
Pre-Mendelian concepts of heredity 

The term genetics was used for the first time by William Bateson in 1905, although beginning of 

the science of genetics was made in 1900 by rediscovery of Mendel’s work. 

 Gregor Johann Mendel (1822-1884) is appropriately known as ‘father of genetics’ because by 

his experiments with garden peas (Pisum sativum), he was successful in discovering basic principles of 

genetics, which constitute the foundation of today’s science of genetics. 

What is Genetics? 

 The term genetics has been derived from Greek word ‘genno’ means ‘to generate’. Genetics is 

the science of study of heredity and variation. 

 Heredity means the mechanism of transmission of characters (resemblances as well as 

differences) from generation to generation (i.e. from parental generation to the offsprings). 

 The differences shown by individuals within the same species and in offsprings are known as 

variation. Variation can be divided into two types i.e. hereditary variation and environmental variation.  

 Hereditary variations refer to differences in inherited traits (i.e. due to genes). These variations 

are transmitted from generation to generation. 

 Environmental variations are those which are due to environment. These are temporary and 

are generally not transmitted from generation to generation. 

 The phenotype (what the organism looks like, the summation of its physical characteristics) of a 

living organism is controlled by its genotype (all the genes it carries) interacting with the environment. 

 Phenotype = genotype + environment 

 The phenotype of an organism is produced by the coordinated expression of all the genes 

carried by the organism within the restrictions imposed by the environment. 

Pre-Mendelian concepts of heredity 

 Before the discovery of Mendel laws there were different theories given by different scientists 

to explain the transmission of characteristics from generation to generation (heredity). The important 

theories among them are as follows. 

Preformationism theory (Swammerdam and Bonnet, 1722-1793) 

 Dutch eye glass makers began to put together simple microscopes in late 1500’s enabling 

Robert Hooke (1635-1703) to discover cells in 1665. Microscopes provided naturalists with new and 

existing vistas on life, and perhaps it was excessive enthusiasm for this new world of the very small that 

gave rise to idea of preformationism. 



 According to this theory, inside the egg or sperm exist a tiny miniature adult, a homunculus, 

which simply enlarged during the development.  Ovists argued that the homunculus resides in egg, 

whereas spermists insisted that it is in the sperm. 

 Preformationism means that all traits would be inherited from only one parent; from the father 

if the homunculus was in the sperm or from the mother if the homunculus was in the egg. Although, 

many observations suggested that offspring possess a mixture of traits from both the parents. 

Preformationism remained a popular concept through much of the seventeenth and eighteenth 

centuries. 

Epigenesis theory 

 C.F. Wolff (1738-1794) proposed that neither egg nor sperm had a structure like homunculus 

and gave his own theory to explain heredity, which is known as epigenesis theory. 

According to this theory, the gametes contained undifferentiated living substance capable of 

forming the organized body after fertilization. This theory further suggested, that many new organs and 

tissues which were originally absent, develop denovo due to mysterious vital forces. 

Such, however, was not the case and now we know that although the organism is not 

preformed, but its characteristics are predetermined by the sperm and ovum taking part in fertilization. 

Inheritance of acquired characters 

 According to J.B. Lamarck (1744-1829), characters which are acquired during lifetime of an 

individual are inherited. Acquired characters are those which develop due to continuous use or disuse 

of organs. This theory was very popular in the eighteenth century to explain evolution and heredity. 

However, Lamarck did not point out the physical basis of heredity. 

Pangenesis theory 

 Charles Darwin (1809-1882) suggested that every part of the body of an individual produced 

very small invisible bodies called gemmules or pangenes, which are transported through the blood 

stream to the sex organs and are assembled there into gametes. During fertilization 

gemmules/pangenes from both the parents are brought together for redistribution to different organs 

during development, thus determining different characteristics. 

 As is obvious, this theory was almost a copy of Lamarck’s theory except that it suggested 

physical basis. 

Germplasm theory 

 August Weismann (1834-1914) demonstrated that pangenesis could not be verified. His popular 

experiment consisted of cutting the tail of mice and then studying the inheritance of tail. He repeated 



such a treatment for 22 generations, but found that complete tail structure was still inherited. He used it 

as an argument against pangenesis because once the tail was removed, the pangenes or gemmules for 

the tail will not be available and, therefore, this structure should not develop in the next generation; if 

pangenesis holds well. 

 Weismann also proposed his own germplasm theory to explain the heredity. He proposed that, 

the body of the organisms contain two types of cells namely, somatic cells and reproductive cells. The 

somatic cells makeup the body and its various organs, while the reproductive cells form the sperm and 

ova.  

 According to this theory, the cells in the reproductive organs carry a complete set of genetic 

information that is passed to the egg and sperm and then transmitted to the next generation. 

 This theory was a very significant advancement in the understanding of heredity, since this was 

for the first time that a distinction between hereditary and environmental variations could be made. 
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Mendelian Principles/Mendel’s Laws of Inheritance 

Introduction 

 Gregor Johann Mendel (1822-1884) an Austrian monk is appropriately called ‘father of 

genetics’ because with the help of his experiments with garden peas (Pisum sativum), he was successful 

in formulating basic principles of genetics, which constitute the foundation of today’s science of 

genetics. 

 Although, Mendel described his results in 1866, his work was recognized only in 1900, when 

Mendel’s principles were rediscovered simultaneously by following three scientists at three different 

places. 

(i) Hugo de Vries: A Dutch biologist, known for his ‘mutation theory’ and studies on evening prime rose 

and maize. 

(ii) Carl Correns: A German botanist, who worked on peas, maize and beans, and 

(iii) Erich Von Tschermak: An Austrian botanist, who worked with garden peas. 

Gregor Johann Mendel’s life 

Year (s)                                                   Particulars 

1822: Born on July 20, in Austria (now Czech Republic) in a farming family. 

1831-39:                     He did his schooling. 

1840-42:  Had a two year university course in Philosophy. 

1847:  Became priest and served for a short time in a monastery in Brno (Brunn), Austria 

1849: Appointed a teacher of Mathematics and Greek in a local school 

1851-53: Studied at the University of Vienna pursuing courses in physics, chemistry, 

mathematics, zoology and botany 

1854: On his return to Brunn, he was appointed a teacher of physics and natural history 

1856-63: Conducted his experiments on garden peas 

1865: Presented his findings at two meetings of ‘Natural History Society of Brunn’ 

1866: Published his papers on the subject ”Experiments on Plant Hybridization” in 

proceedings of ‘Natural History Society of Brunn’ 

1884: Died on January 6, from chronic nephritis in Brunn. Mendel died as an unrecognized 

man. His studies remain in dark for about 34 years 

1900: His work was rediscovered 

 

 



Pre-mendelian Experiments 

 Gregor Mendel was not first to conduct hybridization experiments, but he was first to consider 

one trait at a time, and this was perhaps secret of his success. His experiments were in fact extension 

and development of hybridization experiments on peas conducted by earlier workers like Knight and 

Goss (1824). 

 J. Kolreuter (1733-1806), a German botanist performed hybridization experiments in tobacco 

and compared the hybrids with their parents to demonstrate that the hybrids may resemble one or the 

other parent or may be intermediate between them. He also showed that both the parents make equal 

contributions to the hybrids. This he demonstrated by making reciprocal crosses. Another significant 

observation he made was, that although the hybrids themselves may be fairly uniform, their offsprings 

exhibit considerable diversity. 

 Observations similar to those of Kolreuter were made by number of workers like Gartner (1722-

1850), Naudin (1815-1899) and Darwin (1809-1882). However, these workers could not give a numerical 

treatment to their results, as Mendel did in 1866 and, therefore, could not understand the mechanism 

of inheritance. In many of these cases, actually the objective was only to obtain improved varieties of 

plants for use in agriculture and horticulture rather than to understand the mechanism of inheritance. 

Mendel’s Experiments 

Why Mendel gets success? 

 Mendel chose garden pea (Pisum sativum, 2n=14) as plant material for his experiments, he was 

fortunate in choosing garden pea, because it is a diploid organism (contains only two sets of 

chromosomes). If he had chosen a polyploid organism with more than two sets of chromosomes, he 

would not have obtained simply understandable results. In addition to this, garden pea had the 

following advantages. 

(i) It is easy to cultivate 

(ii) It has short life cycle (annual plant) 

(iii) It has well defined characteristics (contrasting characters) 

(iv) It has bisexual flowers (flowers that contain both male and female parts) 

(v) Predominantly self fertilization 

(vi) Easy hybridization 

 Besides these features, garden pea, being self fertilized, had purelines due to natural self 

fertilization for a number of years. Therefore, any variety used was pure for the characters it carried. A 

simple alteration in a trait was, therefore, demonstrated by a visible difference between varieties. 



 Although, hybridization experiments were conducted by earlier workers also, but they 

considered the individual as a whole complex of characters. Mendel’s success was mainly based on the 

fact that he considered a single character at a time.   

Characters studied 

 Mendel chooses seven pairs of characters for his studies. These characters were as follows. 

Sl. 
No. 

Characters Dominant Recessive 

1. Seed characteristics 

 (i) Seed shape Round/Smooth Wrinkled 

 (ii) Seed cotyledon colour Yellow Green 

 (iii) Seed coat colour* Grey White 

2. Pod characteristics 

 (i) Pod shape Inflated Constricted 

 (ii) Pod colour Green Yellow 

3. Stem characteristics 

 (i) Position of flower/pod Axial Terminal 

 (ii) Plant height/stem length Tall (6-7 feet) Dwarf (3/4 -1 feet) 

4. Flower colour* Purple White 

*A single gene controls the both seed coat and flower colour trait. 

Genetic Terminology 

Gene: A genetic factor that determines a biological characteristic of an organism is called a gene e.g. 

seed shape, seed colour etc.  This term was coined by Danish geneticist Wilhelm Johannsen in 1909. 

Gene is fundamental physical and functional unit of heredity. 

Allele: It is an alternative form of a gene at a particular locus. e.g. there is a gene for seed shape, that 

has two alternative forms i.e. round (R) and wrinkled (r). 

Locus: The physical location of a gene on a chromosome is known as locus. The plural form of word 

locus is loci. 

Genotype: Genotype is the genetic constitution of an organism e.g. RR, Rr and rr. This term was coined 

by Johannsen in 1909. 

Phenotype: Phenotype is the external appearance of an organism e.g. red and white colour of flower. 

Phenotypes are produced by the combined effect of genes and environmental factors. 

Homozygote: When a given pair of alleles are identical at a particular locus e.g RR or rr. 



Homozygous: An individual which carries homozygote condition of alleles at a particular locus, is known 

as homozygous. 

Heterozygote: When two members of a given pair of alleles are different at a particular locus e.g Rr. 

Heterozygous: When an individual carries heterozygote allele combination for a particular locus. 

Dominance: The inter allelic interaction at a heterozygous locus, when one allele partially or completely 

masks the expression of another allele. e.g. R-dominant, r-recessive 

Recessive: The condition of an allele, whose expression is masked in the presence of a dominant allele 

at the same locus on the homologous chromosome. 

Monohybrid cross: A cross between parents that differ in a single characteristic (or a cross involving 

parents that differ with respect to one pair of alleles). e.g a cross of a pea plant homozygous for round 

seeds with one homozygous for wrinkled seeds i.e. RR x rr. 

Dihybrid cross: A cross between parents that differ in two characteristics (or a cross involving parents 

that differ with respect to two pair of alleles). e.g. a cross between a homozygous variety of pea that 

produced round seeds and yellow endosperm with another variety with wrinkled seeds and green 

endosperm (RRYY x rryy). 

Trihybrid cross: A cross between parents that differ in three characteristics (or a cross involving parents 

that differ with respect to three pair of alleles). e.g. a Tall, yellow, round seeded variety crossed with a 

dwarf, green, wrinkled seeded variety (DDGGWW x ddggww).  

Reciprocal cross: A set of two reciprocal crosses means that the same two parents are used in such a 

way that in one experiment A is used as female and B as male and vice versa. 

 

 

 

 



Principle of Segregation (First law of Mendel) 

This law states that the paired genes (allelic pairs) separate from one another and are 

distributed to different sex cells, when an individual form gametes. A parent randomly passes only one 

allele for each trait to each offspring.This law is also known as ‘Law of purity of gametes’. 

A diploid cell contains two sets of chromosomes, one from the father and one from the mother. 

Thus, each gene will contain two alleles. The alleles can either be the same (homozygous) or different 

(heterozygous). For example, if we assume that plant height in garden pea (tall versus dwarf) is 

controlled by a single gene with two alleles (T and t), TT and tt would represent homozygotes and Tt 

would indicate a heterozygote. During gamete formation, only one of the two alleles will be passed on 

to the sperm or egg. In other words, the two alleles segregate from one another. 

 To prove his law, Mendel crossed tall and dwarf varieties of garden peas. All the offsprings in the 

first generation (F1) were tall (F symbolizes ‘filial’ from the Latin meaning progeny). The dwarf trait had 

disappeared in the F1 progeny. When tall hybrid plants were self fertilized and progeny (F2 generation) 

was classified into different types, some were tall and some were dwarfs. Careful classification of plants 

in to tall and dwarf showed that when large numbers were considered about ¾ were tall and ¼ were 

dwarfs. To be exact, an F2 of 1064 consisted of 787 tall plants and 277 dwarfs, a near perfect 3 : 1 ratio. 

 To further prove his law, Mendel predicted what would occur in the F3 generation and planted 

F2 seeds to test his prediction. On the basis of his hypothesis he predicted that about 1/3 of the F2 tall 

plants would produce only tall F3 progeny, whereas 2/3 would produce both tall and dwarf progeny. The 

F2 dwarf plants were expected to produce all dwarf progeny. Expected results were obtained in F3 

generation. 

Parent Phenotypes Tall X Dwarf  
Genotypes TT 

Dominant homozygous 
 Tt 

Recessive homozygous 
 

Gametes All T ↓ All t 
 

 

F1  All Tt  All Tall heterozygous 
 

 

F1 x F1 Tt  
Tall heterozygous 

X Tt 
Tall heterozygous 

 

Gametes T                     t  T                 t 
  

 

F2 (Genotypes) TT                                Tt                               Tt                   tt  
F2 (Phenotypes) Tall                          Tall  Tall               dwarf 

 
 

Phenotypic ratio ¾ Tall : ¼ dwarf 3 : 1   
Genotypic ratio ¼ TT : 2/4 Tt : ¼ tt 1 : 2 : 1   



    

When the F1 (Tt) plants from Mendel’s experiment were crossed back to the dwarf variety (tt), 

half the progeny were tall and half dwarf. This is known as test cross. 

So, Test cross = F1 x homozygous recessive parent 

Parents (F1 x tt)  Tt  x  tt 

 Gametes     T                  t    t  

      ↓    

Testcross progeny   ½ Tt  : ½ tt 

     ½ Tall  ½ dwarf 

So, genotypic and phenotypic ratios in a test cross are 1 : 1. 

 This demonstrated more conclusively the principle of segregation; but the separation of alleles 

could be detected only in the parent Tt, that produced two kinds of gametes i.e. T and t. The dwarf 

parent (tt) could produce only one kind of gametes i.e. t. 

 Here, there is a complete dominance in F1 generation. So first law is complete dominance case 

because inspite of heterozygous condition in F1 generation only one character expresses itself. 

Table: Summary of Phenotypic and genotypic results in a monohybrid cross 

Phenotypes Genotypes Genotypic Frequency Phenotypic Frequency 

Tall TT 1 3 

Tt 2 

Dwarf Tt 1 1 

 

Back cross and Test cross 

Back cross: It is the cross between F1 and either of the parents (F1 x any parent) i.e. 

 F1  x  TT or  F1 x tt 

Test cross: It is the cross between F1 and homozygous recessive parent (F1 x homozygous recessive 

parent) i.e.  F1 x tt 

 

Modifications of 3:1 phenotypic ratio 

1. Incomplete dominance 

 This is the condition when the heterozygote has a phenotype intermediate between the 

phenotypes of the two homozygotes, it is known as incomplete dominance. 

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



        (ii) Flower colour in snap dragon or dog flower (Antirrhinum majus) 

 In these plants, 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 RR                                Rr                               Rr                   rr  

 Red                           Pink        Pink               white  

Phenotypic ratio 1 Red : 2 pink : 1 white    

Genotypic ratio 1RR : 2Rr : 1rr    

e.g. (iii) Fruit colour in egg plant 

Parent Phenotypes Purple fruit X White fruit  

Genotypes PP 
Dominant homozygous 

 Pp 
Recessive homozygous 

 

Gametes All P ↓ All p  

F1  All Pp  All violet colour fruits  

F1 x F1 Pp 
Violet 

X Pp 
Violet 

 

Gametes P                      p  P                        p  

F2 PP                                Pp                               Pp                      pp  

 Purple                      Violet       Violet               white  

Phenotypic ratio 1 Purple : 2 Violet : 1 white    

Genotypic ratio 1PP : 2Pp : 1pp    

 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. It is impossible to 

obtain egg plants that are pure breeding for violet colour fruits, because all plants with violet colour 

fruits are heterozygous. 

2. Co-dominance 

 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 CRCR                           CRCW                               CRCW                  CWCW  

 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. 

3. Lethal genes 

 There are genes which control certain phenotypic traits and at the same time also influence 

viability of the individual. Genes whose effect is sufficiently drastic to kill the bearers of these genes in 

certain genotypes are known as lethal genes. 

 Obviously, if the lethal effect is dominant and immediate in expression, all individuals carrying 

the gene will die and gene will be lost. Some dominant lethals, however, have delayed effect, so that the 

organism lives for a particular time. Recessive lethal carried in heterozygous condition have no effect, 

but may come to expression when matings between carriers occur. 

e.g. In 1905 a French geneticist, Cuenot, reported the inheritance of body colour gene yellow, that did 

not appear to fit the usually expected Mendelian segregation pattern in case of mouse. Although, yellow 

was apparently a gene with dominant effect, it could not be bred as a pure strain because crosses of 

yellow x yellow always produced the normal agouti as well as yellow offspring. By back crossing yellow 

individuals to agouti, Cuenot found that all yellow mice were heterozygous for the yellow gene and that 

no homozygotes for yellow colour could be found. 

(i) Parent Phenotypes Agouti X Agouti  



Genotypes       Aa 
 

 Aa 
 

 

Gametes       All a ↓ All a  

Progeny  All aa  All agouti  

 

(ii) Parent Phenotypes Yellow X Agouti  

Genotypes      AY a 
 

 Aa 
 

 

Gametes   AY and a ↓ All a  

Progeny             ½ AYa (yellow)  : ½ aa agouti  

 

(iii) Parent Phenotypes Yellow X Yellow  

Genotypes        AY a 
 

 AY a 
 

 

Gametes   AY and a ↓ AY and a  

Progeny ¼ AYAY   :     2/4 AYa 

Yellow (dies)        Yellow                       

 : ¼ aa 

 agouti 

 

So, here we get a ratio of 2 yellow : 1 agouti, in place of usual 3 yellow : 1 agouti , because 

individuals carrying AYAY genotype will die. 

Here, gene AY is dominant with respect to body colour (one copy is sufficient for expression of 

the trait), but recessive for lethality because lethality is due to recessiveness (two copies of the gene are 

required for lethality). Dominant lethals on the other hand, are genes whose lethal effects occur in 

heterozygous individuals. In this case, homozygote and heterozygote for the concerned gene die. Truly 

dominant lethal alleles cannot be transmitted unless they are expressed after the onset of reproduction. 

 Another example of lethal gene is inheritance of a dominant gene ‘C’ in chickens. This gene is 

responsible for profound developmental changes, that result in aberrant forms called ‘creepers’, and the 

homozygous genotype CC is lethal. These birds have short, crooked legs and are of little economic value 

except as novelties. When two creepers are mated, a ratio of 2 creepers : 1 normal, instead of 3 

creepers : 1 normal appeared as follows. 

Parent Phenotypes Creeper X Creeper  

Genotypes          Cc 
 

    Cc 
 

 

Gametes   C and c ↓ C and c  

Progeny ¼ CC   :     2/4 Cc  : ¼ aa  



Dies          Creepers                        Normal 

 We get a ratio of 2 creepers : 1 normal. This is a characteristic ratio for all crosses involving 

lethal genes; in this case CC class is missing. All creepers that lived could be shown to be heterozygous 

by test cross. When creeper bird was mated with a normal chicken, the expected back cross ratio of 1 

creeper : 1 normal was obtained. Here, the allele C is expressed in heterozygous condition (Cc) in 

creeper chickens as dominant, but with respect to lethality C gene behaves like recessive (only CC 

genotype dies). 

  In humans, the example of lethality is sickle cell anemia, In this case red blood corpuscles (RBCs) 

changes to sickle shape, and the oxygen transport to various tissues is cut off. It is controlled by a 

dominant gene Hbs. If an individual is homozygous (Hbs Hbs) for this gene, there is premature death of 

the individual. 

Parent Phenotypes Sickle cell anemic X Sickle cell anemic  

Genotypes       Hbshbs 
 

 Hbshbs   

Gametes   Hbs and hbs ↓ Hbs and hbs  

Progeny ¼ HbsHbs   :     2/4 Hbshbs 

Dies     Sickle cell anemic                       

 : ¼ hbshbs  

 Normal 

 

 Here, we get a ratio of 2 sickle cell anemic : 1 normal, in place of 3 sickle cell anemic : 1 normal, 

because individuals carrying HbsHbs condition die. 

 A 2 : 1 ratio is always produced by a recessive lethal allele, so observing this ratio among the 

progeny of a cross between individuals with the same phenotype is a strong clue that one of the alleles 

is lethal. 
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Principle of Independent Assortment (Second law of Mendel) 

Different genes randomly sort their alleles during the process of gamete formation (meiosis). 

or members of different pairs of alleles assort independently in to gametes. 

To prove his law, Mendel considered plants differing in two characters (dihybrid) at a time. e.g. 

suppose he considered  two genes, Gene 1 and Gene 2. Gene 1 controls seed shape and consists of two 

alleles (R = Round, r = wrinkled). Here, the R allele is dominant, meaning that RR and Rr genotypes 

produce round seeds and rr genotype produce wrinkled seeds. Now, assume that Gene 2 controls seed 

cotyledon colour and it also contains two alleles (Y = Yellow, y = green). Here, Y is dominant over y, such 

that YY and Yy genotypes produce yellow colour seeds and yy genotype produces green seeds. 

  Mendel’s Law of Independent Assortment states that the alleles at these different genes will 

sort independently of one another during gamete formation. In other words, the R allele will not always 

be associated with the Y allele and the r allele will not always be associated with the y allele in each 

sperm or egg cell. All combinations of alleles are possible. 

Parents Phenotypes Round & yellow X Wrinkled & green  

Genotypes RRYY 
Dominant homozygous 

 rryy 
Recessive homozygous 
 

 

Gametes All RY ↓ All ry 
 

 

F1  All RrYy  All Round yellow 
heterozygous 

 

F1 x F1 RrYy  
Round  Yellow 
heterozygous 

X RrYy 
Round  yellow 
heterozygous 

 

Gametes RY       Ry       rY       ry                      ↓ RY       Ry       rY       ry                       

F2 (Phenotypes) 9 Round       : 3 Round 
   Yellow             green                    

: 3 Wrinkled   
      yellow 

: 1 wrinkled 
      green 

 

 

There are following two methods for finding the genotypic and phenotypic ratios (combinations 

of a cross). 

1. Punnett square method/Checker board method 

2. Branching method/Forked line method 

1. Punnett square method/Checker board method 

 

Gametes  ♂ 
       ♀ 

RY Ry rY ry 



RY RRYY 
Round yellow 

RRYy 
Round yellow 

RrYY 
Round yellow 

RrYy 
Round yellow 

Ry RRYy 
Round yellow 

RRyy 
Round green 

RrYy 
Round yellow 

Rryy 
Round green 

rY RrYY 
Round yellow 

RrYy 
Round yellow 

rrYY 
Wrinkled yellow 

rrYy 
Wrinkled yellow 

ry RrYy 
Round yellow 

Rryy 
Round green 

rrYy 
Wrinkled yellow 

rryy 
Wrinkled green 

 

So here from the above table, 

Phenotypic ratio is, 9 round yellow : 3 round green : 3 wrinkled yellow : 1 wrinkled green (i.e. 9:3:3:1).     

Genotypic ratio is 1 RRYY : 2 RRYy : 1 RRyy : 2 RrYY : 4 RrYy : 2 Rryy: 1 rrYY : 2 rrYy : 1 rryy (i.e.  

1:2:1:2:4:2:1:2:1). 

Dihybrid test cross i.e. F1 x Homozygous recessive parent 

  ♀RrYy x ♂ rryy 

Gametes  ♂ 
       ♀ 

ry 

RY RrYy 
Round yellow 

Ry Rryy 
Round green 

rY rrYy 
Wrinkled yellow 

ry rryy 
Wrinkled green 

 

Here, phenotypic and genotypic ratios are same i.e.  1 : 1 : 1 : 1 

2. Branching method/Forked line method 
 
Phenotypic ratios 
If we consider seed shape and seed cotyledon colour individually the phenotypic ratios in F2 are:  

1. Seed shape   
 
 

2. Seed colour  

 

In F2, we will get phenotypic ratios as follows:  

 3 round  

 

3 round  

1 Wrinkled  

3 yellow  

1 green 

3 yellow   3 × 3 = 9 round yellow   

1 green    3 × 1 = 3 round green 

3 yellow   1 × 3 = 3 wrinkled yellow   

1 green    1 × 1 = 1 wrinkled green  

1 wrinkled  



 

 
9 round yellow: 3 round green: 3 wrinkled yellow: 1 wrinkled green 

Genotypic ratios:  

If we consider seed shape and seed colour individually, the genotypic ratios in F2 will be.  

1. 1 RR : 2 Rr : 1 rr 
2. 1 YY : 2 Yy : 1 yy 

So, in F2 we will get genotypic ratios as follows:  

  

 

 

1 RR 

 

  

2 Rr 

 

 

 1 rr  

 

So, genotypic ratios in F2 will be.  

1 RRYY: 2 RRYy:1 RRyy:2 RrYY:4 RrYy:2 Rryy:1 rrYY:2 rrYy:1 rryy  

Solved problems 
Problem 1: Determine the different types of gametes produced by the individuals with the 
following genotypes. 
(i) AaBb (ii) AaBbCc (iii) AABbDd  

(i) AaBb = AB, Ab, aB, ab 
 
    

A 
 
 
 

1 YY 1 × 1 = 1 RRYY 

2 Yy 1 × 2 = 2 RRYy 

1 yy   1 × 1 = 1 RRyy 

1 YY 2 × 1 = 2 RrYY 

2 Yy 2 × 2 = 4 RrYy 

1 yy   2 × 1 = 2 Rryy 

1 YY 1 × 1 = 1 rrYY 

2 Yy 1 × 2 = 2 rrYy 

1 yy   1× 1 = 1 rryy 

B  = AB 

b = Ab 

B  = aB 

b = ab 
a 



 
 
(ii) AaBbCc= ABC,ABc, AbC, Abc, aBC, aBc, abC, abc 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(iii) AABbDd= ABD, ABd, AbD, Abd 
 
 
 
 
 
 
 
 
 
 
 
 

 

    C   = ABC 

B  

 c = ABc 

 C = AbC 

b   

               c           =              Abc 

         A 

    C   = aBC 

B  

 c = aBc 

 C = abC 

b   

 c = abc
   

a 

    D   = ABD 

B  

  d = ABd 

 D = AbD 

b   

 d = Abd 

A 

 



Gene Interaction 

 Mendel and other workers assumed that characters are governed by single genes, but 

later on it was discovered that many characters are governed by two or more genes. 

 The phenomenon of two or more genes affecting the expression of each other in 

various ways, in the development of a single character of an organism is known as gene 

interaction. 

 In gene interaction, genes at different loci contribute to the determination of a single 

phenotypic character. In other words, in gene interaction expression of one gene depends on 

expression (presence or absence) of another gene. 

 Such genes affect the development of concerned characters in various ways; this lead to 

the modification of typical dihybrid (9:3:3:1) or trihybrid ratios (27:9:9:9:3:3:3:1). 

Types of gene interactions 

 The gene interactions can broadly be classified into following two types. 

A. Allelic/non epistatic gene interaction 

B. Non allelic/epistatic gene interaction or epistasis 

A. Allelic/non epistatic gene interaction 

This type of gene interaction gives the classical ratio of 9:3:3:1, while in epistatic gene 

interaction, we get the different modifications of this ratio. This type of gene interaction was 

reported for the first time by Bateson and Punnett in 1905. 

e.g. comb shape in chickens 

 Comb is the fleshy structure found on the head of chickens. There are following four 

types of combs in chickens. 

(i) Rose comb- found in Wyandottes breed (R_pp) 

(ii) Pea comb- found in Brahmas breed (rrP_) 

(iii) Single comb- in leghorn breed (rrpp) 

(iv) Walnut comb- Hybrid (Pea x rose) found in Malaya breed (R_P_) 

In case of comb shape in poultry, two genes are responsible for this character. While one 

gene ‘R’ gives rise to rose comb, another gene ‘P’ gives rise to pea comb. Each one of these 



genes is dominant over single comb. However, when both these genes are brought together 

new phenotype walnut appears. 

When we make the crosses among different breeds of chickens, we get the following types 

of results. 

(i) Rose comb x single comb 

Parents Rose X   Single  

Genotypes RRpp ↓ rrpp  

F1  Rrpp Rose comb  

  ↓selfing   

F2 RRpp Rrpp Rrpp rrpp 

 Rose Rose Rose Single 

Phenotypic ratio In F2 3 Rose :     1 single  

(ii) Pea comb x single comb 

Parents Pea X   Single  

Genotypes rrPP ↓ rrpp  

F1  rrPp Pea comb  

  ↓selfing   

F2 rrPP rrPp rrPp rrpp 

 Pea Pea Pea Single 

Phenotypic ratio In F2 3 Pea :    1 single  

(iii) Rose comb x pea comb 

Parents Rose X   Pea  

Genotypes RRpp ↓ rrPP  

F1  RrPp Walnut comb  

  ↓selfing   

F2 9 R_P_ 3 R_pp 3 rrP_ 1rrpp 

Phenotypic ratio 9 Walnut 3 Rose 3 Pea 1  Single 

 



Genes at two loci (R, r and P, p) interact to determine comb shape in chickens as 

follows. 

(i) A walnut comb is produced, when there are dominant alleles at each of the two loci (R_P_). 

(ii) A rose comb is produced, when there is a dominant allele at first locus only (R_pp). 

(iii) A pea comb is produced, when there is a dominant allele at the second locus only (rrP_). 

(iv) A single comb is due to the presence of recessive alleles at both the loci (rrpp). 

So, we get a ratio of 9 walnut : 3 rose : 3 pea : 1 single. But this ratio is different from 

the Mendelian ratio 9:3:3:1 (Round yellow x wrinkled green), because there it represents four 

combinations of two pair of characters, while here they represent four phenotypes of the same 

character. 

B. Non allelic/epistatic gene interaction or epistasis 

In this type of gene interaction genes located on same or different chromosomes 

interact with each other for their expression.  

Epistatic gene interaction means that one gene masks, modify or prevent the 

phenotypic expression of another non-allelic gene. In other words, it does not allow the other 

gene to express fully. In this type of gene interaction we get the different modifications of 

9:3:3:1 ratio. 

This phenomenon is similar to dominance, except that dominance entails the masking of 

genes at the same locus (allelic genes). 

Epistatic and Hypostatic genes 

Epistatic gene 

In epistasis, the gene, which suppresses or mask the phenotypic expression of another 

gene at another locus is known as epistatic gene. Epistatic is a Greek word and its meaning is 

‘standing up’ 

Hypostatic gene 

The gene or locus, whose effect is masked/suppressed by an epistatic gene, is known as 

hypostatic gene. 

Types of epistatic gene interaction 

Epistatic gene interaction/epistasis can further be divided into the following types. 



1. Complimentary genes or duplicate recessive epistasis (phenotypic ratio 9 : 7) 

 In this type of gene interaction, the production of one of the two phenotypes of a trait 

requires the presence of dominant alleles of both the genes controlling the concerned trait 

(means they are complementary to each other); when any one of the two or both the genes are 

present in the homozygous recessive state, the contrasting phenotype is produced. 

e.g. HCN production in clovers 

 Parents Strain A 
(Low HCN) 

X   Strain B 
(Low HCN) 

 

Genotypes LLhh ↓ llHH  

F1  LlHh High HCN  

  ↓self   

F2 9 L_H_ 3 L_hh 3 llH_ 1 llhh 

 High HCN Low HCN Low HCN Low HCN 

 So phenotypic ratio obtained is 9 High HCN : 7 (3+3+1) Low HCN, in place of common 

dihybrid ratio. 

2. Recessive epistasis/supplementary gene interaction (phenotypic ratio 9:3:4) 

 In this type of gene interaction, the dominant allele of one of the two genes governing a 

character produces a phenotypic effect. However, dominant allele of the other gene does not 

produces a phenotypic effect of its own, but when it is present with the dominant allele of the 

first gene; it modifies the phenotypic effect produced by that gene. 

e.g. coat colour in mouse 

 In mouse three types of skin colour is there i.e. Black, albino and agouti 

Parents Black X   albino  

Genotypes CCaa ↓ AAcc  

F1  CcAa Agouti  

  ↓self   

F2 9 C_A_ 3 C_aa 3 ccA_ 1 ccaa 

 Agouti Black Albino Albino 

 So phenotypic ratio obtained is 9 Agouti : 3 black : 4 (3+1) albino 

3. Dominant epistasis (phenotypic ratio is 12:3:1) 



When a dominant allele at one locus masks the expression of both alleles (dominant and 

recessive) at another locus, it is known as dominant epistasis. 

e.g. Fruit color in summer squash 

There are three types of fruit colour in summer squash viz. white, yellow and green.  

White colour is controlled by dominant gene ‘W’ and yellow color by dominant gene ‘Y’. 

White is dominant over both yellow and green (W > Y and yy). The green fruit size is produced 

in homozygous recessive condition (wwyy) only. 

Parents White X   Yellow  

Genotypes WWyy ↓ wwYY  

F1  WwYy White  

  ↓Self   

F2 9 W_Y_ 3 W_yy 3 wwY_ 1 wwyy 

 White White yellow Green  

 So phenotypic ratio obtained is 12 (9+3) white: 3 yellow : 1 green 

4. Duplicate dominant epistasis (phenotypic ratio is 15:1) 

 Characters showing duplicate dominant gene interaction are determined by two 

completely dominant genes. These dominant genes produce the same phenotype, whether 

they are alone (i.e. with the recessive allele of other gene) or together, the contrasting 

phenotype is produced only when both the genes are in the homozygous recessive state. 

e.g. Seed capsule shape in shepherd purse. 

There are two types of capsule shape in shepherd purse i.e. triangular shape and ovoid 

shape. Triangular shape is controlled by two dominant genes i.e. gene ‘A’ and gene ‘B’. 

Triangular shape is obtained, when the genes ‘A’ and ‘B’ are present alone or together and 

ovoid shape is obtained, when both the genes are present in homozygous recessive state. 

 

 

 

Parents Triangular 
shape 

X   Triangular 
 Shape 

 

Genotypes AAbb ↓ aaBB  



F1  AaBb Triangular  
Shape 

 

  ↓Selfing   

F2 9 A_B_ 3 A_bb 3 aaB_ 1 aabb 

 Triangular Triangular Triangular  Ovoid (egg shape) 

 So phenotypic ratio obtained is 15 (9+3+3) Triangular shape : 1 ovoid shape 

5. Dominant recessive epistasis or inhibitory gene action (phenotypic ratio is 13:3) 

 In inhibitory gene action, one of the two completely dominant genes produces the 

concerned phenotype or the character, while its recessive allele in homozygous state produces 

the contrasting phenotype. The second dominant gene has no effect of its own, however, it has 

the ability to stop the expression of the dominant allele of the first gene. As a result, when the 

two dominant genes are present together, they produce the same phenotype as that produced 

by the recessive homozygote of the first gene. The recessive allele of the second gene does not 

affect the development of the character in any way. 

Thus, in inhibitory gene action, one dominant gene is capable of producing a character 

only if its expression is not prevented by another dominant gene known as inhibitory gene (I). 

e.g. Feather colour in poultry 

 Feather colour in poultry is controlled by two genes I.e. gene ‘C’ and gene ‘I’. The gene 

‘C’ produces the coloured feather and gene ‘I’ is inhibitory gene, which does not have its 

phenotypic effect but it inhibits the expression of gene ‘C’. 

Parents White 
(Leghorn) 

X   White 
(Wyndotte)) 

 

Genotypes IICC ↓ iicc  

F1  IiCc White   

  ↓Self   

F2 9 I_C_ 3 I_cc 3 iiC_ 1 iicc 

 White  White  Colour 
feather 

White  

 So phenotypic ratio obtained is 13 (9+3+1) white feather : 3 colour feather 

6. Polymeric effect/duplicate gene with cumulative effect (phenotypic ratio is 9:6:1)  



 In polymeric gene action, the two genes controlling a character produce identical 

phenotypes when their dominant alleles are alone (i.e. with the homozygous recessive 

condition of the other gene). But when dominant alleles of both the genes are present 

together, their phenotypic effect is enhanced, as if the effects of the two genes were 

cumulative or additive. 

e.g. Awn length in barley 

 Awn length in barley is governed by two dominant genes i.e. gene ‘A’ and gene ‘B’. Both 

the dominant genes produce the medium length awns when they are alone (i.e. with the 

homozygous recessive condition of the other gene). Long awns are produced, when both the 

dominant genes are present together. When both the genes are present in homozygous 

recessive condition the awnless earheads are produced. 

Parents Medium 
awns 

X   Medium 
awns 

 

Genotypes AAbb ↓ aaBB  

F1  AaBb Long 
awns 

 

  ↓Self   

F2 9 A_B_ 3 A_bb 3 aaB_ 1 aabb 

 Long 
awns 

Medium 
awns 

Medium 
awns 

Awnless 

 So phenotypic ratio obtained is 9 Long : 6 (3+3) Medium : 1 Awnless 

Differences between epistasis and dominance 

Sl. 
No 

Epistasis Dominance 

1. Refers to interaction of two or more 
genes. Thus, it involves two or more loci. 

It refers to interaction of two alleles of the 
same gene. Thus, it involves single locus. 

2. Epistasis may involve both homozygotes 
and heterozygotes. Hence, it is fixable in 
homozygotes. 

Dominance always refers to heterozygotes 
and therefore, it is not fixable. 

3. Epistasis is also known as intergenic or 
inter-locus gene interaction. 

Dominance is also known as intragenic or 
intralocus gene interaction. 

4.  Recessive gene can also exhibit masking 
effect. 

Recessive gene can express only in 
homozygous condition 

 

Penetrance and expressivity 



Penetrance is defined as the percentage of individuals with a given genotype, which 

exhibit the phenotype associated with this genotype. 

e.g. all individuals with the genotype AA or Aa may not express the dominant phenotype, due 

to either the presence of modifiers, suppressors, epistatic genes etc. or due to the modifying 

effects of the environment. If only 90% of individuals with AA or Aa express dominant 

phenotype, it will described as 90% penetrance of gene (or allele) ‘A’. 

 Expressivity describes the degree or extent to which a given genotype is expressed 

phenotypically in a particular individual. This may also be due to lack of full expression due to 

rest of the genome and environment. 

e.g. Red eye colour in drosophila flies may show different shades of colour (within the norm of 

reaction) suggesting variable expression of wild allele ‘W’ in WW or Ww flies. 

In human pedigree analysis, variable penetrance and expressivity often create problems 

e,g. if an allele causing a particular disease does not have 100% penetrance, an individual 

phenotype in the pedigree may be disease free, but the individual may still carry the disease 

genotype leading to wrong classification. 

Suggested readings: 
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Gupta, P.K. 2009. Genetics. Rastogi Publications, Meerut. 

Strickberger, M.W. 2008. Genetics. PHI Learning Pvt. Ltd., New Delhi, India. 

 

 



Multiple alleles 
An allele is a specific form of a gene. A gene may have two or more alternative forms. 

 Many alternative forms of a single gene are known as a system of multiple alleles. 
e.g.  1. Coat/skin colour in rabbits  

In rabbits the coat/skin colour is controlled by a gene ‘c’ with four different alleles 
In rabbits four different types of skin colours are obtained which are as follows: 

1. Coloured (agouti) 
2. Chinchilla 
3. Himalayan and 
4. Albino 
If we make crosses in different combinations, we get the ratios as follows: 

 
1. Parents Agouti X   albino  
Genotypes c+c+ ↓ cc  
F1  c+c Agouti  
  ↓   
F2 3 Agouti : 1 albino  

 
2. Parents Agouti X   chinchlla  
Genotypes c+c+ ↓ cchcch  
F1  c+cch Agouti  
  ↓   
F2 3 Agouti : 1 chinchilla  

 

4. Parents chinchilla X   albino  
Genotypes cchcch ↓ cc  
F1  cchc chinchilla  
  ↓   

3. Parents Agouti X   Himalyan  
Genotypes c+c+ ↓ chch  
F1  c+ch Agouti  
  ↓   
F2 3 Agouti : 1 himalyan  



F2 3 chinchilla : 1 albino  
 

 

 
 

 
So, here, c+ is dominant over  cch, ch and c 

cch is dominant over  ch and c and, 
ch is dominant over c 
or c+  >  cch > ch > c 
Various genotypes and their phenotypes, due to multiple allelic series for skin colour in rabbit 

Sl. No. Phenotypes Genotypes 
1. Agouti c+c+, c+cch, c+ch, c+c 
2. Chinchilla cchcch, cchch, cchc 
3. Himalyan chch, chc 
4. Albino cc 
 Total 10 genotypes 

 
e.g. 2. Blood groups in human beings 

One of the fully established series of multiple alleles in humans involves the genetic locus 
controlling the blood types A, B, AB and O. The ABO locus has three alleles; IA, IB and IO. IA and IB are co-
dominant and both are dominant over  IO ( IA = IB  > IO). 

On the basis of presence or absence of different antigens, ABO blood groups have been 
established in man by K. Landsteiner. It was found that there are two antigens A or B and as a result four 
blood groups. With these antigens A and B, there are certain naturally occurring antibodies in the serum 

5. Parents chinchilla X   Himalyan  
Genotypes cchcch ↓ chch  
F1  cchch chinchilla  
  ↓   
F2 3 chinchilla : 1 himalyan  

6. Parents Himalyan X   albino  
Genotypes chch ↓ cc  
F1  chc Himalyan  
  ↓   
F2 3 Himalyan : 1 albino  



of the blood. General principle of antibody and antigen relationship is that antibodies in a particular 
individual will be found only for those antigens which are absent in blood of this individual. 

Different blood groups and antigens and antibodies associated with them are as follows. 
Blood groups Antigens Antibody for antigens 
A A B 
B B A 
AB A and B None 
O None A and B 

  
 Antibodies in blood group A will be able to agglutinize red blood corpuscles of the blood group B 
and vice versa. AB blood group will not agglutinize another group, since no antibodies are present. 
Similarly, O blood group should be able to agglutinize all other groups except its own.  

Compatible donor and recipient ABO blood groups 
Blood group of donor  Blood group of recipient  
A A and AB 
B B and AB 
AB AB (universal recipient) 
O (universal donor) O, A, B and AB 

 
Rh factor in humans 
 The Rh factor was discovered by K. Landsteiner and A.S. Wiener from rabbits immunized with 
the blood of the monkey Macaca Rhesus. The resulting antibodies were found to agglutinate not only 
the red corpuscles of monkey but those of a high percentage of Caucasian People of Newyork. 
 Individual whose blood cells react with the Rh factor are termed as Rh positive, those who do 
not react are Rh negative. The symbol Rh comes from the first two letters of the species name of the 
monkey. 
 To avoid agglutination, cross compatibility of Rh factor as well as ABO blood groups is necessary 
before transfusion of blood is made. 
Erythroblastosis fetalis 
 A serious problem occurs, when father is Rh positive and mother is Rh negative. If Rh negative 
mother carries a Rh positive fetus, in the first pregnancy, no serious problem due to Rh positive antigen 
in child’s blood arises, since the concentration of antibodies produced in mother’s blood due to 



immunization by child’s Rh+ antigen, will be rather low. But subsequent Rh+ child will increase the 
concentration of antibodies in mother’s blood due to immunization and this blood while circulating 
through the fetus may cause the death of fetus due to hemolytic jaundice and anemia. This 
disease/disorder is called Erythroblastosis fetalis. 
Characteristics of multiple alleles 

1. The multiple alleles met at the same locus. 
2. No crossing over between the members of multiple allelic series. 
3. The wild type allele of a multiple allelic series is always dominant over the alleles producing the 

mutant phenotype. 
4. The F2 generation from crosses involving a multiple allelic series show typical monohybrid ratio 

for the concerned trait 
5. Multiple alleles do not show complementation. 

 
Pleiotropic genes 
 Generally, each oligogene is supposed to govern a single character. But there are several 
instances where a single major gene (oligogene) is known to affect more than one character. 
 Genes having more than one phenotypic effect are called Pleiotropic genes and their effect is 
known as pleiotropy. e.g. genes governing sickle cell anemia in humans 
 In humans, blood cells are of 3 types 

1. Normal blood cells: Blood cells are round in shape due to the presence of s2+s2+ alleles. The 
individuals carrying this genotype are malaria sensitive but normal as compared to anemic. 

2. Sickle shape cells: the blood cells are sickle shaped due to presence of s2s2 alleles. These 
individuals are malaria resistant but anemic. 

3. Crescent shape cells: The blood cells are crescent shaped due to heterozygous condition of 
alleles i.e.  s2+s2. The individuals with this genotype are in between above two (intermediate) i.e. 
malaria resistant and normal as compared to anemic. 
So, the gene for sickle cell anemia in addition to cell shape is also controlling the malaria 
resistance. 
 
 

 
 



 



Cytoplasmic Inheritance 

If hereditary transmission is dependent on the cytoplasm or the structures in cytoplasm rather 

than the nuclear gene, is known as extra-chromosomal inheritance or cytoplasmic inheritance. 

In general when the crosses can be made between organism carrying traits caused by the extra-

chromosomal factors, the traits are not transmitted according to expected Mendelian ratios, so 

cytoplasmic inheritance is also known as non-mendelian inheritance. 

Since, chromosomes divide in a very precise manner, both during mitosis and meiosis, it is easy 

to draw a parallelism between chromosomes and genes. Cytoplasm, however, does not divide in such a 

precise manner during cell division. Female gamete (egg) normally contributes more cytoplasm to the 

zygote. Consequently, for characters having cytoplasmic control, differences in reciprocal crosses would 

be observed, Inheritance in these cases is mainly maternal type. 

Hereditary determiners in cytoplasm are: 

(i) Mitochondria and (ii) Plastids (plants only)  

These organelles are located in cytoplasm and carry DNA. DNA was shown to be present in 

chloroplast by Ris and Plaut (1962) and in mitochondria by Reich and Luck (1996). 

Terminology  

Genes governing the traits showing cytoplasmic inheritance are known as plasmagenes, cytoplasmic 

genes, cytogenes, extra-nuclear genes or extra-chromosomal genes. 

Plasmon: The sum total of genes present in the cytoplasm of a cell is known as Plasmon. 

Plastom:  The sum total of genes present in the plastid. 

Chondrion: denotes all the genes present in the mitochondria. 

Cytosol: If mitochondria and chloroplast is removed from the cytoplasm, it is known as cytosol. 

Plastid Inheritance 

This was reported by Carl Correns in 1909. e.g. Inheritance of leaf variegation in four ‘O’ clock  

(Mirabilis jalapa) plant.  

 In four ‘O’ clock plant, following three kind of branches with respect to occurrence of plastids 

may be found. 

(i) Branches with completely green leaves 

(ii) Branches with pale green or white leaves 

(iii) Branches with variegated leaves (i.e. presence of white or light yellow spots of variable size in the 

green background of leaves). 
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Each type of branch produces flowers, so Carl Correns was able to cross flowers from 

variegated, green and white/pale green leaf in all combinations. In such cases, phenotype of progeny 

will depend upon the phenotype of branch on which flowers are pollinated. 

(a) ♀ branch (green) x ♂ branch (green, white or variegated) 

                                 ↓ 

 F1 Plants with green leaves only 

Here, the female branch is green and if it is crossed with the male flowers from green, white or 

variegated leaves, in all cases we get all the F1 plants with green leaves only, because only green plastids 

are present in cells of the female parent. Therefore, female gametes will carry green plastids only. 

(b) ♀ branch (White) x ♂ branch (green, white or variegated) 

                                  ↓ 

   F1 plants with white leaves only 

Here, the female branch is white and if it is crossed with the male flowers from green, white or 

variegated leaves, in all cases we get all the F1 plants with white leaves only, because only white plastids 

are present in cells of the female parent. Therefore, female gametes will carry white plastids only. 

(c) ♀ branch (variegated) x ♂ branch (green, white or variegated) 

                                        ↓ 

       F1 plants with green, white and variegated leaves (No particular ratio) 

When variegated branches are used as female source, both green and white plastids are present in 

cells of the female parent. Therefore, female gametes may carry either green or white plastids or both. 

Consequently, three kinds of plants namely plants with green, white and variegated leaves would be 

obtained.  

Male sterility in plants 

Male sterility is characterized by presence of non functional pollen grains in otherwise 

hermaphrodite (bisexual) flowers. So, the pollen grains from the flower will not be able to fertilize the 

same flower. Male sterility is useful in hybrid seed production because there is no need to emasculate the 

female flowers. 

Male sterility in plants can be controlled by nuclear genes or cytoplasm or by both. Therefore, 

male sterility in plants can be divided into three types 

1. Genetic male sterility 

2. Cytoplasmic male sterility 

3. Cytoplasmic-genetic male sterility 

 

 



1. Genetic male sterility 

 In this type of male sterility, male sterility is controlled by a single gene (nuclear gene) and is 

recessive to fertility. So that, the F1 individuals would be fertile. In F2, the fertile and sterile individuals 

will segregate in 3:1 ratio. 

 2. Cytoplasmic male sterility 

In several crops like maize, cytoplasmic control of male sterility is known. In such cases if female 

parent is male sterile, F1 progeny would always be male sterile, because cytoplasm is mainly derived 

from egg obtained from male sterile female parent. 

3. Cytoplasmic-genetic male sterility 

 In such cases although male sterility is wholly controlled by cytoplasm, but a restorer gene if 

present in the nucleus will restore fertility. For instance, if female parent is male sterile, then genotype 

(nucleus) of male parent will determine the phenotype of F1 progeny. The male sterile female parent will 

have the recessive genotype (rr) with respect to restorer gene. If male parent is RR, F1 progeny would be 

fertile (Rr). On the other hand if male parent is rr, the progeny would be male sterile. If F1 individual (Rr) 

is test crossed, 50% fertile and 50% sterile progeny would be obtained. 

 Male sterility is very important in hybrid seed production. 

  

Genetic Maternal effects 

Genetic maternal effects are produced due to influence of mother’s nuclear genotype on the 

phenotype of its progeny and lasts for one generation only. 

In cytoplasmic inheritance, the genes for a characteristic are inherited from only one parent, 

usually the mother. In genetic maternal effect, the genes are inherited from both the parents, but the 

offspring phenotype is determined not by its own genotype but by genotype of its mother. 

A male does influence the phenotype of the F2 generation; by contributing to the genotype of the 

daughters, he affects the phenotype of their offspring. Genes that exhibit genetic maternal effects are, 

therefore, transmitted through males to future generations. In contrast, genes that exhibit cytoplasmic 

inheritance are always transmitted through only one of the sexes (usually the female). 

e,g, coiling of shell in snail (Limnaea peregra).  

 In snails coiling of shell can be dextral (coiling to the right) or sinistral (coiling to the left). The 

direction of coiling is genetically controlled, the dextral coiling depends upon dominant allele ‘D’ and 

sinistral coiling depending upon recessive allele ‘d”, so that, genotype of dextral is ‘DD’ and that of 

sinistral is ‘dd’. 

 

 



 

Results in F1, F2 and F3 from a cross between ♀ Dextral (DD) x ♂ Sinistral (dd) and its reciprocal 

cross i.e. ♀ Sinistral (dd) x ♂ Dextral (DD) 

                       Cross  

[♀ Dextral (DD) x ♂ Sinistral (dd)] 

              Reciprocal Cross  

[♀ Sinistral (dd) x ♂ Dextral (DD)] 

P      ♀ Dextral (DD) x ♂ Sinistral (dd) 

                                ↓ 

F1                    Dd (Dextral) 

P      ♀ Sinistral (dd) x ♂ Dextral (DD) 

                                ↓ 

F1                         Dd (Sinistral) 

 

(F1 x F1) ♀ Dd      x       ♂ Dd  

               Dextral             Dextral 

                             ↓ 

F2      DD       Dd            Dd             dd 

      Dextral    dextral     dextral       dextral 

          ↓            ↓              ↓               ↓ 

F3  Dextral    dextral    dextral        Sinistral 

 

(F1 x F1) ♀ Dd      x       ♂ Dd  

               Sinistral             Sinistral 

                             ↓ 

F2      DD       Dd            Dd             dd 

      Dextral    dextral     dextral       dextral 

          ↓            ↓              ↓               ↓ 

F3  Dextral    dextral    dextral        Sinistral 

 

 Here, the phenotype of progeny obtained from a cross [♀ Dextral (DD) x ♂ Sinistral (dd)] and 

its reciprocal cross [♀ Sinistral (dd) x ♂ Dextral (DD)] is determined by the genotype and not by the 

phenotype of the female parent. In reciprocal crosses shown above, it is evident that the genotype Dd in 

F1 can be dextral as well as sinistral depending upon the genotype of female parent. Similarly, dd can be 

dextral, if genotype of female parent carries dominant allele (Dd).  

 It should be carefully noted here, that phenotype of female parent does not have any effect on 

phenotype of progeny, it is the genotype of female parent, which is really decisive. 

Important features of cytoplasmic inheritance 

1. There are distinct differences between progeny from reciprocal crosses. 

2. Lack of segregation in F2 and subsequent generations. This is because the F1 individuals 

generally receive plasma genes from one parent only. 

3. In many cases there is somatic segregation. 



Quantitative Inheritance 
The classical Mendelian traits are qualitative in nature i.e. these traits can be easily classified 

into distinct phenotypic categories called discrete phenotypes (discontinuous variability). These are 
under genetic control of only one or a very few genes with large, easily detectable effects. These 
genes are known as oligogenes. 

The characters governed by oligogenes show distinct classes and are known as qualitative 
characters. These characters are little or not affected by the environment. 

In contrast to this, the variability exhibited by many agriculturally important traits fails to fit into 
separate phenotypic classes, but instead formed a spectrum of phenotypes i.e. they show continuous 
variation. 

These characters are governed by many genes (perhaps 10 to 100 or even more) with small 
individual effects. These genes are known as polygenes. The characters produced by polygenes are 
referred to as quantitative characters because they do not show clear cut classes and have to be 
studied by measurements. These traits are very much affected by the environment. 

Many economically important traits such as body weight gain, plant height, egg or milk 
production records, yield etc. are quantitative traits with continuous variability. 

So, the two characteristic features of quantitative characters are: 
(i) Continuous variation and  
(ii) A marked influence of environment on their expression. 
But quantitative traits are heritable and their inheritance follows the same Mendelian 

principles, which were developed for qualitative characters showing discontinuous variation. 
Chromosome regions containing genes that interact with environmental factors and influence a 

quantitative trait are termed as quantitative traits loci (QTLs). 
Differences between qualitative and quantitative characters 

Qualitative traits Quantitative traits 
1. Characters of kind 1. Characters of degree 
2. Show discontinuous variation; discrete phenotypic classes 2. Continuous variation; phenotypic measurement form a spectrum (Normal distribution). 
3. Single gene effect discernible 3. Polygenic control; effect of single gene too slight to be detected. 
4. Concerned with individual matings and their progeny 4. Concerned with a population of organisms consisting of all possible kinds of matings 
5. Analysed by making counts and ratios 5. Statistical analysis (estimated by population 



parameters such as the mean and standard deviation). 
6. Not influenced/affected by the environment 6. Highly affected by the environment 
e.g. seed shape, Seed colour etc. e.g. Yield, plant height etc. 

 
The Multiple Factor Hypothesis 
 The multiple factor hypothesis was originally postulated by Yule in 1906. But experimental 
evidence for the existence of multiple factors was provided by Nilsson Ehle (a Swedish botanist) in 1908; 
therefore, Nilsson Ehleis credited with concept of multiple factor inheritance.  
 According to this hypothesis, a character is governed by several genes; the positive alleles of 
all the genes governing the trait are similar to each other in their action (effect), and their effects are 
additive or cumulative in nature 
e.g. Kernel (grain) colour in wheat 
 Nilsson Ehle crossed two varieties of wheat, red and white in colour and found that all the F1 
offsprings were intermediate between red and white i.e medium red colour, showing that red is 
incompletely dominant over white. 
 When the F1 hybrids were self fertilized (F1x F1), the F2 progenies or offsprings showed a ratio 
of 15 red to 1 white. The red progenies, however, varied in shade from dark red to pink. The ratio 15 : 1 
clarify that this was dihybrid cross in which two identical genes were involved for producing the red 
colour 

Parents  Dark Red x  White 
Genotypes R1R1R2R2  r1r1r2r2 
Gametes  R1R2   r1r2 

     ↓   
F1         R1r1R2r2   Medium red 

     ↓ self fertilized  
F2       15 red : 1 white 

       1 : 4 : 6 : 4 : 1 
Genotypic and phenotypic frequencies produced by the segregation of two genes, R1 and R2 with cumulative effect for seed colour in wheat. 
Genotype (s) Genotypic Frequency Number of positive alleles Phenotype (s) Phenotypic Frequency 
R1R1R2R2 1 4 Dark red 1 
R1r1R2R2 2 3   
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R1R1R2r2 2 3 Medium dark red 4 
R1r1R2r2 4 2  

Medium red 
 

6 R1R1r2r2 1 2 
r1r1R2R2 1 2 
R1r1r2r2 2 1  

Light red 
  
 4 r1r1R2r2 2 1 

r1r1r2r2 1 0 White 1 
 
 Thus, red seeds from crosses showing 15 : 1 ratio could be classified into four distinct classes on 
the basis of colour intensity; these classes were dark red, medium dark red, medium red and light red 
and they were present in a ratio of 1 : 4 : 6 : 4 . Thus, what was apparently a 15 : 1 ratio (indicating 
duplicate gene action) turned out to be 1 : 4 : 6 : 4 : 1 ratio on a closer examination. 
 This ratio was the first clear cut demonstration of the existence of multiple factors, i.e. genes 
with small and cumulative effects, and lacking dominance. 
 In order to explain 1 : 4 : 6 : 4 : 1 ratio, Nilsson-Ehle made the following assumptions. 

1. In crosses showing 15 : 1 ratio in F2, seed colour is governed by two genes. 
2. One of the alleles of each colour gene produces seed colour and is called positive allele (denoted 

by capital letters R1, R2 etc.). The other allele of each colour gene does not produce any colour 
and is known as negative allele (denoted by corresponding small letters r1, r2 etc.). 

3. These genes do not show dominance, so that the heterozygote for a colour gene e.g. R1r1 is 
intermediate in colour between the two homozygotes. 

4. Each of these genes (positive alleles) has a small, equal or almost equal effect on seed colour. 
5. The effects of positive alleles of different colour genes are additive in the same manner as those 

of the two positive alleles of a single colour gene. Thus, the intensity of seed colour depends on 
the number of positive alleles of all the genes affecting seed colour present in a seed and not on 
which of these genes is present in the positive or the negative forms. 

 



Sex determination in plants, animals and 
human beings

• Sex in different species is basically gene determined.
The species differ with respect to the (i) number of
genes that appear to play a part, (ii) the location of
these genes (X-chromosome, Y-chromosome,
autosomes and cytoplasm).

• The genes an individual receives at the moment of
syngamy, determined which kind of gonads and
therefore, kind of gametes will be formed.

• In insects critical factor in sex determination appears
to be intracellular and in humans-hormonal.



• There are following two types of sexually reproducing plants
and animals.
(i) Monoecious: In which each individual produces two kinds
of gametes i.e. sperm and eggs. e.g. maize, squash, walnut,
oak, hazel, earthworm, jellyfish etc.

(ii) Dioecious: In which a given individual produces either
sperms or eggs. e.g. humans, mammals, birds, reptiles,
insects, papaya, marijuana, etc.

➢ In papaya three types of plants may be there.
(i) Plants bearing male flowers,
(ii) Plants bearing female flowers, and
(iii) Plants bearing hermaphrodite (i.e. male and female
both) flowers



• In dioecious organisms, the primary sex differences
concerns the kind of gametes, and the primary sex
organs by which these are produced.

• Each sex also produces many secondary sex
characters. In humans these include voice,
distribution of body fat and hair, and muscular and
skeletal structure.

• In drosophila these include the number of abdominal
segments, presence (male) or absence (female) of sex
combs etc.



Different mechanisms of sex determination

Identification of sex chromosomes

• H. Henking, a German biologist in 1891 while
studying spermatogenesis in insects noted that
half the sperms of certain insects contained an
extra nuclear structure the ‘X’ body.

• The significance of this structure was not
immediately understood.



• In 1902, these observations were verified and extended by C.E.
McClung, an American biologist.

• He made cytological observations on many different species of
grasshoppers and demonstrated that the somatic cells in the
female grasshopper carry a different chromosome number (24)
than do corresponding cells in the male (23).

• He followed the X body in spermatogenesis but did not
succeed in tracing the oogenseis of the female grasshopper.

• Three years later in 1905, Wilson and Stevens succeeded in
following both oogenesis and spermatogenesis in several
insects.

• They realized that X body was a chromosome, so ‘X’ body
became known as X chromosome.



XX-XO mechanism of sex determination 

• In many insects, notably from the genus
Protenor there is a chromosomal difference
between the sexes i.e. females are referred to as
XX (having two X chromosomes) and males are
XO (having one X chromosome).

• As a result of meiosis, all the eggs of such
species carry an X chromosome but only half the
sperms have one X and other half has none.

e.g. In animals-most Orthoptera, cockroaches,
grass hoppers, nematodes, beetles and in
plants- Valissnera spiralis.



The sex determination of progenies will be as follows.

• Parents ♀ XX x ♂ XO

• Gametes X X ↓ X O

• Progeny XX XX XO XO

♀ ♀ ♂ ♂



XX-XY mechanism of sex determination

• In 1905, Wilson and Stevens found a different arrangement
in other insects.

• In such cases, females were again XX, but male had in
addition to one X chromosome, an odd one of different
size, which was called the Y- chromosome;

• Thus males were XY. So, as a result of meiosis all the eggs of
such species carry an X chromosome, but half of the
sperms carry an X chromosome and the other half a Y
chromosome.

• This type of system occurs in a wide variety of animals
including Drosophila and mammals including humans as
well as in some plants (e.g. the angiosperm genus Lychnis)



The sex determination of progenies will be as follows.

• Parents ♀ XX x ♂ XY

• Gametes X X ↓ X Y

• Progeny XX XX XY XY

♀ ♀ ♂ ♂



• A distinction can thus be made between the X and Y
chromosomes, associated with sex and those that are alike
in both sexes.

• The X and Y chromosome are called sex chromosomes
(allosomes); the remaining ones of a given complement,
which are same in both sexes, are called autosomes.

• In both the XX-XO system and XX-XY system, all the eggs
have one X chromosome, whereas, sperms are of two kinds,
X and O or X and Y.

• Both eggs and sperms have the same number of autosomes.
In each case the male is heterogametic sex (producing two
kinds of sperms), whereas the female is homogametic sex
(producing only one kind of eggs).



ZW-ZZ mechanism of sex determination

• A major type of chromosomal difference between
the sexes is one, in which female is heterogametic
and the male is homogametic.

• The sex chromosomes in this case are designed as
Z and W to avoid confusion with instances in
which the female is homogametic.

• Thus, Females are ZW and males are ZZ.
e.g. birds (including domestic fowl), butterflies,
moths and some fishes.



Haplodiploidy mechanism of sex determination

• Some insects possess haplodipoloid sex
determination mechanism, in which males develop
from unfertilized eggs and are haploid; females
develop from fertilized eggs and are diploid.
e.g. some insects in order Hymenoptera (bees, wasp
and honeybees).

• In honeybees drones (males) have 16 chromosomes,
while queen bee and workers have 32 chromosomes.

• The diploid zygote can differentiate into either
workers (sterile) and queens (fertile) depending on
the diet they consume.



Sex  of the progeny in honeybees is determined as follows.

Parents  Female Male

(32 chromosomes) (16 chromosomes)

↓Meiosis ↓Mitosis

Gametes 16 chromosom 16 chromosome →Fertilization   16 chromosome

↓ ↓

F1 Male Female

(16) (32)



Compound sex chromosomes

• Although X chromosome is most commonly found as a single
chromosome or single homologous pair of chromosomes, but some
species maintain compounds of more than one kind of X
chromosomes, that act as a sex determining group.

• In such species there may be large differences in the number of
chromosomes between males and females.
e,g. in the nematode Ascaris incurva, the number of autosome pairs
is 13 and the number of compound X chromosomes is 8. A male
contains 35 chromosomes (i.e. 8X + Y + 26A), therefore, it will form
two types of gametes, i.e. (8X + 13A) = 21 chromosomes and (Y +13
A) = 14 chromosomes. But females have 42 chromosomes (i.e. 16 X +
26A), and in female only one type of gametes are formed i.e. (8X +
13A).

➢ So, sex of the progeny is determined as follows.
• egg (8X + 13A) + sperm (8X + 13A) = (16X + 26 A)= female, 2n = 42
• egg (8X + 13A) + sperm (Y + 13A) = (8X + Y + 26 A)= male, 2n = 35



Genic balance concept or X-autosomal balance system 
of sex determination

• This type of system is found in Drosophila
melanogaster (Fruit fly).

• The drosophila has eight chromosomes; three pairs of
autosomes and one pair of sex chromosomes. Thus, it
has one set of autosomes and a sex chromosome
inherited from each parent.

• Normally, females have two X chromosomes and males
have one X chromosome and a Y chromosome.

• However, the presence of Y chromosome does not
determine maleness in Drosophila; instead each fly’s
sex is determined by a balance between genes on the
autosomes and genes on the X chromosome.

• This type of sex determination is called genic balance
system.



• In this system, a number of genes seem to influence
sexual development.

• The X chromosome contains genes with female producing
effects (genes for femaleness), whereas the autosomes
contain genes with male producing effects (genes for
maleness).

• The sexual phenotype of a Drosophila is determined by
the ratio of the number of X chromosomes to the number
of haploid sets of autosomal chromosomes (i.e. X/A ratio).

➢ Balance theory of sex determination was given by C.B
Bridges in 1975. When he crossed a triploid (3n) female
with a normal male he observed many combinations of
autosomes and sex chromosomes in the offsprings as
follows.



Chromosome complements and sexual phenotype in Drosophila

Sex chromosome 

complement

Hapoloid sets of 

autosomes

X : A 

(X/A ratio)

Sexual phenotype

XX AA 1.0 Female (normal)

XY AA 0.5 Male (normal)

XO AA 0.5 Male (sterile))

XXY AA 1.0 Female (normal)

XXX AA 1.5 Meta female

XXXY AA 1.5 Meta female

XX AAA 0.67 Intersex

XO AAA 0.33 Meta male (weak & Sterile)

XXXX AAA 1.3 Meta female



• An X:A ratio of 1.0 produces a female fly; an X:A ratio
of 0.5 produces a male.

• If the X:A ratio is less than 0.5, a male phenotype is
produced, but the fly is weak and sterile (i.e. meta
male).

• An X:A ratio between 0.5 and 1.0 produces an intersex
fly, with a mixture of male and female characteristics.

• If the X:A ratio is greater than 1.0, a female phenotype
is produced, but his fly (meta female) has serious
developmental problems and many never emerged
from the pupal case.



• From the above table, it is clear that normal females have
two X chromosomes and two sets of autosomes (XX, AA)
and so their X:A ratio is 1.0. Males on the other hand
normally have a single X and two sets of autosomes (XY, AA)
and so their X:A ratio is 0.5.

• Flies with XXY sex chromosomes and two sets of autosomes
(an X:A ratio of 1.0) develop as fully fertile females, in spite
of the presence of Y chromosome.

• Flies with only a single X and two sets of autosomes (XO, AA,
X:A ratio of 0.5) develop as males, although they are sterile.

➢ These observations confirm that the Y chromosome does not
determine sex in the drosophila. However, it is required for
male fertility.



Sex determination in human beings

• In both Drosophila and humans females have XX sex
chromosomes and normal males have an XY sex
chromosome composition.

• It appears that in both species the genes for the
femaleness are on the X chromosome and the genes
for the maleness are on the Y chromosome, but this is
not the case.

➢ In humans (mammals), the presence of a Y
chromosome is required for the development of a
male sex phenotype, but in drosophila Y chromosome
plays no significant role in the sex determination and
it is required only for male fertility.



• Irregular sex chromosome compositions are fairly common
in humans.

• Surprisingly, X chromosomes present in any number (e.g.
XXX or XXXX) in the absence of a Y chromosome give rise to
a female sex phenotype.

• A Y chromosome is required for maleness; moreover, the
presence of a single Y chromosome is sufficient for
maleness even in the presence of several X chromosomes
(e.g. XXXXY).

➢ The gene on the Y chromosome in humans that is
responsible for the development of testes is called TDF
(Testes Determining Factor).



The sex chromosomes in humans

X chromosome
• The human X chromosome is sub-metacentric and

intermediate in length.
• In mitotic metaphase spreads, the X chromosome measures

approximately 5.0 to 5.5 µm, depending on the preparation.

Y chromosome
• The Y chromosome in most human males averages roughly

2 µm in length.
• This chromosome is, however, quite variable in length

among different males. No particular phenotype or
syndrome has been associated with either a long or a short
Y chromosome.

• This chromosome is acrocentric.



Environmental Factors and Sex determination

• In some lower animals, the sex determination
is non genetic and depends on factors in the
external environment.

➢Males and females have similar genotypes,
but stimuli from environmental sources
initiate development towards one sex or the
other.

e.g. (1) In marine worm Bonellia viridis



• In this worm, males are small and degenerate and live
within the reproductive tract of the larger females.

• All organs of the male body are degenerate except
those of the reproductive system.

• Baltzer found that any young worm reared from a
single isolated egg became a female.

• If newly hatched worms are released into water
containing mature females, some young worms were
attracted to females and became attracted to the
female proboscis (elongated part of the mouth of
certain insects).

• These were transformed into males and eventually
migrated to the female reproductive tract, where they
became parasites.



• e.g.(2) In some reptiles, the temperature at which
the fertilized eggs are incubated prior to hatching
plays a major role in determining the sex of the
offsprings.

• Surprisingly, high temperatures during incubation
have opposite effects on sex determination in the
different species.

➢ e.g. in the turtle Chrysema picta, high egg
incubation temperature (30-350C) results in the
production of mostly female progeny, whereas, in
the lizard Agama agama, high incubation
temperature results in mostly male offsprings.



Sex determination in human beings

• In both Drosophila and humans females have XX sex
chromosomes and normal males have an XY sex
chromosome composition.

• It appears that in both species the genes for the
femaleness are on the X chromosome and the genes
for the maleness are on the Y chromosome, but this is
not the case.

➢ In humans (mammals), the presence of a Y
chromosome is required for the development of a
male sex phenotype, but in drosophila Y chromosome
plays no significant role in the sex determination and
it is required only for male fertility.



• Irregular sex chromosome compositions are fairly common
in humans.

• Surprisingly, X chromosomes present in any number (e.g.
XXX or XXXX) in the absence of a Y chromosome give rise to
a female sex phenotype.

• A Y chromosome is required for maleness; moreover, the
presence of a single Y chromosome is sufficient for
maleness even in the presence of several X chromosomes
(e.g. XXXXY).

➢ The gene on the Y chromosome in humans that is
responsible for the development of testes is called TDF
(Testes Determining Factor).



The sex chromosomes in humans

X chromosome
• The human X chromosome is sub-metacentric and

intermediate in length.
• In mitotic metaphase spreads, the X chromosome measures

approximately 5.0 to 5.5 µm, depending on the preparation.

Y chromosome
• The Y chromosome in most human males averages roughly

2 µm in length.
• This chromosome is, however, quite variable in length

among different males. No particular phenotype or
syndrome has been associated with either a long or a short
Y chromosome.

• This chromosome is acrocentric.



Environmental Factors and Sex determination

• In some lower animals, the sex determination
is non genetic and depends on factors in the
external environment.

➢Males and females have similar genotypes,
but stimuli from environmental sources
initiate development towards one sex or the
other.

e.g. (1) In marine worm Bonellia viridis



• In this worm, males are small and degenerate and live
within the reproductive tract of the larger females.

• All organs of the male body are degenerate except
those of the reproductive system.

• Baltzer found that any young worm reared from a
single isolated egg became a female.

• If newly hatched worms are released into water
containing mature females, some young worms were
attracted to females and became attracted to the
female proboscis (elongated part of the mouth of
certain insects).

• These were transformed into males and eventually
migrated to the female reproductive tract, where they
became parasites.



• e.g.(2) In some reptiles, the temperature at which
the fertilized eggs are incubated prior to hatching
plays a major role in determining the sex of the
offsprings.

• Surprisingly, high temperatures during incubation
have opposite effects on sex determination in the
different species.

➢ e.g. in the turtle Chrysema picta, high egg
incubation temperature (30-350C) results in the
production of mostly female progeny, whereas, in
the lizard Agama agama, high incubation
temperature results in mostly male offsprings.



Sex linkage, Primary and secondary nondisjunction of 
sex chromosomes

Sex linked inheritance

• Genes other than the sex determinants are also
located on the X chromosome. Because of their
location on the same chromosome as sex
determinants they are said to be sex linked genes.

• Males and females differ in their sex chromosomes,
so the pattern of inheritance of sex linked
characteristics differ from that exhibited by genes
located on the autosomal chromosomes/autosomes.



Morgan,s discovery of sex linkage in Drosophila

• T.H. Morgan (1910) for the first time provided the evidence for sex
linkage with the discovery of a white eyed mutant in Drosophila.

• A gene has undergone a change due to which a white eyed
mutant was produced rather than the normal red eyed individual.

• The white eyed male first discovered was mated with a red eyed
female.

• The F1 flies were all red eyed, but the F2 included both red and
white flies in the proportion of about 3 red to 1 white.

• All the white eyed flies in the F2 generation, however, were males.
• About half of the F2 males had white eyes and half had red eyes,

but all females had red eyes.
• In this experiment, recessive allele was expressed only in males.

➢ On the basis of his observations, Morgan concluded that the gene
controlling the white eyed trait was associated with X
chromosome.



Parents +ǀ ǀ+
Normal female

(Red eyed)

X wǀ Γ
White eyed male

Gametes All   +ǀ ↓ wǀ Γ

F1 +ǀ ǀw
Norma female

(Red eyed)

+ǀ Γ
Normal male (all 

red eyed)

F1 x F1 +ǀ ǀw
Carrier female

(Red eyed)

X +ǀ Γ
Normal male 

(red eyed)

Gametes +ǀ wǀ +ǀ Γ



F2 generation

Gametes ♂

♀
+ǀ Γ

+ǀ +ǀ ǀ+
Norma female

(Red eyed)

+ǀ Γ
Normal male 

(red eyed)

wǀ +ǀ ǀw

Female

(Red eyed)

wǀ Γ
white eyed male

In F2 generation: 3 red : 1 white



• Because. the male fly had only one X chromosome and a Y
chromosome, that lacked most genes of X, it was postulated that
the allele for white eyes was hemizygous (i.e. only one allele of a
pair is present) and thus expressed.

• Furthermore, the mutant allele present in X chromosome of the
original white eyed male was passed on to his daughters (he
transmitted a Y chromosome to his sons). All the daughters,
therefore, were carriers of the allele.

• The F2 hemizygous males obtained their X chromosome from the
heterozygous mothers. Half received the ‘w+’ allele and
developed red eyes, and half received the ‘w’ allele and
developed white eyes.

➢ The equal proportion of red eyed and white eyed F2 males was
thus, explained on the basis of segregation of X chromosomes
from the F1 mothers.



• Hemizygous: A diploid organism having only
one copy of a gene in place of normal two
copies. e.g. in case of sex linkage and in
deletion heterozygotes.

• Carrier: A person or organism that has
inherited a genetic trait or mutation, but
displays no symptoms.



Sex linkage in human beings
• In human beings there are 46 chromosomes (23 pairs) present in

each somatic cell.

• In female, there are 22 pairs of autosomes and one pair of X
chromosomes (22 pairs A + XX) and in male, there are 22 pairs of
autosomes and one X and one Y chromosome (22 pairs A + XY).

• Since, female will produce only one type of gamete, gametes from
male individuals will determine the sex of the progeny. Sex linked
characters in human beings will, therefore, follow the same
pattern as in case of Drosophila.

➢ In human beings there are following two important sex linked
disorders.

(i) Colour blindness
(ii) Haemophilia



Colour blindness

• Human beings suffering from this disorder are unable to
differentiate between red and green colour.

• The gene for this red green colour blindness is located on
the X chromosome.

• Colour blindness is recessive to normal vision, so that, if a
colour blind man marries a girl, who is normal
(homozygous) for this character, sons will be normal, but
daughters will be carriers (heterozygous, normal
phenotype).

• If such a carrier girl marries a man who is colour blind,
50% of the female progeny and 50% of male progeny
would be colour blind.



Haemophilia

• Individuals suffering from this disease lack a
factor responsible for clotting of blood.

• Consequently, even a minor cut may cause
prolonged bleeding leading to death.

• Since, it is a recessive character, a lady may carry
the disease and would transmit the disease to
50% of her sons, even if father is normal.



Characteristics of sex linked genes

• (i) They follow the criss-cross pattern of
inheritance, means that traits appearing in
males are transmitted (unexpressed) through
their daughters to the males in next
generation, where they are expressed (i.e.
Father → daughters → grandsons).

e.g. colour blindness in human beings.



Parents +ǀ ǀ+
Normal female

X rgǀ Γ
Colour blind

male

Gametes All   +ǀ ↓ rgǀ Γ

F1 +ǀ ǀrg
Carrier female

+ǀ Γ
Normal male 

F1 x F1 +ǀ ǀrg
Carrier female

X +ǀ Γ
Normal male

Gametes +ǀ rgǀ +ǀ Γ



F2 generation

Gametes ♂

♀
+ǀ Γ

+ǀ +ǀ ǀ+
Norma female

+ǀ Γ
Normal male 

rgǀ +ǀ ǀrg

Carrier Female

rgǀ Γ
colour blind male

In F2 generation: (50% normal male, 50% colour blind male, 50% 
Normal female and 50% carrier female)



(ii) The traits occur much more frequently in
males than in females.

(iii) An X-linked allele is never transmitted
directly from father to son.

(iv) All affected females have an affected
father and a carrier or affected mother.



Deleterious recessive sex linked genes in humans

(1) Congenital hyperuricemia (Lesch-Nyhan Syndrome)

• It is characterized by excess production of uric acid, is
inherited through a sex linked recessive gene.

• It means that, the mother contributes the X chromosome
with the defective gene to a male zygote. Half of the male
children of carrier mothers are expected to inherit the
disease.

➢ Infants who receive the gene appear normal at birth and for
several months. Death, which is often secondary to severe
renal and neurological damage, usually occurs, within a few
years, but some victims live into their twenties.



(2) Duchene muscular dystrophy (DMD)

• This disease affects males, usually before they reach
their teens, with muscular deterioration that
progresses rapidly during the early teen years.

• Children usually become paralysed and die before
age of 21.



(3) Hunter syndrome

• It is characterized by mental retardation, coarse
features, hirsutism (abnormal hairiness) and a
characteristic facial appearance that includes a
broad bridge of the nose and large protruding
tongue.

• Techniques for diagnosing this disease in fetus are
available (by amniotic fluid).



Primary and Secondary nondisjunction of the 
sex chromosomes

➢Nondisjunction is the failure of chromosome
pairs to separate during meiosis stage I or
meiosis stage II, specifically in the anaphase.



Primary nondisjunction of the sex 
chromosomes

• Calvin Bridges in the year 1913 found that, when he crossed a white
eyed female (Xw Xw) with a red eyed male (X+ Y) about 2.5% of the
male offspring had red eyes and about 2.5% of the female offspring
had white eyes.

• In this cross, every male fly should inherit its mother’s X
chromosome (Xw Y) with white eyes. Every female should inherit a
dominant red eye allele on its father’s X chromosome, along with a
white eye allele on its mother’s X chromosome i.e. X+ Xw and have
red eyes. The appearance of red eyed males and white eyed females
in this cross was, therefore, unexpected.

➢ To explain this, the Bridges hypothesized that occasionally, the X
chromosomes in females fail to separate in anaphase I of meiosis.
Bridges termed this failure of chromosomes to separate as
nondisjunction. When nondisjunction occurs, some of the eggs
receive two copies of the X chromosome and others do not receive
an X chromosome as follows.



Dosage Compensation

• The presence of different number of X chromosomes in
males and females present a special problem in
development.

• Because females have two copies of every X linked gene
and males possess only one copy, the amount of gene
product (protein) from X linked genes would normally
differ in the two sexes; females would produce twice as
much gene product as males.

• This difference could be highly detrimental because
protein concentration plays a critical role in development.

• Animals overcome this potential problem through dosage
compensation.



➢In fruit flies (Drosophila), dosage
compensation is achieved by doubling of the
activity of the genes on X chromosome in the
male.

➢In placental mammals genes on one of the X
chromosomes in the female are completely
inactivated at random, early in embryonic
development.



• Murray Barr in 1949, observed condensed, densely
staining bodies in the nuclei of cells from female cats,
this densely staining structure became known as a
‘Barr’ body.

• Mary Lyon (1961) proposed that the Barr body was an
inactive X chromosome; her hypothesis to explain
dosage compensation is known as Lyon hypothesis.

➢ She suggested that, within each female cell, one of the
two X chromosomes become inactive, which
chromosome is inactivated is random. As a result of X
inactivation, females are functionally hemizygous at
the cellular level for X linked genes.



Sex influenced and sex limited traits 
Sex influenced genes 
 Sex influenced genes are those autosomal genes whose dominance is influenced by the sex of 
the bearer. Characters governed by these genes are known as sex influenced characters. 
 Sex influenced characteristics are determined by autosomal genes and are inherited according 
to Mendel’s Principles, but they are expressed differently in males and females. The trait has higher 
penetration in one of the sexes. 
e.g. (1) Horn character in sheep 

Genotype (s) Phenotype (s) 
Male Female 

HH (Dooreset breed) Horned Horned 
Hh (heterozygous) Horned Hornless 
hh (Suffolk breed) Hornless Hornless 

 Among Doorset breed of sheep both sexes are horned, and the gene for horned condition is 
homozygous (HH) in all animals of the breed. In Suffolk breed, neither sex is horned, and the genotype is 
hh. Among the heterozygous (Hh) F1 progeny from crosses between these two breeds, horned males 
and hornless females are produced. 
 Because in heterozygous condition both sexes are genotypically alike (Hh), the gene must 
behave as dominant in males and as a recessive in females i.e. only one allele is required for the 
expression in the male, but the allele must be homozygous (HH) for expression in the females. 
Dominance of the genes is apparently influenced by sex hormones. 
e.g. (2) Pattern of baldness in humans 

Genotype (s) Phenotype (s) 
Male Female 

BB Bald Bald 
Bb Bald Not bald 
bb Not bald Not bald 

 Gene ‘B’ behaves as dominant in males and as recessive in females. It appears to exert its effect 
in the heterozygous condition only in the presence of male hormones. 
 
 
 



Sex limited genes 
 Sex limited genes are those autosomal genes whose phenotypic expression is determined by 
the presence or absence of one of the sex hormones. Their phenotypic expression is thus limited to one 
sex or the other. The characters governed by these genes are known as sex limited characters. 
e.g.(1) In case of domestic fowl, males and females may exhibit pronounced differences in plumage. 
Males have long, pointed, curved, fringed feathers on tail and neck, but females have shorter, rounded, 
straighter and without the fringe feathers. Thus, males are known as cock feathered and females are 
hen feathered.  
 It has been shown that feathering type depends on a single pair of alleles H and h in the 
following manner. 

Genotype (s) Phenotype (s) 
Female Male 

HH (Sebright bantams)) Hen feathered Hen feathered 
Hh (Hamburgs & Wyandotte) Hen feathered Hen feathered 

hh (Leghorn) Hen feathered Cock feathered 
 Thus, Sebright bantams are all HH, Hamburgs and Wyandottes may be H_ or hh, and Leghorns 
are all hh. Cock feathering, where, it occurs is limited to male sex. 
e.g.(2) Milk production in mammals is limited to females, but certain bulls are in great demand among 
dairy breeders and artificial insemination associations, because their mothers and daughters have 
increased milk production records. 
 Genes for milk production are carried by both males and females, but they express in females 
only. i.e. they express only in presence of a certain level of hormones. 
 
Holandric genes 

Holandric genes are those genes that occur on the Y chromosome only and, therefore, are not 
expressed in females.  
e.g. (i) Genes controlling spermatogenesis are on the long arm of Y chromosome. 
(ii) Male fertility factor on the Y chromosome of Drosophila. 
(iii) Histocompatibility (H_Y antigen) antigen genes have been located on the Y chromosome in humans, 
mouse and guinea pigs. 
 Such Y linked genes would be transmitted directly from father to son and will never be 
appearing in females. Y linkage is very rare in higher animals particularly mammals. 



 
Gynandromorphs/sexual mosaics 
 Abnormal chromosomal behavior in insects can result in the formation of gynandromorphs or 
sexual mosaics. 
 In gynandromorphs some parts of the animal body are like female and other parts are like 
male. e.g. in Drosophila, gynandromorphs are believed to result due to loss of an X chromosome in a 
particular cell during development. 
 If this happens during first mitotic division of zygote, then one of the two cells of the two celled 
proembryo will have  chromosome constitution 2A + XX with X/A ratio 1.0 (i.e. female) and other cell will 
have chromosome constitution 2A + X with X/A ratio of 0.5 (i.e. male). The fly derived from such a 
situation will have half of its body as female and other half as male. 
 
 
  
 



Gene mapping

It is the process of locating the gene on the chromosome in linear order. It is 

done on the basis of recombination/ crossing over frequency. The crossing 

over frequency is converted to map distance (cM). Three point test cross 

data is required. 



Types of crossing over:
Single cross over: Crossing over takes place only once between two genes. There is
formation of single chiasmata.

Double cross over: Occurrence of two crossing over events simultaneously in an
adjoining region. Two chiasma are formed at two different points. The product of double
cross between two alleleic pairs is non-detectable because it results in development of
parental type. It can be detected if a third pair is included in the same segment with the
help of new genetic combinations. As a result of double cross over the position of the
middle gene in the sequence of genes has been changed when compared with the
parental gene sequence.



Three Point test cross:
In three points test cross three allelic pairs are taken on the segment of chromosome. The
crossing over frequencies are calculated pair-wise and these frequencies are utilized to
locate genes on the chromosome with their map distance.

Steps in genetic map preparation:

1. Identification of parental type and double cross over type
The maximum frequency was observed for parental type and least would be for the
double cross over type.
2. Find out the gene order by shuffling the position of each gene.
Write down the parental gene sequence and double cross over gene sequence. In double
cross over sequence shuffle the position of each gene one by one. The gene who’s
shuffling gives you the parental gene sequence will be in the middle. Once the middle
gene has been identified, rest two can be placed on either side.
3. Now write down the correct gene order. Make the cross between pair of genes and
calculate the crossing over frequency using formulae
4. Convert the crossing over frequency in the map unit (cM). Construct the genetic map 
by placing the gene in the correct order with the distance between them.
5. Calculate interference and coincidence.



In drosophila the mutant gene vg+ (normal wing) is dominant over vg (vestigial wings), 
b+= normal body is dominant over b= black body and pr+= normal eyes is dominant over 
pr= purple eyes. These genes are present on chromosome 2. The data given are test cross 
values and involved segregation of 3 mutant recessive alleles in drosophila.

1 Normal vg+ b+ pr+ 1709

2 vestigial wings, black body & purple eyes vg b pr 1554

3 normal wing, black body & purple eyes vg+ b pr 242

4 vestigial wings, normal body & normal eyes vg b+ pr+ 231

5 Normal wings, black body & normal eyes vg+ b pr+ 131

6 vestigial wings, normal body & purple eyes vg b+ pr 118

7 vestigial wings, black body & normal eyes vg b pr+ 6

8 Normal wings, normal body & purple eyes vg+ b+ pr 9

9 Total 4000

Q1. Identify the parental and double cross over types and write gene order
Q2. Find out the crossing over frequencies and prepare genetic map.
Q3. Calculate coefficient of coincidence and interference. 



Identification of parental and double cross over type
Parental type = Maximum frequency = vg+ b+ pr+ (1709) and vg b pr (1554),
Double cross over = Least frequency = vg b pr+ (6) and vg+ b+ pr (9)

2. Find out the gene order

Double cross over type gene order

(a) Shuffling of vg gene

(b) Shuffling of b gene



(c) Shuffling of pr gene

In the third situation after shuffling of pr gene in double crossover gene sequence, the 
parental combination has
been achieved. That means the pr gene must be in the middle position (in double cross over 
the position of middle gene has been changed with respect to the parental gene sequence).

So gene order may be either vg-------pr---------b or b--------pr----------vg

Find out the map distance
For that crossing over frequency has to be calculated between pair of genes. Write the 
parental gene sequence
in correct order and after that calculate crossing over frequency
a) Crossing over frequency between vg and pr



Crossing over frequency between vg and b

= 6.6%



Therefore, the genetic map will be
The crossing over frequency between vg and pr = 12.2% or 12.2cM
The crossing over frequency between vg and pr = 6.6% or 6.6cM

12.2 cM                6.6 cM
vg---------------------pr----------------b

Expected double cross over = (single cross over between vg and pr) × (single cross over 
between pr and b)





Mitosis and meiosis



Why do cells divide? 

• Growth

• Repair

• Reproduction

Mitosis: Equational Division, 2 daughter nuclei, Somatic cells 

For growth and repair.

Meiosis: Reduction division (half chromosome complement), 4 

daughter nuclei, Reproductive cells

Maintain consistency of chromosome number



Cell Cycle

Cell cycle

Interphase 

Divisional 

phase



Interphase: It is the longest phase of the cell cycle and occurs in

between telophase of last cycle and onset of the next prophase. Earlier

it was called as resting phase because not many cytological activities

are visible during interphase. Later on with the advancement of

microscopic techniques, it came to know that major preparation for the

divisional phase occurs during interphase so it is now called as

preparatory phase. It further divided into 3 major phase:

G1 (Gap 1) phase: It is a pre-DNA replication stage and it occurs

between telophase of the previous cycle to S phase of the current

cycle. It takes ~40-50% time of the total cell cycle. Protein and RNA

synthesis takes place. All the enzymes required in S phase are formed.

Cell increases its biomass.

S (Synthesis) phase: It occurs in between S to G2 phase and takes

~30-35% time of the total cell cycle. DNA synthesis takes place (n- 2n).

Almost all the histones are synthesized during this stage.

Chromosomes get replicated. The total DNA content becomes 4C from

2C.



Divisional phase M (Mitosis) : 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

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

further divided into 4 stages.

Prophase, Metaphase, Anaphase and telophase followed by division of

cytoplasm

It can be mitosis or meiosis based on site of occurrence.

G2 (Gap 2) phase: Between S and Prophase of mitosis and takes

~15-20% time of the total cell cycle.RNA, protein and component of

microtubules are synthesized. Protein synthesis: for entry of cell to

mitosis. Ribosome synthesis takes place to prevent the reverse

movement of the cell. There is increment in cytoplasmic content of cell.

G0: A phase where the cell has left the cycle and has stopped dividing

but actively doing its job.



Mitosis
Prophase

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

During the early prophase, chromosomes 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



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



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. Three major proteins are involved with the separation of sister chromatids

viz; Securin, Seperase and Cohesion. Chromosomes start movement towards the

opposite poles. These chormatids 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

Telophase

The sister chromatids

reach to opposite poles.

The uncoiling of

chromosome takes place.

Nuclear membrane and

nucleolus reform. Spindle

apparatus disappears,

Cytokinesis starts. As a

result of cytokinesis two

daughter cells are formed



Proteins involved in the separation of Chromatid

• Cohesin, Securin, Separase



Cytokinesis: The division of the cytoplasm

Animal cells:

Cleavage furrow 

Actin-myosin

Plant cells: 

Cell plate 

Kinesin-microtubules



Meiosis - Haploid Cell

Formation

• Resembles the steps of mitosis, but with key differences

• There are two consecutive cell divisions, meiosis I and

meiosis II, which results in four daughter cells

• Each final daughter cell has only half as many

chromosomes as the parent cell



Behaviour of chromosome during Meiosis

• Meiosis I – Homologous chromosomes 

separate

• Meiosis II – Sister chromatids separate



Stages of Meiosis

• Prophase I

• Chromosomes condense and homologous

chromosomes pair up (synapsis); form

tetrads

• Where homologous chromosomes are

crossed (chiasmata), segments are

exchanged (crossing over)

Stages of prophase:

1. Leptotene

2. Zygotene

3. Pachytene

4. Diplotene

5. Diakinesis



Laptotene
• Condensation: threads of DNA wrapped in nuclear proteins and 

histones gradually become visible. These threads often have "bead-
like" swellings along their length, but their significance is unknown.

• Close examination of these threads, which continue to shorten and 
thicken, shows that they are already doubled. Each half was once 
called a chromatid, and is now known to be one partner of the doubled 
DNA molecules of each chromosome made back in S-phase.

• Synizesis (Clumping of chromosomes) in plant cell.

• Polarization of chromosomes and attachement to nuclear membrane.

• Callled bouquet stage (persist untill pachytene)



zygotene
• chromosomes start to pair up with their complementary partner (the

other chromosome that is carrying the same set of genes).

• Such chromosome pairs are said to be homologous and the pair is
said to be a pair of homologous chromosomes.

• As this process of pairing continues (also called synapsis), the
homologous chromosomes come into a tighter and tighter
arrangement. It is difficult to see what the paired chromosomes are
doing if a light microscope is the only instrument used, but if these
complexes are viewed using an electron microscope, the close
association between them can be seen.

• There appears to be a thin space between the two chromosomes
which contains a multiply-threaded structure called a synaptonemal
complex. This complex extends the length of the chromosome pair
and is attached to the nuclear envelope.



Synaptonemal complex
• The synaptonemal complex is a protein structure that forms between

homologous chromosomes during meiosis and that is thought to
mediate chromosome pairing, synapsis, and recombination (crossing-
over).

• It is now evident that the synaptonemal complex is not required for
genetic recombination. Research has shown that not only does it form
after genetic recombination but mutant yeast cells unable to assemble a
synaptonemal complex can still engage in the exchange of genetic
information.

• It is currently thought that the SC functions primarily as a scaffold to
allow interacting chromatids to complete their crossover activities. The
synaptonemal complex is a tripartite structure consisting of two parallel
lateral regions and a central element.

• Three specific components of the synaptonemal complex have been
characterized: SC protein-1 (SYCP1), SC protein-2 (SYCP2), and SC
protein-3 (SYCP3). In humans, the SYCP1 gene is on chromosome 1p13;
the SYCP2 gene is on chromosome 20q13.33; and the gene for SYCP3 is
on chromosome 12q.

• The SCs can be seen with the light microscope using silver staining or
with immuno-fluorescence techniques that label the proteins SYCP3 or
SYCP2



200 nm between axial elements,

is 100 X the width of a DNA helix.

0.3% DNA get synthesized during this stage. It plays important role in 

stabilizing the chromosome pairing (synapsis).

Central 

element

Lateral 

element

Transverse 

element

http://en.wikipedia.org/wiki/File:Synaptonemal_complex.png


The synaptonemal complex (SC) was described by Montrose J. Moses in 1956

in primary spermatocytes of crayfish and by D. Fawcett in spermatocytes of

pigeon, cat and man. As seen with the electron microscope, the synaptonemal

complex is formed by two "lateral elements", mainly formed by SYCP3 and

secondarily by SYCP2, a "central element" that contains at least two additional

proteins and the amino terminal region of SYCP1, and a "central region"

spanned between the two lateral elements, that contains the "transverse

filaments" composed mainly by the protein SYCP1.

Leptotene (Axial elements begin to 

decorate chromosomal fibers )
Zygotene (Axial elements approach one another, 

becoming lateral elements )

http://www.oup.co.uk/images/best.textbooks/genesvii/gifs/new1401.GIF


Pachytene (Mature synaptonemal complexes 

consist of a pair of parallel lateral elements 

flanking a central element. The elements are 

connected by transverse fibers. )

Diplotene (Fewer nodules are 

present after desynapsis. )

Prophase of meiosis I occurs in morphologically distinguishable stages.

The width of the synaptonemal complex (SC), 200 nm between axial elements, is 100 X
the width of a DNA helix.

Electron dense regions, called nodules, form at scattered sites along the SC.

In late pachytene there are twice as many nodules as in early diplotene, but they have
different appearances, making it uncertain as to whether early nodules mature into late
ones or late nodules arise de novo.

In diplotene, chromosomes appear physically linked at chiasmata.

The number of chiasmata is approximately the same as the number of late (diplotene)
nodules.

http://www.oup.co.uk/images/best.textbooks/genesvii/gifs/new1406.GIF


• The number of late nodules is approximately the same as the number of
genetic cross-over events.

• Mutations in a gene called ZIP1 have interesting effects on the morphology of
meiosis and genetic recombination

• The width of the SC is increased by engineering the ZIP1 gene to produce a
larger protein.

• ZIP1 mutations only slightly interfere with chiasma formation and
recombination.

• ZIP1 mutations prevent mature SC formation and reduce cross-over
interference.

• Mutation in ZIP2 and ZIP3 genes prevents the initiation of the formation of
synaptonemal complexes.

• Their encoded proteins form a complex that binds to chromosomes.

• Where they are bound is where synaptonemal complex formation inititates.

• The distributions of ZIP2 loci on chromosomes suggests that these initiation
complexes interfere with binding of additional loci in their vicinity .



Pachytene
• This is one of the longest stages of Prophase-I, and during this stage the

biological information is exchanged between chromosome pairs.

• Homologous chromosomes are in a very close contact and the physical
association between the DNA molecules of the pairs of chromosomes (4 DNA
molecules in all) is very strong at certain points.

• It is believed that the act of crossing over, or the physical exchange of parts of
the chromosomes, takes place at these points of close contact during this third
stage of Prophase I.



• The"tripartite structure" is seen during the pachytene stage of the first meiotic

prophase, both in males and in females during gametogenesis. Previous to the

pachytene stage, during leptotene, the lateral elements begin to be formed and

they initiate and complete their pairing during the zygotene stage. After

pachytene ends, the SC usually becomes disassembled and can no longer be

identified.

• Formation of the SC usually reflects the pairing or "synapsis" of homologous

chromosomes and may be used to probe the presence of pairing abnormalities

in individuals carrying chromosomal abnormalities, either in number or in the

chromosomal structure. The sex chromosomes in male mammals show only

"partial synapsis" as they usually form only a short SC in the XY pair. The SC

shows very little structural variability among eukaryotic organisms despite

some significant protein differences. In many organisms the SC carries one or

several "recombination nodules" associated to its central space. These

nodules are thought to correspond to mature genetic recombination events or

"crossovers".

• In cell development the synaptonemal complex disappears during the late

prophase of meiosis I.



Diplotene
• The dissolving and break down of the synaptonemal complex, and the

separation of the individual components of the two sets of chromosomes
marks the beginning of the fourth stage, the coiling stage.

• The homologous chromosomes move apart (“desynapsis”) in such a way as to
suggest that they might even be repelling one another. But they do not
separate entirely. At scattered points along the structure the points of crossing
over still remain, and these act as "spot welds" or chiasmata, which hold all
four parts of the DNA and chromosomes together.

• Human female egg cells reach this stage in the unborn fetus, about 4 months
before delivery. Then the process is frozen in time, and nothing more happens,
often for 30 years, until the monthly ovulation when one egg cell breaks free of
the ovary and completes the meiotic sequence.



Diakinesis
• More and more packing of DNA with histones and proteins makes the

chromosomes even shorter and more densely packed. This is the
recondensation, or final stage of Prophase I. All of the chromosomes are now
at their maximum density and degree of packing, and the chiasmata move
along the length of each structure until they reach the ends of the
chromosomes, a process called terminalization. In its most extreme form the
four parts of a recondensed chromosome set may only be held together by a
few remaining chiasmata at each end.



Hypothesis of Terminalization

• Electrostatic (Darlington): Movement of chiasma is due to two

repulsion force.

– Localised repulsion (repel centromere)

– Generalised repulsion (repel entire chromosomes)

• Coiling hypothesis (Swanson): due to mechanical tension exerted

by coiling and shortening of chromosomes

• Elastic chromosome repulsion hypothesis (Ostergren): Chiasma

are pushed towards chromosomes end by repulsion force & thus the

tension caused by chiasma to the chromosomes is reduced.



Metaphase I

• The bivalents (tetrads) are arranged at the metaphase plate

• The pairs line up independently of one another (independent assortment)

• Coiling if paranemic

Anaphase I

• The homologous chromosomes

separate



• Telophase I

• Movement of homologous chromosomes continues until there is 

a haploid set at each pole.



• Prophase II

• Spindle apparatus forms, attaches to kinetochores of

each sister chromatids, and moves them around

Meiosis II: similar to mitosis



Metaphase II

• Sister chromatids arranged at the metaphase plate

Anaphase II

• Centromeres of sister chromatids separate

and travel toward opposite poles



Telophase II

• Separated sister chromatids arrive at opposite poles

• Nuclei form around the chromatids

• Cytokinesis separates the cytoplasm

• At the end of meiosis, there are four haploid daughter 

cells



Checkpoints: Quality Control of Meiosis

• It shouldn't be surprising that things can go wrong in such a

complicated process. However, cells going through meiosis

have checkpoints that monitor each pair of homologues for

• proper recombination of their DNA

• Correct formation of the synaptonemal complex

• Any failure that is detected stops the process and usually

causes the cell to self-destruct by apoptosis.

• However, despite these checkpoints, errors occasionally do go

uncorrected.



Errors in Meiosis
• 10–25% of all human fertilized eggs contain chromosome

abnormalities, and these are the most common cause of

pregnancy failure (35% of the cases).

• These chromosome abnormalities arise from errors in meiosis,

usually meiosis I;

• occur more often (90%) during egg formation than during

sperm formation;

• become more frequent as a woman ages.

• Aneuploidy is the most common chromosome abnormality. It

is caused by nondisjunction:

– homologues during meiosis I or

– sister chromatids during meiosis II

• Zygotes missing one chromosome ("monosomy") cannot

develop to birth (except for females with a single X chromosome).

• Three of the same chromosome ("trisomy") is also lethal

except for chromosomes 13, 18, and 21 (trisomy 21 is the

cause of Down syndrome).

• Three or more X chromosomes are viable because all but one

of them are inactivated



Sources of Genetic Variation

• Sexual reproduction produces variation in 

offspring

• because...

• 1.Genes coming from two individuals

• 2.Independent assortment

• 3.Crossing over

• 4.Random fertilization



Independent Assortment



Crossing Over



Random Fertilization
• Any sperm can fuse with any egg

• An ovum is one of approximately 8 million possible

chromosome combinations (actually 223 )

• The successful sperm represents one of 8 million

• different possibilities (actually 223 )

• A resulting zygote is composed of 1 of 70 trillion (223

• x 223 ) possible combinations of chromosomes from
the same two parents



Comparison of Mitosis

and Meiosis



Event/Char. Mitosis Meiosis

Prophase Short Longest (L, Z, P, D and D)

No pairing Pairing of homologous chromosomes

No synaptonemal complex synaptonemal complex

No chaisma/ no crossing over Crossing over and chaisma formation

Plectonemic coiling Paranemic coiling

Metaphase Chromosomes are arranged on 

metaphase plate

MI: Bivalents are arranged on mid plate

MII: Chromosomes are arranged

Centromeres on mid plate and 

arm towards the pole

Arms on the mid plate and centromeres

on both sides of mid plate

Sister chromatids separate MI: homologous chromosomes separate

MII: Sister chromatids separate

Anaphase Centromere divide MI: No division of centromere

MII: Centromere divide



Chromosome Morphology  

and structure



• Are structures in living cells that contain the genetic

material.

• Genes are physically located within the chromosomes.

• Biochemically, chromosomes are composed of a very long

molecule of DNA, which is the genetic material, and

proteins, which are bound to the DNA and provide it with

an organized structure.

At Molecular level DNA

• (1) the synthesis of RNA and cellular proteins, 

• (2) the replication of chromosomes, 

• (3) the compaction of chromosomes so they can fit within 

living cells, 

• (4) the proper segregation of chromosomes between 

dividing cells.



What Exactly is a Chromosome?
Chromosomes are the rod-shaped, filamentous bodies present 

in the nucleus, which become visible during cell division. 

They are the carriers of the gene or unit of heredity.

Chromosome are not visible in active nucleus 

due to their high water content, but are clearly 

seen during cell division. 

Chromosomes were first described by

Strausberger in 1875. 

The term “Chromosome”, however 

was first used by Waldeyer in 1888. 

They were given the name chromosome (Chromo = colour; 

Soma =  body) due to their marked affinity for basic dyes. 

Their number can be counted easily only during mitotic 

metaphase.



Eukaryotic Chromosomes

• Not only the genomes of eukaryotes are more complex than 
prokaryotes, but the DNA of eukaryotic cell is also organized 
differently from that of prokaryotic cells. 

• The genomes of prokaryotes are contained in single 
chromosomes, which are usually circular DNA molecules.

• In contrast, the genomes of eukaryotes are composed of 
multiple chromosomes, each containing a linear molecular of 
DNA. 



Chromosomes in eukaryotes and 

prokaryotes are different

PROKARYOTES EUKARYOTES

single chromosome plus plasmids many chromosomes

circular chromosome linear chromosomes

made only of DNA made of chromatin, a 

nucleoprotein (DNA coiled 

around histone proteins)

found in cytoplasm found in a nucleus

copies its chromosome and divides 

immediately afterwards

copies chromosomes, then the cell 

grows, then goes through mitosis 

to organise chromosomes in two 

equal groups



• A typical eukaryotic chromosome contains a single, linear,

double-stranded DNA molecule that may be hundreds of

millions of base pairs in length

• For e.g., the total extended length of DNA in a human cell is
nearly 1 m, most of the eukaryotic cell is having dia of 10-100µ
with a nucleus size of 2-4 µ in dia

• These fibers undergo folding, coiling and supercoiling

during prophase so that the chromosomes become

progressively thicker and smaller.

• Therefore, chromosomes become readily observable under

light microscope.

• At the end of cell division, on the other hand, the fibers

uncoil and extend as fine chromatin threads, which are

not visible at light microscope





• Chromosomes are composed of thin chromatin
threads called Chromatin fibers.

• The DNA of eukaryotic cell is tightly bound to small
basic proteins (histones) that package the DNA in an
orderly way in the cell nucleus.

• Although DNA packaging is also a problem in
bacteria, the mechanism by which prokaryotic DNA
are packaged in the cell appears distinct from that
eukaryotes and is not well understood.

• Chromatin/ Chromosome

• chromosome is now used to describe a discrete unit of genetic 

material

•



Chromatin
• is now used to describe the DNA-protein complex that makes 

up eukaryotic chromosomes

• The complexes between eukaryotic DNA and proteins are
called Chromatin, which typically contains about twice as much
protein as DNA.

• The major proteins of chromatin are the histones – small
proteins containing a high proportion of basic amino acids
(arginine and lysine) that facilitate binding negatively charged
DNA molecule (Phosphate group).

• There are 5 major types of histones: H1, H2A, H2B, H3, and H4
– which are very similar among different species of eukaryotes.

• The histones are extremely abundant proteins in eukaryotic
cells.

• Their mass is approximately equal to that of the cell’s DNA





• In addition, chromatin contains an approximately equal
mass of a wide variety of non-histone chromosomal proteins.

• There are more than a thousand different types of these
proteins, which are involved in a range of activities,
including DNA replication and gene expression.

• The DNA of prokaryotes is similarly associated with proteins,
some of which presumably function as histones do, packing
the DNA within the bacterial cell.

• Histones, however are unique feature of eukaryotic cells and
are responsible for distinct structural organization of
eukaryotic chromatin

• Chromosomes are very dynamic structures that alternate between 

tight and loose compaction states in response to changes in 

protein  composition



• The basic structural unit of chromatin, the
nucleosome, was described by Roger Kornberg in
1974.

• Two types of experiments led to Kornberg’s proposal
of the nucleosome model.

• First, partial digestion of chromatin with micrococcal
nuclease (an enzyme that degrades DNA) was found to
yield DNA fragments approximately 200 base pairs
long.

• In contrast, a similar digestion of naked DNA (not
associated with protein) yielded a continuous smear
randomly sized fragments.

• These results suggest that the binding of proteins to
DNA in chromatin protects the regions of DNA from
nuclease digestion, so that enzyme can attack DNA
only at sites separated by approximately 200 base
pairs.





• Electron microscopy revealed that chromatin fibers have a

beaded appearance, with the beads spaced at intervals of

approximately 200 base pairs.

• Thus, both nuclease digestion and the electron microscopic

studies suggest that chromatin is composed of repeating 200

base pair unit, which were called nucleosome.

H 2A, H 2B, H3, H4= Octamer

H1= linker

DNA Lies on the surface of 

octamer

Formation of Nucleosome (Ist  level compaction/ coiling) 



• Detailed analysis of these nucleosome core particles
has shown that they contain 146 base pairs of DNA
wrapped 1.65 terns around a histone core consisting
of two molecules each of H2A, H2B, H3, and H4 (the
core histones). Amino terminal tail of octamer
protudes outside from octamer.

• One molecule of the fifth histone H1, is bound to

the DNA as it enters and exists each nucleosome

core particle. The nucleosomes are connected by

linker regions of DNA that vary in length from 20 to

100 bp

• This forms a chromatin subunit known as
chromatosome, which consist of 166 base pairs of
DNA wrapped around histone core and held in place
by H1 (a linker histone)

• The overall structure of connected nucleosomes

resembles beads on a string



Individual nucleosomes  

organisation= “beads on a string”

It gives seven fold compaction.



Form a 30-nm Fiber (IInd level of compaction)

Nucleosome units are organized into a more compact structure that is 30

nm in diameter, known as the 30-nm fiber. It will give another seven fold

compaction

Linker regions in the 30-nm structure are variably bent and twisted, and little

direct contact is observed between nucleosomes. The 30-nm fiber forms an

asymmetric, three-dimensional zigzag of nucleosomes (Rachel Horowitz and

Christopher Woodcock in the 1990).

Chromatin is an irregular, fluctuating structure with stable nucleosome units

connected by bendable linker regions



Chromatin Loops Are Anchored

to the Nuclear Matrix (IIIrd level of compaction)

nuclear matrix = nuclear lamina (inner nuclear membrane) + internal 

matrix (irregular protein)

25,000 to 200,000 base pairs in size,

are anchored to the nuclear matrix





• Each chromosome in the cell nucleus is

located in a discrete and nonoverlapping

chromosome territory.

• Different chromosomes are not

substantially intertwined with each other,

even when they are in a non-compacted

condition.



• The compaction level of chromosomes in the cell nucleus is not

completely uniform.

• Heterochromatin (transcriptionally inactive) =highly compacted

regions of chromosomes.

• Euchromatin =less condensed regions (only radial loop domain)

• In nondividing cells, most chromosomal regions are euchromatic and

some localized regions are heterochromatic.

• In euchromatin, the 30-nm fibers are arranged in radial loop

domains that are relatively loose, meaning that a fair amount of

space is between the 30-nm fibers.The average width of such

loops is about 300 nm.

• Heterochromatic regions tend to be wider, in the range of 700 nm.



Formation of a scaffold from the nuclear matrix 



In a metaphase chromosome, which contains two copiesof the DNA, 

the width averages about 1,400 nm, but the length of a metaphase 

chromosome is much shorter than the same chromosome in the cell 

nucleus during interphase.





Chromosome Size
• In contrast to other cell organelles, the size of

chromosomes shows a remarkable variation depending
upon the stages of cell division.

• Interphase: chromosome are longest & thinnest

• Prophase: there is a progressive decrease in their
length accompanied with an increase in thickness

• Anaphase: chromosomes are smallest.

• Metaphase: Chromosomes are the most easily
observed and studied during metaphase when they are
very thick, quite short and well spread in the cell.

• Therefore, chromosomes measurements are
generally taken during mitotic metaphase.



The size of the chromosomes in mitotic phase of
animal and plants sp generally varies between 0.5 µ
and 32 µ in length, and between 0.2 µ and 3.0 µ in
diameter.

The longest metaphase chromosomes found in Trillium
- 32 µ. 

The giant chromosomes found in diptera and they may 
be as long as 300 µ and up to 10 µ in diameter.

In general, plants have longer chromosomes than
animal and species having lower chromosome
numbers have long chromosomes than those having
higher chromosome numbers

Among plants, dicots in general, have a higher number 
of chromosome than monocots.

Chromosomes are longer in monocot than dicots



• In order to understand chromosomes and
their function, we need to be able to
discriminate among different chromosomes.

• First, chromosomes differ greatly in size

• Between organisms the size difference can
be over 100-fold, while within a sp, some
chromosomes are often 10 times as large as
others.

• In a species Karyotype, a pictorial or
photographic representation of all the
different chromosomes in a cell of an
individual, chromosomes are usually ordered
by size and numbered from largest to
smallest.



“ Chromosomes painting” – using DNA 

hybridization + fluorescent probes – during 

mitosis



• Karyotype: is the general morphology of the somatic

chromosome. Generally, karyotypes represent by

arrangement of chromosome in the descending

order of size keeping their centromeres in a straight

line. It is related with the number as well as size and

shape of chromosome. Given by Levitsky 1924.

• Idiotype: the karyotype of a species may be

represented diagrammatically, showing all the

morphological features of the chromosome; such a

diagram is known as Idiotype. Given by Navashine

1922



Karyotype of human chromosome

Ideotype of human chromosome no 5



• Chromosomes may differ in the position of the
Centromere, the place on the chromosome where
spindle fibers are attached during cell division.

• In general, if the centromere is near the middle, the
chromosome is metacentric

• If the centromere is toward one end, the
chromosome is acrocentric or submetacentric

• If the centromere is very near the end, the
chromosome is telocentric.



• As a structure following features of a chromosomes can be seen:

• Chromatid

• Centromere

• Secondary constriction

• Satellite

• Knob

• Telomere

• Chromomere

• Chromonema



Chromatid: Structural unit. At metaphase each chromosome show two 

longitudinal arms called chromatid. They are held together by centromere

Sister chromatid and non-sister chromatid



Centromere (Primary constriction)
• The region where two sister chromatids of a

chromosome appear to be joined or “held together”
during mitotic metaphase is called Centromere

• When chromosomes are stained they typically show a
light stained region that is the centromere.

• Also termed as Primary constriction. Divide the
chromosome in two distinct arms: Long arm (q) and
short arm (p)

• During mitosis, the centromere that is shared by the
sister chromatids must divide so that the chromatids
can migrate to opposite poles of the cell.

• On the other hand, during the first meiotic division the
centromere of sister chromatids must remain intact

• whereas during meiosis II they must act as they do
during mitosis.

• Therefore the centromere is an important component of
chromosome structure and segregation.



• Chromosomes may differ in the position of the Centromere, the
place on the chromosome where spindle fibers are attached
during cell division.

• In general, if the centromere is near the middle, the
chromosome is metacentric. The arms are either exactly or
approx equal. During anaphase it looks like V shape.

• If the centromere is toward one end, the chromosome is
submetacentric. Arms are unequal in size. q/p~3.0. L shped
structure is formed during anaphase

• If the centromere is almost at the end, the chromosome is
telocentric. Only single arm is seen. Look rod (I) like during
anaphase

• If position of centromere is subterminal, the chromosome is
subtelocentric. One long and on short arm. q/p ~ 7.0. From
typical J shape

• If the position of centromere is near the terminal, the
chromosome is a acrocentric. The q/p is >7.0 and it shows rod
shaped (I) morphology during seperation





Telomeres

• Telomeres is the essential features of all
eukaryotic chromosomes.

• It provide a unique function i.e.,
absolutely necessary for the stability of
the chromosome.

•

• Telomeres provide terminal stability to the
chromosome and ensure its survival.



Telomere
• The two ends of a chromosome are known as

telomeres.

• It required for the replication and stability of
the chromosome.

• When telomeres are damaged or removed due
to chromosome breakage, the damaged
chromosome ends can readily fuse or unite with
broken ends of other chromosome.

• Thus it is generally accepted that structural
integrity and individuality of chromosomes is
maintained due to telomeres.



Telomeric Repeat Sequences



Telomeric sequences are repeat of hundred or may be thousand of 

time and terminates with a 3’ overhang of single stranded DNA.

The repeat sequence formulate a loop  (t-loop) at the end and bind to 

a protein complex.









Secondary Constriction
• Chromosome may have one or more secondary

constriction with primary constriction (centromere).

• It may be nucleolar and non-nucleolar

• nucleolar constriction is nucleolar organizer region

(NOR)= nuceolus is formed and remain attached to

this region

• Non-nucleolar secondary constriction is called

tertiary constriction



Satellite
The region distal to the secondary constriction
The chromosome is called SAT- chromosome
Barely 6,7
Human D, G
Mostly are heterochromatin but chromosome 6 in maize has got

polymitotic gene (po) in SAT-chromosome

• Spherical heterochromatic body
• Pachytene stage
• Terminal, subterminal or interstitial position
• Identification of specific chromosome

Knob



• Chromomere: 
• Bead like compact structure, deeply stained

• Pachytene stage

• Dark bands in polytene chromosome

• Extended in lampbrush chromosome

• Large near centromere as compare to the distal 

sites.

• Chromonema: longitudinal strands (Chromonemata)

• Composed of chromatin and carry genes. It is not 

uniform in thickness.

• Localized coiling= chromomere 



Euchromatin and Heterochromatin

• Chromosomes may be identified by regions that
stain in a particular manner when treated with
various chemicals.

• Several different chemical techniques are used to
identify certain chromosomal regions by staining
then so that they form chromosomal bands.

• For example, darker bands are generally found near
the centromeres or on the ends (telomeres) of the
chromosome, while other regions do not stain as
strongly.

• The position of the dark-staining are
heterochromatic region or heterochromatin.

• Light staining are euchromatic region or
euchromatin.



Specialized Chromosomes

A)Permanently specialized

➢ Nucleolar chromosome
➢ Sex chromosome
➢ B- chromosome
➢ Holokinetic chromosome

B) Adaptational form of normal chromosome

➢ Polytene /Giant chromosome
➢ Lampbrush chromosome



Found in certain tissues e.g., salivary
glands of larvae, gut epithelium,
Malphigian tubules and some fat bodies,
of some Dipteran insects (Drosophila,
Sciara, Rhyncosciara)

These chromosomes are very long and
thick (upto 100-200 times their size
during mitotic metaphase in the case of
Drosophila)

Hence they are known as Giant
chromosomes.
They are first discovered by Balbiani in
1881 in salivary glands of dipteran
insects and thus also known as salivary
gland chromosomes.

Giant chromosomes

Chromocentre

One arm of X chromosome

Both arm of chromosome 2

Both arm of chromosome 3

Short chromosome 4



• But their significance was realized only after the extensive
studies by Painter during 1930’s.

• Giant chromosomes have also been discovered in suspensors
of young embryos of many plants, but these do not show the
bands so typically as that of in salivary gland chromosomes.

• He described the morphology in detail and discovered the
relation between salivary gland chromosomes and germ cell
chromosomes.

• Slides of Drosophila giant chromosomes are prepared by
squashing the salivary glands dissected out from the larvae in
acetocarmine .

• The total length of D. melanogater giant chromosomes is
about 2,000µm (fully stretched).



• Giant chromosomes are 
made up of several dark 
staining regions called 
“bands”. One band=one 
gene. 

• It can be separated by 
relatively light or non-
staining “interband” 
regions. 

• The bands in Drosophila
giant chromosome are
visible even without
staining, but after
staining they become very
sharp and clear.

• In Drosophila about 5000
bands can be recognized.



• Some of these bands are as
thick as 0.5µ, while some
may be only 0.05µ thick.

• About 25,000 base-pairs are
now estimated for each
band.

• All the available evidence
clearly shows that each giant
chromosome is composed of
numerous strands, each
strand representing one
chromatid.

• Therefore, these
chromosomes are also
known as “Polytene
chromosome”, and the
condition is referred to as
“Polytene”

http://en.wikipedia.org/wiki/File:Polyten_chromosome.jpg


• The numerous strands of these chromosomes are
produced due to repeated replication of the paired
chromosomes without any nuclear or cell division. This
process is called as endomitosis. By this process in each
cycle of endomitosis the chromosome number gets
doubled; this condition is known as endopolyploidy.

• The number of strands (chromatids) in a chromosome
doubles after every round of DNA replication.

• It is estimated that giant chromosomes of Drosophila
have about 1,024 strands.

•

• In the case of Chironomous may have about 4,096
strands.

• The bands of giant chromosomes are formed as a result
of stacking over one another of the chromomeres of all
strands present in them.



• Since chromatin fibers are highly coiled in
chromosomes, they stain deeply.

• On the other hand, the chromatin fibers in
the inter-band regions are fully extended,
as a result these regions take up very light
stain.

• In Drosophila the location of many genes is
correlated with specific bands in the
connected chromosomes.

• In inter-band region do not have at least
functional genes



• During certain stages of development,
specific bands regions are associated with
certain protein greatly increase in diameter
and produced a structure called Puffs Eg.
At molting

• Exceptionally larger puffs are called
Balbiani rings.

• Puffs are believed to be produced due to
uncoiling of chromatin fibers present in the
concerned chromomeres.

• The puffs are sites of active RNA
synthesis.





Polytene chromosome map of Anopheles gambiae



Lampbrush Chromosome
• It was given this name because it is similar in

appearance to the brushes used to clean lamp,
chimneys in centuries past.

• First observed by Flemming in 1882.

• The name lampbrush was given by Ruckert in
1892 in Shark.

• These are found in oocytic nuclei of vertebrates
(sharks, amphibians, reptiles and birds) as well
as in invertebrates (Sagitta, sepia, Ehinaster and
several species of insects).

• Also found in plants – but most experiments in
oocytes.



• Lampbrush chromosomes are up to 800 µm
long(Triturus)-1000 µm (Amphibian); thus they provide
very favorable material for cytological studies.

• Meiosis arrest at diplotene. Chromosome remain
attached and bivalent decondensed Dictyotene

• The homologous chromosomes are paired and remain
attached through chiasmata and each has duplicated to
produce two chromatids at the lampbrush stage.

• Each lampbrush chromosome contains a central axial
region, where the two chromatids are highly condensed.

• Each chromosome has several chromomeres distributed
over its length.

• From each chromomere, a pair of loops emerges in the
opposite directions vertical to the main chromosomal
axis.



• One loop represent
one chromatid, i.e.,
one DNA molecule.

• The size of the loop
may be ranging the
average of 9.5 µm to
about 200 µm

• The pairs of loops are
produced due to
uncoiling of the two
chromatin fibers
present in a highly
coiled state in the
chromomeres.



• One end of each loop is thinner (thin end)

than the other end (thick end).

• There is extensive RNA synthesis at the thin

end of the loops, while there is little or no

RNA synthesis at the thick end.

• During ovulation the meiosis resumes and

prior metaphase-I the loops get dissolve.

Chromosomes get condensed and acquire a

shape of normal metaphase chromosome



Phase-contrast and fluorescent  micrographs of lampbrush chromosomes



Linkage and Crossing Over



We know

Alleles segregates during gamete formation : Law of segregation (3:1)

Genes assort independently in respect to each other: Law of independent

assortment (9:3:3:1)

Sutton and Boveri (1902) proposed chromosomal theory of inheritance which

stated that gene has definite position on the chromosome ie. called locus.

Genes can be mapped on the chromosome in linear order. On different

chromosome there are different sets of gene.

Did you find same every standard ratio everywhere ?

Cases of deviation from Mendelian ratios  

Epistasis

Cytoplasmic inheritance

Linkage



Linkage
William bateson and Reginald Punnett (1906): first time reported deviation from 

normal Mendelian ratios in sweet pea.



They were not able to explain the reasons behind the unusual behaviour of genes.

Later on Morgan and his colleagues (1910-1915) demonstrated that the law of 

independent assortment can not be accepted universally. There are cases were the  

allelic pair can not segregate independently.

Reason: Genes are present on the chromosome and if different genes are present 

on the same chromosome, they will show some association with each other 

depending on distance between them. So such genes are said to be on the one 

linkage group. 

Co existance of two or more genes on the same chromosome in such a way 

that they inherit together is called linkage

Types of linkage: 

Coupling phase: When two dominant  or two recessive alleles of  two gene pair are 

located on the same chromosome. AB/ ab

Repulsion phase: when one dominant and recessive alleles of two gene pair are 

located on the same chromosome. Ab/aB 



Features of linkage

1. Gene mus be located on the same chromosome

2. Involve either dominant of recessive or both

3. Result in high frequency of parental type

4. It’s a cause of correlation

5. Strength of linkage depends on distance between genes

6. It can be broken by repeated crossing

7. Can be present on oligo as well as poly genes

8. It can be possible in any combination



Complete linkage: When genes are very close to each other on the

chromosome i.e. the distance between them is very less , such genes are called

completely linked and they have tendency to inherit together across

generations. In such situation only parental types are recovered. Ex. Purple and

Vestigial wing

Incomplete linkage: when gene are not so tightly linked ie. there is sufficient

distance between them. The condition is called incomplete linkage and first

reported by Morgan in Drosophila for white eye and miniature wings. Incomplete

linkage also showed presence of recombinant with parental types

Kinds of linkage



Linkage group: Refers to the group of genes that are present on one

chromosome. The maximum number of linkage group in an individual is equal to

the its haploid number .

In human male 22+XY=24

Female 22+XX=23

Detection of linkage: Test cross is used as most common method to detect the

linkage.

AaBa × aabb

1:1:1:1 =No linkage

If only parental type = complete linkage

If any other ratio where parental ratio is significantly higher than

recombinant = Incomplete linkage

If  genes are present on the same chromosome then how recombinant are  

formed ?

Crossing over
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• The exchange of homologous segments between

non-sister chromatids of homologous chromosomes

is known as Crossing over.

• Recombinant phenotypes are produced by

recombinant gametes. These gametes, in turn, are

produced due to crossing over.

• Crossing over takes place during pachytene .
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Salient features of Crossing over

1. Crossing over is the interchange of chromosomal segments

between the homologous chromosome

2. It occurs during meiosis or gametogenesis

3. The crossing over occurs only between nonsister chromatids 

of the homologous chromosome

4. The number of crossing over is depends upon the length of

the chromosome. The longer the length, higher percentage

of crossing over.

5. When the genes are located apart from one another the

chances of crossing over is higher when the genes are

closely located the chances for crossing over is lesser.
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• Crossing over occurs during gametogenesis.

• The homologous chromosomes move towards each other

and come to lie side by side.

• This phenomenon of pairing of homologous chromosomes

is called synapsis.

• The paired homologous chromosomes are called

bivalents.

• The homologous chromosome split into two sister

chromotids (Tetrad stage)

• Synaptonemal complex plays important role for crossing

over (as scaffold)

• Chiasmata marks the site of recombination.
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Chiasmata marks the sites of recombination
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Chiasmata: visible manifestations

of crossing over

Proposed by Janssens

Prior to crossing over, the

chromosomes of each bivalent

get duplicated to form a tetrad

Crossing over occurs only

between the nonsister chromatids

of a tetrad

In this stage, the non-sister

chromatid overlap with one

another and form chiasma or

point of contact



Types of crossing over

• Somatic or Mitotic Crossing Over
– When crossing over occurs in chromosomes of somatic cells of an 

organism during mitotic cell division it is called as mitotic crossing over. 

Occurrence is rare. It has no genetic significance.

• Germinal or Meiotic Crossing Over 
– When crossing over occurs during meiosis it is called as meiotic 

crossing over.



Pre-requirements of Crossing Over

• Replication of about 99.7% DNA and 75% of histone 

synthesis should be completed before prophase I. 

• Attachment of all chromosomes to nuclear envelop by 

their both ends, during leptotene. 
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Kinds of crossing over

• 1. Single crossing over

• In this type, only one chiasma is formed. Only 
one chromatid of each chromosome is involved in single 
crossing over.



2. Double crossing over
Here two chiasmata are formed. The chiasmata may be formed between the same
chromatids or between different chromatids.

Thus 2 or 3 or all the four chromatid may be involved in the process of crossing over.

❑ Reciprocal chiasma in this type both the chiasma are formed on two same chromatids. So, the

second chiasma restores the order which was changed by the first Chiasma, and as a result

two non- cross over chromatids are formed.

Two types of chiasma are formed in a double crossing over

❑ Complimentary chiasma When both/any one the chromatids taking part in the second chiasma are different from

those chromatids involved in the first. In this type four single cross overs are produced but no non-cross over. (All four

strand participated) Complimentary chiasmata occurs when three or four chromatids of tetrad undergo crossing over.

Double crossover (Reciprocal chiasma)

Double crossover (complimentary chiasma)



• 3.Multiple crossing over: Multiple crossing over When crossing over take 

place at more than two point in the same chromosome pair it is known as multiple crossing over. It 
occurs rarely. 

• More than two chiasma are formed

Quadruple cross over

Triple cross over



Crossing over frequency can never be more than 50%
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Recombination Frequency

RF =

Recombinant progeny

Total progeny

X 100%

Coincidence: Muller coined the term. It can be define as the ratio of observed and 

expected double cross over. It’s a probability of occurrence of second crossing over 

event in the adjacent to the first crossing over event.  

Interference: Its non occurrance of second crossing over event in the nearby 

region.

Interference =1- coefficient of coincidence



Mechanism of crossing over

• Synapsis or Syndesis 

• Duplication of Chromosomes 

• Actual Crossing Over (Break and Exchange) 

• Terminalization 



Synapsis or Syndesis

• Occurs during zygotene of prophase I. 

• Synapsis is the pairing of two homologous chromosomes. 

• one maternal and one paternal are attracted towards each other.

• they come closer together until they are connected by synaptonemal complex.

• The synaptonemal complex develops only when DNA (single-stranded) successfully carries 

out the process of “homology searching” to facilitate the segment exchange process.

• Synapsis begins at one or more points along the length of chromosome.

The eukaryotic cytoskeleton. Actin filaments are shown 

in red, microtubules in green, and the nuclei are in blue.

http://en.wikipedia.org/wiki/File:FluorescentCells.jpg


Types of synapses

• Proterminal synapses – Pairing of homologous chromosomes starts from 

the end and continues towards their centromere. eg. Mammals 

• Procentric synapsis – starts from centromere and progresses toward ends. 

• Random synapsis (localized pairing) – occurs at various points along the 

length of homologous chromosomes. 

• Key event : THE RAD51 RECOMBINASE AND PRESYNAPTIC FILAMENT 

FORMATION

• While autosomes undergo synapsis during meiosis sex chromosomes 

usually remain unpaired.



Duplication of Chromosomes

• Occurs during zygotene-pachytene of prophase I.

• Two identical sister chromatids are visible which formed by

longitudinal splitting of homologous chromosomes of bivalent.

• Sister chromatids remain held together by centromere.

• As each bivalent contains four chromatids at this stage, it is known

as tetrad.

• During zygotene 0.3% DNA is formed. If this is inhibited,

chromosomal pairing the prevented.



Lateral element

Central 

element

Transverse 

filament



Actual Crossing Over (Break and Exchange)
• Basic principle of crossing over is breakage and union.

• During pachytene stage, recombination nodule becomes visible. The two non-sister

chromatids first break at corresponding points.

• Enzyme endonuclease facilitates the process. Segment on one side of each break connect

with a segment on the opposite side of the break, such that two chromatids cross each

other.

• Ligase is the enzyme for joining process.

• Crossing of two chromatids is known as chaisma formation.

• Crossing over can occur at one or more points, resulting in the formation of several

chaismata.

• The number depends on length of chromosome and is in proportion with physical distance

between genes.

• More the physical distance between genes situated on chromosome, greater the

probability of chaisma to occur between them.

• In a species, each chromosome has a characteristic number of chaismata.



Terminalization

• After crossing over, force of synapsis decreases. 

• Because of this two chromatids start to repel each other.

• Desynapsis begins during diplotene. 

• Chromosomes detaches from nuclear envelop during diakinesis. 

• Each bivalent can be observed to contain four chromatids, with sister 

chromatids attached at centromere and non-sister chromatids undergone 

crossing over linked at chaismata. 

• Chromatid separation progresses from centromere to chaismata and chaismata 

itself moves towards the end of tetrad in a zipper fashion. 

• This movement of chaismata towards end of chromosome is called as 

terminalization.



Cytological basis of Crossing over

• Normally, the two chromosomes of any homologous pair are

morphologically indistinguishable.

• Stern, Creighton and B. McClintock, however identified homologous

that were morphologically distinguishable, that is they were not entirely

homologous,

• Stern(1931)obtained a type of female Drosophila in which two X

chromosomes are different from each other and also from other sets of

chromosomes.

• He found that X chromosome in which a piece of Y chromosome is

attached.

• The second X chromosome has been broken into two unequal

segments and is shorten than the unbroken X chromosome
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• Both the chromosomes can be distinguished by microscopic 
examination. 

• The broken C chromosomes contain a recessive gene (c) for 
carnation eye colour and the other chromosome contains 
dominant allele (C) red eyes. 

• In addition, the broken X chromosome contains a dominant 
gene (B) for narrow bar eyes while, homologous contain 
recessive allele (b) for normal round eyes. 

• Stern crossed this female having red bar eyes with a double 
recessive male having carnation round eyes. 
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Factors affecting crossing over

1. High temperature increases the frequency of

crossing over

2. X-ray increases the frequency.

3. The frequency crossing over decreases with

increasing age in female Drosophila

4. Crossing over is less frequent near centromeres

and the tips of the chromosomes.

5. Nutritional and chemical effect:



Significance of crossing over

• Crossing over is universal in occurrence, occurs in plants, animals,

bacteria, viruses and moulds.

• Meiotic crossing over allows a more independent selection between

the two alleles that occupy the positions of single genes, as

recombination shuffles the allele content between sister chromatids

• Helps in proving linear arrangement of genes.

• Recombination does not have any influence on the statistical

probability that another offspring will have the same combination. This

theory of “independent assortment” of alleles is fundamental to

genetic inheritance.

• Origin of new character

• Necessary for natural selection, as it increases chances of variation.



Gene regulation

Lactose (Lac) operon

trptophane (trp) operon



Different gene in an organism are mean for the synthesis of

different protein. All these proteins are not needed at one time. So

for that specific enzymes are required at different time during the life

cycle. It would be necessary, therefore to have mechanism which

would allow only the desired gene to function at a particular time.

A variety of mechanism are available that regulate the gene

expression at transcription processing of m-RNA & translation.

Ex. Lactose (Lac) operon & Tryptophane Ttrp) operon

(Transcriptional control).



Regulation of gene expression by the operon mechanism

In prokaryotes, genes with related functions often are present in co-

ordinately regulated genetic units called operon

In 1961, Francois Jacob and Jacques Monod proposed the operon

model of gene regulation in bacteria. The model was based on their

study of the genes (lac operon) in E. coli that code for enzymes that

affect the breakdown of lactose

In E. coli synthesis of β-galactosidase, an enzyme meant for hydrolysis

of lactose.

Lactose = glucose + galactose

This is regulated by different pathway & system.



Construct of  operon model For lactose 



Components of  operon

Structural gene: There are three structural gene viz; z, y, a. These structural gene

transcribe single polycistronic m-RNA molecule. This m-RNA molecule control the

synthesis of three different enzymes namely β-galactosidase, galactosidase permease

and galactosidase transacetylase. The enzyme galactosidase consist of 4 unit and

catalyse the breakdown of Lactose into glucose and galactose.

Operator gene: It is located near the structural gene z. It consists of 35 nucleotide

long. It has binding site for regulatory gene. The main function is to control the

function of structural gene. If operator is free, promoter is available for initiation of

m-RNA synthesis.

Promoter gene: These are located near to operator. RNA polymerase bind at this site.

Promoter segment has three subunit viz; binding site, recognition site and m-RNA

initiation site. The main function of promoter is to start m-RNA transcription.

Regulatory gene: The regulatory gene is located on one end of operon segment in E

Coli. The function of the regulator gene is to direct the synthesis of a repressor which

is a protein molecule. The gene product may be an active or inactive repressor.



The regulation of gene expression-induction, or turning genes on,

and repression, or turning genes off can be accomplished by both

positive control mechanism and negative control mechanism. Both

mechanisms involve the participation of regulator

genes(Transcription factor), genes encoding products that

regulate the expression of other genes

Mechanism for control of gene expression

Positive control of gene expression:

The product of a regulator gene (activator) is required to turn on the

expression of one or more structural genes

Negative control of gene expression:

The product of a regulator gene (repressor) is necessary to shut off

the expression of structural genes



These are two types of system:

Inducible system:- The synthesis of enzyme can be induced by

adding the substrate is known as inducible system.

Inducer:- One substrate whose addition induce on transcription

(induction of gene Exp.) Ex. lactose.

Repressible system:- Gene encoding the enzyme are turned off.

System is known as repressible system.

Co-repressor:- the end product whose addition will check the

synthesis of biosynthesis enzymes (repressor of gene Exp.)

Ex. Glucose

Regulatory gene product: activator/ repressor



Inducible system



Repressible system



Lac operon is a negative inducible and catabolite repressible

system

The three structural genes in the lac operon are transcribed at high

levels only in the presence of lactose and the absence of glucose.

Negative inducible and repressible system 



The trp operon, found in E. coli bacteria, is a group of genes that

encode biosynthetic enzymes for the amino acid tryptophan synthesis.

The trp operon is expressed (turned "on") when tryptophan levels are

low and repressed (turned "off") when they are high.

The trp operon is regulated by the trp repressor. When bound to

tryptophan, the trp repressor blocks expression of the operon.

Tryptophan biosynthesis is also regulated by attenuation (a mechanism

based on coupling of transcription and translation).

The tryptophane operon



Structure of the trp operon
The trp operon includes five genes that encode enzymes needed for tryptophan

biosynthesis, along with a promoter (RNA polymerase binding site) and an

operator (binding site for a repressor protein). The genes of the trp operon are

transcribed as a single mRNA.



The trp repressor does not always bind to DNA. Instead, it binds and

blocks transcription only when tryptophan is present. When

tryptophan is around, it attaches to the repressor molecules and

changes their shape so they become active. A small molecule like

trytophan, which switches a repressor into its active state, is called a

corepressor.

Gene on/Gene off  (Negative repressible system)



When there is little tryptophan in the cell, on the other hand, the trp

repressor is inactive (because no tryptophan is available to bind to and

activate it). It does not attach to the DNA or block transcription, and

this allows the trp operon to be transcribed by RNA polymerase.

In this system, the trp repressor acts as both a sensor and a switch. It

senses whether tryptophan is already present at high levels, and if so, it

switches the operon to the "off" position, preventing unnecessary

biosynthetic enzymes from being made.





Trp operon regulation: Attenuation

Another form of trp operon regulation called attenuation.

Like regulation by the trp repressor, attenuation is a mechanism for

reducing expression of the trp operon when levels of tryptophan are

high. However, rather than blocking initiation of transcription,

attenuation prevents completion of transcription.

When levels of tryptophan are high, attenuation causes RNA

polymerase to stop prematurely when it's transcribing the trp operon.

Only a short, stubby mRNA is made, one that does not encode any

tryptophan biosynthesis enzymes. Attenuation works through a

mechanism that depends on coupling (the translation of an mRNA

that is still in the process of being transcribed).



The tryptophane operon: Attenuation
Transcription unit subject to attenuation contain an attenuator. An

attenuator is an intensive Terminator located at the beginning of a

transcription unit.

Attenuation control the reading ability of RNA polymerase through

attenuator & it depends on the formation of hairpin needed for

intrinsic termination.

The tryptophane operon has a leader (L) and attenuation (A)

sequence just down stream to operator sequence.

Leader has 4 regions:

region 1 pair with region 2

region 3 pair with region 4



Paining between region 3 & 4 generate a hairpin loop followed by a

run of 8U which together signal termination of transcript.

In case the pairing between region 1 & 2 unpaired, then region 2

paired with region 3 so region 4 left unpaired.

So No hairpin loop, No termination signal so transcription

continues………





 Terminal: 
◦ Loss of segment from terminal region

◦ Needs only one break

 Interstitial
◦ Loss of segment from middle position 

◦ It needs two break



Del of 6,7,8 & 9

Del of 6,7,8 & 9





W+             B+ 

W+             B+

W B 

×

W+ B+ 

W            B

W+ B+ 

First report of deletion in drosophila

W+            B+

W B 

W+            B+

W B W B 
×

W+              B+ 

W+            B W+            B

W B W B W+              B+ 

Red normal eye

White & bar eye

Red & bar eye
Red & normal eye

Exceptional

red & bar eye

Red & normal eye

Exceptional
White & bar eye

Red & bar eye White & bar eye White & bar eye

Die

Red normal eye



• Irradiation: Mainly pollen are irradiated (maize & tomato)

 Seed are also used for treatment

Agents
◦ X-ray: break in heterochromatin

◦ Neutron: break in Euchromatin

◦ Terminal deletion are more common.

➢ Gametocidal Chromosome: Endo (1988) reported in

wheat.

➢ Recovery of deletion in BC progenies of wheat plant that carry
monosomic addition of a gametocidal chromosome from Aegilops
cylinderca.

➢ Homozygous deleted Plants can also be recovered by selfing.



In deletion homozygote:

Mostly lethal 

Normal crossing

In deletion heterozygote:

The normal chromosome form loop 



Missing bands from 3C2 to 3C11 

Salivary gland chromosome



Large deficiencies are lethal

Pseudo-dominance of recessive gene

Deficiency may acts as recessive 

lethal

This deletion is lethal in male

Deficiencies are also reported in 

plants like maize. Deficiencies are 

transmitted through female gamete

Deletion in human
Cri-Du-Chat: (46-xx or xy, 5p-): Lejeune et al. (1963): Unusual high pitch of cry due to 

abnormality in larynx, A characteristics facies, physical and mental retardation 

Antimogngolism (46, xx or xy Gq-) Lejeune et al. (1964): Developmental retardation, Fail 

to survive and multiple abnormalities eye defect, low set malformed ear  



 Cytological
◦ Missing bands

◦ Buckling

◦ Loop

 Genetic
◦ Use of multiple recessive marker stocks (pseudo-

dominance)

◦ Segregation ratios



×

×

×

w+           r+                     B+  fu+

w+      r+                    B+   fu+

w+            r+       f+        B+    fu+

w+      r       f+       B+    fu+

w+      r            f+         B+       fu+

w+      r+       f+       B+    fu+

w+      r       f+       B+     fu+

w+           r+                B+ fu+

w+              r+       f+        B+    fu+

w+      r+       f        B+         fu+

w+           r+                   B+ fu+

w+          r+            f         B+       fu+

w+       r+       f+        B+       fu+

w+           r+                  B+ fu+

w+          r+           f+        B+       fu+

w+      r+       f+     B+     fu

w+           r+                   B+       fu+

w+          r+           f+        B+       fu

w+          r+       f+        B+       fu+

w+          r+       f+        B+       fu

w+      r+       f        B+     fu+

Application in chromosome mapping (Mackensen 1935 and Slizynska 1938)

Normal, del heterozygote female

Normal, del heterozygote female

Normal, del heterozygote female

Rudimentary male

No rudimentary flies

Forked   male

No fused  flies

Fused     male

50% forked  fliesForked female Normal female



 Recessive marker stocks have been used as female and crossed with 
the irradiated male

 F1 seeds were also irradiated and observed for expression of 
character.

 Phenomenon of pseudo-dominance is used.

Crop Chromosome arm Def gene

Tomato 1S Terminal (5) au, sit

2L Intercalary (1), terminal (3) d,aw

3S Terminal & Intercalary (5) sy, ru

4L Intercalary (2) ra

7S Intercalary (2), terminal (3) vor

7L Intercalary (2), terminal (2) not, deb

Maize 9S Terminal C, Bz, Wx

7 Intercalary Bm

Wheat 1BS Terminal (1) 5s-rRNA-B1

5AS Intercalary (2) 5S-rRNA-A2



Chrom
osome 
numbe
r

Map

1 br-y-au-sit- - -scf-cf-inv

3 pau-msq-r-wf-sy-ru- -bls-rv-vit-sf

5 Mc-tf- -wf-gg

6 tl- -yv-m-2-c

7 var-gs- -not-la-deb

8 l-spa-re- -cpt-bu-dl-al

br

cy-22

Lpy

Bs

Ses

Y

au, sit, prx-

1

ms-32

Com

co, scf

Cf

mts, cf-4

Vrd

um

Inv

Fla

est-3

dgt,sfa

mc ,   

rin

of, ad

tpl

Cf-24

Lyr, tf

wt

gg

Location of gene on specific chromosome



 Deficiency can also be used for genetic studies

 Bridge-Breakage-fusion cycle: In maize varigated seed is because of
def of “C”. The varigated seed were used to raise plants that were
analysed at pachytene stage to detect deficiencies. The plants with
deficiency were further selfed.

 In larger del: ratio of 3:1 is not observed and in such cases del. Were
not transmitted even via pollen.

 Normal ratio was observed in case the del is small and transmitted
via egg

Crossing over is reduced in deletion heterozygote due to imperfection in
pairing although slight increase may has also been reported in region
farther away.





Types
 Repeat and tandem duplication: The duplicated chromosome

segment may be inserted at the adjoining position on the same arm in the
same order .

 Reverse repeat and reverse tandem duplication: The

duplicated chromosome segment may be inserted at the adjoining
position on the same arm in the reverse order.



 Displaced intra-chromosomal duplication: The duplicated

chromosome segment may be inserted on the same arm but displaced.

 On the same arm

 On the different arm

A      B   C   D    E    F    B   C    D G       H    I
Duplication on 

the same arm

 Displaced inter-chromosomal duplication: The duplicated

chromosome segment may be inserted on the different arm.

L     M       N     B    C    D     O     P           Q R       S     

B   C    DL    M     N    O     P               Q    R        S



Origin
1. Naturally

2. Primary structural changes

3. Unequal crossing over

4. Origin from inversion and interchanged heterozygote

5. Through irradiation treatment

First report by Bridge 1919 in drosophila. 

Most important spontaneous duplication:  Bar mutant (Tice, 1914) 

Naturally duplication are found in pea, maize, tomato and bajra but the

duplications do not have dominant effect

In haploid of bajra and maize bivalents are found led to the production of

interchanged heterozygote in diploid progeny derived from haploid maize

(Alexander, 1956)



Meiotic behaviour

Pairing is normal in duplication

homozygote

In duplication heterozygote

duplicated chromosome form a loop

during meiotic pairing due to un-

availability of pairing partners

When duplication is present in the other arm of the same chromosome, the two 

arms may pair and form a ring univalent as in case of pseudo-isochromosome.

A   B    C    D    E   F        G   H    I       A    B      C    J

A

G

H

I
AB

C
J

E

D

C

B

F



Phenotypic effects of duplication
Organism Gene 

duplication
Location Phenotypic effect

Drosophila Eyeless (ey) Chromosome 4 Eyelessness

Pale Chromosome 3 Dilution of eosin eye color

Bar eye Chromosome X Decrease in number of facets in eye

Confluence Chromosome 3 Irregular thickned & fused veins

Vermilion Chromosome X Vermilion eye

Pisum f, fs Chromosome 3 & 
5

Violet flecks on the seed coat

wa, wb Chromosome 2 Weak growth of leaf and stem

Zea mays W5, W6 Chromosome 6 ----

Fr1, Fr2 Chromosome 7 ----

pg11, pg12 Chromosome 6
& 9

----

Tomato D, dpy, dd Chromosome 2 ----

Est, Prx Chromosome 3 ----

Hl, ini Chromosome 11

Got Chromosome 7



(e) 

Homozygote 

double Bar female

BDBD

Bar eye in drosophila



Detection of duplication

 Duplications are less lethal  and harmful and survive 
better and more frequent.

 In Salivary gland chromosome, duplications can be 
easily detectable.

 Loop is also used as identification tool 

 Haploids with duplication form ring like structure

 Genetic ratio in duplication is either 15:1 or 9:7



Bridge-Breakage –fusion cycle in maize
 B. Mc Clintock (1938) suggested that these events can be detected from

phenotypes endosperm.

 C= coloured aleurone c= colorless aleurone

 In maize as a result of reverse tandem duplication a bridge is formed,
such that a bridge –breakage-fusion cycle follows. It was found on
chromosome number 9.

 At chromosome 9 due to crossing over between non-sister or sister
chromatids a bridge may produced at anaphase I or anaphase II.

 The bridge may break at any point and sticky ends do not heal in
gametophyte.

 The replication give rise to sister chromatids with sticky broken ends,
which fuse and causing appearance of bridge-breakage-fusion cycle.

 Breakage may lead to the formation of daughter cells with different
gametic constitution (with def-dup)



Bridge-Breakage-Fusion Cycle





Duplication in Plant Breeding
 Causes genetic imbalance

 May also increased the yield by improving the 
imbalance

 Have positive effect on vitality

 Increased dosage of few gene may increase disease 
resistance and enzyme activity



Duplication in evolution
 Extensively studied in maize and barley

 New gene can be evolved as a result of slight change in
the duplicated gene (Orthologous, paralogous and
homologous genes)

 Study of chromosome behavior at meiosis

 Its better as compare to polyploidization

 Can give permanent hybrid vigour

 Useful to study position effect





➢It is estimated that ~ 4 % of human zygote are chromosomally abnormal
but only % of them survive to be borne.

➢Triploid (3X) and teraploid (4X) foetus invariably abort. However the
aneuploid embryos survive in relatively higher frequency. In general zygote
aneuploid for larger chromosome number donot survive. Most of the
aneuploid that borne alive and survive after birth involve sex chromosome X
and Y

➢Human aneuploids show variable degree of abnormalities in several traits
depending on the chromosome involved. The set of abnormalities
associated with a specific aneuploid condition is called as “syndrome”

➢There are many syndromes found in human that can be catagorized on the
basis of chromosome involved.
Ex. Down, Edwards syndrome etc



Down syndrome
Discovered by L. Down in 1966. Also called as Mangolism
Genetic constitution:2n = 47, 2X+1 (Trisomy of Chromosome number 21),
Frequency: 1/700

Features: Short stature, an epicanthal fold, broad and short skull, wide nostrils,
Large tongue with charcateristic furrowing, Stubby hands, Mental retardation.

~17% babies with this syndrome die within first five years but average life
expectation is 16-20 years



Patau’s Syndrome
Thomas Bartholin describe the syndrome in 1657 and was cytogenetically
discovered by Klaus Patau in 1960
Genetic constitution: 2n= 47, 2X+1 (Trisomy of Chromosome number 13),
Frequency: 1/5,000
Features: Harelip, Cleft palate, serious cerebral, ocular and cardiovascular defects

Babies with this syndrome die within three month but some survive upto five
years.



Edward’s  syndrome
Discovered by John Hilton Edwards in 1960
Genetic constitution:2n = 47, 2X+1 (Trisomy of Chromosome number 18),
Frequency: 1/8000

Features: Low birth weight, Prominent occiput, Small mouth and chin, Cleft lip or
palate, low set and malformed ears, short sterrum, fixed, overlapping fingers,
Rocker bottom feet. Mental retardation, Multiple congential malformation
affecting virtually malformation every organ system.
Usually lethal, less than 10% of affected infants survive until their first birthday.



Discovered by Dr. Henry Turner in 1938
Genetic constitution:2n = 45, 2X-1 (Monosomy of Chromosome number X),
Abnormal female
Frequency: 1/2500
Features: Adult with turner syndrome are female with Short stature, low set ear,
webbed neck. Such female do not have ovaries and whose secondary sex
characters are poorly developed. They generally do not show mental retardation.

Females with this syndrome live normal life however some reduction in life span
is also reported.

Turner syndrome



Discovered by Harry Klinefelter in 1942. In 1959, Patricia A. Jacobs and her
colleague identified cause of syndrome.
Genetic constitution:2n = 47, 2X+1 (XXY), Frequency: 1/500, abnormal male

Features: Short stature, Mental retardation, Enlarged breast, less body hairs,
small testes and prostrate gland. Abnormal male has tendency towards
femaleness, particularly in secondary sex characteristics.
Life expectancy is either normal or reduced slightly due to some secondary

diseases like cancer or diabetics

Klinefelter’s syndrome





Translocations are those structural changes in chromosomes, where terminal

segments of non-homologous chromosomes have exchanged positions.

They are also called “reciprocal translocations” and associated with same

sterility of gamete, through few exceptions are also reported.

Semi sterility    → Translocation heterozygotes

Fertility →    Translocation homozygotes

The translocations are important because they established new “linkage

relationship” and lead to change in chromosome structure behaviour. They

bring out important variability which causes evolution of new plant type.



Types of translocation

Intra Chromosomal translocation or shift

Intra radial = Translocation on the same arm

Extra-radial = on the different arm

Inter Chromosomal translocation: The chromosome segment is transferred

from one chromosome to another

Fraternal: Chromosome segment is transferred to homologous chromosome.

External: Translocation is in non-homologous arm



Inter-chromosomal translocation

Transposition:

Terminal

Insertion

Reciprocal translocation:

Symmetric

Asymmetric



Whole arm translocation

Centric fusion/Robertsonian translocation

Dissociation Tandem fusion



Occurrence of translocation

First time found semi sterility in hybrid of stizolobium deeringiamum

(interspecific hybridization). He found segregation into semi sterile & fertile

plant and this segregation goes on to next generation (Belling (1914,15) .

Later on belling explain this phenomenon on the basic of segmental

interchange between non- homologous chromosomes.

A. Blackslee (1928) observed ring of four chromosomes in Datura that is

associated with sterility.

The most common example is of O. lamarkiana in 1920’s. Later on the

interchange were also reported in Tradescantia and Rhoeodiscolour and also

reported in several species of clarkia.



Mechanism: breakage and reunion among non-homologous chromosomes.

The reasons for break are

❖ Natural radiation

❖ Separation of interlocked bivalent at meiosis

❖ Spontaneous association of heterochromatic region

❖ Crossing over between duplicated segment in non homologous

chromosome.

❖ Association of heterochromatin of non-homologous chromosome followed

by breakage and reunion of segments.

❖ Mis-division of univalent followed by joining of arms from two non-

homologous chromosome to produce Robertsonian translocation.

❖ Artificial irradiation (x-rays, y-rays & thermal neutron)

❖ Chemical treatments (drosophila male with nitrogen mustard)

Natural origin and artificial induction of interchange



Cytological behaviour of interchange

Translocation 

heterozygote

Translocation 

homozygote Cross shaped configuration at 

pachytene 

Configuration Probabiliy
of 
occurence

1 A ring of four chromosomes (RIV) 1

2 A chain of four chromosomes(CIV) 4

3 A chain of three chromosomes + a univalent (CIII+1I) 4

4 Two bivalent (2II) 2

5 One bivalent + 2 Univalent(1II+ 2I) 4

6 4 univalent (4I) 1

Configurations at metaphase I  



Segregation in translocation heterozygote

Configuration CO in interstitial 
segment

Ratio of segregation type

Alternate Adjacent 1 Adjacent 2

Ring No 2 1 1

Ring Yes 1 1 Rare

Chain No 1 1 Rare

Chain Yes 1 1 Rare

Burnham 1950,1962



Metaphase and anaphase I configuration                                                                                       



Crossing over in interchange heterozygote

1. Crossing over in interchanged region

2. Crossing over in the non-translocated arm

3. Crossing over interstitial region  

a, b= interstitial region

c, d= non-translocated arm

e, f= Translocated arm

Crossing over in interchanged region of

or in non translocated region of a

chromosomal arm will not influence

constitution of gamete produced

Crossing over in the interstitial region leads to the change in constitution of

chromatid resulting in production of gamete with 50% sterility even in case of

alternate disjunction



Adjacent-1 AlternateAdjacent-2



Breeding behaviour of translocation heterozygote

Translocation heterozygote

Selfing

Progeny will be normal, translocation heterozygote, Translocation homozygote (1:2:1) 



Detection of translocation

➢Can be detected on the basis of study of pollen sterility and seed set

➢Crossed shaped configuration at pachytene stage.

➢Karyotype study 

➢By identifying altered linkage relation ship between genetic markers



Special types of interchanges

Pseudo-isochromosome: When the exchange takes place

between segments from the ends of opposite arms of the two

homologous chromosome, the end of each resulting chromosome will

have homologous segment.

The chromosome , due to homologous and will pair in the meiosis in

the same manner as in isochromosome. They behave like a true

isochromosome but are not true isochromosome. They are found in

maize, barley and oat. They do not appear in the second generation

Cyclic interchange: If break and fusion involve more

than two pairs of chromosome, it may lead to cyclic

interchange. Transposition in these cases occurs in such a

manner that a segment from first chromosome transposes to

second , second to third, third to forth and forth to first,

thereby making cycle. Such cyclic translocation leads to

formation of complex rings.

Interdependent rings: When a plant has two ring of 4

chromosome each, 4 types of viable gametes are possible. In this

situation either bivalent or 2 rings of 4 chromosome each are

observed. This is found in Campanula and oenothera. It is possible

when the distal end segment of every arm of the four chromosome

is involved in an interchange. The translocated chromosomes are

with small differential segment and will have centromere of their own

and distal end of two arms belonging to two different non

homologous chromosome.

1      2      3      4           5      6     7     8

1      2      3      4           5      6     7     8

8       7    3      4           5      6     7     8

1      2      3      4           5      6     2      1





Structural change in chromosome, where a segment of chromosome has a

reverse order of genes relative to the normal gene order

Two break followed by 180˚ rotation of detached segment before joining to the

original chromosome.

First time identified in Drosophila (Sturtevent, 1921). Initially designated as

crossover suppressor

C2R: Crossing over suppression in the right arm of chromosome no. 2

Most common example is ClB stock where the suppressor is located on X-

chromosome and is associated with a recessive lethal (l) and dominant barred

(B)



Types of inversion
(on the basis of position of break and  involvement of centromere)

Pericentric inversion:

The two break occur at two different arm and

centromere is involved inside the inverted segment.

Change in karyotype.

Paracentric inversion:

The two break occur at the same arm and centromere

is not involved in the inverted segment. No change in

karyotype.



Inverted chromosome

Inversion heterozygote

Inversion homozygote

Inverted chromosome



Origin, Occurrence an Production of inversion

Natural 

Inversions are naturally found in Tradescantia, Paris etc and in animals Drosophila 

meridiana, D. willistoni and D. pseudo obscure have inversion in abundance and 

studied in details because of salivary chromosome.

Induced

Artificially can be induced though irradiation or chemical mutagenic treatments

Mechanism: Break and reunion

They have been produced artficially in large number in Vicia faba and Hordeum 

vulgare



Meiotic pairing in inversion heterozygote



Cytological crossing over and its consequences in 

inversion heterozygotes

If crossing over take place out side the inverted segment

Normal configuration at metaphase I, Anaphase I and Anaphase II

Half gamete carry normal chromosome and half carry an inverted 

chromosome (100% viable gamete)

Single Crossing over within inverted loop in paracentric inversion

1N+ 1 Invt+ Dicentric chromosome and acentric fragments 

Dicentric and acentric fragments with deficiency and duplication are 

formed so 50% reduced fertility may be possible.

Single crossing over within invertedd loop with pericentric inversion

1N+Invt+two fragemnts with deficiency and duplicatiomn are formed

Due to abnormality in half of the fragments 50% reduced fertility may be 

possible .



Types of inversion Meiosis and 
constitution of 
chromatid

Effect  on fertility

Pericentric
inversion

No bridge
Chromatid with def-dup

In Plants: Embryo sac & Pollen 
abortion
Drosophila: Zygote abortion ,No 
sperm abortion

Paracentric
inversion

Bridge+acentric
fragment+chromatid with 
def-dup

In plants: Pollen abortion but 
embryo abortion is low or 
absent.
Drosophila: Zygote abortion low 
or absent, No sperm abortion.



Identification of inversion

Bridge and acentric fragment: If same chromosome is involved every time, the 

size of fragment is reasonably constant 

Certain configurations like Bridge Formation, Loop Formation, Two Bridge 

Formation (BBFF), Two loop formation (LLFF)

Loop formation at pachytene stage

Paracentric inversion- double centric chr . Is formed



Role of inversion in evolution and karyotype reconstitution

Reconstitution in karyotype due to inversion have also been obtained in

plants. In Vicia faba due to high level of chromosomal asymmetry large

number of reconstitution are found and can be easily identifiable.

Inversion has role in karyotypic evolution

Cajanus × Atylosia

F1

Examine meiosis

Presence of inversion loop at pachytene



Change in chromosme number may also possible due to structural change

In barley Tsuchiya (1962) found a trisomic  (2n=15) plant with pericentric 

inversion in the plant with deletion in extra 6th chromosome

Trisomic (2n=15 (14+1))

Plant with 16 chromosome was found (14+2)

Extra chromosomal pair is entirely different 

from the original 6th chromosome and evolve as a result of inversion. The new 

plant show 8II during meiosis but plant has reduced fertlity

Evolution of B chromosome can also be explained on this basis called 

heteropycnosis

Some time as result of inversion drastic changes in the chromosome that the 

newly evolved chromosome fail to pair with the chromosome from which it was 

evolved



Nucleic Acids 
 
Nucleic acid is a macromolecule with acid property and it was isolated from the nucleus of cells and hence it is 
named as nucleic acid. It is made up of C, H, O n and P. The nucleic acid was first isolated in 1868 by Miescher 
from the nuclei of pus cells on hospital bandages. He called it nuclein. Altmann (1889) gave the name nucleic 
acid. Nucleic acids are found in all organisms such as plants, animals, bacteria and viruses. They are found in the 
nucleus as well as in the cytoplasm. 
Nucleic acid molecule is a long chain polymer. It is composed of monomeric units, called nucleotides. Each 
nucleotide consists of a nucleoside and a phosphategroup. Each nucleoside consists of a pentose sugar and a 
nitrogenous base. The sugar is ribose in the case of RNA and deoxyribose in the case of DNA. 
The nitrogenous bases are of two types, namely purine and pyrimidine. There are two main purine bases, adenine 
and guanine. Similarly there are three main pyrimidine bases. They are cytosine, thymine, and uracil. Cytosine 
and thymine are commonly found in DNA. Cytosine and uracil are found in RNA. 
 
Nucleosides: 
A base combined with a sugar molecule is called a nucleoside. In DNA, four different nucleosides are present. 
They are adenosine, guanosine, Cytidine and thymidine. In RNA deoxyribose sugar is replaced by ribose and the 
base thymine is replaced by Uracil. 
 
Nucleotides: 
A nucleotide is derived from a nucleoside by the addition of a molecule of phosphoric acid. The DNA contains four 
different types of nucleotides. They are adenylic acid, guanylic acid, cytidylic acid, and thymidylic acid. The RNA 
contains uridylic acid instead of thymidylic acid. 
 

 
 

Components of Nucleic Acids 
 

Polynucleotide: A number of nucleotide units link with one another to form a polynucleotide chain or nucleic 
acid. Nucleic acids are broadly classified into two types based on the type of sugar present in them. They are  
1. Deoxyribonucleic acid (DNA) 
2. Ribonucleic acid  
The ribonucleic acid is further divided into three types, namely 
1. messenger RNA (mRNA) 
2. transfer RNA (tRNA) 
3. ribosomal RNA (rRNA). 
Deoxyribonucleic Acid (DNA) 
Deoxyribonucleic acid (DNA) is the molecule of heredity. If functions as the genes. DNA is present in all cells 
except plant virus. In eukaryotic cells, DNA is present in the chromosomes of nucleus. In addition, the mitochondria 
and plastids also contain DNA. In eukaryotic nucleus, the DNA is in the form of a double helix. In bacteria, 
mitochondria and plastids the DNA molecules are circular. In viruses and bacteriophages, they are coiled. The 
number of DNA molecules in eukaryotic cells corresponds to the number of chromosomes er cell. DNA is made 
up of three chemical components, namely 1. Sugar 2. Phosphoric acid and 3. Nitrogenous bases 
 



Sugar 
The sugar present in the DNA is called deoxyribose. It is a pentose sugar which contains five carbon atoms 
(C5H10O4). It contains one O atom less than the ribose sugar. At the second carbon of deoxyribose, a H-C-H 
group is present. But in ribose sugar the second carbon atom contains H-C-OH group. 

 

 
Deoxyribose – ring Structure 

 
Phosphoric Acid (H3PO4) 
Phosphoric acid links consecutive nucleotides by joining their pentose sugars with a phosphate diester bond. 
This bond links carbon 5/ in one nucleoside with carbon 3/ in the next nucleoside. 
 

 
 
Deoxyribose sugar molecule linked with one phosphate group at 5th position and another phosphate group at 
3rd position. 
 
Nitrogenous Bases 
These are N2 containing organic compounds. They are of two types, namely purines and pyrimidines. 
Purines: Purines are two ringed N2 compounds. They are of two types, namely adenine and guanine. 
 

 
Purines of DNA 

 
Pyrimidines: These are single ringed N2 compounds. They are of two types, namely thymine and cytosine. 
 
Watson and Crick model of DNA (Structure of DNA):  Watson and Crick in 1953 designed the structure of 
DNA. It is called the Watson and Crick model of DNA. They were awarded with Noble Prize in 1962 for this 
work. 
According o Watson and Crick DNA is n the form of a double helix  
DNA is a nucleic acid. It is a macromolecule. It is made up of two chains. Each chain is a polynucleotide chain. 
Each polynucleotide is made up of many small units called nucleotides. Each nucleotide is made up of three 
chemical components, namely a phosphoric acid, a deoxyribose sugar and a nitrogen base. 
The nitrogen bases are adenine, guanine, thymine and cytosine. The nucleotides of DNA are named according 
to the type of nitrogen bases present. As there are four types of nitrogen bases, DNA contains four types of 
nucleotides, namely 
1. AMP – Adenosine monophosphate (Adenylic acid) 
2. GMP – Guanosine monophosphate (Guanylic acid) 



3. TMP – Thymidine monophosphate (Thymidylic acid) 
4. CMP-Cytidine monophosphate (Cytidylic acid) 
 

 
Structure of DNA 

In each nucleotide, the deoxyribose sugar is attached to a phosphoric acid at one side and a nitrogen base at the 
other side. The phosphoric acid molecule is linked to the sugar. The nitrogen base molecule is joined to the sugar 
by a glycosidic bond. This bond is formed between sugar and nitrogen base. Many nucleotides are linked together 
to from a polynucleotide chain. Two nucleotides are joined by a phospho-diester bond. It is formed between the 
sugar of one nucleotide and the phosphate component of another nucleotide. 

 
Linking of Nucleotides in a Polynucleotide chain  

 
Each DNA molecule has two polynucleotide chains. The nucleotides of adjacent chains are linked. Adenine is 
always linked with thymine (A-T). Similarly guanine of one chain is linked with cytosine (G-C). The linking between 
purines and pyrimidines is brought about by hydrogen bonds. There are two hydrogen bonds between A and T (A 
= T) and 3 hydrogen bonds between G and C (G  ≡ C). The amount of adenine is equivalent to the amount of 
thymine and the amount of guanine is equivalent to the amount of cytosine. 

The two chains of a DNA are complementary to each other. If the sequence of base in one chain is A, G, A, T, G, 

C, then the sequence of base in the second chain is T, C, T, A, C, G. At one end of the polynucleotide chain, the 

3rd carbon of the sugar is free and it is not linked to and nucleotide. This end is called 3 prime (3’) end. At the 

other end, the 5th carbon of the sugar is free and this end is called 5 prime (5’) end. The 3’ end of one chain lies 

close to the 5’ end of the other chain and never in the revere condition. Hence the two strands of a DNA are called 

antiparallel. One chain is upside down to the other. 

 Fragment of DNA molecules. 

 



The DNA molecule is in the form of a spiral stair case (ladder). The DNA molecule is in the form of a double 

helix. The two polynucleotide chains are coiled around each other to form a double helix. The width (diameter) 

of the DNA helix is 20A°. The DNA helix has two external grooves, namely major groove and minor groove. The 

major groove is wide and deep. The minor groove is shallow and narrow. The distance between two nucleotides 

is 3.4 A°. 

 

 
Structure of DNA 

 

 
Pyrimidines 

Properties of DNA 
 
1. The Size of DNA molecule: 
The size of DNA molecule varies from organism to organism. It depends upon the size of the chromosome and 
the number of chromosomes found in each living cell. The size basically depends upon the number of 
nucleotides present in each DNA molecule. The size of DNA molecule ranges from 0.7μm to 40,000 mm (4 
cms). 

2. Fragility of DNA molecule:  

The DNA molecule is highly fragile. The fragility of DNA molecule is determined by its length. Larger molecules 

break easily. But smaller molecules are not susceptible to breakage. The DNA molecule is highly susceptible to 

breakage during handling operations, such as mixing, pipetting, pouring, etc. So the smaller molecules with less 

than 2 × 108 daltons molecular weight are isolated without damage. The large-sized DNAs (above 2×108 

daltons) undergo breakage during their extraction. 

3. Denaturation:  

Denaturation refers to the separation of the two strands of a DNA. Denaturation I brought about by high 

temperature, acid or alkali. Denaturation is brought about by the breakdown of hydrogen bonds and A-T pairs 

have only 2 hydrogen bonds, the region if DNA containing G-C base pairs is more stable and it requires high 

temperature or pH for denaturation. Denaturation begins in the region rich in A-T base pairs and progressively 

extends to the regions of increasing G-C content. 

4.Renaturation: 

The denatured single stranded DNA can be made into double stranded DNA by cooling or by neutralizing the 

medium. This process is called renaturation. This type of experiment was carried out by Marmur in 1963. 



 

5. Effect of pH on DNA:  

The DNA is stable around the neutral pH in the solution. Further increase in pH (alkali treatment) causes strand 

separation and finally denaturation occurs above 11.3 pH. 

 

6. Stability: 

The DNA is a highly stable molecule. The stability is due to two forces: 

a. Hydrogen bonding between the bases. 

b. Hydrophobic interactions between bases. 

7. Hyper chromic Effect:  
DNA molecule absorbs light energy. This is a property of individual bases. The intact DNA absorbs less light 
energy as its bases are packed into a double helix. A denatured DNA molecules absorbs more light as its bases 
in single strands are exposed. 
 
The increases in the absorption of light occurs even though the amount of DNA remains the same. This 
phenomenon of increased light absorption is called hyper chromic effect. A single stranded DNA does not show 
the hyperchromic effect. This phenomenon of hyperchromic effect can be used to distinguish single or double 
stranded DNA in an unknown sample. 
 
Functions of DNA 
DNA plays an important role in all biosynthetic and hereditary functions of all living organisms. 
1. DNA acts as the carrier of genetic information from generation to generation. 
2. DNA is a very stable macromolecule in almost all living organisms and it is immortal. 
3. DNA controls all developmental processes of an organism and all life activites. 
4. DNA synthesizes RNAs. 
5. DNA is the genetic code which is responsible for protein synthesis. 
 
Nucleotides:  Nucleotides are defined as phosphoric acid esters of nucleosides. A nucleotide is made up of 
three components, namely a nitrogen base, a pentose sugar and a phosphoric acid. The pentose sugar may be 
ribose sugar or a deoxyribose sugar. Accordingly, the nucleotides are grouped into two types, namely 
ribonucleotide and deoxribonucleotide. 
 
The nitrogen base may be a purine or pyrimidine. The purines are two types, namely adenine and guanine. Te 
pyrimidines are of three types, namely thymine, cytosine and uracil. The nucleotides are named according to the 
purine and pyrimidines. They are the following: 
1. Adenylic acid or Adenosine monophosphate (AMP) 
2. Guanylic acid or Guanosine monophosphate (GMP) 
3. Thymidylic acid or Thymidine monophosphate (TMP) 
4. Cytidylic acid or Cytosine monophosphate (CMP) 
5. Uridylic acid or Uridine monophosphate (UMP) 
 
These five nucleotides form the basic units of nucleic acids DNA and RNA. In addition, many nucleotides occur 
freely in the tissues. They are the following: 
ADP – Adenosine diphosphate 
ATP – Adenosine triphosphate, etc. 

 Nucleotides of DNA 



A typical nucleotide is composed of three chemical components, namely a nitrogen base, a pentose sugar and a 
phosphoric acid. The base and phosphoric acid are attached to the two ends of the pentose sugar. 
 
On hydrolysis, the nucleotide splits into phosphoric acid and a nucleoside. The nucleoside is made up of a base 
and a pentose sugar. 

 
Structure of AMP 

 
Nucleosides 
Compounds that contain nitrogen bases linked to pentose sugars are called nucleosides. The pentose sugars 
are of two types, namely ribose sugar and deoxyribose sugar. Accordingly, the nucleosides are broadly 
classified into two types, namely ribonucleoside and deoxyribonucleoside. 
The nitrogen bases are of two types, namely purines and pyrimidines. The purines are adenine and guanine. 
The pyrimidines are thymine, cytosine and uracil. The nucleosides are named according to the nature of 
nitrogen bases. As there are five types of nitrogen bases, five types of nucleosides occur. They are Adenosine, 
Guanosine, Thymidine, Cytidine, Uridine. In a nucleoside, the carbon atom number 1 of the pentose sugar is 
linked to the N-3 of purine or N-9 of pyrimidine.  
 
Biological Significance of Nucleotides and Nucleosides:  
1. Components of Nucleic acid: Nucleotides form the main component of nucleic acids. 
2. Genetic material: Deoxyribonucleotides of DNA function as the genetic material. They transmit hereditary 
characters from parents to offspring. 
3. Source of High energy: Nucleotides functions as the source of high energy. Eg. ATP, UTP, CTP, etc. 
4. Oxidative Phosphorylation: ATP is involved in oxidative Phosphorylation. 
5. Coenzymes:  Certain nucleotides function as coenzymes Eg. UDPG, CoA, FMN, FAD, etc. 
6. Vitamins: Certain nucleotides function as vitamin-B. Eg. FMN, FAD, NAD, etc. 
 
Types of DNA 
DNA is classified in various ways. First of all, on the basis of the number of strands, DNA is classified into two 
types, namely double stranded DNA and single stranded DNA. 
1. Double Stranded DNA 
This is otherwise known as double helical DNA. In most of the organisms except a few viruses, the DNA has a 
double stranded structure. 
2. Single Stranded DNA 
DNA of some viruses such as φ x 174 which attacks E.coli is single-stranded. 
On the basis of number of nucleotide residues, DNA is classified into 3 types. They are: 1.A-DNA 2. B-DNA 3. 
Z-DNA. 
1. A-DNA 
It is a double helical DNA having 11 residues per turn. It has a right handed helix. It is formed by the dehydration 
of B-DNA.    
2. B-DNA 
This is the Watson and Crick double helix having 10 residues per turn. It is also right handed. 
3. Z-DNA 
It is a left handed double helix having 12 residues per turn. 
On the basis of the shape, DNA is classified into three types, namely  
a. Circular DNA, b. Relaxed DNA c. Supercoiled DNA. 
 



a. Circular DNA 
Circular DNA is circular in shape. It is found in bacteria, viruses, mitochondria and chloroplasts. The circular 
DNA may be single stranded or double stranded. 
Single strand circular DNA is made up of a single strand. It is found in some viruses like j x 174. Double strand 
circular DNA is found in bacteria, most of the viruses, mitochondria, chloroplasts, etc. 
 
b. Relaxed DNA 
Circular DNA without any helical coiling is called relaxed DNA. 
 
c. Supercoiled DNA 
In supercoiled DNA, the axis of the double helix itself it twisted to form a super helix. It can produce negative 
supercoiling and positive supercoiling. The degree of coiling is controlled by topoisomerases and gyrases. 
On the basis of the nature of nucleotide sequence in duplex DNA, they are of two types.  
 
1. Palindromic DNA 2. Repetitive DNA or Satellite DNA. 
 

 

 
Shapes of DNA 

 
Palindrome DNA 
Palindrome is a word or sentence that reads the same both forwards and backwards. Palindromic DNA is a DNA 
containing palindromic sequences of nucleotides. In palindromic sequence, the sequence of nucleotides goes in 
one direction in one strand and in another direction the second strand. It is an inverted sequence. 
The term palindromic DNA was first used by Wilson and Thomas in 1974. Palindromic sequences are found in 
the DNA of both prokaryotes and eukaryotes. The palindromic sequences may have a length of 3 to 10 nucleotides 
or hundreds or thousands of nucleotides. Comparatively, the palindromic sequences of eukaryotes are longer 
than that of prokaryotes. 

 

Palindromic DNA 

The palindromic sequences of DNA transcribe the same RNA. Endonuclease recognise the specific palindromic 
sequence in DNA and Produces a staggered curt which results in sticky ends. 
 
Repetitive DNA or Satellite DNA  
When very shot sequences of base pairs are repeated many times in DNA, the DNA is called repetitive DNA or 
satellite DNA. In repetitive DNA, some genes are repeated in tandem several hundred or thousand times. 
All eukaryotes, except yeast, contain repetitive DNA. Repetitive DNA is absent from prokaryotes. In Xenopus 
laevis, the genes for 187S r RNA and 28S rRNA are repeated about 450 times. The repeated genes are tandemly 
arranged and are separated by spacer regions. 

 

 Repetitive genes in Xenopus laevis. 
Genes for 18S and 28S rRNA are separated by spacer region.  
In mouse, there are about a million copies or repeating sequences of about 300 base pairs. In human, 30% of 
the DNA contains sequence which are repeated at least 20 times. 
The repetitive DNA can replicate but cannot transcribe mRNA for protein synthesis. This is because the short 



sequences lack promoter sites on which RNA chains can be initiated by RNA polymerase. Repetitive DNA is 
therefore inert. 
 

 
Ribonucleic Acid (RNA)  
Ribonucleic acid is a nucleic acid containing ribose sugar. It is found in large amount in the cytoplasm and at a 
lesser amount in the nucleus. In the cytoplasm, it is mainly found in the ribosomes and in the nucleus it is mainly 
found in the nucleolus. RNA is formed of a single strand. It consists of several units called ribo-nucleotides.  
Hence each RNA molecule is 
 

 
 
Formed of several nucleotides. Each nucleotide is formed of three different molecules, namely phosphate, 
ribose sugar and nitrogen base. The nitrogen bases are two types, namely purines and pyrimidines. The purines 
present in the RNA are adenine and guanine. The pyrimidines present in RNA are cytosine and uracil. The RNA 
molecule is normally single stranded, some times the strand may be folded back upon itself and this double 
strand may be coiled to form a helical structure like that of DNA. 

 
 

 
Components of RNA 
In RNA, the purines and pyrimidines are not present in equal amount. 
There are three types of RNA. They are the following: 
1. Messenger RNA (mRNA) 
2. Transfer RNA (tRNA) and 
3. Ribosomal RNA (rRNA). 
 
Messenger RNA(mRNA) 
Messenger RNA is a ribo nucleic acid which carries genetic information for protein synthesis from the DNA to the 
cytoplasm. The tern mRNA was coined by Jacob and Monad in 1961. The mRNA forms about 3 to 5% of the total 
cellular RNA. The mRNA is synthesized as a complementary strand upon the chromosomal DNA. The genetic 
message from DNA is transcribed to this hybrid mRNA. The mRNA carries the message in the form of triplet 
codes. 
The hybrid mRNA inside the nucleus is called heterogeneous nuclear RNA(hnRNA). It is processed in the nucleus 
and enters the cytoplasm through nuclear membrane. In the cytoplasm, mRNAs are deposited on some 
ribosomes. In the ribosomes, mRNA acts as a template for protein synthesis. 
The life span of mRNA in bacteria is about 2 minutes. In eukaryotes, it lives for few hours to a few days. In the 
animal eggs and plant seeds, the mRNA is stabilized for months or years. Protein synthesis must be carried out 
within this life span. 
 
Based on the number of genes from which an mRNA is formed and on the size of protein molecule synthesized, 
to types of mRNA, are known. There are: 



a. Monocistronic mRNA: It is formed from a single cistron (functional gene) and its codes for a single polypeptide 
chain. The eukaryotic mRNA are Monocistronic. A cistron is a DNA segment corresponding to one polypeptide 
chain. 
b. Polycistromic mRNA: A polycistronic mRNA is formed from many cistrons and encodes several different 
polypetide chains. The prokaryotic mRNA are polycistronic. 
Structure of mRNA 
mRNA is the messenger RNA. It is ribonucleic acid carrying information from the DNA to the cytoplasm. The 
mRNA is a single stranded polynucleotide chain. Each polynucleotide is made up of many nucleotides. Each 
nucleotide contains a phosphoric acid, a ribose sugar and a nitrogenous base. 
The nitrogenous base may be adenine or guanine or cytosine or uracil. 

 mRNA 
 

 mRNA 
 
Among RNAs, mRNA is the longest one. Most of the mRNA contain 900 to 15,000 nucleotides. 
One end of mRNA is called 5’ end and the other end is called 3’ end. 
At the 5’ end a cap is found in most eukaryotes and animal viruses. The cap is formed by the condensation of a 
guanylate residue.  The cap helps the mRNA to bind with ribosomes. 

 

 
General features of eukaryotic mRNA 

The cap is followed by a non – coding region1(NC1). It does not contain code (message) for protein and hence it 
cannot translate protein. It is formed of 10 to 100 nucleotides and is rich in A and U residues. 
The non-coding region is followed by the initiation codon. It is made up of AUG.  
The initiation codon is followed by the coding region which contains the code for protein. It has an average of 
1,500 nucleotides. The coding region is following by a termination codon. It completes the translation. It is made 
up of UAA or UAG or UGA in eukaryotes. The termination codon is followed by a non-coding region 2 (NC2). It 
has a nucleotide sequence of AAUAA.  At the 3’ end of mRNA, there is a polyadenylate sequence (polyA). It 
consists of 200 to 250 adenylate nucleotides (AAAAA…). But as the age increases, the poly A shortens. 
mRNA is synthesized from a DNA strand through the action of an enzyme called RNA polymerase. The synthesis 
of mRNA is called transcription. mRNA carries the genetic information in the form of triplet code from the DNA. 
The code decides the type of protein to be synthesized. The mRNA carries genetic information from DNA. The 
genetic information carried by the mRNA is called genetic code. 
 
The genetic code is the sequence of nitrogen bases in mRNA. The genetic code is formed of several codons. 
Each codon is a sequence of three nitrogen bases which codes for one amino acid. As each codon is formed of 
three nitrogen bases, it is called a triplet code. 



 

 
Triplet codes of mRNA 

 
Each mRNA contains the codes for one polypeptide chain. If the mRNA contains 900 nucleotides the 
polypeptide chain synthesized by this mRNA will contain 300 amino acids. 
 
Transfer RNA (tRNA) or Soluble RNA 
The tRNA is a ribonucleic acid which transfers the activated amino acids to the ribosomes to synthesize 
proteins. It is so small that it remains in the supernatant during centrifugation. Hence it is also called soluble 
RNA or supernatant RNA. It serves as an adaptor molecule to attach amino acids. Hence rRNA is also called 
adaptor RNA. It constitutes 10% to 15% of the total weight of RNA of the cell. It has a molecular weight of 
25,000 to 30,000 and a sedimentation co-efficent of .38S. Holley (1965) worked out the nucleotide sequence of 
tRNA. 
The tRNA has the following structural organization: 
1.The tRNA is made up of 73 to 95 nucleotide units called ribonucleotides. 
2.Each nucleotide unit is made up of three components, namely a phosphate, a ribose sugar and a nitrogenous 
base such as adenine, guanine, cytosine or uracil. 
3.The tRNA is in the form of single polynucleotide chain having 3’ and 5’ ends. 
4.The polynucleotide chain of tRNA is folded on itself and attain the shape of a clover leaf. 
5.The 3’ and 5’ ends of tRNA lie side by side as a result of folding. 
6.The 3’ end always ends in CCA base sequence. This is the site for attachment of activated amino acid. 
7.The 5’ end terminates in G or C. 
8.The tRNA has 5 arms . They are: 
a. Amino acid acceptor arm, b. D-arm  c. Anticodon arm  d. Variable arm  e. TΨC arm* 
 9. Each arm is made up of a stem and a loop. But the amino acid acceptor arm has no loop: the variable arm 
has no stem. 
10. In the stem, the bases pair with each other (A-U and G-C) There is no base pairing in the loops. 
11. Amino Acid Acceptor Arm: In the amino acid acceptor arm, the stem does not end with loop. The acceptor 
arm has 3’ end of the nucleotide chain. The terminus of the acceptors site has a constant CCA base sequence. 
To this base amino acids are attached to form aminoacyl tRNA. The 5’ end of the arm comes near the 3’ end 
due to folding. Its terminus is either guanine or cytosine. 

 Structure of tRNA. 

 
12. D-arm: The D arm has 3 to 4 paired bases in the stem and 7 to 11 unpaired bases in the loop. The loop is 
called dihydrouridine loop (DHU) or D-loop. 
13. The Anticodon Arm: In the anticodon arm, the stem has 5 paired bases and the loop has 7 unpaired bases. 
The loop is called anticodon loop. Three of the 7 unpaired bases in the loop(anticodon) determine the pairing of 
tRNA with the specific codon of mRNA. 
14. The Variable Arm: In variable, arm the stem may or may not be formed(Fig.25.29). The variable arm or mini 
arm has a loop with 4-5 bases. In some variable arms, stem is present. 
15. The TΨC Arm: The TΨC arm contains a constant TΨC sequence. Its loop has ribosome recognition site. 
16. The tRNA molecules are named according to the amino acid to which it gets attached. For example, tRNA 
carrying alanine can be called tRNA al. 



17. tRNA molecules are synthesized, at particular regions of DNA by a process called transcription. About 40 to 
80 genes to cistrons are involved in tRNA transcription. The hybrid tRNA has base sequences complementary 
to the mother DNA in the beginning. But, after the completion of transcription, the nitrogenous bases are altered 
at certain points in the nucleotide chain. 
 
Functions of tRNA 
tRNA picks up a specific activated amino acid (charging) from the amino acid pool in the cytoplasm (aminoacyl 
tRNA). The amino acid is then transferred to the ribosome in the cytoplasm where proteins are synthesized. The 
attachment with ribosome depends upon the codes in the mRNA and anticodons in the tRNA. Finally it transmits 
its amino acid to the new polypeptide chain. 
 
rRNA (rRNA) 
Ribosomal RNA is a ribonucleic acid present in the ribosomes and hence it is called ribosomal RNA. It is also 
called insoluble RNA. It constitutes about 80% of the cellular RNA. 
The ribosomal RNA is formed of a single strand. It is a polynucleotide chain. Each strands is formed of many 
nucleotide units. Each nucleotides is formed of three different molecules, namely  a phosphate, a ribose sugar 
and a nitrogen base. 

 rRNA 

The nitrogen bases are of two types, namely purines are pyrimidines. The purines present in the rRNA are adenine 

and guanine. The pyrimidines present in rRNA are cytosine and uracil. Each strand has a 5’ end and a 3’ end. 

In some regions, the single strand it twisted upon itself to form a double helix. The helical regions are connected 

by intervening single stranded regions. In the helical regions, most of the base pairs are complementary. They 

are joined by hydrogen bonds. In the unfolded single strand regions, the base pairs are not complementary. 

Because of this nature, in the rRNA, the purine and pyrimidine bases have no equality. 

The rRNA are classified into 7 types according to their sedimentation co –efficient. They are the following: 

28S rRNA 23S rRNA 

18S rRNA 16S rRNA 

5.8S rRNA 55S rRNA 

5S rRNA 55S rRNA 

Of these 28S rRNA, 18rRNA, 5.8A rRNA and 5S rRNA are existing in eukaryotic cells. 23S rRNA, 16S rRNA and 

55S rRNA are existing in prokaryotic cells. In eukaryotic ribosome, the large 60S ribosomal sub-unit contains 28S 

rRNA, 5.8S rRNA and 5S rRNA. The small 40S ribosomal sub-unit contains 18S rRNA. In prokaryotic ribosomes, 

the large 50S ribosomal subunit contains 23S rRNA and 5S rRNA. The small 30S ribosomal sub-unit contains 

16S rRNA. The rRNA is synthesized by the DNA by a process called transcription. The rRNA is transcribed on a 

small section of the DNA called rDNA. 

In prokaryotes, a small section of the chromosomal DNA is used for transcribing rDNA. In eukaryotes, all rRNAs 
except 5S rRNA are synthesized on the nucleolus. The Nucleolar organiser contains rDNA. The rDNA transcribes 
45S rRNA. It is cleaved into 8S rRNA and 28 rRNA. The 5S rRNA has an extra nucleolar origin. It is transcribed 
from DNA located outside the nucleolar organiser. 
 
Functions of rRNA 
Though the rRNA constitutes the main bulk of the cytoplasmic RNA, its function is not clearly known. However it 
is believed that rRNA plays the major role in protein synthesis. 
 



DNA as genetic Material



Introduction

These are some experimental evidences which prove that in most of 

the organism DNA is the genetic martial and only in some viruses 

RNA is the genetic material.

Ist Evidence from transformation

Genetic transformation: The genetic recombination in which 

naked DNA from one cell can enter and integrate in another cell.

Griffith’s systematic experiment with Diplococcus pneumonia gave a

clue that a chemical substance is responsible for genetic

transformation.

There are two type of strains in D. Pneumonia

➢Virulent (SIII) with smooth surface

➢Avirulent (RII) with rough surface

Virulent strain having coating of polysaccharides. whereas

avirulent don't have coating. Virulent strain causes pneumonia in

mice when injected resulted in death of mice

RII - The avirulent strain does not cause pneumonia



Conclusion: Griffith could no concluded that the

transformation chemical was DNA. He was not clear about that

what is component of cell include in transformation



II Evidence 

Later on Oswald Avery, colin Macleod and Maclyn MCcarty’s

demonstrated that the transforming principle in S. pneumoniae is DNA.

(1944). Avery and his colleagues demonstrated that DNA is the only

component of the Type IIIs cells required to transform type RII cell to type

SIII.

Conclusion: This experiment shows that only DNase treatment had any

effect on the transformation activity. This show that the genetic

transformation is the ability of DNA any other component.



III Evidence: Hershey and Chase 

Experiment with Bacteriophage T2

• In 1952, Alfred Hershey and Marsha Chase provided

further evidence that DNA is the genetic material.

◼ They studied the 

bacteriophage T2

◼ It is relatively simple since 

its composed of only two 

macromolecules

◼ DNA and protein

Made up 

of protein

Inside the 

capsid



Life cycle of the                 

T2 bacteriophage



• The Hershey and Chase experiment can be

summarized as

– Used radioisotopes to distinguish DNA from

proteins

• 32
P labels DNA specifically

• 35
S labels protein specifically

– Radioactively-labeled phages were used to

infect nonradioactive Escherichia coli cells

– After allowing sufficient time for infection to

proceed, the residual phage particles were

sheared off the cells

• => Phage ghosts and E. coli cells were

separated

– Radioactivity was monitored using a

scintillation counter



The Hypothesis

– Only the genetic material of the phage is 

injected into the bacterium

• Isotope labeling will reveal if it is 

DNA or protein

Testing the Hypothesis

◼ ANSWER ?  







Interpreting the Data
Most of the 35S 

was found in the 

supernatantBut only a small 

percentage of 32P

Conclusion: Result indicated that the DNA of the virus enter the host cell and

protein coat remains outside the cell. The radiolabelling is transmitted to

daughter cell in Expt 1 while in Ex.II No. radio labeling is observed.

Ex. Showed the synthesis of both the DNA mol. and the protein coat of the

progeny must be present in parental DNA.

More over the progeny particle were show to contain 32p but none of the 35s

of the parental phase. That means only the DNA enter not protein that means

the 32p is transmitted not 35s.



◼ In 1956, scientists isolated RNA from the tobacco mosaic 

virus (TMV), a plant virus

◼ Purified RNA caused the same lesions as intact TMV 

viruses 

Experiment:

Rub RNA TMV develop

on fresh leaves

Spray protein No TMV

on healthy leaf

RNA + Protein TMV develop

apply on healthy plant

◼ Therefore, the viral genome is composed of RNA

◼ Since that time, many RNA viruses have been found

◼ Next…

RNA as Genetic Material







Gene is the smallest and individually functional part of genetic material. In other words,

gene is basic unit of inheritance, a sequence of DNA nucleotide which code for a

functional product of RNA or polypeptide. The term was coined by Johannsen in 1909.

Properties of gene:

Forms: Gene is available in alternate form. Alternate form of gene is called Allele.

Location: Gene is located on the chromosome in linear order like bead on string.

Status: Earlier it was believed that gene are the smallest unit but after Benzer’s work in

1955, it was shown that gene can be divided in Cistron, Muton and Recon.

Number: Each diploid individual has two copies of each gene and gametic cells has

only one copy of each gene.

Sequence: Genes have a specific sequence on the chromosome. The gene sequence

is altered by structural changes specially translocation and inversion.

Expression: genes are differential in their expression. Some showed dominance,

recessive, incomplete dominance, co-dominance etc.



Classification of genes

1. Based on dominance: Dominant/ recessive

2. Based on interaction: Epistatic / Hypostatic

3. Based on characters controlled: Major gene/ minor gene

4. Based on effect on survival: Lethal/ Semi-lethal/Sub-vital/Vital

5. Based on location: Nuclear/ Plasma

6. Based on nucleotide sequence: Normal/ split/ pseudo

7. Based on sex-linkage: Sex-linked/ sex-influenced/ sex-limited

8. Based on operon model: Regulator/ operator/ promotor/ structural

9. Based on role in mutation: Mutable/ Mutator/ Antimutator



Changing the concept of gene

According to classical theory of gene

The gene is viewed as fundamental unit of structure, indivisible by crossing over.

The gene is considered as a basic unit of change or mutation

It is viewed as a basic unit of function.

After Benzer’s study the concept of gene has changed and new evidence are 

available which indicated that:

➢ Gene is divisible

➢ Part of gene can mutate

➢ Part of  gene can function



Gene is divisible: Gene is non divisible and no crossing over is reported within a

gene (classical concept)

Reports of presence of intragenic recombination indicated that gene is divisible.

Intragenic interaction has following features:

It occurs with rare frequency that means a very large test cross progeny is

required to detect it.

The alleles in which intragenic recombination occur are separated by small

distance within a gene and are functionally related.

Eg: Bar eye in drosophila. The bar locus contain more than one unit of function.



The example indicated that a part of gene can function individually. Based on his 

studies on rII locus of T4 phage, Benzer 1955 concluded that there is sub division of 

a gene Viz; recon, muton and cistron. The fine stucture of gene deals with the 

mapping of individual gene locus.

Recon: are the region within gene between which recombination can occur but 

recombination cant possible within recon so it is consider as smallest unit of 

recombination.

Muton: It is smallest element within a gene, which can give rise to a mutant 

phenotype. So its is smallest unit of mutation.

Cistron: It is the new unit of function within a gene. The name is derived from the 

test which is used to know whether two mutants are within the same cistron or on 

different cistron. Cistron is the unit of function.

Cis-trans test is done to identify the single or multiple cistron.

Ex: 14 alleles of lozenge gene map at the four mutational site which belong to the 

same locus. Rosy eye in drosophila different alleles are mapped at 10 mutational 

sites of the same locus.



Split gene: Usually a gene has continuous sequence of nucleotide. In other words

there is no interruption in the nucleotide sequence of a gene. There are some gene

those are having interrupted sequence of nucleotide. Such gens are called split

gene. Ex: Beta-globin gene of mice and rabbit.

Jumping gene: Gene occupies a definate position on the chromosome that is

called locus. There are some cases where genes keeps on changing its position

within chromosome and also between chromosome of the same genome. Such

genes are called jumping genes or transposable element or transposone. They are

first time reported by Barbara Mc Clintock in 1950 in maize.

Overlapping genes: Earlier it was thought that a nucleotide sequence code for

one protein. Now it was proved that same nucleotide sequence can code for more

than one protein. Such genes are called overlapping genes. Ex. In case of tumor

producing viruses such protein are found.

Pseudogenes: There are some DNA sequence especially in Eukaryotes, which

are non functional and defective copy of normal gene Such sequence don’t have

any function. They are reported in human, mouse (α and β- globin) and drosophila.



Genetic code



Genetic code refers to the relationship between sequence of base in RNA and 

the sequence of amino acids in a polypeptide chain.

It is relationship between four letter language of nucleotide and twenty letter 

language of  amino acids

Replication Transcription Translation

DNA m-RNA AA

Central dogma

m-RNA is coded in 4 letter language (A U G C)  and amino acids are 20 that 

mean these 4 bases has to make different combination in such a way that all the 

20 amino acids must be covered in that.

Bases in combination Amino acids synthesized

41=  4

42= 16

43= 64

So for proper synthesis of all amino acids the bases must combine in triplet form. 



Codon: The triplet sequence of RNA bases which code for a specific amino acid 

is called as codon. There are 64 codon which constitutes genetic code and code 

for 20 amino acids. Genetic code can be sense codon  and signal codon.

Signal codon: It code for a signal like start or stop codon

Start codon: It provides signal for the initiation of polypeptide chain.

AUG  = Initiation codon (Methionine)

rarely GUG= Initiation code (Valine)

Stop codon: It gives signal for termination/stop of growing polypeptide chain.

UAA, UAG, UGA = stop codon

Sense codon: There are code for an amino acid which is the part of growing 

polypeptide chain.

UUU = phe UAU = Tyr

GGG = Gly GAU = Asp



Genetic code



Anticodon: The base sequence of t-RNA which pair with codon of m-

RNA during translation is called anticodon.

AUG is initiation codon 

UAC will be anticodon sequence in t-RNA arm.

S no Codon Anticodon

1 There are 64 codon in a genetic code Number of anticodon is always lesser than codon

2 Each codon code for one amino acid Some t-RNA molecules have to pair with more 

than one codon

3 Code are in written 5’         3’ direction Code are in written 3’         5’ direction

4 First letter is at 5’ position First letter is at 3’ position

Difference between codon and anticodon



Feature/ Nature of Genetic code

The code is triplet: The genetic code is triplet that means a combination of three 

base code for an amino acid.

AGA  = Arg AGU  = Ser GGA   = Gly GAU = Asp

The code is universal: The genetic code is applicable to all forms of organism ie 

the same genetic code is valid for all types of organism. Exceptions are reported in 

mitochondrial genome. 

The code is commaless: It means that codons are continuous and there are no 

demarkation line between codon. If there is deletion of one base from sequence 

then it will change whole amino acid sequence after the point of deletion.

AGAGGAAGUGAUGUU = m-RNA sequence

Asp   gly    ser   asp  val  

After deletion of A between gly and ser

AGAGGAGUGAUGUU

Asp    gly    val    met

That mean the reading always remain without interruption



The genetic code is non-overlapping: Means the three letter codon can be read

only once. There is no overlapping among the codon while reading

His Asp Pro Leu = no overlapping of codon while reading

CAUGAUCCCCUC

X X X = such overlapping of codon reading is not found

The genetic code is non ambiguous (one code for one amino acid only): Out of

total 64 codon, 61 code for amino acid. Each codon codes for one amino acid. This

clearly indicated that genetic codon is non ambigous.

Ex. GUC codes for only valine

The genetic code is degenerate: In most of the cases several codon code for the

same amino acid except tyrosine and methionine.

9 amino acid are code by 2 codon

1 amino acid are code by 3 codon

5 amino acid are code by 4 codon

3 amino acid are code by 6 codon



The feature of degeneracy provide a protection against any harmful mutation. If 

there is any mutation then another codon is going to make same amino acid and 

there is no change in the protein

GUU GCU

GUC Valine GCG Alanine

GUA GCA

GUG GCG

The Genetic code has polarity: The code has a definite direction of reading of 

message. The direction of reading is from 5’ 3’.

Wobble hypothesis

Wobble hypothesis explains the unusual pairing between codon and anticodon.

There are two types of pairing viz;

Normal A=U  and G =C

Unusual ?



The wobble hypothesis was proposed by W. Crick in 1966 to explain the 

degeneracy  of code and also unusual base pairing between codon and 

anticodon. 

The number of t-RNA is less as compare to codon available with the m-RNA 

has to pair with more than one codon. 

According to Wobble hypothesis only first two bases of a codon must pair in 

usual manner with the base of t-RNA  anticodon and the third base of codon 

can pair in unusual way (G=U)

t-RNA-UCG (serine)

can pair with two codon

AGC, AGU  (the two codon differs only in the third base)

Normal pairing Unusual pairing

U C G U C G

A G C A G  U

A new nucleotide that is Inosine (I) has been identified in yeast that was found 

in third place and can pair with all the other bases





DNA Replication



Dispersive: According to this model, the two stands of mother DNA break at
several point resulting in several piece of DNA. Each piece replicates and pieces are
reunited randomly. The new mol of DNA is hybrid which has old and new
fragments in patches.

Conservative: According to this model two DNA molecule are formed as a result
of replication. One molecule has both parental strand while the another has both
daughter strand.

These are 3 possible ways of DNA replication

Semi-Conservative: It was proposed by Watson and crick & its widely accepted
model. According to this model, both the parent strand get separated from each
other. The new strand synthesized using the parental strand as tempelet. So each
molecule of DNA has one parental strand and one daughter strand because one
half is old & half is new in a molecule of DNA so it is called semi-conservative. All
the scientific proof supports this model of DNA replication.





Experimental proof for semi-conservative DNA replication

Meselson and Stahl Experiment:



Steps in DNA replication
Initiation of Replication: DNA replication starts at a specific point on the
chromosome. This unique site is known as origin. Endo nuclear enzyme play
important role in creation of origin of replication. Origin is ori C (unique site from
where the DNA replication has started. It is one in prokaryotes & many in
Eukaryotes that is called replication bubble.

Unwinding of strands: The two strands of DNA double helix unwind. The
opening of DNA strands takes place with the help of DNA unwinding protein.
Helicase, Topoisomerase. A complex of DNA B protein (helicase) and DNA C
join to replication bubble & contributes towards formation of bidirectional
replication fork. DNA Topoisomease, gyrase, single stranded binding protein &
other protein are also associated with the DNA replication fork development.

Formation of RNA primer: Synthesis of RNA primer is essential of initiation of
DNA synthesis. RNA primer is synthesize by the DNA template near the origin
with the help of special type of RNA polymerase (DNA primase). DNA primase is
the enzyme which synthesized the short RNA primer & on that short RNA primer
chain extension takes place DNA primase is the product DNA G product.
Length of RNA primer
Prokaryotes = 10-20 ntd 
Eukaryotes = 10 ntd 





Prokaryote

Eukaryote



Synthesis of DNA on RNA primer: After formation of RNA primer. DNA
synthesis starts on the RNA primer. Deoxyribose ntd are added at 3’ position of
RNA primer. The main DNA strand is synthesized on the DNA template with the
help of DNA polymerase.
During the replication on one strand of DNA replicate continuously and on the
another strand discontinuously replication or replication in fragments takes place.
The continuously replicating strand is called leading strand, while discontinuously
replicating strand is called lagging strand. The DNA synthesis takes place in short
piece on the lagging strand are known as ‘Okazaki fragment’. Synthesis takes place
5’-------->3’ dissection in leading strand and in 3’----------->5’ direction in lagging strand.

DNA polymerase III: is the enzyme that catalyses the semi conservative
replication of chromosome on leading & lagging strand. The RNA primer
subsequently are excised and replaced with DNA chain. The step is accomplished
by DNA polymerase I. In addition to 5’ 3’ polymerase activity DNA
polymerase I also possesses 5’ 3’ exonuclease [cut back DNA strand
standing at 5’ termini] and 3’ 5’ exo nuclease activity (remove the nucleotide
from 5’end). RNA primer is cleaved off by 5’ 3’ exo nuclease activity of DNA
polymerase I.





Joining of okazaki fragment: The discontinuously fragments of okazaki
are joined to make continuous strand. the onion of Okazaki fragments
takes place with the help of a joining enzyme Polynucleotide ligase. The
replication may take place either in one direction or in both the direction
from the point of origin.

Removal of RNA primer: The RNA primer is degraded by DNA
polymerase (5’ 3’ cleavage activity) I. This enzyme also catalyzes the
synthesis of short DNA segment to replace the primer. The newly
synthesized segment is joined to the main DNA stand with the help of
DNA ligase enzyme.



Joining of 

fragments

Removal of 

RNA primer



Termination: DNA replication stops when the polymerase complex
reaches a termination site on the DNA in E. coli. The Tus protein binds
to these Termination site (Ter sites) and halts replication. In many
prokaryotes, replication stops randomly when the forks meet.



Transcription



Process of synthesis of cellular RNA from DNA is called transcription 

Polymer of ribonucleotide held together by 3’        5’ phosphodiester bond and 

are single stranded.

Role in storage and transmission of genetics information

All except in case of virus derived the information from DNA 

Three types of RNA

m-RNA (5-10%): transfer information of gene to ribosome for coding of 

amino acid sequence

t-RNA (10-20%): read the code in m-RNA during translation

r-RNA (60-80%): Constituents of ribosome



Transcription is synthesis of m-RNA from DNA template

Occur in 5’         3’ direction.

The genetic information present in form of DNA sequence is read by the RNA 

polymerase enzyme as a result of which complementary and antiparallel RNA 

strand is synthesized.

It is the first step leading towards the gene expression

The result of transcription is a m-RNA copy which after translation form protein 

During transcription a particular gene or group of genes are transcribed at any 

time and tissue. There are certain regions in DNA that never transcribed.



The basic process of RNA synthesis is similar in prokaryotes and eukaryotes, but

level of regulation is much more complex in eukaryotes.

RNA synthesis is catalysed by DNA dependent RNA polymerase or RNA

polymerase. Single enzyme can synthesized all types of RNAs.

During transcription RNA polymerase use DNA strand as template to carry out the

transcription of complementary RNA strand

Prokaryotic RNA polymerase is a multi-meric enzyme and consist of six subunits

2α, β,β’ω = Core enzyme

2α, β,β’ω + ϭ = Holoenzyme



Functions of RNA polymerase:

❑Search and bind at the promoter site

❑Unwind a short stretch of double helical DNA

❑Select correct ribonucleotide and catalyse the polymerization (synthesis of RNA)

❑Detect the termination signals

❑Interact with activator and repressor to regulate the transcription

The strand of DNA which is transcribed is called template/non-coding/ Antisense 

strand, while the opposite is called non-template/coding/sense strand 



Transcription in Prokaryotes

Three major stages

Initiation: RNA polymerase recognizes the promoter and starts the transcription

Elongation: The RNA strand is continuously growing

Termination: The RNA polymerase stop synthesis and the nascent RNA is 

separated from the DNA template



Promoter of prokaryotes

Pribnow box or TATAAT box: It contains 6 nucleotide bases TATAAT and located -

10 bases away on the left of origin of transcription.

-35 sequence/ 5’ –TGTTGACA -3’ sequence: It is 35bp upstream of the transcription

start site.





Initiation
➢RNA polymerase binds to specific DNA region and initiate transcription called as

promoter site.

➢RNA polymerase is the main enzyme to carry out the transcription

➢After polymerase is bound to the promoter DNA, the two DNA strands unwind

and the enzyme starts transcribing the template strand.

➢The position of the first synthesized base of the RNA is called start site.



Elongation: 

➢RNA polymerase moves along DNA template and sequentially synthesized the   

RNA chain

➢DNA is unwinding ahead of the moving polymerase and the helix is reformed 

behind it.

➢It unwinds 10-20 DNA bases at a time

➢RNA polymerase add nucleotide in the 5’    3’ direction

➢The new section of RNA ‘peels away’ as the double helix reforms 





Terminator:
The transcription region of DNA template contain stop signal

Prokaryotes have two mechanism for termination

Rho dependent termination: Termination sequences are 40bp inverted repeat

and recognized by a terminator protein rho. Rho is an ATP dependent RNA-

stimulated helicase which binds to the signals. Thus RNA Polymerase can not

move further, so it dissociates from DNA that disrupts the nascent RNA-DNA

complex, release RNA



Rho independent termination:
Termination is by two mechanism

One is palindromic G-C rich region which is followed by an A-T rich region, so there

is formation of hairpin structure.

The template strand has highly conserved string of A resides that transcribed into U

residue. The RNA transcript ends within or just after them,

Transcription stops when RNA polymerase reaches a section of DNA called 

terminator.

Terminator sequence = AAUAAA

At that site RNA strand is released and RNA polymerase dissociates from the 

DNA. The RNA strand will go through more processing



Transcription in Eukaroyote:

❖Much more complicated

❖Three different RNA polymerase 

❖Required many transcription factor protein

❖Transcription initiation needs promoter and upstream regulatory region

❖Enhancer/ silencers are DNA sequence that regulate the rate of initiation of 

transcription by RNA polymerase II





Promoter of eukaryotes

Goldberg-hogness box: A sequence TATAAA is located at 25-30bp upstream 

to the start point. It acts as signal to initiate the transcription

CAAT box: GGCAATCT sequence is located 70bp upstream to start point.



Transcription factors binds to DNA sequences in promoter region.

Stimulated by enhancers

Six transcription factors: TFIID, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH

Transcription factors binds to each other and in turn to enzyme RNAP-

form pre-initiation complex or basal transcription complex.



Difference in transcription the prokaryotes and Eukaryotes 



Post transcriptional modifications

The nascent RNA, also called as primary transcript, needs to be modified to 

become functional t-RNAs, rRNAs and m-RNA.

Primary transcript of m RNA is called heterogenous nuclear RNA (hnRNA)

hn-RNA are larger than matured mRNA

Modifications are:

➢Splicing

➢Addition of 5’ cap

➢Attachment of poly A tail













Translation



❑Formation of polypeptide (protein) chain by decoding of mRNA.

❑Ribosome is the site for protein synthesis.

❑ m-RNA  travels from nucleus to cytoplasm and participated in protein   

synthesis.

❑t-RNA also played key role in the process of translation

Steps in translation:

➢Initiation

➢Elongation

➢Translocation

➢Termination



Initiation:

❑During initiation mRNA, tRNA bearing the first amino acid of the polypeptide, and

two subunit of ribosome.

❑Large subunit and small subunits of ribosome, mRNA, initiator tRNA in its charged

form and three initiation factor (IF1, IF2, IF3) and GTP

❑The tRNA has a amino acid linked to it is term as charged tRNA

❑IF1 and IF2 bind to free 30S subunit (small subunit)

❑IF3 complexes with GTP then bind to the small subunit. It will assist the charged

initiator tRNA to bind.

❑The assembled ribosome has 2 tRNA binding sites. These are called A-site

(acceptor) for aminoacyl and P-site (donor) for polypeptide.

❑The A-site is where incoming aminoacyl-tRNA molecule bind and P-site where the

growing polypeptide chain usually found.



Start codon: AUG Anticodon: UAC

Upto this time initiator tRNA is placed in the P-site.

The small ribosomal subunit attached to 5’ end of mRNA

The larger subunit is bind to the initiation complex.



Elongation:
❖Amino acid are added one by one to the first amino acid called as amino acid

delivery

❖In codon recognition, mRNA codon in the A site forms hydrogen bond with the

tRNA anticodon.

❖In peptide bond formation, the ribosome catalyzes the formation of the peptide

bond between the amino acids. The polypeptide extending from the P-site

moves to A-site to attach to the new amino acid

❖In elongation process three elongation factors EF-T4, EF-T5 and EF-G are

involved.

Translocation:

➢The tRNA with the polypeptide chain in the A site is translocated to the P site.

Thus the A site become vacant for the coming t-RNA. t-RNA at the site moves to

the E site and leaves the ribosome.

➢The ribosome moves down the mRNA in the 5’ 3’ direction.





Termination:
For termination release factors interact with the stop codon and cause release of 

the completed polypeptide chain.

Stop codon: UAA, UAG, UGA

RF1 recognizes the codon UAA and UAG. RF2 recognizes UAA and UGA. RF3 

help either RF1 and RF2 to carry out the reaction.



Translation in Eukaryotes

Initiation:
Eukaryotes have at least 9 initiation factor

Eukaryotic initiator t RNA does not become formylated as in prokaryotes

Elongation:
The factors eEF1a, eEF1b, eFEz are involved in elongation

Termination:
Eukaryotic has only one release factor eRF which recognize all the stop codons 



Mutation



Mutation refers to sudden heritable change in the phenotype of an

individual. Mutation was first discovered by Wright in 1871 in male lamb.

Later on mutation was reported by Hugo de Vries in 1900 in Oenothera.

Morgan in 1910 in Drosophila (White eye mutant). The term was coined by

De Vries.

Features:

➢Mutations are more or less permanent and heritable changes in the

phenotype of an individual. It occur due to change in number, kind or

sequence of genetic material.

➢Frequency of mutation is very low. The frequency is 10-4

➢Mutation rate is highly variable from gene to gene. Some genes show

high mutation rate them other such genes are known as ‘mutable genes’.

➢In some genome, some genes enhances the rate of natural mutation of 

other genes. Such genes are called “Mutator genes”.

In some cases, some genes decreases the frequency of spontaneous 

mutation of the other genes in the same genome such genes are known 

as ‘Anti-mutator gene’. 



➢Usually mutations occur from dominant to recessive form. However, the

reverse mutation are also reported (Notch wing, bar eye in Drosophila).

➢Mutations are usually harmful to the organism. Only 0.1% induced

mutations are useful in crop improvement.

➢Muton is the basic unit of mutation. On an average a gene contains 500-

1000 mutational sites. Within a gene some sites are highly mutable than

other. These are generally referred to as Mutation hot spot/hot-spot.

➢Mutations are random events. They can occur in any gene, any tissue at

any developmental stage.

➢Mutations are recurrent in nature. They can occur repeatedly in some

organism at same site.



Classification of mutation:

➢Based on source: i) Spontaneous ii) induced

➢Based on direction: i) forward ii) reverse

➢Based on tissue:  i) somatic  ii) genetic

➢Based on survival:  i) Lethal  ii) Sub-lethal  iii) Sub-vital  iv) Vital

➢Based on site:  i) nuclear gene  ii) cytoplasmic gene

➢Based on  characterization:  i) morphological:  affect morphological 

character

ii) Biochemical: affect biochemical function  

➢Based on visibility:

(i)Macro mutation: causes distinct morphological changes found in 

qualitative trait

(ii)Micro mutation:  within visible phenotype changes. observed in 

quantative traits.



Mutation at molecular level

At molecular level change in nucleotide sequence cause mutation. Change

at DNA level is of 2 types:

➢Change in whole nucleotide: Deletion, duplication, inversion &

translocation

➢Alteration in a portion nucleotide: It causes change only in some of the

base pair. It is of 2 types:

❖Transition: Substitution or replacement of purine by another purine or

pyrimidine by another pyrimidine.

❖Transversion: Replacement of a purine by pyrimidine or a pyrimidine by

another purine.

❖Frame Shift mutation: The mutation that arise due to addition or

deletion of nucleotide in m-RNA are known as frame shift mutation

because the normal open reading frame get shifted due to such addition or

deletion.



Mutagen

Mutagens refers to physical or chemical agents which greatly enhance the

frequency of Mutation.

Physical mutagens: X-rays, gamma rays, alpha particles, beta particles,

fast and thermal neutrons and ultra violet rays were used as physical

mutagen.

X-rays:- Discovered by Roentagen in 1895. The wave-lengths of x-rays

vary from 10-11 to 10-7. They are sparsely ionizing and highly penetrating.

These changes are brought out by adding oxyzen to deoxyribose,

removing amino/ OH group and forming peroxides. X-rays was first used by

Muller in drosophila in 1928.

Chemical mutagens: The chemical mutagen can be divided in 4 groups.

➢Alkylating agent

➢base analogue

➢Acridine dye

➢other



S no Mutagen Name of  chemical Mode of  action

1 Alkylating

agent

EMS, MMS, 

EES

AT       GC

GC        AT

2 Base Anologue 5-BromoUracil

2-Amino purine

AT       GC

3 Acridine dye Acrifalvin, Proflavin Del., Dup, frame 

shift

4 Others Nitrus acid, 

Hydroxylamine, 

Sodium azide

AT       GC

GC       AT

Transition

Chemical mutagens



❖Substitution Mutation: Sickle Cell Anaemia is caused by substitution

mutation, where in codon (GAG mutates to --> GTG) and leads to (Glu -->

Val) change.

❖Insertion Mutation: Huntington's disease and the fragile X

syndrome are examples of insertion mutation wherein trinucleotide

repeats are inserted into the DNA sequence leading to these diseases.

❖Deletion Mutation: 22q11.2 deletion syndrome is caused by the

deletion of some bases of chromosome 22. This disease is characterized

by cleft palate, heart defects, autoimmune disorders etc.

❖Frame shift Mutation: Tay-Sachs Disease, Cancers of many types,

Crohn's Disease, cystic fibrosis have been associated with Frame shift

Mutation.

Examples of  mutation



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) ClB method, (2) Muller’s 5 method, (3)

attached X-chromosome method, and (4) curly lobe plum method are in common use

for detection of mutations in Drosophila.

ClB method is used to detect mutation and developed by Muller in Drosophila.

C = crossing over repressor, paracentric inversion in larger part of X chromosome.

l = recessive lethal gene (female with lethal gene can survive only in heterozygous

condition

B = bar eye

l and B inherited together as don’t allow the crossing over between them.

Male with ClB can’t survive



Detection of  Mutation Male were treated to induce mutation.

X-rays treatment was given.

Male with ClB can not survive, while female

can survive in heterozygous condition.

In F1 normal male and female with ClB and

mutation and normal female with mutation

were recovered

Female with ClB and mutation was crossed

with normal male.

Again female with same genetic constitution

were recovered.

ClB male die due to lethality.

Complete absence of male in the

population showed that the induced

mutation is lethal.

Female: male (2:1/2:0)

Only counting of male and female in

population is done to detect the mutation.



Applications

➢Development of improved varieties

➢Induction of male sterility

➢Production of haploid

➢Creation of novel genetic variability

➢Overcoming the problem of self incompatibility


