes). The formation of this initiation complex also requires the activity of certain protein 

factors known as initiation factors and GTP. The initiation complex subsequently combines with 

the larger ribosomal subunit and the initiator – tRNA becomes bound to the P site. One molecule 

of GTP is hydrolyzed. Hence in the initiation complex, we have the initiator tRNA in the P site, 

while the A site is empty, awaiting delivery of the second amino acid on its tRNA. Initiation is thus 

completed.  

The alignment of the AUG codon with the anticodon of the initiator-tRNA in the P site, fixes the 

successive codon in the A site, thus establishing the specificity for the next, incoming aminoacyl-

tRNA binding at the A site. The binding of this second aminoacyl-tRNA (and all the subsequent 

aminoacyl-tRNAs binding) requires the hydrolysis of one molecule of GTP and protein 

elongation factors. Peptide bond formation then occurs between the carboxyl group of the 

methionine bound to the initiator-tRNA in the P site and the free amino group of the amino acid 

3.2.7.4 Mechanism of translation

3.2.7.4.1 Initiation 

3.2.7.4.2 Elongation
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attached to the aminoacyl-tRNA in the A site. This reaction is catalyzed by an enzyme called 

peptidyl transferase and produces a dipeptide attached to the second tRNA present in the A site. 

After peptide bond formation, the A site is filled with a peptidyl-tRNA and the P site contains an 

uncharged tRNA. In the next step, called translocation, the ribosome is re-positioned one codon 

further along the mRNA. As a result, the tRNA carrying the newly synthesized dipeptide is 

transferred from the A site to the P site and the uncharged tRNA is expelled to be reused. 

Translocation also requires the activity of another elongation factor and the hydrolysis of one 

molecule of GTP. 

The elongation cycle repeats 

itself until the ribosome 

reaches any one of the three 

termination codons. The A site 

is now entered not by a tRNA, 

but by a protein called release 

factor, leading to the release 

of the nascent polypeptide 

chain, mRNA and also the 

dissociation of the ribosomal 

subunits. The termination 

p r o c e s s  i s  e n e r g y -

independent in bacteria and 

requires the hydrolysis of one 

m o l e c u l e  o f  G T P  i n  

eukaryotes (Fig. 12). The 

m R N A m o l e c u l e s  a r e  

translated simultaneously by 

many ribosomes increasing 

the rate of protein synthesis. 

The complex of mRNA and 

r i b o s o m e s  i s  c a l l e d  

p o l y r i b o s o m e s  o r  

polysomes.

The coordinated and timely regulation of gene expression is important for the proper growth and 

development of all organisms. This regulation may occur at any of the different stages of gene 

expression, including transcription, mRNA processing and translation. Of all these stages, it 

appears that regulation of transcription initiation is the most important mode of control of gene 

expression. At the step of transcription initiation, the cell can decide not only which genes need 

to be expressed at a given time, but also their relative levels of expression. However, there are 

some genes that are expressed continuously in most cells, though at a low level. This is because 

3.2.8.4.3 Termination

3.2.9 Regulation of Gene Expression 

Fig. 12.   The process of translation
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these genes code for products that are required for the cellular ‘housekeeping functions’, like 

tRNA, rRNA, ribosomal proteins, enzymes catalyzing metabolic processes, etc. These genes 

are referred to as constitutive genes. In comparison, the expression of genes, which encode 

products that are needed only at specific stage of development (tissue-specific genes) or 

under specific environmental conditions (inducible genes), is regulated since constitutive 

synthesis of such gene products would be a wasteful expenditure for the cell.

In prokaryotic organisms, most of the genes coding for proteins whose functions are related, for 

example, the different enzymes of the same metabolic pathway are grouped in clusters. The 

complete gene cluster is transcribed from a single promoter into a single mRNA, called 

polycistronic mRNA, then sequentially translated by the ribosomes into each of the individual 

proteins. This form of organization, called operons, enables the genes in one cluster to be 

‘coordinately regulated,’ meaning that all the genes of one operon are either transcribed or not 

transcribed in unison. The mechanism of regulation of operons was first discovered by F. Jacob 

and J. Monod in 1961, who proposed the ‘operon model’. Operons are classified as either 

inducible or repressible by the nature of their response to a small effector molecule. While the 

inducible operons function only in the presence of this small effector molecule called the 

inducer, repressible operons operate only in the absence of this effector molecule, known as 

the co- repressor in the case of repressible operons.  The co-repressor molecules function by 

binding to a specific protein termed as the repressor protein. The repressor protein is a DNA-

binding protein encoded by a regulator gene and it functions to control the expression of the 

operons. In E.coli, the lac operon is an example of an inducible operon, whereas the trp operon is 

a repressible operon. 

The lac operon of E. coli provides an example of regulatory control of transcription initiation. The 

binding of the specific repressor protein to a particular target sequence on the DNA can control 

the events involved in initiation of productive RNA synthesis by an RNA polymerase. The lac 

operon consists of a promoter, an operator, and three different structural genes. The promoter is 

the site where RNA polymerase binds to the DNA to begin transcription of the structural genes. 

The operator is the site of binding of the repressor protein on the DNA and is located between the 

promoter and the first structural gene. The structural genes encode the enzymes required for the 

breakdown of lactose in E. coli.

The transcription of the structural genes of the operon is controlled by the activity of the 

repressor protein. When this repressor protein binds to the operator, transcription of the 

structural genes is prevented. The ability of the repressor protein to bind to the operator and 

prevent transcription depends on the presence or absence of the inducer molecule. The 

molecule, which acts as a natural inducer for the lac operon, is allolactose (an isomer of lactose). 

When the inducer is present in the medium, it enters the cell and binds to the repressor. This 

binding results in a change of the conformation of the repressor protein and now the repressor is 

unable to bind to the operator. In this state, the structural genes are expressed, the respective 

enzymes are synthesized and lactose is catabolized. The synthesis of enzymes in response to 

the presence of an inducer is called induction (Fig. 13).

3.2.9.1 Regulation of gene expression in prokaryotes 

3.2.9.1.1  lac operon 
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3.2.9.2 Control of gene expression in eukaryotes

In eukaryotic organisms, different genes are expressed by 

cells at different stages of development, by cells in different 

tissues and by cells exposed to different kinds of stimuli. 

This differential gene expression is primarily regulated by 

mechanisms operating at the level of transcription initiation. 

Analogous to the mechanism in prokaryotes, transcriptional 

control in eukaryotes also depends upon the activity of 

multiple DNA binding proteins known as transcription 

factors. Transcription factors can be sub-divided into two 

functional classes – general transcription factors (GTFs) 

and specific transcription factors. The GTFs bind at the 

promoter sites, assisting the RNA polymerase to accurately 

initiate transcription at the promoter. (You may recall that 

eukaryotic RNA polymerases cannot directly recognize the 

promoter). The regulatory transcription factors, as the name 

suggests, bind to their specific regulatory sites located on 

particular genes and either increase or decrease the 

transcription of these genes. The transcription factors that 

increase the level of transcription of genes are called 

activators and those which decrease the level of 

transcription are called repressors. The regulatory DNA 

sites may be present near the promoter or several base 

pairs away from it. Another important factor that is known to 

influence gene expression in eukaryotes is the packaging of 

DNA in chromosomes. The DNA in a eukaryotic nucleus is 

not present in a ‘naked’ state, but is wrapped around basic 

proteins termed histones, to form nucleosomes. Initiation of transcription is usually prevented if 

the promoter or the regulatory region of any gene is organized into nucleosomes. Activation of a 

gene thus requires changes in the state of chromatin by a process called chromatin remodeling.  

In addition to the regulation at the transcriptional level, eukaryotic gene expression may also be 

regulated at the processing or the translational-level. Processing-level control mechanisms 

determine the way by which the primary mRNA transcript is processed into the mature mRNA 

molecule. In other words, it determines which exons present in the pre-mRNA are joined 

together to form the final mRNA. Another mechanism of post transcriptional gene regulation is 

by ‘RNA interference’. The phenomenon of RNA interference, involves small RNA molecules 

called short interfering RNAs (siRNAs) or microRNAs (miRNAs). These molecules are, 21 to 28 

base pairs long RNA, which produced by enzyme Dicer. In the cytoplasm, siRNAs and miRNAs 

with the help of other proteins interact with specific messenger RNA molecules. This interaction 

prevents the expression of the gene. Translational-level control mechanisms determine whether 

a specific mRNA is actually translated and if so, how frequently and for how long. All these 

mechanisms together are responsible for the spatial and temporal regulation of gene expression 

in eukaryotes. 

INDUCIBLE OPERON
Active 
repressor

Inducer
(eg. lactose)

Inactive
repressor

INDUCED 
STATEStructural 

genes

Transcription

RNA
polymerase

mRNA

Enzymes

Substrate
(lactose)

Catabolic pathway

Concentration of 
lactose falls as it
is degraded

REPRESSED
STATE

Transcription is blocked

Fig. 13. lac operon of E.coli 
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3.2.10 Mutations

3.2.10.1 Genome, chromosome and gene mutations 

Although the genetic material (DNA) has high fidelity, changes may occur in its nucleotide 

sequence. Such hereditary changes called as "mutations". Mutation theory was first proposed 

by Hugo de Vries in 1901, based on his observations on evening primrose These genetic 

variations are the basis for different phenotypes in a given organism. In fact, genetic analysis 

would not be possible without variants which arise due to different alleles of a gene. Further, 

mutations are also responsible for speciation. Mutations are random and mostly recessive in 

nature. In fact, mutations lead to the development of genetic disorders and even cancers. In 

general, mutations are harmful to the organism. However, they are also useful for the 

improvement of microbial strains and crop plants. 

Mutations may be spontaneous arising due to errors in DNA replication, and by other means or 

they may be induced.  H. J. Muller in 1928, for the first time used X-rays to induce mutations in 

fruit fly. L.J. Stadler also reported induced mutations in plants by using X-rays and gamma rays. 

Chemical mutagenesis was first reported by C. Auerback during the second world war (1944). 

Therefore, mutations can be induced by physical mutagens Iike UV-light, X-rays and gamma 

rays or chemical mutagens like alkylating agents (e.g. ethyl methane sulphonate). Large-scale 

changes also occur by the process called genetic recombination, which results in the exchange 

of polynucleotide segments between different DNA molecules or the transposition of a piece of 

DNA from one position to another in a DNA molecule. 

Mutations can occur in the coding region (genes) as well as non-coding (inter-genic) regions of 

the DNA molecule. Mutations in the genes can lead to changes in the allele and eventually 

formation of new phenotypes (mutants). But, mutations in the non-coding regions are probably 

silent and have no effect on the cell or phenotype. Mutations can occur either in somatic cells 

(which are known as somatic mutations and these are non-heritable like leaf variegation) or 

germ cells (which are known as germ-line mutations and these •are heritable, such as several 

human genetic diseases.

Chromosome mutations include the change in chromosome number, rearrangements in the 

chromosomes or change in a single gene. The first two are gross chromosomal changes and the 

third one involves the small changes in genes. All these changes can occur spontaneously or 

can be induced by using mutagenic agents. 

Genome mutations - In an organism, the complete set of chromosomes is called as monoploid or 

haploid number (designated as 'n') and if an organism possesses multiples of haploid number of 

chromosomes, it is called as 'euploid'. The eukaryotes are normally in diploid state (2n). Euploid 

types that contain more than two sets of chromosomes are called polyploids, and they can be 

triploids (3n), tetraploids (4n), pentaploid (5n) and hexaploids (6n). Polyploids are common in 

plants and very rare in animals. The odd number of polyploids (e.g. triploids) are sterile because 

of absence of a partner for each chromosome at meiosis. On the other hand, even number of 

polyploids (tetraploids and hexaploids) are usually fertile and have no problem in chromosome 

pairing at meiosis. These polyploids as well as haploids have important applications in plant 

breeding. 



82

In case of aneuploids, chromosome number is abnormal and differs from the wild-type by only 

addition or deletion of one or a small number of chromosomes. For example, an organism with 

one chromosome less than the normal diploid number (2n-1) is known as monosomic. Likewise 

the aneuploids 2n+1 and 2n-2 are called trisomic and nullisomic, respectively. The non-

disjunction (unequal separation of chromosomes in mitosis or meiosis) or chromosome 

duplications are the cause of aneuploidy. Aneuploids have also been important in the 

engineering of specific crop genotypes, and for understanding the function of chromosomes in 

plants, animals and humans. 

Chromosome mutations - These gross mutations cause substantial changes to the DNA often 

involving long stretches of sequences and are refereed to as chromosomal rearrangements. 

These include the loss (deletions), additions or duplications (insertions) or rearrangements 

(inversions and translocations) of chromosomes (Fig. 14). In inversion, a chromosome segment 

is removed, rotated through 180°, and reinserted in the same location. Unlike deletions and 

duplications, inversions do not alter the overall amount of the DNA, but involves the changing 

gene order. If centromere is outside the inversion, then the inversion is called as paracentric, 

whereas inversions containing the centromere are pericentric. These two kinds of inversions 

cause chromosome rearrangements. On the other hand, translocations involve the reciprocal 

exchange of chromosome parts between non-homologous chromosomes, 'resulting in 

rearrangements (reciprocal translocation). Translocations lead to the establishment of new 

linkage relations and change the size of chromosomes as well as their centromere position. 

Gene mutations - These are small alterations in a gene and also called as 'point mutations'. 

These changes involve a change in a single nucleotide (substitutions or deletions) of a gene, 

which results in the modification of gene product (i.e. protein) and eventually the phenotype. A 

replacement of purine molecule (say adenine) by another purine (e.g. guanidine) is known as 

transition (say, GC to AT or AT to GC). If a purine molecule (say, guanidine) is replaced by a 

pyrimidine molecule (say, cytocine), then it is called as transversions (e.g. GC to CG or AT to TA) 

(Fig. 15). The addition or deletion of a single base in a gene is known as frameshift mutation, and 

the usual consequence of this kind of mutation is the change of reading frame of codons 

downstream from the mutation. This generally results in a great change in the gene product 

(protein) and eventually the phenotype. 
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3.2.11 DNA Repair 

Living cells have evolved a variety of mechanisms (enzymatic systems) to repair damaged DNA. 

Some mechanisms neutralize potentially damaging compounds before they even react with 

DNA. One example of such enzyme system is the detoxification of superoxide radicals produced 

during oxidative damage to DNA. Certain mutations can directly be removed by repair systems. 

For example, photodimers (T-T dimer) induced by UV light can be reversed by 

photoreactivating enzyme (DNA photolyase). This enzyme binds to the photodimer and 

splits it in the presence of light, to generate the original bases (Fig. 16). Photodimers can also be 

removed in dark conditions by nucleotide excision repair. Another example for direct removal 

of excision in DNA is the alkyltranssferase enzyme, which removes alkyl groups (ethyl or methyl) 

added to nitrogen bases (mainly guanidine) by alkylating mutagens. Some other mutations are 

repaired by a specialized repair mechanisms during DNA replication or post-replication repair. 

For instance, nucleotide excision repair is a more general form of common DNA repair, which 

recognizes several kinds of DNA damages, including photodimers. In the first step, an enzyme 

recognizes the damage and makes single strand nicks at a few base pairs of either side of a 

damaged nucleotide. In the second stage, the segment of DNA containing the damaged 

nucleotide is removed by leaving a gap. This gap is then filled by a DNA polymerase using the 

remaining strand as a template, and the nicks are sealed by DNA ligase (Fig. 17). There are 

many other enzymes, which are also involved in DNA repair. The deficiency in DNA repair 

enzymes due to mutations can lead to certain diseases in humans (see next section). 

Fig. 14.    Various kinds of chromosomal 

rearrangements: Deletion (A), duplication 

(B), inversion (C) and translocation (D)
Fig. 15. Types of Transitions and Transversions
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3.1.13 Human Genetic Disorders

In humans and other higher organisms, DNA mutations play an important role il) the 

development of diseases and cancers. For instance, the 'most important genetic diseases like 

haemophilia, sickle cell anemia (Fig. 18) and cystic fibrosis are caused by mutations. These 

changes are inherited and passed on from affected parents to off-springs. Most of the genetic 

diseases are due to mutations in different, but in single genes and are recessive in nature, and 

follow Mendelian pattern of inheritance. Some genetic diseases and cancers are due to 

translocations. There are over 500 genetic disorders and some of these genetic disorders are 

due to the loss or gain of one or more chromosomes (aneuploidy). Some well known examples 

for this kind of genetic disorders include Klinefelter syndrome (males with XXY trisomic 

condition. They show feminine characters), Turner's syndrome (females with XO monosomic 
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DNA Photolyase
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Fig. 16. 

Repair of T-T dimmer by photoreactivation Fig. 17.  Nucleotide excision repair pathway

Fig. 18. Normal and sickled red blood cells. Sickled cell anemia is 

induced by a mutation (transversion) which replaces glutamate by valine.
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condition. They show male features) and Down syndrome (males or females with trisomy of 21st 

chromosome. They show mental retardation, short stature and with other characteristics) (Fig. 19). 

In humans, deficiency in DNA repair enzymes leads to a variety of diseases and cancer 

susceptibilities. One such popular example is Xeroderma pigmentosum, which is a skin 

cancer (melanomas). It occurs in individuals who are deficient in one of the excision repair enzymes 

and therefore they are susceptible to UV light. It is a recessive hereditary disease (Fig. 20).

Mutations related with the development of cancers occur in normal somatic cells of the body and 

these are often associated with mutations in the genes that regulate cell division. Thus, 

cancerous cells show uncontrolled cell growth which results in tumour formation. 

Humans suffer a variety of genetic disorders as discussed in the previous section. Therefore, it is 

important to study the genetic basis and inheritance pattern of these genetic disorders, so that 

treatment for such disorders can be developed. In peas and other organisms, the desired 

crosses/matings can be conveniently performed to get a large number of progeny for studying 

the inheritance pattern of a trait, but the study of human genetics is complicated as the 

experimental matings are not possible for ethical reasons. Moreover, humans have long 

generation time (about 20 years) and human parents produce relatively few offspring as 

compared to peas and many other organisms. Thus, the family history about the inheritance 

pattern of a genetic defect for two or more generations is used to study the genetic control of 

human disorders, and this is known as ‘pedigree analysis’. Interestingly, pedigree analysis is 

also used for ‘genetic counseling’, i.e. advice given to prospective parents who may have a 

genetic defect and produce a child with a genetic defect, based on the family history over several 

3.2.12.1 Pedigree Analysis

Fig. 19.   Diagramatic representation of a 

Down’s syndrome with characteristic features.

Fig. 20. A child affected with Xeroderma pigmetosum. 

The large growth on his chin is a type of skin cancer.
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generations. In addition, new molecular 

techniques are also being used for these 

studies, and such studies have 

revolutionized the study of genetic 

control of human diseases.

In pedigree analysis, the females and 

males are shown as circles and squares, 

respectively. The matings are represented 

as horizontal lines between parents and 

the offspring is connected to the parents 

by a vertical line. The affected individuals 

are shown with colour (Fig. 21A). The 

diagrammatic representation of the 

pedigree for a dominant and recessive 

trait is given in Fig. 21B. 

The word genome can be defined as the full complement of DNA (including all the genes and the 

intergenic regions as well) present in an organism. It specifies the entire biological information 

of an organism.  Let us examine the genome organization, which deals with the way, in which the 

genes and the intergenic region are organized, in different organisms such as viruses, bacteria 

and eukaryotes (e.g., plants, animals and humans). You will find that genome size and its 

organization greatly differ from organism to organism (Table 2 ). 

M13 0.0064

Poliovirus 0.0076

Retroviruses 0.006 - 0.009

Tobacco mosaic virus 0.0064

Escherichia coli 4.64

Mycoplasma genitalium 0.58

Saccharomyces cerevisiae (yeast) 12.1

Aspergillus nidulans (fungus) 25.4

Tetrahymena pyriformis (protozoa) 190

3.2.13 Genome Organization

Organism Genome size (Mb)

Viruses:

Prokaryotes:

Eukaryotes:

Table 2.  Genome sizes in different organisms

Fig. 21.  A hypothetical pedigree is shown for 

a dominant (A) and recessive trait (B).
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Caenorhabditis elegans (nematode worm) 100

Drosophila melanogaster (fruit fly) 140

Bombyx mori (silkworm) 490

Locusta migratoria (locust) 5000

Homo sapiens (humans) 3000

Mus musculus (mouse) 3300

Arabidopsis thaliana (vetch) 125

Oryza sativa (rice) 450

Pisum sativum (pea) 4800

Triticum aestivum (wheat) 17000

Viruses are the simplest forms of life and possess small and simple genomes. Viruses are 

obligate parasites and they can multiply only within a host cell. They also use the host’s genetic 

machinery to express and replicate their genes. There are many kinds of viruses, but 

bacteriophages (phages for short) that infect bacteria have received the greatest attention from 

geneticists.  Phages contain two basic components – proteins and nucleic acids.  The protein 

produces a coat or capsid within which lies the genome.  The phage genomes can be either DNA 

or RNA with either single-stranded or double-stranded nucleic acid molecules.  In most cases, 

the phage contains a single DNA or RNA molecule that makes up the complete genome.  The 

sizes of genomes also vary in different phages. For instance, M13 and T7 phages contain the 

genomes that are 6.4 kb and 39.9 kb, respectively. 

Various components of E. coli phage T2 have been 

given in Fig. 22 . The complete nucleotide sequences 

of several phage genomes have been determined, 

which reveal that they contain relatively few genes. 

For example, the M13 phage contains 10 genes that 

encode for coat protein and enzymes involved in 

phage DNA replication.  Interestingly, overlapping 

genes, which share nucleotide sequences, e.g., gene 

X which is present entirely within gene Y (gene within 

gene), but code for different gene products are 

present.  In many respects, viruses of eukaryotes 

resemble bacteriophages, but their genes resemble 

eukaryotic genes in the presence of introns (the 

intervening sequences in the gene).

As in case of phages, the genome sizes of 

prokaryotes also vary. For example, the genome sizes of Mycoplasma genitalium, 

Methanococcous jannaschii and E. coli are 580 kb, 1739 kb and 4639 kb, respectively. Bacteria 

also possess small independent circular and double-stranded DNA molecules called 

3.2.13.1 Viral genomes

3.2.13.2 Prokaryotic genomes

Fig. 22. Drawing of E. coli phage T2, 

showing various components. 
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‘plasmids’ which also carry genes not present on the chromosomal DNA.

Let us examine the genomes of prokaryotes, particularly E. coli, in detail. An E. coli contains 

about 4500 genes, which makes up about 80 per cent of the total coding DNA, and the remaining 

20 per cent is made up of intergenic region.  About a third of the protein coding genes are 

organized into 75 different operons. The majority of the genes is present as just a single copy 

each except rRNA genes, which occur in clusters.  

There are three distinct genetic systems (genomes) in the eukaryotic cell, and these are the 

nuclear genome, the mitochondrial genome and the chloroplast genome (only present in 

plants).  

Eukaryotes are more complex than the prokaryotes and so are their genomes.  The sizes of 

genomes in eukaryotes vary very significantly. In prokaryotic genomes, a large proportion of the 

total DNA is the coding region (about 80 per cent), whereas in eukaryotic genomes the coding 

region is relatively small.  For instance, the current estimate of genes for human genome is 

between 20000 and 25000 genes. Most of the DNA constitutes the intergenic region, which is 

abundant in repetitive DNA (individual sequence elements that are repeated many times over, 

either in tandem arrays or interspersed throughout the genome) (Fig. 23) and other elements.  

Some of the repetitive DNA sequences may be present several thousand to several million times 

in the genome and others only as ten to several hundred copies.

Fig. 23.  Schematic diagram for repetitive DNA in a eukaryotic genome 

In prokaryotic bacteria, all the genes are arranged in a linear fashion on a single circular 

chromosome (haploid organism), and the plasmids that they harbour also possess genes.  The 

nuclear genome of a eukaryotic cell is divided into a number of individual DNA molecules, each 

of which is linear and present on a different chromosomes.  In most eukaryotic cells, there are 

two copies of each chromosome and hence two copies of each gene with the exception of the 

reproductive cells, where the nucleus contains just a single copy of each chromosome. A highly 

organized packaging system is present in eukaryotes to fit such lengthy DNA molecules into 

chromosomes. Chromosomes are roughly speaking, about half protein and half DNA.   

Chromosomal DNA is closely associated with a group of proteins known as histones.  These 

proteins make spherical particles known as nucleosomes and the DNA molecules are wound 

twice round each nucleosome (Fig. 24).

3.2.13.3 Eukaryotic genomes

3.2.13.3.1 Nuclear genome 
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Fig. 24. Nucleosome structure: (a) 146 base pairs of DNA are wrapped around an octamer of core histones, (b) the linker DNA 

connects adjacent nucleosomes. The linker histone H1 and non-histone proteins also bind to this linker region

The cell organelles, mitochondria and chloroplasts contain DNA molecules that carry a limited 

number of genes. These code for the rRNAs and tRNAs as well as some of the proteins essential 

for the organelle. The DNA of these organelles is generally circular and double-stranded (with a 

few exceptions where DNA is linear) and are present as multicopies. The size of mitochondrial 

DNA varies dramatically from organism to organism, whereas there is less variation in size of 

chloroplast DNA from a wide variety of organisms (Table 3). The organellar genomes and genes 

have a lot of similarities with prokaryotic genomes and genes, particularly in respect of 

organization and function, which support the notion that these organelles must have originated 

from bacteria.

Homo sapiens (humans) 17

Saccharomyces cerevisiae (yeast) 70

Brassica campestris (mustard) 218

Zea mays  (maize) 570

Melon 2500

Chlamydomonas reinhardii (alga) 195

Marchantia polymorpha (liverwort) 121

Pisum sativum  (pea- dicot) 120

Nicotiana tabacum (tobacco -dicot) 156

Oryza sativa (rice- monocot) 134

3.2.13.3.2 Organellar genomes

Species Genome size (kb)

Mitochondrial genome

Chloroplast genome

Table  3.  Sizes of organellar genomes from various organisms
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Review Questions

1. To what extent is gene number related to genome size in eukaryotes?

2. What does the term ‘repetitive DNA’ mean?

3. Differentiate between the gene structure in prokaryotes and eukaryotes.

4. Explain DNA as the transforming principle. 

5. Differentiate between:

(a)    Gene and Pseudogene

(b)    Promoter and Terminator

(c)    Exon and Intron 

6. Define the following terms:

Gene                        Open reading frame

Intergenic DNA         Capsule                   

Overlapping genes   Organellar genome 

Promoter                  Split gene  

Genome Multigene family

Nucleosome  Pseudogenes

Histones Plasmid 

7. Define the following terms: 

Splicing Operons

Transcription factors Nonsense codons

Origin of replication Codon

Bi-directional replication

8. Define the following terms: 

Mutation                                    Mutagen                                       

Point mutation  Frame shift mutation

Alkylating agents Transition

DNA repair, Xeroderma pigmentosum

Polyploidy         Monopolyploidy (Haploid)            

Aneuploidy Hemophilia 

Pedigree analysis Genetic counseling 

9.   Distinguish between:

(i)    Operator and Promoter

(ii)    Leading strand and Lagging strand

(iii)    Induction and Repression

(iv)    Sense strand and Anti-sense strand

(v)    Intron and Exon

10. List the differences between bacterial and eukaryotic transcription.
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11. What does it mean that replication is semi-conservative? How was this feature of replication 

demonstrated in bacterial cells?

12. Fill in the blanks:

(I) __________ is the natural inducer of the lac operon.

(ii) Tryptophan acts as a __________ in the trp operon.

(iii) The bacterial chromosome consists of a _________ point of origin, but the eukaryotic  

chromosomes contain ___________ points of origins.

(iv) _____________ activity of the DNA polymerase is responsible for its proofreading 

activity.

(v) The ___________ subunit of E.coli RNA polymerase helps the polymerase to bind 

specifically to the promoter sequences on the DNA.

(vi) The viruses that infect bacteria are known as ___________.

(vii) ___________ is the full complement of DNA molecules present in an organism.

(viii) The individual sequence elements that are repeated many times over in the genome are 

called ___________.

(ix) Genes are discrete segments of DNA molecules, separated from one another by 

___________.

(x) The intervening sequences, present in split genes are known as ___________.

(xi) The alternative form a gene is called ___________.

(xii) The human genome approximately contains ___________ genes.

(xiii) The process of removal of introns from the heterogenous mRNA is known as 

___________.

(xiv) Mutation theory was proposed by ----------------------------------------------

(xv) Photodimers are induced by --.----.-.----------------

13. Differentiate between the mutagenic effect of alkylating agents, 5-bromouracil, intercalating 

agents and UV light.

14. 10. Describe briefly two ways in which a T-T dimers can be repaired by DNA repair mechanism.  

15. 11. How does mutations are associated with human genetic diseases and cancers? 

16. If a gene had a mutation in the initiation codon, what will be its effect on its protein product? 

17. Describe the series of events that occur in a bacterial cell following the addition of lactose.  

18. Look at the codon chart given in the chapter. Which codons would you expect to have a unique 

tRNA, that is, one that is used only for that codon?  Why is it that many codons do not have their 

own unique tRNA?
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