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AGP 311-Lecture 1 

 
Genetics and Historical Milestones in Genetics 

 
Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

Genetics 
 
GENETICS came from the word gen, genetikos meaning generative and genesis 

meaning beginning. Genetics is a branch of biology concerned with the study of 

genes, genetic variation, and heredity in organisms. Genetics is the study of how 

genes bring about characteristics, or traits, in living things and how those 

characteristics are inherited. Genes are specific sequences of nucleotides that code 

for particular proteins. Through the processes of meiosis and sexual reproduction, 

genes are transmitted from one generation to the next.    Mendel demonstrated that 

heritable properties are parceled out in discrete units, independently inherited. 

These eventually were termed genes. Gregor Johann Mendel, the Austrian monk 

who figured out the rules of heredity. It is the genetics whose application in plant 

breeding has helped in development of varieties of numerous crops possessing high 

yield and nutrients to feed billions of people world over. 

 

History 

The history of genetics dates from the classical era with contributions 

by Pythagoras, Hippocrates, Aristotle, Epicurus, and others. Modern genetics began 

with the work of Gregor Johann Mendel, Augustinian Monk working in the 19th 

century in Brno. His work on pea plants, published in 1866, established the theory 

of Mendelian inheritance. 

The year 1900 marked the "rediscovery of Mendel" by Hugo de Vries, Carl 

Correns and Erich von Tschermak, and by 1915 the basic principles of 

Mendelian genetics had been studied in a wide variety of organisms — most notably 

the fruit fly Drosophila melanogaster. Led by Thomas Hunt Morgan and his fellow 

"drosophilists", geneticists developed the Mendelian model, which was widely 

accepted by 1925. Alongside experimental work, mathematicians developed the 

statistical framework of population genetics, bringing genetic explanations into the 

study of evolution. 

A focus on new model organisms such as viruses and bacteria, along with the 

discovery of the double helical structure of DNA in 1953, marked the transition to 

the era of molecular genetics. 

https://en.wikipedia.org/wiki/Classical_era
https://en.wikipedia.org/wiki/Pythagoras
https://en.wikipedia.org/wiki/Hippocrates
https://en.wikipedia.org/wiki/Aristotle
https://en.wikipedia.org/wiki/Epicurus
https://en.wikipedia.org/wiki/Experiments_on_Plant_Hybridization
https://en.wikipedia.org/wiki/Mendelian_inheritance
https://en.wikipedia.org/wiki/Hugo_de_Vries
https://en.wikipedia.org/wiki/Carl_Correns
https://en.wikipedia.org/wiki/Carl_Correns
https://en.wikipedia.org/wiki/Erich_von_Tschermak
https://en.wikipedia.org/wiki/Genetics
https://en.wikipedia.org/wiki/Drosophila_melanogaster
https://en.wikipedia.org/wiki/Thomas_Hunt_Morgan
https://en.wikipedia.org/wiki/Mendelian
https://en.wikipedia.org/wiki/Population_genetics
https://en.wikipedia.org/wiki/Evolution
https://en.wikipedia.org/wiki/Molecular_genetics


 2 

Historical Milestones in Genetics 
 

Year Scientist Event 
Early Time 
1866 Gregor Johann 

Mendel 
(Father of Genetics) 

Published “Experiments in plant 
hybridization”; discovered unit factors and 
formulated the laws of inheritance. 

1880–
1890 

W. Flemming, E. 
Strasburger, and E. V. 
Beneden  

Elucidate chromosome distribution during cell 
division. 

1889 Hugo de Vries  Postulates that "inheritance of specific traits in 
organisms comes in particles", naming such 
particles "(pan) genes. 

1903 W. Sutton and T. 
Boveri  

Independently hypothesizes that 
chromosomes, which segregate in a Mendelian 
fashion, are hereditary units.   

1905 William Bateson  Coins the term "genetics" 
1908 G.H. Hardy and W. 

Weinberg 
 Proposed the Hardy–Weinberg equilibrium 
model which describes the frequencies of 
alleles in the gene pool of a population. 

1910 T. H. Morgan  Shows that genes reside on chromosomes 
while determining the nature of sex-linked 
traits by studying Drosophila melanogaster. 

1911 Alfred Sturtevant Invented the procedure of linkage mapping, 
which is based on the frequency of crossing-
over. 

1918 Ronald Fisher  Publishes "The Correlation Between Relatives 
on the Supposition of Mendelian Inheritance" 
the modern synthesis of genetics 
and evolutionary biology starts. 

1923 Frederick Griffith  Studied bacterial transformation and 
observed that DNA carries genes responsible 
for pathogenicity. 

1928 Frederick Griffith Discovers that hereditary material from 
dead bacteria can be incorporated into live 
bacteria. 

1931 Barbara McClintock 
and H. Creighton. 

Crossing over is identified as the cause 
of recombination; the first cytological 
demonstration of this crossing over was 
performed. 

1933 Thomas Morgan  Received the Nobel prize for linkage 
mapping. His work elucidated the role played 
by the chromosome in heredity. 

1941 E. L. Tatum and G. W. 
Beadle 

 Show that genes code for proteins. 
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Year Scientist Event 
The DNA Era 
1944 Avery, MacLeod and 

McCarty  
 Isolated DNA as the genetic material (at that 
time called transforming principle). 

1948 Barbara McClintock  Discovers transposons in maize. 
1950 Erwin Chargaff  Determined the pairing method of nitrogenous 

bases. 
1952 Hershey and Chase Proves the genetic information of phages (and, 

by implication, all other organisms) to be DNA 
(popularly known as the Hershey–Chase 
experiment). 

1953 James 
Watson, Francis 
Crick and Rosalind 
Franklin 

Resolved that DNA structure is double helix. 

1957 Kornberg and  
Ochoa  

Synthesized DNA in a test tube after 
discovering the means by which DNA is 
duplicated. DNA polymerase 1 established 
requirements for in vitro synthesis of DNA. 
Kornberg and Ochoa were awarded the Nobel 
Prize in 1959 for this work. 

1957/ 
1958 

R. W. Holley, M. 
Nirenberg, Har 
Gobind Khorana  

Proposed the nucleotide sequence of 
the tRNA molecule, and they were awarded 
the Nobel prize in 1968. 

1958 Meselson and Stahl  Demonstrated that DNA is semi-
conservatively replicated (popularly known 
as The Meselson–Stahl experiment) 

1961 Francis 
Crick and Sydney 
Brenner  

Discovered frame shift mutations. 

1961 Brenner, Jacob and   
Meselson 

 Identified the function of messenger RNA. 

1966  Nirenberg, Leder 
and  Khorana 

 Cracked the genetic code. 

1970 Smith and Nathans  Discovered restriction enzymes in a 
bacterium, Haemophilus influenzae, 
by  enabling scientists to cut and paste DNA. 

The genomics era 
1972 Walter Fiers and his 

team 
Determined the sequence of a gene: the gene 
for bacteriophage MS2 coat protein. 

1977 Sanger, and Gilbert 
and Maxam 

Sequenced the DNA for the first time while 
working independently. 

1983 Kary B. Mullis  Invented the polymerase chain 
reaction (PCR) enabling the easy amplification 
of DNA 
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Year Scientist Event 
1983 Barbara McClintock  was awarded the Nobel Prize in Physiology or 

Medicine for her discovery of mobile genetic 
elements or transposable elements or 
jumping genes. 

1995 * The genome of bacterium Haemophilus 
influenzae is the first genome of a free living 
organism to be sequenced. 

1996 * Genome of the first eukaryote  (Saccharomyces 
cerevisiae), a yeast species, was sequenced. 

2000 * The full genome sequence of Drosophila 
melanogaster is completed. 

2003 * Successful completion of Human Genome 
Project with 99% of the genome sequenced to 
a 99.99% accuracy. 

2004-
2020 

* Genome of rice, wheat, other important crop 
plants have been synthesized. With the 
invention of new generation sequencing 
technologies, speed of genome sequencing has 
gone up many fold. 

* Genome sequencing work is being taken up by many public and private sector 
organizations. 
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PRE and POST MENDELIAN CONCEPTS of HEREDITY 

 
                     Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

 
I. Pre-Mendelian Concepts of Heredity: 

Various views were prevailing about the process of heredity before the rediscovery 

of Mendel’s laws of inheritance in 1900. 

Some of these concepts are given below: 

1. Preformation Theory: 

This theory was proposed by two Dutch biologists, Swammerdam and Bonnet 

(1720-1793). This theory states that a miniature human, called homunculus, is 

already present in the egg and sperm which grows into human being after formation 

of zygote. This theory was soon rejected because this could not be proved 

scientifically. 

2. Theory of Epigenesis: 

Proposed by a German biologist Wolff (1738-1794), the theory states that the egg 

and sperms are undifferentiated cells. The differentiation into various organs/parts 

takes place only after fertilization in the zygote resulting in the development of adult 

tissues and organs. This concept is universally accepted. 

3. Theory of Acquired Characters: 

Proposed by the famous French biologist Lamarck (1744-1829), this theory states 

that a new character once acquired by an individual shall pass on to its progeny. It 

means if a man develops a strong muscle by exercise, all his children would have 

strong muscles. On the other hand, if a person becomes weak all his children would 

be weak. This concept was totally rejected by Weismann on the basis of 

experiment on rats performed through 22 generations. 

4. Theory of Pengenes: 

This theory, proposed by the famous English naturalist Charles Darwin (1809-

1882), states that very small, exact but invisible copies of each body organ and 

component (called gemmules) are transported by the blood stream to the sex 

organs. These gemmules are assembled in the gametes. After fertilization these 

gemmules move out to different parts of the body resulting in the development of 

respective organ. A defective gemmule will lead to the development of defective 



organ in an individual. This theory too was rejected because it lacked scientific 

basis. 

5. Germplasm Theory: 

This theory, advocated by August Weismann (1889), a German biologist, states 

that body tissues are of two types, viz., germplasm and somatoplasm. The 

germplasm refers to the reproductive tissues or cells which produce gametes. The 

somatoplasm includes all other body tissues which are not related to sexual 

reproduction. Thus, transmission of characters from one generation to other takes 

place only through germplasm. Any change in the germplasm will lead to change in 

the next generation. This theory is accepted in a broad sense.  

II. Post-Mendelian Concepts of Heredity: 

 
The basic principles of heredity were initially discovered by Mendel in 1866 and 

rediscovered by three scientists de Vries, Correns and Tschermak in 1900. Later on 

these principles were further clarified and confirmed by several researchers and 

some new concepts of heredity were discovered. These new concepts were different 

from the findings of Mendel. These concepts are often referred to as “Mendelian 

Deviations” or exceptions or anomalies. 

These include: 

1.Incomplete dominance; 2. Co-dominance; 3. Multiple alleles, 4. Linkage; 5. Lethal 
genes; 6. Genes interactions; 7. Pleiotropic gene effect; 8. Polygenes;                              
9. Environmental effects, and 10. Cytoplasmic or material effects. 

1. Incomplete Dominance (Blended Dominance): 

Mendel always observed complete dominance of one allele over the other for all the 

seven characters which he studied in garden pea. Later on, cases of incomplete 

dominance were sported. For example, in four o’clock plant (Mirabilis jalapa) there 

are two types of flowers: red and white. A monohybrid cross between red and white 

flowered plants produced plants with intermediate flower colour also, viz., pink 

colour in F1, and a modified ratio of 1 red; 2 pink: 1 white was observed in 

F2 generation. 

In a di-hybrid cross showing incomplete dominance both phenotypic and genotypic 

ratio are identical. However, if out of two pairs of contrasting characters; one pair is 

completely dominant and other pair is incompletely dominant, then phenotypic 

ratio = 6: 3: 3: 2: 1: 1; genotypic ratio = 1: 2: 1: 2: 4: 2: 1: 2: 1. 



2. Co-dominance: 

In co-dominance both alleles of a gene express their phenotype in heterozygote. 

Blood group antigens of man present an excellent example of co-dominance. The 

main difference between co-dominance and incomplete dominance lies in the way 

in which genes act. In case of co-dominance, both alleles are active, producing 

functional proteins, while in case of incomplete dominance only one allele 

(dominant) is active. 

3. Multiple Alleles: 

Mendel always observed two allelic forms of a gene. Now cases are known where a 

gene has more than two allelic forms, although only two of them can exist in a 

diploid cell at a time. Existence of more than two alleles for a gene is called multiple 

alleles. Examples of multiple alleles are ABO blood group alleles in human, coat 

colour in rabbit and self-incompatibility alleles in tobacco. 

4. Linkage: 

Mendel always observed independent assortment of genes, but later on Bateson and 

Punnett (1906) in sweet pea, Hutchinson in maize and Morgan (1910) in Drosophila 

observed that genes have tendency to inherit in groups rather than individually. 

This tendency of two or more genes to remain together in the same chromosome 

during inheritance is called linkage. 

5. Lethal Genes: 

A gene that causes death of its carrier when in homozygous condition is known as 

lethal gene. Mendel’s findings were based on equal survival of all genotypes. In the 

presence of lethal genes, the normal segregation ratio of 3: 1 is modified into 2: 1 

ratio. Lethal genes have been reported both in animals as well as plants. 

6. Gene Interactions: 

When the expression of an allele of one gene pair depends on the presence of a 

specific allele of another pair, it is known as gene interaction. Mendel observed 

9:3:3:1 ratio in F2 from a di-hybrid cross. Later on many deviations of this 

phenotypic ratio were observed in di-hybrid crosses. The modified ratios included 

9: 7; 9: 3: 4; 12: 3: 1; 13: 3: 15: 1 and 9: 6: 1 in different crop plants. 

 

7. Pleiotropic Gene Effects: 

Mendel observed that one gene controls the expression of only one character (trait). 

Later on cases were observed in which one gene was found to control the 

expression of two or more traits. Example is white eye allele in Drosophila. This 

allele affects eye colour, shape of spermatheca, fecundity and testicular membrane. 



8. Polygenes: 

Mendel always observed that each character is controlled by a single gene. Later on 

Nilsson Ehle observed that some characters are governed by several genes and each 

of such gene has additive effect in the expression of character. This concept led to 

the foundation of polygenic inheritance. East (1916) demonstrated that polygenic 

characters were perfectly in agreement with Mendelian segregation and later on 

Fisher and Wright provided a mathematical basis for the genetic interpretation of 

polygenic characters. This too will be discussed in detail later on. 

9. Environmental Effects: 

Genes can interact not only with genes but also with the environment to produce the 

phenotype. Thus, phenotype is the result of the interaction between genotype and 

environment. It leads directly to the concept of penetrance and expressivity. The 

importance of environment was first realized by Johnnsen. He coined the term 

genotype and phenotype. 

10. Material Effects: 

Mendel did not observe any difference between direct and reciprocal crosses. Later 

investigations revealed the presence of significant difference in the reciprocal 

crosses, which led to the concept of “cytoplasmic inheritance”. 

Know Some Important Terminologies 

• Gene – It is the basic unit of inheritance. It consists of a sequence of DNA, which 
is the genetic material. Genes can mutate and can take two or more alternative 
forms. 

• Alleles – The alternative forms of genes. They affect the same characteristics or 
traits in alternate forms. They are located on the same place of the chromosome. 

• Chromosomes – These are thread-like structures made up of nucleic acids 
(DNA) and proteins. They are mostly found in the nucleus of the cells. They carry 
the hereditary or genetic information in the form of genes. 

• Genotype – It is the complete heritable genetic identity of an organism.  It is the 
set of alleles that are carried by the organism. It also includes non-expressed 
alleles. 

• Phenotype – It is the description of the actual physical characteristics of an 
organism or the expressed form of the genotype. 

• Dominant alleles – When an allele affects the phenotype of an organism, then it 
is a dominant allele. Capital letters represent dominant alleles. For example, “T” 
to express tallness. 

https://www.toppr.com/guides/biology/principles-of-inheritance-and-variations/introduction-to-genetics/


• Recessive alleles – An allele that affects the genotype in the absence of the 
dominant allele is called a recessive allele. Small letters represent recessive 
alleles. For example – “t” for tallness. 

• Homozygous – Each organism has two alleles for every gene (Each chromosome 
has one each). In homozygous, both the alleles are same. For Example, “TT” is 
the homozygous expression for tallness trait. 

• Heterozygous – If the two alleles are different from each other, then they are 
heterozygous in nature. For Example, “Tt” is the heterozygous expression for 
tallness trait. 
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AGP 311-Lecture 3 

 

Mendel’s Law of Heredity 

(Law of dominance, Segregation & Independent Assortment) 

 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

Genetics 

The term ‘genetics’ was coined by William Bateson in 1905. Genetics is the study of 
heredity and hereditary variations, it is the study of the transmission of body features: 
i.e., similarities and difference from parents to offspring and the laws related to this 
transmission. It is the science, which deals with the mechanisms responsible for 
similarities and differences among closely related species. 

Variation 

Any differences present between individuals of any species, caused either by genetic 
difference or by the effect of environmental factors, is called variation. Variation can be 
shown in physical appearance, metabolism, behaviour, learning and mental ability, and 
other obvious characters. 

Types of Variation 

Variations can be categorized into two types: 

Genotypic variations: – Genotypic variations refer to the differences in the genome, it may 
be due to structure or number of chromosomes present in the cells or difference in the 
genetic constituents of the chromosomes. Skin, hair, eye colour, height are some of the 
genotypic variations in animals. A variation can only be confirmed as genotypic by doing 
cross-breeding experiments. 

Somatic variations: – Somatic variations are not hereditary. These are not due to changes 
in the alleles or chromosomes. These are due to various factors such as nutrition, climate 
and due to other social interactions. 

Mendel’s Laws of Heredity 

Gregor Johann Mendel is known as the father of genetics (Fig. 1). 
He was the first to show the inheritance pattern of traits from 
one generation to the next generation. He did his research on the 
garden pea, Pisum sativum. He selected 7 pairs of contrasting 
traits like the red and yellow colour of the pod, round and 
wrinkled seeds, tall and short plants, etc. and crossbred the 
plants to understand their inheritance pattern (Fig. 2). 
 
 
                                          Fig.1. Gregor Johann Mendel 
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                        Fig. 2. Seven characters chosen for the study in garden pea by Mendel 
 
Mendel gave two fundamental laws of inheritance 1. Law of Segregation, and Law of 
Independent Assortment, however understating two phenomena, dominance and recessive 
is pre-requisite to understand these two laws.                                                                                                           

Dominance and Recessive: States that in the heterozygous condition of the genotype 
for a pair of factors (later on factors were designated as alleles), the allele which 
expresses itself phenotypically is dominant and the one which cannot express is 
recessive (Fig. 3). 

 
                                             Fig. 3. T: Dominant allele, r: recessive allele 

1. Law of segregation: States that although the alleles of a character remain together 
for a long time, they do not mix with each other and separate at the time of 
gametogenesis so that each gamete receives only one allele of a trait, which is 
either dominant or recessive (Fig. 4).  
 

 
                               
                                            Fig. 4. Gamete formation 
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When a pair of contrastiang characters (round and wrinkled seed in pea) are brought 

together in a hybrid (F1), the factors responsible for the character do not belnd or 

contaminate each other in the hybrid, but when gametes are formed they segregate and 

pass into different gametes in a difinite proportion. 

In fertilization, the gametes combine at random (i.e. they unite freely in all possible 
combinations). The F2 consists of 4 combinations viz., RR, Rr, rR, rr in equal numbers, and 
ratio of round and wrinkle seed is 3:1, because round shape is dominant over wrinkle (Fig. 
5). 

RR   have factor (gene) only for round shape of seed 

Rr, rR  have factors (genes) for round  and wrinkled both 

 rr   have factor (gene) only for wrinkeld shape. 

 

                            P1                       P2 

Parents 

  

Gemete      
formation 
 

F1 

 

F1 X F1   

          

 

 

F2 

 

 

Fig. 5. Law of segregation narrated with round and wrinkled seed shape in garden pea (the 

character selected by Mendel). Round (RR, Rr: 3) and  Wrinkled (rr- 1), therefore ratio of 

round and wrinkled 3:1. 

 

There is no visible indication of the presence of allele 'r' in the F1, the allele R and r do not 

linked or fuse with each other while they are together in F1. The alleles R and r do not also 

contaminate or affect each other, and hence this phenomenon is known as “Purity of 

Gemates”. 

RR Rr 

Rr rr 

R 

r 

R r 

RR Rr 

Rr 

R r 
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Monohybrid: A cross between parents differing in a single gene.  An individual 

heterozygous for one pair of alleles (that is sited in Fig. 5). 
 

2. Law of Independent assortment: States that when more than a pair of characters is 
taken into consideration, alleles of a character can undergo any sort of combination to give 
rise to a phenotype differing from both the parents. Fig. 6 narrates a dihybrid cross 
between yellow round (YYRR) and a green wrinkled (yyrr) seed of pea plant showing the 
formation of F2 progeny in the ratio of 9:3:3:1. 
 

 
Fig. 6. A dihybrid cross between yellow round (YYRR) and a green wrinkled (yyrr) seed of 
pea plant showing the formation of F2 progeny in the ratio of 9:3:3:1. 
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Notations used in Breeding Experiments 

The dominant trait – Upper case letter, e.g. Tallness is represented by ‘T’ 

The recessive trait – Lower case letter, e.g. Dwarfness by ‘t’ 

Homozygous – A pair of same alleles, e.g. TT (homozygous dominant) or tt (homozygous 
recessive) 

Heterozygous – Having different alleles of a trait, e.g. Tt 

Limitations of the law of segregation 

Law of segregation applies only to traits that completely control a single gene pair in which 
one of the two alleles is overriding the other. Therefore, the law of segregation does not 
apply to incompletely dominant or co-dominant alleles. 

 

 

 

******************************** 
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AGP 311-Lecture 4-Part A 

 

Cell Structure and Function 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

Cell Definition: A cell is defined as the smallest, basic unit of life that is responsible for all of 

life’s processes. 

Cells are the structural, functional, and biological units of all living beings. A cell can replicate 

itself independently. Hence, they are known as the building blocks of life.  

Each cell contains a fluid called the cytoplasm, which is enclosed by a membrane. Also 

present in the cytoplasm are several biomolecules like proteins, nucleic acids and lipids. 

Moreover, cellular structures called cell organelles are suspended in the cytoplasm (Fig. 1). 

 

Fig.1. Structure of a plant cell  
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Discovery of Cells 

Robert Hooke discovered the cell in 1665. Robert Hooke observed a piece of bottle cork 

under a compound microscope and noticed minuscule structures that reminded him of small 

rooms. Consequently, he named these “rooms” as cells. However, his compound microscope 

had limited magnification, and hence, he could not see any details in the structure. Owing to 

this limitation, Hooke concluded that these were non-living entities. 

Later Anton Van Leeuwenhoek observed cells under another compound microscope 

with higher magnification. This time, he had noted that the cells exhibited some form of 

movement (motility). As a result, Leeuwenhoek concluded that these microscopic entities 

were “alive.” Eventually, after a host of other observations, these entities were named as 

animalcules. 

In 1883, Robert Brown, a Scottish botanist, provided the very first insights into the cell 

structure. He was able to describe the nucleus present in the cells of orchids 

Characteristics of Cells 

Following are the various essential characteristics of cells: 

• Cells provide structure and support to the body of an organism. 

• The cell interior is organised into different individual organelles surrounded by a 
separate membrane. 

• The nucleus (major organelle) holds genetic information necessary for reproduction 
and cell growth. 

• Every cell has one nucleus and membrane-bound organelles in the cytoplasm. 

• Mitochondria, a double membrane-bound organelle is mainly responsible for the 
energy transactions vital for the survival of the cell. 

• Lysosomes digest unwanted materials in the cell. 

• Endoplasmic reticulum plays a significant role in the internal organisation of the cell 
by synthesising selective molecules and processing, directing and sorting them to 
their appropriate locations. 

• Cell wall is found only in plant cell. 

Types of Cells 

Based on cellular structure, there are two types of cell: (1) Prokaryotic cell, (2) Eukaryotic 

cell found in Prokaryote and Eukaryote, respectively. 
 

Structure of these cells is given in Fig. 2 and comparision between these two is given in 

Table 2. 
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Fig.2. Prokaryotic and Eukaryotic Cells (Source: Wikipedia) 

           Table 1. Comparison of features of prokaryotic and eukaryotic cells 

 Prokaryotes Eukaryotes 

Typical organisms 
Bacteria,  

Archaea 
Protists, Fungi, Plants, Animals 

Typical size ~ 1–5 μm ~ 10–100 μm 

Type of nucleus 
Nucleoid region; No true 

nucleus 
True nucleus with double 
membrane 

DNA 
Circular 

(usually) 

Linear molecules 
(chromosomes) 
with histone proteins 

RNA/protein synthesis Coupled in the cytoplasm 
RNA synthesis in the nucleus 
protein synthesis in the 
cytoplasm 

Ribosomes 50S and 30S 60S and 40S 

Cytoplasmic structure Very few structures 
Highly structured 
by endomembranes and 
a cytoskeleton 

Cell movement Flagella made of flagellin 

Flagella 

and cilia containing microtubule

s  

Mitochondria None One to several thousand 

Chloroplasts None In algae and plants 

Organization Usually single cells 
Single cells, colonies, higher 
multicellular organisms with 
specialized cells 

Cell division Binary fission (simple 
division) 

Mitosis (fission or budding)  
meiosis 

Chromosomes Single chromosome More than one chromosome 

Membranes Cell membrane 
Cell membrane and membrane-
bound organelles 

 

https://en.wikipedia.org/wiki/Prokaryote
https://en.wikipedia.org/wiki/Eukaryote
https://en.wikipedia.org/wiki/Bacterium
https://en.wikipedia.org/wiki/Archaea
https://en.wikipedia.org/wiki/Protist
https://en.wikipedia.org/wiki/Fungus
https://en.wikipedia.org/wiki/Plant
https://en.wikipedia.org/wiki/Animal
https://en.wikipedia.org/wiki/Micrometre
https://en.wikipedia.org/wiki/Cell_nucleus
https://en.wikipedia.org/wiki/Nucleoid_region
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Circular_prokaryote_chromosome
https://en.wikipedia.org/wiki/Chromosome
https://en.wikipedia.org/wiki/Histone
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/RNA
https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Cytoplasm
https://en.wikipedia.org/wiki/Transcription_(genetics)
https://en.wikipedia.org/wiki/Translation_(biology)
https://en.wikipedia.org/wiki/Ribosome
https://en.wikipedia.org/wiki/50S
https://en.wikipedia.org/wiki/30S
https://en.wikipedia.org/wiki/60S
https://en.wikipedia.org/wiki/40S
https://en.wikipedia.org/wiki/Endomembrane_system
https://en.wikipedia.org/wiki/Cytoskeleton
https://en.wikipedia.org/wiki/Chemotaxis
https://en.wikipedia.org/wiki/Flagellum
https://en.wikipedia.org/wiki/Flagellin
https://en.wikipedia.org/wiki/Cilium
https://en.wikipedia.org/wiki/Microtubule
https://en.wikipedia.org/wiki/Microtubule
https://en.wikipedia.org/wiki/Mitochondrion
https://en.wikipedia.org/wiki/Chloroplast
https://en.wikipedia.org/wiki/Algae
https://en.wikipedia.org/wiki/Plant
https://en.wikipedia.org/wiki/Cell_division
https://en.wikipedia.org/wiki/Binary_fission
https://en.wikipedia.org/wiki/Mitosis
https://en.wikipedia.org/wiki/Meiosis
https://en.wikipedia.org/wiki/Chromosome
https://en.wikipedia.org/wiki/Membrane
https://en.wikipedia.org/wiki/Cell_membrane
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Cell Structure 

The cell structure comprises individual components with specific functions essential to carry 
out life’s processes. These components include- cell wall, cell membrane, cytoplasm, nucleus, 
and cell organelles.  

Cell Membrane: The cell membrane supports and protects the cell. It controls the 
movement of substances in and out of the cells. It separates the cell from the external 
environment. The cell membrane is present in all the cells. 

Cell Wall:  The cell wall is the most prominent part of the plant’s cell structure. It is made up 
of cellulose, hemicellulose and pectin. 

Cytoplasm: The cytoplasm is a thick, clear, jelly-like substance present inside the cell 
membrane. Most of the chemical reactions within a cell take place in this cytoplasm. The cell 
organelles such as endoplasmic reticulum, vacuoles, mitochondria, ribosomes, are 
suspended in this cytoplasm. 

Nucleus:  The nucleus contains the hereditary material of the cell, the DNA. It sends signals 
to the cells to grow, mature, divide and die. The nucleus is surrounded by the nuclear 
envelope that separates the DNA from the rest of the cell. 

Cell Organelles 

Cells are composed of various cell organelles that perform certain specific functions to carry 
out life’s processes. The different cell organelles, along with its principal functions, are as 
follows: 

Cell Organelle and its Functions: 

Nucleolus: The nucleolus is the site of ribosome synthesis. Also, it is involved in controlling 
cellular activities and cellular reproduction. 

Nuclear membrane: The nuclear membrane protects the nucleus by forming a boundary 
between the nucleus and other cell organelles. 

Chromosomes: Chromosomes play a crucial role in determining the sex of an individual. 
Each human cells contain 23 pairs of chromosomes. 

Endoplasmic reticulum: The endoplasmic reticulum is involved in the transportation of 
substances throughout the cell. It plays a primary role in the metabolism of carbohydrates, 
synthesis of lipids, steroids and proteins. 

Golgi Bodies: Golgi bodies are called the cell’s post office as it is involved in the 
transportation of materials within the cell. 

Ribosome: Ribosomes are the protein synthesisers of the cell. 

Mitochondria: The mitochondrion is called “the powerhouse of the cell.” It is called so 
because it produces ATP – the cell’s energy currency. 

Lysosomes: Lysosomes protect the cell by engulfing the foreign bodies entering the cell and 
helps in cell renewal. Therefore, it is known as the cell’s suicide bags. 

Chloroplast: Chloroplasts are the primary organelles for photosynthesis. It contains the 
pigment chlorophyll. 

Vacuoles:  Vacuoles stores food, water, and other waste materials in the cell. 

********************* 
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AGP 311-Lecture 4-Part B 

Chromosome Structure 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

Chromosome and its structure 

Chromosome: German biologist Walter Flemming in the early 1880s revealed that during 

cell division the nuclear materials organize themselves into visible thread like structures 

which were named as chromosomes which stains deep with basic dyes.  

The term chromosome was coined by W. Waldeyer in 1888. Chrome is coloured and 

soma is body, hence they mean “colored bodies” and can be defined as higher order 

organized arrangement of DNA and proteins.  Chromosome has the following features: 

• It contains many genes or the hereditary units, regulatory elements and other nucleotide 

sequences.  

• It also contains DNA-bound proteins, which serve in packaging the DNA and control its 

functions.  

• Chromosomes vary both in number and structure among organisms and the number of 

chromosomes is characteristic of every species.  

• Benden and Bovery in 1887 reported that the number of chromosomes in each species 

is constant.  

• W.S. Sutton and T. Boveri in 1902 suggested that chromosomes are the physical 

structures, which acted as messengers of heredity. Chromosomes are tightly coiled DNA 

around basic histone proteins, which help in the tight packing of DNA. During interphase, 

the DNA is not tightly coiled into chromosomes, but exists as chromatin.  

• In eukaryotes to fit the entire length of DNA in the nucleus it undergoes condensation 

and the degree to which DNA is condensed is expressed as its packing ratio, which is the 

length of DNA divided by the length into which it is packaged into chromatin along 

with proteins. The structure of a chromosome is given in Figure 1. 

• The shortest human chromosome contains 4.6 x 107 bp of DNA. This is equivalent to 

14,000 µm of extended DNA. In its most condensed state during mitosis, the chromosome 

is about 2 µm long. This gives a packing ratio of 7000 (14,000/2).  

• The DNA is packaged stepwise into the higher order chromatin structure and this is 

known as “hierarchies of chromosomal organization”.  
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   Fig. 1.  Chromosome structure (Source: 2008 Encyclopedia Britannica, Inc) 

 

Chromosome number: There are normally two copies of each chromosome present in 

every somatic cell. The number of unique chromosomes (N) in such a cell is known as its 

haploid number, and the total number of chromosomes (2N) is its diploid number.  

• The suffix ‘ploid’ refers to chromosome ‘sets’. The haploid set of the chromosome is 

also known as the genome. Structurally, eukaryotes possess large linear chromosomes 

unlike prokaryotes, which have circular chromosomes.  

• In Eukaryotes other than the nucleus chromosomes are present in mitochondria and 

chloroplast too. The number of chromosomes in each somatic cell is same for all 

members of a given species. The organism with lowest number of chromosome is the 

nematode, Ascaris megalocephalusunivalens which has only two chromosomes in the 

somatic cells (2n=2). 
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    Table 1: Number of chromosomes in different organisms Organism  

Name of species and ploidy level No. of chromosomes (2n) 

Arabidopsis thaliana (diploid) 10 

Maize (diploid) 20 

Rice (diploid) 24 

Durum Wheat  (tetraploid) 28 

Bread Wheat  (hexaploid) 42 

Tobacco(tetraploid) 48 

Common fruit fly (diploid)  8 

Mouse (diploid)  40 

Human (diploid) 46 

Elephants (diploid) 56 

Dog (diploid)  78 

Gold Fish (diploid) 100-104 

 

Types of chromosomes 

Autosomes and sex chromosomes: In a diploid cell, there is two of each kind of 

chromosome (termed homologous chromosomes) except the sex chromosomes. In humans 

one of the sex has two of the same kind of sex chromosomes and the other has one of each 

kind. In humans there are 23 pairs of homologous chromosomes (2n=46). The human female 

has 44 non sex chromosomes, termed autosomes and one pair of homomorphic sex 

chromosomes given the designation XX. The human male has 44 autosomes and one pair of 

heteromorphic sex chromosomes, one X and one Y chromosome. 

Morphology:  

Size: The size of chromosome is normally measured at mitotic metaphase and may be as 

short as 0.25μm in fungi and birds to as long as 30 μm in some plants such as Trillium. 

However, most mitotic chromosome falls in the range of 3μm in Drosophila to 5μm in man 

and 8-12μm in maize. The monocots contain large sized chromosomes as compared to 

dicots.  

Shape: The shape of the chromosome changes from phase to phase in the continuous 

process of cell growth and cell division. During the resting/interphase stage of the cell, the 

chromosomes occur in the form of thin, coiled, elastic and contractile, thread like stainable 

structures, the chromatin threads. In the metaphase and the anaphase, the chromosome 
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becomes thick and filamentous. Each chromosome contains a clear zone, known as 

centromere or kinetochore, along their length.  

The centromere divides the chromosome into two parts and each part is called chromosome 

arm. The position of centromere varies from chromosome to chromosome providing it a 

different shape. They could be telocentric (centromere on the proximal end of the 

chromosome), acrocentric (centromere at one end giving it a very short and another long 

arm), submetacentric (J or L shaped chromosome with the centromere near the centre), 

metacentric (v shaped with centromere at the centre).  

Structure of Chromosome: A chromosome at mitotic metaphase consists of two 

symmetrical structures called chromatids. Each chromatid contains a single DNA molecule 

and both chromatids are attached to each other by centromere and become separated at the 

beginning of anaphase (about other structures of chromosomes, information will be shared 

in the next topic i.e. Cell division: Mitosis). 

Chromosomes also contain nucleolar organizers, which are certain secondary constrictions 

that contain the genes coding for 5.8S, 18S and 28S ribosomal RNA and induce the formation 

of nucleoli. Sometimes the chromosomes bear round, elongated or knob like 

appendages known as satellites. The satellite remains connected with the rest of the 

chromosomes by a thin chromatin filament.  

Chromatin: It consists of DNA, RNA and protein. The protein of chromatin could be of two 

types: histones and non histones.  

DNA: DNA is the most important chemical component of chromatin, since it plays central 

role of controlling heredity and is most conveniently measured in pictograms (pg). The 

amount of DNA per genome is not correlated with the presumed evolutionary complexity of 

a species and  this is stated as the ‘C value paradox’. Lower eukaryotes in general have less 

DNA, such as nematode. Caenorhabditis elegans  has 20 times more DNA than E. coli. 

Vertebrates have greater DNA content about 3pg. Man has about 3pg of DNA per haploid 

genome.  

Histones: Histones are basic proteins as they are enriched with basic proteins arginine and 

lysine. They form a highly condensed structure. The histones are of five types called H1, 

H2A H2B, H3, and H4, which are very similar among different species of eukaryotes and 

have been highly conserved during evolution.  

Non-histones: In addition to histones the chromatin comprise of many different types of 

non-histone proteins, which are involved in a range of activities, including DNA replication 

and gene expression. They display more diversity or are not conserved. They may also differ 

between different tissues of same organism. Roger Kornberg in 1974 described the basic 

structural unit of chromatin, which is called the nucleosome.  

*********************** 
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AGP 311-Lecture 5 

 

Cell Division: Interphase and Mitosis 
 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

Cell Division 

Cell division is the process by which a parent cell divides into two or more 

daughter cells. Cell division usually occurs as part of a larger cell cycle. In early 

1880s, Flemming first observed the process of cell division. 

Types of Cell Division 

In eukaryotes, there are two distinct types of cell division:  

Mitosis:  It is a vegetative division, in this process cells used to make exact replicas 
of them  (each daughter cell is genetically identical to the parent cell)- Fig. 1. Mitosis 
is observed in almost all the body’s cells, including eyes, skin, hair, and muscle cells. 

Meiosis:  It is also known as reproductive cell division. In this type of cell division, 
sperm or egg cells are produced instead of identical daughter cells as in mitosis. 

Binary Fission: Single-celled organisms like bacteria replicate themselves for 
reproduction. 

Phases of the Cell Cycle 

There are two primary phases in the cell cycle: 

1. Interphase: This phase was thought to represent the resting stage between 
subsequent cell divisions, but new research has shown that it is a very active 
phase, and it is now called as preparatory phase. 

2. M Phase (Mitosis phase): This is where the actual cell division occurs. There 
are two key steps in this phase, namely cytokinesis and karyokinesis. 

The interphase further comprises of the following phases: 

1. G0 Phase (Resting Phase): The cell neither divides nor prepares itself for 
the division. 

2. G1 Phase (Gap 1): The cell is metabolically active and grows continuously 
during this phase. 

3. S phase (Synthesis): The DNA replication or synthesis occurs during this 
stage. 

4. G2 phase (Gap 2): Protein synthesis happens in this phase. 

https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Cell_cycle
https://en.wikipedia.org/wiki/Eukaryote
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5. Quiescent Stage (G0): The cells that do not undergo further division exits 
the G1 phase and enters an inactive stage. This stage is known as the 
quiescent stage (G0) of the cell cycle. 
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                h.         i. 

M (Mitosis) or Divisional phase:  
6.  

It is the type of nuclear division where the cell is divided into two daughter cells 

with the same nuclear content (number as well as kind). It was first observed by 

Walther Flamming (1879) in Salamander. It occurs in the somatic cell and also 

called as equational division. It takes ~4-8% time of cell cycle time. It can be 

further divided into 4 stages. There are four stages in the M (Mitosis) 

Phase, namely: 

1. Prophase 
2. Metaphase 
3. Anaphase 
4. Telophase 

 

1. Prophase 

The first stage of nuclear division and occur just after G2 phase of inetrphase. 

During the early prophase, chromosome are more or less spirally coiled. 

Condensation of chromosome takes place. Upto mid prophase the chromosome 

seems to be longitudinally double ie sister chromatids can be seen. Condensation 

continues. Centrosome division starts and microtubular assembly starts organizing. 

Towards the end of prophase i.e. late prophase nucleoli and nuclear membrane 

begin to disappear.  
 

2. Metaphase 

During pro-metaphase kinetochores are attached to chromosomes and they start 

organizing. There is a definite pattern of chromosome organization. During 

metaphase, as spindle fibers get completely attached to the kinetochore, 

chromosomes start a movement towards the equatorial plane and organize on the 

plate in such a way that their arms are free and towards pole and centromere is at 

metaphase plate. By the end of metaphase, the centromere becomes functionally 

doubled. 
 

Fig. 1. (a) Cell cycle, (b-g) Stages of mitosis cytokinesis, (h) furrowing and (i) cell plate formation  
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3. Anaphase  

The stage is marked by the separation of sister chromatids. It is the shortest phase 

of all the mitotic stages. As the centromere division completed, the separation 

started. Chromatids start movement towards the opposite poles. These chromatids 

are now called as a daughter chromosome. The centromere leads the way during 

chromosome movement at anaphase indicating that chromosomes are being pulled 

by microtubules attached to them. The two arms of each chromatid drag behind 

forming different shapes such as, V, J, L or rod, depending on the position of the 

centromere on the chromosome. Early events of initiation of cytokinesis. 
 

4. Telophase  

The sister chromatids reach to opposite poles. The uncoiling of chromosome takes 

place. Nuclear membrane and nucleolus reform. Spindle apparatus disappears, 

cytokinesis starts. 
 

Cytokinesis: It is a division of cytoplasmic content. It can take place either by 

furrowing (animal cells) or cell plate formation (plant cell). 
 

Significance of mitosis 

1. It results into the exact longitudinal division of chromosomes into 

chromatids. These chromatids go to daughter cells. So, the daughter cells 

have the same genetic material as that of original cell. 

2. It keeps the chromosome number and type constant between different cells 

of an organism. 

3. It is involved in the growth and repair of tissues. 

 

Mitotic index: 

• In any population of mitotically active cells, only some of the cells are in 

mitosis at a specific time. The percentage of dividing cells is defined as the 

mitotic index. 

• Mitotic index = Number of cells at divisional phase/ total number of 

mitotically active cells. 

 

*********************** 
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AGP 311-Lecture 6 

 

Meiosis Cell Division 
 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

Meiosis 

Meiosis is a basic feature in the life cycle of all sexually reproducing eukaryotes. 
Oscar Hartwig (1876) reported meiosis the first time in sea urchin. For the 
formation of gamete a specific type of division (meiosis) is required that reduces 
the chromosome number to the half so that consistency of chromosome number 
can be maintained. 

In the meiosis, in a series of two divisions, the diploid number of chromosomes is 
reduced to half (haploid). Because without this reduction there would be a 
progressive doubling of the chromosome number in successive generations at 
fertilization. It’s also called as a reductional division which produces haploid 
gamete, which unite to form diploid zygotes.  

Meiosis consists of two division viz; meiosis I (reductional division) and meiosis II 
(equational division)- Fig. 1. Besides ensuring that the species chromosome 
number remains constant, meiosis generates the bulk of the genetic diversity in 
nature by an independent assortment of chromosomes and crossing over. 

Meiosis I 

It is the first stage of meiosis, where the chromosome number is reduced to half so 

also called reductional phase or reductional division. As a result of meiosis I two 

daughter cells with reduced chromosome number and change in the genetic 

material are formed.  

Prophase I 

It is the longest phase of the meiosis I and consists of five stages. Crossing over is the 

most important phenomenon that happened during prophase I. 

(1) Leptotene 

At this stage the chromosomes show condensation. Chromosomes are visible as they 
become progressively shorter and thicker. Chromatids are also visible. The 
chromosome are clumped to one side of the nucleus leaving the remaining part 
clean. It is called synizesis. In animal cells chromosomes look polarised and attached 
to the nuclear envelope which is called bouquet stage. The stage persists till the 
pachytene stage. 
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Fig. 1. Stages of meiosis 

(1) Leptotene      (2) Zygotene     (3) Pachytene   (4)Dilpotene      (5) Diakinesis 

Terminalization of chiasmata 

     Metaphase I                 Anaphase I                Telophase I 

    Prophase II        Metaphase II  Anaphase II        Telophase II 

  Telophase 

Spindle fibres 

Chromosome pair 

Metaphase plate 

Chromosome pair 

Spindle fibres 

Meiosis  I 

Meiosis II 
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(2) Zygotene  

Homologous chromosomes start pairing. The process is called synapsis. During synapsis 

homologous chromosomes come into a tighter arrangement and during synapsis 

chromosome are so tightly paired that it becomes really difficult to see what is happening 

between them. There appear to be a thin space between the chromosomes which contains 

a multiple thread like structure called the synaptonemal complex. The complex extends 

to the length of chromosome pairing and attached to the nuclear envelope.  

 

Synaptonemal complex is a tripartite structure consists of two parallel lateral regions and 

a central region. ZIP 1, 2 and 3 genes are associated with the maturation and formation of 

the synaptonemal complex. 

(3) Pachytene 

One of the longest stages of prophase I. during this stage, the biological information is 

exchanged between non-sister chromatids homologous chromosomes. At the same point 

by the process of breakage and reunion non-sister chromatids exchange their parts and as 

a result new genetic information is created which adds to total genetic diversity. 

(4) Diplotene 

During this stage dissolution and break down of synaptonemal complex take place, as a 

result the two chromosomes set held very close to each other start separating. The 

homologous chromosomes move such a way that it seems that they are repelling each 

other but they do not separate entirely. The chromatids still remain attached to some point 

and these points are called Chiasma or cross-over welds.  

(5) Diakinesis  

As a result of further condensation, the chromosomes become further shorter. Due to 

further condensation, the chiasmata move along the length of chromosome towards 

telomere. The process is called terminalisation of chiasmata. 

Metaphase I 

Bivalents are arranged at metaphase plate in such a way that their arms are on the 

equatorial plate and centromeres are towards the pole. 

Anaphase I  

The homologous chromosomes separate thereby chromosome number is reduced to half. 

Telophase I  

Movement of homologous chromosomes continue until there is a haploid set of 

chromosomes at both the poles. 

Meiosis II 

This stage is the second part of meiosis and similar to the mitosis so-called equational 

division. It is comprised of the following 4 stages: 
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Prophase II  

Mostly it is absent. Chromatids are thick and short. Nucleoli and nuclear membrane is 

absent. Movement of certriol towards the opposite pole starts. New spindle fibres appear.  

Metaphase II  

Chromosomes are arranged on the metaphase plate in such a way that their centromeres 

are on the metaphase plate and arms are free (similar to the mitosis). Spindle fibres are 

attached to the centromere.   

 

Anaphase II  

Separation of sister chromatids and their subsequent movement towards the opposite 

poles is observed. 

Telophase II 

The sister chromatids reached to the opposite poles. As a result, four daughter cells with 

half the chromosome number and change in genetic material (due to crossing over) are 

formed. The chromosomes uncoiled, and become indistinct. Spindle fibres disappear. The 

nuclear membrane and nucleolus reappear. 

Significance of Meiosis 

• Maintain consistency of chromosome number through generations. 

• Creation of novel genetic variations through crossing over. 

 

 

 

******************* 



AGP 312-Lecture 2 

 
Mode of Reproduction: Sexually and asexually propagated crops 

 
Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 
 
Mode of reproduction 
 

Mode of reproduction determines the genetic constitution of crop plants, i.e., whether the plants are 
normally homozygous or heterozygous. This genetic constitution determines the goal of breeding 
programme. The various modes of reproduction found in crop plants have been broadly grouped 
into the following 2 categories: 
 
1. Asexual, and 2. Sexual 
 
1. Asexual reproduction 
Asexual reproduction does not involve fusion of male and female gametes and this could happen 
mainly in two ways: 

1.1 Vegetative reproduction: New plants develop from vegetative parts of the plant. 

1.2 Apomixis: New plants arise from embryos that develop without fertilization.  
 

1.1. Vegetative reproduction: This may occur through modified underground and sub-aerial 

stems and through bulbils.  

1.1.1. Underground stems: e.g., Tuber (potato, etc.); Bulb (Garlic, Onion, etc); Rhizome 

(Ginger, turmeric, etc.); Corn (Bunda, arwi etc.) 

1.1.2. Sub-aerial stems:These include runner, stolon, sucker, etc. Sub-aerial stems are used 

for the propagation of mint (Mentha sp.), date palm (Phoenix dactifera), etc. 

1.1.3. Bulbils: Bulbils are flowers that develop into plants directly without formation of 

seeds. eg. In case of cardamom.  

1.1.4. Artificial vegetative reproduction: Stem cuttings in case of sugarcane, grapes, roses 

etc. Layering, budding, grafting and gootee are in common use for the p0ropogation of fruit 

trees and ornamental shrubs. 
 

Significance of vegetative reproduction: Vegetatively reproducing spp offer unique 
possibilities in breeding. A desirable plant may be used as a variety directly regardless of 
whether it is homozygous or heterozygous. However, it does not allow transfer of 
genes/cytoplasm from one variety into another. 

 
1.2  Apomixis: In apomixis, seeds are without fertilization. The plants resulting from them are 

identical in genotype to the parent plant. In apomixis spp., sexual reproduction is either 
suppressed or absent. When sexual reproduction occurs, the apomixis is termed as 
facultative, when it is absent the phenomenon is termed as obligate apomixis. 

 
Apomixis is widely distributed among higher plants.  More than 300 species belonging to 
over 30 families are apomictic.  It is most common in Gramineae, Compositae, Rosaceae and 
Rutaceae.  Among the major cereals maize, wheat and pearl millet have apomictic relatives. 
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Some other phenomenon in asexual reproduction: 
• Apospory :  It involves the development of embryo sac either from the archesporial cell or 

from the nucellus, or from other cell.   

• Parthenogenesis : It refers to the development of embryo from egg-cell without 
fertilization, e.g. in some cases in corn, wheat, tobacco. 

• Apogamy : This is related to the development of embryo not from the egg-cell but from any 
one of the synergid or antipodal cells within the embryo sac, without fertilization.  This is 
haploid or diploid.  

• Androgamy:  It is the development of embryo neither from egg cell nor from synergids or 
antipodals, but from one of the male gametes itself, inside or outside the embryo-sac and it 
is haploid. 

• Parthenocarpy: In this case seedless fruits are formed from ovary without fertilization.  

Significance of apomixes: It is being used in multiplication and maintenance of hybrid varieties 
and thereby fix heterosis. 

2. Sexual reproduction 

Sexual reproduction involves fusion of male and female gametes to for zygote, which develops into 
embryo. In crop pants male and female gametes are produced in specialized structures known as 
flowers. The male and female gametes are produced in microspores and megaspores, respectively.  

Sporogenesis and gametogenesis are two important processes through which anthers and egg cells 
are produced. 

Modes of pollination 

(i) Self pollination (autogamy) 
(ii) Cross pollination (allogamy) 
(iii) Often cross pollination 

(i) Self pollination (autogamy): 
Self pollinated species (spp) are believed to have originated from cross pollinated ancestors in 
response to the environmental conditions to which such spp are typically subjected. Plant spp 
showing self pollination i.e. inbreeding, are generally annuals in nature. 
 

Mechanism of self pollination 
a. Cleistogamy: Flowers don’t open. e.g., in case of wheat, oats, barley etc. 
b. Chasmogamy: Flowers open but only after pollination has taken place. e.g., mostly in 

cereals , such as  wheat, rice, barley, oats,  etc. 
c. In crops like tomato and brinjal, the stigma are closely surrounded by anthers. 
d. In some spp, flowers open but the stamens and stigma are hidden by pther floral organs. eg. 

In case of several legumes, gram, pea, mung, urd, soybean etc. (the stamens and stigma are 
enclosed by the two petals forming a keel). 

 
(ii) Mechanism of cross pollination 

a. Dicliny or unisexuality i.e. flowers are either staminate or pistilate. Dicliny is of 2 types: 
(i). Monoecy: Staminate and pistilate flowers occur in the same plant, either in same 
inflorescence e.g., in case of castor, mango, banana and coconut, or in separate inflorescence 
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e.g., in case of maize. Other monoecious spp are cucurbits, walnut, chestnut, strawbewrries, 
rubber grapes & cassava etc. 
(ii) Dioecy: Staminate and pistilate flowers are present on different plant. The flowers in such 
case are either male or female. eg., papaya, hemp, datepalm, asparagus, and spinach. 
b. Dichogamy: Stamens and pistils of hermaphrodite flowers may mature at diff. time. It is of 

2 types: 
(i) Progyny: eg. bajra 
(ii) Protandry: eg. Maize, sugarbeets etc. 
  
- A combination of two or more of the above mechanism may occur in some species. e.g.. Maize 
exhibits both monoecy and protandry. 
 
c. Self incompatibility:  It refers to the failure of pollen from a flower to fertilize the same 

flower or other flowers on the same plant.  It is highly effective in preventing self 
pollination. It is of two types: Sporophytic and gametophytic. Self incompatibility is 
common in several spp of Brassica (mustard, rai, cauliflower etc.), Nicotiana, radish, rye and 
many grasses. 

  
d. Male sterility: Male sterility refers to the absence of functional pollen grains in otherwise 

hermaphrodite flowers. It is of great importance in hybrid seed production. It is of two 
types: genetic and cytoplasmic. 

(iii) Often cross pollination 

In many crop plants cross pollination exceeds 5% and may reach up to 30%. Such spp are generally 
known as often cross-pollinated spp e.g., sorghum, cotton, pigeon pea, safflower etc. The genetic 
architecture of such crops is intermediate between those of self pollinated and cross-pollinated 
spp. 

Population structure in relation to mode of reproduction 

The mode of reproduction and pollination are very important in plant breeding because they 
determine (1) the genetic constitution of a species, (2) Nature of gene action, (3) the ease in 
pollination control, and (4) the stability of varieties after release. 

Genetic consequences of self pollination 

• Self pollination leads to a very rapid increase in homozygosity. 
• Population of self pollinated crops are very homozygous. 
• Self pollinated spp do not show inbreeding depression, but mat exhibit considerable heterosis. 
• The aim of breeding methods generally is to develop homozygous varieties. 

Genetic consequences of cross pollination 

• Cross pollination preserves and promotes heterozygosis in a population. 
• Cross pollinated species are highly heterozygous and show mild to severe inbreeding 

depression and a considerable amount of heterosis. 
• The breeding methods in such species aim at improving the crop spp without reducing 

heterozygosity to an appreciable degree. 
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• Usually hybrids, synthetics or composites are produced  in case of cross-pollinated spp. 

Genetic constitution of varieties in different pollination modes 

In the self pollinating species, the varieties are homozygous. On other hand, in the cross 
pollinating spp., the varieties are highly heterozygous and consist of one (hybrid varieties) or 
many genotypes (open–pollinated and synthetic/composite varieties).  

The asexually reproducing species present an added advantage since asexual progeny from any 
desirable plant at any stage of the breeding programme may be directly used as a variety. In such 
crops, the varieties are clones, i.e. asexual progeny of single plant. 

 

*************** 
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Gene Interactions 
 

Meaning of Gene Interactions: 
 

When expression of one gene depends on the presence or absence of another gene in an individual, it is 

known as gene interaction. The interaction of genes at different loci that affect the same character is 

called epistasis. 
 

The term epistasis was first used by Bateson in 1909 to describe two different genes which affect the 

same character, one of which masks the expression of other gene. The gene that masks another gene is 

called epistatic gene, and the gene whose expression is masked is termed as hypostatic gene. Epistasis is 

also referred to as inter-genic or inter-allelic gene interaction. 

 

Various types of epistatic gene interactions are: 

1) Recessive epitasis or supplementary epistasis (9:3:4) 

2) Dominant epistasis or simple epistasis (12:3:1) 

3) Dominant and recessive epistasis or inhibitory gene interaction (13:3) 

4) Duplicate recessive epistasis or complementary epistasis (9:7) 

5) Duplicate dominant epistasis or duplicate gene action (15:1) 

6) Polymeric gene interaction (9:6:1) 

 

Before moving to discuss different kind of gene interactions, we should have a look of dihybrid ratio 

(which is a Mendelian ratio) because all the gene interactions will be discussed in relation to dihybrid 

ratio (9:3:3:1). 
 

Dihybrid ratio (9:3:3:1) 
 
A classical case of two genes affecting the one and the same character and producing in the F2 four 

different phenotypes in the ratio of 9:3:3:1 was discovered in fowls by Bateson and Punnett. Each breed 

of poultry possesses characteristic type of comb. The Wyandotte breed has a comb known as the rose 

comb, the Brahma has a pea comb, and the leghorn has a single comb and the Malaya walnut comb. 

Each of these breeds true. Cross between rose comb and single combed types show that rose in 

dominant to single comb and that there is a segregation of 3 rose: 1 single comb in the F2. In mating 

between pea combed with single combed and 3:1 ratio appears in F2. In mating between pea combed 

with single combed bird, pea combed is found to be dominant over single comb and 3:1 ratio appears in 

F2. When a rose combed fowl is crossed with a pea combed one, all the F1 birds show a new comb know 

as walnut comb. When the walnut combs are inbred there appears in F2 walnut 3 rose pea single comb. 

As well in the ratio of 9:3:3:1. The rose comb is due to the presence of R gene and Pea due to P gene. 

Walnut comb is due to the presence of the dominant genes. R and P and single comb are due to the 

presence of recessive of r and p. The ratio expected in F2 is 9:3:3:1 (Fig. 1). 
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Parent RR PP x rrpp 

 Rose x rp 
   

                          Rr pp(Walnut) 
 

 
 

 
Fig. 1. Dihybrid ratio (9 Walnut: 3 Rose: 3 Pea: 1 Single) 

 

Gene interactions: 

1. Supplementary gene action or Recessive epistasis (9:3:4) 
 

When recessive alleles at one locus mask the expression of both (dominant and recessive) alleles at another 

locus, it is known as recessive epistasis. This type of gene interaction is also known as supplementary 

epistasis. A good example of such gene interaction is found for grain colour in maize. There are three 

colours of grain in maize, viz., purple, red and white. The purple colour develops in the presence of two 

dominant genes (R and P), red colour in the presence of a dominant gene R, and white in homozygous 

recessive condition (rrpp). 
 

A cross between purple (RRPP) and white (rrpp) grain colour strains of maize produced plants with 

purple colour in F1. Inter-mating of these F1 plants produced progeny with purple, red and white grains 

in F2 in the ratio of 9 : 3 : 4 (Fig. 2). 

 

 
Fig. 2. Supplementary gene action or Recessive epistasis (9:3:4) 
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2. Dominant Epistasis (12:3:1) 

When a dominant allele at one locus can mask the expression of both alleles (dominant and recessive) at 

another locus, it is known as dominant epistasis. In other words, the expression of one dominant or 

recessive allele is masked by another dominant gene. This is also referred to as simple epistasis. 
 

An example of dominant epistasis is found for fruit colour in summer squash. There are three types of 

fruit colours in this cucumber, viz., white, yellow and green. White colour is controlled by dominant gene 

W and yellow colour by dominant gene G. White is dominant over both yellow and green. The green 

fruits are produced in recessive condition (wwgg). A cross between plants having white and yellow 

fruits produced F1with white fruits. Inter-mating of F1 plants produced plants with white, yellow and 

green coloured fruits in F2 in 12 : 3 : 1 ratio (Fig. 3). 

 

 
            Fig. 3. Dominant Epistasis (12:3:1) 

 

3. Dominant [Inhibitory] Epistasis [13 : 3 Ratio] 

In this type of epistasis, a dominant allele at one locus can mask the expression of both (dominant and 

recessive) alleles at second locus. This is also known as inhibitory gene interaction. An example of this 

type of gene interaction is found for anthocyanin pigmentation in rice. The green colour of plants is 

governed by the gene I which is dominant over purple colour. The purple colour is controlled by a 

dominant gene P. When a cross was made between green (IIpp) and purple (iiPP) colour plants, the 

F1 was green. Inter-mating of F1 plants produced green and purple plants in 13:3 ratio in F2 (Fig. 4). 
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           Fig. 4. Dominant [Inhibitory] Epistasis [13 : 3 Ratio] 

4. Duplicate Recessive Epistasis [9:7 Ratio] 

When recessive alleles at either of the two loci can mask the expression of dominant alleles at the two loci, it 

is called duplicate recessive epistasis. This is also known as complementary epistasis. The best example of 

duplicate recessive epistasis if found for flower colour in sweet pea. 
 

The purple colour of flower in sweet pea is governed by two dominant genes say A and B. When these 

genes are in separate individuals (AAbb or aaBB) or recessive (aabb) they produce white flower. A cross 

between purple flower (AABB) and white flower (aabb) strains produced purple colour in F1. Inter-

mating of F1 plants produced purple and white flower plants in 9:7 ratio in F2 generation. This can be 

explained as follows. 
 

Here recessive allele a isepistatic to B/b alleles and mask the expression of these alleles. Another 

recessive allele b is epistatic to A/a alleles and mask their expression. Hence in F2, plants with A-B-

(9/16) genotypes will have purple flowers, and plants with aaB-(3/16), A-bb-(3/16) and aabb (1/16) 

genotypes produce white flowers. Thus only two phenotypic classes, viz., purple and white are produced 

and the normal dihybrid segregation ratio 9:3:3:1 is changed to 9:7 ratio in F2 generation. (Fig. 5) 

 
  Fig. 5.  Duplicate Recessive Epistasis [9:7 Ratio] 

 

5. Duplicate Dominant Epistasis [15:1 Ratio] 
 

When a dominant allele at either of two loci can mask the expression of recessive alleles at the two loci, it is 

known as duplicate dominant epistasis. This is also called duplicate gene action. A good example of 

duplicate dominant epistasis is awn character in rice. Development of awn in rice is controlled by two 

dominant duplicate genes (A and B). 

Presence of any of these two alleles can produce awn. The awnless condition develops only when both 

these genes are in homozygous recessive state (aabb). A cross between awned and awnless strains 

produced awned plants in F1. Inter-mating of F1plants produced awned and awnless plants in 15:1 ratio 

in F2 generation  (Fig. 6) This can be explained as follows. 

The allele A is epistatic to B/b alleles and all plants having allele A will develop awn. Another dominant 

allele B is epistatic to alleles A/a. Individuals with this allele also will develop awn character. Hence in F2, 

plants with A-B-(9/16), A-bb-(3/16) and aaB-(3/16) genotypes will develop awn. 

The awnless condition will develop only in double recessive (aabb) genotype (1/16). In this way only 

two classes of plants are developed and the normal dihybrid segregation ratio 9 : 3 : 3 : 1 is modified to 

15 : 1 ratio in F2. Similar gene action is found for nodulation in peanut and non-floating character in rice. 
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Fig.6.  Duplicate Dominant Epistasis [15:1 Ratio] 

 

6. Polymeric Gene Interaction [9:6:1 Ratio]: 
 

Two dominant alleles have similar effect when they are separate, but produce enhanced effect when they 

come together. Such gene interaction is known as polymeric gene interaction. The joint effect of two alleles 

appears to be additive or cumulative, but each of the two genes show complete dominance, hence they 

cannot be considered as additive genes. In case of additive effect, genes show lack of dominance. 
 

A well-known example of polymeric gene interaction is fruit shape in summer squash. There are three 

types of fruit shape in this plant, viz., disc, spherical and long. The disc shape is controlled by two 

dominant genes (A and B), the spherical shape is produced by either dominant allele (A or B) and long 

shaped fruits develop in double recessive (aabb) plants. 
 

A cross between disc shape (AABB) and long shape (aabb) strains produced disc shape fruits in F1. Inter-

mating of F1plants produced plants with disc, spherical and long shape fruits in 9 : 6 : 1 ratio in F2 (Fig. 

7). This can be explained as follow. 

 

 
 Fig.7.  Polymeric Gene Interaction [9:6:1 Ratio] 
 

 
***************** 
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Dominance relationship, Penetrance, Expressivity and Lethal Genes 

 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 
 
 

I. Dominance relationship: 

1. Incomplete dominance 

When the heterozygote has a phenotype intermediate between the phenotypes of 

the two homozygotes, it is known as incomplete dominance. 

e.g. Flower colour in Four-o-clock plant (Mirabilis jalapa). 

 

In this plant, flowers of two colours (Red and white) are found. When we cross a red 

(RR) colour flower with a white (rr) colour flower, the following results are 

obtained. 

Parent Phenotypes Red X White  

Genotypes RR 
Dominant 
homozygous 

 rr 
Recessive homozygous 

 

Gametes All R ↓ All r  

F1  All Rr  (All Pink)  

F1 x F1 Rr 
Pink 

X Rr 
Pink 

 

Gametes R                      r  R                        r  

F2 

Genotypes 

RR                                

Rr                               

 Rr                   rr  

Phenotypes Red                           

Pink        

 Pink               white  

Phenotypic ratio 1 Red : 2 pink : 1 white  

Genotypic ratio 1RR : 2Rr : 1rr    

 So, when a trait displays incomplete dominance, the phenotypic and 

genotypic ratios of the offspring are the same (1:2:1), because each genotype has its 

own phenotype (Fig. 1). 

 

2. Co-dominance 

 

In case of codominance both alleles express their phenotypes in heterozygote 
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greater than an intermediate one. The example is AB blood group in human. The 

people who have blood type AB are heterozygous exhibiting phenotypes for both 

the IA and IB alleles. In other words, heterozygotes for codominant alleles are 

phenotypically similar to both parental types.  

 

It is the condition where heterozygote exhibits a mixture of characteristics of both 

the homozygotes, instead of a single intermediate expression. 

e.g.  Coat colour in short horn cattle 

 In the short horn cattle genes for red (CR) and white (CW) coat colour occurs. 

So, red coat colour is governed by the genotype CRCR, roan (a mixture of red and 

white) by CRCW and white by CWCW. 

Parent Phenotypes Red X White  

Genotypes CRCR 

 
 CWCW   

Gametes All CR ↓ All CW  

F1  All CRCW  All Roan (Red hair + 
white hair) 
 

 

F1 x F1 CRCW  
Roan 

X CRCW 
Roan 

 

Gametes CR                            CW  CR                            CW  

F2    (Genotypes) CRCR                           
CRCW                               

 CRCW                  CWCW  

Phenotypes Red                           

Roan        

 Roan              white  

Phenotypic ratio 1 Red : 2 Roan : 1 white  

Genotypic ratio 1 CRCR : 2 CRCW : 1 CWCW  

  So, when a trait displays co-dominance, the phenotypic and genotypic ratios 

of the offspring are the same (1 : 2 : 1), because each genotype has its own 

phenotype (Fig. 2). 

 

The main difference between codominance and incomplete dominance lies in the 

way in which genes act. In case of codominance both alleles are active while in case of 

incomplete dominance both alleles blend to make an intermediate one. 
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Fig.1. Incomplete dominance in flowers of Mirabilis jalapa 

 
 

             Fig.2. Codominance - both genes fully expressed 
 

 
 

II. Penetrance 
Penetrance refers to the probability of a gene or trait being expressed. In some 
cases, despite the presence of a dominant allele, a phenotype may not be present. 
One example of this is polydactyly in humans (extra fingers and/or toes). A 
dominant allele produces polydactyly in humans but not all humans with the allele 
display the extra digits (Fig. 3). 

III. Expressivity 

Expressivity on the other hand refers to variation in phenotypic expression when an 
allele is penetrant. Back to the polydactyly example, an extra digit may occur on one 
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or more appendages. The digit can be full size or just a stub. Hence, this allele has 
reduced penetrance as well as variable expressivity. Variable expressivity refers to 
the range of signs and symptoms that can occur in different people with the same 
genetic condition. As with reduced penetrance, variable expressivity is probably 
caused by a combination of genetic, environmental, and lifestyle factors, most of 
which have not been identified. If a genetic condition has highly variable signs and 
symptoms, it may be challenging to diagnose (Fig. 4). 
 

 
 

                                    Fig. 3. Penetrance (Source: Steven M. Carr) 

          Fig. 4. Expressivity (Source: Steven M. Carr) 

 

Difference between Penetrance and Expressivity 
 
The main difference between penetrance and expressivity is that penetrance is a 

quantitative measurement, describing the levels of expression of a particular phenotype, 

which corresponds to a dominant genotype whereas expressivity is the extent of a given 

genotype expressed at the phenotypic level.   

 
IV. Lethal genes 
 

Gene, which causes the death of its carrier when in homozygous condition is called 

lethal gene. Mendel’s findings were based on equal survival of all genotypes. In 

normal segregation ratio of 3:1 is modified into 2:1 ratio. Lethal genes have been 

reported in both animals as well as plants. Lethal alleles were first discovered 

by Lucien Cuénot in 1905 while studying the inheritance of coat colour in mice. 

https://en.wikipedia.org/wiki/Lucien_Cu%C3%A9not
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The agouti gene in mice is largely responsible for determining coat colour. The wild-

type allele produces a blend of yellow and black pigmentation in each hair of the 

mouse. This yellow and black blend may be referred to as 'agouti' in colour. One of 

the mutant alleles of the agouti gene results in mice with a much lighter, yellowish 

colour. When these yellow mice were crossed with homozygous wild-type mice, a 

1:1 ratio of yellow and dark grey offspring were obtained. This indicated that the 

yellow mutation is dominant, and all the parental yellow mice 

were heterozygotes for the mutant allele. Because yellow homozygotes are never 

born because of homozygous. Lethality (Fig. 5). Such genes were not observed by 

Mendel. He always got 3:1 ratio in F2 for single gene characters.  

 

Lethal genes can be recessive, as in the above mentioned mouse experiments. Lethal 

genes can also be dominant, conditional, semi lethal, or synthetic, depending on the 

gene or genes involved. 

 
 

 
Fig. 5. The agouti gene in mice, demonstrating a lethal recessive allele 
 
 
 
 
 

********************** 

https://en.wikipedia.org/wiki/Agouti_gene
https://en.wikipedia.org/wiki/Zygosity
https://en.wikipedia.org/wiki/Wild_type
https://en.wikipedia.org/wiki/Zygosity
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Multiple alleles, Pleiotropism, Pseudoalleles  & Isoalleles 

 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 
 

I. Multiple Alleles 
 

Allele is the alternate form of gene. Many genes have two alternate forms but 

several other have more than two alternate forms. More than two alleles at the same locus 

give rise to a multiple allelic series. Multiple alleles can be defined as a series of forms of a 

gene situated at the same locus of homologous chromosomes. According to Mendel, each 

gene had two alternate forms or allele morphs are being dominant and the other being 

recessive. Dominant being the wild type from which recessive mutant was evolved through 

mutation. Likewise, a wild type can mutate in many ways and produce many mutant forms 

and a mutant can again undergo another mutation and give rise to a new mutant. Hence, a 

gene can exist in more than two allelomorphs. Usually wild type allele is dominant over its 

recessive allele. Wild allele is represented as + . 

Multiple alleles can be defined as a 
 

o series of forms of a gene 

o situated at the same locus of homologous chromosomes 

o affecting samcharacter. Multiple alleles are different forms of the same gene 

o that is the sequence of the bases is slightly different in the genes located on the same 

place of the chromosome 
 

The classical example for multiple alleles is human blood group, coat colour in rabbit, 
self incompatability genes in brassica, self incompatibility in tobacco etc.       

 The number of possible genotypes in a series of multiple alleles is 

½(n+1) n = no of alleles 

▪ Di-allelic genes can generate 3 genotypes. 

▪ Genes with 3 alleles can generate 6 genotypes. 

▪ Genes with 4 alleles can generate 10 genotypes. 
▪ Genes with 8 alleles can generate 36 genotype 

Important features of multiple alleles 

1) Multiple alleles always belong to the same locus and one allele is present at a locus at a 

time in a chromosome 
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2) Multiple alleles always control the same character of an individual 

3) Wild type allele is dominant over other alleles 

4) There is no crossing over in the multiple alleles 

5) In a series of mutiple alleles wild type is always dominant 

6) When two mutant types are crossed wild form cannot be recovered 

7) The cross between two mutant alleles will always produce mutant phenotype.  

Examples of multiple alleles are: 1. Fur colour in a rabbit, 2. ABO blood group in man 3. 

Wing type in drosophila 4. Eye colour in drosophila etc.  

1. Fur colour in rabbit 

Fur colour in Rabbit. In rabbit, three alternate forms of genes, which controls coat colour. C 

causes wild type and its alleles. 

In rabbits, four kinds of skin colour are known. 

CC, Ccch, Cch, Cca - Agouti (wild type) 

cch, cch, cchch, cchc - Chinchilla (salivary grey hair) 
ch ch, ch c - Himalayan (white except black feet nose ear 

tail) cc - Albino (complete white). 

Agouti 

This has full colour and is also known as wild type. This colour is dominant over all 

the remaining colour and produces agouti colour in F1 and 3:1 ratio in F2 when crossed 

with any of the other three colours in rabbits. C represents this colour. 

Chinchilla 

This is lighter than agouti. This colour is dominant over Himalayan and albino and 

produces chinchilla in F1 and 3:1 ratio in F2 when crossed either Himalayan or albino. This 

is represented by cch. 

Himalayan 

The main body is white while the tips of ear, feet, tail and snout are coloured. This 

colour is dominant over albino and produces 3:1 ratio in F2 when crossed with albino. This 
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is represented by ch . 

Albino 

This has pure white fur colour and is recessive to all other types. This is represented by 

c. Thus the order of dominance for fur colour in rabbits can be represented as follows. 
 

Agouti Chinchilla Himalayan Albino 

(C) (cch) (ch) (c) 

 

2. ABO Blood group in human beings 

Antibody 

Antibody is a type of protein, which is commonly referred to as immunoglobin. It is 

usually found in the serum or plasma. The presence of antibody can be demonstrated by its 

specific reaction with an antigen. 

Antigen 

An antigen refers to an substance or agent, which when introduced into the system 

of vertebrate animal like cow, goat, man etc induces the production of specific antibody, 

which binds specifically to this (Antigen) substance Antigen are located in the red blood 

corpuscles (RBC). If a person has a particular antigen in his RBCs, his serum has usually 

antibodies against the other antigen. In human RBC two types of antigens viz A and B are 

present. Depending upon the presence or absence of antigen A and B the blood group in 

man is of four types viz A, B, AB and O. A person with blood group A has antigen A on the 

surface of RBCs: protein with blood group B will have antigen B those with blood group AB 

have antigens A and B; and those with blood group O have no antigen on the surface of 

their RBCs. 

Table. ABO human blood groups their antigen, antibody and compatible  blood 
groups for transfusion. 
Blood 
Group 

Genotype Antigen 
found 

Antibody 
present 

Compatible 
blood group 

A IAIA, IAIA A B A and O 

B IBIB, IbIb B A B and O 

AB IAIB AB None A,B, AB,O 

O ii None AB O 

 
3. Multiple alleles in plants 

The classical example of multiple alleles in plants is ‘self incompatability alleles’ 
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which prevents self fertilization. 

 
3a. Multiple alleles in Maize 

Multiple allelic series affecting seed color is seen in Maize. 

A Mutation a Mutation  a’ 

(purple)   (white)                      light purple 

 
3b. Multiple allele in cotton 

L mutation l mutation lB  ll mutant lI 
  

Narrow leaf Broad leaf Mutant broad Lacinated                  Mutant intemediate 

▪ About 30% of the genes in humans are di-allelic, that is they exist in two forms. 

▪ About 70% are mono-allelic, they only exist in one form and they show no variation. 

▪ A very few are poly-allelic having more than two forms. 
 

Test for Allelism: 

There are two types of tests that are used for allelism, viz., recombination test and 

complementation test. 

These are briefly discussed below: 

1. Recombination Test: 

Earlier it was believed that recombination can occur between two genes but not within a gene. 

Thus, if a cross between two mutants says m1m1 and m2m2 produces wild type in test cross or in 

F2 then m1 and m2 are considered as non-allelic because production of wild type is not possible 

without recombination. 

If no wild type appears in test cross or F2 then m1 and m2 are considered as allelic forms. Now 

intragenic recombination has been reported in many organisms. Hence this concept is no more 

valid. 

2. Complementation Test: 

Alleles may be arranged in two ways, viz., cis position and trans position (Fig. 13.1). When two wild 

alleles are located in one chromosome and their mutant alleles in homologous chromosomes 

(++/ab), it is known as cis-arrangement. 

Thus, in cis position alleles are linked in coupling phase. On the other hand, when one wild and one 

mutant type alleles are located in each homologous chromosome (+a/+b), it is known as trans 

position or repulsion phase of alleles. 
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Fig. Arrangment of alleles: (a) Cis-arrangement, (b) Trans-arrangement 
 

II. Pleiotropism 

In general one gene affects a single character. But when many genes are known to 

affect more than one character such genes are known as pleiotropic genes and the condition 

is termed as pleiotrophy. An example of a pleiotropic gene in human beings is the recessive 

genes  which produce sickle cell anemia in the ss homozygotes. These gene cause change in 

two or more parts of characters, which are not related, then the gene is said to be 

pleiotropic gene. 

In an other example, in cotton the Punjab hairy lintless gene lic produces seeds 

without lint. This gene also causes incomplete lancinations of the leaf, reduction in boll size 

and fertility. In a plant a gene may produce red pigment in several organs, such as flowers 

stem, leaves but still it is not correct to say that the gene is pleiotropic because the gene has 

only one general effect, the production of pigment. A gene for wing may be vestigial gene 

can be called as bristle gene or a fecundity gene. A number of other recessive genes 

produce marked and often detrimental effect in human beings. They are referred as 

syndromes. 

 
III. Pseudoalleles 

The genes that are so closely linked can be separatable only by rare crossing over. Such 
genes are called pseudoalle Pseudoalleles refer to closely linked and functionally related 
genes. A cluster of pseudoalleles is known as pseudoallele series or a complex locus or a 
complex region. Main characteristics of pseudoalleles are given below:  
 

1. Pseudoalleles govern different expressions of the same character. In other words, they are 

functionally related. 

2. Pseudoalleles are considered to occupy a complex locus which is divided into sub loci. 

Thus, they occupy different positions, but on the same complex locus. 

3. They exhibit low frequency of genetic recombination by crossing over. In other words, 

crossing over occurs between pseudoalleles, but at a very low frequency. 

4. They exhibit cis-trans position effect. In trans heterozygotes such mutants produce mutant 

phenotype, but in cis-heterozygotes they produce a wild phenotype. 

 

Examples of Pseudoalleles: There are several examples of pseudoalleles. The well-known 

examples are lozenge gene and star asteroid in Drosophila. 
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Lozenge Eye in Drosophila: Green and Green (1949) studied lozenge locus in Drosophila. 

The mutant gene produces eye with glossy smooth surface. Several alleles of lozenge gene 

were identified and all mapped at one locus. All heterozygotes carrying two different mutants 

were lozenge in phenotype. 

 
IV. Isoalleles 

An allele which is similar in its phenotypic expression to that of other independently 

occurring allele is known as isoallele. In other words, isoalleles are those alleles which act 

within the same phenotypic range of each other. 

Isoalleles are of two types: 

1. Mutant Isoalleles. Such alleles act within the phenotypic range of a mutant character. 

2. Normal Isoalleles. Such alleles act within the phenotypic range of a wild character. 

 

 

 

****************** 
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AGP 311-Lecture 9 
 

 

CYTOPLASMIC INHERITANCE 

 
Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 
 

Mendelian inheritance 
 

Inheritance of most of the characters in eukaryotic organisms shows the 

following characteristic features. 

1. The contributions by both male and female parents are equal so that the 

results from reciprocal crosses are identical. 

2. Segregation produces the characteristic 3:1 ratio in the F2 generation of a 

monohybrid cross and a typical 9:3:3:1in dihybrid crosses. 

These features of inheritance were first demonstrated by Mendel: 

consequently, such an inheritance pattern is referred to as Mendelian 

inheritance. It is universally accepted that genes showing Mendelian 

inheritance are located in the chromosomes of eukaryotic nuclei. Therefore 

Mendelian inheritance pattern is regarded as a sufficient evidence for a gene 

to be located in the chromosomes, such genes are termed as nuclear genes or 

more commonly simply as genes. 
 
Non-Mendelian Inheritance 

But some characters in several organisms do not show Mendelian inheritance 

or they show a non Mendelian inheritance pattern. In such cases, the following 

characteristic features are observed. 

1. There is consistent difference between the results from reciprocal 

crosses; generally only the trait from female parent is transmitted. 

2. In most cases, there is no segregation in the F2 and subsequent 

generations. Characters showing non Mendelian inheritance may be 

grouped under three broad categories: 

(1) those related to cellular structures and patterns, 

(2) those produced by intracellular parasites, symbionts and viruses 

(3) those associated with DNA containing cell organelles viz., 

mitochondria and chloroplasts. 

In addition to these cases of non Mendelian inheritance, some characters in 

several organisms exhibit a Mendelian inheritance pattern but the 

development of these characters in an individual is markedly affected by the 
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genotype of the maternal parent of the concerned individual; such cases are 

classified as maternal effects. 

 

The evidence for cytoplasmic inheritance was first presented by Correns in 

Mirabilis jalapa and by Baur in Pelargonium zonale in 1908. In case of 

cytoplasmic inheritance generally the character of only one of the two parents  

(usually the female parent) is transmitted to the progeny. As a result, reciprocal 

crosses exhibit consistent differences for such characaters and there is a lack of 

segregation in the F2 and the subsequent generations. Such inheritance is also 

referred as extra nuclear inheritance, extrachromosomal inheritance and 

maternal inheritance. 
 

Genes governing the traits showing cytoplasmic inheritance are located outside 

the nucleus and in the cytoplasm; hence they are referred to as plasma genes, 

cytoplasmic genes, cytogenes, extranuclear genes or extra chromosomal genes. 

 

The sum total of all the genes present in the cytoplasm of a cell is known as 

Plasmon, while all the genes present in a plastid constitute a plastron. 
 
Characteristics of cytoplasmic inheritance: 

1. Reciprocal differences: Reciprocal crosses show marked differences for 

the characters governed by plasmagenes. In most cases, plasmagenes from only 

one parent, generally the female parent are transmitted, this phenomenon is 

known as uniparental inheritance. 

2. Lack of segregation: In general, F2 F3 and the subsequent generations do 

not show segregation for a cytoplasmically inherited trait. This is because the 

f1 individuals generally receive plasma genes from one parent only. 

3. Irregular segregation in biparental inheritance: In some cases, plasma 

genes from both the parents are transmitted to the progeny, this is known as 

biparental inheritance. 

4. Somatic segregation: Plasma genes generally show somatic segregation 

during mitosis, a feature of rare occurrence in the case of nuclear genes. 

5. Association with organelle DNA: Several plasma genes have been shown to 

be associated with cp-DNA or mt-DNA. 

6. Nuclear transplantation: If nuclear transplantation revealas a trait to be 

governed by the genotype of cytoplasm and not by that of nucleus, cytoplasmic 

inheritance of the trait is strongly indicated. In nuclear transplantation, nucleus 

of a cell is removed and replaced by a nucleus of another genotype from a 

different cell. Generally nuclei of somatic cells are transplanted into zygotes 

before the first mitotic division is initiated. 

7. Transfer of nuclear genome through back crosses: The nucleus of a 

variety or species may be transferred into the cytoplasm of another species or 
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variety through repeated back crossing with the former, which is used as the 

recurrent male parent. Lines produced in this way are known as alloplasmic 

lines since they have nuclei and cytoplasms from two different species. A 

comparison of the various characters of alloplasmic lines with those of the 

corresponding euplasmic line (lines having nuclei and cytoplasms from the 

same species) demonstrates cytopalsmic effects, if any on these traits. This 

technique is time consuming, but extremely powerful; it has been extensively 

used to study the cytopalsmic differentiation during evolution. 

8. Mutagenesis: Some mutagens eg: Ethidium bromide are highly specific 

mutagens for plasma genes while nuclear genes are not affected by 

them.Induction of mutation by such agenets in a gene indicates it to be a 

plasma gene. 

9. Lack of chromosomal location: In many organism, extensive linkage maps 

of nuclear genes are available. If a gene is shown to be located in one of these 

linkage groups, it cannot be a plasma gene. Failure to demonstrate the location 

of a gene in one of the linkage groups of an organism is indicative of its 

cytoplasmic location, but this is highly tentative. 

10. Lack of association with a parasite, symbiont or virus: In many cases, 

a cytoplasmically inherited character is associated with a parasite, symbiont or 

virus present in the cytoplasm of the organism. Such cases cannot be regarded 

as cases of cytoplamic inheritance. Only those cytoplasmically inherited 

characters which are not associated with parasites, symbionts or viruses can be 

regarded as governed by plasma genes. 
 

The known cases of true cytoplasmic inheritance are concerned with either 

choloroplast or mitochondrial traits and are usually associated with their DNA. 

Such cases are therefore often referred to as organellar inheritance, plastid 

inheritance and mitochondrial inheritance. 

 

Plastid inheritance: 

The inheritance pattern of plastid characters due to plasma genes 

located in plastid is known as plastid inheritance. Plastid inheritance was first 

case of cytoplasmic inheritance to be discovered independently by Correns 

and Baur in 1908. Variegation refers to the presence of white or yellow spots 

of variable size on the green back ground of leaves. Variegation may be 

produced by some environmental factors, some nuclear genes and in some 

cases, plasma genes. 
 
Inheritance of plastids in Mirabilis jalapa: 
 

The inheritance of plastids in Four ‘O’ clock plant Meiabilis jalapa was 

first described by Correns (1908). In M. Jalapa, some of the branches may have 
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normal green leaves, while in the same plant, some other branches may have 

only pale green or white leaves and still others may have variegated leaves. 

Flowers on branches with normal green leaves produce seeds that grow into 

plants with normal green leaves irrespective of whether they are pollinated by 

pollen from branches with normal green variegated or pale green leaves. 
 

 

It is clear that variegation is determined by agencies transmitted 

through the female and that it is not influenced by the type of pollen used. 

These agencies are the chloroplast. They are capable of self-duplication and are 

transmitted from generation to generation through the cytoplasm of the egg. 

Seeds borne on a green branch have three gene only green plastids, seeds 

borne on a pale green branch have three gene only pale green plastids and 

seeds borne on a variegated branch have green or pale green or a mixture of 

the two types of plastids. 

Variegation is thus a heredity character determined by stable, self-

duplicating, extra nuclear particles called plastids. Neither the nucleus of the 

female gamete nor the male gamete is involved in the control of this type of 

heredity character (Table 1). 
 
Table 1. Progeny of a variegated four ‘O’ clock plant 

 
Type of branch from which 
flowers are chosen for 
pollination 

Type of branch from which 
pollen was obtained 

Type of leaf in the progeny 
grown from seed 

Green Green, 

variegated, pale green 

Only green  

 

Variegated Green Green 

Variegated Pale green 

Green, variegated, or pale “ 

“ 

Pale green Green 

Variegated Pale green 

Green, pale green “ 

“ 

 
Cytoplasmic male sterility in Maize 

In case of male sterility in maize, pollen grains of such male sterile are 

aborted. This male sterility is transmitted only through the female and never by 

the pollen. When all of the chromosomes of the male sterile line were replaced 

with chromosomes of normal plants, the line still remained male sterile, 

showing thereby that male sterility is controlled by some agency in the 

cytoplasm. It was later recognized that cytoplasmic male sterility in maize 

results from alterations in the heredity units in the mitochondria 

(mitochondrial DNA). 
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Inheritance of Kappa particles in Paramecium 

In Paramecium aurelia, two strains of individuals have been reported. 

One is called as ‘ Killer’ which secretes a toxic substance ‘ paramecin’ and the 

other strain in known as ‘ sensitive’ and is killed if comes in contact with the 

‘paramecin’. In the cytoplasm of the killer strain the kappa particles 

(cytoplasmic – DNA) are present kappa particles are absent in sensitive strains. 

The transmission of kappa particles is through cytoplasm but maintenance of 

kappa particles and production of paramecin is controlled by ‘k’ we assume 

that the killer strains carry dominant allele ‘kk; and that sensitive ‘kk’. 

Conjugation Rare conjugation (cytoplasmic exchange) 

On conjugation, congugents exchange their nuclear material so that ex-

conjugants ‘kk’ resulted from conjugants ‘kk’ and ‘kk’ when conjugation is for 

normal time, then only nuclear material is exchanged and therefore killer will 

produce killer daughters and sensitive will produce sensitive daughters. But if 

the conjugation is in longer period, there will be exchange of cytoplasm 

resulting in the inheritance of kappa particles by both the ex-conjugants so that 

all the daughter paramecia produced are killers because all in herit the 

kappa particles through the mixing of cytoplasm. Therefore this trait is 

transmitted through cytoplasmic heredity. The trait is only stable is killer 

strains (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. (a) Killer strain Paramecium with Kappa particles and nucleus with gene 
K, (b) Sensitive Paramecium with no Kappa particles and nucleus with gene K. 
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Inheritance through mitochondria 

Mitochondria can self-replicate and represent another genetic system in 

the cell. Of course, the amount of mitochondrial DNA is so small, representing 

less than 1% of the nuclear DNA is mammalian cells and it can code for a part 

of the protein in the mitochondria. The synthesis of the cytochrome found in 

mitochondria for example, is known to be present in minute amount in 

cytoplasm under the control of nuclear genes. Therefore, it is suggested that 

both mitochondria and chloroplast seem to have a semiautonomous existence 

and their DNA forms the basis for genetic systems separate from that in the 

nucleus. 
 
Significance of Cytoplasmic Inheritance 

1. Development of cytoplasmic male sterility several crop plants like 

maize. Pearl millet, sorghum, cotton etc. 

2. Role of mitochondria in the manifestation of heterosis. 

3. Mutation of chloroplast DNA and mitochondrial DNA leads to generation of new  

variation. 

 

 

 

 

***************************** 
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AGP 311-Lecture 10 
 

 
Sex Chromosome and Sex Determination in Plants & Drosophila 

 
Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 
 
Sex chromosome 
 
Sex chromosome, either of a pair of chromosomes that determine whether an individual 

is male or female. The sex chromosomes of human beings and other mammals are 

designated by scientists as X and Y. In humans the sex chromosomes consist of one pair of 

the total of 23 pairs of chromosomes. The other 22 pairs of chromosomes are 

called autosomes. 

 
Individuals having two X chromosomes (XX) are female; individuals having one 

X chromosome and one Y chromosome (XY) are male. The X chromosome resembles a 

large autosomal chromosome with a long and a short arm. The Y chromosome has one 

long arm and a very short second arm. This path to maleness or femaleness originates at 

the moment of meiosis, when a cell divides to produce gametes, or sex cells having half the 

normal number of chromosomes. During meiosis the male XY sex-chromosome pair 

separates and passes on an X or a Y to separate gametes; the result is that one-half of the 

gametes (sperm) that are formed contains the X chromosome and the other half contains 

the Y chromosome. The female has two X chromosomes, and all female egg cells normally 

carry a single X. The eggs fertilized by X-bearing sperm become females (XX), whereas 

those fertilized by Y-bearing sperm become males (XY). 

Unlike the paired autosomes, in which each member normally carries alleles (forms) of the 
same genes, the paired sex chromosomes do not carry an identical complement of genetic 
information. The X chromosome, being larger, carries many more genes than does the Y. 
Traits controlled by genes found only on the X chromosome are said to be sex-linked. 
Recessive sex-linked traits, such as hemophilia and red–green colour blindness, occur far 
more frequently in men than in women. This is because the male who inherits the 
recessive allele on his X chromosome has no allele on his Y chromosome to counteract its 
effects. The female, on the other hand, must inherit the recessive allele on both of her X 
chromosomes in order to fully display the trait. A woman who inherits the recessive allele 
for a sex-linked disorder on one of her X chromosomes may, however, show a limited 
expression of the trait. The reason for this is that, in each somatic cell of a normal female, 
one of the X chromosomes is randomly deactivated. This deactivated X chromosome can 
be seen as a small, dark-staining structure—the Barr body—in the cell nucleus. 

The effects of genes carried only on the Y chromosome are, of course, expressed only in 
males. Most of these genes are the so-called maleness determiners, which are necessary 
for development of the testes in the fetus. 
 

https://www.britannica.com/science/sex
https://www.britannica.com/science/X-chromosome
https://www.britannica.com/science/Y-chromosome
https://www.britannica.com/science/autosome
https://www.britannica.com/science/chromosome
https://www.britannica.com/science/meiosis-cytology
https://www.britannica.com/science/cell-biology
https://www.britannica.com/science/gamete
https://www.britannica.com/science/allele
https://www.britannica.com/science/hemophilia
https://www.britannica.com/science/color-blindness
https://www.britannica.com/science/allele
https://www.britannica.com/science/soma-cell
https://www.britannica.com/science/Barr-body
https://www.britannica.com/science/nucleus-biology
https://www.britannica.com/science/testis
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Several disorders are known to be associated with abnormal numbers of sex 
chromosomes. Turner’s syndrome and Klinefelter’s syndrome are among the most 
common of these. See also X trisomy; XYY-trisomy. 
 
Sex determination 
 
Sex determination, the establishment of the sex of an organism, usually by the 
inheritance at the time of fertilization of certain genes commonly localized on a 
particular chromosome. This pattern affects the development of the organism by 
controlling cellular metabolism and stimulating the production of hormones that trigger 
the development of sexual glands or organs. An excess or lack of hormones during 
embryological development may cause an individual to develop the superficial appearance 
of one sex while retaining the genetic constitution of the other sex. 
 
Sex determination in plants 
 
In 1694, J.R. Camerarius conducted early experiments on pollination and reported the 
existence of sex in plants. In 1902, C.E. McClung identified sex chromosomes in bugs. In 
1917, C.E. Allen discovered sex determination in plants. In  1922, C.B. Bridges put forth the 
genic balance theory of sex determination. 
 

In flowering plants, strategies for sex determination have evolved to prevent self-
fertilization that may lead to loss of fitness due to inbreeding.  More than 90 per cent of 
flowering plants produce perfect flowers. Out of them some are monoecious, rest are 
dioeceous. Plants have developed interesting mechanisms for determination of sex. 
 
1. Environmental e.g. Papaya, Melon, Cucumber, Equisetum.  

2.Chromosomal:   

2a. Homomorphic sex chromosome e.g: Aspargas etc.  

2b. Heteromorphic sex chromosome eg: Silene spp etc . 

3.Genic  e.g. Papaya, maize, Ecballium, Mercuralis etc. 

 
1. Environmental factors in sex determination 
 

Sex determination induced by the environment is one of the most direct ways in which 
progeny sex ratios can vary. In some species sex determination is greately affected by the 
Environment. e.g. in Cucumber, Melons, Cannabis etc. the sex of the flowers is affected by 
many environmental factors like Temperature, Day- Length, Ethylene, GA3, some 
ions(Ca⁺² Mg⁺²) etc.  
 

In general treatment with Ethylene or GA3 promotes the production of Female flowers. In 
cannabis GA3 treatment induces the development of only female flowers.  
 

Cytokinin may trigger the female flower development and Gibberellic acid may control the 
male flower development. Each of these pathways would be independent.  
 
2. Chromosomal sex determination in plants 
 
In many species sex determination is based on sex chromosomes. Chromosomal 
mechanism of sex determination can be grouped into the fallowing categories: 

https://www.britannica.com/science/Turner-syndrome
https://www.britannica.com/science/Klinefelter-syndrome
https://www.britannica.com/science/X-trisomy
https://www.britannica.com/science/XYY-trisomy
https://www.britannica.com/science/sex
https://www.britannica.com/science/chromosome
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2a. Homomorphic: In this case X and Y chromosomes are similar in morphology.   
 

2b. Heteromorphic In this case X and Y chromosomes are dissimilar in morphology.   
  
Chromosomal sex determination in plants has been described in Table 1. 
 
Table 1. Chromosomal sex determination in plants 
 

 
 
3. Genic sex determination 
 
Sex determination in several plant species e.g. papaya, Vitis cineria etc is governed by 
genes. Genic sex determination is known in the case of both monoecious and dioecious 
plants, and in dioeciuos species, sex determination may depend on  a single or several 
genes. 
 
3.1 Sex determination in Dioecious plants 
 
Dioecious plants produce flowers of only one gender or sex, and have either male or 
female flowers on the plant. The genic system of sex determination may be divided into 
two groups: (1) single locus, (2) multilocus systems 
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3.1.1 Single gene sex determination:  
 
In several species, a single gene plays the major role in determination of sex. In Ecballium 
elaterium, sex is governed by a single gene a with three alleles, viz., ad (femaleness), aD 
(maleness), and a+ (monoecism), and the dominance relationship is a+>aD>ad. Any given 
variety of Ecballium elaterium is either monoecious or dioecious. In a dioecious variety, 
female plants have the genotype adad, while male plants are with aDaD genotype, therefore 
progeny from male x female matings are 1 male: 1 female.  
 
3.1.2 Multigenic sex determination: 
 
A good example of this system of sex determination is found in annual mercury plant 
(Mercurialis annua). Sex is determined by three unliked genes, A, B1, and B2. The genetic 
analysis has revealed that (i) male plants always have at least one dominant allele of gene 
A as one or both of the B loci (B1 and B2). (ii) In contrast, female plants are recessive at any 
two of three genes (A, B1 and B2).  
 
Genic Balance Theory of Sex Determination in Drosophila  

 
The theory of genic balance given by Calvin Bridges (1926) states that instead of XY 
chromosomes, sex is determined by the genic balance or ratio between X-chromosomes 
and autosome genomes. 
 
The theory is basically applicable to Drosophila melanogaster over which Bridges worked. 
He found that the genic ratio X /А of 1.0 produces fertile females whether the flies have XX 
+ 2A or XXX + ЗА chromosome complement. A genic ratio (X /А) of 0.5 forms a male 
fruitfully. This occurs in XY + 2A as well as X0 + 2A. It means that expression of maleness is 
not controlled by Y- chromosome but is instead localised on autosomes. 
The X-chromosomes, however, carry female determining genes like Sxl. Bridges further 
proposed that a genic ratio of less than 0.5 (e.g., XY + ЗА or X/ЗА or 0.33) produced 
infertile meta-males (super males) while a genic ratio between 0.5 and 1.0 produces 
intersexes with a lot of morphological and sexual abnormalities. 
 
 

**************** 
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AGP 311-Lecture 11 
 

 
Sex linkage and Nondisjunction of Sex Chromosome 

 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 
 
Sex linkage 
 
The male of many animals has one chromosome pair, the sex chromosomes, consisting of 

unequal members called X and Y. At meiosis the X and Y chromosomes first pair then 

disjoin and pass to different cells. One-half of the gametes (spermatozoa) formed contain 

the X chromosome and the other half the Y. The female has two X chromosomes; all egg 

cells normally carry a single X. The eggs fertilized by X-bearing spermatozoa give females 

(XX), and those fertilized by Y-bearing spermatozoa give males (XY). 

The genes located in the X chromosomes exhibit what is known as sex-linkage or 

crisscross inheritance. This is because of a crucial difference between the paired sex 

chromosomes and the other pairs of chromosomes (called autosomes). The members of 

the autosome pairs are truly homologous; that is, each member of a pair contains a full 

complement of the same genes (albeit, perhaps, in different allelic forms). The sex 

chromosomes, on the other hand, do not constitute a homologous pair, as the X 

chromosome is much larger and carries far more genes than does the Y. 

Consequently, many recessive alleles carried on the X chromosome of a male will be 

expressed just as if they were dominant, for the Y chromosome carries no genes to 

counteract them.  

The classic case of sex-linked inheritance, described by Morgan in 1910, is that of the 

white eyes in Drosophila. In humans, red-green colour blindness and hemophilia are 

among many traits showing sex-linked inheritance and are consequently due to genes 

borne in the X chromosome. 

In some animals—birds, butterflies and moths, some fish, and at least some amphibians 

and reptiles—the chromosomal mechanism of sex determination is a mirror image of that 

described above. The male has two X chromosomes and the female an X and Y 

chromosome. Here the spermatozoa all have an X chromosome; the eggs are of two kinds, 

some with X and others with Y chromosomes, usually in equal numbers. The sex of the 

offspring is then determined by the egg rather than by the spermatozoon. Sex-linked 

inheritance is altered correspondingly. A male homozygous for a sex-linked recessive 

trait crossed to a female with the dominant one gives, in the F1generation, daughters with 

https://www.britannica.com/science/chromosome
https://www.britannica.com/science/sex-chromosome
https://www.britannica.com/science/meiosis-cytology
https://www.britannica.com/topic/inheritance-law
https://www.britannica.com/science/autosome
https://www.merriam-webster.com/dictionary/constitute
https://www.britannica.com/science/color-blindness
https://www.britannica.com/science/hemophilia
https://www.britannica.com/science/sex-determination
https://www.britannica.com/science/recessiveness
https://www.britannica.com/science/recessiveness
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the recessive trait and heterozygous sons with the corresponding dominant trait. The 

F2 generation has recessive and dominant females and males in equal numbers. A male 

with a dominant trait crossed to a female with a recessive trait gives uniformly dominant 

F1 and a segregation in a ratio of 2 dominant males : 1 dominant female : 1 recessive 

female. 

Sex Linked Inheritance in Drosophila: 

T.H. Morgan (1910) for the first time discovered sex-linkage in Drosophila melanogaster. 

Morgan when experimenting noted the sudden appearance of one white-eyed male 

(mutant form) in the culture of normal red-eyed Drosophila. This white-eyed male was 

crossed with red eyed female. The F1 flies (both male and female) were all red-eyed 

indicating that white eye colour is recessive to the normal red eye colour. 

When these F1 flies were inter-crossed freely, the red-and white-eyed flies appeared in the 

ratio 3: 1 in the F2 generation. White- eyed flies were male. Among the red eyed flies two-

third were female and one-third were male. The females were all red eyed whereas 50% 

males were white eyed and the remaining 50% males were red eyed as in the Fig. 1. 

If a reciprocal cross is performed between white eyed female and red eyed male individual, 

all female individuals in Ft generation are red eyed and all male individuals, are white eyed. 

When these two types of individuals from F1 generation are inter crossed, female 

population in F2 generation will consist of 50% red eyed and 50% white eyed individuals. 

Similarly the male population in this generation consists of 50% red eyed and 50% white 

eyed individual. 

The inheritance of white-eye colour in Drosophila can be explained on the basis of 

the following assumptions: 

(i) Gene for white eye colour in male Drosophila is located in X-chromosome and Y 

chromosome is empty, carrying no normal allele for eye colour. 

(ii) In white eyed female Drosophila there are two X chromosomes, each one bearing a gene 

for white eye colour (w). It transmits one gene for white eye colour (w) to each offspring. 

(iii) As we can see in the above reciprocal crosses, the gene for recessive white eye colour 

(w) passes by father on to daughter (F1 generation). The daughter in turn passes this gene 

to her sons (F2 generation). The character thus seems to alter or cross from one sex to the 

other in its passage from generation to generation. In other words, character is transferred 

from mother to son and never from father to the son. 

 

https://www.britannica.com/science/dominance
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Fig.1.  Inheritance of white-eye colour in Drosophila 

 

Characteristics of Sex Linked Inheritance: 

(a) It is a criss-cross inheritance as the father passes its sex-linked character to his 
daughter who in turn passes it to the grandson. 

(b) Daughter does not express the recessive trait but act as carrier in the heterozygous 
condition. 

(c) Female homozygous for recessive trait expresses the trait. 

(d) Any recessive gene borne by the X chromosome of male is immediately expressed as Y 
chromosome has no allele to counteract. 

Non-disjunction of X chromosome 

Nondisjunction occurs when chromosomes do not separate properly during cell division. 

This produces cells with imbalanced chromosome numbers. 

Chromosomes contain the cell’s DNA, which is crucial for its functions and reproduction. 

Normally, when a cell divides, the chromosomes line up in an orderly fashion at the centre 

https://biologydictionary.net/cell-division/
https://biologydictionary.net/chromosome/
https://biologydictionary.net/cell/
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of the cell. Then, when the cell divides into two, the chromosomes are separated into each 

new cell. 

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

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

many, while another may have too few. This causes problems in cell function because a cell 

cannot function normally without the correct chromosome complement. 

Types of Nondisjunction 

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

Nondisjunction During Mitosis 

Somatic cells, or cells of the body, divide in order to repair, grow, and maintain tissues. 

They do so through replicating their DNA and redistributing it to new cells through the 

process of mitosis. From each original parent cell, two identical daughter cells are 

produced. 

After DNA replication in the parent cell, each chromosome is composed of two 

identical sister chromatids. During the anaphase stage of mitosis, these chromatids 

separate, and one chromatid goes into each daughter cell. 

However, when nondisjunction occurs, the chromatids do not separate. The result is that 

one cell receives both chromatids, while the other cell receives neither. Each daughter cell 

then has an abnormal number of chromosomes when mitosis is complete; one cell has an 

extra chromosome, while the other is missing one. 

 

Fig.2. Nondisjunction During Mitosis 

 

https://biologydictionary.net/daughter-cells/
https://biologydictionary.net/mitosis/
https://biologydictionary.net/meiosis/
https://biologydictionary.net/somatic-cells/
https://biologydictionary.net/dna-replication/
https://biologydictionary.net/sister-chromatids/
https://biologydictionary.net/anaphase/
https://biologydictionary.net/chromatid/
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Fig. 3. Nondisjunction During Meiosis 

 
Examples of Nondisjunction Disorders 

Cancer 

When nondisjunction occurs in somatic cells, the cell systems can detect that something 

has gone awry, and cause that cell to undergo apoptosis (cell suicide). 

However, if nondisjunction goes undetected, it can contribute to the development of 

cancer. This is because imbalances in the expression of the genes in the chromosomes can 

lead to abnormal cell phenotypes, and can cause unchecked cell proliferation. Unregulated 

cell division is a hallmark of cancer. 

Extra copies of chromosomes are frequently found in haematopoietic cancers 

(blood cancers) and invasive breast cancers. 

Down Syndrome 

Down syndrome occurs as a result of maternal nondisjunction during meiosis I. It produces 

an egg cell with an extra copy of chromosome 21. That means, that the 

resulting embryo has three copies of chromosome 21, two from the mother, and one from 

the father. This is called a trisomy. People with Down syndrome have three copies of 

chromosome 21 in all of their somatic cells. 

The extra chromosome in the cells of those with Down syndrome is responsible for a host 

of characteristics, including delays in physical growth, certain facial features, and mild 

intellectual disability. Rates of nondisjunction in the gametes increase with age, which is 

why older mothers have a higher chance of giving birth to a child with Down 

syndrome. According to the Mayo Clinic, this chance drastically increases between the ages 

of 35 and 45, going from 1 in 350 at 35 years to 1 in 30 at 45 years. 

https://biologydictionary.net/apoptosis/
https://pubmed.ncbi.nlm.nih.gov/21124017/?from_term=nondisjunction+cancer+chromosome&from_filter=pubt.review&from_filter=ds1.y_10&from_pos=10
https://biologydictionary.net/blood/
https://biologydictionary.net/embryo/
https://www.mayoclinic.org/diseases-conditions/down-syndrome/symptoms-causes/syc-20355977
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Sex Chromosome Aneuploidy 

Sex chromosome aneuploidy is the term for an abnormal number of sex chromosomes. 

Normally, females have two X chromosomes, while males have one X and one Y. 

Nondisjunction can cause individuals to be born female with one X (Turner syndrome), 

female with three X chromosomes (Trisomy X), male with XXY (Klinefelter syndrome), or 

male with XYY (XYY syndrome). Rarer combinations, such as having five X chromosomes, 

can also occur. Sometimes, sex chromosome aneuploidy goes unnoticed in individuals, but 

other times it may present as a recognizable syndrome with characteristics such as 

intellectual disability. 

Other Types of Trisomy 

Most cases of trisomy result in miscarriage during the first trimester of pregnancy because 

the fetus cannot survive the chromosomal abnormality. Trisomy 16 occurs in over 1% of 

pregnancies and is the most common trisomy, but most individuals with this trisomy do 

not survive unless some of their cells are normal. 

The three most common types of trisomy that are survivable are Trisomy 21 (Down 

syndrome), Trisomy 18 (Edwards syndrome), and Trisomy 13 (Patau syndrome). 

The reason these chromosomal abnormalities are more common is due to the specific 

chromosomes they affect. Chromosome 21, 18, and 13 are all relatively small and gene-

poor; they don’t have as many genes on them as other chromosomes. This means they have 

less of a drastic effect on the cell. As a result, more individuals survive with these trisomies. 

Others are non-viable. 

 

 

********************** 

 

 

 

 

 

 

https://pubmed.ncbi.nlm.nih.gov/29325624/?from_term=sex+chromosome+aneuploidy+&from_filter=pubt.review&from_filter=ds1.y_10&from_pos=1
https://biologydictionary.net/fetus/
https://biologydictionary.net/gene/
https://biologydictionary.net/wp-content/uploads/2016/10/Trisomy_21_Down_syndrome.jpg
https://biologydictionary.net/wp-content/uploads/2016/10/Trisomy_21_Down_syndrome.jpg
https://biologydictionary.net/wp-content/uploads/2016/10/Trisomy_21_Down_syndrome.jpg
https://biologydictionary.net/wp-content/uploads/2016/10/Trisomy_21_Down_syndrome.jpg
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AGP 311-Lecture 13 

 
Linkage and Recombination 

 
Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 
Linkage 
 
Linkage is the close association of genes or other DNA sequences on the same chromosome. The 

closer two genes are to each other on the chromosome, the greater the probability that they will 

be inherited together. 

In linkage, two or more genes linked together are always inherited together in the same 

combination for more than two generations, whereas in recombination the genetic material is 

exchanged between different organisms which leads to the production of offsprings with the 

combination of traits. 

Biologists developed the chromosomal theory of inheritance. The work was further carried 

forward and proved by T.H. Morgan. This led to the concept of linkage and recombination of the 

genes. 

Morgan’s Experiment 

Thomas Hunt Morgan worked on Drosophila melanogaster (fruit flies) to explain how the 

process of sexual reproduction produced variations. He preferred to work on fruit flies 

or Drosophila melanogaster for the subsequent reasons: 

1. It could be generated easily on a synthetic medium in the laboratory. 

2. Exhibit a short lifespan (two weeks). 

3. A single mating could generate multiple progenies. 

4. Differentiable male and female sexes. 

5. Hereditary variations are of different types. 

Morgan carried out a dihybrid cross between white-eyed and yellow-bodied females and red-

eyed and brown-bodied males. Self-crossing of the F1 generation surprisingly produced 

an F2 generation without being the ratio of 9:3:3:1. The outcome exhibited a divergence from 

Mendel’s dihybrid cross in peas. 

Linkage and Recombination 

“Linkage and recombination are the phenomena that describe the inheritance of genes.” 

Linkage 

Morgan noted that while crossing a set of characters, two genes did not follow Mendel’s law as 

they did not divide as per the law. The likelihood of achieving a parental combination if two 
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genes are situated on the same chromosome was relatively higher in the subsequent generation 

in comparison to the non-parental combination. The physical connection of genes was referred 

to as linkage. 

Genes are said to be linked when genes for different traits are located in similar chromosomes 

and hence are tied to each other. It is a deviation from the Mendelian principle of independent 

assortment that is appropriate to be applied to the genes that are situated on different 

chromosomes. 

The term genetic recombination described the non-parental gene combinations in a 

dihybrid cross. 

Additionally, they observed that the likelihood of recombination is reliant on how influential the 

linkage is. In other terms, though two genes are linked on chromosomes, the genes may or may 

not be linked tightly. 

A few genes have powerful linkage giving a limited chance of recombination whereas another 

linkage of genes is loosely linked and weak providing a greater chance of recombination. 

Once the linked genes were identified, the recurrence of linked genes also determined the 

expression of characteristics in the next generation. 

A student of Morgan, Sturtevant discovered the site of linked genes on a chromosome by 

estimating their frequency of genetic recombination through the gene mapping process. This 

method of producing a link map was widely used during the Human Genome Project. 

Types of Linkages 

Linkages can be classified into two types established on the absence or presence of non-parental 

combinations or new combinations, namely: 

Complete Linkage 

A linkage is said to be complete when two or multiple characteristics are inherited and normally 

surface in two or further generations in their parental or original combinations, they are known 

as complete linkage. These particular genes do not generate combinations that are non-parental. 

The genes that exhibit these linkages are located nearby in the same chromosome. Examples – 

genes for long wings and grey body in male Drosophila 

Incomplete Linkage 

It is displayed by genes that generate some portion of non-parental combinations. These genes 

are situated at a distance on the chromosomes which can be attributed to the occasional or 

accidental deconstruction of chromosomal segments while crossing over. 

Linkage and Crossing Over 

Linkage is the tendency of genes present in the chromosome to stay intact and transfer to the 

next generation whereas crossing over is the exchange of chromosomal sections to disrupt built 

links and form new linkages. 

https://byjus.com/biology/human-genome-project-goals-significance/
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Linkages generate parental types and increases in age as the linkage increases. Crossing over 

generates recombinations and it decreases with age and the occurrence of crossing over 

between two genes is decreased if they are placed closely, whereas the linkage strength 

between two genes increases if a chromosome is located in the vicinity. 

Linkages assist in maintaining a newly improved variety, crossing over, on the other hand, 

forms as a source of variations to produce new varieties. 

Crossing over, in other terms, is the exchange of segments observed in homologous 

chromosomes between non-sister chromatids and takes place during the pachytene stage of the 

prophase I in the cell division process of meiosis and always takes place within linked genes. 

The recombination of linked genes that crossing over produces plays a significant role in 

evolution. 

Recombination 

Recombination is a process of producing new combinations of alleles by the recombination 

of DNA molecules. It is also referred to as genetic recombination, as there is an exchange 

of genetic material (DNA) between two different chromosomes or between different regions of 

the same chromosome. This process is observed in both eukaryotes and prokaryotes. It 

increases the genetic diversity of sexually reproducing organisms. 

Types of Recombination: 

Recombination can be of the following two types: 

• Homologous Recombination 

This type of recombination occurs between chromosomes of similar sequences and is carried 

out during meiosis. 

• Non-homologous Recombination 

This occurs between chromosomes that are not similar. 

• Site-specific Recombination 

This is observed between very short sequences that usually contain similarities. 

• Mitotic Recombination 

Mitotic recombination occurs during interphase. However, this type of recombination is usually 

harmful and can result in tumors. It increases when the cells are exposed to radiation. 

The prokaryotic cells undergo recombination through one of the three processes: 

• Conjugation 

• Transformation 

• Transduction 

https://byjus.com/biology/cell-division/
https://byjus.com/biology/prokaryotic-cells/


4 
 

Although homologous recombination occurs a number of times, the two features are inherited 

together most of the time because the chances of splitting up of the DNA coding for these two 

genes are very low. As a result, genes are inherited together most of the time. 

 

 
 

Fig. Linkage and Recombination 

 

************************** 
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AGP 311- Lecture 19 
 

Genetic Disorders in Man/Boys 
 

Lecture note by Dr J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

Genetic disorders result due to structural and numerical chromosomal aberrations. 

The genetic disorders are found in both male and female. These disorders have very 

deleterious effects on the life and their correction with medical aids is also very 

difficult sometimes impossible. Some of the genetic disorders are being described 

below, which are  found in man/boys: 

1. Cri du chat syndrome 

Cri du chat syndrome - also known as 5p- syndrome and cat cry syndrome - is a rare 

genetic condition that is caused by the deletion (a missing piece) of genetic material on 

the small arm (the p arm) of chromosome 5. The cause of this rare chromosomal deletion 

is unknown (Fig.1) 

Symptoms 
 
The clinical symptoms of cri du chat syndrome usually include a high-pitched cat-like cry, 
mental retardation, delayed development, distinctive facial features, small head size 
(microcephaly), widely-spaced eyes (hypertelorism), low birth weight and weak muscle 
tone (hypotonia) in infancy. The cat-like cry typically becomes less apparent with time. 

Most individuals who have cri du chat syndrome have difficulty with language. Half of 

children learn sufficient verbal skills to communicate. Some individuals learn to use short 

sentences, while others express themselves with a few basic words, gestures, or sign 

language. 

Other characteristics may include feeding difficulties, delays in walking, hyperactivity, 

scoliosis, and significant retardation. A small number of children are born with serious 

organ defects and other life-threatening medical conditions, although most individuals 

with cri du chat syndrome have a normal life expectancy. 
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Fig.1. Cri du chat syndrome - also known as 5p- syndrome and cat cry syndrome. The 
syndrome includes microcephaly and a catlike cry 

2. Klinefelter syndrome 

Klinefelter syndrome is a condition that occurs in men as a result of an extra X 

chromosome. The most common symptom is infertility (Fig. 2). 

Humans have 46 chromosomes, which contain all of a person's genes and DNA. Two of 

these chromosomes, the sex chromosomes, determine a person's gender. Both of the sex 

chromosomes in females are called X chromosomes. (This is written as XX.) Males have an 

X and a Y chromosome (written as XY). The two sex chromosomes help a person develop 

fertility and the sexual characteristics of their gender. 

Most often, Klinefelter syndrome is the result of one extra X (written as XXY). 

Occasionally, variations of the XXY chromosome count may occur, the most common 

being the XY/XXY mosaic. In this variation, some of the cells in the male's body have an 

additional X chromosome, and the rest have the normal XY chromosome count. The 

percentage of cells containing the extra chromosome varies from case to case. In some 

instances, XY/XXY mosaics may have enough normally functioning cells in the testes to 

allow them to father children. 
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Symptoms 
 
Males who have Klinefelter syndrome may have the following symptoms: small, firm 

testes, a small penis, sparse pubic, armpit and facial hair, enlarged breasts (called 

gynecomastia), tall stature, and abnormal body proportions (long legs, short trunk). 

 

 

 

 

Fig. 2. Klinefelter syndrome, which is a condition that occurs in men as a result of an 

extra X chromosome. 

 

3.  Down’s Syndrome 
 

 
Fig. 3. A boy with Down’s syndrome, who was having partial chromosome trisomy – 

12(12p+) and deficiency of the tip of chromosome 8 (8p-). Down’s syndrome features are 

mental retardation and hypotonia, a rather flat faces with prominent epicanthic folds. 
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4.  Duplication- deletion syndrome 
 

 

 
 

Fig. 4. Six year-old child with chromosome 3 duplication-deletion syndrome. He 
could never suck independently and at 6 years he is still spoon or tube fed. 

 

 
 

 

 

                           ***************** 
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Nature	of	Genetic	Material
Lect	note- AGP	311,	Dr.	J.P.	Jaiswal,	Prof.	GPB

Functions	of	the	Genetic	Material:

The	genetic	material	had	to	fulfill	the	following	three	key	requirements:

1. The	genotypic	 function	or	 	 replication:	The	genetic	material	must	 store	genetic	
information	 and	 accurately	 transmit	 that	 information	 from	 parents	 to	 offspring,	
generation	after	generation.

2. The	phenotypic	function or gene	expression:	The	genetic	material	must	control	
the	 development	 of	 the	 phenotype	 of	 the	 organism.	 That	 is,	 the	 genetic	 material	
must	dictate	the	growth	of	the	organism	from	the	single-celled	zygote	to	the	mature	
adult.

3. The	 evolutionary	 function	 or	 mutation.	 The	 genetic	 material	 must	 undergo	
changes	to	produce	variations	that	allow	organisms	to	adapt	to	modifications	in	the	
environment	so	that	evolution	can	occur.

Other	 early	 genetic	 studies	 established	 a	 precise	 correlation	 between	 the	 patterns	 of	
transmission	 of	 genes	 and	 the	 behavior	 of	 chromosomes	 during	 sexual	 reproduction,	
providing	 strong	evidence	 that	 genes	are	usually	 located	on	 chromosomes.	Thus,	 further	
attempts	 to	 discover	 the	 chemical	 basis	 of	 heredity	 focused	 on	 the	molecules	 present	 in	
chromosomes.

Chromosomes	 are	 composed	 of	 two	 types	 of	 large	 organic	 molecules	 (macromolecules)	
called	proteins	and	nucleic	acids.	The	nucleic	acids	are	of	 two	types:	deoxyribonucleic
acid	(DNA)	and	ribonucleic	acid	(RNA).	During	the	1940s	and	early	1950s,	the	results	of	
elegant	 experiments	 clearly	 established	 that	 the	 genetic	 information	 is	 stored	 in	 nucleic	
acids,	 not	 in	 proteins.	 In	most	 organisms,	 the	 genetic	 information	 is	 encoded	 in	 the	
structure	 of	 DNA.	 However,	 in	 many	 small	 viruses,	 the	 genetic	 information	 is	
encoded	in	RNA.

Proof	That	Genetic	Information	Is	Stored	in	DNA
Griffith	experiment
The	phenomenon	of	transformationwas	first	discovered	by	Frederick	Griffith	in	1928.

Pneumococci,	like	all	other	living	organisms,	exhibit	genetic variability	that	can	be	exhibit	
with	different	phenotype.	 The	two	phenotypic	characteristic	of	importance	in	Griffith
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experiment	were:
1.	presence	or	absence	of	a	surrounding	polysaccharide capsule,	and
2.	the	type	of	capsule,	that	is,	the	specific	molecular composition	of	the	polysaccharide	
present	in	 the	capsules.
When	grown	 in	 appropriate	media	 in	petridishes,	 pneumococci	with	capsule	 form	 large,	
smooth colonies	and	thus	designated	as	Type	S.	Such	encapsulated	pneumococci	are	quite
pathogenic	to	mammals,	so	they	are	virulent.
•	The	other	type	is	nonpathogenic	(nonvirulent)	has	no	polysaccharide	capsule.	Such	a	
non-encapsulated,	 nonvirulent	 pneumococci	 form	 small,	 rough-surfaced	 colonies when	
grown	on	medium	and	are	thus	designated	as Type	R.

Table.	Characteristic	of	Diplococcus	pneumonia Strains	when	grown	on	Blood	Agar	
Medium

Type Colony	morphology Capsule Virulence Reaction	with	Antiserum
prepared	against

Appearance Size Type	IIS Type	IIIS

IIR

IIS

Rough

Smooth

Small

Large

Absent

Present

Non-virulent

Virulent

None

Agglutination

None

None

IIIR

IIIS

Rough

Smooth

Small

Large

Absent

Present

Non-virulent

Virulent

None

None

None

Agglutination

Encapsulated	pneumococci	are	virulent	(pathogenic),	causing	pneumonia	in	mammals	such	
as	 mice	 and	 humans.	 The	 virulent	 Type	 S	 pneumococci	 mutate	 to	 an	 avirulent	
(nonpathogenic)	form	that	has	no	polysaccharide	capsule	at	a	frequency	of	about	one	per	
107 cells.	 When	 grown	 on	 blood	 agar	 medium,	 such	 nonencapsulated,	 avirulent	
pneumococci	produce	small,	rough-surfaced	colonies	(Figure	8.10)	and	are	thus	designated	
Type	 R.	 The	 polysaccharide	 capsule	 is	 required	 for	 virulence	 because	 it protects	 the	
bacterial	cell	from	destruction	by	white	blood	cells.	When	a	capsule	is	present,	it	may	be	of	
several	 different	 antigenic	 types	 (Type	 I,	 II,	 III,	 and	 so	 forth),	 depending	 on	 the	 specific	
molecular	composition	of	the	polysaccharides	and,	of	course,	ultimately	depending	on	the	
genotype	of	the	cell	(Fig.	1).
Griffith	 unexpected	 discovery	 was	 that	 if	 he	 injected	 heat killed Type	 IIIS	 pneumococci	
(Virulent	when	alive)	plus live	Type	IIR	pneumococci	(nonvirulent)	into	mice,	many	of	the	
mice	 developed	pneumonia	 and	 died,	 and	 live	 Type	 IIIS	 cells	were	 recovered	 from	 their	
carcasses. But	when	mice	were	injected	with	heat-killed	Type	IIIS pneumococci	alone	none	
of	the	mice	died.
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Fig.1. Griffith’s	demonstration	of	transformation	in	pneumococcus.
(Source:	Gadner	and	Snustad,	Principles	of	Genetics,	6th Edition)

Thus,	the	“transformation”	of	nonvirulent	Type	IIR	cells	to virulent	Type	IIIS	cells	cannot	be	
explained	by	mutation, rather	some	component	of	dead	Type	IIIS	cells	(the “transforming	
principle”) must	convert	living	Type	IIR	to Type	IIIS.

Subsequent	 experiment	 showed	 the	 phenomenon	 described	 by	 Griffith	 now	 called	
“transformation”.
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Proof	That	the	“Transforming	Principle”	is	DNA

The	“Transforming	Principle”		was	shown	to	be	DNA	in	1944		when	O.	Avery,	C.	MacLeod,	
and	M.	McCarty	published	the	results	of	a	set	of	extensive	and	laborious	experiments. They	
showed	 that	 if	 highly	 purified	 DNA	 from	 Type	 IIIS	 pneumococci	 was	 present	 with	
Type	IIR	pneumococci,	some	of	the	pneumococci	were	transferred	to Type	IIIS (Fig.
2).

Fig.	2. Avery,	MacLeod,	and	McCarty’s	proof	that	the	“transforming	principle”	is	DNA.
(Source:	Gadner	and	Snustad,	Principles	of	Genetics,	6th Edition)

The	most	definitive	experiments	in	Avery,	MacLeod,	and	McCarty’s	proof	that	DNA	was	the	
transforming	principle	involved	the	use	of	enzymes	that	degrade	DNA,	RNA,	or	protein.	In	
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separate	 experiments,	 highly	 purified	 DNA	 from	 Type	 IIIS	 cells	 was	 treated	 with	 the	
enzymes	 (1)	 deoxyribonuclease	 (DNase), which	 degrades	 DNA,	 (2)	 ribonuclease	
(RNase),	which	 degrades	 RNA,	 or	 (3)	proteases, which	 degrade	 proteins;	 the	 DNA	was	
then	tested	for	its	ability	to	transform	Type	IIR	cells	to	Type	IIIS.	Only	DNase	treatment	had	
any	 effect	 on	 the	 transforming	 activity	 of	 the	 DNA	 preparation—it	 eliminated	 all	
transforming	activity	(Fig.	2).

Although	the	molecular	mechanism	by	which	transformation	occurred	remained	to	be	
worked	out	in	subsequent	investigation,	the	results	obtained	by	Avery	and	his	group	
closely	established	that	the	genetic	information	in pneumococcus	was	present	in	DNA.

The	Harshey- Chase	Experiment

Additional	evidence	demonstrating	that	DNA	is	the	genetic	material	was	published	in	1952	
by	Alfred	Hershey	(1969	Nobel	Prize	winner) and	Martha	Chase.	 The	 results	of	 their	
experiments	 showed that	 the	 genetic	 information	 of	 a	 particular	 bacterial	 virus	
(bacteriophage	T2)	was	present	in	its	DNA.	Their	results	had	a	major	impact	on	scientists’	
acceptance	of	DNA	as	the	genetic	material.	This	impact	was	the	result	of	the	simplicity	of	
the	Hershey–Chase	experiment.

Viruses	 are	 the	 smallest	 living	 organisms;	 they	 are	 living,	 at	 least	 in	 the	 sense	 that	
their	reproduction	is	controlled	by	genetic	information	stored	in	nucleic	acids	via	the	
same	 processes	 as	 in	 cellular	 organisms.	 However,	 viruses	 are	 acellular	 parasites	 that	
can	reproduce	only	in	appropriate	host	cells.	Their	reproduction	is	totally	dependent	on	
the	 metabolic	 machinery	 (ribosomes,	 energy-generating	 systems,	 and	 other	
components)	of	the	host. Viruses	have	been	extremely	useful	in	the	study	of	many	genetic	
processes	because	of	their	simple	structure	and	chemical	composition	(many	contain	only	
proteins	and	nucleic	acids)	and	their	very	rapid	reproduction	(15	to	20	minutes	for	some	
bacterial	viruses	under	optimal	conditions).

Bacteriophage T2,	which	infects	the	common	colon	bacillus	Escherichia	coli,	 is	composed	
of	 about	 50	 percent	 DNA	 and	 about	 50	 percent	 protein. Experiments	 prior	 to	 1952	 had	
shown	 that	 all	 bacteriophage	 T2	 reproduction	 takes	 place	within	E.	 coli	 cells.	 Therefore,	
when	 Hershey	 and	 Chase	 showed	 that	 the	 DNA	 of	 the	 virus	 particle	 entered	 the	 cell,	
whereas	most	of	the	protein	of	the	virus	remained	adsorbed	to	the	outside	of	the	cell,	the	
implication	was	that	the	genetic	information	necessary	for	viral	reproduction	was	present
in	 DNA.	 The	 basis	 for	 the	 Hershey–Chase	 experiment	 is	 that	 DNA	 contains	
phosphorus	 but	 no	 sulfur,	 whereas	 proteins	 contain	 sulfur	 but	 virtually	 no	
phosphorus.	Thus,	Hershey	and	Chase	were able	to	label	specifically	either	(1)	the	phage	
DNA	by	growth	in	a	medium	containing	the	radioactive	isotope	of	phosphorus,	32P,	in	place	
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of	the	normal	isotope,	31P;	or	(2)	the	phage	protein	coats	by	growth	in	a	medium	containing	
radioactive	sulfur,	35S,	in	place	of	the	normal	isotope,	32S	(Fig.	3).

Fig.3.	The	“Harshey- Chase	Experiment”:	evidence	that	DNA	is	the	genetic	material	in	
bacteriophage	T2.	(Source:	Gadner	and	Snustad,	Principles	of	Genetics,	6th Edition)

When	T2	phage	particles	 labeled	with	35S	were	mixed	with	E.	coli	cells	 for	a	 few	minutes	
and	 the	phage-infected	cells	were	 then	 subjected	to	 shearing	 forces	 in	a	Waring	blender,	
most	 of	 the	 radioactivity	 (and	 thus	 the	 proteins)	 could	 be	 removed	 from	 the	 cells	
without	affecting	progeny	phage	production. When	T2	particles	in	which	the	DNA	was	
labeled	with	32P	were	used,	however,	essentially	all	the	radioactivity	was	found	inside	the	
cells;	 that	 is,	 the	 DNA	 was	 not	 subject	 to	 removal	 by	 shearing	 in	 a	 blender.	 The	
sheared-off	 phage	 coats	 were	 separated	 from	 the	 infected	 cells	 by	 low-speed	
centrifugation,	which	pellets	(sediments)	cells	while	leaving	phage	particles	suspended.	

These	results	indicated	that	the	DNA	of	the	virus	enters	the	host	cell,	whereas	the	protein	
coat	remains	outside	the	cell.	Since	progeny	viruses	are	produced	inside	the	cell,	Hershey	
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and	Chase’s	 results	 indicated	 that	 the	genetic	 information	directing	 the	 synthesis	of	both	
the	DNA	molecules	 and	 the	 protein	 coats	 of	 the	 progeny	 viruses	must	 be	 present	 in	 the	
parental	DNA.	Moreover,	the	progeny	particles	were	shown	to	contain	some	of	the	32P,	
but	none	of	the	35S	of	the	parental	phage. It	was	concluded	that	treatment		with	RNase	
or	protease	had	no	effect on	the	ability	of	the	purified	DNA	preparation	to	transform	type	
IIR	cells	to	type	IIIS.	DNase	treatment	destroyed	the	transforming	activity	of the	DNA	
preparation (Fig.3).

PROOF	THAT	RNA	STORES	THE	GENETIC INFORMATION	IN	VIRUSES

As	more	and	more	viruses	were	 identified	and	studied,	 it	 became	apparent	 that	many	of	
them	contain	RNA	and	proteins,	but	no	DNA.	 	 In	all	 cases	 studied	 to	date,	 it	 is	 clear	 that	
these	 RNA	 viruses—like	 all	 other	 organisms—store	 their	 genetic	 information	 in	 nucleic	
acids	rather	than	in	proteins,	although	in	these	viruses	the	nucleic	acid	is	RNA.	One	of	the	
first	experiments	that	established	RNA	as	the	genetic	material	in	RNA	viruses	was	the	so-
called	reconstitution	experiment	of	Heinz	Fraenkel-Conrat	and	coworkers,	published	in	
1957.	 Their	 simple,	 but	 definitive,	 experiment	 was	 done	 with	 tobacco	 mosaic	 virus	
(TMV), a	small	virus	composed	of	a	single	molecule	of	RNA	encapsulated	in	a	protein	coat.	
Different	 strains	 of	 TMV	 can	 be	 identified	 on	 the	 basis	 of	 differences	 in	 the	 chemical	
composition	of	their	protein	coats.	

Fraenkel	 Conrat	 and	 colleagues	 treated	 TMV	 particles	 of	 two	 different	 strains	 with	
chemicals	 that	 dissociate	 the	 protein	 coats	 of	 the	 viruses	 from	 the	 RNA	 molecules	 and	
separated	the	proteins	from	the	RNA.	Then	they	mixed	the	proteins	 from	one	strain	with	
the	RNA	molecules	from	the	other	strain	under	conditions	that	result	in	the	reconstitution	
of	 complete,	 infective	 viruses	 composed	 of	 proteins	 from	 one	 strain	 and	 RNA	 from	 the	
other	 strain.	When	 tobacco	 leaves	were	 infected	with	 these	 reconstituted	mixed	 viruses,	
the	progeny	viruses	were	always	phenotypically	and	genotypically	identical	 to	the	parent	
strain	 from	which	the	RNA	had	been	obtained.	Thus,	 it	was	concluded	that	the	genetic	
information	of	TMV	is	stored	in	RNA,	not	in	protein.
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Fig.	4.	Proof	that	the	genetic	material	of	tobacco	mosaic	virus	(TMV)	is	RNA,	not	
protein. TMV	contains	no	DNA;	it	is	composed	of	just	RNA	and	protein.
(Source:	Gadner	and	Snustad,	Principles	of	Genetics,	6th Edition)

**********************************
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AGP 311- Lecture 23 Part A 

 
The Chemical Structure of DNA 

 

Dr. J.P. Jaiswal, Prof., Genetics and Plant Breeding 

 
 
The Watson and Crick DNA Double Helix 
 
The genetic information of all living organism except the RNA viruses is apparently stored 
in DNA. What, then, is the structure of DNA, and in what form is the genetic information 
stored? What features of the structure of DNA allow for the transmission of genetic 
information from generation to generation? 
 
Nucleic acids, first called ‘nuclein’ because they were isolated from cell nuclei by F. 
Miescher in 1869, are macromolecules composed of repeating subunits called 
nucleotides (Fig.1a, 1b and 1c). Each nucleotide is composed of: 

(1) a phosphate group, 
(2) a five-carbon sugar  (or pentose), and  
(3) a cyclic nitrogen-containing compound called a base  

 
In DNA, the sugar is 2-deoxyribose (thus the name deoxyribonucleic acid); in RNA the 
sugar is ribose (thus ribonucleic acid). There are four different bases commonly found in 
DNA,  adenine (A), guanine (G), thymine (T),  and cytosine (C).  RNA also usually 
contains adenine, guanine, and cytosine but has different base,  uracil (U), in place of 
thymin. 
 
Adenine and guanine are double-ring bases called purines; cytosine, thymine, and uracil 
are single-ring bases called pyrimidines (Fig. 1c). Both DNA and RNA, therefore, 
contain four different subunits or nucleotides, two purine nucleotides and two pyrimidine  
nucleotide. RNA usually exists as a single – stranded polymer that is composed of a long 
sequence of nucleotides. DNA, however, has a one very important additional level of 
organization, it is a usually a double –stranded molecule. 
 
The correct structure of DNA was first deduced by J.D. Watson and F.H.C.  Crick in 1953 
(Fig. 2). Their double helix model of DNA structure was based on two major kinds of 
evidence. 
 

1. When the composition of DNA from many different organisms was analysed by E. 

Chargaff and Colleagues, it was observed that the concentration of thymine was 

always equal to the concentration of adenine and the concentration of 

cytosine was always equal to the concentration of guanine. This strongly 

suggested that thymine and adenine as well as cytosine and guanine were present 

in DNA with some fixed interrelationship.  
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Fig.1a. Phosphate group in nucleotide 

 
 

 
Fig.1b. A five-carbon sugar of pentose 

 
                                                          (in RNA only) 

Fig.1c. The nitrogen bases: Adenine (6-aminopurine), Guanine (2-amino-6-

oxypurine),  Thymine (2,6-oxy-5-methyl pyrimidine), Cytosine (6-amino-2-

oxypyrimidine), Uracil (2, 6- oxypyrimidone). 
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Of course, it also necessitated that the total concentration of pyrimidines (thymine 

plus cytosine) always equal the total concentration of purines (adenine plus 

guanine). However, the (thymine+ adenine)/ (cytosine + guanine) ratio was found 

to vary widely in DNAs of different species. 

 
2. When X rays are focused through isolated macromolecules or crystals of purified 

molecules, the X rays are deflected by the atoms of the molecules in specific 

patterns, called diffraction patterns, which provide information about the 

organization of the components of the molecules. These X-rays diffraction patterns 

can be recorded on X-ray sensitive film just as one photographs patterns of light 

with a camera and light sensitive film. Watson and Crick had available X-ray 

crystallographic data on DNA Structure from the studies of M. H.F. Wilkins, R. 

Franklin, and their co- workers. These data indicated that DNA was highly 

ordered, multiple stranded structure with repeating substructure spaced 

every 3.4 angstrom [1 angstrom (Å) = 10-8 cm] along the axis of the 

molecules.  

 
On the basis of Chargaff ‘s chemical data, and inferences drawn from model 

building, Watson and Crick proposed  that DNA exists as a double helix in which 

two polynucleotide  chains are coiled  about one another in a spiral. Each 

polynucleotide chain consists of a sequence of nucleotides linked together by 

phosphodiester bonds, joining adjacent deoxyribose   moieties. The two 

polynucleotide strands are held together in their helical configuration by 

hydrogen bonding between bases in opposing strands, the resulting base pairs 

being stacked between the two chains perpendicular to the axis of the molecule 

like the step of a spiral staircase. The base pairing is specific; adenine is always 

paired with thymine, and guanine is always paired with cytosine. Thus, all 

base pairs consist of one purine and one pyrimidine. This specificity of base- 

pairing results from the hydrogen- bonding capacities of the bases in their normal 

configurations. In their most common structural configuration, adenine and 

thymine form two hydrogen bonds, and guanine and cytosine form three hydrogen 

bonds. Analogous hydrogen bonding between cytosine and adenine, for example, is 

not possible except when they exist in their rare structural states.   
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Fig. Watson-Crick double helix model of the structure of DNA 
 
 
 
 

*********************** 
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AGP 311- Lecture 23-Part B 

 

Types of  RNA (mRNA, tRNA, rRNA)  
                              

Dr. J.P. Jaiswal, Prof., Genetics and Plant Breeding 

 

 RNA (ribonucleic acid) 

It is also a polynucleotide but the pentose ribose has a free hydroxyl group in position 2′ 
(please refer Fig. 1b of earlier lecture on ‘Structure of DNA’). It is a long chain polynucleotide 
which exist in a regular conformation like a double-chain DNA although some viruses [e.g., 
reoviruses and wound tumour virus) have double stranded RNA. The single RNA strand is 
folded upon itself, either entirely or in certain regions.  

In the folded region a majority of the bases are complementary and are joined by hydrogen 
bonds. This help in the stability of the molecule. In the unfolded region the bases have no 
complements. Due to this, RNA is not having the purine-pyrimidine equality that is found 
in DNA. It is understandable that on a single chain of RNA the molar proportion of purines 
and pyrimidine’s can vary considerably.  

RNA does not contain the pyrimidine base thymine but the pyrimidine uracil instead. In 
region where purine-pyrimidine pairing takes place, adenine pairs with uracil and 
guanine with cytosine.  

This base pairing is of importance when RNA is being synthesised by DNA and when RNA is 
involved in protein synthesis. In addition to the four bases mentioned above, RNA has also 
some unusual bases. There are more unusual bases in RNA than in DNA. All normal RNA 
chains either start with adenine or guanine.  

Types of RNA:  

There are three distinct RNA species – messenger RNA (mRNA) or template RNA, ribosomal 
RNA (rRNA) and soluble RNA (sRNA) or transfer RNA (tRNA).  

1. Messenger RNA (mRNA): 

It carries the genetic message from the chromosomes (DNA) to the ribosome (site of 
protein synthesis). This RNA is formed in the nucleus (or nuclear zone in prokaryotes) 
containing complementary base sequence to a part of one strand of DNA (gene).  

The base sequence in the mRNA specifies the amino acid sequence in the polypeptide chains. 
In prokaryotes a single mRNA molecule codes either for one polypeptide chain, hence called 
monocistronic, or it may code for more than one polypeptide, thus called polycistronic. In 
eukaryotes, most of the mRNAs are monocistronic.  
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2. Transfer RNA (tRNA):  

It is an adapter molecule that reads the information encoded in the mRNA and accordingly 
transfers the appropriate amino acid to the growing polypeptide chain during protein 
synthesis. There is at least one kind of tRNA for each amino acid. Some amino acids have 
two or more specific tRNAs. At least 32 tRNA’s are required to recognize all the amino acid 
codons.  

Most cells have to about 40-50 distinct tRNAs. Some tRNA’s can recognize more than one 
codon (due to wobbling). tRNAs have between 73 and 93 nucleotides in their structures. Eight 
or more nucleotides are unusual modified bases which are methylated derivatives of the 
principal bases. Most tRNA’s have guanylate (pG) at 5′ end and have the base sequence CCA at 
3′ end.  

These are single stranded and there is maximum intra- chain base pairing which gives it a 
clover leaf shape structure, with four arms.  

The four arms of tRNA are:  

Amino acyl arm (AA arm)  

(ii) Anticodon arm  

(iii) Dihydrouridine arm (DHU arm) and  

(iv) Ribothymidine – pseudouridine arm (TΨC Arm).  

 

https://www.biologydiscussion.com/wp-content/uploads/2015/12/clip_image0023.jpg
https://www.biologydiscussion.com/wp-content/uploads/2015/12/clip_image0046.jpg
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The amino acyl arm carries a specific amino acid esterified to its carboxyl group at the 2′ or 3′ 

hydroxyl group of the adenosine present at the 3′ end of the tRNA. The anticodon arm 

contains the anticodon, i.e., a sequence of three nucleotide bases complementary to the 

genetic code in mRNA for that particular amino acid. The two RNAs are paired anti-parallel, 

i.e., the first base of the codon (5′ → 3′) pairs with the third base of the anticodon (3′ → 5′) 

creating codon-anticodon interaction as shown. 

 

 

There are totally 64 codons formed by multiple combinations of any three nucleotide bases 

out of the four nucleotides forming the nucleic acids. At least one codon specifies one amino 

acid and some amino acid have more than one codon, but the number of different tRNA’s for 

each amino acid is not the .fame as the number of its codons. 

This is because some tRNAs contain the first anticodon nucleotide inosinate (I), which can 

base pair by hydrogen bonds with three nucleotides, viz., U, C and A. Therefore, all those 

amino acid codons which differ at the third nucleotide will have the same tRNA. This is known 

as wobbling, e.g., there are six codons for arginine, but only four different types of tRNAArg are 

available in the cell. One of these tRNA contains the anticodon (3′) GCI (5′) and will pair with 

three codons for arginine. 

 

The other three codons for arginine, viz., CGG, AGA and AGG have different tRNAs. The DHU 
arm contains the unusual nucleotide dihydrouracil and the TΨC arm contains ribothymidine 
(T) and pseudouridine (Ψ) which has an unusual carbon-carbon bond between the base and 
pentose sugar. The functions of DHU arm is recognition of its proper aminoacyl-tRNA 
synthetase and TΨC arm is involved in binding of the aminoacyl-tRNA to the ribosomal 
surface.  
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 3. Ribosomal RNA (rRNA):  

Ribosomes are composed of rRNA and protein. As its name suggests, rRNA is a major 
constituent of ribosomes, composing up to about 60% of the ribosome by mass and providing 
the location where the mRNA binds. The rRNA ensures the proper alignment of the mRNA, 
tRNA, and the ribosomes; the rRNA of the ribosome also has an enzymatic activity (peptidyl 
transferase) and catalyzes the formation of the peptide bonds between two aligned amino 
acids during protein synthesis (Fig.3) 

Ribosomal RNA molecules in association with proteins forms the seat of protein synthesis or 
the protein synthesis machinery called the ribosome. The RNAs are designated depending 
upon their sedimentation coefficients. The rRNAs found in prokaryotes are 5S, 23S and 16S. 
Those found in eukaryotes are 5S, 18S 28S, and 5.8S. rRNA is single stranded with intra-chain 
hydrogen bonding.  

 

 

                                      Fig.3. Ribosomal RNA (rRNA) 

RNA as Hereditary Information 

Although RNA does not serve as the hereditary information in most cells, RNA does hold this 
function for many viruses that do not contain DNA. Thus, RNA clearly does have the additional 
capacity to serve as genetic information. Although RNA is typically single stranded within 
cells, there is significant diversity in viruses. Rhinoviruses, which cause the common cold; 
influenza viruses; and the Ebola virus are single-stranded RNA viruses. Rotaviruses, which 
cause severe gastroenteritis in children and other immunocompromised individuals, are 
examples of double-stranded RNA viruses. Because double-stranded RNA is uncommon in 
eukaryotic cells, its presence serves as an indicator of viral infection. 

 

 

*************** 

https://www.biologydiscussion.com/wp-content/uploads/2015/12/clip_image0091.jpg
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AGP 311-Lecture 24 

 
Gene concept: Fine structure of gene 

 

Lecture note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

The concept of gene first came from the work of Mendel. Although the term ‘gene’ 

was not used at that time, Mendel from his experiments on pea plants, suggested 

that the characters of an organism are controlled by factors located within its body. 

Flemming recorded certain deeply stained bodies within the cell, which he termed 

‘chromosomes’. Meischer on the other hand, extracted ‘nuclein’ a nucleoprotein 

constituent from the sperm. Afterwards, due to researches by subsequent workers 

(Kossel and others), an idea gradually developed on the chemical structure of 

chromosome. 

After the chemical analysis of chromosome carried out by Meischer and his 

successors, chromosomes were found to consist chiefly of protein and nucleic acid. 

It was regarded as continuous frame-work of basic protein or histone, having active 

regions located on DNA the genes, the hereditary material. 

Concept of Gene – Classical Vs. Molecular: 

The term gene was coined by Johannsen (1909) for the hereditary factors of 

Mendel. The concept of gene is more important because its physical and chemical 

nature is the foundation of all genetic principles. The classical concept of gene is that 

it is a unit of function occupying a definite position on the chromosome (not sub-

divisible by recombination) and is responsible for a particular phenotypic character. 

According to Watson and Crick (1953), Wilkins (1962), gene was defined as a 

macromolecule attached to undifferentiated nucleoprotein thread (chromonema) 

which can pass from cell to cell and from one generation to another generation. T. H. 

Morgan discussed about the nature of gene, its characters, function which leads to 

classical concept of gene. 

Further research on gene at molecular level have revolutionized the gene concept. 

The current molecular concept is, a gene is the unit of inheritance which may 

undergo intragenic recombination. Gene is the unit of function coding for one 
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polypeptide; operationally defined by the complementation test; may be 

divisible by recombination test. 

Fine Structure of Gene: 

The concept of gene controlling a single character must involve the expression of 

several reactions and in its constituents involves a number of proteins. The work of 

Beadle and Tatum demonstrated that the relationship between gene and enzyme is 

1:1. 

Evidently, if a gene is responsible for the synthesis of a single polypeptide then the 

gene as visualized by Mendel is certainly not the ultimate unit of inheritance. The 

concept of ultimate indivisible unit of gene underwent complete change following 

the work of different scientists. 

Concept of Cistron, Recon, Muton (Rll Locus in T4 Phage): 

Benzer carried out most refined analysis of rll locus in T4 bacteriophage. A mutant 

at this locus is responsible for the formation of rough plaques or colonies on B strain 

of E. coli, but unable to produce any plaques on K strain. 

Complementation Test: 

This test was carried out by Benzer in order to find out complementation relations 

between different rll mutant alleles. He allowed mixed infection of K strain of E. coli 

by two rll mutants. In most cases it did not result in plaque formation, but in some 

cases plaque formation occurred. 

If two mutants did not form plaques on mixed infection, they were placed in the 

same complementation group, but if plaques were produced, the two mutants 

involved in mixed infection were placed in two different groups. In this manner, two 

groups A and B could be established in rll region. 

All mutants with the help of complementation test could be classified in these two 

groups, in such a manner that two mutants from group A or two mutants from 

group B could not cause plaque formation but mixed infection by one mutant of 

group A and another of group B, could cause plaque-formation. 

Since groups A and B are distinguished on the basis of cis-trans test, these were 

termed as cistron A and cistron B. Two mutants from different cistrons (A and B) 
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would give wild type (plaque formation) even in trans configuration, which in other 

words is called complementation. 

From the complementation test, it is obvious that in rll region, two cistrons A and B  

of 2500 and 1500 nucleotide pairs respectively are independent functionally and 

must be responsible for sequential synthesis of two separate products, which 

presumably are polypeptide chains. Therefore, all mutants belonging to one cistron 

share a common deficiency, which is different from the deficiency due to mutations 

belonging to the second cistron. 

 

When two mutants belong to same cistron, both are deficient for same product and, 

therefore, they cannot complement, but when two mutants belong to two different 

cistrons, they, being deficient for different products, can complement, and may 

express wild phenotype, i.e., lysis and plaque formation. 

Recombination Test: 

After rll mutants were classified in cistron A and cistron B, Benzer was interested in 

analysing mutants, belonging to same cistron. It was, therefore, necessary to subject 

them to recombination test to find out whether they are located on same site or 

different sites separable by recombination. 

Deletion mutation of rll locus were arranged in a sets of overlapping deletion 

representing segments of different sizes. 

The principle involved in this technique was that if a particular point mutant lies in 

the region of a deletion represented by a rIl mutant, then on mixed infection with 

this deletion mutant, the point mutant will not be able to give rise to a wild type, but 

if it falls outside the deletion region, it will be able to give wild type recombinant. 

Using deletion mutants having successive overlapping deletions of smaller lengths, 

one could locate a mutant to a fairly small region. All point mutants located in this 

particular small segment of rll region, could then be subjected to recombination test. 

For this purpose, two mutants at a time were used for mixed infection on E. coli B 

strain and the lysate produced on plaques formed on B strain was used for infection 

on K strain to find out the frequency of wild type phage particles produced. 
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Benzer eventually estimated 400-500 mutational sites in rll region and called each 

of them a unit of mutation or a muton. Thus Benzer was not only able to divide rll 

region into cistrons A and B, but was able to classify mutants belonging to same 

cistron into hundreds of mutational sites separable due to recombination. 

Cistron, Recon, Muton: 

Thus a gene is not a unit of either function or recombination or mutation. Benzer, in 

view of his work, coined the terms cistron (unit of function), recon (unit of 

recombination) and muton (unit of mutation). Cistron was defined as a unit, the 

elements (alleles) of which exhibit cis-trans phenomenon. 

The smallest unit capable of undergoing recombination is called recon. A recon is 

further sub-divisible into units of mutations called mutons, and several mutons in a 

recon will not be separable due to recombination. Therefore, cistron, recon and 

muton are the units, in the descending order of size and structurally the gene of 

classical authors is comparable to cistron of Benzer. 

 
 

****************** 



1 

 

AGP 311-Lecture 25 

THE GENETIC CODE 

Dr. J.P. Jaiswal, Prof., GPB 
 
 
The genetic code links groups of nucleotides in an mRNA to amino acids in a protein. Decoding 
messages is also a key step in gene expression, in which information from a gene is read out to 
build a protein. In this article, we'll take a closer look at the genetic code, which allows DNA and 
RNA sequences to be "decoded" into the amino acids of a protein. 
 

Background: Making a protein 

Genes that provide instructions for proteins are expressed in a two-step process. 

• In transcription, the DNA sequence of a gene is "rewritten" in RNA. In eukaryotes, the RNA 

must go through additional processing steps to become a messenger RNA, or mRNA. 

• In translation, the sequence of nucleotides in the mRNA is "translated" into a sequence of 

amino acids in a polypeptide (protein chain). 

 

Codons 

Cells decode mRNAs by reading their nucleotides in groups of three, called codons. Features of 

codons are: 

• Most codons specify an amino acid 

• Three "stop" codons (UAA, UAG, UGA) mark the end of a protein 

• One "start" codon, AUG, marks the beginning of a protein and also encodes the amino acid 

methionine. 

Codons in an mRNA are read during translation, beginning with a start codon and continuing until 

a stop codon is reached. mRNA codons are read from 5' to 3' , and they specify the order of amino 

acids in a protein from N-terminus (methionine) to C-terminus. 

 

 

https://www.khanacademy.org/science/biology/gene-expression-central-dogma/central-dogma-transcription/a/intro-to-gene-expression-central-dogma/
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The C-terminus (also known as the carboxyl-terminus, carboxy-terminus, C-terminal tail, C-

terminal end, or COOH-terminus) is the end of an amino acid chain (protein or polypeptide), 

terminated by a free carboxyl group (-COOH).  

The genetic code table 

The full set of relationships between codons and amino acids (or stop signals) is called 

the genetic code. The genetic code is often summarized in a table.  

Notice that many amino acids are represented in the table by more than one codon. For instance, 

there are six different ways to "write" leucine in the language of mRNA. 

An important point about the genetic code is that it's universal. That is, with minor exceptions, 

virtually all species (from bacteria to human being!) use the genetic code shown above for protein 

synthesis. 

 

Reading frame 

To reliably get from an mRNA to a protein, we need one more concept: that of reading frame. 

Reading frame determines how the mRNA sequence is divided up into codons during translation. 

That's a pretty abstract concept, so let's look at an example to understand it better. The mRNA 

below can encode three totally different proteins, depending on the frame in which it's read: 
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So, how does a cell know which of these protein to make? The start codon is the key signal. 

Because translation begins at the start codon and continues in successive groups of three, the 

position of the start codon ensures that the mRNA is read in the correct frame (in the example 

above, in Frame 3). 

 

 

 

Mutations (changes in DNA) that insert or delete one or two nucleotides can change the reading 

frame, causing an incorrect protein to be produced "downstream" of the mutation site: 

Mutations (changes in DNA) that insert or delete one or two nucleotides can change the reading 

frame, causing an incorrect protein to be produced "downstream" of the mutation site: 
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Discovery of the code 

To crack the genetic code, researchers needed to figure out how sequences of nucleotides in a 

DNA or RNA molecule could encode the sequence of amino acids in a polypeptide. 

Why was this a tricky problem? Let's imagine a very simple code to get the idea. In this code, each 

nucleotide in an DNA or RNA molecule might code for one amino acid in a protein. But this code 

can't actually work, because there are 202020 amino acids commonly found in proteins and 

just 444 nucleotide bases in DNA or RNA. 

So, the code had to involve something more complex than a one-to-one matching of nucleotides 

and amino acids. But what? 

The triplet hypothesis 

In the mid-1950s, physicist George Gamow extended this line of thinking to predict that the 

genetic code was likely composed of triplets of nucleotides^11start superscript, 1, end 

superscript. That is, he proposed that a group of 333 nucleotides in a gene might code for one 

amino acid in a protein. 

Gamow's reasoning was that even a doublet code (222 nucleotides per amino acid) would not 

work, as it would allow for only 161616 ordered groups of nucleotides (4^2424, start superscript, 

2, end superscript), too few to account for the 202020 standard amino acids used to build 

proteins. A code based on nucleotide triplets, however, seemed promising: it would 

provide 646464 unique sequences of nucleotides (4^3434, start superscript, 3, end superscript), 

more than enough to cover the 202020 amino acids. 

Gamow had some other not-so-correct ideas about how the code was read (for example, he 

thought that the triplets overlapped, which we now know is not the case)^11start superscript, 1, 

end superscript. However, his core insight – that a triplet code was the "minimum" that could 

cover all the amino acids – proved to be correct. 

Matching codons to amino acids: Gamow’s triplet hypothesis seemed logical and was widely 

accepted. However, it had not been experimentally proven, and researchers still did not know 

which triplets of nucleotides corresponded to which amino acids. 

The cracking of the genetic code began in 1961, with work from the American biochemist Marshall 

Nirenberg. For the first time, Nirenberg and his colleagues were able to identify specific nucleotide 

triplets that corresponded to particular amino acids. Their success relied on two experimental 

innovations: 

• A way to make artificial mRNA molecules with specific, known sequences. 
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• A system to translate mRNAs into polypeptides outside of a cell (a "cell-free" system). 

Nirenberg's system consisted of cytoplasm from burst E. colicells, which contains all of the 

materials needed for translation. 

 

First, Nirenberg synthesized an mRNA molecule consisting only of the nucleotide uracil (called 

poly-U). When he added poly-U mRNA to the cell-free system, he found that the polypeptides 

made consisted exclusively of the amino acid phenylalanine. Because the only triplet in poly-U 

mRNA is UUU, Nirenberg concluded that UUU might code for phenylalanine^22start superscript, 2, 

end superscript. Using the same approach, he was able to show that poly-C mRNA was translated 

into polypeptides made exclusively of the amino acid proline, suggesting that the triplet CCC might 

code for proline^22start superscript, 2, end superscript. 

 

Other researchers, such as the biochemist Har Gobind Khorana at University of Wisconsin, 

extended Nirenberg's experiment by synthesizing artificial mRNAs with more complex sequences. 

For instance, in one experiment, Khorana generated a poly-UC (UCUCUCUCUC…) mRNA and added 

it to a cell-free system similar to Nirenberg's^{3,4}3,4start superscript, 3, comma, 4, end 

superscript. 

The poly-UC mRNA that it was translated into polypeptides with an alternating pattern of serine 

and leucine amino acids. These and other results confirmed that the genetic code was based on 

triplets, or codons. Today, we know that serine is encoded by the codon UCU, while leucine is 

encoded by CUC. 

 

 

By 1965, using the cell-free system and other techniques, Nirenberg, Khorana, and their 

colleagues had deciphered the entire genetic code. That is, they had identified the amino acid or 

"stop" signal corresponding to each one of the 646464 nucleotide codons. For their contributions, 
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Nirenberg and Khorana (along with another genetic code researcher, Robert Holley) received the 

Nobel Prize in 1968. 
Source: https://www.khanacademy.org/science/biology/gene-expression-central-dogma/central-dogma-

transcription/a/the-genetic-code-discovery-and-properties 

 

 

 

************ 

https://www.khanacademy.org/science/biology/gene-expression-central-dogma/central-dogma-transcription/a/the-genetic-code-discovery-and-properties
https://www.khanacademy.org/science/biology/gene-expression-central-dogma/central-dogma-transcription/a/the-genetic-code-discovery-and-properties


 1 

AGP 311- Lecture 26 

Replication of Genetic Material 

Dr. J.P. Jaiswal, Prof., Genetics and Plant Breeding 

 

DNA Replication (replication of genetic material) 

Genetic information present in double stranded DNA molecule is transmitted from one 
cell to another cell at the time of mitosis and from parent to progency by faithful 
replication of parental DNA molecules. DNA molecule is coiled and twisted and has 
enormous size. This imposes several restrictions on DNA replication. DNA molecule must 
be uncoiled and the two strands must be separated for the replication process. 

Basic Features of DNA Replication:  

All genetically relevant information of any DNA molecule is present in its sequence of 
bases on two strands. Therefore the main role of replication is to duplicate the base 
sequence of parent DNA molecule. The two strands have complementary base pairing. 
Adenine of one strand pairs with thymine of the opposite strand and guanine pairs with 
cytosine. This specific complementary base pairing provides the mechartism for the 
replication.  

The two strands uncoil and permanently separate from each other. Each strand functions 
as a template for the new complementary daughter strand. The base sequence of parent 
or old strand directs the base sequence of new or daughter strand. If there is adenine in 
the parent or old strand, complementary thymine will be added to the new strand. 
Similarly, if there is cytosine in the parent strand, complementary guanine will becopied 
into the new daughter strand. Maintenance of integrity of genetic information is the main 
feature of replication.  

Mechanism of DNA Replication:  

Mechanism of DNA replication is the direct result of DNA double helical structure 
proposed by Watson and Crick. It is a complex multistep process involving many 
enzymes.  

1. Initiation: 

It involves the origin of replication. Before the DNA synthesis begins, both the parental 
strands must unwind and separate permanently into single stranded state. The synthesis 
of new daughter strands is initiated at the replication fork. In fact, there are many start 
sites.  

2. Elongation: 

The next step involves the addition of new complementary strands. The choice of 
nucleotides to be added in the new strand is dictated by the sequence of bases on the 
template strand. New nucleotides are added one by one to the end of growing strand by 
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an enzyme called DNA polymerase. There are four nucleotides, deoxyribrnucleotide 
triphosphates dGTP, dCTP, dATP, dTTP present in the cytoplasm.  

3. Termination: 

At the end termination reactions occur. Duplicated DNA molecules are separated from 
one another.  

The purpose of DNA replication is to create two daughter DNA molecules which are 
identical to the parent molecule (Fig.1) 

 

                                                           Fig.1. DNA Replication  

DNA Replication is Semi-Conservative: 

Watson and Crick model suggested that DNA replication is semi-conservative. It implies 
that half of the DNA is conserved. Only one new strand is synthesized, the other strand is 
the original DNA strand (template) that is retained. Each parental DNA strand serves as a 
template for one new complementary strand.  

The new strand is hydrogen bonded to its parental template strand and forms double 
helix. Each of these strands of the double helix contains one original parental strand and 
one newly formed strand. 

Meselson and Stahl Experiment: 

Mathew Meselson and Franklin Stahl proved experimentally that parental strands of a 
helix are distributed equally between the two daughter molecules. They made use of the 

https://www.biologydiscussion.com/wp-content/uploads/2015/11/clip_image00412.jpg
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heavy isotope 15N as a tag to differentially label the parental strands. E. coli was grown in 
a medium containing 15N labelled NH4Cl.  

In this way both strands of DNA molecules were labeled with radioactive heavy isotope 
15N in their purines and pyrimidines. Therefore both strands were heavy or HH DNA. The 
bacteria were then transferred into a medium containing the common non-radioactive 
nitrogen 14N, which is a light medium. It was found that after one cell division daughter 
molecules had one 15N strand the other 14N strand. So this is a hybrid molecule, a heavy 
light of HL.  

 

Fig.2. Semi-conservative replication of DNA 

After the second cell division, out of four molecules, two DNA molecules contained 
UN(LL). The other two were hybrid molecules (HL). This proves that during replication, 
one parent strand is conserved and the other new strand is synthesized. Thus DNA 
replication is a semi-conservative process (Fig. 2). 

Enzymes of DNA Replication:  

The enzymes which take part in replication are able to copy DNA molecules which may 
contain millions of bases. They perform this function with utmost accuracy and at high 
speed, even though DNA molecule is highly compact and is bound with proteins. 
Maintenance of integrity of genetic information is the main feature of replication.  

In E. coli, two main enzymes that take part in polymerization are DNA polymerase I and 
DNA polymerase III. Of these DNA polymerase III is the main enzyme involved in 
replication. Polymerization involves addition of new nucleotides to a growing strand. In 
addition, there is an enzyme DNA polymerase II which takes part in DNA repair. DNA 
polymerase IV and DNA polymerase V have also been discovered. DNA polymerases are 
capable of adding 1000 nucleotides per second. The speed of DNA synthesis is known as 
processivity.  

Polymerization: 

Nucleotide monophosphates, which are building blocks of DNA, cannot be added to the 
growing strand of DNA. The DNA polymerase can act only on deoxyribose triphosphate 

https://www.biologydiscussion.com/wp-content/uploads/2015/11/clip_image00611.jpg
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nucleotides. They are dATP, d GTP, d CTP and dTTP. Triphosphate nucleotides possess 
high-energy phosphate bonds.  

DNA polymerase I and DNA polymerase III can add new nucleotides at the 3′-OH end of 
the growing strand. Inorganic pyrophosphate is released. Hydrolysis of pyrophosphate is 
the driving force for DNA synthesis. Phosphodiester bond is formed between 3′-end of 
growing strand and 5′-end of first phosphate of incoming nucleotide.  

Template:  

The two DNA strands separate and each acts as a template for the formation of new 
strand. Polymerization-reaction is dictated by a template strand according to the base 
pairing rules where if adenine is present in the template, thymine is added to the new 
strand and guanine pairs with cytosine (Fig.3). 

 

Fig.3. Polymerization. Addition of new nucleotide. 

Primer: 

DNA polymerase needs primer to synthesize new strand on it. Primer is a small strand 
segment which is complementary to the template. It has a free 3′-OH end to which a new 
nucleotide can be added. In this way part of the new strand is already in place. Primer is 
hydrogen bonded to the template to form primer: template junction. Primer is short 
nucleotide strand (oligonucleotide). The primer for both the new strands is RNA primer. 
The RNA primer is synthesized by an enzyme, primase.  

DNA polymerase moves along the template adding nucleotides. Thus DNA is synthesized 
by extending the 3′-end of the primer. Afterwards, primer is removed by DNA 
polymerase I and RNAse H.  

Leading strand requires only a single RNA primer. On the other hand, discontinuous 
synthesis of lagging strand requires primer for each Okazaki fragments. For the synthesis 
of lagging strand, hundreds of Okazaki fragments with their associated RNA primers, are 
required (Fig. 4). 

 

https://www.biologydiscussion.com/wp-content/uploads/2015/11/image4.png
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Fig.4.  In DNA replication small RNA primer is required to build a new strand 

Leading strand requires only a single RNA primer. On the other hand, discontinuous 
synthesis of lagging strand requires primer for each Okazaki fragments. For the synthesis 
of lagging strand, hundreds of Okazaki fragments with their associated RNA primers, are 
required.  

In this way two conditions are necessary for DNA synthesis. They are a template and a 
primer with 3′-OH end.  

DNA Synthesis takes Place in 5′ → 3′ Direction Only:  

A new strand of DNA is always synthesized in 5′ → 3′ direction. The free 3′-end enables it 
to be elongated. Because the two strands are antiparallel, orientation of new growing 
strand is opposite to the template strand (Fig. 5.). 

 

Fig.5.  DNA synthesis in 5′ → 3′ Direction 

https://www.biologydiscussion.com/wp-content/uploads/2015/11/image5.png
https://www.biologydiscussion.com/wp-content/uploads/2015/11/image6.png
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DNA Replication is Discontinuous in One Strand: 

If the synthesis is to proceed in 5′ → 3′ direction, only one strand can be synthesized in 
correct 5′ → 3′ direction. As the strands are antiparallel, the other strand will have to be 
synthesized in 3′→ 5′ direction.  
 

This constraint is overcome in an ingenious way. As the two strands unwind and the 
replication fork grows, one strand is synthesized in 5′→3′ direction correctly in a 
continuous manner. This is called leading strand. It grows in the same direction as the 
replication fork.  
 

Reiji Okazaki discovered that the other strand is synthesized discontinuously and a little 
after the leading strand. Therefore, this is called lagging strand. The lagging strand also 
grows in 5′→ 3′ direction which is opposite to the direction of replication fork. In lagging 
strand, the DNA synthesis does not occur continuously but in small fragments, which are 
called Okazaki fragments. Later these fragments are joined and sealed by the action of 
DNA ligase enzyme to form a continuous strand.  
 

Okazaki fragments are about 1000-2000 nucleotides long in E. coli and about 100-200 
nucleotides long in eukaryotes. Both the strands begin the synthesis starting on a primer 
segment. Leading strand synthesis starting on a primer proceeds continuously keeping 
pace with the unwinding of DNA at the replication fork.  
 

Each Okazaki fragment is synthesized on a short RNA primer. DNA polymerase III binds 
to RNA primer and adds deoxyribonucelotides. Lagging strand proceeds in opposite 
direction from the fork movement.  
 

The primer ribonucleotides are removed and replaced by deoxyribornucleotides and 
then joined. The removal of RNA primer is done by exonuclease activity of DNA 
polymerase I (Fig. 6). 

 

Fig.6.  Synthesis of leading and lagging strand on template strands 

 

************** 
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AGP 311- Lect 27 

 

Protein Synthesis: Transcription and Translation mechanism of  

genetic material 
 

Dr. J.P. Jaiswal, Prof., GPB 
 

Proteins are giant molecules formed by polypeptide chains of hundreds to thousands of 

amino acids. These polypeptide chains are formed by about twenty kinds of amino acids. 

An amino acid consists of a basic amino group (-NH2) and an acidic carboxyl group (-

COOH). Different arrangement of amino acids in a polypeptide chain makes each protein 

unique.  

Proteins are fundamental constituents of protoplasm and building material of the cell. They 

take part in the structural and functional organization of the cell. Functional proteins like 

enzymes and hormones control the metabolism, biosynthesis, and energy production, and 

growth regulation, sensory and reproductive functions of the cell. Enzymes are catalysts in 

most of the biochemical reactions. Even the gene expression is controlled by enzymes. The 

replication of DNA and transcription of RNA is controlled by the proteinous enzymes. 

Components of Protein Synthesis: 

Protein synthesis is governed by the genetic information carried in the genes on DNA of the 

chromosomes.  

The main components of the protein synthesis are:  

1. DNA  

2. Three types of RNAs  

3. Amino acids  

4. Ribosomes  

5. Enzymes 

DNA is the master molecule which possesses the genetic information about the sequence of 

amino acids in a polypeptide chain. DNA present in the nucleus sends out information in 

the form of messenger RNA into the cytoplasm, which is the site of the protein synthesis in 

eukaryotes. The messenger RNA carries the information regarding the sequence of amino 

acids of the polypeptide chain to be synthesized. This message or information is in the form 

of a genetic code. This genetic code specifies the language of amino acids to be assembled in 

a polypeptide. The genetic code is deciphered or translated into a sequence of amino acids.  
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Mechanisms of Protein Synthesis: 

In prokaryotes, the RNA synthesis (transcription) and protein synthesis (translation) take 

place in the same compartment, as there is no separate nucleus. But in eukaryotes, the RNA 

synthesis takes place in the nucleus while the protein synthesis takes place in the 

cytoplasm. The mRNA synthesized in the nucleus is exported to cytoplasm through 

nucleopores. 

First, Francis Crick in 1955 suggested and later Zemecnik proved that prior to their 

incorporation into polypeptides, the amino acids attach to a special adaptor molecule called 

tRNA. This tRNA has a three nucleotide long anticodon which recognizes three nucleotide 

long codon on mRNA. 

Transcription:  

Transcription is the process by which a complementary RNA strand is synthesized from a 
specific region of DNA. The three different types of RNA are transcribed from different 
regions of DNA. The genes that transcribe mRNA are called structural genes, while other 
regions of DNA that code for rRNA and tRNA are called determinants for DNA.  

Mechanism of Transcription  

The main enzyme involved in the process of transcription is DNA dependent RNA 
polymerase. The RNA polymerase is made of several subunits in both prokaryotes and 
eukaryotes. The RNA polymerase is similar to the DNA polymerase in that it also adds 
nucleotides to the 3′ end of the growing polynucleotide chain. In prokaryotes, only one type 
of RNA polymerase is found, while in eukaryotes, there are three different forms of RNA 
polymerase (Fig.1). 

The process of transcription requires a promoter region, structural gene and a terminator 
region.  

It is completed in three stages:  
 

a. Initiation:  
 
During initiation the RNA polymerase binds to a specific region of the DNA known as the 
promoter region. In bacteria, this requires an initiation factor known as sigma factor. The 
RNA polymerase-sigma complex binds to the promoter and initiates transcription of a 
specific strand of DNA. The DNA strand unwinds by the action of this complex. No primer is 
required for RNA synthesis.  
 
b. Elongation:  

Elongation is the formation of a RNA strand by the DNA-dependent RNA polymerase 
enzyme. This enzyme catalyse the polymerization in the 5′ –  3′ direction. Therefore the 
DNA strand that has the polarity in the 3’ – 5′ acts as a template and is known as the 
template strand. The other strand with the 5′ – 3′ polarity is called the coding strand.  
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c. Termination:  

When the RNA polymerase encounters sequences known as terminators in the DNA, it 
triggers the termination of the transcription.  

 

 

         Fig.1. Diagramme showing the mechanism of transcription 

a. RNA polymerase I – for the synthesis of rRNA 

b. RNA polymerase II – for the synthesis of mRNA  

c. RNA polymerase III – for the synthesis of tRNA 

The differences in replication and transcription are:  

i. In replication, new DNA molecules are formed, while in transcription RNA molecules are 

synthesized.  

ii. Uracil base is inducted in RNA in place of thymine base.  

iii. RNA transcripts do not remain connected with DNA template, but separate out as single 

strands and move out of the nucleus in the cytoplasm and participate in the synthesis of 

protein.  

iv. Several copies of RNA transcripts are released from each DNA template  

https://www.biologydiscussion.com/wp-content/uploads/2017/07/clip_image004-8.png
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Transcription in Eukaryotes:  

Transcription in eukaryotes is similar to prokaryotes, but there are some striking 
differences, which are as follows:  

a. Transcription in eukaryotes occurs within the nucleus under the direction of three 
separate forms of RNA polymerase. 
  

b. mRNA must move out into the cytoplasm before translation.  
 

c. The initiation and regulation of transcription is more extensive than prokaryotes. In 
addition to promoter, other control units or enhancers may be located at positions away 
from the point of initiation of transcription.  
 

d. mRNA in eukaryotes is processed from the primary RNA transcript by a process called 
maturation. In the primary RNA transcript, at the 5′ end a cap consisting of 7-methyl 
guanosine or 7 mG and at the 3′ end a tail of poly A are found. The cap is a chemically 
modified molecule of guanosine triphosphate (GTP) (Fig. 2). The additional sequences on 
the mRNA that are not translated are referred to as untranslated regions or UTR.  

 

Fig.2.  Transcription in eukaryotes 

Translation:  

Translation involves “decoding” a messenger RNA (mRNA) and using its information to 

build a polypeptide, or chain of amino acids. For most purposes, a polypeptide is basically 

just a protein (with the technical difference being that some large proteins are made up of 

several polypeptide chains) Fig. 3 & 4. 

 

https://www.biologydiscussion.com/wp-content/uploads/2017/07/clip_image008-3.png
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Direction of Translation:  
 
Each protein molecule has an -NH2 end and -COOH end. Synthesis begins at amino end and 
ends at carboxyl end. The mRNA is translated in 5 → 3′ direction from amino to carboxyl 
end. Synthesis of mRNA from DNA transcription also occurs in 5′ → 3′ direction.  

 
Fig.3. Ribosome showing two subunits and position of mRNA and tRNA. The nascent 

polypeptide chain passes through a channel. 

 

 

Fig. .4.  A ribosome translates an mRNA molecule 

 

*************** 
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AGP 311- Lecture 28 
 

Gene Regulation: Lactose and tryptophan Operon 
 

Lect note by Dr. J.P. Jaiswal, Prof., GPB 

 

Gene is a part of DNA that specifies a protein/RNA. All the proteins/RNA is not required 

by the cell all the time. Some proteins are required at some time and yet other proteins 

are required at another time. Moreover these proteins are required in lesser quantities at 

one time, yet at other times they may be required in higher quantities. There are yet 

another class of proteins which are constantly (always) present in the cell, like the 

enzymes of the TCA cycle. 

Therefore, genes can be conveniently grouped under two classes: 

1. Constitutive genes:  

Those genes whose products are constantly present in the cell are called constitutive 
genes or housekeeping genes.  

2. Inducible genes:  

Those genes whose products vary with time and need, both in their presence and 

concentration are called inducible genes or those genes whose products (proteins/RNA) 

are induced by some inducer molecule.  

The activity of the constitutive genes is not regulated as their products don’t vary 

much with time, whereas the activity of inducible genes is always regulated.The 

regulation is primarily at the level of transcription. The gene or a set of related genes are 

switched on or off as per the need of the cell. These changes are brought about by some 

proteins or modulator. 

If a particular protein/compound puts a gene into operation then that protein is called 

stimulatory protein/compound and the process is called positive regulation. If a 

protein/compound stops the operation of a gene then it is called the repressor protein/ 

compound and this process is referred to as negative regulation, e.g. a steroid hormone 

acts as a positive modulator, wherein its presence enhances the rate of gene expression.  

As soon as the hormone is destroyed the gene expression diminishes. The mechanism of 
regulation, though similar in the prokaryotes and eukaryotes, it differs in some aspects.  

The genes in eukaryotes are also regulated in more or less the same manner as that of 
prokaryotes, but the regulation is mostly positive and very rarely negative regulation is 
seen. In higher eukaryotes the regulation of gene expression is solely by positive 
modulation and negative inhibition of the genes/operon is totally absent.  
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Regulation of Gene Expression in Prokaryotes:  

Many prokaryotic genes are regulated in units called operons. Operon is the unit of 
genetic 

expression consisting of one or more related genes and sequences (gene) controlling 
them, which includes the operator and promoter sequences that regulate their 
transcription.  

The Lactose (LAC) operon:  

It is the operon for utilization and metabolism of lactose in bacteria.  

It consists of the following set of genes: 

PI = the promoter gene for regulatory genes  

I = the gene for regulatory protein (repressor protein)  

P = the promoter sequence for the related genes  

O = Operator sequence for these genes  

Z = the first gene for utilization of lactose, which forms the enzyme beta-galactosidase 

Y = The second gene for the membrane protein galactosidepermease 

A = The third gene for the enzyme thiogalactoside trans-acetylase 

This complete set of sequences (i.e. the operon) helps in switching on/off, the machinery 
for the utilization of the carbohydrate-lactose by the bacteria E. coli. When glucose is 
present in the media where the cell is growing, then the lac operon is switched off and 
when the medium is devoid of glucose, and instead lactose is present as the sole source of 
carbon, then the Lac operon becomes operational.  

The transcription by RNA polymerase begins at the promoter site i.e. the enzyme binds to 
the promoter and moves along the DNA towards the structural genes of the operon to 
transcribe the mRNA for these genes and in this process it passes through the operator 
region of the operon.  

Under all circumstances i.e. whether glucose or lactose is to be utilized by the cell, the I 
gene of the lac operon synthesizes a protein called repressor protein. This protein binds 
to the operator site in the DNA and thus prevents the movement of the RNA polymerase 
beyond this point (site), which results in the inhibition of the synthesis of the structural 
genes Z, Y and A (Fig.1). 

Thus, when the cell is utilizing glucose as the only carbon source, the lac operon is 

switched off. Then, if the cell shifts over to the utilization of lactose as the carbon source 

then lactose is first converted to allolactose by the enzyme beta-galactosidase (which is 

always present in the cell in a few copies, irrespective of glucose or lactose is being 

utilized), and this allolactose acts as a positive modulator or inducer for the lac operon. 
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Fig.1 

Here the allolactose binds to the repressor protein present at the operator site resulting 
in the release of the repressor protein from the operator site thereby permitting the 
enzyme RNA polymerase to pass freely through this operator site from the promoter site 
and thus transcribe all three structural genes Z, Y, & A (Fig. 2.). 

 

 

 Fig. 2 

The activity of the lac operon is not only dependent upon the binding and release of 

repressor molecule (with modulator) but it is also cAMP dependent. When glucose is low 

in the media/cell, then the cellular cAMP concentration increases. This increased amount 

of cAMP results in its binding at a particular site (sequences) on the promoter. 

The Tryptophan (trp) Operon: A Repressor Operon 

Bacteria such as E. coli need amino acids to survive. Tryptophan is one such amino acid 

that E. coli can ingest from the environment. E. coli can also synthesize tryptophan using 

enzymes that are encoded by five genes. These five genes are next to each other in what is 

called the tryptophan (trp) operon (Fig. 3). If tryptophan is present in the environment, 

then E. coli does not need to synthesize it and the switch controlling the activation of the 

genes in the trp operon is switched off. However, when tryptophan availability is low, the 

switch controlling the operon is turned on, transcription is initiated, the genes are 

expressed, and tryptophan is synthesized. 

https://www.biologydiscussion.com/wp-content/uploads/2015/12/clip_image00433.jpg
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Fig. 3. The Tryptophan (trp) Operon: A Repressor Operon 

Importance of Gene Regulation:  

1. There are two types of gene action – constitutive and regulated. 

2. The constitutive gene action occurs in those systems which operate all the time and the 
cell cannot live without them, e.g., glycolysis. It does not require repression. Therefore, 
regulator and operator genes are not associated with it. 

3. In regulated gene action all the genes required for a multistep reaction can be switched 
on or off simultaneously. 

4. The genes are switched on or off in response to particular chemicals whether required 
for metabolism or are formed at the end of a metabolic pathway. 

5. Gene regulation is required for growth, division and differentiation of cells. It brings 
about morphogenesis 

 

**************************** 

French scientists François Jacob (1920–2013) and Jacques Monod at the Pasteur Institute 

were the first to show the organization of bacterial genes into operons, through their studies 

on the lac operon of E. coli. They found that in E. coli, all of the structural genes that encode 

enzymes needed to use lactose as an energy source lie next to each other in the lactose 

(or lac) operon under the control of a single promoter, the lac promoter. For this work, they 

won the Nobel Prize in Physiology or Medicine in 1965. 
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              AGP 311- Lecture 29 
 

Mutation, classification, mutagenic agents, induction of mutation & 
CIB technique 

 

Dr. J.P. Jaiswal, Prof., Genetics and Plant Breeding 

 

 

Mutation: 

Meaning: Mutation refers to sudden heritable change in the phenotype of an individual. In 
the molecular term, mutation is defined as the permanent and relatively rare change in the 
number or sequence of nucleotides. Mutation was first discovered by Wright in 1791 in 
male lamb which had short legs.  

Later on mutation was reported by Hugo de Vries in 1900 in Oenothera, by Morgan (1910) 
in Drosophila (white eye mutant) and several others in various organisms. The term 
mutation was coined by de Vries.  

Characteristics of Mutations:  

Mutations have several characteristic features viz., Nature of Change, Frequency, Mutation 
Rate, Direction of Change, Effects, Site of Mutation, Type of Event, Recurrence etc. 

 

2. Classification of Mutations: 

Mutations can be classified in various ways. A brief classification of mutations is given in 
Table 1. 

3. Mutagenic Agents: 

Mutagens:  

Mutagens refer to physical or chemical agents which greatly enhance the frequency of 
mutations. Various radiations and chemicals are used as mutagens. Radiations come under 
physical mutagens. A brief description of various physical and chemical mutagens is 
presented below:  

3A. Physical Mutagens:  

Physical mutagens include various types of radiations, viz. X-rays, gamma rays, alpha 
particles, beta particles, fast and thermal (slow) neutrons and ultra violet rays (Table 14.2).  

A brief description of the mutagens is presented in Table 2. 
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   Table 1. Classification of mutations 
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     Table 2. Commonly used physical mutagens and their properties 

 

3B. Chemical Mutagens:  

There is a long list of chemicals, which are used as mutagens. List of important chemical 
mutagens is given in Table 3.  

Table 3. Some commonly used chemical mutagens and their features 

 

 

4. Induction of Mutations: 

In 1927 H. J Muller showed for the first time that mutation could be induced in Drosophila 
by the use of external agents or mutagens. He was awarded Nobel Prize in 1946. When flies 

https://www.biologydiscussion.com/wp-content/uploads/2016/07/clip_image004-146.jpg
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were irradiated with X-rays, he found that the offsprings showed new phenotypes which 
were similar to those produced by spontaneously occurring mutations.  

He also found that increasing the dose of X-rays results in a linear increase in the frequency 
of mutations. By 1930s, it became established that physical agents such as X-rays, gamma 
rays, UV radiation, and some chemical agents are all effective as mutagens. At the same 
time L. J. Stadler demonstrated that X-rays could produce gene mutations in plants of 
barley. Mutagenesis by radiation and chemicals are discussed separately below.  

beings exposed to environmental pollutants, or has cigarette smoking habits.  

 

5. Detection of Mutation:  

Detection of mutations depends on their types. Morphological mutations are detected 
either by change in the phenotype of an individual or by change in the segregation ratio in a 
cross between normal (with marker) and irradiated individuals. The molecular mutations 
are detected by a change in the nucleotide, and a biochemical mutation can be detected by 
alteration in a biochemical reaction.  

The methods of detection of morphological mutants have been developed mainly with 
Drosophila. Four methods viz., (1) CIB method, (2) Muller’s method, (3) Attached X-
chromosome method, and (4) Curly lobe plum method have been in common use for 
detection of mutations in Drosophila.  

A brief description of CIB Method is presented below:  

CIB Method: 

This method was developed by Muller for detection of induced sex linked recessive lethal 
mutations in Drosophila male. In this technique, C represents a paracentric inversion in 
large part of X-chromosome which suppresses crossing over in the inverted portion. The I 
is a recessive lethal. Females with lethal gene can survive only in heterozygous condition.  

The B stands for bar eye which acts as a marker and helps in identification of flies. The I 
and B are inherited together because C does not allow crossing over to occur between 
them. The males with CIB chromosome do not survive because of lethal effect.  

The important steps of this method are as follows:  

(a) A cross is made between CIB female and mutagen treated male. In F1 half of the 
males having normal X-chromosome will survive and those carrying CIB 
chromosome will die. Among the females, half have CIB chromosome and half 
normal chromosome (Fig. 14.2). From F1, females with CIB chromosome and male 
with normal chromosome are selected for further crossing.  

(b) (b) Now a cross is made between CIB female and normal male. This time the CIB 
female has one CIB chromosome and one mutagen treated chromosome received 
from the male in earlier cross.  

(c) This will produce two types of females, viz., half with CIB chromosome and half with 
mutagen treated chromosome (with normal phenotype). Both the progeny will 
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survive. In case of males, half with CIB will die and other half have mutagen treated 
chromosome.  

(d) If a lethal mutation was induced in mutagen treated X-chromosome, the remaining 
half males will also die, resulting in absence of male progeny in the above cross. 
Absence of male progeny in F2 confirms the induction of sex linked recessive lethal 
mutation in the mutagen treated Drosophila male.  

 

      Fig. 1. Muller’s CIB method for the detection of lethal induced mutations in X-       
chromosome of Drosophila. MT denotes mutagen treated X-chromosome. 

 

*********************** 

https://www.biologydiscussion.com/wp-content/uploads/2016/07/clip_image010-64.jpg

