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chapter 3
the morphology, structure 
And clAssificAtion of bActeriA

3.1. morphology And structure of bActeriA

morPholoGy oF bacTeria

bacteria (from greek bacteria – bacillus) are unicellular 
prokaryotic haploid microorganisms, that do not contain 
chlorophyll. As prokaryotes, bacteria do not have the diff er-
entiated nucleus, golgi complex, lysosomes and mitochon-
dria. Most pathogenic bacteria have the diameter of ap-
proximately 0.2–1.5 micrometers (mcm) and length of 3–5 
mcm.

The form of the bacteria depends on the cell wall struc-
ture, and their position  – on the orientation and the cells 
interconnection degree during the division of microorgna-
isms by the transverse fi ssion (happens in one or several 
planes). According to the shape bacteria are divided into 
coccal or spherical, rod-shaped, curved (spirochete, spiril-
lum) or fi liform (actinomycetes) microorganisms (Table 3.1).

The STrucTure oF bacTeria

Many bacteria are characterized by polymorphism, 
i.e., variety of forms and sizes (corynebacteria, mycobacte-
ria, actinomycete, mycoplasmae, etc.). Polymorphism is the 
manifestation of individual variation of microorganisms and 
depends on the growth medium content, temperature, pH, 
salts presence and concentration, disinfecting and medical 
matters or other factors.

bacterial cell consists from nucleoid; cytoplasm, that 
contains ribosome, inclusions, plasmids; fl agella and pili; 

membranes, such as cytoplasmic membrane, cellular wall, 
and other structures (Fig. 3.1).

components, that are observed in the structure of all 
bacteria are called constant. To them refer nucleoid, cyto-
plasm, ribosome, mesosome, cytoplasmic membrane, cel-
lular wall.

components, which presence or absence depend on 
the bacterium type, are called inconstant. These are pili, 
fl agellae, capsules, spores, inclusions.

bacteria are covered with cytoplasmic membrane, cel-
lular wall and capsule.

cellular wall  – a dense sheath in bacteria, which is lo-
cated above the cytoplasmic membrane and has lamellar 
structure. due to its presence bacteria preserve certain form 
and are resistant to the osmotic pressure. All bacteria have 
cellular wall except mycoplasma. Some bacteria have super-
fi cial structures, that are located from the outside of the cel-
lular wall. These include capsule, fl agella and pili. The thick-
ness of the cellular wall consists 10–50 nm. The cellular wall 
participates in the metabolites transport, bacterial growth 
and development, protects them from the harmful infl u-
ence of the environment (higher osmotic pressure inside 
the cell than outside the cell, mechanical and chemical in-
juries). it has receptors to bacteriophages, bacteriocins and 
other matters.

Main material that compound the cellular wall is pep-
tidoglycan (murein), that is typical only for bacteria. Murein 
forms the glycopeptide layer, that is connected with lipopro-
teins, phospholipids, and lipopolysaccharide. Peptidoglycan 
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Table 3.1. The form and position of bacteria

Form Position and/or features of particular cells

coccus (from greek coccos – grain) – bacteria of spherical, ellipsoid, bean-shaped or lanceolate form. The following are defi ned 
according to the position:

diplococcus (from greek diploos – 
double)

Paired cocci, connected by 2 cells:
– bean-shaped (Neisseria).
– lanceolate (Streptococcus pneumoniae)

Streptococcus (from greek streptos – 
chain)

Form chains of the diff erent length, because cells are divided in 
the single plane

Staphylococcus (from greek staphyle – 
cluster)

Form irregular accumulations, because cells divide in diff erent 
planes

Micrococcus (from greek micros – small) Singular, paired or chaotic cell positioning

rod-shaped bacteria, including spore-forming bacillus (from latin bacillus – stick) and clostridium (from latin closter – spindle)

Streptobacterium Form chains

corynebacterium (from latin corynе – 
club)

can have club-like thickening on ends, cells remain attached at 
angles

vibrio (from greek vibrio – wiggle, bend) Name is given because of the vibrating movements. Slightly 
curved rods, like a comma

Spirochete (from greek speira – curl, chaite – hair) – corkscrew-shaped (helically coiled) bacteria, with the length of 7–500 mcm, width 
of 0.3–1.5 mcm

borrelia Have 3–10 big gentle irregular spirals 

Treponema Spiral bacteria with 12–14 small spirals

leptospira reminds a spring with clinches and 12–18 small secondary spirals

Filiform bacteria form hyphae, i.e., long thin structures, which interlace and form accumulations, which are called as mycelium.

Actinomyces (from greek actis – beam, 
myces – mushroom)

cells form divided hyphae with the length of 10–50 mcm and 
width of 0.2–1.0 mcm, or have the form of curved bacillus with 
the length of 1.5–2.5 mcm

10

Fig. 3.1. The structure of the bacterial cell
1 – capsule; 2 – cell wall; 3 – cytoplasmic membrane; 4 – pili; 5 – cytoplasm; 6 – mesosomes; 7 – plasmids; 8 – ribosomes; 9 – fl agella; 10 – inclusions; 11 – nucleoid
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maintains the rigidity of the cellular structure and makes it 
possible for bacteria to survive in the environment with the 
low osmotic pressure, for example, water. Murein  – a rigid 
complicated latticed structure, which is one covalently con-
nected macromolecule, that surrounds the entire bacterial 
cell. Peptidoglycan contains (1) polysaccharide framework, 
that consists of the N-acetylmuramic acid and N-acetylglu-
cosamin remains, which alternate each other and are con-
nected with glycoside linkages, and (2) tetrapeptides, which 
consist of d- and l-amino acids, including diaminopimelic 
acid. These tetrapeptides connect to the N-acetylmuramic 
acid molecules, which refer to different chains of the poly-
saccharide framework. So, tetrapeptides sew together these 
chains by the peptide bonds in the transverse direction 
(Fig. 3.2). Features of the cellular wall structure in bacteria 
are the following: (1) tetrapeptide structures differ in vari-
ous bacteria; (2) they contain d-isomers of amino acids, but 
most of proteins contain l-isomers; (3) diaminopimelic acid 
is observed only in bacteria; (4) character of the transverse 
bonds between two tetrapeptides differs in various bacte-
rial species. For example, diaminopimelic acid of one tetra-
peptide binds directly to the d-alanine in Escherichia coli, 
and in Staphylococcus aureus l-lysine of one tetrapeptide 
connects to the d-alanine of another by the chain, that con-
sists of five glycine remains. There are no peptidoglycans in 
eukaryotic cells including human cells, so it is a good target 
of the antibiotic action such as penicillin, cephalosporins 
and vancomycin. These antibiotics inhibit peptidoglycan 
synthesis through the transpeptidase inhibition. This bacte-
rial enzyme creates transverse bonds between neighboring 
tetrapeptides. The cellular wall does not form as the result 

of antibiotic therapy, that leads to the destruction of the 
bacterium through the osmotic lysis.

The protein layer (S-layer) is determined on the cellular 
wall surface in many bacteria. its protein subunits are con-
nected between each other as the rings in the hauberk. due 
to this S-layer is permeable for the nutritive and other mol-
ecules, but protects the bacterium from the physical, chemi-
cal and biological impact.

Some bacteria can survive even after the cellular wall 
loss. Such bacteria, that do not have the cellular wall are 
called l-forms. They were called in honor of the lister in-
stitute, where they were discovered. After the end of anti-
biotic action l-forms can transform into bacteria, that have 
the cellular wall. l-forms of staphylococci play some role 
in there persistence, i.e., the ability of the continuous exis-
tence in the macroorganism.

Enzyme lysozyme, that is secreted by human’s neutro-
phils, monocytes and macrophages, are present in almost 
all biological fluids of the organism (saline, nasal secretion, 
tears, etc.) breaks up peptidoglycan due to the destruction 
of glycoside connections of the polysaccharide framework. 
if processed with lysozyme bacteria are in the solution, 
which osmotic pressure is similar to the osmotic pressure in-
side microorganisms, then bacteria can remain alive and ex-
ist in the form of spherical bodies. it does not depend on the 
initial microorganisms’ form. if such unusual microorgan-
isms are formed from gram-positive bacteria, they are called 
protoplast. They are deprived of the cellular wall completely. 
Spheroplasts are formed as the result of similar transforma-
tion of gram-negative bacteria. Spheroplasts have partly 
destroyed cellular wall. Protoplasts as well as spheroplasts 

Fig. 3.2. Peptidoglycan structure of Staphylococcus aureus

М – muramic acid;

G – glucosamin;

a – l-alanine;

b – d-glutamic acid;

c – l-lysine  
(diaminopimelic acid 
in Escherichia coli); 

d – d-alanine;

 – glycine
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can be created only in experimental conditions in vitro. They 
cannot be isolated from the organism of a sick person.

According to the features of the cellular wall structure, 
bacteria are diff erently stained by gram method and are 
divided into the gram-positive and gram-negative. This is a 
universal diff erential method of the microorganisms stain-
ing. Such diff erentiation is widely used in the taxonomy of 
microbes and infectious diseases diagnostics. gram method 
is based on the structure of the cellular wall in gram-positive 
microorganism, that contains many layers of murein and tei-
choic acid and create steady complex with iodine and violet 
stain – gentian violet. This complex is not washed out from 
the gram-positive microorganisms with alcohol, and so they 
are stained in the dark-violet color. To such bacteria refer 
staphylococci, streptococci, bacilli, clostridia, corynebacteria 
and actinomycetes. cellular walls of gram-negative bacteria 
does not contain teichoic acids and have a thin layer of pep-
tidoglycans. They are not able to form steady connections 
with gentian violet and iodine. After the decoloration with 
alcohol gram-negative microorganisms are stained in the 
red color with fuchsine. To them refer Neisseria, vibrions, spi-
rochete, mycoplasma, enterobacteria and rickettsia (Fig. 3.3).

So, gram staining determines signifi cant diff erence in 
structure and chemical content of cellular walls in gram-
positive and gram-negative bacteria (Fig. 3.4).

The cellular wall of gram-positive bacteria is thicker and 
has more simple structure. it consists of 5–6 peptidogly-
can layers (90 % of the cellular wall material) and contains 
fi laments of teichoic and lipoteichoic acid, that are absent in 

gram-negative bacteria. Teichoic acids are polymers of glyc-
erophosphate and ribitol-phosphate.

Teichoic acid fi laments contain chains, that consist of 
8–50 glycerol and ribitol remains. These remains are con-
nected by phosphate bonds. Teichoic acid fi laments con-
nect to muramic acid and pass outside the peptidoglycan. 
lipoteichoic acid consists of glycerophosphate and forms 
fi bers, which pass through peptidoglycan layers and co-
valently binds to lipids of the cytoplasmic membrane. Tei-

Fig. 3.3. gram staining. Mixture of gram-negative (bacilli) 
and gram-positive (cocci) bacteria

Fig. 3.4. The cellular walls structure of gram-positive and gram-negative bacteria

Gram-PoSiTiVe Gram-NeGaTiVe

– outer membrane proteins

– cytoplasmic membrane proteins
– lipopolysaccharide (lPS)

– Phospholipids molecule EM

EM

PS

PS

–  External membrane

– Periplasmic space

Flagella

Teichoic acid

Pili

capsule

Peptidoglycans

cytoplasmic 
membrane
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choic acids of some bacteria (staphylococci) participates 
in the attachment of bacteria to human’s mucous mem-
brane cells. Teichoic acids are species-specific antigens of 
bacteria.

The cellular wall of gram-negative bacteria has the 
complicated structure. it contains two structures, that are 
located on different levels,  – (1) internal mureinic sheath, 
which contains only 1–2 layers of peptidoglycan and com-
prise 5–10 % of the cellular wall material, and (2) complex 
external membrane, that is typical only for gram-nega-
tive microorganisms. External membrane contains lipo-
polysaccharide, lipoproteins and phospholipids. External 
membrane has different proteins, which are called outer 
membrane proteins (oMP). To them refer porins, that form 
transmembrane pores, that acts as channels for the diffu-
sion of small hydrophilic molecules with the molecular mass 
(MM) less than 700 da. These channels are necessary for the 
passing of metabolically important matters inside the cell 
(carbohydrates, amino acids, vitamins, metals), and also hy-
drophilic antibiotics such as penicillin. External membrane 
prevents the permeation of large hydrophilic or hydropho-
bic molecules of some antibiotics and such proteins as ly-
sozyme. between the cytoplasmic membrane and peptido-
glycans of the cellular wall of gram-negative bacteria the 
periplasmic space is formed, which contains many different 
hydrolytic enzymes (proteases, phosphatases, nucleases), 
that bacteria use for the metabolism maintenance. Some 
bacteria have here enzymes, which are called β-lactamases 
(penicillinases), that inactivate β-lactam antibiotics.

lipopolysaccharide (lPS) of the outer membrane is an 
endotoxin and predetermines an “o”-antigen specificity 
of gram-negative bacteria. lPS as the toxin is responsible 
for the development of many diseases symptoms, that are 
caused by gram-negative bacteria (fever, tissues necrosis 
and shock). This substance is called as endotoxin, because 

it is an integral element of the cellular wall and cannot be 
easily separated from the bacterial cell. lPS molecule con-
sists of 3 elements that differ by the chemical structure and 
biological action (Fig. 3.5).

cytoplasmic membrane is a membrane that separates 
the cytoplasm from the cellular wall and has the thickness 
of 5–7.5 nm. it is a liquid-crystal system. viscous phospho-
lipid bilayer compounds its basis, in which molecules of in-
tegral proteins are submerged. cytoplasmic membranes in 
bacteria usually do not comprise sterols. only mycoplasma 
is the exception. Main functions of the cytoplasmic mem-
brane are: (1) active transport of the organic matters mol-
ecules (amino acids, monosaccharides) and ions against the 
concentration gradient from the environment into the cell, 
that is provided by the permeases enzymes; (2) energy gen-
eration through the oxidative phosphorylation due to the 
activity of complicated multienzyme complex, which are 
banded to the membrane phospholipids; (3) the synthesis 
of progenitors of molecules, which the cellular wall consists 
of; (4) enzymes and toxins secretion.

invaginations of the cytoplasmic membrane are called 
mesosomes. They play an important role during the bacte-
ria division. Mesosomes: (1) form transverse septa during 
the bacteria division; (2) have areas, which bind to dNA and 
after the genome replication distribute (separate as the re-
sult of the mesosomal membranes growth) bacterial chro-
mosome copies between daughter cells; (3) are the place, 
where respiratory enzymes are located. Therefore, meso-
somes are sometimes considered as the analogues of eu-
karyotic mitochondria. cytoplasmic membrane surrounds 
the bacteria’s cytoplasm.

cytoplasm is a colloid system, which consists of viscous 
water solution, that contains a lot of organic and non-organ-
ic substances. The cytoplasm of bacteria does not comprise 
endoplasmic reticulum and mitochondria. it has two zones, 

Fig. 3.5. lipopolysaccharide (lPS) structure

Р Р

Somatic, or “О”-antigen is exposed out of the cell. External polysaccharide, 
that consists of 25 repeating carbohydrate units. Each unit contains 3–5 
monosaccharide remains. it is used for the identification of bacteria.

core oligosaccharide,  
which connects to the lipid A

lipid А is directed towards the 
center of the bacterium

disaccharide 
diphosphate lipid А – 

a phospholipid 
responsible for 
toxic effects

Fatty acids
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that can be distinguished with the help of electron micros-
copy: (1) amorphous matrix, that contains metabolites, ribo-
somes, mesosomes, plasmids and inclusions; and (2) internal 
nucleoid zone, that contains chromosome dNA. All internal 
structures of the bacterium are located in cytoplasm and all 
biochemical processes of the microbial cell pass in it.

bacterial ribosomes are organoid, that are responsible 
for the protein synthesis at the translation stage. Mem-
brane-bound or mesosome-bound and free ribosomes are 
defi ned. They are smaller in size than human’s one and have 
another content of ribosomal rNA (rrNA) and proteins. 
These diff erences allow the use of certain antibiotics for the 
infectious diseases treatment, which effi  ciently inhibits the 
protein synthesis in bacterial ribosomes and have signifi -
cantly smaller impact on eukaryotic ribosomes (aminogly-
cosides, tetracyclines, chloramphenicol, macrolides, etc.). 
bacterial ribosomes have the diameter of approximately 
20 nm and sedimentation constant of 70S, human's ribo-
somes  – 80S. Prokaryotic ribosomes consists of small and 
large subunits, that have the sedimentation constant of 30S 
and 50S correspondingly. 30S subunit contains 16S rrNA 
(MW 0,6 × 106), 50S subunits  – 23S rrNA (MW 1,1 × 106). ri-
bosomal rNA are very conservative structures in living crea-
tures, i.e., nucleotide sequences of their primary structure 
change very slightly throughout the evolution. due to this, 
investigation of the primary structure of 16S and 5S rrNA 
(additional rNA, isolated from the 50S subunit) allows to de-
termine the degree of congeniality of microbes and is con-
sidered as the basis of the genetic microbial taxonomy.

inclusions, or granules – areas of cytoplasm, where nu-
trients and metabolic products are accumulated: lipopro-
teins, glycogen, granulose, pigments, sulfur etc. They can 
be stained with certain staining agents, For example, cory-
nebacterium diphtheriae have volutin granules, that contain 
polymerized metaphosphates (polymetaphospahtes). This 
substance is used as the energy reserve by the cell. Such in-
clusions are called metachromatic granules, because, after 
the staining of bacteria with polychromic staining agent (for 
example, methylene blue) inclusions are stained in another 
color (bluish purple), then the other parts of the cell (blue).

Nucleoid – a part of the bacterial cell, where its genome 
is located in the form of haploid chromosome. bacterial ge-
nome contains the full complex of genes, that determine 
all properties of the certain species of microorganisms. it 
consists of the one annular double-stranded dNA mole-
cule, that has the molecular weight (MW) of approximately 
2 × 109 da and contains around 100 000 genes. Nucleoid has 
no nuclear membrane and histones. it is located in the cen-
tral part of the cellular cytoplasm and contacts with cyto-
plasmic membrane. Heredity and variability of bacteria are 
the functions of nucleoid.

Plasmids – extrachromosomal genetic elements of bac-
teria. They are tiny circular double-stranded dNA molecules. 

Plasmids have molecular weight from 3 × 106 to 100 × 106 
da. They usually locate in cytoplasm. but some plasmids 
are capable of integration with the bacterial chromosomal 
dNA. The replication of non-integrated plasmids, i.e., forma-
tion of their copies occurs independently from the bacterial 
chromosome replication. 

Such specialized structures of bacteria as capsule, fl a-
gella and pili are located outside the cellular wall.

The capsule is directly adjacent to the cellular wall 
(Fig. 3.6). it is a mucous layer, that covers the cell and con-
sists of polysaccharides in most of bacteria. only the Bacillus 
anthracis capsule consists of protein and contains polymer-
ized d-glutamic acid. carbohydrates composition, that com-
prise the capsule polysaccharides are diff erent in diff erent 
bacteria. Features of the capsule polysaccharides content 
determine diff erent serologic types (serotypes) of bacteria, 
that refer to one species. Some bacteria form thick capsules, 
that can be visualized with the use of the light microscopy 
(Klebsiella pneumoniae, Yersinia pestis, Bacillus anthracis), 
others – microcapsules – that are determined only with the 
use of electron microscopy (corynebacterium diphtheriae, 
Staphylococcus aureus, Streptococcus pyogenes). capsule can 
protect bacteria from the penetration of viruses, that are 
called bacteriophages. capsule are determinants of viru-
lence for many bacteria, as they prevent microbes of being 
captured by phagocytes and participates in the adhesion of 
microbes to human tissues. diagnostic serums, that contain 
antibodies against capsular antigens are used for the spe-
cifi c identifi cation of bacteria. capsular polysaccharides are 
used as antigens, that are included in certain vaccines.

Some saprophytic bacteria (Leuconostoc) form large 
capsules, that are common for several cells. bacterial ac-
cumulations, that are inside of such capsules are called 
zooglosses. Some pathogenic bacteria form pathogenic 
polysaccharidic mucous layer or glycocalix, that covers 

Fig. 3.6. Azotobacter sp. capsules

10 µm
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different surfaces like a film. it allows bacteria to securely at-
tach to the skin, heart valves, surface of catheters and teeth 
(Streptococcus mutans).

Flagella are locomotor organoids of bacteria. They are 
long (5–15 µm) and thin (12–20 nm) filamentous structures. 
Movement of flagella remind the corkscrew rotation. it pro-
vides movement of the bacteria with the speed of 50–60 
µm/s. Flagella are responsible for chemotaxis, i.e., process 
of the movement of the bacteria towards chemoattractants. 
chemoattractants are nutrients or other matters, that cause 
directed movement of microbes along the concentration 
gradient. Flagella consists of intorted polypeptide chains of 
contractile protein flagellin, that forms fibrils. Flagella are 
connected to the cellular body by protein discs, that are lo-
cated in the cellular wall and cytoplasmic membrane. Energy 
for the movement is generated by the bacterium in the form 
of the proton moving force. it is produced as the result of 
ions movements through the cytoplasmic membrane and is 
preserved in the form of adenosine triphosphate (ATP). only 
some bacteria have flagella. Motile bacteria are differenti-
ated by the number and location of flagella (Fig. 3.7).

Flagella have several important medical features: 
1)  they play role in the pathogenesis of the urinary tract 
infections due to the movement of bacteria upstream 
through the urethra to the urinary bladder (Escherichia coli, 
Proteus spp.); 2) antigens of flagellar proteins (H-antigens) of 
different bacteria differ from each other. So, motile bacteria 
can be identified with antibodies, specific for flagellar anti-
gens (representatives of Enterobacteriaceae family – Salmo-
nella, Escherichia and other families).

Pili (fimbria, or villus) is a protein tubular formation, that 
covers the body of the bacterial cell. They are usually shorter 
(0.3–10 µm) and thinner (3–10 nm) then flagella. Pili consist 
of the protein pilin, that form plexiform spiral structures. They 
are typical for many gram-negative bacteria (Salmonella, 
Escherichia, etc.). common type pili (villi) and F-pili are defined 

according to their function. common type pili provide nutri-
tion, water-salt metabolism and adhesion to cells of humans 
and animals. Their number can reach 100–400 in one cell. 
F-pili (reproductive, or sex-pili) provide for the exchange of 
bacteria with genetic material between each other. F-pili are 
formed only by F+, or “male” bacteria, that contain F-plasmids, 
which are transferred from the F+-cell (donor) to F–-cell-recip-
ient during the process of conjugation. There is a canal inside 
the F-pili, through which the genetic material is transferred. 
because F-plasmids control the process of their own copies 
transfer, they are called transmissive or conjugative plasmids. 
one F+- cell usually has from 1 to 3 F-pili. Pili contain receptors 
for some viruses (bacteriophages).

Spore (endospore) – very stable form of bacteria, in the 
state of dormancy. Spores are formations of oval or round 
shape, which formed in the middle of the bacterial cell in 
unfavorable conditions. Special staining methods are used 
for the determining of spores (Fig. 3.8).

Type of bacteria Groups of bacteria Flagella location

1 monotrichs
(vibrio cholerae)

one polar flagellum (at the end of the cell)

2 amphitrichs
(Spirillum volutans)

one flagellum or bunch of flagella at both ends of the cell

3 lophotrichs
(Pseudomonas fluorescens)

bunch of flagella on one end of the cell

4 Peritrichs
(Escherichia coli)

Flagella are located along all the surface of the bacterial cell

Fig. 3.7. Types of the flagella location in bacteria

Fig. 3.8. bacterial spores

10 µm
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bacteria, that refer to the Bacillus and clostridium are ca-
pable of forming endospores. Spore formation in these bacte-
ria is not a propagation function. Spore can not divide. Spores 
formation helps bacteria to survive in the environment for a 
long time (many years). in comparison with the vegetative 
cells, that a capable of reproduction, spores are more resis-
tant to the unfavorable conditions. To such conditions refer 
defi cit of nutrients, temperature changes, high concentration 
of acids, bases, desiccation, oxygen presence for anaerobic 
clostridia, or its absence for aerobic bacilli, or other impairing 
factors. Spores can resist boiling or disinfectant matters. They 
die after autoclaving at the temperature of 121–125 °c during 
15–30 minutes or in the dry-heat sterilizer at 150–170 °c.

Spore is characterized by the small internal volume 
(approximately 10 % of the maternal cell), depression of 
the metabolism, small amount of the free water, increased 
amount of the calcium ions and presence of the dipicolinic 
acid in the cytoplasm, which increases thermoresistance.

Process of the spore formation lasts for 18–20 hours. it 
is divided in the for consequent stages: (1) preparative; (2) 
prospore formation; (3) spore envelopes formation  – cor-
tex, which is a specifi c peptidoglycan layer, and also kera-
tin-like layer, that contain many protein layer, provides for 

the resistance to aggressive chemical matters and covers 
cortex from the outside; (4) maturation, when spore is cov-
ered by the additional layer from the outside – exosporium 
(See Fig. 3.9). As the result mature spore is covered by solid, 
poorly permeable multilayer envelope, in the environment.

in favorable conditions spore grow into the one vegeta-
tive form during 4–5 hours. This transformation can be di-
vided into two stages: 1) activation, when spore increases 
in volume due to the increase of the water content and the 
intensity of metabolic processes increase; 2) germination, 
when enzymes are synthesized, that lyse the spore enve-
lopes; the germ is formed as the result; 3) formation of the 
mature vegetative cell.

The form, size and localization of spore are typical spe-
cifi c signs, that are used for the bacteria identifi cation. Spore 
can be of the oval or round shape. The size of spore in bacilli 
does not exceed the size of vegetative cell, in clostridia they 
are bigger. in the body of diff erent bacteria spores can lo-
cate diff erently: (1) in the center (Bacillus anthracis); (2) sub-
terminally, i.e., closer to one end (clostridium botulinum); (3) 
terminally – at the end of the cell (clostridium tetani). Ability 
of bacteria to form spores is used in the taxonomy and diag-
nostics of diseases.

Fig. 3.9. The spore formation in bacteria
1 – preparative stage: in certain part of the cell cytoplasm and nucleoid compress; 2 – prospore formation: invagination in the cytoplasmic membrane occurs, 
separating the area, where the nucleoid is located; 3  – envelope formation: prospore is covered by the additional layer, that is formed from the maternal cell 
membrane. Spore cortex is synthesized between the two membrane leafs  – specifi c peptidoglycan layer. It is covered with keratin-like layer from the outside; 
4 – maturation: due to the autolysis the rest of the maternal cell is degraded. Spore is covered with exosporium from the outside, that is a thin additional layer

cellular wall

cytoplasmic membrane

Keratin-like layer

Peptidoglycan

Nucleoid Septa Prospore

Mature spore

1 2 3 4

3.2. principles of the systemAtizAtion, tAXonomy And nomenclAture 
of microbes. the clAssificAtion of bActeriA

The founder of the scientifi c biological taxonomy was 
Swedish scientist Karl linnaeus (1707–1778). He tried to 
systematize known microorganisms by common signs. but 
K. linnaeus had not succeeded, and in the manuscript “Sys-
tema Naturae” (1758) he united all microbes in one group 
called “chaos infusorium”.

Now the number of discovered microorganisms is 
huge  – only 10 thousands of bacteria species are known 
and this number is constantly increasing.

ordering of the known microorganisms according to 
the degree of their congeniality between each other is the 
subject of the separates science called systematics of micro-
organisms. Systematics has become a very modern science 
from the times of K. linnaeus, which uses for the grouping 
(classifi cations) of living creatures diff erent approaches and 
methods. Another science has formed within systematics – 
taxonomy (from greek taxis – location, order) – the science, 
that studies principles of the classifi cation. According to the 
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taxonomy principles all living creatures are divided into the 
groups  – taxons. inclusion into the certain taxon is condi-
tioned by the similarity of features or evolutionary congeni-
ality of organisms.

Up to the end of XX century the classification of bac-
teria was mainly based on the comparison of phenotypical 
features of microorganisms. First criterion for the union of 
microbes into groups (taxons) was morphologic. With the 
widening of scientific data about the microorganisms’ fea-
tures it has become obvious, that it is impossible to build 
taxonomic classification while taking into account only one 
feature. Then biochemical properties of microorganisms 
were used (so-called chemotaxonomy), antigen properties 
(serologic taxonomy). in the middle of the previous century 
it was suggested to unite microbes into taxons on the basis 
of maximally possible unity of similar properties. Such clas-
sification was named numerical.

Numerical taxonomy provides objective and infor-
mative approaches for the microorganisms classification. 
Numerical classification lies in the basis of the first inter-
national determiner of bacteria, that was created in 1923 
by American microbiologist d. bergey. Further editions 
were published under different names in 1938, 1989 and 
1994. All further editions of the bergey determiner were 
composed on the basis of the so-called phenetic classifica-
tion. According to these principles bacteria were grouped 
on the basis of the phenotypes similarity. The morphology 
and structure of bacteria were considered the most impor-
tant criteria (cellular wall structure, spore formation, etc.), 
their physiological characteristics (respiration type, meta-
bolic features, etc.), parasitism and other phenotypical 
features. Evolutionary congeniality were almost not con-
sidered.

Modern classification of bacteria is more phylogenetic, 
than phenetic, i.e., it is first of all based on the evolutionary 
interrelations of microorganisms. Evolutionary congeniality 
of organisms is determined by the similarity of their genetic 
structure  – the homogeneity degree of such conservative 
structures as ribosomal rNA (16S rrNA, 5S rrNA). The meth-
od of sequence-analysis of 16S rrNA is currently one of the 
main instruments in determining the phylogenetic classifi-
cation of microorganisms.

Nowadays bacteria are classified according to the deci-
sion of international code of nomenclature of bacteria, that 
was reflected in the second edition of “Bergey's Manual of 
Systematic Bacteriology”, the second edition, first volume of 
which was edited in 2002, and second – 2007 year.

Taxons are placed according to hierarchy – higher tax-
ons include lower.

Main taxonomic categories of microbes in descending 
order are:

•	 domain.
•	 Kingdom.

•	 Phylum.
•	 class.
•	 order.
•	 Family.
•	 genus.
•	 Species.
Now microbial world is divided into two separate 

groups: forms, that do not have the cellular structure (to 
them refer viruses and prions), and that do have cellular 
structure.

The latter are divided into two big kingdoms– procary-
otes (pre-nuclear cells) and eukaryotes (cells, that have nu-
cleus).

Eukaryotes, that are pathogenic for human, are divided 
into Protozoa (kingdom Animalia, subkingdom Protozoa) 
and fungi (kingdom Fungi).

it is suggested, that all cellular forms of microorganisms 
are connected with each other, originate from the common 
root and have evolved simultaneously, sometimes with the 
help of endosymbiosis. Mitochondria of eukaryotic cell can 
occur particularly through the parasitic reduction of pro-
karyotic endosymbionts.

Procaryotes are divided into archebacteria and eubac-
teria. This relatively new division was introduced in 1977 
by the group of scientists under the guidance of Karl vese, 
during the studying of 16S rrNA structure. Archebacteria do 
not cause pathologic processes in the macroorganism and 
differ by the ability to survive in excessively wide variety of 
environmental conditions: optimal temperature for some 
species cultivating is –10 °c, whereas other species, that live 
in hot geysers, divide in the temperature close the water 
boiling temperature. pH of the environment can vary from 1 
to 11 for archebacteria. Some of them can survive the pres-
sure of 700 atmospheres and concentration of sodium chlo-
ride of 25–30 %.

Eubacteria (bacteria actually) according to tridomain 
system of Karl vese are divided into bacteria with the thin 
cellular wall (gram-negative), bacteria with thick cell wall 
(gram-positive) and bacteria without a cell wall (mycoplas-
ma).

Pathogenic bacteria refer to the domain of “Bacteria” 
and kingdom “Monera (Prokaryotae)”. As prokaryotic mi-
croorganisms, all bacteria have fundamental features, that 
differ them from fungi and other eukaryotic kingdoms 
(Table 3.2).

it should be mentioned, that numerical taxonomy re-
quires consideration of the large amount of features, so, it 
fully developed only in the recent years, with wide introduc-
tion of the computer technology. Evolution trees were built 
with the help of special programs, that reflect the degree of 
the congeniality of compared species.

The main taxon, from which any systematics begin is 
the species.
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Table 3.2. Some important differences of prokaryotes from eukaryotes

Features Prokaryotes eucaryotes

domain bacteria, Archea Eukaria

Kingdom bacteria (Prokaryotae or Monera) For example, Fungi

diameter (µm) 1–5 3–10 (yeast)

Nucleus Nucleoid differentiated nucleus

golgi complex Absent Present in the cell

Mitochondria Absent Present

ribosomes 70S 80S

cellular wall contain peptidoglycan contain chitin

Sterols Not synthesized Synthesized

The key feature of the species in higher organisms is the 
ability to cross, exchange of genetic information during the 
sexual reproduction.

For microbes, that reproduce through the simple direct 
division, determination of the species is a complicated pro-
cess, which become even more complicated because of the 
variability of their genome, high frequency of mutations, 
abundance of extrachromosomal genetic elements and 
wide exchange of the genetic material between cells.

Species is defined as the sum of populations of microor-
ganisms, i.e., strains, that have many common features and 
differ significantly from other strains. Under the term “strain” 
is considered the sum of microorganisms, that originates 
from one pure culture. Pure culture consists of microorgan-
isms of one species or subspecies, that were separated from 
one specimen of any material and are in the certain volume 
of medium. Pure culture usually originates from one iso-
lated colony, i.e., visible with the unaided eye accumulation 
of microorganisms on the surface or inside the growth me-
dium. if certain pure culture is the result of reproduction of 
one microbial cell, they are called clones.

in 1957 N. A. Krasilnikov suggested the following defini-
tion of the species of microorganisms:

Species of microorganism  – a group of close to each 
other microorganisms, that have common root of the origin 
and at this stage of evolution are characterized by certain 
morphological, biochemical and physiological signs, that 
formed during the selection, evolution of microor ganisms.

Now, after the intensive development of molecular bi-
ology and introduction of genetic methods of investigation, 
determining of the similar genetic apparatus and compari-
son of morphological, physiological and other features of 
microbes are used for the determining of belonging of dif-
ferent strains of microorganisms to one species. very impor-
tant criterion, that allows or not to add representatives of 
two different populations of microorganisms to one species, 

is the level of dNA similarity (homology). According to this 
criterion the species is defined as the total sum of strains, 
that have similar total content of nucleotides guanine (g) 
and cytosine (c), i.e., the level of g + c in the chromosomal 
dNA. Microorganisms are also referred to one species, if the 
dNA homology, which is measured by the nucleic acid hy-
bridization method, is more than 60 %.

So, the modern definition of the microorganism species 
is as following:

Species  – a sum of microorganisms, that have similar 
genotypes (the degree of dNA homology > 60 %, close total 
content of g + c pairs).

Specific names of microorganisms are formed accord-
ing to principles of binary nomenclature, that is used in 
biology. Nomenclature  – a system of names of taxonomic 
categories, that unite organisms at different levels on the 
basis of the similarity of related features. binary nomencla-
ture (from latin binarius – double) – a designation of living 
creatures species by double name – according to the genus 
and species. it was suggested by c. bauhin in 1620 and was 
used for the first time by K. linnaeus.

According to this nomenclature each species has two 
names: generic (is written from the capital letter) and spe-
cies (is written from the lower case letter). For example, 
causative agent of tuberculosis is called Mycobacterium tu-
berculosis, and causative agent of syphilis – Treponema pal-
lidum.

in some cases, smaller taxonomic units are defined in-
side the species – so-called infraspecies taxons, such as sub-
species and type.

if strains are determined among the representatives of 
one species, that have certain differences from the features, 
that are typical for this type of the microbial strain, they are 
united into subspecies.

Types, in their turn, are divided into morphotypes  – 
groups, that differ by morphological features, biotypes – by 
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biochemical activity, phagovars  – by lisability with certain 
phages, serotypes – by antigen structure, cultivars – by cul-
tural properties, resistotypes – by the tolerance to external 
impacts, particularly to the antibiotics.

determination of the subspecies belonging of the cer-
tain microbial strain can be very important for the infec-
tious diseases diagnostics. For example, serotype of entero-
bacteria (Escherichia coli) 0157: Н7, i.e., subspecies, that has 
О-antigen № 157 and flagellant H-antigen № 7, cause severe 
haemolytic uremic syndrome in children (complex of symp-
toms, caused by the red blood cells destruction in blood 
vessels and renal injury). While most of the known E.  coli 
strains are absolutely harmless.

Modern edition of the bergey’s determiner for system-
atic bacteriology comprise 5 volumes. in this edition all pro-
karyotes are placed within 2 domains, which together con-
sists of 25 parts (subkingdoms). Archaea domain is divided 
into two, and bacteria domain – in 23 parts.

i volume of bergey’s Manual of determinative bacteriol-
ogy is devoted to Archaea domain (archaebacteria), which 
does not contain pathogenic microorganisms. besides this, 
11 parts of bacteria domain are also described in it. These 
parts have no clinical significance. Some cyanobacteria are 
an exception, because they can produce toxic matters in the 
environment.

ii–v volumes of the bergey’s Manual of determinative 
bacteriology contain data about other parts of the bacteria 
domain.

ii volume is devoted to the part of Proteobacteria. Pro-
teobacteria are a complicated group of gram-negative pro-
karyotes, which are considered phylogenetically similar. 
Proteobacteria differ significantly between themselves by 
morphological and physiological features, and also by the 
way of life. Many proteobacteria are of a great significance 
for medicine. According to the investigation of their rrNA 
they are divided into classes α-, β-, γ-, δ-, ε-proteobacteria.

Alphaproteobacteria  – can grow in the environment 
with the low content of nutrients. representatives of the 
Rickettsia family are obligatory intracellular parasites.

Betaproteobacteria – are similar to Alphaproteobacteria, 
but require matters, that form after the organic compounds 
breakup.

Gammaproteobacteria  – facultative-anaerobic chemo-
organotrophs, excluding Pseudomonadaceae and other 
aerobic bacteria.

Deltaproteobacteria  – anaerobes, that transform sul-
phates into sulphides.

Epsilonproteobacteria  – representatives campylobacter 
and helicobacter genera  – are motile microaerophiles, that 
have a form of tortuous or bended bacilli.

III volume is devoted to Firmicutes division. This divi-
sion is comprised by bacteria with small content of g + c 
in the chromosomal dNA (less than 50 %). Most of these 

microorganisms are gram-positive heterotrophic bacte-
ria, excluding mycoplasmas (Mollicutes class), which have 
no cellular wall and are gram-negative. Mycoplasmas were 
added to Firmicutes division due their phylogenetic conge-
niality with gram-positive bacteria, that have small g + c 
content. Firmicutes division is divided into three classes.

clostridia  – gram-positive, mainly anaerobic bacteria, 
that differ by size and morphology from each other. rep-
resentatives of clostridium, Sporohalobacter and Desulfo-
tomaculum genera form true endospores.

Mollicutes – so-called mycoplasmae, that have no pepti-
doglycan and cellular wall. cells are covered with plasmatic 
membrane. They are polymorphic, i.e., have different forms 
and sizes. Need sterols for growth.

Bacilli – gram-positive aerobic and facultative anaerobic 
bacilliform bacteria and cocci. representatives of Bacillus, 
Sporosarcina, Sporolactobacillus and Paenibacillus genera 
form true endospores.

iv volume is devoted to the Actinobacteria division. Ac-
tinobacteria have big content of g + c in the chromosomal 
dNA (50–55 %). They are polymorphic. This feature depends 
on the variability of the peptidoglycan chemical structure 
and cellular wall structure, for example, the presence of 
mycolic acids in mycobacteria. To actinobacteria refer acti-
nomycetes  – gram-positive microorganisms, that form fili-
form branching hyphae. Actinobacteria are not capable of 
forming true endospores, but representatives of some gen-
era are capable of forming asexual spores. They form on the 
specialized structures – sporophores or by hyphae lancing. 
Morphology of these bacteria is very variable due to the 
changeability of the cellular walls structure. Some represen-
tatives have complicated live cycle.

v volume of the bergey’s Manual of determinative bac-
teriology is devoted to 9 bacteria domains, that are not con-
genial. representatives of these divisions are gram-negative 
bacteria, that differ between each other by the form and 
cells structure, physiologic features and way of life. bacte-
ria, that cause diseases in human, belong to the divisions of 
chlamydiae, Spirochaetes and Bacteroidetes.

representatives of Planctomycetes, Fibrobacteres, Acido-
bacteria, Fusobacteria, Verrucomicrobia and Dictyoglomi gen-
era mainly have no medical significance.

representatives of chlamydia genus are obligatory in-
tracellular parasites, have unusual structure of the cell wall 
and unique life cycle.

Spirochaetes – spiral gram-negative bacteria, that have 
unique structure and movement mechanism. Their exter-
nal membrane is surrounded by the protoplasmic cylinder. 
Flagella are located between the named structures and 
are responsible for rotation and progressive movement of 
cells.

Bacteroidetes – gram-negative, usually anaerobic bacilli, 
that can exist in the form of coccobacilli.
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More detailed information about the classification of 
pathogenic microbes according to the second edition of the 

1. list the main forms of bacteria and their variations.
2. Name main type of possible interrelation of bacteria and explain possible mechanism of their occurrence. 
3. list the main structural elements of bacteria. 
4. What the bacterial cellular wall consists of and what are its functions?
5. What is the nucleoid structure and what are its functions in bacteria?
6. describe structure, location and functions of flagella in bacteria.
7. What kinds of pili are observed in bacteria? What are their functions? 
8. Explain principles of the modern taxonomy of bacteria.
9. list the main taxons of microorganisms. 

10. give the definition of the microbial species. 

bergey’s Manual of determinative bacteriology is represent-
ed in the attachment 1 of current book.




