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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.) 

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

into bacteria cells, and transform them genetically. 

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


 

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). 

https://www.britannica.com/science/chemical-compound
https://www.britannica.com/science/phosphoric-acid


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 

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 

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/


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. 

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


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. 



 

CHEMICAL STRUCTURE OF  DNA 

The components of DNA 

From the work of biochemist Phoebus Levene and others, scientists in Watson and Crick's time 

knew that DNA was composed of subunits called nucleotides. A nucleotide is made up of a sugar 

(deoxyribose), a phosphate group, and one of four nitrogenous bases: adenine (A), thymine (T), guanine 

(G) or cytosine (C).C and T bases, which have just one ring, are called pyrimidines, while A and G 

bases, which have two rings, are called purines. 



 

Left panel: structure of a DNA nucleotide. The deoxyribose sugar is attached to a phosphate group and to 

a nitrogenous base. The base may be any one of four possible options: cytosine (C), thymine (T), adenine 

(A), and guanine (G). The four bases have differences in their structure and functional groups. Cytosine 

and thymine are pyrimidines and have just one ring in their chemical structures. Adenine and guanine are 

purines and have two rings in their structures. 

Right panel: a strand of linked DNA nucleotides. The sugars are connected by phosphodiester bonds. A 

phosphodiester bond consists of a phosphate group in which two of the oxygen atoms are bonded to other 

atoms - in this case, to carbon atoms of the neighboring deoxyribose sugars. The DNA strand consists of 

alternating phosphate groups and deoxyribose sugars (sugar-phosphate backbone), with the nitrogenous 

bases sticking out from the deoxyribose sugars. 

DNA nucleotides assemble in chains linked by covalent bonds, which form between the deoxyribose 

sugar of one nucleotide and the phosphate group of the next. This arrangement makes an alternating chain 

of deoxyribose sugar and phosphate groups in the DNA polymer, a structure known as the sugar-

phosphate backbone 

Chargaff's rules 

One other key piece of information related to the structure of DNA came from Austrian biochemist Erwin 

Chargaff. Chargaff analyzed the DNA of different species, determining its composition of A, T, C, and G 

bases. He made several key observations: 

 A, T, C, and G were not found in equal quantities (as some models at the time would have predicted) 

 The amounts of the bases varied among species, but not between individuals of the same species 



 The amount of A always equalled the amount of T, and the amount of C always equalled the amount of G 

(A = T and G = C) 

These findings, called Chargaff's rules, turned out to be crucial to Watson and Crick's model of the DNA 

double helix. 

Watson, Crick, and Rosalind Franklin 

In the early 1950s, American biologist James Watson and British physicist Francis Crick came up with 

their famous model of the DNA double helix. They were the first to cross the finish line in this scientific 

"race," with others such as Linus Pauling (who discovered protein secondary structure) also trying to find 

the correct model. 

Rather than carrying out new experiments in the lab, Watson and Crick mostly collected and analyzed 

existing pieces of data, putting them together in new and insightful ways. Some of their most crucial clues 

to DNA's structure came from Rosalind Franklin, a chemist working in the lab of physicist Maurice 

Wilkins. 

Franklin was an expert in a powerful technique for determining the structure of molecules, known as X-

ray crystallography. When the crystallized form of a molecule such as DNA is exposed to X-rays, some 

of the rays are deflected by the atoms in the crystal, forming a diffraction pattern that gives clues about 

the molecule's structure. 

 

X-ray diffraction image of DNA. The diffraction pattern has an X shape representative of the two-

stranded, helical structure of DNA. 

Franklin’s crystallography gave Watson and Crick important clues to the structure of DNA. Some of these 

came from the famous “image 51,” a remarkably clear and striking X-ray diffraction image of DNA 

produced by Franklin and her graduate student. (A modern example of the diffraction pattern produced by 



DNA is shown above.) To Watson, the X-shaped diffraction pattern of Franklin's image immediately 

suggested a helical, two-stranded structure for DNA^33cubed. 

Watson and Crick brought together data from a number of researchers (including Franklin, Wilkins, 

Chargaff, and others) to assemble their celebrated model of the 3D structure of DNA. In 1962, James 

Watson, Francis Crick, and Maurice Wilkins were awarded the Nobel Prize in Medicine. Unfortunately, 

by then Franklin had died, and Nobel prizes are not awarded posthumously. 

Watson and Crick's model of DNA 

The structure of DNA, as represented in Watson and Crick's model, is a double-stranded, antiparallel, 

right-handed helix. The sugar-phosphate backbones of the DNA strands make up the outside of the helix, 

while the nitrogenous bases are found on the inside and form hydrogen-bonded pairs that hold the DNA 

strands together. 

In the model below, the orange and red atoms mark the phosphates of the sugar-phosphate backbones, 

while the blue atoms on the interior of the helix belong to the nitrogenous bases. 

 

DNA double helix 3D molecular structure. 



Antiparallel orientation 

Double-stranded DNA is an antiparallel molecule, meaning that it's composed of two strands that run 

alongside each other but point in opposite directions. In a double-stranded DNA molecule, the 5' end 

(phosphate-bearing end) of one strand aligns with the 3' end (hydroxyl-bearing end) of its partner, and 

vice versa. 

 

Structure of a DNA nucleotide, showing the numbering of the sugar carbons as well as the numbering of 

ring carbon and nitrogen atoms in the four potential nitrogenous bases (as well as uracil, a base found in 

RNA but not DNA). The nitrogenous bases are labeled with plain numbers, while the deoxyribose sugar is 

labeled with numbers accompanied by prime marks. 



 

Left panel: illustration of the antiparallel structure of DNA. A short segment of DNA double helix is 

shown, composed of two DNA strands held together by hydrogen bonds between the bases. The strand on 

the left has a phosphate group exposed at its top (5' end) and a hydroxyl group exposed at its bottom (3' 

end). The strand on the right has the opposite orientation, with a phosphate group exposed at its bottom (5' 



end) and a hydroxyl exposed at its top (3' end). The 5' end of one strand thus ends up next to the 3' end of 

the other, and vice versa. 

Right panel: structure of a nucleotide, illustrating the 5' phosphate group and 3' hydroxyl group. These 

groups get their names from their positions on the deoxyribose sugar's ring. The ring carbons of the sugar 

are labeled from 1' (the carbon bearing the nitrogenous base) to 5' (the carbon bearing the phosphate 

group). The 3' carbon in the middle bears the hydroxyl group. 

Right-handed helix 

In Watson and Crick's model, the two strands of DNA twist around each other to form a right-handed 

helix. All helices have a handedness, which is a property that describes how their grooves are oriented in 

space.  

 

Image of a DNA double helix, illustrating its right-handed structure.  

The major groove is a wider gap that spirals up the length of the molecule, while the minor groove is a 

smaller gap that runs in parallel to the major groove. The base pairs are found in the center of the helix, 

while the sugar-phosphate backbones run along the outside. 

 

The twisting of the DNA double helix and the geometry of the bases creates a wider gap (called 

the major groove) and a narrower gap (called the minor groove) that run along the length of the 

molecule, as shown in the figure above. These grooves are important binding sites for proteins that 

maintain DNA and regulate gene activity. 



Base pairing 

In Watson and Crick's model, the two strands of the DNA double helix are held together by hydrogen 

bonds between nitrogenous bases on opposite strands. Each pair of bases lies flat, forming a "rung" on the 

ladder of the DNA molecule. 

Base pairs aren't made up of just any combination of bases. Instead, if there is an A found on one strand, 

it must be paired with a T on the other (and vice versa). Similarly, an G found on one strand must always 

have a C for a partner on the opposite strand. These A-T and G-C associations are known 

as complementary base pairs. 

 

Diagram illustrating base pairing between A-T and G-C bases. 

A and T are found opposite to each other on the two strands of the helix, and their functional groups form 

two hydrogen bonds that hold the strands together. Similarly, G and C are found opposite to each other on 

the two strands, and their functional groups form three hydrogen bonds that hold the strands together. 

Base pairing explains Chargaff's rules, that is, why the composition of A always equals that of T, and the 

composition of C equals that of G. Where there is an A in one strand, there must be a T in the other, and 

the same is true for G and C. Because a large purine (A or G) is always paired with a small pyrimidine (T 

or C), the diameter of the helix is uniform, coming in at about 2 nanometers. 

Although Watson and Crick's original model proposed that there were two hydrogen bonds between the 

bases of each pair, we know today that G and C form an additional bond (such that A-T pairs form two 

hydrogen bonds total, while G-C pairs form three). 

 

 

 



TYPES AND FORMS OF DNA 

The most common form of DNA which has right handed helix and proposed by Watson and 

Crick is called B-form of DNA or B-DNA. In addition, the DNA may be able to exist in other 

forms of double helical structure. These are A and C forms of double helix which vary from B- 

form in spacing between nucleotides and number of nucleotides per turn, rotation per base pair, 

vertical rise per base pair and helical diameter. 

 

  

1. The B-Form of DNA (B-DNA): 

Structure of B-form of DNA has been proposed by Watson and Crick. It is present in every cell 

at a very high relative humidity (92%) and low concentration of ions. It has antiparallel double 

helix, rotating clockwise (right hand) and made up of sugar- phosphate back bone combined with 

base pairs or purine-pyrimidine. 

In 1979, Rich and coworkers at MIT (U.S.A.) obtained Z-DNA by artificially synthesizing d (C-

G) 3 molecules in the form of crystals. They proposed a left handed (synistral) double helix 

model with zig-zag sugar-phosphate back bone running in antiparallel direction. 

Therefore, this DNA has been termed as Z-DNA. The Z-DNA has been found in a large number 

of living organisms including mammals, protozoans and several plant species. 

There are several similarities with B-DNA in having: 

(i) Double helix, 

(ii) Two antiparallel strands, and 

(iii) Three hydrogen bonds between G-C pairing. 

https://www.biologydiscussion.com/wp-content/uploads/2016/11/clip_image002-215.jpg


In addition, the Z-DNA differs from the B-DNA in the following ways: 

(a) The Z-DNA has left handed helix, while the B-DNA has right handed helix. 

(b) The Z-DNA contains zig-zag sugar phosphate back bone as compared to regular back bone of 

the B-DNA. 

(c) The repeating unit in Z-DNA is a dinucleotide due to alternating orientation of sugar residues, 

whereas in B-DNA the repeating unit is a mononucleotide, and sugar molecules do not have the 

alternating orientation. 

(d) In the Z-DNA one complete turn contains 12 base pairs of six repeating dinucleotide, while 

in B-DNA one full turn consists of 10 base pairs i.e. the 10 repeating units. 

(e) Due to the presence of high number (12) of base pairs in one turn of Z-DNA, the angle of 

twist per repeating unit i.e. dinucleotide is 60° as compared to 36° of B-DNA molecule. 

(f) In Z-DNA the distance of twist making one turn of 360° is 45Å as against 34Å in B-DNA. 

(g) The Z-DNA has fewer diameters (18Å) as compared to the B-DNA (20Å diameter). 

6. Single Stranded (ss) DNA: 

Almost all the organisms contain double stranded DNA except a few viruses such as 

bacteriophage φ × 174 which consists of single stranded circular DNA. It becomes double 

stranded only at the time of replication. 

The differences of ssDNA from the dsDNA are as below: 

(a) The dsDNA absorbs wavelength 2600 Å of ultra violet light constantly from 0 to 80°C, 

thereafter rise sharply, whereas in ssDNA absorption of UV light increases steadily from 20° to 

90°C. 

(b) The dsDNA resists the action of formaline due to closed reactive site, while the ss DNA does 

not resist it due to exposed reactive sites. 

(c) Base pair composition in dsDNA is equal i.e. A=T and G=C, in ssDNA the composition of A, 

T, G, C is in proportion of 1:1.33:0.98:0.75. 

(d) The dsDNA always remains in linear helical form, while the ssDNA remains in circular form; 

however, it becomes double stranded only during replication (i.e. replicative form). 



7. Circular and Super Helical DNA: 

Almost in all the prokaryotes and a few viruses, the DNA is organised in the form of closed 

circle. The two ends of the double helix get covalently sealed to form a closed circle. Thus, a 

closed circle contains two unbroken complementary strands. Sometimes one or more nicks or 

breaks may be present on one or both strands, for example DNA of phage PM2. 

 

 

Besides some exceptions, the covalendy closed circles are twisted into super helix or super coils 

(Fig.5.7 B) and is associated with basic proteins but not with histones found complexed with all 

eukaryotic DNA. 

This histone like proteins appear to help the organization of bacterial DNA into a coiled 

chromatin structure with the result of nucleosome like structure, folding and super coiling of 

DNA, and association of DNA polymerase with nucleoids. Several histones like DNA binding 

proteins have been described in bacteria (Table 5.4). 

These nucleoid-associated proteins include HU proteins, IHF, protein H1, Fir A, H-NS and Fis. 

In archaeobacteria (e.g. Archaea) the chromosomal DNA exists in protein-associated form. 

Histone like proteins has been isolated from nucleoprotein complexes in Thermoplasma 

acidophilurn and Halobacterium salinanim. 

Thus, the protein associated DNA and nucleosome like structures are detected in a variety of 

bacteria. If the helix coils clockwise from the axis the coiling is termed as positive or right 

handed coiling. In contrast, if the path of coiling is anticlockwise, the coil is called left handed or 

negative coil. 
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Histone-like proteins of E. coli 

 

The two ends of a linear DNA helix can be joined to form each strand continuously. However, if 

one of ends rotates at 360° with respect to the other to produce some unwinding of the double 

helix, the ends are joined resulting in formation of a twisted circle in opposite sense i.e. opposite 

to unwinding direction. 

Such twisted circle appears as 8 i.e. it has one node or crossing over point. If it is twisted at 720° 

before joining, the resulting super helix will contain two nodes (Fig. 5.7B). 

The enzyme topoisomerases alter the topological form i.e. super coiling of a circular DNA 

molecule. Type I topoisomerases (e.g. E.coli Top A) relax the negatively super coiled DNA by 

breaking one of the phosphodiester bonds in dsDNA allowing the 3′-OH end to swivel around 

the 5′-phosphoryl end, and then resealing the nicked phosphodiester backbone. 

Type II topoisomerases need energy to unwind the DNA molecules resulting in the introduction 

of super coils. One of type II isomerases, the DNA gyrase, is apparently responsible for the 

negatively super coiled state of the bacterial chromosome. Super coiling is essential for efficient 

replication and transcription of prokaryotic DNA. 

The bacterial chromosome is believed to contain about 50 negatively super coiled loops or 

domains. Each domain represents a separate topological unit, the boundaries of which may be 

defined by the sites on DNA that limit its rotation. 
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TYPES OF RNA 

RNA or ribonucleic acid is a polymer of nucleotides that is made up of a ribose sugar, a 

phosphate, and bases such as adenine, guanine, cytosine, and uracil. It plays a crucial role in 

gene expression by acting as the intermediate between the genetic information encoded by DNA 

and proteins. 

 

RNA has a structure very similar to that of DNA. The key difference in RNA structure is that the 

ribose sugar in RNA possesses a hydroxyl (-OH) group that is absent in DNA. 

Types of RNA 

In both prokaryotes and eukaryotes, there are three main types of RNA – messenger RNA 

(mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA). These 3 types of RNA are 

discussed below. 

Messenger RNA (mRNA) 

mRNA accounts for just 5% of the total RNA in the cell. mRNA is the most heterogeneous of 

the 3 types of RNA in terms of both base sequence and size. It carries complimentary genetic 

code copied, from DNA during transcription, in the form of triplets of nucleotides called codons. 

Each codon specifies a particular amino acid, though one amino acid may be coded for by many 

different codons. Although there are 64 possible codons or triplet bases in the genetic code, only 



20 of them represent amino acids. There are also 3 stop codons, which indicate that ribosomes 

should cease protein generation by translation. 

As part of post-transcriptional processing in eukaryotes, the 5’ end of mRNA is capped with a 

guanosine triphosphate nucleotide, which helps in mRNA recognition during translation or 

protein synthesis. Similarly, the 3’ end of an mRNA has a poly-A tail or multiple adenylate 

residues added to it, which prevents enzymatic degradation of mRNA. Both the 5’ and 3’ end of 

an mRNA imparts stability to the mRNA. 

Ribosomal RNA (rRNA) 

rRNAs are found in the ribosomes and account for 80% of the total RNA present in the cell. 

Ribosomes are composed of a large subunit called the 50S and a small subunit called the 30S, 

each of which is made up of its own specific rRNA molecules. Different rRNAs present in the 

ribosomes include small rRNAs and large rRNAs, which belong to the small and large subunits 

of the ribosome, respectively. 

rRNAs combine with proteins and enzymes in the cytoplasm to form ribosomes, which act as the 

site of protein synthesis. These complex structures travel along the mRNA molecule during 

translation and facilitate the assembly of amino acids to form a polypeptide chain. They interact 

with tRNAs and other molecules that are crucial to protein synthesis. 

In bacteria, the small and large rRNAs contain about 1500 and 3000 nucleotides, respectively, 

whereas in humans, they have about 1800 and 5000 nucleotides, respectively. However, the 

structure and function of ribosomes is largely similar across all species. 

Transfer RNA (tRNA) 

tRNA is the smallest of the 3 types of RNA, possessing around 75-95 nucleotides. tRNAs are an 

essential component of translation, where their main function is the transfer of amino acids 

during protein synthesis. Therefore, they are called transfer RNAs. 

Each of the 20 amino acids has a specific tRNA that binds with it and transfers it to the growing 

polypeptide chain. tRNAs also act as adapters in the translation of the genetic sequence of 

mRNA into proteins. Thus, they are also called adapter molecules. 

tRNAs have a clover leaf structure which is stabilized by strong hydrogen bonds between the 

nucleotides. They normally contain some unusual bases in addition to the usual 4, which are 



formed by methylation of the usual bases. Methyl guanine and methylcytosine are two examples 

of methylated bases. 

DEFINITION OF GENE 

 A unit of heredity which is transferred from a parent to offspring and is held to determine some 

characteristic of the offspring. 

A distinct sequence of nucleotides forming part of a chromosome, the order of which determines 

the order of monomers in a polypeptide or nucleic acid molecule which a cell (or virus) may 

synthesize. 

A gene is the basic physical and functional unit of heredity. Genes are made up of DNA. 

Some genes act as instructions to make molecules called proteins. Alleles are forms of the 

same gene with small differences in their sequence of DNA bases. 

A unit of DNA that is usually located on a chromosome and that controls the 

development of one or more traits and is the basic unit by which genetic information is passed 

from parent to offspring. 

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. 

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 

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. 
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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 

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. 
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