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7

PREFACE

Microbiology is a field which is in a constant state of change: with the discovery of new 
strains of organisms, many of them resistant to the antibiotics we typically use and new tech-
niques helpful in the diagnosis of pathogens responsible for disease. It is also a field contain-
ing plenty of information which sometimes make a students’ life harder, with endless names 
to know, which diseases are caused by which microorganisms or parasites, how to diagnose 
and treat those diseases, and so on . 

Due to the difficulty of this subject, the idea of writing a book which could help the 
students during their studies came up. Within the book it is possible to easily find readable 
content about the most serious and frequent infections we deal with these days in the medical 
field. The relevant impulse for the writing of the current textbook is freely linked with the 
previous book Principles and Practicals in Medical Microbiology, Melter & Malmgren, Karo-
linum, 2014, for which there was a positive response from our students with the requirement 
to broaden the new textbook to cover all significant medical microbiology topics. 

The main goal is to give actualised, organized and clear information to all the readers 
about microbiology, especially medical students in order to help them pass their exam . Even 
though it is good to remember that one source may not be enough, and that is why we reco-
mmend the addition of other textbooks and impacted professionals articles to complement 
ones knowledge . 

The elaboration and reviewing of this book was influenced by current editions of presti-
gious publications in the field which are also called microbiology Bibles (Brooks et al: Jawetz, 
Melnik & Adelbergs’ Medical Microbiology, LANGE; Lippincott’s Illustrated Reviews, 
Microbiology, Lippincott Williams & Wilkins; Murray et al, Medical Microbiology, Elsevier 
Mosby) . This book is special in the fact that it was written for medical students by medical 
students themselves . It was co-written by doc . MVDr . Oto Melter, Ph .D ., who designed this 
book, reviewed, supervised, wrote many chapters and took most of the original photographs 
we find throughout the book. Chapters were also written and reviewed by smart enthusiastic 
students led by Rute Castelhano and the entire manuscript was reviewed for factual and gra-
mmatical discrepancies by Shenali Amaratunga .

Since different students wrote this book, we can see some heterogeneity among chapters 
but this heterogeneity is also a strong point as it will help students to stay motivated and 
attentive . 
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We decided that the usage of original diagrams and images in this book would be an 
advantage as the students would be able to improve their understanding. Majority of all the 
photographs and microphotographs were taken in our Department of Medical Microbiology, 
2nd Faculty of Medicine, Charles University and University Hospital Motol, Prague but we 
are extremely pleased that we could also gather missing images from other experienced spe-
cialists in the field. 
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1 
GENERAL BACTERIOLOGY

Bacteriology is the study of bacteria . They are prokaryotic cells and this differentiates them 
from fungi and parasites which are eukaryotic and from viruses which are just protein encap-
sulated nucleic acid and not cells at all . As the name prokaryote suggests, they have no nucle-
us (pro = before, karyon = nucleus) but DNA is found freely in the cytoplasm of the cell, 
coiled in to a structure known as the nucleoid . This feature makes them the simplest cells on 
earth . It is therefore a valid guess, to estimate that bacteria are one of the oldest organisms 
on the planet . Marks in stromatolites, a type of sedimentary rock, show evidence of early 
prokaryotic life probably dating as far as 4 .0 billion years ago . This means that they have 
had a lot of time to evolve into masterpieces, even if the general structure of a bacterial cell 
looks very simple (fig. 1.1), there are specialized structures like the mobile genetic elements 
(plasmids), capsules, flagellae, and spores. They are able to cope successfully and persist or 
propagate even in extreme physical and chemical conditions . This gives bacteria the oppor-
tunity to have an extraordinary impact on everyday human life not only in medicine, but also 
in fields such as agriculture, food industry, energy and the environment.

The goal of medical bacteriology is to diagnose bacteria as agents of infections using speci-
fic phenotypic and/or genotypic methods and to determine susceptibility to therapeutic agents.

Figure 1.1: A schematic diagram of a typical bacterial cell. The bacterial chromosome consists of one 
circular molecule of DNA floating free in the cytoplasm, summed up in a coil known as the nucleoid. 
The bacteria are therefore considered prokaryotic (= before nucleus) . The plasmids are smaller than the 
chromosome and are only present in some bacterial cells. Other significant structures are the ribosomes, 
the cytoplasmic membrane, the cell wall, the outer membrane (in Gram-negative bacteria) and the capsule . 
Sometimes pili (short hair-like structure) and flagellae (elongated organelles protruding from the cell) are 
present and may play a role to inhance virulence .

Ribosomes

Plasmid

Nucleiod

Pili

Flagellum

Capsule

Cell membrane and wall
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1.1  CLASSIFICATION AND NOMENCLATURE

You are probably familiar with the classification of the medically important bacteria into 
“good” versus “bad” bacteria . The “good” bacteria are the large number of commensal bacte-
rial species which attach to host tissues and produce chemicals that are beneficial to the host. 
Did you know that around 90% of all cells existing on or in a healthy host are of bacterial 
origin? The “bad” bacteria on the other hand are those that, when they are present, cause ill-
ness . The presence of these disease-causing bacteria is known as a bacterial colonization 
or infection . 

Bacteria could be divided into Gram-positive or Gram-negative bacteria . This division 
is done according to the staining of the bacterial cells depending on the structure of the bacte-
rial envelope (fig. 1.2). This classification is medically important as many antibacterial drugs 
are directed against the cell envelope . The principle of Gram staining, introduced by Gram, 
is discussed in chapter 7. Some bacteria that do not fit into this classification, e.g., Mycobac-
terium tuberculosis are known as acid fast bacteria . 

The bacterial nomenclature organizes bacteria according to the nature of the habitat, pres-
ence of certain enzymes, structure and so on. Firstly, we talk about the order Eubacteriales 
which include all medically important bacteria . Then we classify bacteria with similarities 
into certain families, for example Enterobacteriaceae . These bacteria can be found in similar 
environments, for example in the gastrointestinal tract . Amongst these bacteria, we distin-
guish genus (e .g ., Escherichia) and species (e .g ., coli). The outcome of this classification is 
a binominal nomenclature (e .g ., Escherichia coli) which should be written in italic . 

1.2  THE BACTERIAL STRUCTURE

As stated above, all bacteria are prokaryotes . This means that they do not contain membrane 
bound organelles, nor a true nucleus . The bacterial chromosome is instead coiled into a mass 
known as a nucleoid . 

1.2.1  The Bacterial Envelope

The bacterial envelope consists of all the structures that surround the bacterial cytoplasm . 
These are the cytoplasmic membrane, the cell wall, the outer membrane (present in Gram-neg-
ative bacteria) and in some bacteria, there is a capsule as the outermost structure. It is, just as 
our human skin for us, the largest bacterial organ . And bacteria, as smallest prokaryotes, have 
an inversely larger surface than large cells do . Each of these structures have a distinct function .

The structure of the envelope is the difference between the Gram-negative and the Gram-
positive bacteria . The Gram-negative bacteria have a small cell wall on top of the cell mem-
brane followed by an outer membrane with porins and lipopolysaccharides (LPS), while the 
Gram-positive ones lack the outer membrane but have a very thick cell wall outside the 
cytoplasmic membrane (fig. 1.2) . 

Overall, the cell envelope can vary broadly depending on bacterial species or strain . The 
cell membrane, being the innermost layer in both Gram-positive and negative bacteria, con-
sists of a phospholipid bilayer . As the cell membrane is selectively permeable, it transports 
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only some solutes, and functions as a protective barrier between the intra- and extra cellular 
environments. It enhances the excretion of hydrolytic enzymes and simultaneously preserves 
the enzymes and molecules that are responsible for the biosynthesis of DNA and other life 
sustaining elements of bacteria. In addition, it contains the proteins and enzymes necessary 
for electron transport and oxidative phosphorylation in aerobic species . 

The chemical complex of the bacterial cell wall (fig. 1.3) contrasts with the chemically 
simple ones in eukaryotic cells . As seen in fig. 1.2 it is usually present in both Gram-posi-

Figure 1.2: A schematic overview of the cell envelopes in Gram-positive (left) and Gram-negative 
(right) bacteria. The cell membrane, being the innermost part of the envelope protects the cytoplasm of 
both Gram-positive and negative bacteria . In Gram-positive bacteria this is covered by a thick peptidoglycan 
(cell) wall . In the Gram-negative bacteria only a thin cell wall is present, shielded by the outer membrane 
filled with lipopolysaccharides (LPS) (yellow) and porins (red). Additional proteins with diverse functions 
(pink) may also be inserted in the membranes . The space between the inner and outer membrane is known 
as the periplasmic space .

Figure 1.3: The peptidoglycan structure of 
the cell wall. The glycan backbone consists 
of a linear polymer of two monosaccharide 
subunits, N-acetylmuramic acid (NAM) 
and N-acetylglucosamine (NAG) that alters . 
The glycan layers are then cross-linked with 
identical tetrapeptides bound to the NAM 
and connected between each other by glycine 
pentapeptides . 

Tetrapeptide

NAM NAG

Pentapeptide

Cytoplasmic
membrane



16

tive and Gram-negative bacteria but only as very thin layer in the latter . The bacterial cell 
wall consists mainly of peptidoglycans (murein), where sugar backbones (glycan part of the 
name) made of repeats of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) 
are held together with peptide cross-links (peptido–part of the name) consisting of tetra- and 
pentapeptides (fig. 1.3) . 

Outside the thin cell wall layer in the Gram-negative bacteria is a rather specialized outer 
membrane. Just as the cell membrane, it consists of a phospholipid bilayer, but it also con-
tains porins, selective transport proteins, and lipopolysaccharides .

The lipopolysaccharide (LPS) (fig. 1.4) has a lipid portion (lipid A) that is inserted into 
the membrane . Attached to this is a core polysaccharide, followed by a long tail of saccharides 
that, as they are found at the exterior of the cell, are highly antigenic . They are therefore also 
known as the O antigen, and can be used in identification as they vary among species. Inserted 
into the membrane they cause no harm, but are easily recognized by our immune system. On 
the other hand, when the bacterial cell lyses, and the LPSs are released, they act as the feared 
endotoxin known for all Gram-negative bacteria . It activates the complement, cytokines and 
the coagulation cascades and thus, leads to clotting . Clot resolution and vasodilation in the 
whole system lead to a severe drop in blood pressure, causing a collapse of the circulatory 
system, and could, if not controlled, result in multiorgan system failure and septic shock .

Figure 1.4: The lipopolysaccharide (LPS) of Gram-negative bacteria. 
The O-antigen, made of saccharides, is anchored in the outer membrane 
by a core polysaccharide and lipid A . Once the LPS is released from the 
cell membrane it acts as an endotoxin

The outermost layer in some bacteria is the capsule . It is made of externally secreted 
compounds, usually polysaccharides that form a coat around the bacterial cell (fig. 1.1) . The 
capsule works usually as a virulence factor, as it can interact with its environment thus, decid-
ing the human immune response towards the bacterium . The capsule of Streptococcus pyoge-
nes for example consists of hyaluronic acid that mimics host intracellular connective tissue 
and therefore, no specific antibodies are produced by the host. The capsule of Streptococcus 
pneumoniae has the ability to bind host antibodies or part of the complement system (C3b) 
to the bacterial surface in such a way that fools the immune system and escapes opsonization 
and phagocytosis .
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In addition to these well known structures, Gram-positive bacteria have extra molecules 
that are covalently linked to their membrane, also known to be a major cell surface antigen. 
It is a polymer of substituted glycerol units linked by phosphodiester bonds, and known as 
teichoic acid. It is suspected to be used by the bacterium in host tissue colonization and aids 
the spread of infection .

1.2.2  Flagella

The bacterial flagellum (fig. 1.5) is made up of several thousands of a protein subunit called 
flagellin . They are highly antigenic, and are therefore known as the H antigen. The flagellum 
is embedded into the bacterial cell by basal body (L-ring bound to LPS, the P-ring bound to 
peptidoglycan and the S-M ring to the cell membrane) . The Mot proteins function as the fla-
gellar motor using energy from proton motive force, whereas the Fli proteins switch the motor 
between counterclockwise (CCW) or clockwise (CW) direction in a liquid culture medium . 
The rotation of the flagellum propagates the bacterium towards (CCW) a higher concentration 
of attractants (chemotaxis) . In the absence of a gradient it moves in a random manner . Flagella 
rotation can move bacteria in liquid media at speeds up to 60 cells lengths/second therefore 
it is extremely fast (a cheetah, the quickest mammal on Earth, moves 25 body lengths per 
second) . Bacteria can be motile, they also swarm on solid culture media surface using fla-
gella (e .g ., Proteus) . Bacteria could be unflagellated or contain one single (monotrichous) 
or multiple polar flagellum (lophotrichous) or have flagella (flagellated) distributed over the 
entire cell (peritrichous) .

1.2.3  Pili (Fimbriae)

The pili (singular: pilus) (fig. 1.1) are hair-like structures which consists of protein subunits 
called pilins. They are shorter and thinner than flagella and many Gram-negative bacteria 

Figure 1.5: Structure of the flagellum of E. coli. 
The flagellum, consisting of protein subunits called 
flagellins attached to the cell envelope. It can rotate 
and thus bacterial cells can swim forward (counter-
clockwise rotation) or stay (tumbling – cell stops 
and jiggles about). So the flagellum functions as 
a propeller .
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possess them . The pili could be used to adhere to cell surfaces in the host . They could also 
be used to attach to other bacteria in order to exchange genetic information in the form of 
plasmids . In this case the pili are known as sex pili, encoded on F-plasmids (fertility) . Minor 
proteins known as adhesins are located on the tips of the pili and are responsible for the 
attachment to host cells or other bacterial cells .

1.2.4  The Bacterial Chromosome

Bacteria usually have one single chromosome of double stranded DNA (fig. 1.1) but some 
bacterial genera have multiple chromosomes (e .g ., Burkholderia – 3; Vibrio or Leptospira – 
2) . Chromosomal DNA is usually circular but there are some exceptions and bacteria with 
linear chromosome do exist, for example Borrelia . To put some numbers on this information, 
the chromosome of E. coli consists of one circular DNA with the length around 4 milion 
base pairs (bp), and containing 2000–3000 genes but its chromosome size can vary from 
0 .5 megabase pairs (Mbp) to 13 Mbp . Uncoiled, the DNA in a bacterium is around 1 mm in 
length, and therefore is extremely folded (supercoiled) to be able to exist in 1000-fold smaller 
cell as the nucleoid . 

1.2.5  Mobile Genetic Elements

Some bacteria carry extra-chromosomal nucleic acid in the form of plasmids (fig. 1.1) . 
These are self-replicating double strands of circular DNA . They can be smaller (1 .5 kilobase 
pairs, kbp) or larger (around 150 kbp) and one bacterial cell can carry more than one type of 
plasmids . In contrast to viruses, they don’t have an extracellular form and exist only inside 
cells simply as nucleic acid . Plasmids never carry genes that are essential for cell growth or 
cell replication, as they are present only in addition to the chromosome and not present in 
all bacteria, but all plasmids must carry genes that ensure their own replication . Frequently 
they contain genes of antibiotic resistance or toxins . The plasmids can be shared among the 
bacteria by means of conjugation which is a communication through sex pili (see below) .

Another type of genetic element that could be found in some bacterial cells is the 
transpozon. Transpozons are small pieces of genetic information that can move between plas-
mids and the chromosome, or within the chromosome . They always carry genes responsible 
for their excision (resolvase) and insertion (transposase) into a plasmid or the chromosome 
and can be non-replicative (doesn’t leave a copy of itself at the original location) or replicative 
(leaves a copy at the original site) . They are often involved in the transposition of antibiotic 
resistance genes. Important to realize though, is that if they are inserted into a functional 
gene, the function of the gene affected could be destroyed. Therefore, transpozons are also 
known as mutagenic agents . Remember that while the plasmids are moving between the cells, 
the transpozons move within the cells.

Integrons are mobile DNA elements that can capture and carry multiple genes, particu-
larly those responsible of antibiotic resistance . Genomic islands (GEIs) are parts of genome 
(>10 kbp) that have evidence for horizontal origins. GEIs associated with multiple antibiotic 
resistance genes are referred to as resistant islands (REIs) and the ones associated with 
pathogenesis are called pathogenicity islands (PAIs) .
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1.3  BACTERIAL VIRULENCE FACTORS

The virulence factors are those which make bacteria dangerous to us, either by destroying 
our tissues, over activating the immune system or by hiding the bacterium from our defenses, 
and thereby escaping clearance . Some of them are structural components of the bacterium, 
e .g ., the endotoxin (LPS) which hyperstimulates the immune system . The peptidoglycan in 
the cell wall in Gram-positive bacteria function in a similar way as LPSs in Gram-negative 
species . Adhesin is another important virulence factor present on the pili of some bacteria, 
providing attachment to the host tissue . The pili in their own way are also virulence factors, 
as is the capsule . Other virulence factors are produced by the bacteria, encoded in the 
genetic material either in the chromosome or in the acquired plasmids . These are for example 
exotoxins, e .g ., produced by staphylococci (enterotoxin) and Corynebacteirum diphtheriae 
(cytotoxin), and the secreted enzymes of, e .g ., Streptococcus pyogenes (hyaluronidase) . An 
important product of some plasmids is the antibacterial resistance which is a very strong 
virulence factor . Remember that almost everything present on the bacterium or secreted by it 
helps it to be virulent . These were only selected examples of some of the most important and 
most common virulence factors .

Virulence factors are usually related to particular bacterial strains . More detailed 
information about the virulence factors of specific species can be found in the chapters of 
special microbiology later in this book . 

1.4  BACTERIAL ADAPTATION

The bacteria are highly flexible using number of sophisticated mechanisms to settle in various 
environments or hosts . There is a regulation of gene expression to produce only the proteins 
required at that moment . Moreover, there is an alternative to cell differentiate – sporulation in 
some bacteria when the environment is too harsh, the spores germinate again once conditions 
have improved (an extreme extension of the gene regulation) .

1.5  REGULATION OF GENE EXPRESSION

To synthesize all proteins continuously would be very exhausting for small bacterial cells. 
The basic mechanism of regulation of gene expression is determined by RNA polymerase 
sensitivity to various promoters . The sensitivity is determined by a variable subunit of RNA 
polymerase known as sigma (s) factor .

The control of gene expression enables individual bacteria to adjust their metabolism 
to environmental changes and to have a better use of the nutrient sources . To do this, the 
bacteria also uses positive (e .g ., cyclic AMP complexes with a catabolite activator protein 
(CAP) to activate operons) or negative (the inducer, inactivates repressors and so allow gene 
expression) control mechanisms . 
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1.6  BACTERIAL SPORES AND SPORULATION

To survive in extreme conditions, e .g ., nutrient starvation some Gram-positive species are 
capable of forming spores which are a dormant stage and are resistant to boiling, desicca-
tion (drying), UV light, and treatment with chemicals, even antibiotics, for years or decades .

The process of sporulation (fig. 1.6) involves the production of many new surface struc-
tures, enzymes, and metabolites in parallel with disappearance of many vegetative compo-
nents . Spores are the dormant (non-reproducing) stage in bacterial life . This process called 
differentiation is caused by the activation of a series of genes which determines the final 
composition of the spore, especially new surface proteins . The initiation of spore formation 
involves alteration of the transcriptional specificity of RNA polymerases associated with dif-
ferent promoter specific proteins (sigma factors). 

Figure 1.6: Bacterial spore formation. At first the DNA becomes denser. A septum is then formed, known 
as the “forespore septum”. The forespore is engulfed and a cortex is synthetized (purple). A coat is deposited 
(pink) and the spore is matured . Lysis of the bacterium releases the spore . 

Germination is the process that “awakes” the spore, and turns it into a bacterium in its 
vegetative state again. More beneficial environments induce this process, but could also be 
because of exposure to certain agents, e .g ., sublethal heat, extreme pH and so on which acti-
vate the spore . The spore constituents are degraded and a vegetative cell is released . This of 
course requires a supply of all nutrients essential for such active biosynthesis .

Bacteria of the genus Clostridium, feared for their ability to produce gas gangrene, teta-
nus, botulinum or pseudomembranous colitis are medically significant spore-formers. More 
information about these bacteria could be found in the chapter of anaerobic bacteria (chap-
ter 22) . Bacillus anthracis, an aerobic agent of sudden septicemic fatal human and animal 
infection also sporulates . 

1.7  REPRODUCTION OF BACTERIA

To increase their fitness even more, not only by adapting their protein production and vegeta-
tive state, bacteria often try to acquire new genetic material which can help them to survive . 
The acquisition of new genetic material is known as bacterial recombination (e .g ., not the 
binary fission). There are three basic ways of bacterial recombination – conjugation, trans-
duction and transformation .
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