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          MOLECULAR BIOLOGY AND MICROBIAL GENETICS-P16MB31 

OBJECTIVES 

In addition to the most essential fundamentals of the subject, the paper aims 
to impart the current updated knowledge on molecular genetics of prokaryotes. 
It also endeavours to provide the required fundamental details on eukaryotic 
molecular genetics. 

 
Unit I Genetic material, DNA replication and repair 

 
Identification of genetic material (Griffith, Avery and Hershey and Chase 
experiments). Organization of genetic material: Bacteria – Eukaryotes:  nucleus  and 
nucleosomes, lamp brush and giant chromosomes. DNA replication  - Meselson – 
Stahl experiment, Molecular mechanisms of DNA Replication – bidirectional and 
rolling circle replication. Differences between prokaryotic and eukaryotic replication. 
Plasmids – types, structure and replication. Inhibitors of DNA replication - DNA 
repair – mechanism of excision repair, SOS repair and mismatch repair. 

 
Unit II Transcription and translation 

 
Process of transcription – initiation, elongation –  termination.  Synthesis  of mRNA 
in prokaryotes and eukaryotes. RNA splicing. Synthesis of rRNA  and  tRNA. RNA 
processing – capping and polyadenylation.  Inhibitors  of  transcription. Genetic 
code, process of translation – initiation, elongation and termination. Signal 
sequences and protein transport. Inhibitors of translation. 

 
Unit III Regulation of gene expression 

 

Organization of Genes in Prokaryotes and Eukaryotes - Introduction - Operon 
concept, lac, trp, arabinose operons, promoters and repressors. Regulation  of  gene 
expression – Transcriptional control – promoters, terminators, attenuators and anti 
terminators; Induction  and  repression;  Translational  control  – ribosome binding, 
codon usage, antisense RNA; post-transcriptional  gene  silencing – RNAi. 

 
Unit IV Gene transfer and genetic recombination mechanisms 

 
Transformation – competence cells, regulation, general process; Transduction – 
general and specialized; Conjugation – Discovery, mechanism of F+  v/s F-, Hfr+  v/s F-

, F' v/s F-, triparental mating,  self  transmissible  and  mobilizable  plasmids, pili. 
Linkage and genetic maps – genetic  mapping  of  T4  phage.  C- value paradox. Hardy 
Weinberg Equilibrium. 



Unit V Mutation and transposable elements 

 
Types and molecular basis of mutation– Agents of mutation - Importance of 
mutations in evolution of  species. Discovery  of  insertion  sequences,  complex  and 
compound transposons – T10, T5, and  retroposon  –  Nomenclature-  Insertion 
sequences – Mechanism – Transposons of E. coli, Bacteriophage and Yeast. 
Importance of transposable elements in horizontal transfer of genes and evolution. 
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MILESTONES IN HISTORY 

 
For thousands of years, humans have acted as agents of genetic selection, by breeding 

offspring with desired traits. All our domesticated animals (dogs, horses, cattle) and food crops 

(wheat, corn) are the result. 

Yet for most of this time, humans had no idea how traits were inherited.  Why? 

Offspring resemble parents (or don't) in bewilderingly complex ways.  That is because individuals 

in nature contain many genes, and many different versions (alleles) of each gene.  Consider these 

three individual orchids: 

  

   

Orchid Photos 

 

 

In 1866, Gregor Mendel discovered independent assortment of traits, dominant and 

recessive expression. Traits appear in pairs; separate independently in the gametes; recombine in 

pairs, in offspring. (Today we know Mendel only studied unlinked traits: on separate 

chromosomes, or so far apart that crossover frequency approached 50%). 

But Mendel's work was lost.  Only in the past century did humans learn the fundamental 

mechanisms of heredity:How and why organisms resemble their parents; and how the inherited 

information functions to make organisms look and behave as they do. 

  

1902 -- Walter Sutton and Theodore Boveri, using dyes synthesized by the German organic 

chemistry industry, observed that "colored bodies" in cells behaved in ways parallel to the 

hypothetical agents of heredity proposed by Mendel. These bodies were called chromosomes. 

1905 -- Nettie Stevens observed in Tenebrio beetles that all pairs of homologous chromosomes 

are the same size, except for one pair which determines sex -- X, Y. 

1909 -- Thomas H. Morgan correlates the X chromosome with sex-linked inheritance of the white 

eye trait in Drosophila -- a strain of flies discovered by an undergraduate lab assistant, cleaning 

out old bottles of flies in Morgan's lab. Morgan went on to make many important discoveries in 

fly genetics and linkage analysis that apply to all diploid organisms. 

1941 -- Beadle and Tatum determined in Neurospora that each gene encodes one product 

(protein). (Later, we learned that RNA can be a product, not always transcribed to protein; for 

example, a ribosomal RNA.) 

http://www.orchidworks.com/index.html


1944 -- Oswald Avery identified DNA as the genetic material. Pieces of DNA can transfer genes 

into bacteria cells, and transform them genetically. 

 

1953 -- Rosalind Franklin and Maurice Wilkins showed that DNA is a 

double helix. 

Thomas Watson and Frances Crick determined the structure of the base 

pairs which enable replication producing two identical daughter helices. 

1961 -- Jacob and Monod figured out regulation of the lac operon. 

1960's -- Barbara McClintock discovered transposable elements in corn; 

later found in bacteria and animals. 

1970 -- Temin and Balitimore discovered reverse transcriptase in 

retroviruses; an enzyme later used to clone genes based on the RNA 

encoding the product. 

1977 -- Maxam, Gilbert, Sanger, others -- developed methods to 

sequence DNA. 

1981 -- The first transgenic mammals were made. 

1987 -- Kary Mullis invented the polymerase chain reaction (PCR), using a thermostable enzyme 

from a thermophilic bacterium discovered by Thomas Brock at a geyser in Yellowstone. Mullis 

sold the process to a pharmaceutical company, and earned very little. Brock didn't earn a cent. 

1995 -- The first bacterial genome sequence, Haemophilus influenzae, was completely determined. 

1996 -- Ian Wilmut cloned the lamb Dolly  from adult mammary gland tissue. 

2000 --Completion of the human genome 

2010 -- Whole organs grown in culture 

 

DEFINITION OF NUCLEIC ACID 

 A complex organic substance present in living cells, especially DNA or RNA, whose molecules 

consist of many nucleotides linked in a long chain. 



Nucleic acid, naturally occurring chemical compound that is capable of being broken down to 

yield phosphoric acid, sugars, and a mixture of organic bases (purines and pyrimidines). 

Nucleic acids are the biopolymers, or large biomolecules, essential to all known forms of life. 

The term nucleic acid is the overall name for DNA and RNA. 

EXPERIMENTS TO PROVE DNA AS THE GENETIC MATERIAL 

Our modern understanding of DNA's role in heredity has led to a variety of practical 

applications, including forensic analysis, paternity testing, and genetic screening. Thanks to these 

wide-ranging uses, today many people have at least a basic awareness of DNA. 

It may be surprising, then, to realize that less than a century ago, even the best-educated 

members of the scientific community did not know that DNA was the hereditary material! 

Protein vs. DNA 

The work of Gregor Mendel showed that traits (such as flower colors in pea plants) were 

not inherited directly, but rather, were specified by genes passed on from parents to offspring. The 

work of additional scientists around the turn of the 20th century, including Theodor Boveri, Walter 

Sutton, and Thomas Hunt Morgan, established that Mendel's heritable factors were most likely 

carried on chromosomes. 

Scientists first thought that proteins, which are found in chromosomes along with DNA, 

would turn out to be the sought-after genetic material. Proteins were known to have diverse amino 

acid sequences, while DNA was thought to be a boring, repetitive polymer, due in part to an 

incorrect (but popular) model of its structure and composition. 

Today, we know that DNA is not actually repetitive and can carry large amounts of 

information, as discussed further in the article on discovery of DNA structure. But how did 

scientists first come to realize that "boring" DNA might actually be the genetic material. 

Frederick Griffith: Bacterial transformation 

In 1928, British bacteriologist Frederick Griffith conducted a series of experiments 

using Streptococcus pneumoniae bacteria and mice. Griffith wasn't trying to identify the genetic 

https://www.britannica.com/science/chemical-compound
https://www.britannica.com/science/phosphoric-acid
https://en.wikipedia.org/wiki/Biopolymer
https://en.wikipedia.org/wiki/Biomolecule
https://en.wikipedia.org/wiki/Life
https://www.khanacademy.org/science/biology/classical-genetics/mendelian--genetics/a/mendel-and-his-peas
https://www.khanacademy.org/science/biology/classical-genetics/chromosomal-basis-of-genetics/a/discovery-of-the-chromosomal-basis-of-inheritance
https://www.khanacademy.org/science/biology/dna-as-the-genetic-material/dna-discovery-and-structure/a/discovery-of-the-structure-of-dna/


material, but rather, trying to develop a vaccine against pneumonia. In his experiments, Griffith 

used two related strains of bacteria, known as R and S. 

 R strain. When grown in a petri dish, the R bacteria formed colonies, or clumps of related bacteria, 

that had well-defined edges and a rough appearance (hence the abbreviation "R"). The R bacteria 

were nonvirulent, meaning that they did not cause sickness when injected into a mouse. 

 S strain. S bacteria formed colonies that were rounded and smooth (hence the abbreviation "S"). 

The smooth appearance was due to a polysaccharide, or sugar-based, coat produced by the bacteria. 

This coat protected the S bacteria from the mouse immune system, making them virulent (capable 

of causing disease). Mice injected with live S bacteria developed pneumonia and died. 

As part of his experiments, Griffith tried injecting mice with heat-killed S bacteria (that is, S 

bacteria that had been heated to high temperatures, causing the cells to die). Unsurprisingly, the 

heat-killed S bacteria did not cause disease in mice. 

The experiments took an unexpected turn, however, when harmless R bacteria were combined 

with harmless heat-killed S bacteria and injected into a mouse. Not only did the mouse develop 

pnenumonia and die, but when Griffith took a blood sample from the dead mouse, he found that it 

contained living S bacteria! 

 

Diagram illustrating Frederick Griffith's experiment with S and R bacteria. 



1. Rough strain (nonpathogenic). When this strain is injected into a mouse, the mouse lives. 

2. Smooth strain (pathogenic). When this strain is injected into a mouse, the mouse gets pneumonia 

and dies. 

3. Heat-killed smooth strain. When heat-killed smooth cells are injected into a mouse, the mouse 

lives. 

4. Rough strain & heat-killed smooth strain. When these two types of cells are injected into a mouse 

as a mixture, the mouse gets pneumonia and dies. 

Griffith concluded that the R-strain bacteria must have taken up what he called a "transforming 

principle" from the heat-killed S bacteria, which allowed them to "transform" into smooth-coated 

bacteria and become virulent. 

Avery, McCarty, and MacLeod: Identifying the transforming principle 

In 1944, three Canadian and American researchers, Oswald Avery, Maclyn McCarty, and Colin 

MacLeod, set out to identify Griffith's "transforming principle." 

To do so, they began with large cultures of heat-killed S cells and, through a long series of 

biochemical steps (determined by careful experimentation), progressively purified the 

transforming principle by washing away, separating out, or enzymatically destroying the other 

cellular components. By this method, they were able to obtain small amounts of highly purified 

transforming principle, which they could then analyze through other tests to determine its identity. 

Several lines of evidence suggested to Avery and his colleagues that the transforming principle 

might be DNA: 

 The purified substance gave a negative result in chemical tests known to detect proteins, but a 

strongly positive result in a chemical test known to detect DNA. 

 The elemental composition of the purified transforming principle closely resembled DNA in its 

ratio of nitrogen and phosphorous. 

 Protein- and RNA-degrading enzymes had little effect on the transforming principle, but enzymes 

able to degrade DNA eliminated the transforming activity. 

These results all pointed to DNA as the likely transforming principle. However, Avery was 

cautious in interpreting his results. He realized that it was still possible that some contaminating 

substance present in small amounts, not DNA, was the actual transforming principle^33cubed. 



Because of this possibility, debate over DNA's role continued until 1952, when Alfred Hershey 

and Martha Chase used a different approach to conclusively identify DNA as the genetic material. 

The Hershey-Chase experiments 

In their now-legendary experiments, Hershey and Chase studied bacteriophage, or viruses that 

attack bacteria. The phages they used were simple particles composed of protein and DNA, with 

the outer structures made of protein and the inner core consisting of DNA. 

Hershey and Chase knew that the phages attached to the surface of a host bacterial cell and injected 

some substance (either DNA or protein) into the host. This substance gave "instructions" that 

caused the host bacterium to start making lots and lots of phages—in other words, it was the 

phage's genetic material. Before the experiment, Hershey thought that the genetic material would 

prove to be protein. 

To establish whether the phage injected DNA or protein into host bacteria, Hershey and Chase 

prepared two different batches of phage. In each batch, the phages were produced in the presence 

of a specific radioactive element, which was incorporated into the macromolecules (DNA and 

protein) that made up the phage. 

 One sample was produced in the presence of 35S, a radioactive isotope of sulfur. Sulfur is found in 

many proteins and is absent from DNA, so only phage proteins were radioactively labeled by this 

treatment. 

 The other sample was produced in the presence of 32P, a radioactive isotope of phosphorous. 

Phosphorous is found in DNA and not in proteins, so only phage DNA (and not phage proteins) 

was radioactively labeled by this treatment. 

Each batch of phage was used to infect a different culture of bacteria. After infection had taken 

place, each culture was whirled in a blender, removing any remaining phage and phage parts from 

the outside of the bacterial cells. Finally, the cultures were centrifuged, or spun at high speeds, to 

separate the bacteria from the phage debris. 



Centrifugation causes heavier material, such as bacteria, to move to the bottom of the tube and 

form a lump called a pellet. Lighter material, such as the medium (broth) used to grow the cultures, 

along with phage and phage parts, remains near the top of the tube and forms a liquid layer called 

the supernatant. 

 

1. One batch of phage was labeled with 35S, which is incorporated into the protein coat. Another batch 

was labeled with 32P, which is incorporated into the DNA. 

2. Bacteria were infected with the phage. 

3. The cultures were blended and centrifuged to separate the phage from the bacteria. 

4. Radioactivity was measured in the pellet and liquid (supernatant) for each experiment. 32P was 

found in the pellet (inside the bacteria), while 35S was found in the supernatant (outside of the 

bacteria) 

When Hershey and Chase measured radioactivity in the pellet and supernatant from both of their 

experiments, they found that a large amount 32P appeared in the pellet, whereas almost all of the 35S 

appeared in the supernatant. Based on this and similar experiments, Hershey and Chase concluded 

that DNA, not protein, was injected into host cells and made up the genetic material of the phage. 



The work of the researchers above provided strong evidence for DNA as the genetic 

material. However, it still wasn't clear how such a seemingly simple molecule could encode the 

genetic information needed to build a complex organism. Additional research by many scientists, 

including Erwin Chargaff, James Watson, Francis Crick, and Rosalind Franklin, led to 

the discovery of DNA structure, clarifying how DNA can encode large amounts of information. 

RNA as Genetic Material 

The genome of viruses may be DNA or RNA. Most of the plant viruses have RNA as their 

hereditary material. Fraenkel-Conrat (1957) conducted experiments on tobacco mosaic virus 

(TMV) to demonstrate that in some viruses RNA acts as genetic material. 

TMV is a small virus composed of a single molecule of spring-like RNA encapsulated in a 

cylindrical protein coat. Different strains of TMV can be identified on the basis of differences in 

the chemical composition of their protein coats. By using the appropriate chemical treatments, 

proteins and RNA of RNV can be separated. 

Moreover, these processes are reversible by missing the protein and RNA under appropriate 

conditions—reconstitution will occur yielding complete infective TMV particles. Fraenkel-Conrat 

and Singer took two different strains of TMV and separated the RNAs from protein coats, 

reconstituted hybrid viruses by mixing the proteins of one strain with the RNA of the second strain, 

and vice versa. 

When the hybrid or reconstituted viruses were rubbed into live tobacco leaves, the progeny viruses 

produced were always found to be phenotypically and genotypically identical to the parental type 

from where the RNA had been isolated. Thus the genetic information of TMV is stored in the RNA 

and not in the protein. 

https://www.khanacademy.org/biology/dna-as-the-genetic-material/dna-discovery-and-structure/v/the-discovery-of-the-double-helix-structure-of-dna


 

DNA ORGANIZATION IN PROKARYOTES 

A cell’s DNA, packaged as a double-stranded DNA molecule, is called its genome. In 

prokaryotes, the genome is composed of a single, double-stranded DNA molecule in the form of a 

loop or circle. The region in the cell containing this genetic material is called 

a nucleoid (remember that prokaryotes do not have a separate membrane-bound nucleus). Some 

prokaryotes also have smaller loops of DNA called plasmids that are not essential for normal 

growth. Bacteria can exchange these plasmids with other bacteria, sometimes receiving beneficial 

new genes that the recipient can add to their chromosomal DNA. Antibiotic resistance is one trait 

that often spreads through a bacterial colony through plasmid exchange. 

The size of the genome in one of the most well-studied prokaryotes, E.coli, is 4.6 million 

base pairs (which would be approximately 1.1 mm in length, if cut and stretched out). So how does 

this fit inside a small bacterial cell? The DNA is twisted by what is known as supercoiling. 

Supercoiled DNA is coiled more tightly than would be typically be found in a cell (more than 10 



nucleotides per twist of the helix). If you visualize twisting a rope until it twists back on itself, you 

have a pretty good visual of supercoiled DNA. This process allows the DNA to be compacted into 

the small space inside a bacteria. 

CHROMOSOME STRUCTURE AND ORGANISATION  

 Genetic material in a cell:  

All cells have the capability to give rise to new cells and the encoded information in a 

living cell is passed from one generation to another. The information encoding material is the 

genetic or hereditary material of the cell. Prokaryotic genetic material: The prokaryotic (bacterial) 

genetic material is usually concentrated in a specific clear region of the cytoplasm called nucleiod. 

The bacterial chromosome is a single, circular, double stranded DNA molecule mostly attached to 

the plasma membrane at one point. It does not contain any histone protein. Escherichia coli DNA 

is circular molecule 4.6 million base pairs in length, containing 4288 annotated protein-coding 

genes (organized into 2584 operons), seven ribosomal RNA (rRNA) operons, and 86 transfer RNA 

(tRNA) genes. Certain bacteria like the Borrelia burgdorferi possess array of linear chromosome 

like eukaryotes. Besides the chromosomal DNA many bacteria may also carry extra chromosomal 

genetic elements in the form of small, circular and closed DNA molecules, called plasmids. They 

generally remain floated in the cytoplasm and bear different genes based on which they have been 

studied. Some of the different types of plasmids are F plasmids, R plasmids, virulent plasmids, 

metabolic plasmids etc. Figure 1 depicts a bacterial chromosome and plasmid.  

Eukaryotic genetic material:  

A Eukaryotic cell has genetic material in the form of genomic DNA enclosed within the 

nucleus. Genes or the hereditary units are located on the chromosomes which exist as chromatin 

network in the non dividing cell/interphase. This will be discussed in detail in the coming sections. 

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

division the nuclear material organize themselves into visible thread like structures which were 

named as chromosomes which stains deep with basic dyes. The term chromosome was coined by 

W. Waldeyer in 1888. Chrome is coloured and soma is body, hence they mean “colored bodies” 

and can be defined as higher order organized arrangement of DNA and proteins. It contains many 

genes or the hereditary units, regulatory elements and other nucleotide sequences. Chromosomes 

also contain DNA-bound proteins, which serve in packaging the DNA and control its functions. 



Chromosomes vary both in number and structure among organisms (Table 1) and the number of 

chromosomes is characteristic of every species. Benden and Bovery in 1887 reported that the 

number of chromosomes in each species is constant. W.S. Sutton and T. Boveri in 1902 suggested 

that chromosomes are the physical structures which acted as messengers of heredity. 

Chromosomes are tightly coiled DNA around basic histone proteins, which help in the tight 

packing of DNA. During interphase, the DNA is not tightly coiled into chromosomes, but exists 

as chromatin. The structure of a chromosome is given in Figure 2. In eukaryotes to fit the entire 

length of DNA in the nucleus it undergoes condensation and the degree to which DNA is 

condensed is expressed as its packing ratio which is the length of DNA divided by the length into 

which it is packaged into chromatin along with proteins. 

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

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

2 µm long. This gives a packing ratio of 7000 (14,000/2). The DNA is packaged stepwise into the 

higher order chromatin structure and this is known as “hierarchies of chromosomal organization”. 

The level of DNA packaging is schematically represented in Table 2. Chromosome number: There 

are normally two copies of each chromosome present in every somatic cell. The number of unique 

chromosomes (N) in such a cell is known as its haploid number, and the total number of 

chromosomes (2N) is its diploid number. The suffix ‘ploid’ refers to chromosome ‘sets’. The 

haploid set of the chromosome is also known as the genome. Structurally, eukaryotes possess large 

linear chromosomes unlike prokaryotes which have circular chromosomes. In Eukaryotes other 

than the nucleus chromosomes are present in mitochondria and chloroplast too. The number of 

chromosomes in each somatic cell is same for all members of a given species. The organism with 

lowest number of chromosome is the nematode, Ascaris megalocephalusunivalens which has only 

two chromosomes in the somatic cells (2n=2). 

Organism No. of chromosomes Arabidopsis thaliana (diploid) 10 Maize (diploid) 20 

Wheat (hexaploid) 42 Common fruit fly (diploid) 8 Earthworm (diploid) 36 Mouse (diploid) 40 

Human (diploid) 46 Elephants (diploid) 56 Donkey (diploid) 62 Dog (diploid) 78 Gold Fish 

(diploid) 100-104 Tobacco(tetraloid) 48 Oat (hexaploid) 42 Autosomes and sex chromosomes: In 

a diploid cell, there are two of each kind of chromosome (termed homologus chromosomes) except 

the sex chromosomes. In humans one of the sex has two of the same kind of sex chromosomes and 

the other has one of each kind. In humans there are 23 pairs of homologous chromosomes (2n=46). 

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



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

heteromorphic sex chromosomes, one X and one Y chromosome. 

Morphology:  

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

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

most mitotic chromosome falls in the range of 3μm in Drosophila to 5μm in man and 8-12μm in 

maize. The monocots contain large sized chromosomes as compared to dicots. Organisms with 

less number of chromosomes contain comparatively large sized chromosomes. The chromosomes 

in set vary in size. Shape: The shape of the chromosome changes from phase to phase in the 

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

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

structures, the chromatin threads. In the metaphase and the anaphase, the chromosome becomes 

thick and filamentous. Each chromosome contains a clear zone, known as centromere or 

kinetochore, along their length. The centromere divides the chromosome into two parts and each 

part is called chromosome arm. The position of centromere varies from chromosome to 

chromosome providing it a different shape. They could be telocentric (centromere on the proximal 

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

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

(v shaped with centromere at the centre). Structure of  

Chromosome: A chromosome at mitotic metaphase consists of two symmetrical structures 

called chromatids. Each chromatid contains a single DNA molecule and both chromatids are 

attached to each other by centromere and become separated at the beginning of anaphase. The 

chromomeres are bead like accumulations of chromatin material that are sometimes visible along 

interphase chromosomes. The chromomere bearing chromatin has an appearance of a necklace in 

which several beads occur on a string. Chromomeres are regions of tightly folded DNA and 

become especially prominent in polytene chromosomes. Centromere in a chromosome contain 

specific DNA sequences with special proteins bound to them, forming a disc shaped structure, 

called kinetochore. In electron microscope the kinetochore appears as a plate or cup like disc, 0.20-

0.25 nm, in diameter situated upon the primary constriction or centromere. The chromosomes of 

most organisms contain only one centromere and are known as monocentric chromosomes. Some 

species have diffused centromeres, with microtubules attached along the length of the 



chromosomes and are termed holocentric chromosomes. Chromosomes of Ascaris megalocephala 

are examples of diffused centromeric chromosomes.  

Telomere is the chromosomal ends which prevents other chromosomal segments to be 

fused with it. Besides the primary constrictions or centromeres, chromosomes also posses 

secondary constriction at any point of the chromosome and are constant in their position and extent. 

These constrictions are helpful in identifying particular chromosomes in a set. Chromosomes also 

contain nucleolar organizers which are certain secondary constrictions that contain the genes 

coding for 5.8S, 18S and 28S ribosomal RNA and induce the formation of nucleoli. Sometimes 

the chromosomes bear round, elongated or knob like appendages known as satellites. The satellite 

remains connected with the rest of the chromosomes by a thin chromatin filament.  

Chromatin: Chemical composition of chromatin Chromatin consists of DNA, RNA and 

protein. The protein of chromatin could be of two types: histones and non histones. DNA: DNA is 

the most important chemical component of chromatin, since it plays central role of controlling 

heredity and is most conveniently measured in picograms. In addition to describing the genome of 

an organism by its number of chromosomes, it is also described by the amount of DNA in a haploid 

cell. This is usually expressed as the amount of DNA per haploid cell (usually expressed as 

picograms) or the number of kilobases per haploid cell and is called the C value. This is constant 

for all cells of a species. For diploid cells it is 2C. Extending the C value we reach the C-value 

paradox. One immediate feature of eukaryotic organisms highlights a specific anomaly that was 

detected early in molecular research. Even though eukaryotic organisms appear to have 2-10 times 

as many genes as prokaryotes, they have many orders of magnitude more DNA in the cell. 

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

complexity of a species. This is stated as the C value paradox: the amount of DNA in the haploid 

cell of an organism is not related to its evolutionary complexity. Lower eukaryotes in general have 

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

Vertebrates have greaer DNA content about 3pg, in general about 700 times more than E. coli. 

Salamander Amphiuma has a very high DNA content of about 84pg. Man has about 3pg of DNA 

per haploid genome.  

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

lysine. At physiological pH they are cationic and can interact with anionic nucleic acids. They 

form a highly condensed structure. The histones are of five types called H1, H2A H2B, H3, and 



H4-which are very similar among different species of eukaryotes and have been highly conserved 

during evolution. H1 is the least conserved among all and is also loosely bound with DNA. H1 

histone is absent in Sacharomyces cerevisiae. Non-histones: In addition to histones the chromatin 

comprise of many different types of non-histone proteins, which are involved in a range of 

activities, including DNA replication and gene expression. They display more diversity or are not 

conserved. They may also differ between different tissues of same organism. Roger Kornberg in 

1974 described the basic structural unit of chromatin which is called the nucleosome  

Euchromatin: The lightly-stained regions in chromosome when stained with basic dyes are 

called euchromatin and contain single-copy of genetically-active DNA. The extent of chromatin 

condensation varies during the life cycle of the cell and plays an important role in regulating gene 

expression. In the interphase of cell cycle the chromatin are decondensed and known as 

euchromatin leading to gene transcription and DNA replication 

. Heterochromatin: The word heterochromatin was coined by Emil Heitz based on 

cytological observations. They are highly condensed and ordered areas in nucleosomal arrays. 

About 10% of interphase chromatin is called heterochromatin and is in a very highly condensed 

state that resembles the chromatin of cells undergoing mitosis . They contain a high density of 

repetitive DNA found at centromeres and telomeres form heterochromatin. Heterochromatin are 

of two types, the constitutive and facultative heterochromatin. The regions that remain condensed 

throughout the cell cycle are called constitutive heterochromatin whereas the regions where 

heterochromatin condensation state can change are known as facultative. Constitutive 

heterochromatin is found in the region that flanks the telomeres and centromere of each 

chromosome and in the distal arm of the Y chromosome in mammals. Constitutive 

heterochromatin possesses very few genes and they also lead to transcriptional inactivation of 

nearby genes. This phenomenon of gene silencing is known as “position effect”. Constitutive 

heterochromatin also inhibits genetic recombination between homologous repetitive sequences 

circumventing DNA duplications and deletion. Whereas facultative heterochromatin is chromatin 

that has been specifically inactivated during certain phases of an organism’s life or in certain types 

of differentiated cells. Dosage compensation of X-chromosome or X-chromosome inactivation in 

mammals is an example of such heterochromatin (Karp 2010). Heterochromatin spreads from a 

specific nucleation site, causing silencing of most of the X chromosome, thereby regulating gene 

dosage. 



Centromeres: Centromeres are those condensed regions within the chromosome that are 

responsible for the accurate segregation of the replicated chromosome during mitosis and meiosis. 

When chromosomes are stained they typically show a dark-stained region that is the centromere. 

The actual location where the attachments of spindle fibres occur is called the kinetochore and is 

composed of both DNA and protein. The DNA sequence within these regions is called CEN DNA. 

Because CEN DNA can be moved from one chromosome to another and still provide the 

chromosome with the ability to segregate, these sequences must not provide any other function. 

Typically CEN DNA is about 120 base pairs long and consists of several sub-domains, CDE-I, 

CDE-II and CDE-III (Figure 3). Mutations in the first two sub-domains have no effect upon 

segregation, but a point mutation in the CDE-III sub-domain completely eliminates the ability of 

the centromere to function during chromosome segregation. Therefore CDE-III must be actively 

involved in the binding of the spindle fibers to the centromere. The protein component of the 

kinetochore is only now being characterized. A complex of three proteins called CbfIII binds to 

normal CDE-III regions but cannot bind to a CDE-III region with a point mutation that prevents 

mitotic segregation. Furthermore, mutants of the genes encoding the Cbf-III proteins also 

eliminates the ability for chromosomes to segregate during mitosis. Additional analyses of the 

DNA and protein components of the centromere are necessary to fully understand the mechanics 

of chromosome segregation. 

POLYTENE CHROMOSOMES 

Polytene chromosomes are large chromosomes which have thousands of DNA strands. They 

provide a high level of function in certain tissues such as salivary glands.  

Polytene chromosomes were first reported by E.G.Balbiani in 1881. Polytene chromosomes are 

found in dipteran flies: the best understood are those 

of Drosophila, Chironomus and Rhynchosciara. They are present in another group of arthropods 

of the class Collembola, a protozoan group Ciliophora, mammalian trophoblasts and antipodal, 

and suspensor cells in plants. In insects, they are commonly found in the salivary glands when the 

cells are not dividing. 

They are produced when repeated rounds of DNA replication without cell division forms a giant 

chromosome. Thus polytene chromosomes form when multiple rounds of replication produce 

many sister chromatids which stay fused together. 
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Polytene chromosomes, at interphase, are seen to have distinct thick and thin banding patterns. 

These patterns were originally used to help map chromosomes, identify small chromosome 

mutations, and in taxonomic identification. They are now used to study the function of genes 

in transcription. 

The elucidation of the structure of the double helix by James Watson and Francis Crick in 1953 

provided a hint as to how DNA is copied during the process of replication. Separating the 

strands of the double helix would provide two templates for the synthesis of new complementary 

strands, but exactly how new DNA molecules were constructed was still unclear. In one 

model, semiconservative replication, the two strands of the double helix separate during DNA 

replication, and each strand serves as a template from which the new complementary strand is 

copied; after replication, each double-stranded DNA includes one parental or “old” strand and 

one “new” strand. There were two competing models also suggested: conservative and 

dispersive, which are shown in Figure 1. 

Figure 1. There were three models suggested for DNA replication. In the conservative model, parental 

DNA strands (blue) remained associated in one DNA molecule while new daughter strands (red) 

remained associated in newly formed DNA molecules. In the semiconservative model, parental strands 

separated and directed the synthesis of a daughter strand, with each resulting DNA molecule being a 

hybrid of a parental strand and a daughter strand. In the dispersive model, all resulting DNA strands 

have regions of double-stranded parental DNA and regions of double-stranded daughter DNA. 
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DNA REPLICATION 

Matthew Meselson (1930–) and Franklin Stahl (1929–) devised an experiment in 1958 to test 

which of these models correctly represents DNA replication (Figure 2). They grew E. coli for 

several generations in a medium containing a “heavy” isotope of nitrogen (15N) that was 

incorporated into nitrogenous bases and, eventually, into the DNA. This labeled the parental DNA. 

The E. coli culture was then shifted into a medium containing 14N and allowed to grow for one 

generation. The cells were harvested and the DNA was isolated.  

The DNA was separated by ultracentrifugation, during which the DNA formed bands according 

to its density. DNA grown in 15N would be expected to form a band at a higher density position 

than that grown in 14N. Meselson and Stahl noted that after one generation of growth in 14N, the 

single band observed was intermediate in position in between DNA of cells grown exclusively 

in 15N or 14N. This suggested either a semiconservative or dispersive mode of replication. Some 

cells were allowed to grow for one more generation in 14N and spun again.  

The DNA harvested from cells grown for two generations in 14N formed two bands: one DNA band 

was at the intermediate position between 15N and 14N, and the other corresponded to the band of 14N 

DNA. These results could only be explained if DNA replicates in a semiconservative manner. 

Therefore, the other two models were ruled out. As a result of this experiment, we now know that 

during DNA replication, each of the two strands that make up the double helix serves as a template 

from which new strands are copied. The new strand will be complementary to the parental or “old” 

strand. The resulting DNA molecules have the same sequence and are divided equally into the two 

daughter cells. 

 

 

 

 



 

 

 

 

Figure 2. Meselson and Stahl experimented with E. coli grown first in heavy nitrogen (15N) then 

in 14N. DNA grown in 15N (blue band) was heavier than DNA grown in 14N (red band), and 

sedimented to a lower level on ultracentrifugation. After one round of replication, the DNA 

sedimented halfway between the 15N and 14N levels (purple band), ruling out the conservative 

model of replication. After a second round of replication, the dispersive model of replication was 

ruled out. These data supported the semiconservative replication model. 

DNA Replication in Bacteria 

DNA replication has been well studied in bacteria primarily because of the small size of the 

genome and the mutants that are available. E. coli has 4.6 million base pairs (Mbp) in a single 

circular chromosome and all of it is replicated in approximately 42 minutes, starting from a single 

origin of replication and proceeding around the circle bidirectionally (i.e., in both directions). This 



means that approximately 1000 nucleotides are added per second. The process is quite rapid and 

occurs with few errors. 

 

 

 

DNA replication uses a large number of proteins and enzymes. 

Table 1. The Molecular Machinery Involved in Bacterial DNA Replication 

Enzyme or Factor Function 

DNA pol I 
Exonuclease activity removes RNA primer and replaces it 

with newly synthesized DNA 

DNA pol III Main enzyme that adds nucleotides in the 5′ to 3′ direction 

Helicase 
Opens the DNA helix by breaking hydrogen bonds between 

the nitrogenous bases 

Ligase 
Seals the gaps between the Okazaki fragments on the 

lagging strand to create one continuous DNA strand 

Primase Synthesizes RNA primers needed to start replication 



Table 1. The Molecular Machinery Involved in Bacterial DNA Replication 

Enzyme or Factor Function 

Single-stranded binding proteins 
Bind to single-stranded DNA to prevent hydrogen bonding 

between DNA strands, reforming double-stranded DNA 

Sliding clamp 
Helps hold DNA pol III in place when nucleotides are being 

added 

Topoisomerase II (DNA gyrase) 

Relaxes supercoiled chromosome to make DNA more 

accessible for the initiation of replication; helps relieve the 

stress on DNA when unwinding, by causing breaks and 

then resealing the DNA 

Topoisomerase IV 

Introduces single-stranded break into concatenated 

chromosomes to release them from each other, and then 

reseals the DNA 

Figure 3. This structure shows the guanosine triphosphate deoxyribonucleotide that is incorporated into a 

growing DNA strand by cleaving the two end phosphate groups from the molecule and transferring the 

energy to the sugar phosphate bond. The other three nucleotides form analogous structures. 



One of the key players is the enzyme DNA polymerase, also known as DNA pol. In 

bacteria, three main types of DNA polymerases are known: DNA pol I, DNA pol II, and DNA pol 

III. It is now known that DNA pol III is the enzyme required for DNA synthesis; DNA pol I and 

DNA pol II are primarily required for repair. DNA pol III adds deoxyribonucleotides each 

complementary to a nucleotide on the template strand, one by one to the 3′-OH group of the 

growing DNA chain. The addition of these nucleotides requires energy. This energy is present in 

the bonds of three phosphate groups attached to each nucleotide (a triphosphate nucleotide), 

similar to how energy is stored in the phosphate bonds of adenosine triphosphate (ATP) (Figure 3). 

When the bond between the phosphates is broken and diphosphate is released, the energy released 

allows for the formation of a covalent phosphodiester bond by dehydration synthesis between the 

incoming nucleotide and the free 3′-OH group on the growing DNA strand. 

Initiation 

The initiation of replication occurs at specific nucleotide sequence called the origin of 

replication, where various proteins bind to begin the replication process. E. coli has a single origin 

of replication (as do most prokaryotes), called oriC, on its one chromosome. The origin of 

replication is approximately 245 base pairs long and is rich in adenine-thymine (AT) sequences. 

Some of the proteins that bind to the origin of replication are important in making single-stranded 

regions of DNA accessible for replication. Chromosomal DNA is typically wrapped 

around histones (in eukaryotes and archaea) or histone-like proteins (in bacteria), and 

is supercoiled, or extensively wrapped and twisted on itself. This packaging makes the 

information in the DNA molecule inaccessible. However, enzymes called topoisomerases change 

the shape and supercoiling of the chromosome. For bacterial DNA replication to begin, the 

supercoiled chromosome is relaxed by topoisomerase II, also called DNA gyrase. An enzyme 

called helicase then separates the DNA strands by breaking the hydrogen bonds between the 

nitrogenous base pairs. Recall that AT sequences have fewer hydrogen bonds and, hence, have 

weaker interactions than guanine-cytosine (GC) sequences. These enzymes require ATP 

hydrolysis. As the DNA opens up, Y-shaped structures called replication forks are formed. Two 

replication forks are formed at the origin of replication, allowing for bidirectional replication and 

formation of a structure that looks like a bubble when viewed with a transmission electron 



microscope; as a result, this structure is called a replication bubble. The DNA near each 

replication fork is coated with single-stranded binding proteins to prevent the single-stranded 

DNA from rewinding into a double helix. 

Once single-stranded DNA is accessible at the origin of replication, DNA replication can begin. 

However, DNA pol III is able to add nucleotides only in the 5′ to 3′ direction (a new DNA strand 

can be only extended in this direction). This is because DNA polymerase requires a free 3′-OH 

group to which it can add nucleotides by forming a covalent phosphodiester bond between the 3′-

OH end and the 5′ phosphate of the next nucleotide. This also means that it cannot add nucleotides 

if a free 3′-OH group is not available, which is the case for a single strand of DNA. The problem 

is solved with the help of an RNA sequence that provides the free 3′-OH end. Because this 

sequence allows the start of DNA synthesis, it is appropriately called the primer. The primer is 

five to 10 nucleotides long and complementary to the parental or template DNA. It is synthesized 

by RNA primase, which is an RNA polymerase. Unlike DNA polymerases, RNA polymerases 

do not need a free 3′-OH group to synthesize an RNA molecule. Now that the primer provides the 

free 3′-OH group, DNA polymerase III can now extend this RNA primer, adding DNA nucleotides 

one by one that are complementary to the template strand (Figure 1). 

Elongation 

During elongation in DNA replication, the addition of nucleotides occurs at its maximal rate of 

about 1000 nucleotides per second. DNA polymerase III can only extend in the 5′ to 3′ direction, 

which poses a problem at the replication fork. The DNA double helix is antiparallel; that is, one 

strand is oriented in the 5′ to 3′ direction and the other is oriented in the 3′ to 5′ direction). During 

replication, one strand, which is complementary to the 3′ to 5′ parental DNA strand, is synthesized 

continuously toward the replication fork because polymerase can add nucleotides in this direction. 

This continuously synthesized strand is known as the leading strand. The other strand, 

complementary to the 5′ to 3′ parental DNA, grows away from the replication fork, so the 

polymerase must move back toward the replication fork to begin adding bases to a new primer, 

again in the direction away from the replication fork. It does so until it bumps into the previously 

synthesized strand and then it moves back again (Figure 4). These steps produce small DNA 

sequence fragments known as Okazaki fragments, each separated by RNA primer. Okazaki 



fragments are named after the Japanese research team and married couple Reiji and 

Tsuneko Okazaki, who first discovered them in 1966. The strand with the Okazaki fragments is 

known as the lagging strand, and its synthesis is said to be discontinuous. 

The leading strand can be extended from one primer alone, whereas the lagging strand needs a 

new primer for each of the short Okazaki fragments. The overall direction of the lagging strand 

will be 3′ to 5′, and that of the leading strand 5′ to 3′. A protein called the sliding clamp holds the 

DNA polymerase in place as it continues to add nucleotides. The sliding clamp is a ring-shaped 

protein that binds to the DNA and holds the polymerase in place. Beyond its role in 

initiation, topoisomerase also prevents the overwinding of the DNA double helix ahead of the 

replication fork as the DNA is opening up; it does so by causing temporary nicks in the DNA helix 

and then resealing it. As synthesis proceeds, the RNA primers are replaced by DNA. The primers 

are removed by the exonuclease activity of DNA polymerase I, and the gaps are filled in. The 

nicks that remain between the newly synthesized DNA (that replaced the RNA primer) and the 

previously synthesized DNA are sealed by the enzyme DNA ligase that catalyzes the formation of 

covalent phosphodiester linkage between the 3′-OH end of one DNA fragment and the 5′ phosphate 

end of the other fragment, stabilizing the sugar-phosphate backbone of the DNA molecule. 

 

 



Figure 4. At the origin of replication, topoisomerase II relaxes the supercoiled chromosome. Two 

replication forks are formed by the opening of the double-stranded DNA at the origin, and helicase separates 

the DNA strands, which are coated by single-stranded binding proteins to keep the strands separated. DNA 

replication occurs in both directions. An RNA primer complementary to the parental strand is synthesized 

by RNA primase and is elongated by DNA polymerase III through the addition of nucleotides to the 3′-OH 

end. On the leading strand, DNA is synthesized continuously, whereas on the lagging strand, DNA is 

synthesized in short stretches called Okazaki fragments. RNA primers within the lagging strand are 

removed by the exonuclease activity of DNA polymerase I, and the Okazaki fragments are joined by DNA 

ligase. 

Termination 

Once the complete chromosome has been replicated, termination of DNA replication must 

occur. Although much is known about initiation of replication, less is known about the termination 

process. Following replication, the resulting complete circular genomes of prokaryotes are 
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concatenated, meaning that the circular DNA chromosomes are interlocked and must be separated 

from each other. This is accomplished through the activity of bacterial topoisomerase IV, which 

introduces double-stranded breaks into DNA molecules, allowing them to separate from each 

other; the enzyme then reseals the circular chromosomes. The resolution of concatemers is an issue 

unique to prokaryotic DNA replication because of their circular chromosomes. Because both 

bacterial DNA gyrase and topoisomerase IV are distinct from their eukaryotic counterparts, these 

enzymes serve as targets for a class of antimicrobial drugs called quinolones. 

ROLLING CIRCLE REPLICATION 

Whereas many bacterial plasmids  replicate by a process similar to that used to copy the 

bacterial chromosome, other plasmids, several bacteriophages, and some viruses of eukaryotes 

use rolling circle replication.The circular nature of plasmids and the circularization of some viral 

genomes on infection make this possible. Rolling circle replication begins with the enzymatic 

nicking of one strand of the double-stranded circular molecule at the double-stranded origin 

(dso) site. In bacteria, DNA polymerase III binds to the 3′-OH group of the nicked strand and 

begins to unidirectionally replicate the DNA using the un-nicked strand as a template, displacing 

the nicked strand as it does so. Completion of DNA replication at the site of the original nick 

results in full displacement of the nicked strand, which may then recircularize into a single-

stranded DNA molecule. RNA primase then synthesizes a primer to initiate DNA replication at 

the single-stranded origin (sso) site of the single-stranded DNA (ssDNA) molecule, resulting in 

a double-stranded DNA (dsDNA) molecule identical to the other circular DNA molecule. 



.  

The process of rolling circle replication results in the synthesis of a single new copy of the circular 

DNA molecule. 

Plasmid Definition 

A plasmid is a small, circular piece of DNA that is different than the chromosomal DNA, which 

is all the genetic material found in an organism’s chromosomes. It replicates independently of 

chromosomal DNA. Plasmids are mainly found in bacteria, but they can also be found in archaea 

and multicellular organisms. Plasmids usually carry at least one gene, and many of the genes that 

plasmids carry are beneficial to their host organisms. Although they have separate genes from their 

hosts, they are not considered to be independent life. 

 

Functions of Plasmids 

Plasmids have many different functions. They may contain genes that enhance the survival of an 

organism, either by killing other organisms or by defending the host cell by producing toxins. 

Some plasmids facilitate the process of replication in bacteria. Since plasmids are so small, they 

usually only contain a few genes with a specific function (as opposed to a large amount of 

https://biologydictionary.net/organism/
https://biologydictionary.net/bacteria/
https://biologydictionary.net/multicellular/
https://biologydictionary.net/gene/
https://biologydictionary.net/cell/


noncoding DNA). Multiple plasmids can coexist in the same cell, each with different functions. 

The functions are further detailed in the section “Specific Types of Plasmids” below. 

General Types of Plasmids 

Conjugative and Non-Conjugative 

There are many ways to classify plasmids from general to specific. One way is by grouping them 

as either conjugative or non-conjugative. Bacteria reproduce by sexual conjugation, which is the 

transfer of genetic material from one bacterial cell to another, either through direct contact or a 

bridge between the two cells. Some plasmids contain genes called transfer genes that facilitate the 

beginning of conjugation. Non-conjugative plasmids cannot start the conjugation process, and they 

can only be transferred through sexual conjugation with the help of conjugative plasmids. 

Incompatibility 

Another plasmid classification is by incompatibility group. In a bacterium, different plasmids can 

only co-occur if they are compatible with each other. An incompatible plasmid will be expelled 

from the bacterial cell. Plasmids are incompatible if they have the same reproduction strategy in 

the cell; this allows the plasmids to inhabit a certain territory within it without other plasmids 

interfering. 

Specific Types of Plasmids 

There are five main types of plasmids: fertility F-plasmids, resistance plasmids, virulence 

plasmids, degradative plasmids, and Col plasmids. 

Fertility F-plasmids 

Fertility plasmids, also known as F-plasmids, contain transfer genes that allow genes to be 

transferred from one bacteria to another through conjugation. These make up the broad category 

of conjugative plasmids. F-plasmids are episomes, which are plasmids that can be inserted into 

chromosomal DNA. Bacteria that have the F-plasmid are known as F positive (F+), and bacteria 

without it are F negative (F–). When an F+ bacterium conjugates with an F– bacterium, two 

F+ bacterium result. There can only be one F-plasmid in each bacterium. 



Resistance Plasmids 

Resistance or R plasmids contain genes that help a bacterial cell defend against environmental 

factors such as poisons or antibiotics. Some resistance plasmids can transfer themselves through 

conjugation. When this happens, a strain of bacteria can become resistant to antibiotics. Recently, 

the type bacterium that causes the sexually transmitted infection gonorrhea has become so resistant 

to a class of antibiotics called quinolones that a new class of antibiotics, called cephalosporins, has 

started to be recommended by the World Health Organization instead. The bacteria may even 

become resistant to these antibiotics within five years. According to NPR, overuse of antibiotics 

to treat other infections, like urinary tract infections, may lead to the proliferation of drug-resistant 

strains. 

Virulence Plasmids 

When a virulence plasmid is inside a bacterium, it turns that bacterium into a pathogen, which is 

an agent of disease. Bacteria that cause disease can be easily spread and replicated among affected 

individuals. The bacterium Escherichia coli (E. coli) has several virulence plasmids. E. coli is 

found naturally in the human gut and in other animals, but certain strains of E. coli can cause 

severe diarrhea and vomiting. Salmonella enterica is another bacterium that contains virulence 

plasmids. 

Degradative Plasmids 

Degradative plasmids help the host bacterium to digest compounds that are not commonly found 

in nature, such as camphor, xylene, toluene, and salicylic acid. These plasmids contain genes for 

special enzymes that break down specific compounds. Degradative plasmids are conjugative. 

Col Plasmids 

Col plasmids contain genes that make bacteriocins (also known as colicins), which are proteins 

that kill other bacteria and thus defend the host bacterium. Bacteriocins are found in many types 

of bacteria including E. coli, which gets them from the plasmid ColE1. 

Applications of Plasmids 

Humans have developed many uses for plasmids and have created software to record the DNA 

sequences of plasmids for use in many different techniques. Plasmids are used in genetic 
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engineering to amplify, or produce many copies of, certain genes. In molecular cloning, a plasmid 

is a type of vector. A vector is a DNA sequence that can transport foreign genetic material from 

one cell to another cell, where the genes can be further expressed and replicated. Plasmids are 

useful in cloning short segments of DNA. Also, plasmids can be used to replicate proteins, such 

as the protein that codes for insulin, in large amounts. Additionally, plasmids are being investigated 

as a way to transfer genes into human cells as part of gene therapy. Cells may lack a specific 

protein if the patient has a hereditary disorder involving a gene mutation. Inserting a plasmid into 

DNA would allow cells to express a protein that they are lacking. 

INHIBITORS OF DNA REPLICATION 

 Quinolones are a key group of antibiotics that interfere with DNA synthesis by inhibiting 

topoisomerase, most frequently topoisomerase II (DNA gyrase), an enzyme involved in DNA 

replication. DNA gyrase relaxes supercoiled DNA molecules and initiates transient breakages and 

rejoins phosphodiester bonds in superhelical turns of closed-circular DNA. This allows the DNA 

strand to be replicated by DNA or RNA polymerases. The fluoroquinolones, second-generation 

quinolones that include levofloxacin, norfloxacin, and ciprofloxacin, are active against both 

Gram-negative and Gram-positive bacteria. 

Topoisomerases are present in both prokaryotic and eukaryotic cells, but the quinolones are 

specific inhibitors of bacterial topoisomerase II. Inhibitors that are effective against mammalian 

topoisomerases, such as irinotecan and etoposide, are used as antineoplastic drugs to kill cancer 

cells. 

Rifampicin blocks initiation of RNA synthesis by specifically inhibiting bacterial RNA 

polymerase. It does not interact with mammalian RNA polymerases, making it specific for Gram-

positive bacteria and some Gram-negative bacteria. 

Some antibiotics that interfere with RNA synthesis by inhibiting RNA polymerase, such 

as doxorubicin and actinomycin D (dactinomycin), are not specific for bacteria and interfere 

with both bacterial and mammalian systems. These are most often used as antineoplastic and 

antitumor drugs, attacking rapidly growing malignant cells as well as normal cells. Because 

cancerous cells are growing at a faster rate than surrounding normal tissue, a higher percentage of 

malignant cells are attacked by cytotoxic drugs. However, antitumor drugs cannot differentiate 
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between malignant cells and fast-dividing normal cells such as those of the intestinal epithelium 

or hair follicles. 

 

DIFFERENCE BETWEEN PROKARYOTIC AND EUKARYOTIC CELL REPLICATION 

 

 



DNA REPAIR MECHANISMS 

Replication errors and DNA damage are actually happening in the cells of our bodies all the 

time. In most cases, however, they don’t cause cancer, or even mutations. That’s because they 

are usually detected and fixed by DNA proofreading and repair mechanisms. Or, if the damage 

cannot be fixed, the cell will undergo programmed cell death (apoptosis) to avoid passing on the 

faulty DNA. 

Mutations happen, and get passed on to daughter cells, only when these mechanisms fail. Cancer, 

in turn, develops only when multiple mutations in division-related genes accumulate in the same 

cell. 

In this article, we’ll take a closer look at the mechanisms used by cells to correct replication 

errors and fix DNA damage, including: 

 Proofreading, which corrects errors during DNA replication 

 Mismatch repair, which fixes mispaired bases right after DNA replication 

 DNA damage repair pathways, which detect and correct damage throughout the cell cycle 

Proofreading 

DNA polymerases are the enzymes that build DNA in cells. During DNA replication (copying), 

most DNA polymerases can “check their work” with each base that they add. This process is 

called proofreading. If the polymerase detects that a wrong (incorrectly paired) nucleotide has 

been added, it will remove and replace the nucleotide right away, before continuing with DNA 

synthesis. 
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Proofreading: 

1. DNA polymerase adds a new base to the 3' end of the growing, new strand. (The template has a G, 

and the polymerase incorrectly adds a T rather than a C to the new strand.) 

2. Polymerase detects that the bases are mispaired. 

3. Polymerase uses 3' to 5' exonuclease activity to remove the incorrect T from the 3' end of the new 

strand. 

Mismatch repair 

Many errors are corrected by proofreading, but a few slip through. Mismatch repair happens right 

after new DNA has been made, and its job is to remove and replace mis-paired bases (ones that 

were not fixed during proofreading). Mismatch repair can also detect and correct small insertions 

and deletions that happen when the polymerases "slips," losing its footing on the template. 

How does mismatch repair work? First, a protein complex (group of proteins) recognizes and binds 

to the mispaired base. A second complex cuts the DNA near the mismatch, and more enzymes 



chop out the incorrect nucleotide and a surrounding patch of DNA. A DNA polymerase then 

replaces the missing section with correct nucleotides, and an enzyme called a DNA ligase seals 

the gap. 

 

Mismatch repair 

1. A mismatch is detected in newly synthesized DNA. There is a G in the new strand paired with a T 

in the template (old) strand. 

2. The new DNA strand is cut, and a patch of DNA containing the mispaired nucleotide and its 

neighbors is removed. 

3. The missing patch is replaced with correct nucleotides by a DNA polymerase. 

4. A DNA ligase seals the remaining gap in the DNA backbone. 



One thing you may wonder is how the proteins involved in DNA repair can tell "who's right" 

during mismatch repair. That is, when two bases are mispaired (like the G and T in the drawing 

above), which of the two should be removed and replaced? 

In bacteria, original and newly made strands of DNA can be told apart by a feature 

called methylation state. An old DNA strand will have methyl  CH3 groups attached to some of its 

bases, while a newly made DNA strand will not yet have gotten its methyl group^33cubed. 

In eukaryotes, the processes that allow the original strand to be identified in mismatch repair 

involve recognition of nicks (single-stranded breaks) that are found only in the newly synthesized 

DNA. 

DNA damage repair mechanisms 

Bad things can happen to DNA at almost any point in a cell's lifetime, not just during replication. 

In fact, your DNA is getting damaged all the time by outside factors like UV light, chemicals, and 

X-rays—not to mention spontaneous chemical reactions that happen even without environmental 

insults!^44start superscript, 4, end superscript 

Fortunately, your cells have repair mechanisms to detect and correct many types of DNA damage. 

Repair processes that help fix damaged DNA include: 

 Direct reversal: Some DNA-damaging chemical reactions can be directly "undone" by enzymes 

in the cell. 

 Excision repair: Damage to one or a few bases of DNA is often fixed by removal (excision) and 

replacement of the damaged region. In base excision repair, just the damaged base is removed. 

In nucleotide excision repair, as in the mismatch repair we saw above, a patch of nucleotides is 

removed. 



 Double-stranded break repair: Two major pathways, non-homologous end joining and 

homologous recombination, are used to repair double-stranded breaks in DNA (that is, when an 

entire chromosome splits into two pieces). 

Reversal of damage 

In some cases, a cell can fix DNA damage simply by reversing the chemical reaction that caused 

it. To understand this, we need to realize that "DNA damage" often just involves an extra group of 

atoms getting attached to DNA through a chemical reaction. 

For example, guanine (G) can undergo a reaction that attaches a methyl group to an oxygen atom 

in the base. The methyl-bearing guanine, if not fixed, will pair with thymine (T) rather than 

cytosine (C) during DNA replication. Luckily, humans and many other organisms have an enzyme 

that can remove the methyl group, reversing the reaction and returning the base to normal. 

 

Methylation of guanine 

A normal guanine base undergoes a reaction with a harmful chemical, causing a methyl (-

\text{CH}_3−CH3minus, start text, C, H, end text, start subscript, 3, end subscript) group to be 

added to the carbonyl O found on one of the rings of the base. 

The methyl group can be removed from the damaged, methylated base by an enzyme found in the 

cell. 



Base excision repair 

Base excision repair is a mechanism used to detect and remove certain types of damaged bases. 

A group of enzymes called glycosylases play a key role in base excision repair. Each glycosylase 

detects and removes a specific kind of damaged base. 

For example, a chemical reaction called deamination can convert a cytosine base into uracil, a base 

typically found only in RNA. During DNA replication, uracil will pair with adenine rather than 

guanine (as it would if the base was still cytosine), so an uncorrected cytosine-to-uracil change can 

lead to a mutation^55start superscript, 5, end superscript. 

To prevent such mutations, a glycosylase from the base excision repair pathway detects and 

removes deaminated cytosines. Once the base has been removed, the "empty" piece of DNA 

backbone is also removed, and the gap is filled and sealed by other enzymes^66start superscript, 

6, end superscript. 

 



Base excision repair of a deaminated cytosine. 

1. Deamination converts a cytosine base into a uracil. This results in a double helix in which a G in 

one strand is paired with a U in the other. The U was formerly a C, but was converted to U via 

deamination. 

2. The uracil is detected and removed, leaving a base-less nucleotide. 

3. The base-less nucleotide is removed, leaving a 1-nucleotide hole in the DNA backbone. 

4. The hole is filled with the right base by a DNA polymerase, and the gap is sealed by a ligase. 

Nucleotide excision repair 

Nucleotide excision repair is another pathway used to remove and replace damaged bases. 

Nucleotide excision repair detects and corrects types of damage that distort the DNA double helix. 

For instance, this pathway detects bases that have been modified with bulky chemical groups, like 

the ones that get attached to your DNA when it's exposed to chemicals in cigarette smoke^77start 

superscript, 7, end superscript. 

Nucleotide excision repair is also used to fix some types of damage caused by UV radiation, for 

instance, when you get a sunburn. UV radiation can make cytosine and thymine bases react with 

neighboring bases that are also Cs or Ts, forming bonds that distort the double helix and cause 

errors in DNA replication. The most common type of linkage, a thymine dimer, consists of two 

thymine bases that react with each other and become chemically linked^88start superscript, 8, end 

superscript. 



 

Nucleotide excision repair of a thymine dimer. 

1. UV radiation produces a thymine dimer. In a thymine dimer, two Ts that are next to each other in 

the same strand link up via a chemical reaction between the bases. This creates a distortion in the 

shape of the double helix. 

2. Once the dimer has been detected, the surrounding DNA is opened to form a bubble. 

3. Enzymes cut the damaged region (thymine dimer plus neighboring regions of same strand) out of 

the bubble. 

4. A DNA polymerase replaces the excised (cut-out) DNA, and a ligase seals the backbone. 

In nucleotide excision repair, the damaged nucleotide(s) are removed along with a surrounding 

patch of DNA. In this process, a helicase (DNA-opening enzyme) cranks open the DNA to form a 

bubble, and DNA-cutting enzymes chop out the damaged part of the bubble. A DNA polymerase 

replaces the missing DNA, and a DNA ligase seals the gap in the backbone of the strand. 



Double-stranded break repair 

Some types of environmental factors, such as high-energy radiation, can cause double-stranded 

breaks in DNA (splitting a chromosome in two). This is the kind of DNA damage linked with 

superhero origin stories in comic books, and with disasters like Chernobyl in real life. 

Double-stranded breaks are dangerous because large segments of chromosomes, and the hundreds 

of genes they contain, may be lost if the break is not repaired. Two pathways involved in the repair 

of double-stranded DNA breaks are the non-homologous end joining and homologous 

recombination pathways. 

In non-homologous end joining, the two broken ends of the chromosome are simply glued back 

together. This repair mechanism is “messy” and typically involves the loss, or sometimes addition, 

of a few nucleotides at the cut site. So, non-homologous end joining tends to produce a mutation, 

but this is better than the alternative (loss of an entire chromosome arm. 

 

A double-stranded break may be repaired by non-homologous end joining. The chromosome is 

"glued" back together, usually with a small mutation at the break site. 

In homologous recombination, information from the homologous chromosome that matches the 

damaged one (or from a sister chromatid, if the DNA has been copied) is used to repair the break. 

In this process, the two homologous chromosomes come together, and the undamaged region of 

the homologue or chromatid is used as a template to replace the damaged region of the broken 



chromosome. Homologous recombination is “cleaner” than non-homologous end joining and does 

not usually cause mutations. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

LAMPBRUSH CHROMOSOMES 

Lampbrush chromosome (immature eggs) of most animals, except mammals. They were first 

described by Walther Flemming in 1882. Lampbrush chromosomes of tailed and tailless 

amphibians, birds and insects are described best of all. Chromosomes transform into the lampbrush 

form during the diplotene stage of meiotic prophase I due to an active transcription of many genes. 

They are highly extended meiotic half-bivalents, each consisting of 2 sister chromatids. 

Lampbrush chromosomes are clearly visible even in the light microscope, where they are seen to 

be organized into a series of chromomeres with large chromatin loops extended laterally. 

Amphibian and avian lampbrush chromosomes can be microsurgically isolated from 

oocyte nucleus (germinal vesicle) with either forceps or needles. 

Each lateral loop contains one or several transcription units with polarized RNP-matrix coating the 

DNA axis of the loop. 

https://en.wikipedia.org/wiki/Walther_Flemming
https://en.wikipedia.org/wiki/Chromosome
https://en.wikipedia.org/wiki/Prophase_I
https://en.wikipedia.org/wiki/Transcription_(genetics)
https://en.wikipedia.org/wiki/Optical_microscope
https://en.wikipedia.org/wiki/Cell_nucleus


Giant chromosomes in the lampbrush form are useful model for 

studying chromosome organization, genome function and gene expression during meiotic 

prophase, since they allow the individual transcription units to be visualized. Moreover, lampbrush 

chromosomes are widely used for high-resolution mapping of DNA sequences and construction of 

detail cytological maps of individual chromosomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Chromosome
https://en.wikipedia.org/wiki/Genome
https://en.wikipedia.org/wiki/Gene


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


