
Self-LearningMaterial  

 

 

POST GRADUATE  DEGREE  PROGRAMME  (CBCS)  
IN  

BOTANY  
 

SEMESTER-IV  

 
BOTDSE T403.1 

MICROBIOLOGY (COURSE ï II)  

 

 

 

 

 

 

 

 

 

 

 

 
 

 
DIRECTORATEOFOPENANDDISTANCELEARNING  

UNIVERSITYOFKALYANIK  

ALYANIï 

741235,WESTBENGAL  



 

 
 

 

 

Course Preparation Team 

Dr. Rajib Bandhopadhya Dr.Pallab Kumar Ghosh 

Professor, HOD Assistant professor 

Department of Botany Department of Botany 

   University of Burdwan                                              Rammohan College 

   WB -713104; India               University of Calcutta 

                                                                                        WB-700009; India 
 

 

 

 

 

 

 

 

 

 

 

 

 

April, 2024  

Directorate of Open and Distance Learning, 

University of Kalyani  

Published by the 

DirectorateofOpenandDistanceLearning,University of Kalyani, 

Kal yani- 741235,West Bengal 

and Printed by New School Book Press,3/2, 

DixonLane, Kolkataï700014 

 
 

All right reserved.No.part of this work should be reproduced in any form without the permissionin  

writing from the Directorate of Open and Distance Learning, University of Kalyani. 

 

Authors are responsible for the academic contents of the course as far as copyright laws are 

concern ed. 
 



DirectorôsMessage Satisfying the varied needs of distance learners, overcoming the obstacle of distance 

and reaching the unreached students are the three fold functions catered by Open and Distance Learning 

(ODL) systems. The onus lies on writers, editors, production professionals and other personnel involved in 

the process to overcome the challenges inherent to curriculum design and production of relevant Self 

Learning Materials (SLMs). At the University of Kalyani a dedicated team under the able guidance of the 

Honôble Vice-Chancellor has invested its best efforts, professionally and in keeping with the demands of 

Post Graduate CBCS Programmes in Distance Mode to devise a self-sufficient curriculum for each course 

offered by the Directorate of Open and Distance Learning (DODL), University of Kalyani. Development 

of printed SLMs for students admitted to the DODL with in a limited time to cater to the academic 

requirements of the Course as per standards set by Distance Education Bureau of the University Grants 

Commission, NewDelhi, India under Open and Distance Mode DEB Regulations, 2020 had been our 

endeavour.We are happy to have achieved our goal. Utmost care and precision have been ensured in the 

development of the SLMs, making the useful to the learners, besides avoid in errors as far as practicable. 

Further suggestions from the stakeholders in this would be welcome. During the production-process of the 

SLMs, the team continuously received positive stimulations and feedback from Professor (Dr.) Amalendu 

Bhunia, Honôble Vice Chancellor, University of Kalyani, who kindly accorded directions, encouragements 

and suggestions, offered constructive criticism to develop it within proper requirements. We gracefully, 

acknowledge his inspiration and guidance. Sincere gratitude is due to the respective chairpersons as well 

as each and everymember of PGBOS (DODL),University of Kalyani. Heartfelt thanks are also due to the 

Course Writersfaculty members at the DODL, subject-experts serving at University Post Graduate 

departments and also to 

theauthorsandacademicianswhoseacademiccontributionshaveenrichedtheSLMs.We humbly acknowledge 

their valuable academic contributions. I would especially like to convey gratitude to all other University 

dignitaries and personnel involved either at the conceptual or operational level of the DODLof University 

of Kalyani. Their persistent and coordinated efforts have resulted in the compilation of comprehensive, 

learner-friendly, flexible texts that meet the curriculum requirements of the Post Graduate Programme 

through Distance Mode. Self-Learning Materials (SLMs) have been published by the Directorate of Open 

and Distance Learning, University of Kalyani, Kalyani741235,West Bengal and all the copyright reserved 

for University of Kalyani. No part of this work should be reproduced in any from without permission in 

writing from the appropriate authority of the University of Kalyani. All the Self Learning Materials are 

self-writing and collected frome-book, journals and websites.  

 

Prof. Tapati Chakraborty 

 Director  

Directorate of Open and Distance Learning  

University of Kalyani



SYLLABUS 

BOTDSE T403.1 

MICROBIOLOGY (COURSE ï II)  

       (Full  Marks ï 100) 

 

Course Group Details Contents Structure Study hour 

B
O

T
D

S
E

 T
4
0
3

.1
 

 

M
ic

ro
b

io
lo

g
y
 (

C
o

u
rs

e
 ï

 I
I)

 

 

Unit 1.  

Microbial Genetics:  
Bacterial genome replication and cell cycle;, 

prokaryotic transcription and translation.  

 

1 

Unit 2.  

Microbial Genetics:  
Plasmid replication  

 1 

Unit 3.  

Microbial Genetics:  
Prokaryotic transcription and translation  

 1 

Unit 4.  

Microbial Genetics:  

Regulation of gene expression in prokaryotes  

 1 

  1 Unit 5.  

Microbial Genetics:  
Genetic recombination in bacteria.  

 
1 

Unit 6.  

Microbial Genetics:  
Viral genome replication.  

 
1 

   Unit 7.  

Immunology:  
Overview of the immune system.  

Innate immunity and adaptive immunity 1 

   

   Unit 8.  

Immunology:  
Major histocompatibility complex (MHC) and  

their role in antigen presentation,  1 

Unit 9.  
Immunology:  

Cytokines  

 1 

 

Unit 10.  

Immunology:  

Antigen- chemical nature, types; hapten, adjuvant.  

 

  

1 

 

Unit 11.  
Immunology:  

Monoclonal and polyclonal antibodies.  

 1 

 

Unit 12.  

Immunology:  
Antigen-antibody reaction.  

 

 

1 

 

Unit 13.  

Immunology:  

Hypersenitivity and allergy.  

 1 

 

Unit 14.  

Immunology:  

Vaccines and vaccination.  

 1 



 

Unit 15.  

Immunology:  

Immunological techniques- ELISA,RIA,  

 1 

 

Unit 16.  

Immunology:  

Immunofluorescence, Immunoelectrophoresis,  

 
  

1 

 

Unit 17.  

Immunology:  

Flow cytometry,  

 1 

 

Unit 18.  

Immunology:  

Fluorescence-Activated Cell Sorting (FACS).  

 
  

1 

 

Unit 19.  

Medical Microbiology:  

Principle of epidemiology.  

 1 

 

Unit 20.  

Medical Microbiology:  

Air borne diseases  

 1 

 

Unit 21.  

Medical Microbiology:  

Water borne diseases,  

 
  

1 

 

Unit 22.  

Medical Microbiology:  

food borne diseases, arthropod borne  

diseases,  
  

1 

 

Unit 23.  

Medical Microbiology:  

Sexually transmitted diseases,  

 1 

 

Unit 24.  

Medical Microbiology:  

Respiratory diseases.  

 1 

 

Unit 25.  

Mathematical approach for 

microbiologists:  

Numerical Microbiology Problem solving,  

 1 

 

Unit 26.  

Mathematical approach for 

microbiologists:  

Concept of mathematical models,  

 
  

1 

 

Unit 27.  

Mathematical approach for 

microbiologists:  

Application of Mathematical models to 

microbiological processes.  

 
1 

 

Unit 28.  

Mathematical approach for 

microbiologists:  

Application of Mathematical models to 

microbiological processes.  

 
1 

 

 

 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

CONTENTS 
 

 
Course: BOTDSE T403.1  Microbiology (Course ï I I ) 

 

 
PageNo. 

Unit 1:  Microbial Genetics: 
 

Unit 2:  Immunology:  

Unit 3:  Medical Microbiology: 
  

 

Unit 4:  Mathematical approach for microbiologists:  



Microbiology (Course ï I I ) 

Theoretical Course Credits: 8 
 

Content Structure:  
 

1. Introduction 

2. Objectives 

3. Microbial Genetics: 

Å Bacterial genome replication and cell cycle; Plasmid replication, prokaryotic 

  transcription and translation. 

Å Regulation of gene expression in prokaryotes. 

Å Genetic recombination in bacteria. 

Å Viral genome replication.  

4. Immunology: 

Å Overview of the immune system. 

Å Innate immunity and adaptive immunity, major histocompatibility complex (MHC) and 

  their role in antigen presentation, cytokines. 

Å Antigen- chemical nature, types; hapten, adjuvant. 

Å Monoclonal and polyclonal antibodies. 

Å Antigen-antibody reaction. 

Å Hypersenitivity and allergy. 

Å Vaccines and vaccination. 

Å Immunological techniques- ELISA, RIA, Immunofluorescence, Immunoelectrophoresis, 

Flow cytometry, Fluorescence-Activated Cell Sorting (FACS). 

5. Medical Microbiology: 

Å Principle of epidemiology. 

Å Air borne diseases, water borne diseases, food borne diseases, arthropod borne 

diseases, sexually transmitted diseases, respiratory diseases. 

6. Mathematical approach for microbiologists: 

Å Numerical Microbiology Problem solving, 

Å Concept of mathematical models, Application of Mathematical models to microbiological 

 processes. 

7. Suggested reading 

8. Assignment 
 

 

 

 

 

 

 

 

 

 



 

1. Introduction  
 

 

Microbiology (from Ancient Greek (mǭkros) 'small', (b²os) 'life', and (-logía) 'study of') is the 

scientific study of microorganisms, those being of unicellular (single-celled), multicellular 

(consisting of complex cells), or acellular (lacking cells). Microbiology encompasses numerous sub-

disciplines including virology, bacteriology, protistology, mycology, immunology, and parasitology. 

Eukaryotic microorganisms possess membrane-bound organelles and include fungi and protists, 

whereas prokaryotic organismsðall of which are microorganismsðare conventionally classified as 

lacking membrane-bound organelles and include Bacteria and Archaea. Microbiologists traditionally 

relied on culture, staining, and microscopy for the isolation and identification of microorganisms. 

However, less than 1% of the microorganisms present in common environments can be cultured in 

isolation using current means. With the emergence of biotechnology, Microbiologists currently rely 

on molecular biology tools such as DNA sequence-based identification, for example, the 16S rRNA 

gene sequence used for bacterial identification. 

Viruses have been variably classified as organisms, as they have been considered either as very 

simple microorganisms or very complex molecules. Prions, never considered as microorganisms, 

have been investigated by virologists; however, as the clinical effects traced to them were originally 

presumed due to chronic viral infections, virologists took a searchðdiscovering "infectious proteins". 

The existence of microorganisms was predicted many centuries before they were first observed, for 

example by the Jains in India and by Marcus Terentius Varro in ancient Rome. The first recorded 

microscope observation was of the fruiting bodies of moulds, by Robert Hooke in 1666, but the Jesuit 

priest Athanasius Kircher was likely the first to see microbes, which he mentioned observing in milk 

and putrid material in 1658. Antonie van Leeuwenhoek is considered a father of microbiology as he 

observed and experimented with microscopic organisms in the 1670s, using simple microscopes of 

his design. Scientific microbiology developed in the 19th century through the work of Louis Pasteur 

and in medical microbiology Robert Koch. 

Here, the discipline is utilised to learn about every part of the organisms in order not only to 

understand how they exist in their environments but also how they affect their individual 

surroundings and, in turn, other organisms nearby (human beings, animals, etc.). Microbiology has 

consistently proved to be one of the most significant fields in biology, making it possible to define 

how some microorganisms cause diseases, discover treatments for such diseases and even use a few 

microbes for industrial applications etc. 

The majority of the natural elements on the earth contain microorganisms. All living things, including 

humans, plants, and animals, are intimately connected to the microbes that consistently recycle 

important nutrients like carbon and nitrogen, break down organic matter, and influence our daily 

lives. 

 



 

 

 

 

 

2. Course Objectives 

 
Microbiology as special paper of M.Sc. Botany course serves to impart advanced training to the 

students in the field of Microbiology with focus on microbial diversity, bioprospecting and 

applications of microbes for obtaining various biologically significant metabolites and in 

bioremediation of polluted environments. Students undergo hands-on training with state-of-the art 

technologies and are trained so as to develop an aptitude for independent research. The Programme 

equips students for higher research leading to the Ph.D. Degree in India or in International 

Universities overseas, or for employment in Research Institutes, in teaching, and in Industry. 

Learning Outcomes: 

 -To provide value-based education, with academic excellence and advanced research and to 

      raise skilled candidates with research caliber in the field of Microbiology 

 -To inculcate the advanced concepts of Microbiology including taxonomy, physiology ¬ 

       Immunology, biomolecular interactions, etc. 

 -To impart the scope for the application of concepts learned in the subject. 

 -To introduce about the recent advances in the field of Microbiology and its importance in       

research. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

3. Microbial Genetics:  

Å Bacterial genome replication and cell cycle; Plasmid replication, prokaryotic 

    transcription and translation.  

Å Regulation of gene expression in prokaryotes. 

Å Genetic recombination in bacteria. 

Å Viral genome replication.  

 

Bacterial genome replication: 

 Bacterial genomes are generally smaller and less variant in size among species when compared 

with genomes of eukaryotes. Bacterial genomes can range in size anywhere from about 130 kbp to 

over 14 Mbp. A study that included, but was not limited to, 478 bacterial genomes, concluded that as 

genome size increases, the number of genes increases at a disproportionately slower rate in 

eukaryotes than in non-eukaryotes. Thus, the proportion of non-coding DNA goes up with genome 

size more quickly in non-bacteria than in bacteria. This is consistent with the fact that most 

eukaryotic nuclear DNA is non-gene coding, while the majority of prokaryotic, viral, and organellar 

genes are coding. Right now, we have genome sequences from 50 different bacterial phyla and 11 

different archaeal phyla. Second-generation sequencing has yielded many draft genomes (close to 

90% of bacterial genomes in GenBank are currently not complete); third-generation 

sequencing might eventually yield a complete genome in a few hours. The genome sequences reveal 

much diversity in bacteria. Analysis of over 2000 Escherichia coli genomes reveals an E. coli core 

genome of about 3100 gene families and a total of about 89,000 different gene families. Genome 

sequences show that parasitic bacteria have 500ï1200 genes, free-living bacteria have 1500ï7500 

genes, and archaea have 1500ï2700 genes. A striking discovery by Cole et al. described massive 

amounts of gene decay when comparing Leprosy bacillus to ancestral bacteria. Studies have since 

shown that several bacteria have smaller genome sizes than their ancestors did. Over the years, 

researchers have proposed several theories to explain the general trend of bacterial genome decay and 

the relatively small size of bacterial genomes. Compelling evidence indicates that the apparent 

degradation of bacterial genomes is owed to a deletional bias. 

Prokaryotic  DNA Replication is the process by which a prokaryote duplicates its DNA into another 

copy that is passed on to daughter cells. Although it is often studied in the model organism E. coli, 

other bacteria show many similarities. Replication is bi-directional and originates at a single origin of 

replication (OriC). It consists of three steps: Initiation, elongation, and termination. 

 

 



 

Initiation  

All cells must finish DNA replication before they can proceed for cell division. Media conditions that 

support fast growth in bacteria also couples with shorter inter-initiation time in them, i.e. the 

doubling time in fast growing cells is less as compared to the slow growth. In other words, it is 

possible that in fast growth conditions the grandmother cells starts replicating its DNA for grand 

daughter cell. For the same reason, the initiation of DNA replication is highly regulated. Bacterial 

origins regulate orisome assembly, a nuclei-protein complex assembled on the origin responsible for 

unwinding the origin and loading all the replication machinery. In E. coli, the direction for orisome 

assembly are built into a short stretch of nucleotide sequence called as origin of replication (oriC) 

which contains multiple binding sites for the initiator protein DnaA (a highly homologous protein 

amongst bacterial kingdom). DnaA has four domains with each domain responsible for a specific 

task. There are 11 DnaA binding sites/boxes on the E. coli origin of replication out of which three 

boxes R1, R2 and R4 (which have a highly conserved 9 bp consensus sequence 5' - 

TTATC/ACACA) are high affinity DnaA boxes. They bind to DnaA-ADP and DnaA-ATP with 

equal affinities and are bound by DnaA throughout most of the cell cycle and forms a scaffold on 

which rest of the orisome assembles. The rest eight DnaA boxes are low affinity sites that 

preferentially bind to DnaA-ATP. During initiation, DnaA bound to high affinity DnaA box R4 

donates additional DnaA to the adjacent low affinity site and progressively fill all the low affinity 

DnaA boxes. Filling of the sites changes origin conformation from its native state. It is hypothesized 

that DNA stretching by DnaA bound to the origin promotes strand separation which allows more 

DnaA to bind to the unwound region. The DnaC helicase loader then interacts with the DnaA bound 

to the single-stranded DNA to recruit the DnaB helicase, which will continue to unwind the DNA as 

the DnaG primase lays down an RNA primer and DNA Polymerase III holoenzyme begins 

elongation. 

 

 

 

https://en.wikipedia.org/wiki/Base_pair


 

Regulation 

Chromosome replication in bacteria is regulated at the initiation stage. DnaA-ATP is hydrolyzed into 

the inactive DnaA-ADP by RIDA (Regulatory Inactivation of DnaA), and converted back to the 

active DnaA-ATP form by DARS (DnaA Reactivating Sequence, which is itself regulated by Fis and 

IHF). However, the main source of DnaA-ATP is synthesis of new molecules. Meanwhile, several 

other proteins interact directly with the oriC sequence to regulate initiation, usually by inhibition. 

In E. coli these proteins include DiaA, SeqA, IciA, HU, and ArcA-P, but they vary across other 

bacterial species. A few other mechanisms in E. coli that variously regulate initiation are DDAH 

(datA-Dependent DnaA Hydrolysis, which is also regulated by IHF), inhibition of the dnaA gene (by 

the SeqA protein), and reactivation of DnaA by the lipid membrane. 

Elongation 

Once priming is complete, DNA polymerase III holoenzyme is loaded into the DNA and replication 

begins. The catalytic mechanism of DNA polymerase III involves the use of two metal ions in 

the active site, and a region in the active site that can discriminate 

between deoxyribonucleotides and ribonucleotides. The metal ions are general divalent cations that 

help the 3' OH initiate a nucleophilic attack onto the alpha phosphate of the deoxyribonucleotide and 

orient and stabilize the negatively charged triphosphate on the deoxyribonucleotide. Nucleophilic 

attack by the 3' OH on the alpha phosphate releases pyrophosphate, which is then subsequently 



hydrolyzed (by inorganic phosphatase) into two phosphates. This hydrolysis drives DNA synthesis to 

completion. 

Furthermore, DNA polymerase III must be able to distinguish between correctly paired bases and 

incorrectly paired bases. This is accomplished by distinguishing Watson-Crick base pairs through the 

use of an active site pocket that is complementary in shape to the structure of correctly paired 

nucleotides. This pocket has a tyrosine residue that is able to form van der Waals interactions with the 

correctly paired nucleotide. In addition, dsDNA (double stranded DNA) in the active site has a 

wider major groove and shallower minor groove that permits the formation of hydrogen bonds with 

the third nitrogen of purine bases and the second oxygen of pyrimidine bases. Finally, the active site 

makes extensive hydrogen bonds with the DNA backbone. These interactions result in the DNA 

polymerase III closing around a correctly paired base. If a base is inserted and incorrectly paired, 

these interactions could not occur due to disruptions in hydrogen bonding and van der Waals 

interactions. 

DNA is read in the 3' Ÿ 5' direction, therefore, nucleotides are synthesized (or attached to 

the template strand) in the 5' Ÿ 3' direction. However, one of the parent strands of DNA is 3' Ÿ 5' 

while the other is 5' Ÿ 3'. To solve this, replication occurs in opposite directions. Heading towards 

the replication fork, the leading strand is synthesized in a continuous fashion, only requiring one 

primer. On the other hand, the lagging strand, heading away from the replication fork, is synthesized 

in a series of short fragments known as Okazaki fragments, consequently requiring many primers. 

The RNA primers of Okazaki fragments are subsequently degraded by RNase H and DNA 

Polymerase I (exonuclease), and the gaps (or nicks) are filled with deoxyribonucleotides and sealed 

by the enzyme ligase. 

Rate of replication 

The rate of DNA replication in a living cell was first measured as the rate of phage T4 DNA 

elongation in phage-infected E. coli. During the period of exponential DNA increase at 37°C, the rate 

was 749 nucleotides per second. The mutation rate per base pair per replication during phage T4 

DNA synthesis is 1.7 per 10
8
. 

Termination  

Termination of DNA replication in E. coli is completed through the use of termination sequences and 

the Tus protein. These sequences allow the two replication forks to pass through in only one direction, 

but not the other. 

DNA replication initially produces two catenated or linked circular DNA duplexes, each comprising 

one parental strand and one newly synthesised strand (by nature of semiconservative replication). 

This catenation can be visualised as two interlinked rings which cannot be separated. Topoisomerase 

2 in E. coli unlinks or decatenates the two circular DNA duplexes by breaking the phosphodiester 

https://en.wikipedia.org/wiki/Ligase


bonds present in two successive nucleotides of either parent DNA or newly formed DNA and 

thereafter the ligating activity ligates that broken DNA strand and so the two DNA get formed. 

Other Prokaryotic replication models: 

The theta type replication has been already mentioned. There are other types of prokaryotic 

replication such as rolling circle replication and D-loop replication 

Rolling Circle Replication 

This is seen in bacterial conjugation where the same circulartemplate DNA rotates and around it the 

new strand develops. 

                                                           Rolling circle replication  

 

 

 

When conjugation is initiated by a signal the relaxase enzyme creates a nick in one of the strands of 

the conjugative plasmid at the oriT. Relaxase may work alone or in a complex of over a dozen 

proteins known collectively as a relaxosome. In the F-plasmid system the relaxase enzyme is called 

TraI and the relaxosome consists of TraI, TraY, TraM and the integrated host factor IHF. The nicked 

strand, or T-strand, is then unwound from the unbroken strand and transferred to the recipient cell in 

a 5'-terminus to 3'-terminus direction. The remaining strand is replicated either independent of 

conjugative action (vegetative replication beginning at the oriV) or in concert with conjugation 

(conjugative replication similar to the rolling circle replication of lambda phage). Conjugative 

replication may require a second nick before successful transfer can occur. A recent report claims to 

have inhibited conjugation with chemicals that mimic an intermediate step of this second nicking 

event. 

D-loop replication 

D-loop replication is mostly seen in organellar DNA, Where a triple stranded structure 

called displacement loop is formed. 

Cell Cycle, and Cell Growth: 

The bacterial cell cycle is traditionally divided into three stages: the period between division (cell 

óbirthô) and the initiation of chromosome replication (known as the B period); the period required for 



replication (known as the C period); and the time between the end of replication and completion of 

division (known as the D period) (FIG. 1). In the enteric organism Escherichia coli and the spore 

former Bacillus subtilis, DNA replication begins at a single origin (oriC) on a single circular 

chromosome. Replication proceeds bidirectionally around the circumference of the chromosome, 

terminating at a region opposite oriC. During replication the chromosome remains in a condensed, 

highly ordered structure that is known as the nucleoid. Division is initiated near the end of 

chromosome segregation by the formation of a cytokinetic ring at the nascent division site. The 

tubulin-like protein FtsZ serves as the foundation for assembly of this ring and is required for 

recruitment of the division machinery. Nutrient availability and growth rate could potentially affect 

any of the above steps. 

 

 
 

Figure 1 The bacterial cell cycle 
The bacterial cell cycle is traditionally divided into three stages: the period between division (birth) 

and the initiation of chromosome replication (the B period); the period required for chromosome 

replication (the C period); and the time between the completion of chromosome replication and the 

completion of cell division (the D period). The bacterial cells (in this case, Escherichia coli) are 

outlined in black and contain highly schematic chromosomes (purple ovals) with oriC regions shown 

as green circles. 

 

The bacterial cell cycle under different growth conditions derives largely from early physiological 

studies of B. subtilis and E. coli. These studies indicated that, at constant temperature, mass doubling 

time decreases in response to increases in nutrient availability; however, both the C period and the D 

period remain essentially constant. Consequently, under nutrient-rich conditions, both E. coli and B. 

subtilis reach growth rates at which the period required for chromosome replication and segregation 

is greater than the mass doubling time. To resolve this paradox, rapidly growing cells initiate new 

rounds of chromosome replication before completing the previous round, a situation that results in 

two, four or even eight rounds of replication proceeding simultaneously. This phenomenon, which 

was first discovered in B. subtilis and termed ómultifork replicationô (REF. 6), was formalized and 

further investigated by Cooper and Helmstetter in their influential 1968 paper5 (BOX 1).  

 



Notably, Cooper and Helmstetterôs work illuminated how cells balance largely constant rates of 

replication fork progression with nutrient-dependent changes in mass doubling time, by initiating 

replication and dividing more frequently when growing faster. 

 

 

Cooper and Helmstetterôs model 

Replication during slow growth 

In slow-growing bacterial cells (with a mass doubling time >C + D period), there is a single round 

of replication per division cycle. This type of growth resembles that of eukaryotes in that there is a 

gap (the B period), a period in which DNA replication takes place (the C period) and finally a 

period of chromosome segregation and cell division (the D period). During replication each cell has 

only two copies of the origin region (oriC) and one copy of the terminus (terC) (see the figure, 

part a). 

Replication during fast growth (multifork replication) 

In rapidly growing cells (with a mass doubling time ÒC + D period), each chromosome re-initiates a 

new round of replication before the first round has terminated, although only one round is initiated 

per cell division. Multifork replication ensures that at least one round of replication is finished 

before cytokinesis, to guarantee that each daughter cell receives at least one complete genome. 

During multifork replication cells can have four or more copies of the region proximal to oriC and 

one copy of the region proximal to terC (see the figure, part b). This imbalance has implications for 

gene expression levels as well as for the activity of the initiator protein DnaA. 

Although arguably one of the most important insights in the field in the past 40 years, Cooper and 

Helmstetterôs model is limited in that it views the cell cycle as a single process, in which replication 

initiation is the triggering event that determines the timing of all subsequent steps in replication and 

cell division. This view does not take into consideration the effects of nutrients and metabolic status 

on events that occur after replication initiation, nor does it explain how cell cycle events are 

coordinated with mass doubling to ensure that new rounds of replication are initiated only once per 

division cycle and cell size homeostasis is maintained. Recent work suggests that, instead of being a 



single process, the bacterial cell cycle is a set of coordinated but independent events. This more 

nuanced view is the model to which we subscribe. 

Multifork replication is not a universal feature of the bacterial life cycle: the aquatic 

bacterium Caulobacter crescentus has temporally compartmentalized cell cycle stages, a situation 

analogous to the eukaryotic cell cycle. For simplicity, however, in this Review we treat B. 

subtilis and E. coli as representative Gram-positive and Gram-negative bacteria, respectively. In 

addition, we use the term ódivision cycleô instead of cell cycle to refer to the period of time between 

the birth of a cell and its own subsequent division.  

Cell division 

Like replication, division must be coupled to growth to ensure that average cell size is maintained 

under a given growth condition. Cells that divided before they doubled in mass would, after several 

generations, become unsustainably small. Conversely, a population of cells that routinely divided a 

substantial time after they had doubled in mass would ultimately grow into filaments that are no 

longer viable. In addition to this temporal form of control, a second regulatory network ensures that 

cell size increases under carbon-rich conditions, allowing cells to maintain a constant DNA to cell 

mass ratio during multifork replication. 

The temporal control of cell division 

Precisely how division is coordinated with mass doubling is not clear. One possibility is that a factor 

analogous to DnaA accumulates in newborn cells, reaching the critical concentration only when 

cells have doubled in mass. To ensure that division is coordinated with mass doubling, the 

accumulation of such a factor would need to be dependent on nutrient availability and growth rate. 

Potential candidates include essential components of the division apparatus. However, none of the 

cell division genes identified to date, including ftsZ, seems to be regulated by growth rate in 

either B. subtilis or E. coli. 

Alternatively, it has been proposed that replication ð a process that is itself dependent on growth 

rate ð serves as a checkpoint for division (FIG. 3a). In support of this idea, inhibiting the initiation 

of replication in B. subtilis through the use of conditional mutants leads to the formation of 

elongated cells with acentric cytokinetic rings adjacent to centrally positioned nucleoids. These cells 

experience a notable division delay due to DnaA-dependent repression of FtsL, a crucial component 

of the division machinery. FtsL is highly unstable and therefore DnaA-dependent transcriptional 

inhibition quickly leads to a decrease in FtsL levels and a severe division delay. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887316/figure/F3/


 
 

 

Figure 3 Spatial and temporal regulation of cell division is achieved through multiple layers of 

control 

a| FtsZ assembly is coordinated with the initiation of DNA replication and nucleoid segregation to 

ensure that daughter cells receive complete copies of the bacterial genome. b| In Bacillus subtilis, the 

glucolipid biosynthesis pathway serves as a metabolic sensor to transmit information about carbon 

availability and growth rate, through the intracellular UDPïglucose concentration, to the division 

apparatus. When this sensor is functional (top), division is coupled to the achievement of a specific 

size (termedócritical massô) as well as to mass doubling time. When this sensor is defective (bottom), 

division is uncoupled from the achievement of critical mass but remains sensitive to mass doubling 

time, resulting in reduced cell size. 

 

Coordinating cell size with nutrient availability 

Carbon availability is the primary determinant of cell size for rapidly growing bacteria (FIG. 3b). 

In B. subtilis information about carbon availability is transmitted directly to the division apparatus 

by accumulation of the nucleotide sugar UDPïglucose. UDPïglucose inhibits division through its 

interaction with the bifunctional diacylglycerol glucosyltransferase, UgtP. Under conditions in 

which UDPïglucose is high, such as during growth in carbon-rich medium, UgtP inhibits FtsZ 

assembly and delays maturation of the cytokinetic ring until cells have reached the appropriate 

length. Under these conditions UgtP is distributed uniformly throughout the cytoplasm and localizes 

to the cytokinetic ring in an FtsZ-dependent manner, consistent with its role as a division inhibitor. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887316/figure/F3/


Conversely, under conditions in which UDPïglucose levels are low, such as during growth in 

carbon-poor medium, the intracellular concentration of UgtP drops and the remaining protein is 

sequestered away from mid-cell in small, randomly positioned foci. The exact mechanism 

underlying this change in UgtP concentration and localization remains to be determined. UgtP 

inhibits FtsZ assembly in vitro, indicating that it interacts directly with FtsZ to inhibit division. The 

molecular mechanism by which UgtP prevents FtsZ assembly has yet to be determined; possibilities 

include capping the growing polymers or preventing the formation of stabilizing lateral interactions. 

Carbon-dependent increases in cell size ensure that cells have sufficient room to accommodate the 

extra DNA that is generated by multifork replication. Defects in UDPïglucose biosynthesis reduce 

cell size by ~30% under carbon-rich conditions (when cells have a mass doubling time of ~25 

minutes) and lead to a 3.5-fold increase in the frequency of FtsZ rings that are assembled across 

unsegregated nucleoids; Noc does not seem to inhibit FtsZ assembly across unsegregated nucleoids 

in these cells. However, under carbon-poor conditions (when cells have a mass doubling time of 

~80 minutes), defects in UDPïglucose biosynthesis have little effect on cell morphology, and FtsZ 

ring formation takes place across segregated or partially segregated nucleoids. Despite the reduction 

in cell size, the timing of FtsZ ring formation and division is still precisely coordinated with mass 

doubling in UDPïglucose-deficient cells. This observation implies that a second, UDPïglucose-

independent pathway ensures that FtsZ assembly and division are coupled to cell growth. 

E. coli cells also increase in size under carbon-rich conditions, and cells shifted from carbon-poor to 

carbon-rich medium rapidly increase their growth rate but delay division until they reach the 

appropriate size for the new conditions. Although UgtP is not conserved in E. coli, the accumulation 

of UDPïglucose does seem to be important for coordinating cell size with carbon availability. 

Studies indicate that mutations in two genes that are required for UDPïglucose biosynthesis, 

phosphoglucomutase (pgm) and glucose-1-phosphate uridylyltransferase (galU), reduce E. coli cell 

size by ~30% without substantially affecting mass doubling time (N.S. Hill and R.B. Weart, 

unpublished observations) (FIG. 3b). In the absence of a UgtP homologue, it is not clear what the 

UDPïglucose-sensitive effector is in E. coli, but on the basis of the data from B. subtilis it is 

reasonable to speculate that it is a UDPïglucose-binding protein. Systematic analysis of genes 

encoding such proteins should identify the effector responsible for coordinating nutrient availability 

with cell size in this Gram-negative organism. 

 

ÅPlasmid replication:- 

Double stranded, few kilo base self-replicating extra DNA fragments is known as ñPlasmidsò 

commonly recognized in different gram negative and positive bacterial strains as well as in some 

fungi including unicellular yeasts. Although plasmids are usually circular but linear plasmids have 

also been reported.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887316/figure/F3/


Though plasmid are not required for bacteria survival but encodes essential genetic determinants 

that enables bacteria to adapt and resist unfavorable conditions for better survival and to encounter 

external threats with other microbes occupying the same position in an ecological food 

chain. Replication mechanisms of plasmid are host specific and effects plasmid copy number. 

Plasmid replicon consists of one or more origin of replication (ori) and few regulatory elements 

such as Rep proteins, localized in the 4 kilo base region of the DNA fragment. In addition plasmid 

also possesses few essential genes that assist in DNA replication. The molecular mechanism of 

bacterial plasmid replication is similar to the origin of replication of E. coli chromosome. 

Plasmid Replication 

Bacterial plasmid replication is not dependant on its nuclear genome replication with long 

intermissions between replication proceedings occurring during the course of cell division. Definite 

plasmid copy number depends on plasmid type, host organism and the growth conditions. 

Unintended aberrations from normal copy number are attuned. However dominant and recessive 

copy mutants to the wild type do exist. 

Plasmid replication mechanisms 

There are three types of plasmid replication namely rolling circle, Col E1 type and Iteron 

contain replication 

Rolling circle: Rolling circle replication mechanism is specific to bacteriophage family m13 and 

the fertility F factor which encodes for sex pili formation during recombination by means of 

conjugation. Fragments smaller than 10 kilo base usually replicate by this replication mechanism as 

reported in some gram positive bacteria. It allows the transfer of single stranded replication product 

at a faster rate to the recipient cell through pilus as in case of fertility factor or to the membrane in 

case of phage. 

Mechanism: Rolling circle occurs to a covalently closed circular piece of double-stranded DNA. A 

nick is produced in one of the strands by enzyme nickases creating a 5ô phosphate and a 3ô 

hydroxyl. Free 3ô hydroxyl will be used by DNA polymerase to make new DNA pushing the old 

nicked strand off of the template DNA (Figure 1). 

https://www.longdom.org/peer-reviewed-journals/replication-13486.html


 
 

Col E1 type replication: Col E1 replication is a negative regulation mechanism which enables the 

plasmid to control its own copy numbers by involving RNA type I, RNA type II, Rom protein, and 

the plasmid itself. Col E1 replication is initiated by means of RNA-RNA interactions and does not 

rely on replication initiation protein encoded by the plasmid to regulate its copy number. 

Mechanism: RNA type II that originates 555 base pairs upstream from the replication origin of Col 

E1 plasmid is transcribed which marks the start of Col E1 replication. A determined hybrid with the 

DNA strand is formed by a loop enriched in G nucleotide positioned 290 of RNAII and a C-rich 

region on the template strand positioned 20 nucleotides upstream from the origin. Several stems and 

loops are exhibited by the newly formed secondary structure. A DNA/RNA hybrid is recognized by 

enzyme RNase and dissociates the RNA hybrid to the 3' end of RNAII. The resultant RNA primer is 

linked to the plasmid with a free 3' hydroxyl group. This RNA enables replication of DNA to begin 

by providing DNA polymerase a specific site to initiate nucleotides synthesis. Consequently DNA 

synthesis is commenced with the leading strand is happening (Figure 2). 

Iteron-containing replicons: This replicon consists of a gene that encodes Rep protein for 

plasmid replication initiation, set of direct repeat sequences called iteron, adjacent AT-rich region 

and Dna boxes which is a protein required for bacterial chromosome replication initiation. However 

length of adjacent AT-rich region and number of iterons and DnaA boxes differs in a replicon. 

 

https://www.longdom.org/peer-reviewed-journals/replication-13486.html
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Mechanism: Iteron contain replication begins with the binding of Rep proteins to the iteron being 

organized in the same orientation of the DNA helix. And by binding to the DnaA boxes in the 

replicon the Rep-DnaA-DNA assembly promotes melting of the strand at the nearby AT-rich region 

to which host replication factors subsequently gain access and promote leading and lagging strand 

synthesis in a manner analogous to initiation of replication at the chromosomal origin, oriC (Figure 

3). 

 
Plasmids copy number is controlled principally at the beginning of replication initiation. The 

frequency with which initiation of replication of iteron-containing plasmids occurs is modulated in 

part by sequestration of the origin region in nucleoprotein complexes and intermolecular pairing of 

complexes on different plasmids, which is referred to as "handcuffò. 

https://www.longdom.org/peer-reviewed-journals/replication-13486.html
https://www.longdom.org/peer-reviewed-journals/replication-13486.html
https://www.longdom.org/peer-reviewed-journals/replication-13486.html


Thus plasmid replication by means of rolling circle, Col E1 type and Iteron contain replication is an 

efficient way to control its copy number and compatibility in bacteria and other respective 

organisms. 

ÅProkaryotic  transcription and translation.  

 

Outline the process of prokaryotic transcription and translation 

The prokaryotes, which include bacteria and archaea, are mostly single-celled organisms that, by 

definition, lack membrane-bound nuclei and other organelles. A bacterial chromosome is a 

covalently closed circle that, unlike eukaryotic chromosomes, is not organized around histone 

proteins. The central region of the cell in which prokaryotic DNA resides is called the nucleoid. In 

addition, prokaryotes often have abundant plasmids, which are shorter circular DNA molecules that 

may only contain one or a few genes. Plasmids can be transferred independently of the bacterial 

chromosome during cell division and often carry traits such as antibiotic resistance. Because of 

these unique features, transcription and gene regulation is somewhat different between prokaryotic 

cells and eukaryotic ones. 

LEARNING OBJECTIVES  

Understand the basic steps in the transcription of DNA into RNA in prokaryotic cells 

Understand the basics of prokaryotic translation and how it differs from eukaryotic translation 

Prokaryotic Transcription  

Initiation of Transcription in Prokaryotes  

Prokaryotes do not have membrane-enclosed nuclei. Therefore, the processes of transcription, 

translation, and mRNA degradation can all occur simultaneously. The intracellular level of a 

bacterial protein can quickly be amplified by multiple transcription and translation events occurring 

concurrently on the same DNA template. Prokaryotic transcription often covers more than one gene 

and produces polycistronic mRNAs that specify more than one protein. 

Our discussion here will exemplify transcription by describing this process in Escherichia coli, a 

well-studied bacterial species. Although some differences exist between transcription in E. coli and 

transcription in archaea, an understanding of E. coli transcription can be applied to virtually all 

bacterial species. 

Prokaryotic RNA Polymerase 

Prokaryotes use the same RNA polymerase to transcribe all of their genes. In E. coli, the 

polymerase is composed of five polypeptide subunits, two of which are identical. Four of these 

subunits, denoted Ŭ, Ŭ, ɓ, and ɓǋ comprise the polymerase core enzyme. These subunits assemble 

every time a gene is transcribed, and they disassemble once transcription is complete. Each subunit 

has a unique role; the two Ŭ-subunits are necessary to assemble the polymerase on the DNA; the ɓ-

subunit binds to the ribonucleoside triphosphate that will become part of the nascent ñrecently bornò 

mRNA molecule; and the ɓǋ binds the DNA template strand.  



The fifth subunit, ů, is involved only in transcription initiation. It confers transcriptional specificity 

such that the polymerase begins to synthesize mRNA from an appropriate initiation site. Without ů, 

the core enzyme would transcribe from random sites and would produce mRNA molecules that 

specified protein gibberish. The polymerase comprised of all five subunits is called 

the holoenzyme. 

Prokaryotic Promoters 

 

 

Figure 1. The ů subunit of prokaryotic RNA polymerase recognizes consensus sequences found in 

the promoter region upstream of the transcription start sight. The ů subunit dissociates from the 

polymerase after transcription has been initiated. 

A promoter is a DNA sequence onto which the transcription machinery binds and initiates 

transcription. In most cases, promoters exist upstream of the genes they regulate. The specific 

sequence of a promoter is very important because it determines whether the corresponding gene is 

transcribed all the time, some of the time, or infrequently. Although promoters vary among 

prokaryotic genomes, a few elements are conserved. At the -10 and -35 regions upstream of the 

initiation site, there are two promoter consensus sequences, or regions that are similar across all 

promoters and across various bacterial species (Figure 1). 

The -10 consensus sequence, called the -10 region, is TATAAT. The -35 sequence, TTGACA, is 

recognized and bound by ů. Once this interaction is made, the subunits of the core enzyme bind to 

the site. The AïT-rich -10 region facilitates unwinding of the DNA template, and several 

phosphodiester bonds are made. The transcription initiation phase ends with the production of 

abortive transcripts, which are polymers of approximately 10 nucleotides that are made and 

released. 



Elongation and Termination in Prokaryotes 

The transcription elongation phase begins with the release of the ů subunit from the polymerase. 

The dissociation of ů allows the core enzyme to proceed along the DNA template, synthesizing 

mRNA in the 5ǋ to 3ǋ direction at a rate of approximately 40 nucleotides per second. As elongation 

proceeds, the DNA is continuously unwound ahead of the core enzyme and rewound behind it 

(Figure 2). The base pairing between DNA and RNA is not stable enough to maintain the stability of 

the mRNA synthesis components. Instead, the RNA polymerase acts as a stable linker between the 

DNA template and the nascent RNA strands to ensure that elongation is not interrupted prematurely. 

 

 

 
Figure 2. Click for a larger image. During elongation, the prokaryotic RNA polymerase tracks along 

the DNA template, synthesizes mRNA in the 5ǋ to 3ǋ direction, and unwinds and rewinds the DNA 

as it is read. 

Prokaryotic Termination Signals 

Once a gene is transcribed, the prokaryotic polymerase needs to be instructed to dissociate from the 

DNA template and liberate the newly made mRNA. Depending on the gene being transcribed, there 

are two kinds of termination signals. One is protein-based and the other is RNA-based. Rho-

dependent termination  is controlled by the rho protein, which tracks along behind the polymerase 

on the growing mRNA chain. Near the end of the gene, the polymerase encounters a run of G 

nucleotides on the DNA template and it stalls. As a result, the rho protein collides with the 

polymerase. The interaction with rho releases the mRNA from the transcription bubble. 

Rho-independent termination  is controlled by specific sequences in the DNA template strand. As 

the polymerase nears the end of the gene being transcribed, it encounters a region rich in CïG 

nucleotides. The mRNA folds back on itself, and the complementary CïG nucleotides bind together.  

 

 

 



The result is a stable hairpin  that causes the polymerase to stall as soon as it begins to transcribe a 

region rich in AïT nucleotides. The complementary UïA region of the mRNA transcript forms only 

a weak interaction with the template DNA. This, coupled with the stalled polymerase, induces 

enough instability for the core enzyme to break away and liberate the new mRNA transcript. 

Upon termination, the process of transcription is complete. By the time termination occurs, the 

prokaryotic transcript would already have been used to begin synthesis of numerous copies of the 

encoded protein because these processes can occur concurrently. The unification of transcription, 

translation, and even mRNA degradation is possible because all of these processes occur in the same 

5ǋ to 3ǋ direction, and because there is no membranous compartmentalization in the prokaryotic cell 

(Figure 3). In contrast, the presence of a nucleus in eukaryotic cells precludes simultaneous 

transcription and translation. 

 

 

 
Figure 3. Multiple polymerases can transcribe a single bacterial gene while numerous ribosomes 

concurrently translate the mRNA transcripts into polypeptides. In this way, a specific protein can 

rapidly reach a high concentration in the bacterial cell. 

 

Prokaryotic Translation  

Translation is similar in prokaryotes and eukaryotes. Here we will explore how translation occurs 

in E. coli, a representative prokaryote, and specify any differences between bacterial and eukaryotic 

translation. 

Initiation  

The initiation  of protein synthesis begins with the formation of an initiation complex. In E. coli, 

this complex involves the small 30S ribosome, the mRNA template, three initiation factors that help 

the ribosome assemble correctly, guanosine triphosphate (GTP) that acts as an energy source, and a 

special initiator tRNA carrying N-formyl -methionine (fMet-tRNAf
Met

) (Figure 4). The initiator 

tRNA interacts with the start codon AUG of the mRNA and carries a formylated methionine (fMet). 

Because of its involvement in initiation, fMet is inserted at the beginning (N terminus) of every 

polypeptide chain synthesized by E. coli.  



In E. coli mRNA, a leader sequence upstream of the first AUG codon, called the Shine-Dalgarno 

sequence (also known as the ribosomal binding site AGGAGG), interacts through complementary 

base pairing with the rRNA molecules that compose the ribosome. This interaction anchors the 30S 

ribosomal subunit at the correct location on the mRNA template. At this point, the 50S ribosomal 

subunit then binds to the initiation complex, forming an intact ribosome. 

In eukaryotes, initiation complex formation is similar, with the following differences: 

¶ The initiator tRNA is a different specialized tRNA carrying methionine, called Met-tRNAi 

¶ Instead of binding to the mRNA at the Shine-Dalgarno sequence, the eukaryotic initiation complex 

recognizes the 5ǋ cap of the eukaryotic mRNA, then tracks along the mRNA in the 5ǋ to 3ǋ direction 

until the AUG start codon is recognized. At this point, the 60S subunit binds to the complex of Met-

tRNAi, mRNA, and the 40S subunit. 

 
  

Figure 4. Translation in bacteria begins with the formation of the initiation complex, which includes the small 

ribosomal subunit, the mRNA, the initiator tRNA carrying N-formyl-methionine, and initiation factors. Then 

the 50S subunit binds, forming an intact ribosome. 

 

Elongation 

In prokaryotes and eukaryotes, the basics of elongation of translation are the same. In E. coli, the 

binding of the 50S ribosomal subunit to produce the intact ribosome forms three functionally 

important ribosomal sites: The A (aminoacyl) site binds incoming charged aminoacyl tRNAs. 

The P (peptidyl) site binds charged tRNAs carrying amino acids that have formed peptide bonds 

with the growing polypeptide chain but have not yet dissociated from their corresponding tRNA.  

 



The E (exit) site releases dissociated tRNAs so that they can be recharged with free amino acids. 

There is one notable exception to this assembly line of tRNAs: During initiation complex formation, 

bacterial fMetītRNA
fMet

 or eukaryotic Met-tRNAi enters the P site directly without first entering 

the A site, providing a free A site ready to accept the tRNA corresponding to the first codon after 

the AUG. 

Elongation proceeds with single-codon movements of the ribosome each called a translocation 

event. During each translocation event, the charged tRNAs enter at the A site, then shift to the P 

site, and then finally to the E site for removal. Ribosomal movements, or steps, are induced by 

conformational changes that advance the ribosome by three bases in the 3ǋ direction. Peptide bonds 

form between the amino group of the amino acid attached to the A-site tRNA and the carboxyl 

group of the amino acid attached to the P-site tRNA. The formation of each peptide bond is 

catalyzed by peptidyl transferase, an RNA-based ribozyme that is integrated into the 50S 

ribosomal subunit. The amino acid bound to the P-site tRNA is also linked to the growing 

polypeptide chain. As the ribosome steps across the mRNA, the former P-site tRNA enters the E 

site, detaches from the amino acid, and is expelled. Several of the steps during elongation, including 

binding of a charged aminoacyl tRNA to the A site and translocation, require energy derived from 

GTP hydrolysis, which is catalyzed by specific elongation factors. Amazingly, the E. coli translation 

apparatus takes only 0.05 seconds to add each amino acid, meaning that a 200 amino-acid protein 

can be translated in just 10 seconds. 

Termination  

The termination  of translation occurs when a nonsense codon (UAA, UAG, or UGA) is 

encountered for which there is no complementary tRNA. On aligning with the A site, these 

nonsense codons are recognized by release factors in prokaryotes and eukaryotes that result in the P-

site amino acid detaching from its tRNA, releasing the newly made polypeptide. The small and 

large ribosomal subunits dissociate from the mRNA and from each other; they are recruited almost 

immediately into another translation init iation complex. 

In summary, there are several key features that distinguish prokaryotic gene expression from that 

seen in eukaryotes. These are illustrated in Figure 5 and listed in Table 1. 

 



 
 

 

Figure 5. (a) In prokaryotes, the processes of transcription and translation occur simultaneously in 

the cytoplasm, allowing for a rapid cellular response to an environmental cue. (b) In eukaryotes, 

transcription is localized to the nucleus and translation is localized to the cytoplasm, separating 

these processes and necessitating RNA processing for stability. 
 

 

 

Å Regulation of gene expression in prokaryotes 

The DNA of prokaryotes is organized into a circular chromosome that resides in the cellôs 

cytoplasm. Proteins that are needed for a specific function, or that are involved in the same 

biochemical pathway, are often encoded together in blocks called operons. For example, all five of 

the genes needed to make the amino acid tryptophan in the bacterium E. coli are located next to 

each other in the trp operon. The genes in an operon are transcribed into a single mRNA molecule. 

This allows the genes to be controlled as a unit: either all are expressed, or none is expressed. Each 

operon needs only one regulatory region, including a promoter, where RNA polymerase binds, and 

an operator, where other regulatory proteins bind. 

In prokaryotic cells, there are three types of regulatory molecules that can affect the expression of 

operons. Activators are proteins that increase the transcription of a gene. Repressors are proteins 

that suppress transcription of a gene.  

 



Finally, inducers are molecules that bind to repressors and inactivate them. Below are two 

examples of how these molecules regulate different operons. 

A) The trp Operon: A Repressor Operon 

Like all cells, bacteria need amino acids to survive. Tryptophan is one amino acid that the 

bacterium E. coli can either ingest from the environment or synthesize. When E. coli needs to 

synthesize tryptophan, it must express a set of five proteins that are encoded by five genes. These 

five genes are located next to each other in the tryptophan (trp) operon (Figure 17.3). 

When tryptophan is present in the environment, E. coli does not need to synthesize it, and 

the trp operon is switched off. However, when tryptophan availability is low, the trp operon is 

turned on so that the genes are transcribed, the proteins are made, and tryptophan can be 

synthesized. 

A DNA sequence called the operator is located between the promoter and the first trp gene. The 

operator contains the DNA code to which the repressor protein can bind. The repressor protein is 

regulated by levels of tryptophan in the cell. 

When tryptophan is present in the cell, two tryptophan molecules bind to the trp repressor. This 

causes the repressor to change shape and bind to the trp operator. Binding of the tryptophanï

repressor complex at the operator physically blocks the RNA polymerase from binding, and 

transcribing the downstream genes. Thus, when the cell has enough tryptophan, it is preventing 

from making more. 

When tryptophan is not present in the cell, the repressor has no tryptophan to bind to it. The 

repressor is not activated and it does not bind to the operator. Therefore, RNA polymerase can 

transcribe the operon and make the enzymes to synthesize tryptophan. Thus, when the cell does not 

have enough tryptophan, it synthesizes it. 

 



 

Figure 17.3 The five genes that are needed to synthesize tryptophan in E. coli are 

located next to each other in the trp operon. 

B) The lac Operon: An Inducer Operon 

The lac operon in E. coli has more complex regulation, involving both a repressor and an 

activator. E. coli uses glucose for food, but is able to use other sugars, such as lactose, when glucose 

concentrations are low. Three proteins are needed to break down lactose; they are encoded by the 

three genes of the lac operon. 

When lactose is not present, the proteins to digest lactose are not needed. Therefore, a repressor 

binds to the operator and prevents RNA polymerase from transcribing the operon. 

When lactose is present, lactose binds to the repressor and removes it from the operator. RNA 

polymerase is now free to transcribe the genes necessary to digest lactose (Figure 17.4). 

However, the story is more complex than this. Since E. coli prefers to use glucose for food, 

the lac operon is only expressed at low levels even when the repressor is removed. But what 

happens when ONLY lactose is present? Now the bacterium needs to ramp up production of the 

lactose-digesting proteins. It does so by using an activator protein called catabolite activator protein 

(CAP). 

When glucose levels drop, cyclic AMP (cAMP) begins to accumulate in the cell. cAMP binds to 

CAP and the complex binds to the lac operon promoter (Figure 17.5). This increases the binding 

ability of RNA polymerase to the promoter and ramps up transcription of the genes. 



 

Figure 17.4 Transcription of the lac operon only occurs when lactose is present. Lactose 

binds to the repressor and removes it from the operator. 

 

 

Figure 17.5 When there is no glucose, the CAP activator increases transcription of the 

lac operon. However, if no lactose is present, the operon is not activated. 

 

 

 



In summary, for the lac operon to be fully activated, two conditions must be met. First, the 

level of glucose must be very low or non-existent. Second, lactose must be present. Only when 

glucose is absent and lactose is present will the lac operon be transcribed maximally. This 

makes sense for the cell, because it would be energetically wasteful to create the proteins to 

process lactose if glucose was plentiful or lactose was not available (Table 17.2). 

 

Positive Regulation of the Lac Operon; Induction by Catabolite Activation 

The second control mechanism regulating lac operon expression is mediated by CAP (cAMP-

bound catabolite activator protein or cAMP receptor protein). When glucose is available, cellular 

levels of cAMP are low in the cells and CAP is in an inactive conformation. On the other hand, if 

glucose levels are low, cAMP levels rise and bind to the CAP, activating it. If lactose levels are also 

low, the cAMP-bound CAP will have no effect. If lactose is present and glucose levels are low, then 

allolactose binds the lac repressor causing it to dissociate from the operator region. Under these 

conditions, the cAMP-bound CAP can bind to the operator in lieu of the repressor protein. In this 

case, rather than blocking the RNA polymerase, the activated Camp-bound CAP induces even more 

efficient lac operon transcription. The result is synthesis of higher levels of lac enzymes that 

facilitate efficient cellular use of lactose as an alternative to glucose as an energy source. 

Maximal activation of the lac operon in high lactose and low glucose is shown below. 

 

Regulation of the Lac Operon- cAMP-bound CAP is an inducer of transcription. It does 



this by forcing the DNA in the promoter-operator region to bend. And since bending the 

double helix loosens H-bonds, it becomes easier for RNA polymerase to find and bind the 

promoter on the DNA strand to be transcribedé, and for transcription to begin. cAMP-

CAPinduced bending of DNA is illustrated below. 

 

Lac Operon Regulation by Inducer Exclusion and Multiple Operators 

In recent years, additional layers of lac operon regulation have been uncovered. In one case, the 

ability of lac permease to transport lactose across the cell membrane is regulated. In another, 

additional operator sequences have been discovered to interact with a multimeric repressor to 

control lac gene expression. 

a) Regulation of Lactose use by Inducer Exclusion 

When glucose levels are high (even in the presence of lactose), phosphate is consumed to 

phosphorylate glycolytic intermediates, keeping cytoplasmic phosphate levels low. Under these 

conditions, unphosphorylated EIIAGlc binds to the lactose permease enzyme in the cell membrane, 

preventing it from bringing lactose into the cell. The role of phosphorylated and unphosphorylated 

EIIA
Glc

 in regulating the lac operon are shown below. 



 

High glucose levels block lactose entry into the cells, effectively preventing allolactose formation 

and the derepression of the lac operon. Inducer exclusion is thus a logical way for the cells to handle 

an abundance of glucose, whether or not lactose is present. On the other hand, if glucose levels are 

low in the growth medium, phosphate concentrations in the cells rise sufficiently for a specific 

kinase to phosphorylate the EIIAGlc. Phosphorylated EIIAGlc then undergoes an allosteric change 

and dissociates from the lactose permease, making it active so that more lactose can enter the cell. 

In other words, the inducer is not ñexcludedò under these conditions! 

The kinase that phosphorylates EIIA
Glc

 is part of a phosphoenolpyruvate (PEP)- dependent 

phosphotransferase system (PTS) cascade. When extracellular glucose levels are low, the cell 

activates the PTS system in an effort to bring whatever glucose is around into the cell. But the last 

enzyme in the PTS phosphorylation cascade is the kinase that phosphorylates EIIA
Glc

. 

Phosphorylated EIIA
Glc

 dissociates from the lactose permease, re-activating it, bringing available 

lactose into the cell from the medium. 

b) Repressor Protein Structure and Additional Operator Sequences 

The lac repressor is a tetramer of identical subunits (below). 

Each subunit contains a helix-turn-helix motif capable of binding to DNA. However, the operator 

DNA sequence downstream of the promoter in the operon consists of a pair of inverted 

repeats spaced apart in such a way that they can only interact two of the repressor subunits, leaving 

the function of the other two subunits unknowné that is, until recently! 

Two more operator regions were recently characterized in the lac operon. One, called O2, is within 

the lac z gene itself and the other, called O3, lies near the end of, but within the lac I gene. Apart 

from their unusual location within actual genes, these operators, which interact with the remaining 

two repressor subunits, went undetected at first because mutations in the O2 or the O3 region 

individually do not contribute substantially to the effect of lactose in derepressing the lac operon.  

 



Only mutating both regions at the same time results in a substantial reduction in binding of the 

repressor to the operon. 

 

 

B. Mechanism of Control of the Tryptophan Operon 

If ample tryptophan (trp ) is available, the tryptophan synthesis pathway can be inhibited in two 

ways. First, recall how feedback inhibition by excess trp can allosterically inhibit the trp synthesis 

pathway. A rapid response occurs when tryptophan is present in excess, resulting in rapid feedback 

inhibition by blocking the first of five enzymes in the trp synthesis pathway. The trp 

operon encodes polypeptides that make up two of these enzymes. 

Enzyme 1 is a multimeric protein, made from polypeptides encoded by the trp5 and trp4 genes. The 

trp1 and trp2 gene products make up Enzyme 3. If cellular tryptophan levels drop because the 

amino acid is rapidly consumed (e.g., due to demands for proteins during rapid growth), E. coli cells 

will continue to synthesize the amino acid, as illustrated below. 

 

 

 


