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The Scope of Bacteriology  

The Bacteria are a group of single-cell microorganisms with procaryotic cellular configuration. The genetic material 
(DNA) of procaryotic cells exists unbound in the cytoplasm of the cells. There is no nuclear membrane, which is the 
definitive characteristic of eucaryotic cells such as those that make up plants and animals. Until recently, bacteria were 
the only known type of procaryotic cell, and the discipline of biology related to their study is called bacteriology. In the 
1980's, with the outbreak of molecular techniques applied to phylogeny of life, another group of procaryotes was defined 
and informally named "archaebacteria". This group of procaryotes has since been renamed Archaea and has been 
awarded biological Domain status on the level with Bacteria and Eucarya. The current science of bacteriology includes 
the study of both Domains of procaryotic cells, but the name "bacteriology" is not likely to change to reflect the inclusion 
of archaea in the discipline. Actually, many archaea have been studied as intensively and as long as their bacterial 
counterparts, except with the notion that they were bacteria.  

 
Figure 1. The cyanobacterium Anabaena. American Society for Microbiology. Two (not uncommon) exceptions that procaryotes are 
unicellular and undifferentiated are seen in Anabaena: 1. The organism lives as a multicellular filament or chain of cells. Procaryotes are 
considered "unicellular organisms" because all the cells in a filament or colony are of the same type, and any one individual cell can give 
rise to an exact filament or colony; 2. The predominant photosynthetic (bright yellow-green) cells do differentiate into another type of 
cell: the obviously large "empty" cells occasionally seen along a filament are differentiated cells in which nitrogen fixation, but not 
photosynthesis, takes place.  
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The Origin of Life  

When life arose on Earth about 4 billion years ago, the first types of cells to evolve were procaryotic cells. For 
approximately 2 billion years, procaryotic-type cells were the only form of life on Earth. The oldest known sedimentary 
rocks, from Greenland, are about 3.8 billion years old. The oldest known fossils are procaryotic cells, 3.5 billion years in 
age, found in Western Australia and South Africa. The nature of these fossils, and the chemical composition of the rocks 
in which they are found, indicate that lithotrophic and fermentative modes of metabolism were the first to evolve in 
early procaryotes. Photosynthesis developed in bacteria a bit later, at least 3 billion years ago. Anoxygenic 
photosynthesis (bacterial photosynthesis, which is anaerobic and does not produce O2) preceded oxygenic 
photosynthesis (plant-type photosynthesis, which yields O2). However, oxygenic photosynthesis also arose in 
procaryotes, specifically in the cyanobacteria, which existed millions of years before the evolution of green algae and 
plants. Larger, more complicated eucaryotic cells did not appear until much later, between 1.5 and 2 billion years ago.  

 
Figure 2. Opalescent Pool in Yellowstone National Park, Wyoming USA. K. Todar. Conditions for life in this environment are similar to 
Earth over 2 billion years ago. In these types of hot springs, the orange, yellow and brown colors are due to pigmented photosynthetic 
bacteria which make up the microbial mats. The mats are literally teeming with bacteria. Some of these bacteria such as Synechococcus 
conduct oxygenic photosynthesis, while others such as Chloroflexus conduct anoxygenic photosynthesis. Other non-photosynthetic 
bacteria, as well as thermophilic and acidophilic Archaea, are also residents of the hot spring community.  

The archaea and bacteria differ fundamentally in their structure from eucaryotic cells, which always contain a membrane-
enclosed nucleus, multiple chromosomes, and various other membranous organelles such as mitochondria, chloroplasts, 
the golgi apparatus, vacuoles, etc. Unlike plants and animals, archaea and bacteria are unicellular organisms that do not 
develop or differentiate into multicellular forms. Some bacteria grow in filaments or masses of cells, but each cell in the 
colony is identical and capable of independent existence. The cells may be adjacent to one another because they did not 
separate after cell division or because they remained enclosed in a common sheath or slime secreted by the cells, but 
typically there is no continuity or communication between the cells.  

There are usually exceptions to the lack of rules in biology, as pointed out in the legend of Figure 1 above. In the case of 
communication among bacterial cells, we now understand how certain bacteria in culture and in nature are able to 
communicate with one another through a process called quorum sensing. For example, a bacterial culture may have to 
first produce a critical concentration of a chemical, and therefore reach a critical density of cells, in order to perform 
some function such as turn on light production (bioluminescence) or toxin production, or to begin cell division or to 
engage in certain processes of DNA exchange.  

The Universal Tree of Life  

On the basis of small subunit ribosomal RNA (ssrRNA) analysis the Woesean Tree of Life gives rise to three cellular  
"Domains": Archaea, Bacteria, and Eucarya (Figure 3). Bacteria (formerly known as eubacteria) and Archaea 
(formerly called archaebacteria) share the procaryotic type of cellular configuration, but otherwise are not related to one 
another any more closely than they are to the eucaryotic domain, Eucarya. Between the two procaryotes, Archaea are 
apparently more closely related to Eucarya than are the Bacteria. Eucarya consists of all eucaryotic cell-types, 
including protista, fungi, plants and animals.  



 
Figure 3. The Universal Tree of Life as derived from sequencing of ssrRNA. N. Pace. Note the three major domains of living organisms: 
Archaea, Bacteria and Eucarya. The "evolutionary distance" between two organisms is proportional to the measurable distance between 
the end of a branch to a node to the end of a comparative branch.  For example, in Eucarya, humans (Homo) are more closely related to 
corn (Zea) than to slime molds (Dictyostelium); or in Bacteria, E. coli is more closely related to Agrobacterium than to Thermus.  

OFF THE WALL. It is interesting to note several features of phylogeny and evolution that are revealed in the Unrooted Tree.  

--Archaea are the least evolved type of cell (they remain closest to the common point of origin). This helps explain why contemporary 
Archaea are inhabitants of environments that are something like the earth 3.86 billion years ago (hot, salty, acidic, anaerobic, low in 
organic material, etc.).  

--Eucaryotes (Eucarya) are the most evolved type of cell (they move farthest from the common point of origin). However, the eucaryotes 
do not begin to diversify (branch) until relatively late in evolution, at a time when the Bacteria diversify into oxygenic photosynthesis 
(Synechococcus) and aerobic respiration (Agrobacterium).  

--Mitochondria and the respiratory bacterium, Agrobacterium, are derived from a common ancestor; likewise, chloroplast and the 
cyanobacterium, Synechococcus, arise from a common origin. This is good evidence for the idea of evolutionary endosymbiosis, i.e., that 
the origin of eucaryotic mitochondria and chloroplasts is in procaryotic cells that were either captured by, or which invaded, primitive 
eucaryotic cells, and subsequently entered into a symbiotic association with one cell living inside of the other.  

--The greatest diversification in Eucarya is within the Protista (unicellular protozoa, algae, and including fungi). The only multicellular 
eucaryotes on the Tree are Zea (plants) and Homo (animals).  Since the protists, along with the archaea and bacteria, constitute the 
microbial ("microorganismal") community of the planet, this helps to substantiate the claim the microorganisms are the predominant 
and most diverse form of life on Earth.  

--Humans (Homo) are more closely related to yeast (Saccharomyces) than they are to corn (Zea). There are more genetic differences 
between E. coli and Bacillus than there are between humans and a paramecium. The protozoan Trichomonas is more closely related to 
the archaea than it is to the protozoan Trypoanosoma. When the tree branches are amplified there are many other similar surprises to 
biologists.  

--Most biology and anthropology students have been presented with fossil and other structural evidence that humans (Homo) emerged a 
very short time ago on the evolutionary clock. The Tree confirms this evidence on the basis of comparative molecular genetic analysis.  
 
Genomic Time scale of Procaryotic Evolution  



Comparison of protein sequences whose genes are common to the genomes of several procaryotes has resulted in a 
"genomic time scale of procaryotic evolution" and establishes the following dates for some major events in procaryotic 
evolution (Battistuzzi, et al. MC Evol Biol. 2004; 4: 44). The results are consistent with most other phylogenetic schemes 
that recognize higher-level groupings of procaryotes.  

 
Table 1. Genomic time scale for some major events in procaryotic evolution  

 
 
Origin of life: prior to 4.1 billion years ago (Ga)  
Origin of methanogenesis: 3.8 - 4.1 Ga  
Origin of phototrophy: prior to 3.2 Ga  
Divergence of the major groups of Archaea: 3.1 - 4.1 Ga  
Origin of anaerobic methanotrophy: after 3.1 Ga  
Colonization of land: 2.8 - 3.1 Ga  
Divergence of the major groups of Bacteria: 2.5 - 3.2 Ga  
Origin of aerobic methanotrophy: 2.5 - 2.8 Ga.  

 
 
The time estimates for methanogenesis support the consideration of methane, in addition to carbon dioxide, as a 
greenhouse gas responsible for the early warming of the Earths' surface.  

Divergence times for the origin of anaerobic methanotrophy are compatible with carbon isotopic values found in rocks 
dated 2.8 - 2.6 Ga.  

The origin of phototrophy is consistent with the earliest bacterial mats and structures identified as stromatolites, but a 2.6 
Ga origin of cyanobacteria suggests that those structures (if biologically produced)  would have been made by 
anoxygenic photosynthesizers.  

A well-supported group of three major lineages of Bacteria (Actinobacteria, Deinococcus, and Cyanobacteria), that have 
been called "Terrabacteria", are associated with an early colonization of land.  

Size and Distribution of Bacteria and Archaea  

Most procaryotic cells are very small compared to eucaryotic cells. A typical bacterial cell is about 1 micrometer in 
diameter or width, while most eucaryotic cells are from 10 to 100 micrometers in diameter. Eucaryotic cells have a much 
greater volume of cytoplasm and a much lower surface: volume ratio than procaryotic cells. A typical procaryotic cell is 
about the size of a eucaryotic mitochondrion. Since procaryotes are too small to be seen except with the aid of a 
microscope, it is usually not appreciated that they are the most abundant form of life on the planet, both in terms of 
biomass and total numbers of species. For example, in the sea, procaryotes make up 90 percent of the total combined 
weight of all organisms. In a single gram of fertile agricultural soil there may be in excess of 109 bacterial cells, 
outnumbering all eucaryotic cells there by 10,000 : 1. About 3,000 distinct species of bacteria and archaea are 
recognized, but this number is probably less than one percent of all the species in nature. These unknown procaryotes, far 
in excess of undiscovered or unstudied plants, are a tremendous reserve of genetic material and genetic information in 
nature that awaits exploitation.  

Procaryotes are found in all of the habitats where eucaryotes live, but, as well, in many natural environments considered 
too extreme or inhospitable for eucaryotic cells. Thus, the outer limits of life on Earth (hottest, coldest, driest, etc.) are 
usually defined by the existence of procaryotes. Where eucaryotes and procaryotes live together, there may be 
mutualistic associations between the organisms that allow both to survive or flourish. The organelles of eucaryotes 
(mitochondria and chloroplasts) are thought to be remnants of Bacteria that invaded, or were captured by, primitive 
eucaryotes in the evolutionary past. Numerous types of eucaryotic cells that exist today are inhabited by endosymbiotic 
procaryotes.  

From a metabolic standpoint, the procaryotes are extraordinarily diverse, and they exhibit several types of metabolism 
that are rarely or never seen in eucaryotes. For example, the biological processes of nitrogen fixation (conversion of 
atmospheric nitrogen gas to ammonia) and methanogenesis (production of methane) are metabolically-unique to 



procaryotes and have an enormous impact on the nitrogen and carbon cycles in nature. Unique mechanisms for energy 
production and photosynthesis are also seen among the Archaea and Bacteria.  

The lives of plants and animals are dependent upon the activities of bacterial cells. Bacteria and archaea enter into 
various types of symbiotic relationships with plants and animals that usually benefit both organisms, although a few 
bacteria are agents of disease.  

The metabolic activities of procaryotes in soil habitats have an enormous impact on soil fertility that can affect 
agricultural practices and crop yields. In the global environment, procaryotes are absolutely essential to drive the cycles 
of elements that make up living systems, i.e., the carbon, oxygen, nitrogen and sulfur cycles. The origins of the plant cell 
chloroplast and plant-type (oxygenic) photosynthesis are found in procaryotes. Most of the earth's atmospheric oxygen 
may have been produced by free-living bacterial cells. The bacteria fix nitrogen and a substantial amount of CO2, as well.  

Bacteria or bacterial products (including their genes) can be used to increase crop yield or plant resistance to disease, or 
to cure or prevent plant disease. Bacterial products include antibiotics to fight infectious disease, as well as components 
for vaccines used to prevent infectious disease. Because of their simplicity and our relative understanding of their 
biological processes, the bacteria provide convenient laboratory models for study of the molecular biology, genetics, and 
physiology of all types of cells, including plant and animal cells.  

STRUCTURE AND FUNCTION OF PROCARYOTIC CELLS 

Procaryotic cells have three architectural regions (Figure 4): appendages (proteins attached to the cell surface) in the 
form of flagella and pili; a cell envelope consisting of a capsule, cell wall and plasma membrane; and a cytoplasmic 
region that contains the cell genome (DNA) and ribosomes and various sorts of inclusions.  

 
Figure 4. Schematic drawing of a typical bacterium.  

Surface Structures-Appendages  

Flagella are filamentous protein structures attached to the cell surface that provide swimming movement for most motile 
procaryotic cells. The flagellar filament is rotated by a motor apparatus in the plasma membrane allowing the cell to 
swim in fluid environments. Bacterial flagella are powered by proton motive force (chemiosmotic potential) established 
on the bacterial membrane, rather than ATP hydrolysis which powers eucaryotic flagella and cilia. Procaryotes are 
known to exhibit a variety of types of tactic behavior, i.e., the ability to move (swim) in response to environmental 
stimuli. For example, during chemotaxis a bacterium can sense the quality and quantity of certain chemicals in their 
environment and swim towards them (if they are useful nutrients) or away from them (if they are harmful substances).  



 
Figure 5. Vibrio cholerae has a single polar flagellum for swimming movement. Electron Micrograph of Vibrio cholerae by Leodotia 
Pope, Department of Microbiology, University of Texas at Austin.  

Fimbriae and Pili are interchangeable terms used to designate short, hair-like structures on the surfaces of procaryotic 
cells. Fimbriae are shorter and stiffer than flagella, and slightly smaller in diameter. Like flagella, they are composed of 
protein. A specialized type of pilus the F or sex pilus, mediates the transfer of DNA between mating bacteria, but the 
function of the smaller, more numerous common pili is quite different. Common pili (almost always called fimbriae) are 
usually involved in adherence (attachment) of procaryotes to surfaces in nature. In medical situations, they are major 
determinants of bacterial virulence because they allow pathogens to attach to (colonize) tissues and to resist attack by 
phagocytic white blood cells.  

 
Figure 6. Fimbriae of Neisseria gonorrhoeae allow the bacterium to adhere to tissues. Electron micrograph by David M. Phillips, Visuals 
Unlimited, with permission.  

The Cell Envelope  

Most procaryotes have a rigid cell wall. The cell wall is an essential structure that protects the delicate cell protoplast 
from osmotic lysis. The cell wall of Bacteria consists of a polymer of disaccharides cross-linked by short chains of amino 
acids (peptides). This molecule is a type of peptidoglycan, which is called murein. In the Gram-positive bacteria 
(those that retain the purple crystal violet dye when subjected to the Gram-staining procedure) the cell wall is a thick 
layer of murein. In the Gram-negative bacteria (cells which do not retain the crystal violet dye) the cell wall is 
relatively thin and is composed of a thin layer of murein surrounded by a membranous structure called the outer 
membrane. Murein is a substance unique in nature to bacterial cell walls. Also, the outer membrane of Gram-negative 
bacteria invariably contains a unique component, lipopolysaccharide (LPS or endotoxin), which is toxic to animals. 
The cell walls of Archaea may be composed of protein, polysaccharides, or peptidgolycan-like molecules, but never do 
they contain murein. This feature distinguishes the Bacteria from the Archaea.  

Although procaryotes lack any intracellular organelles for respiration or photosynthesis, many species possess the 
physiologic ability to conduct these processes, usually as a function of their plasma membrane. For example, the 
electron transport system that couples aerobic respiration and ATP synthesis is found in the plasma membrane. The 
photosynthetic chromophores that harvest light energy for conversion into chemical energy are located in the membrane. 
Hence, the plasma membrane is the site of oxidative phosphorylation and photophosphorylation in procaryotes, 
analogous to the functions of mitochondria and chloroplasts in eucaryotic cells. The procaryotic plasma membrane is also 
a permeability barrier, and it contains a variety of different transport systems that selectively mediate the passage of 
substances into and out of the cell.  

The membranes of Bacteria are structurally similar to the cell membranes of eucaryotes, except that bacterial 
membranes consist of saturated or monounsaturated fatty acids (rarely polyunsaturated fatty acids) and do not normally 
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contain sterols. The membranes of Archaea form phospholipid bilayers functionally equivalent to bacterial membranes, 
but archaeal lipids are saturated, branched, repeating isoprenoid subunits that attach to glycerol via an ether linkage, as 
opposed to the ester linkage found in glycerides of eucaryotic and bacterial membrane lipids. The structure of archaeal 
membranes is thought to be an adaptation to their existence in extreme environments.  

Most bacteria contain some sort of a polysaccharide layer outside of the cell wall or outer membrane. In a general sense, 
this layer is called a capsule or glycocalyx. Capsules, slime layers, and glycocalyx are known to mediate attachment of 
bacterial cells to particular surfaces. Capsules also protect bacteria from engulfment by predatory protozoa or white blood 
cells (phagocytes) and from attack by antimicrobial agents of plant or animal origin. Capsules in certain soil bacteria 
protect them from perennial effects of drying or desiccation.  

Importance of Surface Components  

All of the various surface components of a procaryotic cell are important in its ecology since they mediate the contact of 
the cell with its environment. The only "sense" that a procaryote has results from its immediate contact with its 
environment. It must use its surface components to assess the environment and respond in a way that supports its own 
existence and survival in that environment. The surface properties of a procaryote are determined by the exact molecular 
composition of its plasma membrane and cell wall, including LPS, and the function of surface structures such as flagella, 
fimbriae and capsules. Some important ways that procaryotes use their surface components are (1) as permeability 
barriers that allow selective passage of nutrients and exclusion of harmful substances; (2) as "adhesins" used to attach or 
adhere to specific surfaces or tissues; (3) for protection against engulfment by phagocytic white blood cells or predatory 
protozoa: (4) as enzymes to mediate specific reactions on the cell surface important in the survival of the procaryote; (5) 
as "sensing proteins" that can respond to temperature, osmolarity, salinity, light, oxygen, nutrients, etc. resulting in a 
signal to the genome of the cell that will cause a biological response to a changing environment.  

 
Figure 7. The complex surface of Streptococcus pyogenes. Electron micrograph of Streptococcus pyogenes by Maria Fazio and Vincent A. 
Fischetti, Ph.D. with permission. The Laboratory of Bacterial Pathogenesis and Immunology, Rockefeller University.  

Cytoplasmic Constituents  

The cytoplasmic constituents of bacteria invariably include the procaryotic chromosome and ribosomes. The 
chromosome is typically one large circular molecule of DNA, more or less free in the cytoplasm, although intermittently 
associated with membranes.  Procaryotes sometimes possess smaller extrachromosomal pieces of DNA called plasmids. 
The total DNA content of a cell is referred to as the cell genome. During cell growth and division, the procaryotic 
chromosome is replicated in the usual semi-conservative fashion before for distribution to progeny cells. However, the 
eucaryotic processes of meiosis and mitosis are absent in procaryotes. Replication and segregation of procaryotic DNA is 
coordinated by the plasma membrane. 

The distinct granular appearance of procaryotic cytoplasm is due to the presence and distribution of ribosomes The 
ribosomes of procaryotes are smaller than cytoplasmic ribosomes of eucaryotes. Procaryotic ribosomes are 70S in size, 
being composed of 30S and 50S subunits. The 80S ribosomes of eucaryotes are made up of 40S and 60S subunits. 
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Ribosomes are involved in the process of translation (protein synthesis), but some details of their activities differ in 
eucaryotes, Bacteria and Archaea. Protein synthesis using bacterial 70S ribosomes occurs in eucaryotic mitochondria and 
chloroplasts, and this is taken as a major line of evidence that these organelles are descended from bacteria.  

Often contained in the cytoplasm of procaryotic cells is one or another of some type of inclusion granule. Inclusions are 
distinct granules that may occupy a substantial part of the cytoplasm. Inclusion granules are usually reserve materials of 
some sort. For example, carbon and energy reserves may be stored as glycogen (a polymer of glucose) or as 
polybetahydroxybutyric acid (a type of fat) granules. Polyphosphate inclusions are reserves of PO4 and possibly energy; 
elemental sulfur (sulfur globules) are stored by some phototrophic and some lithotrophic procaryotes as reserves of 
energy or electrons. Some inclusion bodies are actually membranous vesicles or intrusions into the cytoplasm which 
contain photosynthetic pigments or specialized enzyme complexes.  

 
Figure 8. Bacterial colonies growing in a petri dish containing nutrients.  
Hans Knoll Institute, Jena, Germany.  

TAXONOMY AND CLASSIFICATION OF PROCARYOTES 

Haeckel (1866) was the first to create a natural Kingdom for the microorganisms, which had been discovered nearly two 
centuries before by van Leeuwenhoek. He placed all unicellular (microscopic) organisms in a new kingdom, "Protista", 
separated from plants (Plantae) and animals (Animalia), which were multicellular (macroscopic) organisms. The 
development of the electron microscope in the 1950's revealed a fundamental dichotomy among Haeckel's "Protista": 
some cells contained a membrane-enclosed nucleus, and some cells lacked this intracellular structure. The latter were 
temporarily shifted to a fourth kingdom, Monera (or Moneres), the procaryotes (also called Procaryotae). Protista 
remained as a kingdom of unicellular eucaryotic microorganisms. Whittaker refined the system into five kingdoms in 
1967, by identifying the Fungi as a separate multicellular eucaryotic kingdom of organisms, distinguished by their 
absorptive mode of heterotrophic nutrition.  

In the 1980's, Woese began phylogenetic analysis of all forms of cellular life based on comparative sequencing of the 
small subunit ribosomal RNA (ssrRNA) that is contained in all organisms. A new dichotomy was revealed, this time 
among the procaryotes: there existed two types of procaryotes, as fundamentally unrelated to one another as they are to 
eucaryotes. Thus, Woese defined the three cellular Domains of life as they are displayed in Figure 3 (above): Eucarya, 
Bacteria and Archaea. Whittaker's Plant, Animal and Fungi kingdoms (all of the multicellular eucaryotes) are at the end 
of a very small branch of the tree of life, and all other branches lead to microorganisms, either procaryotes (Bacteria and 
Archaea), or protists (unicellular algae and protozoa), thus establishing clearly that  microbial life is the predominant 
form of life on the planet. 



Although the definitive difference between Woese's Archaea and Bacteria is based on fundamental differences in the 
nucleotide base sequence in the 16S ribosomal RNA, there are many biochemical and phenotypic differences between the 
two groups of procaryotes. (Table 2). The phylogenetic tree indicates that Archaea are more closely related to Eucarya 
than are Bacteria. This relatedness seems most evident in the similarities between transcription and translation in the 
Archaea and the Eucarya. However, it is also evident that the Bacteria have evolved into chloroplasts and 
mitochondria, so that these eucaryotic organelles derive their lineage from this group of procaryotes. Perhaps the 
biological success of eucaryotic cells springs from the evolutionary merger of the two procaryotic life forms.  

 
Figure 9 (above) The structure of a typical procaryotic cell, in this case, a Gram-negative bacterium, compared with (below) a typical 
eucaryotic cell (plant cell). The procaryote is about 1 micrometer in diameter and about the size of the eucaryotic chloroplast or 
mitochondrion. Drawings by Vaike Haas, University of Wisconsin-Madison.  

 

 



 
Table 2. Phenotypic properties of Bacteria and Archaea compared with Eucarya.  

Property Biological Domain 
 Eucarya Bacteria Archaea 

Cell configuration eucaryotic procaryotic procaryotic 
Nuclear membrane present absent absent 
Number of chromosomes >1 1 1 
Chromosome topology linear circular circular 
Murein in cell wall - + - 

Cell membrane lipids ester-linked glycerides; 
unbranched; polyunsaturated 

ester-linked glycerides; unbranched; 
saturated or monounsaturated 

ether-linked 
branched; saturated 

Cell membrane sterols present absent absent 
Organelles (mitochondria and 
chloroplasts) present absent absent 

Ribosome size 80S (cytoplasmic) 70S 70S 
Cytoplasmic streaming + - - 
Meiosis and mitosis present absent absent 
Transcription and translation coupled - + + 
Amino acid initiating protein synthesis methionine N-formyl methionine methionine 
Protein synthesis inhibited by 
streptomycin and chloramphenicol - + -  

Protein synthesis inhibited by diphtheria 
toxin + - + 

 

IDENTIFICATION OF BACTERIA 

The criteria used for microscopic identification of procaryotes include cell shape and grouping, Gram-stain reaction, and 
motility. Bacterial cells almost invariably take one of three forms: rod (bacillus), sphere (coccus), or spiral (spirilla and 
spirochetes). Rods that are curved are called vibrios. Fixed bacterial cells stain either Gram-positive (purple) or Gram-
negative (pink); motility is easily determined by observing living specimens. Bacilli may occur singly or form chains of 
cells; cocci may form chains (streptococci) or grape-like clusters (staphylococci); spiral shape cells are almost always 
motile; cocci are almost never motile. This nomenclature ignores the actinomycetes, a prominent group of branched 
bacteria which occur in the soil. But they are easily recognized by their colonies and their microscopic appearance.  

 
Figure 10. Gram stain of Bacillus anthracis, the cause of anthrax. K. Todar.  

Such easily-made microscopic observations, combined with knowing the natural environment of the organism, are 
important aids to identify the group, if not the exact genus, of a bacterium - providing, of course, that one has an effective 
key. Such a key is Bergey's Manual of Determinative Bacteriology, the "field guide" to identification of the bacteria. 
Bergey's Manual describes affiliated groups of Bacteria and Archaea based on a few easily observed microscopic and 
physiologic characteristics. Further identification requires biochemical tests which will distinguish genera among 



families and species among genera. Strains within a single species are usually distinguished by genetic or immunological 
criteria.  

A modification of the Bergey's criteria for bacterial identification, without a key, is used to organize the groups of 
procaryotes for discussion in a companion chapter Important Groups of Procaryotes  

 

Figure 11. Size and fundamental shapes of procaryotes revealed by three genera of Bacteria (l to r): Staphylococcus (spheres), 
Lactobacillus (rods), and Aquaspirillum (spirals).  

 
Figure 12. Chains of dividing streptococci. Electron micrograph of Streptococcus pyogenes by Maria Fazio and Vincent A. Fischetti, 
Ph.D. with permission. The Laboratory of Bacterial Pathogenesis and Immunology, Rockefeller University.  

BACTERIAL REPRODUCTION AND GENETICS 

Most bacteria reproduce by a relatively simple asexual process called binary fission: each cell increases in size and 
divides into two cells. During this process there is an orderly increase in cellular structures and components, replication 
and segregation of the bacterial DNA, and formation of a septum or cross wall which divides the cell into two. The 
process is evidently coordinated by activities associated with the cell membrane. The DNA molecule is believed to be 
attached to a point on the membrane where it is replicated. The two DNA molecules remain attached at points side-by-
side on the membrane while new membrane material is synthesized between the two points. This draws the DNA 
molecules in opposite directions while new cell wall and membrane are laid down as a septum between the two 
chromosomal compartments. When septum formation is complete the cell splits into two progeny cells. The time interval 
required for a bacterial cell to divide or for a population of cells to double is called the generation time. Generation 
times for bacterial species growing in nature may be as short as 15 minutes or as long as several days. 
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Figure 13.  A pair of dividing streptococci. The chromosome has been replicated and is partially segregated as septum formation is 
beginning.  Electron micrograph of Streptococcus pyogenes by Maria Fazio and Vincent A. Fischetti, Ph.D. with permission. The 
Laboratory of Bacterial Pathogenesis and Immunology, Rockefeller University.  

Genetic Exchange in Bacteria  

Although procaryotes do not undergo sexual reproduction, they are not without the ability to exchange genes and 
undergo genetic recombination. Bacteria are known to exchange genes in nature by three fundamental processes: 
conjugation, transduction and transformation. Conjugation involves cell-to-cell contact as DNA crosses a sex pilus 
from donor to recipient. During transduction, a virus transfers the genes between mating bacteria. In transformation, 
DNA is acquired directly from the environment, having been released from another cell. Genetic recombination can 
follow the transfer of DNA from one cell to another leading to the emergence of a new genotype (recombinant). It is 
common for DNA to be transferred as plasmids between mating bacteria. Since bacteria usually develop their genes for 
drug resistance on plasmids (called resistance transfer factors, or RTFs), they are able to spread drug resistance to 
other strains and species during genetic exchange processes. The genetic engineering of bacterial cells in the research or 
biotechnology laboratory is often based on the use of plasmids as vectors. The genetic systems of the Archaea are poorly 
characterized at this point, although the entire genome of Methanosarcina has been sequenced which opens up the 
possibilities for genetic analysis of the group.  

Evolution of Bacteria and Archaea  

For most procaryotes, mutation is is a major source of variability that allows the species to adapt to new conditions. The 
mutation rate for most procaryotic genes is in the neighborhood of 10-8. This means that if a bacterial population doubles 
from 108 cells to 2 x 108 cells, there is likely to be a mutant present for any given gene. Since procaryotes grow to reach 
population densities far in excess of 109 cells, such a mutant could develop from a single generation during 15 minutes of 
growth.  The evolution of procaryotes, driven by such Darwinian principles of evolution (mutation and selection) is 
called vertical evolution. 
 
However, as a result of the processes of genetic exchange described above, the bacteria and archaea can also undergo a 
process of horizontal evolution. In this case, genes are transferred laterally from one organism to another, even between 
members of different Kingdoms, which allows the recipient to experiment with a new genetic trait. Horizontal evolution 
is becoming realized to be a significant force in driving cellular evolution.  
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The combined effects of fast growth rates, high concentrations of cells, genetic processes of mutation and selection, and 
the ability to exchange genes, account for the extraordinary rates of adaptation and evolution that can be observed in the 
procaryotes.  

ECOLOGY OF BACTERIA AND ARCHAEA 

Bacteria and Archaea are present in all environments that support life. They may be free-living, or living in associations 
with "higher forms" of life (plants and animals), and they are found in environments that support no other form of life. 
Procaryotes have the usual nutritional requirements for growth of cells, but many of the ways that they utilize and 
transform their nutrients are unique. This bears directly on their habitat and their ecology. 

Nutritional Types of Organisms  

In terms of carbon utilization a cell may be heterotrophic or autotrophic. Heterotrophs obtain their carbon and energy 
for growth from organic compounds in nature. Autotrophs use C02 as a sole source of carbon for growth and obtain their 
energy from light (e.g. photoautotrophs) or from the oxidation of inorganic compounds (e.g. lithoautotrophs).  

Most heterotrophic bacteria are saprophytes, meaning that they obtain their nourishment from dead organic matter. In 
the soil, saprophytic bacteria and fungi are responsible for biodegradation of organic material. Ultimately, organic 
molecules, no matter how complex, can be degraded to CO2 (plus H2 and H2O). Probably no naturally-occurring organic 
substance cannot be degraded by the combined activities of the bacteria and fungi. Hence, most organic matter in nature 
is converted by heterotrophs to CO2, only to be converted back into organic material by autotrophs that die and nourish 
heterotrophs to complete the carbon cycle.  

Lithotrophic procaryotes have a type of energy-producing metabolism which is unique. Lithotrophs (also called 
lithoautotrophs or chemoautotrophs) use inorganic compounds as sources of energy, i.e., they oxidize compounds such 
as H2 or H2S or NH3 to obtain electrons to feed in to an electron transport system and to produce ATP. Lithotrophs are 
found in soil and aquatic environments wherever their energy source is present. Most lithotrophs are autotrophs so they 
can grow in the absence of any organic material. Lithotrophic species are found among the Bacteria and the Archaea. 
Sulfur-oxidizing lithotrophs convert H2S to  So and So to SO4. Nitrifying bacteria convert NH3 to NO2 and NO2 to NO3; 
methanogenic archaea strip electrons off of H2 as a source of energy and add them to CO2 to form CH4 (methane). 
Lithotrophs have an obvious impact on the sulfur, nitrogen and carbon cycles in the biosphere.  

Photosynthetic bacteria convert light energy into chemical energy for growth. Most phototrophic bacteria are autotrophs 
so their role in the carbon cycle is analogous to that of plants. The planktonic cyanobacteria are the "grass of the sea" and 
their form of oxygenic photosynthesis generates a substantial amount of O2 in the biosphere. However, among the 
photosynthetic bacteria are types of photosynthetic metabolism not seen in eucaryotes, including photoheterotrophy 
(using light as an energy source while assimilating organic compounds as a source of carbon), anoxygenic 
photosynthesis, and unique mechanisms of CO2 fixation (autotrophy).  

Photosynthesis has not been found to occur among the Archaea, but one archaeal species employs a light-driven non 
photosynthetic means of energy generation based on the use of a chromophore called bacteriorhodopsin.   

Adaptations to Environmental Conditions  

Most procaryotes, whether they have been cultured and studied in the laboratory, or observed growing in their natural 
habitats, seem to be highly adapted to their specific environment by means of their macromolecular structure and/or their 
physiologic (metabolic) capabilities. The nutritional quality of the environment determines whether a particular organism 
will be present,  but so do various physical parameters such as the availability of light and  O2, as well as the pH, 
temperature and salinity of the environment. As examples, the range of procaryotic responses to oxygen and temperature 
are discussed below. 

Procaryotes vary widely in their response to O2 (molecular oxygen). Organisms that require O2 for growth are called 
obligate aerobes; those which are inhibited or killed by O2, and which grow only in its absence, are called obligate 
anaerobes; organisms which grow either in the presence or absence of O2 are called facultative anaerobes. Whether or 



not a particular organism can exist in the presence of O2 depends upon the distribution of certain enzymes such as 
superoxide dismutase and catalase that are required to detoxify lethal oxygen radicals that are always generated by living 
systems in the presence of O2  

Procaryotes also vary widely in their response to temperature. Those that live at very cold temperatures (0 degrees or 
lower) are called psychrophiles; those which flourish at room temperature (25 degrees) or at the temperature of warm-
blooded animals (37 degrees) are called mesophiles; those that live at high temperatures (greater than 45 degrees) are 
thermophiles. The only limit that seems to be placed on growth of certain procaryotes in nature relative to temperature is 
whether liquid water exists. Hence, growing procaryotic cells can be found in supercooled environments (ice does not 
form) as low as -20 degrees and superheated environments (steam does not form) as high as 120 degrees. Archaea have 
been detected around thermal vents on the ocean floor where the temperature is as high as 320 degrees! 

Symbiosis  

The biomass of procaryotic cells in the biosphere, their metabolic diversity, and their persistence in all habitats that 
support life, ensures that these microbe will play a crucial role in the cycles of elements and the functioning of the world 
ecosystem. However, the procaryotes affect the world ecology in another significant way through their inevitable 
interactions with insects, plants and animals. Some bacteria are required to associate with insects, animals or plants for 
the latter to survive. For example, the sex of offspring of certain insects is determined by endosymbiotic bacteria. 
Ruminant animals (cows, sheep, etc.), whose diet is mainly cellulose (plant material), must have cellulose-digesting 
bacteria in their intestine to convert the cellulose to a form of carbon that the animal can assimilate. Leguminous plants 
grow poorly in nitrogen-deprived soils unless they are colonized by nitrogen-fixing bacteria which can supply them with 
a biologically-useful form of nitrogen.  

Bacterial Pathogenicity  

Some bacteria are parasites of plants or animals, meaning that they grow at the expense of their eucaryotic host and may 
damage, harm, or even kill it in the process. Such bacteria that cause disease in plants or animals are pathogens. Human 
diseases caused by bacterial pathogens include tuberculosis, whooping cough, diphtheria, tetanus, gonorrhea, syphilis, 
pneumonia, cholera and typhoid fever, to name a few. The bacteria that cause these diseases have special structural or 
biochemical properties that determine their virulence or pathogenicity. These include: (1) ability to colonize and invade 
their host; (2) ability to resist or withstand the antibacterial defenses of the host; (3) ability to produce various toxic 
substances that damage the host. Plant diseases, likewise, may be caused by bacterial pathogens. More than 200 species 
of bacteria are associated with plant diseases, but a very small handful of genera are involved. 

 
Figure 14. Borrelia burgdorferi. This spirochete is the bacterial parasite that causes Lyme disease. CDC.  
  APPLICATIONS OF BACTERIA IN INDUSTRY AND BIOTECHNOLOGY 

Exploitation of Bacteria by Humans  

In addition to other ecological roles, procaryotes, especially bacteria, are used industrially in the manufacture of foods, 
antibiotics, drugs, vaccines, insecticides, enzymes, hormones and other useful biological products. In fact, through 
genetic engineering of bacteria, these unicellular organisms can be coaxed to produce just about anything that there is a 
gene to encode for. The genetic systems of bacteria are the foundation of the biotechnology industry.  



In the foods industry, lactic acid bacteria such as Lactobacillus and Streptococcus are used the manufacture of dairy 
products such as yogurt, cheese, buttermilk, sour cream, and butter. Lactic acid fermentations are also used in pickling 
processes. Bacterial fermentations can be used to produce lactic acid, acetic acid, ethanol or acetone. In many parts of the 
world, various human cultures ferment indigenous plant material using Zymomonas bacteria to produce the regional 
alcoholic beverage. For example, in Mexico, a Maguey cactus (Agave) is fermented to "cactus beer" or pulque. Pulque 
can be ingested as is, or distilled into tequila.  

In the pharmaceutical industry, bacteria are used to produce antibiotics, vaccines, and medically-useful enzymes. Most 
antibiotics are made by bacteria that live in soil. Actinomycetes such as Streptomyces produce tetracyclines, 
erythromycin, streptomycin, rifamycin and ivermectin. Bacillus species produce bacitracin and polymyxin. Bacterial 
products are used in the manufacture of vaccines for immunization against infectious disease. Vaccines against 
diphtheria, whooping cough, tetanus, typhoid fever and cholera are made from components of the bacteria that cause the 
respective diseases. It is significant to note here that the use of antibiotics against infectious disease and the widespread 
practice of vaccination (immunization) against infectious disease are two twentieth-century developments that have 
drastically increased the quality of life and the average life expectancy of individuals in developed countries.  

Biotechnology  

The biotechnology industry uses bacterial cells for the production of human hormones such as insulin and human growth 
factor (protropin), and human proteins such as interferon, interleukin-2, and tumor necrosis factor. These products are 
used for the treatment of a variety of diseases ranging from diabetes to tuberculosis and AIDS. Other biotechnological 
applications of bacteria involve the genetic construction of "super strains" of organisms to perform a particular metabolic 
task in the environment. For example, bacteria which have been engineered genetically to degrade petroleum products 
can be used in cleanup efforts of oil spills in seas or on beaches. One area of biotechnology involves improvement of the 
qualities of plants through genetic engineering. Genes can be introduced into plants by a bacterium Agrobacterium 
tumefaciens. Using A. tumefaciens, plants have been genetically engineered so that they are resistant to certain pests, 
herbicides, and diseases. Finally, the polymerase chain reaction (PCR), a mainstay of the biotechnology industry because 
it allows scientists to duplicate genes starting with a single molecule of DNA, is based on the use of a DNA polymerase 
enzyme derived from a thermophilic bacterium, Thermus aquaticus.  

 
Figure 15. Thermus aquaticus, the thermophilic bacterium that is the source of taq polymerase.  
L wet mount; R electron micrograph. T.D. Brock. Life at High Temperatures.  

STRUCTURE AND FUNCTION OF PROCARYOTIC CELLS 

© 2004 Kenneth Todar University of Wisconsin-Madison Department of Bacteriology  
  Procaryotes are unicellular organisms of relatively simple construction, especially if compared to eukaryotes. Whereas 
eukaryotic cells have a preponderance of organelles with separate cellular functions, procaryotes carry out all cellular 
functions as individual units. A procaryotic cell has five essential structural components: a genome (DNA), ribosomes, 
cell membrane, cell wall, and some sort of surface layer which may or may not be an inherent part of the wall. Other 
than enzymatic reactions, all the cellular reactions incidental to life can be traced back to the activities of these 
macromolecular structural components. Thus, functional aspects of procaryotic cells are related directly to the structure 
and organization of the macromolecules in their cell make-up, i.e., DNA, RNA, phospholipds, proteins and 
polysaccharides. Diversity within the primary structure of these molecules accounts for the diversity that exists among 
procaryotes.  

At one time it was thought that bacteria were essentially "bags of enzymes" with no inherent cellular architecture. The 
development of the electron microscope, in the 1950s, revealed the distinct anatomical features of bacteria and confirmed 
the suspicion that they lacked a nuclear membrane. Structurally, a procaryotic cell (Figure 1 below) has three 
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architectural regions: appendages (attachments to the cell surface) in the form of flagella and pili (or fimbriae); a cell 
envelope consisting of a capsule, cell wall and plasma membrane; and a cytoplasmic region that contains the cell 
genome (DNA) and ribosomes and various sorts of inclusions. In this chapter, we will discuss the anatomical structures 
of procaryotic cells in relation to their adaptation, function and behavior in natural environments.  

 
Figure 1. Drawing of a typical procaryotic cell, by Vaike Haas, University of Wisconsin-Madison. Minimally, a procaryote is composed of 
a cell wall and plasma membrane that surrounds its cytoplasm containing a chromosome, ribosomes, enzymes, several classes of RNA, 
and small molecules (precursors).  

 
Figure 2. Electron micrograph of an ultra-thin section of a dividing pair of group A streptococci (20,000X). The cell surface fibrils, 
consisting primarily of M protein, are evident. The bacterial cell wall, to which the fibrils are attached, is also clearly seen as the light 
staining region between the fibrils and the dark staining cell interior. Cell division in progress is indicated by the new septum formed 
between the two cells and by the indentation of the cell wall near the cell equator. The streptococcal cell diameter is equal to 
approximately one micron. Electron micrograph of Streptococcus pyogenes by Maria Fazio and Vincent A. Fischetti, Ph.D. with 
permission. The Laboratory of Bacterial Pathogenesis and Immunology, Rockefeller University.  
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Table 1. Summary: Characteristics of typical bacterial cell structures.  

Structure  

Flagella 

Function(s)  

Swimming movement 

Predominant chemical composition  

Protein 
Pili 
Sex pilus Mediates DNA transfer during conjugation Protein 
Common pili or fimbriae Attachment to surfaces; protection against phagotrophic engulfment Protein  

Capsules (includes "slime 
layers" and glycocalyx) 

Attachment to surfaces; protection against phagocytic engulfment, 
occasionally killing or digestion; reserve of nutrients or protection 
against desiccation 

Usually polysaccharide; occasionally 
polypeptide 

Cell wall 

Gram-positive bacteria Prevents osmotic lysis of cell protoplast and confers rigidity and 
shape on cells 

Peptidoglycan (murein) complexed with 
teichoic acids 

Gram-negative bacteria 
Peptidoglycan prevents osmotic lysis and confers rigidity and shape; 
outer membrane is permeability barrier; associated LPS and proteins 
have various functions 

Peptidoglycan (murein) surrounded by 
phospholipid protein-lipopolysaccharide "outer 
membrane" 

Plasma membrane Permeability barrier; transport of solutes; energy generation; location 
of numerous enzyme systems Phospholipid and protein 

Ribosomes Sites of translation (protein synthesis) RNA and protein 

Inclusions Often reserves of nutrients; additional specialized functions Highly variable; carbohydrate, lipid, protein or 
inorganic 

Chromosome Genetic material of cell  DNA 
Plasmid Extrachromosomal genetic material DNA 

 
Appendages 

 
Figure 3. Salmonella enteritidis TEM about 10,000X. Salmonella is an enteric bacterium related to E. coli. The enterics are motile by 
means of peritriochous flagella.  

Flagella  

Flagella are filamentous protein structures attached to the cell surface that provide the swimming movement for most 
motile procaryotes. Procaryotic flagella are much thinner than eukaryotic flagella, and they lack the typical "9 + 2" 
arrangement of microtubules. The diameter of a procaryotic flagellum is about 20 nanometers, well-below the resolving 
power of the light microscope. The flagellar filament is rotated by a motor apparatus in the plasma membrane allowing 
the cell to swim in fluid environments. Bacterial flagella are powered by proton motive force (chemiosmotic potential) 
established on the bacterial membrane, rather than ATP hydrolysis which powers eukaryotic flagella. About half of the 
bacilli and all of the spiral and curved bacteria are motile by means of flagella. Very few cocci are motile, which reflects 
their adaptation to dry environments and their lack of hydrodynamic design.  

The ultrastructure of the flagellum of E. coli is illustrated in Figure  4 below (after Dr. Julius Adler of the University of 
Wisconsin). About 50 genes are required for flagellar synthesis and function. The flagellar apparatus consists of several 
distinct proteins: a system of rings embedded in the cell envelope (the basal body), a hook-like structure near the cell 
surface, and the flagellar filament. The innermost rings, the M and S rings, located in the plasma membrane, comprise 
the motor apparatus. The outermost rings, the P and L rings, located in the periplasm and the outer membrane 



respectively, function as bushings to support the rod where it is joined to the hook of the filament on the cell surface. As 
the M ring turns, powered by an influx of protons, the rotary motion is transferred to the filament which turns to propel 
the bacterium.  

 
Figure 4. The ultrastructure of a bacterial flagellum (after J. Adler). Measurements are in nanometers. The flagellum of E. coli consists 
of three parts, filament, hook and basal body, all composed of different proteins. The basal body and hook anchor the whip-like filament 
to the cell surface.The basal body consists of four ring-shaped proteins stacked like donuts around a central rod in the cell envelope. The 
inner rings, associated with the plasma membrane, are the flagellar powerhouse for activating the filament. The outer rings in the 
peptidoglycan and outer membrane are support rings or "bushings" for the rod. The filament rotates and contracts which propels and 
steers the cell during movement. Compare with Figure 21 below.  

Flagella may be variously distributed over the surface of bacterial cells in distinguishing patterns, but basically flagella 
are either polar (one or more flagella arising from one or both poles of the cell) or peritrichous (lateral flagella 
distributed over the entire cell surface). Flagellar distribution is a genetically-distinct trait that is occasionally used to 
characterize or distinguish bacteria. For example, among Gram-negative rods, pseudomonads have polar flagella to 
distinguish them from enteric bacteria, which have peritrichous flagella.  

 
Figure 5. Different arrangements of bacterial flagella. Swimming motility, powered by flagella, occurs in half the bacilli and most of the 
spirilla. Flagellar arrangements, which can be determined by staining and microscopic observation, may be a clue to the identity of a 
bacterium. See Figure 6 below.  

Flagella were proven to be organelles of bacterial motility by shearing them off (by mixing cells in a blender) and 
observing that the cells could no longer swim although they remained viable. As the flagella were regrown and reached a 
critical length, swimming movement was restored to the cells. The flagellar filament grows at its tip (by the deposition of 
new protein subunits) not at its base (like a hair).  

Procaryotes are known to exhibit a variety of types of tactic behavior, i.e., the ability to move (swim) in response to 
environmental stimuli. For example, during chemotaxis a bacterium can sense the quality and quantity of certain 
chemicals in its environment and swim towards them (if they are useful nutrients) or away from them (if they are harmful 
substances). Other types of tactic response in procaryotes include phototaxis, aerotaxis and magnetotaxis. The 
occurrence of tactic behavior provides evidence for the ecological (survival) advantage of flagella in bacteria and other 
procaryotes.  

Detecting Bacterial Motility  

Since motility is a primary criterion for the diagnosis and identification of bacteria, several techniques have been 
developed to demonstrate bacterial motility, directly or indirectly.  



1. flagellar stains outline flagella and show their pattern of distribution. If a bacterium possesses flagella, it is presumed 
to be motile.  

 
Figure 6. Flagellar stains of three bacteria a. Bacillus cereus b. Vibrio cholerae c. Bacillus brevis.(CDC). Since the bacterial flagellum is 
below the resolving power of the light microscope, although bacteria can be seen swimming in a microscope field, the organelles of 
movenent cannot be detected. Staining techniques such as Leifson's method utilize dyes and other components that precipitate along the 
protein filament and hence increase its effective diameter. Fkagellar distribution is occasionally used to differentiate between 
morphologically related bacteria. For example, among the Gram-negative motile rod-shaped bacteria, the enterics have peritrichous 
flagella while the pseudomonads have polar flagella.  

2. motility test medium demonstrates if cells can swim in a semisolid medium. A semisolid medium is inoculated with 
the bacteria in a straight-line stab with a needle. After incubation, if turbidity (cloudiness) due to bacterial growth can be 
observed away from the line of the stab, it is evidence that the bacteria were able to swim through the medium.  

OFF THE WALL. Julius Adler exploited this observation during his studies of chemotaxis in E. coli. He prepared a gradient of glucose 
by allowing the sugar to diffuse into a semisolid medium from a central point in the medium. This established a concentration gradient of 
glucose along the radius of diffusion. When E. coli cells were seeded in the medium at the lowest concentration of glucose (along the edge 
of the circle), they swam up the gradient towards a higher concentration (the center of the circle), exhibiting their chemotactic response 
to swim towards a useful nutrient. Later, Adler developed a tracking microscope that could record and film the track that E. coli takes as 
it swims towards a chemotactic attractant or away from a chemotactic repellent. This led to an understanding of the mechanisms of 
bacterial chemotaxis, first at a structural level, then at a biomolecular level.  

3. direct microscopic observation of living bacteria in a wet mount. One must look for transient movement of 
swimming bacteria. Most uincellular bacteria, because of their small size, will shake back and forth in a wet mount 
observed at 400X or 1000X. This is Brownian movement, due to random collisions between  water molecules and 
bacterial cells. True motility is confirmed by observing the bacterium swim from one side of the microscope field to the 
other side.  

 
Figure 7. A Desulfovibrio species. TEM. About 15,000X. The bacterium is motile by means of a single polar flagellum. Of course, one can 
determine the presence of flagella by means of electron microscopy. Perhaps this is an alternative way to determine bacterial motility, if 
you happen to have an electron microscope.  

Fimbriae  

Fimbriae and pili are interchangeable terms used to designate short, hair-like structures on the surfaces of procaryotic 
cells. Like flagella, they are composed of protein. Fimbriae are shorter and stiffer than flagella, and slightly smaller in 



diameter. Generally, fimbriae have nothing to do with bacterial movement (there are exceptions, e.g twitching movement 
on Pseudomonas) . Fimbriae are very common in Gram-negative bacteria, but occur in some archaea and Gram-positive 
bacteria as well. Fimbriae are most often involved in adherence of bacteria to surfaces, substrates and other cells or 
tissues in nature. In E. coli, a specialized type of pilus, the F or sex pilus, mediates the transfer of DNA between mating 
bacteria during the process of conjugation, but the function of the smaller, more numerous common pili is quite 
different.  

Common pili (almost always called fimbriae) are usually involved in specific adherence (attachment) of procaryotes to 
surfaces in nature. In medical situations, they are major determinants of bacterial virulence because they allow pathogens 
to attach to (colonize) tissues and/or to resist attack by phagocytic white blood cells. For example, pathogenic Neisseria 
gonorrhoeae adheres specifically to the human cervical or urethral epithelium by means of its fimbriae; enterotoxigenic 
strains of E. coli adhere to the mucosal epithelium of the intestine by means of specific fimbriae; the M-protein and 
associated fimbriae of Streptococcus pyogenes are involved in adherence and to resistance to engulfment by phagocytes 
(See Figure 1b above).  

 
Figure 8. Fimbriae (common pili) and flagella on the surface of bacterial cells. Left: dividing Shigella enclosed in fimbriae. The 
structures are probably involved in the bacterium's ability to adhere to the intestinal surface. Right: dividing pair of Salmonella 
displaying both its peritrichous flagella and its fimbriae. The fimbriae are much shorter and slightly smaller in diameter than flagella. 
Both Shigella and Salmonella are enteric bacteria that cause different types of intestinal diarrheas.The bacteria can be differentiated by a 
motility test. Salmonella is motile; Shigella is nonmotile.  

Table 2. Some properties of pili and fimbriae.  

Bacterial species where observed Typical number on 
cell 

Distribution on cell 
surface Function 

Escherichia coli (F or sex pilus) 1-4 uniform mediates DNA transfer during conjugation 
Escherichia coli (common pili or Type 1 
fimbriae) 100-200 uniform surface adherence to epithelial cells of the GI 

tract 

Neisseria gonorrhoeae 100-200 uniform surface adherence to epithelial cells of the 
urogenital tract 

Streptococcus pyogenes (fimbriae plus the M-
protein) ? uniform adherence, resistance to phagocytosis; antigenic 

variability 
Pseudomonas aeruginosa 10-20 polar surface adherence 
Sulfolobus acidocaldarius  
(an archean) ? ? attachment to sulfur particles 

 
The Cell Envelope 

The cell envelope is a descriptive term for the several layers of material that envelope or enclose the protoplasm of the 
cell. The cell protoplasm (cytoplasm) is surrounded by the plasma membrane, a cell wall and a capsule. The cell wall 
itself is a layered structure in Gram-negative bacteria. All cells have a membrane, which is the essential and definitive 
characteristic of a "cell". Almost all procaryotes have a cell wall to prevent damage to the underlying protoplast. Outside 
the cell wall, foremost as a surface structure, may be a polysaccharide capsule, or at least a glycocalyx.  



 
Figure 9. Profiles of the cell envelope the Gram-positive and Gram-negative bacteria. The Gram-positive wall is a uniformly thick layer 
external to the plasma membrane. It is composed mainly of peptidoglycan (murein). The Gram-negative wall appears thin and 
multilayered. It consists of a relatively thin peptidoglycan sheet between the plasma membrane and a phospholipid-lipopolysaccharide 
outer membrane. The space between the inner (plasma) and outer membranes (wherein the peptidoglycan resides) is called the 
periplasm.  

Capsules  

Most procaryotes contain some sort of a polysaccharide layer outside of the cell wall polymer. In a general sense, this 
layer is called a capsule. A true capsule is a discrete detectable layer of polysaccharides deposited outside the cell wall. 
A less discrete structure or matrix which embeds the cells is a called a slime layer or a biofilm. A type of capsule found 
in bacteria called a glycocalyx is a thin layer of tangled polysaccharide fibers which is almost always observed on the 
surface of cells growing in nature (as opposed to the laboratory).  

 
Figure 10. Bacterial capsules outlined by India ink viewed by light microscopy. This is a true capsule, a discrete layer of polysaccharide 
surrounding the cells. Sometimes bacterial cells are embedded more randomly in a polysaccharide matrix called a slime layer or biofilm. 
Polysaccharide films that may inevitably be present on the surfaces of bacterial cells, but which cannot be detected visually, are called 
glycocalyx.  
   

 
Figure 11. Negative stain of Streptococcus pyogenes viewed by transmission electron microscopy (28,000X). The halo around the chain of 
cells is the hyaluronic acid capsule that surrounds the exterior of the bacteria. The septa between dividing pairs of cells may also be seen. 
Electron micrograph of Streptococcus pyogenes by Maria Fazio and Vincent A. Fischetti, Ph.D. with permission. The Laboratory of 
Bacterial Pathogenesis and Immunology, Rockefeller University.  
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Capsules are generally composed of polysaccharide; rarely they contain amino sugars or peptides (see Table 3).  

Table 3. Chemical composition of some bacterial capsules.  

Bacterium Capsule composition Structural subunits 

Gram-positive Bacteria   
Bacillus anthracis polypeptide (polyglutamic acid) D-glutamic acid 
Bacillus megaterium polypeptide and polysaccharide D-glutamic acid, amino sugars, sugars 
Streptococcus mutans polysaccharide (dextran) glucose 
Streptococcus pneumoniae polysaccharides sugars, amino sugars, uronic acids 
Streptococcus pyogenes polysaccharide (hyaluronic acid) N-acetyl-glucosamine and glucuronic acid 

Gram-negative Bacteria   
Acetobacter xylinum polysaccharide (cellulose) glucose 
Escherichia coli polysaccharide (colonic acid) glucose, galactose, fucose glucuronic acid

Pseudomonas aeruginosa polysaccharide mannuronic acid 
Azotobacter vinelandii polysaccharide glucuronic acid 
Agrobacterium tumefaciens polysaccharide (glucan) glucose 

Capsules have several functions and often have multiple functions in a particular organism. Like fimbriae, capsules, 
slime layers, and glycocalyx often mediate adherence of cells to surfaces. Capsules also protect bacterial cells from 
engulfment by predatory protozoa or white blood cells (phagocytes), or from attack by antimicrobial agents of plant or 
animal origin. Capsules in certain soil bacteria protect cells from perennial effects of drying or desiccation. Capsular 
materials (e.g. dextrans) may be overproduced when bacteria are fed sugars to become reserves of carbohydrate for 
subsequent metabolism.  

 
Figure 12. Colonies of Bacillus anthracis. The slimy or mucoid appearance of a bacterial colony is usually evidence of capsule production. 
In the case of B. anthracis, the capsule is composed of poly-D-glutamate. The capsule is an essential determinant of virulence to the 
bacterium. In the early stages of colonization and infection the capsule protects the bacteria from assaults by the immune and phagocytic 
systems.  

Some bacteria produce slime materials to adhere and float themselves as colonial masses in their environments. Other 
bacteria produce slime materials to attach themselves to a surface or substrate. Bacteria may attach to surface, produce 
slime, divide and produce microcolonies within the slime layer, and construct a biofilm, which becomes an enriched and 
protected environment for themselves and other bacteria.  

A classic example of biofilm construction in nature is the formation of dental plaque mediated by the oral bacterium, 
Streptococcus mutans. The bacteria adhere specifically to the pellicle of the tooth by means of a protein on the cell 
surface. The bacteria grow and synthesize a dextran capsule which binds them to the enamel and forms a biofilm some 
300-500 cells in thickness. The bacteria are able to cleave sucrose (provided by the animal diet) into glucose plus 



fructose. The fructose is fermented as an energy source for bacterial growth. The glucose is polymerized into an 
extracellular dextran polymer that cements the bacteria to tooth enamel and becomes the matrix of dental plaque. The 
dextran slime can be depolymerized to glucose for use as a carbon source, resulting in production of lactic acid within the 
biofilm (plaque) that decalcifies the enamel and leads to dental caries or bacterial infection of the tooth.  

Another important characteristic of capsules may be their ability to block some step in the phagocytic process and 
thereby prevent bacterial cells from being engulfed or destroyed by phagocytes. For example, the primary determinant of 
virulence of the pathogen Streptococcus pneumoniae is its polysaccharide capsule, which prevents ingestion of 
pneumococci by alveolar macrophages. Bacillus anthracis survives phagocytic engulfment because the lysosomal 
enzymes of the phagocyte cannot initiate an attack on the poly-D-glutamate capsule of the bacterium. Bacteria such as 
Pseudomonas aeruginosa, that construct a biofilm made of extracellular slime when colonizing tissues, are also resistant 
to phagocytes, which cannot penetrate the biofilm.  

Cell Wall  

Most procaryotes have a rigid cell wall. The cell wall is an essential structure that protects the cell protoplast from 
mechanical damage and from osmotic rupture or lysis. Procaryotes usually live in relatively dilute environments such that 
the accumulation of solutes inside the procaryotic cell cytoplasm greatly exceeds the total solute concentration in the 
outside environment. Thus, the osmotic pressure against the inside of the plasma membrane may be the equivalent of 10-
25 atm. Since the membrane is a delicate, plastic structure, it must be restrained by an outside wall made of porous, rigid 
material that has high tensile strength. Such a material is murein, the ubiquitous component of bacterial cell walls.  

The cell walls of bacteria deserve special attention for several reasons:  
1. They are an essential structure for viability, as described above.  
2. They are composed of unique components found nowhere else in nature.  
3. They are one of the most important sites for attack by antibiotics.  
4. They provide ligands for adherence and receptor sites for drugs or viruses.  
5. They cause symptoms of disease in animals.  
6. They provide for immunological distinction and immunological variation among strains of bacteria.  

The cell walls of all Bacteria contain a unique type of peptidoglycan called murein. Peptidoglycan is a polymer of 
disaccharides (a glycan) cross-linked by short chains of amino acids (peptides), and many types of peptidoglycan exist. 
All Bacterial peptidoglycans contain N-acetylmuramic acid, which is the definitive component of murein. The cell 
walls of Archaea may be composed of protein, polysaccharides, or peptidoglycan-like molecules, but never do they 
contain murein. This feature distinguishes the Bacteria from the Archaea.  

The profiles of the cell walls of Bacteria, as seen with the electron microscope, are redrawn in Figure 5. In the Gram-
positive Bacteria (those that retain the purple crystal violet dye when subjected to the Gram-staining procedure) the cell 
wall is thick (15-80 nanometers), consisting of several layers of peptidoglycan. In the Gram-negative Bacteria (which 
do not retain the crystal violet) the cell wall is relatively thin (10 nanometers) and is composed of a single layer of 
peptidoglycan surrounded by a membranous structure called the outer membrane. The outer membrane of Gram-
negative bacteria invariably contains a unique component, lipopolysaccharide (LPS or endotoxin), which is toxic to 
animals. In Gram-negative bacteria the outer membrane is usually thought of as part of the cell wall.  

Peptidoglycan structure and arrangement in E. coli is representative of all Enterobacteriaceae, and many other Gram-
negative bacteria, as well. The glycan backbone is made up of alternating molecules of N-acetylglucosamine (G) and N-
acetylmuramic acid (M) connected by a beta1,4-glycoside bond. The 3-carbon of N-acetylmuramic acid (M) is 
substituted with a lactyl ether group derived from pyruvate. The lactyl ether connects the glycan backbone to a peptide 
side chain that contains L-alanine, (L-ala), D-glutamate (D-glu), Diaminopimelic acid (DAP), and D-alanine (D-ala). 
MurNAc is unique to bacterial cell walls, as is D-glu, DAP and D-ala. The muramic acid subunit of E. coli is shown in 
Figure 13 below.  



 
Figure 13. The structure of the muramic acid subunit of the peptidoglycan of Escherichia coli. This is the type of murein found in most 
Gram-negative bacteria. The glycan backbone is a repeat polymer of two amino sugars, N-acetylglucosamine (G) and N-acetylmuramic 
acid (M). Attached to the N-acetylmuramic acid is a tetrapeptide consisting of L-ala-D-glu-DAP-D-ala.b. Abbreviated structure of the 
muramic acid subunit. c. Nearby tetrapeptide side chains may be linked to one another by an interpeptide bond between DAP on one 
chain and D-ala on the other. d. The polymeric form of the molecule.  

Strands of murein are assembled in the periplasm from about 10 muramic acid subunits. Then the strands are connected 
to form a continuous glycan molecule that encompasses the cell. Wherever their proximity allows it, the tetrapeptide 
chains that project from the glycan backbone can be cross-linked by an interpeptide bond between a free amino group 
on DAP and a free carboxy group on a nearby D-ala. The assembly of peptidoglycan on the outside of the plasma 
membrane is mediated by a group of periplasmic enzymes  which are transglycosylases, transpeptidases and 
carboxypeptidases. The mechanism of action of penicillin and related beta-lactam antibiotics is to block transpeptidase 
and carboxypeptidase enzymes during their assembly of the murein cell wall. Hence, the beta lactam antibiotic are said 
to "block cell wall synthesis" in the bacteria.  

The glycan backbone of the peptidoglycan molecule can be cleaved by an enzyme called lysozyme that is present in 
animal serum, tissues and secretions, and in the phagocytic lysosome. The function of lysozyme is to lyse bacterial cells 
as a constitutive defense against bacterial pathogens. Some Gram-positive bacteria are very sensitive to lysozyme and the 
enzyme is quite active at low concentrations. Lachrymal secretions (tears) can be diluted 1:40,000 and retain the ability 
to lyse certain bacterial cells. Gram-negative bacteria are less vulnerable to attack by lysozyme because their 
peptidoglycan is shielded by the outer membrane. The exact site of lysozymal cleavage is the beta 1,4 bond between N-
acetylmuramic acid (M) and N-acetylglucosamine (G) , such that the muramic acid subunit shown in Figure 13(a) is the 
result of the action of lysozyme on bacterial peptidoglycan.  

In Gram-positive bacteria there are numerous different peptide arrangements among peptidoglycans. The best studied is 
the murein of Staphylococcus aureus shown in Figure 14 below. In place of DAP (in E. coli) is the diamino acid, L-
lysine (L-lys), and in place of the interpeptide bond (in Gram-negatives) is an interpeptide bridge of amino acids that 
connects a free amino group on lysine to a free carboxy group on D-ala of a nearby tetrapeptide side chain. This 
arrangement apparently allows for more frequent cross-bonding between nearby tetrapeptide side chains. In S. aureus, 
the interpeptide bridge is a peptide consisting of 5 glycine molecules (called a pentaglycine bridge). Assembly of the 
interpeptide bridge in Gram-positive murein is inhibited by the beta lactam antibiotics in the same manner as the 
interpeptide bond in Gram-negative murein. Gram-positive bacteria are more sensitive to penicillin than Gram-negative 
bacteria because the peptidoglycan is not protected by an outer membrane and it is a more abundant molecule. In Gram-
positive bacteria, peptidoglycans may vary in the amino acid in place of DAP or L-lys in position 3 of the tetrapeptide, 
and in the exact composition of the interpeptide bridge. At least eight different types of peptidoglycan exist in Gram-
positive bacteria.  



 
Figure 14. Schematic diagram of the peptidoglycan sheet of Staphylococcus aureus. G = N-acetyl-glucosamine; M = N-acetyl-muramic 
acid; L-ala = L-alanine; D-ala = D-alanine; D-glu = D-glutamic acid; L-lys = L-lysine. This is one type of murein found in Gram-positive 
bacteria. Compared to the E. coli peptidoglycan (Figure 7) there is L-lys in place of DAP (diaminopimelic acid) in the tetrapeptide. The 
free amino group of L-lys is substituted with a glycine pentapeptide (gly-gly-gly-gly-gly-) which then becomes an interpeptide bridge 
forming a link with a carboxy group from D-ala in an adjacent tetrapeptide side chain. Gram-positive peptidoglycans differ from species 
to species, mainly in regards to the amino acids in the third position of the tetrapeptide side chain and in the amino acid composition of 
the interpeptide bridge.  

Gram-negative bacteria may contain a single monomolecular layer of murein in their cell walls while Gram-positive 
bacteria are thought to have several layers or "wraps" of peptidoglycan. Closely associated with the layers of 
peptidoglycan in Gram-positive bacteria are a group of molecules called teichoic acids. Teichoic acids are linear 
polymers of polyglycerol or polyribitol substituted with phosphates and a few amino acids and sugars. The teichoic acid 
polymers are occasionally anchored to the plasma membrane (called lipoteichoic acids) apparently directed outward at 
right angles to the layers of peptidoglycan. The functions of teichoic acid are not known. They are essential to viability of 
Gram-positive bacteria in the wild. One idea is that they provide a channel of regularly-oriented negative charges for 
threading positively charged substances through the complicated peptidoglycan network. Another theory is that teichoic 
acids are in some way involved in the regulation and assembly of muramic acid subunits on the outside of the plasma 
membrane. There are instances, particularly in the streptococci, wherein teichoic acids have been implicated in the 
adherence of the bacteria to tissue surfaces.  

The Outer Membrane of Gram-negative Bacteria  

Of special interest as a component of the Gram-negative cell wall is the outer membrane, a discrete bilayered structure 
on the outside of the peptidoglycan sheet (see Figure 15 below). For the bacterium, the outer membrane is first and 
foremost a permeability barrier, but primarily due to its lipopolysaccharide content, it possesses many interesting and 
important characteristics of Gram-negative bacteria. The outer membrane is a lipid bilayer intercalated with proteins, 
superficially resembling the plasma membrane. The inner face of the outer membrane is composed of phospholipids 
similar to the phosphoglycerides that compose the plasma membrane. The outer face of the outer membrane may contain 
some phospholipid, but mainly it is formed by a different type of amphiphilic molecule which is composed of 
lipopolysaccharide (LPS). Outer membrane proteins usually traverse the membrane and in one case, anchor the outer 
membrane to the underlying peptidoglycan sheet.  

The LPS molecule that constitutes the outer face of the outer membrane is composed of a hydrophobic region, called 
Lipid A, that is attached to a hydrophilic linear polysaccharide region, consisting of the core polysaccharide and the O-
specific polysaccharide.  

The Lipid A head of the molecule inserts into the interior of the membrane, and the polysaccharide tail of the molecule 
faces the aqueous environment. Where the tail of the molecule inserts into the head there is an accumulation of negative 
charges such that a magnesium cation is chelated between adjacent LPS molecules. This provides the lateral stability for 
the outer membrane, and explains why treatment of Gram-negative bacteria with a powerful chelating agent, such as 
EDTA, causes dispersion of LPS molecules.  



 

 

 
Figure 15. Schematic illustration of the outer membrane, cell wall and plasma membrane of a Gram-negative bacterium. Note the 
structure and arrangement of molecules that constitute the outer membrane.  

 
Figure 16. Structure of LPS  

Bacterial lipopolysaccharides are toxic to animals. When injected in small amounts LPS or endotoxin activates 
macrophages to produce pyrogens, activates the complement cascade causing inflammation, and activates blood factors 
resulting in intravascular coagulation and hemorrhage. Endotoxins may play a role in infection by any Gram-negative 
bacterium. The toxic component of endotoxin (LPS) is Lipid A. The O-specific polysaccharide may provide ligands for 
bacterial attachment and confer some resistance to phagocytosis. Variation in the exact sugar content of the O 
polysaccharide (also referred to as the O antigen) accounts for multiple antigenic types (serotypes) among Gram-negative 
bacterial pathogens. Therefore. even though Lipid A is the toxic component in LPS, the polysaccharides nonetheless 
contribute to virulence of Gram-negative bacteria.  

The proteins in the outer membrane of Escherichia coli are well characterized (see Table 4). About 400,00 copies of the 
Braun lipoprotein are covalently attached to the peptidoglycan sheet at one end and inserted into the hydrophobic 
interior of the membrane at the opposite end. A group of trimeric proteins called porins form pores of a fixed diameter 
through the lipid bilayer of the membrane. The omp C and omp F porins of E. coli are designed to allow passage of 
hydrophilic molecules up to mw of about 750 daltons. Larger molecules or harmful hydrophobic compounds (such as 
bile salts in the intestinal tract) are excluded from entry. Porins are designed in Gram-negative bacteria to allow passage 
of useful molecules (nutrients) through the barrier of the outer membrane, but to exclude passage harmful substances 
from the environment. The ubiquitous omp A protein in the outer membrane of E. coli has a porin like structure, and may 
function in uptake of specific ions, but it is also a receptor for the F pilus and an attachment site for bacterial viruses.  

Table 4. Functions of the outer membrane components of Escherichia coli.  

Component Function 
Lipopolysaccharide (LPS) Permeability barrier 
Mg++ bridges Stabilizes LPS and is essential for its permeability characteristics 
Braun lipoprotein Anchors the outer membrane to peptidoglycan (murein) sheet 
Omp C and Omp F porins proteins that form pores or channels through outer membrane for passage of hydrophilic molecules

Omp A protein  provides receptor for some viruses and bacteriocins; stabilizes mating cells during conjugation 



A correlation between Gram stain reaction and cell wall properties of bacteria is summarized in Table 5. The Gram stain 
procedure contains a "destaining" step wherein the cells are washed with an acetone-alcohol mixture. The lipid content of 
the Gram-negative wall probably affects the outcome of this step so that Gram-positive cells retain a primary stain while 
Gram-negative cells are destained.  

Table 5. Correlation of Grams stain with other properties of Bacteria.  

Property  Gram-positive Gram-negative

Thickness of wall  thick (20-80 nm) thin (10 nm) 
Number of layers  1  2 
Peptidoglycan (murein) content  >50% 10-20% 
Teichoic acids in wall present absent 
Lipid and lipoprotein content  0-3% 58% 
Protein content  0 9% 
Lipopolysaccharide content  0  13% 
Sensitivity to Penicillin G  yes no (1) 
Sensitivity to lysozyme yes no (2) 

(1) A few Gram-negative bacteria are sensitive to natural penicillins. Many Gram-negative bacteria are sensitive to some type of penicillin, 
especially semisynthetic penicillins. Gram-negative bacteria, including E. coli, can be made sensitive to natural penicillin by procedures that 
disrupt the permeability characteristics of the outer membrane.  
(2) Gram-negative bacteria are sensitive to lysozyme if pretreated by some procedure that removes the outer membrane and exposes the 
peptidoglycan directly to the enzyme.  

Cell Wall-less Forms  

A few bacteria are able to live or exist without a cell wall. The mycoplasmas are a group of bacteria that lack a cell wall. 
Mycoplasmas have sterol-like molecules incorporated into their membranes and they are usually inhabitants of 
osmotically-protected environments. Mycoplasma pneumoniae is the cause of primary atypical bacterial pneumonia, 
known in the vernacular as "walking pneumonia". For obvious reasons, penicillin is ineffective in treatment of this type 
of pneumonia. Sometimes, under the pressure of antibiotic therapy, pathogenic streptococci can revert to cell wall-less 
forms (called spheroplasts) and persist or survive in osmotically-protected tissues. When the antibiotic is withdrawn 
from therapy the organisms may regrow their cell walls and reinfect unprotected tissues.  

The Plasma Membrane  

The plasma membrane, also called the cytoplasmic membrane, is the most dynamic structure of a procaryotic cell. Its 
main function is a s a selective permeability barrier that regulates the passage of substances into and out of the cell. 
The plasma membrane is the definitive structure of a cell since it sequesters the molecules of life in a unit, separating it 
from the environment. The bacterial membrane allows passage of water and uncharged molecules up to mw of about 100 
daltons, but does not allow passage of larger molecules or any charged substances except by means special membrane 
transport processes and transport systems.  

Since procaryotes lack any intracellular organelles for processes such as respiration or photosynthesis or secretion, the 
plasma membrane subsumes these processes for the cell and consequently has a variety of functions in energy 
generation, and biosynthesis. For example, the electron transport system that couples aerobic respiration and ATP 
synthesis is found in the procaryotic membrane. The photosynthetic chromophores that harvest light energy for 
conversion into chemical energy are located in the membrane. Hence, the plasma membrane is the site of oxidative 
phosphorylation and photophosphorylation in procaryotes, analogous to the functions of mitochondria and 
chloroplasts in eukaryotic cells. Besides transport proteins that selectively mediate the passage of substances into and 
out of the cell, procaryotic membranes may contain sensing proteins that measure concentrations of molecules in the 
environment or binding proteins that translocate signals to genetic and metabolic machinery in the cytoplasm. 
Membranes also contain enzymes involved in many metabolic processes such as cell wall synthesis, septum formation, 
membrane synthesis, DNA replication, CO2 fixation and ammonia oxidation. The predominant functions of bacterial 
membranes are listed in the table below.  



 
Table 6. Functions of the procaryotic plasma membrane.  

1. Osmotic or permeability barrier  

2. Location of transport systems for specific solutes (nutrients and ions)  

3. Energy generating functions, involving respiratory and photosynthetic electron transport systems, establishment of proton motive 
force, and transmembranous, ATP-synthesizing ATPase  

4. Synthesis of membrane lipids (including lipopolysaccharide in Gram-negative cells)  

5. Synthesis of murein (cell wall peptidoglycan)  

6. Assembly and secretion of extracytoplasmic proteins  

7. Coordination of DNA replication and segregation with septum formation and cell division  

8. Chemotaxis (both motility per se and sensing functions)  

9. Location of specialized enzyme system 

 

Bacterial membranes are composed of 40 percent phospholipid and 60 percent protein. The phospholipids are 
amphoteric molecules with a polar hydrophilic glycerol "head" attached via an ester bond to two nonpolar hydrophobic 
fatty acid tails, which naturally form a bilayer in aqueous environments. Dispersed within the bilayer are various 
structural and enzymatic proteins which carry out most membrane functions. At one time, it was thought that the proteins 
were neatly organized along the inner and outer faces of the membrane and that this accounted for the double track 
appearance of the membrane in electron micrographs. However, it is now known that while some membrane proteins are 
located and function on one side or another of the membrane, most proteins are partly inserted into the membrane, or 
possibly even traverse the membrane as channels from the outside to the inside. It is possible that proteins can move 
laterally along a surface of the membrane, but it is thermodynamically unlikely that proteins can be rotated within a 
membrane, which discounts early theories of how transport systems might work. The arrangement of proteins and lipids 
to form a membrane is called the fluid mosaic model, and is illustrated in Figure 17.  

The membranes of Bacteria are structurally similar to the cell membranes of eukaryotes, except that bacterial 
membranes consist of saturated or monounsaturated fatty acids (rarely, polyunsaturated fatty acids) and do not normally 
contain sterols (Figure 11a). The membranes of Archaea form bilayers functionally equivalent to bacterial membranes, 
but archaeal lipids are saturated, branched, repeating isoprenoid subunits that attach to glycerol via an ether linkage as 
opposed to the ester linkage found in glycerides of eukaryotic and bacterial membrane lipids (Figure 18). The structure of 
archaeal membranes is thought to be an adaptation to their existence and survival in extreme environments.  

 
Figure 17. Fluid mosaic model of a biological membrane. In aqueous environments membrane phospholipids arrange themselves in such 
a way that they spontaneously form a fluid bilayer. Membrane proteins, which may be structural or functional, may be permanently or 
transiently associated with one side or the other of the membrane, or even be permanently built into the bilayer, while other proteins 
span the bilayer and may form transport channels through the membrane.  
   



 
Figure 18. Generalized structure of a membrane lipids. (top). A phospholipid in the membrane of the bacterium Escherichia coli. The R1 
and R2 positions on glycerol are substituted with saturated or monounsaturated fatty acids, with ester linkages to the glyceride. The R3 
position is substituted with phosphatidylethanolamine, the most common substituent in this position in Bacteria. (bottom). An Archaeal 
membrane lipid. In contrast to bacterial phospholipids, which are glycerol esters of fatty acids, the lipids in membranes of Archaea are 
diethers of glycerol and long-chain, branched, saturated hydrocarbons called isoprenoids or which are made up of repeating C5 
subunits. One of the major isoprenoids is the C20 molecule phytanol. The R3 position of glycerol may or may not be substituted. The 
structure of archaeal membrane lipids is thought to be an adaptation to extreme environments such as hot and acidic conditions where 
Archaea prevail in nature.  

Transport Processes  

The proteins that mediate the passage of solutes through membranes are referred to variously as transport systems, 
carrier proteins, porters, and permeases. Transport systems operate by one of three transport processes as described 
below in Figure 19. In a uniport process, a solute passes through the membrane unidirectionally. In symport processes 
(also called cotransport) two solutes must be transported in the same direction at the same time; in antiport processes ( 
also called exchange diffusion), one solute is transported in one direction simultaneously as a second solute is 
transported in the opposite direction.  

 

Figure 19. Transport processes in bacterial cells. Solutes enter or exit from bacterial cells by means of one of three processes: uniport, 
symport (also called cotransport) and antiport (also called exchange diffusion). Transport systems (Figure 13 below) operate by one or 
another of these processes.  

Types of Transport Systems  

Bacteria have a variety of types of transport systems which can be used alternatively in various environmental situations. 
The elaborate development of transport processes and transport systems in procaryotes probably reflects their need to 
concentrate substances inside the cytoplasm against the concentration (gradient) of the environment. Concentration of 
solutes in the cytoplasm requires the operation of an active transport system, of which there are two types in bacteria: 
ion driven transport systems (IDT) and binding-protein dependent transport systems (BPDT). The definitive feature 



of an active transport system is the accumulation of the solute in the cytoplasm at concentrations far in excess of the 
environment. According to the laws of physical chemistry, this type of process requires energy.  
   

 
Figure 20. Operation of bacterial transport systems. Bacterial transport systems are operated by transport proteins (sometimes called 
carriers, porters or permeases) in the plasma membrane. Facilitated diffusion is a carrier-mediated system that does not require energy 
and does not concentrate solutes against a gradient. Active transport systems such as Ion-driven transport and Binding protein-
dependent transport, use energy and concentrate molecules against a concentration gradient. Group translocation systems, such as the 
phosphotransferase (pts) system in Escherichia coli, use energy during transport and modify the solute during its passage across the 
membrane.  

There are four types of carrier-mediated transport systems in procaryotes. The carrier is a protein (or group of proteins) 
that functions in the passage of a small molecule from one side of a membrane to the other side. A transport system may 
be a single transmembranous protein that forms a channel that admits passage of a specific solute, or it may be a 
coordinated system of proteins that binds and sequentially passes a small molecule through the membrane. Transport 
systems have the property of specificity for the solute transported. Some transport systems transport a single solute with 
the same specificity and kinetics as an enzyme. Some transport systems will transport (structurally) related molecules, 
although at reduced efficiency compared to their primary substrate. Most transport systems transport specific sugars, 
amino acids, anions or cations that are of nutritional value to the bacterium.  

Facilitated diffusion systems (FD) arethe least common type of transport system in bacteria. Actually, the glycerol 
uniporter in E. coli is the only well known facilitated diffusion system. FD involves the passage of a specific solute 
through a carrier that forms a channel in the membrane. The solute can move in either direction through the membrane to 
the point of of equilibrium on both sides of the membrane. Although the system is carrier-mediated and specific, no 
energy is expended in the transport process. For this reason the glycerol molecule cannot be accumulated against the 
concentration gradient.  

Ion driven transport systems (IDT) and Binding-protein dependent transport systems (BPDT) are active transport 
systems that are used for transport of most solutes by bacterial cells. IDT is used for accumulation of many ions and 
amino acids; BPDT is frequently used for sugars and amino acids. IDT is a symport or antiport process that uses a 
hydrogen ion (H+) i.e., proton motive force (pmf), or some other cation, i.e.,chemiosmotic potential, to drive the 
transport process. IDT systems such as the lactose permease of E. coli utilize the consumption of a hydrogen ion during 
the transport of lactose. Thus the energy expended during active transport of lactose is in the form of pmf. The lactose 
permease is a single transmembranous polypeptide that spans the membrane seven times forming a channel that 
specifically admits lactose.  

Binding-protein dependent transport systems (BPDT), such as the histadine transport system in E. coli, are composed 
of four proteins. Two proteins form a membrane channel that allows passage of the histadine. A third protein resides in 
the periplasmic space where it is able to bind the amino acid and pass it to a forth protein which admits the amino acid 
into the membrane channel. Driving the solute through the channel involves the expenditure of energy, which is provided 
by the hydrolysis of ATP.  



Group translocation systems (GT), more commonly known as the phosphotransferase system (PTS) in E. coli, are 
used primarily for the transport of sugars. Like binding protein-dependent transport systems, they are composed of 
several distinct components. However, GT systems specific for one sugar may share some of their components with other 
group transport systems. In E. coli, glucose may be transported by a group translocation process that involves the 
phosphotransferase system. The actual carrier in the membrane is a protein channel fairly specific for glucose. Glucose 
specifically enters the channel from the outside, but in order to exit into the cytoplasm, it must first be phosphorylated by 
the phosphotransferase system. The PTS derives energy from the metabolic intermediate phosphoenol pyruvate (PEP). 
PEP is hydrolyzed to pyruvate and glucose is phosphorylated to form glucose-phosphate during the process. Thus, by the 
expenditure of a single molecule of high energy phosphate, glucose is transported and changed to glucose-phosphate. 
Table 7. Distinguishing characteristics of bacterial transport systems.  
PD = passive diffusion  
FD = facilitated diffusion  
IDT = ion-driven transport  
BPDT = binding protein dependent transport  
GT = group translocation  

Property  PD FD IDT BPDT GT 

carrier mediated  - + + + + 

conc. against gradient  - - + + NA 

specificity  - + + + + 

energy expended  - - pmf ATP PEP

solute modified during transport  - - - - + 

The plasma membrane of procaryotes may invaginate into the cytoplasm or form stacks or vesicles attached to the inner 
membrane surface. These structures are sometimes referred to as mesosomes Such internal membrane systems may be 
analogous to the cristae of mitochondria or the thylakoids of chloroplasts which increase the surface area of membranes 
to which enzymes are bound for specific enzymatic functions. The photosynthetic apparatus (light harvesting pigments 
and ATPase) of photosynthetic procaryotes is contained in these types of membranous structures. Mesosomes may also 
represent specialized membrane regions involved in DNA replication and segregation, cell wall synthesis, or increased 
enzymatic activity. Membrane foldings and vesicles sometimes appear in electron micrographs of procaryotic cells as 
artifacts of preparative techniques. These membranous structures, of course, are not mesosomes, but their existence does 
not prove that mesosomes are not present in procaryotes, and there are several examples of procaryotic membrane 
topology and appearance that are suggestive of mesosomes.  

There are a few antibiotics (e.g. polymyxin), hydrophobic agents (e.g. bile salts), and proteins (e.g. complement) that can 
damage bacterial membranes.  

Table 8. Representative periplasmic proteins in E. coli.  

Binding proteins  
For amino acids (e.g. histadine, arginine)  
For sugars (e.g. glucose, maltose)  
For vitamins (e.g. thiamine, vitamin B12)  
For ions (e.g. phosphate, sulfate)  

Biosynthetic enzymes  
For murein assembly (e.g. transglycosylases, carboxypeptidases, transpeptidases)  
For fimbrial subunit secretion and assembly (e.g. chaperonins)  

Degradative enzymes  
phosphatases  
proteases  

Detoxifying enzymes  
Beta-lactamases (e.g. penicillinase)  
Aminoglycoside-phosphorylating enzymes 



 

 
Figure 21. Schematic view of the plasma membrane of Escherichia coli. The S and M rings which constitute the flagellar motor are 
shown. The motor ring is imbedded in the phospholipid bilayer. It is powered by pmf to rotate the flagellar filament. The electron 
transport system is shown oxidizing NAD by removal of a pair of electrons, passing them through its sequence of carriers eventually to 
O2. ATPase is the transmembranous protein enzyme that utilizes protons from the outside to synthesize ATP on the inside of the 
membrane. Several other transmembranous proteins are transport systems which are operating by either symport or antiport processes.  

The Cytoplasm  

The cytoplasmic constituents of procaryotic cells invariably include the procaryotic chromosome and ribosomes. The 
chromosome is typically one large circular molecule of DNA, more or less free in the cytoplasm. Procaryotes sometimes 
possess smaller extrachromosomal pieces of DNA called plasmids. The total DNA content of a procaryote is referred to 
as the cell genome. During cell growth and division, the procaryotic chromosome is replicated in the usual semi-
conservative fashion before for distribution to progeny cells. However, the eukaryotic processes of meiosis and mitosis 
are absent in procaryotes. Replication and segregation of procaryotic DNA is coordinated by the membrane, possibly by 
mesosomes.  

The distinct granular appearance of procaryotic cytoplasm is due to the presence and distribution of ribosomes The 
ribosomes of procaryotes are smaller than cytoplasmic ribosomes of eukaryotes. procaryotic ribosomes are 70S in size, 
being composed of 30S and 50S subunits. The 80S ribosomes of eukaryotes are made up of 40S and 60S subunits. 
Ribosomes are involved in the process of translation (protein synthesis), but some details of their activities differ in 
eukaryotes, Bacteria and Archaea. Protein synthesis using 70S ribosomes occurs in eukaryotic mitochondria and 
chloroplasts, and this is taken as a major line of evidence that these organelles are descended from procaryotes.  

Table 9. Molecular composition of E. coli under conditions of balanced growth.  

Molecule Percentage of dry weight

Protein   

Total RNA   

55  

20.5  



DNA   

Phospholipid  

Lipopolysaccharide   

Murein   

Glycogen   

Small molecules: precursors, metabolites, vitamins, etc. 

Inorganic ions   

Total dry weight  

3.1   

9.1   

3.4   

2.5   

2.5   

2.9  

1.0  

100.0 

 
   

Table 10. Small molecules present in a growing bacterial cell.  

Molecule Approximate number of kinds 
Amino acids, their precursors and derivatives   

Nucleotides, their precursors and derivatives   

Fatty acids and their precursors   

Sugars, carbohydrates and their precursors or derivatives  

quinones, porphyrins, vitamins, coenzymes and prosthetic groups and their precursors 

120  

100  

50  

250  

300 

 
   

Table 11. Inorganic ions present in a growing bacterial cell.  

Ion  Function 
K+ Maintenance of ionic strength; cofactor for certain enzymes 
NH4

+ Principal form of inorganic N for assimilation 
Ca++ Cofactor for certain enzymes 
Fe++ Present in cytochromes and other metalloenzymes 
Mg++ Cofactor for many enzymes; stabilization of outer membrane of Gram-negative bacteria 
Mn++ Present in certain metalloenzymes 
Co++ Trace element constituent of vitamin B12 and its coenzyme derivatives and found in certain metalloenzymes 
Cu++ Trace element present in certain metalloenzymes 
Mo++ Trace element present in certain metalloenzymes 
Ni++ Trace element present in certain metalloenzymes 
Zn++ Trace element present in certain metalloenzymes 
SO4

-- Principal form of inorganic S for assimilation 
PO4

---  Principal form of P for assimilation and a participant in many metabolic reactions 

 



Inclusions  

Often contained in the cytoplasm of procaryotic cells is one or another of some type of inclusion granule. Inclusions are 
distinct granules that may occupy a substantial part of the cytoplasm. Inclusion granules are usually reserve materials of 
some sort. For example, carbon and energy reserves may be stored as glycogen (a polymer of glucose) or as 
polybetahydroxybutyric acid (a type of fat) granules. Polyphosphate inclusions are reserves of PO4 and possibly energy; 
elemental sulfur (sulfur globules) are stored by some phototrophic and some lithotrophic procaryotes as reserves of 
energy or electrons. Some inclusion bodies are actually membranous vesicles or intrusions into the cytoplasm which 
contain photosynthetic pigments or enzymes.  

Table 12. Some inclusions in bacterial cells.  

Cytoplasmic inclusions Where found Composition Function 
glycogen many bacteria e.g. E. coli polyglucose reserve carbon and energy source 
polybetahydroxyutyric 
acid (PHB) many bacteria e.g. Pseudomonas polymerized hydroxy 

butyrate reserve carbon and energy source 

polyphosphate (volutin 
granules) many bacteria e.g. Corynebacterium linear or cyclical polymers 

of PO4 
reserve phosphate; possibly a reserve of 
high energy phosphate 

sulfur globules 
phototrophic purple and green sulfur 
bacteria and lithotrophic colorless sulfur 
bacteria 

elemental sulfur 
reserve of electrons (reducing source) in 
phototrophs; reserve energy source in 
lithotrophs 

gas vesicles aquatic bacteria especially cyanobacteria protein hulls or shells 
inflated with gases 

buoyancy (floatation) in the vertical water 
column 

parasporal crystals endospore-forming bacilli (genus Bacillus) protein unknown but toxic to certain insects 

magnetosomes certain aquatic bacteria magnetite (iron oxide) 
Fe3O4  

orienting and migrating along geo- 
magnetic field lines 

carboxysomes many autotrophic bacteria enzymes for autotrophic 
CO2 fixation site of CO2 fixation 

phycobilisomes cyanobacteria phycobiliproteins light-harvesting pigments 

chlorosomes Green bacteria lipid and protein and 
bacteriochlorophyll light-harvesting pigments and antennae 

Endospores  

A bacterial structure sometimes observed as an inclusion is actually a type of dormant cell called an endospore. 
Endospores are formed by a few groups of Bacteria as intracellular structures, but ultimately they are released as free 
endospores. Biologically, endospores are a fascinating type of cell. Endospores exhibit no signs of life, being described 
as cryptobiotic. They are highly resistant to environmental stresses such as high temperature (some endospores can be 
boiled for hours and retain their viability), irradiation, strong acids, disinfectants, etc. They are probably the most durable 
cell produced in nature. Although cryptobiotic, they retain viability indefinitely such that under appropriate 
environmental conditions, they germinate back into vegetative cells. Endospores are formed by vegetative cells in 
response to environmental signals that indicate a limiting factor for vegetative growth, such as exhaustion of an essential 
nutrient. They germinate and become vegetative cells when the environmental stress is relieved. Hence, endospore-
formation is a mechanism of survival rather than a mechanism of reproduction.  



 

Figure 22. Early and late stages of endospore formation. Drawing by Vaike Haas, University of Wisconsin Madison. During endospore 
formation, a vegetative cell is converted to a heat-resistant spore. There are eight stages, O,I-VII, in the sporulation cycle of a Bacillus 
species, and the process takes about eight hours. During the early stages (Stage II,) one bacterial chromosome and a few ribosomes are 
partitioned off by the bacterial membrane to form a protoplast within the mother cell. By the late stages (Stage VI) the protoplast (now 
called a forespore) has developed a second membrane and several wall-like layers of material are deposited between the two membranes.  

Table 13. Differences between endospores and vegetative cells.  

Property Vegetative cells Endospores 
Surface coats Typical Gram-positive murein cell wall polymer Thick spore coat, cortex, and peptidoglycan core wall

Microscopic appearance Nonrefractile Refractile 
Calcium dipicolinic acid Absent Present in core 
Cytoplasmic water activity High Very low 
Enzymatic activity Present Absent 
Macromolecular synthesis Present Absent 
Heat resistance Low High 
Resistance to chemicals and acids Low High 
Radiation resistance Low High 
Sensitivity to lysozyme Sensitive Resistant 
Sensitivity to dyes and staining Sensitive Resistant 

 
Figure 23. Bacterial endospores. Phase microscopy of sporulating bacteria demonstrates the refractility of endospores, as well as 
characteristic spore shapes and locations within the mother cell.  



 
Figure 24. Electron micrograph of a bacterial endospore. The spore has a core wall of unique peptidoglycan surrounded by several 
layers, including the cortex, the spore coat and the exosporium. The dehydrated core contains the bacterial chromosome and a few 
ribosomes and enzymes to jump-start protein synthesis and metabolism during germination.  

NUTRITION AND GROWTH OF BACTERIA 

© 2004 Kenneth Todar University of Wisconsin-Madison Department of Bacteriology  

Nutritional Requirements of Cells  

Every organism must find in its environment all of the substances required for energy generation and cellular 
biosynthesis. The chemicals and elements of this environment that are utilized for bacterial growth are referred to as 
nutrients or nutritional requirements. In the laboratory, bacteria are grown in culture media which are designed to 
provide all the essential nutrients in solution for bacterial growth.  

The Major Elements  

At an elementary level, the nutritional requirements of a bacterium such as E. coli are revealed by the cell's elemental 
composition, which consists of C, H, O, N, S. P, K, Mg, Fe, Ca, Mn, and traces of Zn, Co, Cu, and Mo. These elements 
are found in the form of water, inorganic ions, small molecules, and macromolecules which serve either a structural or 
functional role in the cells. The general physiological functions of the elements are outlined in Table 1 below.  

Table 1. Major elements, their sources and functions in bacterial cells.  

 

Element 
% of dry 
weight 

Source Function 

Carbon 50 organic compounds or CO2 Main constituent of cellular material 

Oxygen 20 
H2O, organic compounds, 
CO2, and O2 

Constituent of cell material and cell water; O2 is electron acceptor 
in aerobic respiration 

Nitrogen 14 
NH3, NO3, organic 
compounds, N2 

Constituent of amino acids, nucleic acids nucleotides, and 
coenzymes 

Hydrogen 8 
H2O, organic compounds, 
H2 

Main constituent of organic compounds and cell water 

Phosphorus 3 inorganic phosphates (PO4)
Constituent of nucleic acids, nucleotides, phospholipids, LPS, 
teichoic acids 

Sulfur 1 
SO4, H2S, So, organic 
sulfur compounds 

Constituent of cysteine, methionine, glutathione, several 
coenzymes 



Potassium 1 Potassium salts Main cellular inorganic cation and cofactor for certain enzymes 

Magnesium 0.5 Magnesium salts Inorganic cellular cation, cofactor for certain enzymatic reactions 

Calcium 0.5 Calcium salts 
Inorganic cellular cation, cofactor for certain enzymes and a 
component of endospores 

Iron 0.2 Iron salts 
Component of cytochromes and certain nonheme iron-proteins and 
a cofactor for some enzymatic reactions 

 

Trace Elements  

Table 1 ignores the occurrence of trace elements in bacterial nutrition. Trace elements are metal ions required by certain 
cells in such small amounts that it is difficult to detect (measure) them, and it is not necessary to add them to culture 
media as nutrients. Trace elements are required in such small amounts that they are present as "contaminants" of the 
water or other media components. As metal ions, the trace elements usually act as cofactors for essential enzymatic 
reactions in the cell. One organism's trace element may be another's required element and vice-versa, but the usual 
cations that qualify as trace elements in bacterial nutrition are Mn, Co, Zn, Cu, and Mo.  

Carbon and Energy Sources for Bacterial Growth  

In order to grow in nature or in the laboratory, a bacterium must have an energy source, a source of carbon and other 
required nutrients, and a permissive range of physical conditions such as O2 concentration, temperature, and pH. 
Sometimes bacteria are referred to as individuals or groups based on their patterns of growth under various chemical 
(nutritional) or physical conditions. For example, phototrophs are organisms that use light as an energy source; anaerobes 
are organisms that grow without oxygen; thermophiles are organisms that grow at high temperatures.  

All living organisms require a source of energy. Organisms that use radiant energy (light) are called phototrophs. 
Organisms that use (oxidize) an organic form of carbon are called heterotrophs or chemo(hetero)trophs. Organisms 
that oxidize inorganic compounds are called lithotrophs.  

The carbon requirements of organisms must be met by organic carbon (a chemical compound with a carbon-hydrogen 
bond) or by CO2. Organisms that use organic carbon are heterotrophs and organisms that use CO2 as a sole source of 
carbon for growth are called autotrophs.  

Thus, on the basis of carbon and energy sources for growth four major nutritional types of procaryotes may be defined 
(Table 2). Table 2. Major nutritional types of procaryotes   

 
Nutritional Type Energy Source Carbon Source Examples 

Photoautotrophs Light CO2 
Cyanobacteria, some Purple and 
Green Bacteria 

Photoheterotrophs Light 
Organic 
compounds 

Some Purple and Green Bacteria 

Chemoautotrophs or Lithotrophs 
(Lithoautotrophs) 

Inorganic compounds, e.g. H2, 
NH3, NO2, H2S 

CO2 
A few Bacteria and many 
Archaea 

Chemoheterotrophs or Heterotrophs Organic compounds 
Organic 
compounds 

Most Bacteria, some Archaea 

 
 
Almost all eukaryotes are either photoautotrophic (e.g. plants and algae) or heterotrophic (e.g. animals, protozoa, fungi). 
Lithotrophy is unique to procaryotes and photoheterotrophy, common in the Purple and Green Bacteria, occurs only in a 
very few eukaryotic algae. Phototrophy has not been found in the Archaea, except for nonphotosynthetic light-driven 
ATP synthesis in the extreme halophiles.  



Growth Factors  

This simplified scheme for use of carbon, either organic carbon or CO2, ignores the possibility that an organism, whether 
it is an autotroph or a heterotroph, may require small amounts of certain organic compounds for growth because they are 
essential substances that the organism is unable to synthesize from available nutrients. Such compounds are called 
growth factors.  

Growth factors are required in small amounts by cells because they fulfill specific roles in biosynthesis. The need for a 
growth factor results from either a blocked or missing metabolic pathway in the cells. Growth factors are organized into 
three categories.  

1. purines and pyrimidines: required for synthesis of nucleic acids (DNA and RNA)  

2. amino acids: required for the synthesis of proteins  

3. vitamins: needed as coenzymes and functional groups of certain enzymes  

Some bacteria (e.g E. coli) do not require any growth factors: they can synthesize all essential purines, pyrimidines, 
amino acids and vitamins, starting with their carbon source, as part of their own intermediary metabolism. Certain other 
bacteria (e.g. Lactobacillus) require purines, pyrimidines, vitamins and several amino acids in order to grow. These 
compounds must be added in advance to culture media that are used to grow these bacteria. The growth factors are not 
metabolized directly as sources of carbon or energy, rather they are assimilated by cells to fulfill their specific role in 
metabolism. Mutant strains of bacteria that require some growth factor not needed by the wild type (parent) strain are 
referred to as auxotrophs. Thus, a strain of E. coli that requires the amino acid tryptophan in order to grow would be 
called a tryptophan auxotroph and would be designated E. colitrp-.  

 
Figure 1. Cross-feeding between Staphylococcus aureus and Haemophilus influenzae growing on blood agar. © Gloria J. Delisle and 
Lewis Tomalty, Queens University, Kingston, Ontario, Canada. Licensed for use by ASM Microbe Library 
http://www.microbelibrary.org. Haemophilus influenzae was first streaked on to the blood agar plate followed by a cross streak with 
Staphylococcus aureus.  H. influenzae is a fastidious bacterium which requires both hemin and NAD for growth. There is sufficient hemin 
in blood for growth of Haemophilus, but the medium is insufficient in NAD. S. aureus produces NAD in excess of its own needs and 
secretes it into the medium, which supports the growth of Haemophilus as satellite colonies.  

Some vitamins that are frequently required by certain bacteria as growth factors are listed in Table 3. The function(s) of 
these vitamins in essential enzymatic reactions gives a clue why, if the cell cannot make the vitamin, it must be provided 
exogenously in order for growth to occur.  

 

 

 

http://www.microbelibrary.org/


Table 3. Common vitamins required in the nutrition of certain bacteria.  

 
Vitamin Coenzyme form Function 

p-Aminobenzoic acid 
(PABA) 

-  Precursor for the biosynthesis of folic acid 

Folic acid Tetrahydrofolate 
Transfer of one-carbon units and required for synthesis of 
thymine, purine bases, serine, methionine and 
pantothenate 

Biotin Biotin Biosynthetic reactions that require CO2 fixation 

Lipoic acid Lipoamide Transfer of acyl groups in oxidation of keto acids 

Mercaptoethane-
sulfonic acid 

Coenzyme M CH4 production by methanogens 

Nicotinic acid 
NAD (nicotinamide adenine 
dinucleotide) and NADP 

Electron carrier in dehydrogenation reactions 

Pantothenic acid 
Coenzyme A and the Acyl Carrier 
Protein (ACP) 

Oxidation of keto acids and acyl group carriers in 
metabolism 

Pyridoxine (B6) Pyridoxal phosphate 
Transamination, deamination, decarboxylation and 
racemation of amino acids 

Riboflavin (B2) 
FMN (flavin mononucleotide) and 
FAD (flavin adenine dinucleotide) 

Oxidoreduction reactions 

Thiamine (B1) Thiamine pyrophosphate (TPP) Decarboxylation of keto acids and transaminase reactions 

Vitamin B12 
Cobalamine coupled to adenine 
nucleoside 

Transfer of methyl groups 

Vitamin K Quinones and napthoquinones Electron transport processes 

 

Culture Media for the Growth of Bacteria  

For any bacterium to be propagated for any purpose it is necessary to provide the appropriate biochemical and 
biophysical environment. The biochemical (nutritional) environment is made available as a culture medium, and 
depending upon the special needs of particular bacteria (as well as particular investigators) a large variety and types of 
culture media have been developed with different purposes and uses. Culture media are employed in the isolation and 
maintenance of pure cultures of bacteria and are also used for identification of bacteria according to their biochemical 
and physiological properties.  

The manner in which bacteria are cultivated, and the purpose of culture media, varies widely. Liquid media are used for 
growth of pure batch cultures, while solidified media are used widely for the isolation of pure cultures, for estimating 
viable bacterial populations, and a variety of other purposes. The usual gelling agent for solid or semisolid medium is 
agar, a hydrocolloid derived from red algae. Agar is used because of its unique physical properties (it melts at 100 
degrees and remains liquid until cooled to 40 degrees, the temperature at which it gels) and because it cannot be 
metabolized by most bacteria. Hence as a medium component it is relatively inert; it simply holds (gels) nutrients that are 
in aquaeous solution.  

Types of Culture Media  

Culture media may be classified into several categories depending on their composition or use. A chemically-defined 
(synthetic) medium (Table 4a and 4b) is one in which the exact chemical composition is known. A complex 
(undefined) medium (Table 5a and 5b) is one in which the exact chemical constitution of the medium is not known. 
Defined media are usually composed of pure biochemicals off the shelf; complex media usually contain complex 
materials of biological origin such as blood or milk or yeast extract or beef extract, the exact chemical composition of 
which is obviously undetermined. A defined medium is a minimal medium (Table4a) if it provides only the exact 
nutrients (including any growth factors) needed by the organism for growth. The use of defined minimal media requires 



the investigator to know the exact nutritional requirements of the organisms in question. Chemically-defined media are of 
value in studying the minimal nutritional requirements of microorganisms, for enrichment cultures, and for a wide variety 
of physiological studies. Complex media usually provide the full range of growth factors that may be required by an 
organism so they may be more handily used to cultivate unknown bacteria or bacteria whose nutritional requirement are 
complex (i.e., organisms that require a lot of growth factors, known or unknown).  

 
Figure 2. Legionella pneumophila. Direct fluorescent antibody (DFA) stain of a patient respiratory tract specimen. © Gloria J. Delisle and 
Lewis Tomalty. Queens University, Kingston, Ontario, Canada. Licensed for use by ASM Microbe Library 
http://www.microbelibrary.org. In spite of its natural ocurrence in water cooling towers and air conditioners, Legionella is a fastidious 
bacterium grown in the laboratory, which led to the long lag in identification of the first outbreak of Legionaire's disease in Philadelphia 
in 1977. Had fluoresent antibody to the bacterium been available at that time, diagnosis could have been made as quickly as the time to 
prepare and view this slide.  

Most pathogenic bacteria of animals, which have adapted themselves to growth in animal tissues, require complex media 
for their growth. Blood, serum and tissue extracts are frequently added to culture media for the cultivation of pathogens. 
Even so, for a few fastidious pathogens such as Treponema pallidum, the agent of syphilis, and Mycobacterium leprae, 
the cause of leprosy, artificial culture media and conditions have not been established. This fact thwarts the the ability to 
do basic research on these pathogens and the diseases that they cause.  

Other concepts employed in the construction of culture media are the principles of selection and enrichment. A selective 
medium is one which has a component(s) added to it which will inhibit or prevent the growth of certain types or species 
of bacteria and/or promote the growth of desired species. One can also adjust the physical conditions of a culture 
medium, such as pH and temperature, to render it selective for organisms that are able to grow under these certain 
conditions.  

A culture medium may also be a differential medium if allows the investigator to distinguish between different types of 
bacteria based on some observable trait in their pattern of growth on the medium. Thus a selective, differential medium 
for the isolation of Staphylococcus aureus, the most common bacterial pathogen of humans, contains a very high 
concentration of salt (which the staph will tolerate) that inhibits most other bacteria, mannitol as a source of fermentable 
sugar, and a pH indicator dye. From clinical specimens, only staph will grow. S. aureus is differentiated from S. 
epidermidis (a nonpathogenic component of the normal flora) on the basis of its ability to ferment mannitol. Mannitol-
fermenting colonies (S. aureus)produce acid which reacts with the indicator dye forming a colored halo around the 
colonies; mannitol non-fermenters (S. epidermidis) use other non-fermentative substrates in the medium for growth and 
do not form a halo around their colonies.  

An enrichment medium employs a slightly different twist. An enrichment medium (Table 5a and 5b) contains some 
component that permits the growth of specific types or species of bacteria, usually because they alone can utilize the 
component from their environment. However, an enrichment medium may have selective features. An enrichment 
medium for nonsymbiotic nitrogen-fixing bacteria omits a source of added nitrogen to the medium. The medium is 

http://www.microbelibrary.org/


inoculated with a potential source of these bacteria (e.g. a soil sample) and incubated in the atmosphere wherein the only 
source of nitrogen available is N2. A selective enrichment medium (Table 5b) for growth of the extreme halophile 
(Halococcus) contains nearly 25 percent salt [NaCl], which is required by the extreme halophile and which inhibits the 
growth of all other procaryotes.  

Table 4a. Minimal medium for the growth of Bacillus megaterium. An example of a chemically-defined medium for growth of a 
heterotrophic bacterium.  

 
Component Amount Function of component 

sucrose 10.0 g C and energy source 

K2HPO4 2.5 g pH buffer; P and K source

KH2PO4 2.5 g pH buffer; P and K source

(NH4)2HPO4 1.0 g pH buffer; N and P source

MgSO4 7H2O 0.20 g S and Mg++ source 

FeSO4 7H2O 0.01 g Fe++ source 

MnSO4 7H2O 0.007 g Mn++ Source 

water 985 ml  

pH 7.0   

 

Table 4b. Defined medium (also an enrichment medium) for the growth of Thiobacillus thiooxidans, a lithoautotrophic bacterium.  

 
Component Amount Function of component

NH4Cl 0.52 g N source 

KH2PO4 0.28 g P and K source 

MgSO4 7H2O 0.25 g S and Mg++ source 

CaCl2 2H2O 0.07 g Ca++ source 

Elemental Sulfur 1.56 g Energy source 

CO2 5%* C source 

water 1000 ml  

pH 3.0   

* Aerate medium intermittently with air containing 5% CO2.   

Table 5a. Complex medium for the growth of fastidious bacteria.  
 

Component Amount Function of component 

Beef extract 1.5 g Source of vitamins and other growth factors

Yeast extract 3.0 g Source of vitamins and other growth factors

Peptone 6.0 g Source of amino acids, N, S, and P 

Glucose 1.0 g C and energy source 

Agar 15.0 g Inert solidifying agent 

water 1000 ml  

pH 6.6   

 
 
Table 5b. Selective enrichment medium for growth of extreme halophiles.  

 
Component Amount Function of component 



Casamino acids 7.5 g Source of amino acids, N, S and P 

Yeast extract 10.0 g Source of growth factors 

Trisodium citrate 3.0 g C and energy source 

KCl 2.0 g K+ source 

MgSO4 7 H2O 20.0 g S and Mg++ source 

FeCl2 0.023 g Fe++ source 

NaCl 250 g Na+ source for halophiles and inhibitory to nonhalophiles

water 1000 ml  

pH 7.4   

 

Physical and Environmental Requirements for Microbial Growth  

The procaryotes exist in nature under an enormous range of physical conditions such as O2 concentration, Hydrogen ion 
concentration (pH) and temperature. The exclusion limits of life on the planet, with regard to environmental parameters, 
are always set by some microorganism, most often a procaryote, and frequently an Archaeon. Applied to all 
microorganisms is a vocabulary of terms used to describe their growth (ability to grow) within a range of physical 
conditions. A thermophile grows at high temperatures, an acidophile grows at low pH, an osmophile grows at high solute 
concentration, and so on. This nomenclature will be employed in this section to describe the response of the procaryotes 
to a variety of physical conditions.  

The Effect of Oxygen  

Oxygen is a universal component of cells and is always provided in large amounts by H2O. However, procaryotes 
display a wide range of responses to molecular oxygen O2 (Table 6).  

Obligate aerobes require O2 for growth; they use O2 as a final electron acceptor in aerobic respiration.  

Obligate anaerobes (occasionally called aerophobes) do not need or use O2 as a nutrient. In fact, O2 is a toxic 
substance, which either kills or inhibits their growth. Obligate anaerobic procaryotes may live by fermentation, anaerobic 
respiration, bacterial photosynthesis, or the novel process of methanogenesis.  

Facultative anaerobes (or facultative aerobes) are organisms that can switch between aerobic and anaerobic types of 
metabolism. Under anaerobic conditions (no O2) they grow by fermentation or anaerobic respiration, but in the presence 
of O2 they switch to aerobic respiration.  

Aerotolerant anaerobes are bacteria with an exclusively anaerobic (fermentative) type of metabolism but they are 
insensitive to the presence of O2. They live by fermentation alone whether or not O2 is present in their environment.  

Table 6. Terms used to describe O2 Relations of Microorganisms.  

 

  
Environmen
t 

Group Aerobic Anaerobic O2 Effect 

Obligate Aerobe Growth No growth Required (utilized for aerobic respiration) 

Microaerophile 
Growth if level not too 
high 

No growth Required but at levels below 0.2 atm 

Obligate Anaerobe No growth Growth Toxic  

Facultative Anaerobe (Facultative 
Aerobe) 

Growth Growth 
Not required for growth but utilized when 
available 

Aerotolerant Anaerobe Growth Growth Not required and not utilized 



 
 
The response of an organism to O2 in its environment depends upon the occurrence and distribution of various enzymes 
which react with O2 and various oxygen radicals that are invariably generated by cells in the presence of O2. All cells 
contain enzymes capable of reacting with O2. For example, oxidations of flavoproteins by O2 invariably result in the 
formation of H2O2 (peroxide) as one major product and small quantities of an even more toxic free radical, superoxide or 
O2

.-. Also, chlorophyll and other pigments in cells can react with O2 in the presence of light and generate singlet oxygen, 
another radical form of oxygen which is a potent oxidizing agent in biological systems.  

In aerobes and aerotolerant anaerobes the potential for lethal accumulation of superoxide is prevented by the enzyme 
superoxide dismutase (Figure 1). All organisms which can live in the presence of O2 (whether or not they utilize it in 
their metabolism) contain superoxide dismutase. Nearly all organisms contain the enzyme catalase, which decomposes 
H2O2. Even though certain aerotolerant bacteria such as the lactic acid bacteria lack catalase, they decompose H2O2 by
means of peroxidase enzymes which derive electrons from NADH

 
2 to reduce peroxide to H2O. Obligate anaerobes lack 

superoxide dismutase and catalase and/or peroxidase, and therefore undergo lethal oxidations by various oxygen radicals 
when they are exposed to O2. See Figure 3 below.  

All photosynthetic (and some nonphotosynthetic) organisms are protected from lethal oxidations of singlet oxygen by 
their possession of carotenoid pigments which physically react with the singlet oxygen radical and lower it to its nontoxic 
"ground" (triplet) state. Carotenoids are said to "quench" singlet oxygen radicals.  

 
Figure 3. The action of superoxide dismutase, catalase and peroxidase. These enzymes detoxify oxygen radicals that are inevitably 
generated by living systems in the presence of O2. The distribution of these enzymes in cells determines their ability to exist in the 
presence of O2  
   

Table 7. Distribution of superoxide dismutase, catalase and peroxidase in procaryotes with different O2 tolerances.  

 
Group Superoxide dismutase Catalase Peroxidase

Obligate aerobes and most facultative anaerobes (e.g. Enterics) + + - 

Most aerotolerant anaerobes (e.g. Streptococci) + - + 

Obligate anaerobes (e.g. Clostridia, Methanogens, Bacteroides) - - - 

 

The Effect of pH on Growth  

The pH, or hydrogen ion concentration, [H+], of natural environments varies from about 0.5 in the most acidic soils to 
about 10.5 in the most alkaline lakes. Appreciating that pH is measured on a logarithmic scale, the [H+] of natural 
environments varies over a billion-fold and some microorganisms are living at the extremes, as well as every point 
between the extremes! Most free-living procaryotes can grow over a range of 3 pH units, about a thousand fold change in 
[H+]. The range of pH over which an organism grows is defined by three cardinal points: the minimum pH, below 
which the organism cannot grow, the maximum pH, above which the organism cannot grow, and the optimum pH, at 
which the organism grows best. For most bacteria there is an orderly increase in growth rate between the minimum and 
the optimum and a corresponding orderly decrease in growth rate between the optimum and the maximum pH, reflecting 
the general effect of changing [H+] on the rates of enzymatic reaction (Figure 4).  



Microorganisms which grow at an optimum pH well below neutrality (7.0) are called acidophiles. Those which grow 
best at neutral pH are called neutrophiles and those that grow best under alkaline conditions are called alkaliphiles. 
Obligate acidophiles, such as some Thiobacillus species, actually require a low pH for growth since their membranes 
dissolve and the cells lyse at neutrality. Several genera of Archaea, including Sulfolobus and Thermoplasma, are obligate 
acidophiles. Among eukaryotes, many fungi are acidophiles, but the champion of growth at low pH is the eukaryotic alga 
Cyanidium which can grow at a pH of 0.  

In the construction and use of culture media, one must always consider the optimum pH for growth of a desired organism 
and incorporate buffers in order to maintain the pH of the medium in the changing milieu of bacterial waste products that 
accumulate during growth. Many pathogenic bacteria exhibit a relatively narrow range of pH over which they will grow. 
Most diagnostic media for the growth and identification of human pathogens have a pH near 7.  

 
Figure 4. Growth rate vs pH for three environmental classes of procaryotes. Most free-living bacteria grow over a pH range of about 
three units. Note the symmetry of the curves below and above the optimum pH for growth.  
   

Table 8. Minimum, maximum and optimum pH for growth of certain procaryotes.  

 
Organism Minimum pH Optimum pH Maximum pH

Thiobacillus thiooxidans 0.5 2.0-2.8 4.0-6.0 

Sulfolobus acidocaldarius 1.0 2.0-3.0 5.0 

Bacillus acidocaldarius 2.0 4.0 6.0 

Zymomonas lindneri 3.5 5.5-6.0 7.5 

Lactobacillus acidophilus 4.0-4.6 5.8-6.6 6.8 

Staphylococcus aureus 4.2 7.0-7.5 9.3 

Escherichia coli 4.4 6.0-7.0 9.0 

Clostridium sporogenes 5.0-5.8 6.0-7.6 8.5-9.0 

Erwinia caratovora 5.6 7.1 9.3 

Pseudomonas aeruginosa 5.6 6.6-7.0 8.0 

Thiobacillus novellus 5.7 7.0 9.0 

Streptococcus pneumoniae 6.5 7.8 8.3 

Nitrobacter sp 6.6 7.6-8.6 10.0 

 

 

 

 



The Effect of Temperature on Growth  

Microorganisms have been found growing in virtually all environments where there is liquid water, regardless of its 
temperature. In 1966, Professor Thomas D. Brock, then at Indiana University, made the amazing discovery in boiling hot 
springs of Yellowstone National Park that bacteria were not just surviving there, they were growing and flourishing. 
Brock's discovery of thermophilic bacteria, archaea and other "extremophiles"  in Yellowstone is summarized for the 
general public in an article at this web site. See Life at High Temperatures.  

Subsequently, procaryotes have been detected growing around black smokers and hydrothermal vents in the deep sea at 
temperatures at least as high as 120 degrees. Microorganisms have been found growing at very low temperatures as well. 
In supercooled solutions of H2O as low as -20 degrees, certain organisms can extract water for growth, and many forms 
of life flourish in the icy waters of the Antarctic, as well as household refrigerators, near 0 degrees.  

A particular microorganism will exhibit a range of temperature over which it can grow, defined by three cardinal points 
in the same manner as pH (Figure 6, cf. Figure 4). Considering the total span of temperature where liquid water exists, 
the procaryotes may be subdivided into several subclasses on the basis of one or another of their cardinal points for 
growth. For example, organisms with an optimum temperature near 37 degrees (the body temperature of warm-blooded 
animals) are called mesophiles. Organisms with an optimum T between about 45 degrees and 70 degrees are 
thermophiles. Some Archaea with an optimum T of 80 degrees or higher and a maximum T as high as 115 degrees, are 
now referred to as extreme thermophiles or hyperthermophiles. The cold-loving organisms are psychrophiles defined 
by their ability to grow at 0 degrees. A variant of a psychrophile (which usually has an optimum T of 10-15 degrees) is a 
psychrotroph, which grows at 0 degrees but displays an optimum T in the mesophile range, nearer room temperature. 
Psychrotrophs are the scourge of food storage in refrigerators since they are invariably brought in from their mesophilic 
habitats and continue to grow in the refrigerated environment where they spoil the food. Of course, they grow slower at 2 
degrees than at 25 degrees. Think how fast milk spoils on the counter top versus in the refrigerator.  

Psychrophilic bacteria are adapted to their cool environment by having largely unsaturated fatty acids in their plasma 
membranes. Some psychrophiles, particularly those from the Antarctic have been found to contain polyunsaturated fatty 
acids, which generally do not occur in procaryotes. The degree of unsaturation of a fatty acid correlates with its 
solidification T or thermal transition stage (i.e., the temperature at which the lipid melts or solidifies); unsaturated fatty 
acids remain liquid at low T but are also denatured at moderate T; saturated fatty acids, as in the membranes of 
thermophilic bacteria, are stable at high temperatures, but they also solidify at relatively high T. Thus, saturated fatty 
acids (like butter) are solid at room temperature while unsaturated fatty acids (like safflower oil) remain liquid in the 
refrigerator. Whether fatty acids in a membrane are in a liquid or a solid phase affects the fluidity of the membrane, 
which directly affects its ability to function. Psychrophiles also have enzymes that continue to function, albeit at a 
reduced rate, at temperatures at or near 0 degrees. Usually, psychrophile proteins and/or membranes, which adapt them to 
low temperatures, do not function at the body temperatures of warm-blooded animals (37 degrees) so that they are unable 
to grow at even moderate temperatures.  

Thermophiles are adapted to temperatures above 60 degrees in a variety of ways. Often thermophiles have a high G + C 
content in their DNA such that the melting point of the DNA (the temperature at which the strands of the double helix 
separate) is at least as high as the organism's maximum T for growth. But this is not always the case, and the correlation 
is far from perfect, so thermophile DNA must be stabilized in these cells by other means. The membrane fatty acids of 
thermophilic bacteria are highly saturated allowing their membranes to remain stable and functional at high temperatures. 
The membranes of hyperthermophiles, virtually all of which are Archaea, are not composed of fatty acids but of 
repeating subunits of the C5 compound, phytane, a branched, saturated, "isoprenoid" substance, which contributes 
heavily to the ability of these bacteria to live in superheated environments. The structural proteins (e.g. ribosomal 
proteins, transport proteins (permeases) and enzymes of thermophiles and hyperthermophiles are very heat stable 
compared with their mesophilic counterparts. The proteins are modified in a number of ways including dehydration and 
through slight changes in their primary structure, which accounts for their thermal stability.  

http://www.bact.wisc.edu/bact303/b1


 
Figure 5 (above).SEM of a thermophilic Bacillus species isolated from a compost pile at 55o C. © Frederick C. Michel. The Ohio State 
University -OARDC, Wooster, Ohio. Licensed for use by ASM Microbe Library http://www.microbelibrary.org. The rods are 3-5 
microns in length and 0.5 to 1 micron in width with terminal endospores in a slightly-swollen sporangium.  
   

 
Figure 6 (below). Growth rate vs temperature for five environmental classes of procaryotes. Most procaryotes will grow over a 
temperature range of about 30 degrees. The curves exhibit three cardinal points: minimum, optimum and maximum temperatures for 
growth. There is a steady increase in growth rate between the minimum and optimum temperatures, but slightly past the optimum a 
critical thermolabile cellular event occurs, and the growth rates plunge rapidly as the maximum T is approached. As expected and as 
predicted by T.D. Brock, life on earth, with regard to temperature, exists wherever water remains in a liquid state. Thus, psychrophiles 
grow in solution wherever water is supercooled below 0 degrees; and extreme thermophilic archaea (hyperthermophiles) have been 
identified growing near deep-sea thermal vents at temperatures up to 120 degrees. Theoretically, the bar can be pushed to even higher 
temperatures.  
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Table 9. Terms used to describe microorganisms in relation to temperature requirements for growth.  

 
                Temperature for growth (degrees C)  
Group Minimum Optimum Maximum Comments 

Psychrophile Below 0 10-15 Below 20 Grow best at relatively low T 

Psychrotroph 0 15-30 Above 25 Able to grow at low T but prefer moderate T 

Mesophile 10-15 30-40 Below 45 
Most bacteria esp. those living in association with warm-
blooded animals 

Thermophile* 45 50-85 
Above 100 
(boiling) 

Among all thermophiles is wide variation in optimum and 
maximum T 

*For "degrees" of thermophily see text and graphs above  
 

 
Figure 7. Thermus aquaticus,the thermophilic bacterium that is the source of taq polymerase.  
L wet mount; R electron micrograph. T.D. Brock. Life at High Temperatures.  
   

 
 
Table 10a. Minimum, maximum and optimum temperature for growth of certain bacteria and archaea.   

 
                            Temperature for growth (degrees C)  
Bacterium Minimum Optimum Maximum

Listeria monocytogenes 1 30-37 45 

Vibrio marinus 4 15 30 

Pseudomonas maltophilia 4 35 41 

Thiobacillus novellus 5 25-30 42 

Staphylococcus aureus 10 30-37 45 

Escherichia coli 10 37 45 

Clostridium kluyveri 19 35 37 

Streptococcus pyogenes 20 37 40 

Streptococcus pneumoniae 25 37 42 

Bacillus flavothermus 30 60 72 

Thermus aquaticus 40 70-72 79 

Methanococcus jannaschii 60 85 90 

Sulfolobus acidocaldarius 70 75-85 90 

Pyrobacterium brockii 80 102-105 115 

 

 

 

http://www.bact.wisc.edu/bact303/b1


Table 10b. Optimum growth temperature of some procaryotes.  

 
Genus and species Optimal growth temp (degrees C)

Vibrio cholerae 18-37 

Photobacterium phosphoreum 20 

Rhizobium leguminosarum 20 

Streptomyces griseus 25 

Rhodobacter sphaeroides 25-30 

Pseudomonas fluorescens 25-30 

Erwinia amylovora 27-30 

Staphylococcus aureus 30-37 

Escherichia coli 37 

Mycobacterium tuberculosis 37 

Pseudomonas aeruginosa 37 

Streptococcus pyogenes 37 

Treponema pallidum 37 

Thermoplasma acidophilum 59 

Thermus aquaticus 70 

Bacillus caldolyticus 72 

Pyrococcus furiosus 100 

 
Table 10c. Hyperthermophilic Archaea.   

 
                    Temperature for growth(degrees C)  
 

Genus Minimum Optimum Maximum Optimum pH

Sulfolobus 55 75-85 87 2-3 

Desulfurococcus 60 85 93 6 

Methanothermus 60 83 88 6-7 

Pyrodictium 82 105 113 6 

Methanopyrus 85 100 110 7 

 
Figure 8. Sulfolobus acidocaldarius is an extreme thermophile and an acidophile found in geothermally-heated acid springs, mud pots 
and surface soils with temperatures from 60 to 95 degrees C, and a pH of 1 to 5. Left: Electron micrograph of a thin section (85,000X). 
Under the electron microscope the organism appears as irregular spheres which are often lobed. Right: Fluorescent photomicrograph of 
cells attached to a sulfur crystal. Fimbrial-like appendages have been observed on the cells attached to solid surfaces such as sulfur 
crystals.T.D. Brock. Life at High Temperatures.  
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Water Availability  

Water is the solvent in which the molecules of life are dissolved, and the availability of water is therefore a critical factor 
that affects the growth of all cells. The availability of water for a cell depends upon its presence in the atmosphere 
(relative humidity) or its presence in solution or a substance (water activity). The water activity (Aw) of pure H2O is 1.0 
(100% water). Water activity is affected by the presence of solutes such as salts or sugars, that are dissolved in the water. 
The higher the solute concentration of a substance, the lower is the water activity and vice-versa. Microorganisms live 
over a range of Aw from 1.0 to 0.7. The Aw of human blood is 0.99; seawater = 0.98; maple syrup = 0.90; Great Salt 
Lake = 0.75. Water activities in agricultural soils range between 0.9 and 1.0.  

The only common solute in nature that occurs over a wide concentration range is salt [NaCl], and some microorganisms 
are named based on their growth response to salt. Microorganisms that require some NaCl for growth are halophiles. 
Mild halophiles require 1-6% salt, moderate halophiles require 6-15% salt; extreme halophiles that require 15-30% 
NaCl for growth are found among the archaea.  Bacteria that are able to grow at moderate salt concentrations, even 
though they grow best in the absence of NaCl, are called halotolerant. Although halophiles are "osmophiles" (and 
halotolerant organisms are "osmotolerant") the term osmophiles is usually reserved for organisms that are able to live in 
environments high in sugar. Organisms which live in dry environments (made dry by lack of water) are called 
xerophiles.  

The concept of lowering water activity in order to prevent bacterial growth is the basis for preservation of foods by 
drying (in sunlight or by evaporation) or by addition of high concentrations of salt or sugar.  

 
Figure 9. Growth rate vs osmolarity for different classes of procaryotes. Osmolarity is determined by solute concentration in the 
environment. Osmolarity is inversely related to water activity (Aw), which is more like a measure of the concentration of water (H2O) in 
a solution. Increased solute concentration means increased osmolarity and decreased Aw. TFrom left to right the graph shows the growth
rate of a normal (nonhalophile) such as E. coli or Pseudomonas, the growth rate of a halotolerant bacterium such as Staphylococcus 
aureus,and the growth rate of an extreme halophile such as the archaean Halococcus.Note that a true halophile grows best at salt 
concentrations where most bacteria are inhibited.  
  Table 11. Limiting water activities (A

 

w) for growth of certain procaryotes.  

Organism Minimum Aw for growth 

Caulobacter 1.00 

Spirillum 1.00 

Pseudomonas .91 

Salmonella/E. coli .91 

Lactobacillus .90 

Bacillus .90 

Staphylococcus .85 

Halococcus .75 
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Measurement of Bacterial Growth  

Growth is an orderly increase in the quantity of cellular constituents. It depends upon the ability of the cell to form new 
protoplasm from nutrients available in the environment. In most bacteria, growth involves increase in cell mass and 
number of ribosomes, duplication of the bacterial chromosome, synthesis of new cell wall and plasma membrane, 
partitioning of the two chromosomes, septum formation, and cell division. This asexual process of reproduction is called 
binary fission.  

 
Figure 1.  Bacterial growth by binary fission.  Most bacteria reproduce by a relatively simple asexual process called binary fission:  each 
cell increases in size and divides into two cells.  During this process there is an orderly increase in cellular structures and components, 
replication and segregation of the bacterial DNA, and formation of a septum or cross wall which divides the cell into two progeny cells.  
The process is coordinated by the bacterial membrane perhaps by means of mesosomes.  The DNA molecule is believed to be attached to 
a point on the membrane where it is replicated.  The two DNA molecules remain attached at points side-by-side on the membrane while 
new membrane material is synthesized between the two points.  This draws the DNA molecules in opposite directions while new cell wall 
and membrane are laid down as a septum between the two chromosomal compartments.  When septum formation is complete the cell 
splits into two progeny cells.  The time interval required for a bacterial cell to divide or for a population of bacterial cells to double is 
called the generation time.  Generation times for bacterial species growing in nature may be as short as 15 minutes or as long as several 
days.  
Electron micrograph of Streptococcus pyogenes by Maria Fazio and Vincent A. Fischetti, Ph.D. with permission. The Laboratory of 
Bacterial Pathogenesis and Immunology, Rockefeller University.  
   

For unicellular organisms such as the bacteria, growth can be measured in terms of two different parameters: changes in 
cell mass and changes in cell numbers.  
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Methods for Measurement of Cell Mass  

Methods for measurement of the cell mass involve both direct and indirect techniques.  

1. Direct physical measurement of dry weight, wet weight, or volume of cells after centrifugation.  

2. Direct chemical measurement of some chemical component of the cells such as total N, total protein, or total DNA 
content.  

3. Indirect measurement of chemical activity such as rate of O2 production or consumption, CO2 production or 
consumption, etc.  

4. Turbidity measurements employ a variety of instruments to determine the amount of light scattered by a suspension 
of cells.  Particulate objects such as bacteria scatter light in proportion to their numbers. The turbidity or optical density 
of a suspension of cells is directly related to cell mass or cell number, after construction and calibration of a standard 
curve. The method is simple and nondestructive, but the sensitivity is limited to about 107 cells per ml for most bacteria.  

Methods for Measurement of Cell Numbers  

Measuring techniques involve direct counts, visually or instrumentally, and indirect viable cell counts.  

1. Direct microscopic counts are possible using special slides known as counting chambers. Dead cells cannot be 
distinguished from living ones.  Only dense suspensions can be counted (>107 cells per ml), but samples can be 
concentrated by centrifugation or filtration to increase sensitivity.  

A variation of the direct microscopic count has been used to observe and measure growth of bacteria in natural 
environments. In order to detect and prove that thermophilic bacteria were growing in boiling hot springs, T.D. Brock 
immersed microscope slides in the springs and withdrew them periodically for microscopic observation. The bacteria in 
the boiling water attached to the glass slides naturally and grew as microcolonies on the surface.  

2. Electronic counting chambers count numbers and measure size distribution of cells. For cells the size of bacteria the 
suspening medium must be very clean. Such elecronic devices are more often used to count eukaryotic cells such as 
blood cells.  

3. Indirect viable cell counts, also called plate counts, involve plating out (spreading) a sample of a culture on a 
nutrient agar surface. The sample or cell suspension can be diluted in a nontoxic diluent (e.g. water or saline) before 
plating.  If plated on a suitable medium, each viable unit grows and forms a colony. Each colony that can be counted is 
called a colony forming unit (cfu) and the number of cfu's is related to the viable number of bacteria in the sample.  

Advantages of the technique are its sensitivity (theoretically, a single cell can be detected), and it allows for inspection 
and positive identification of the organism counted. Disadvantages are (1) only living cells develop colonies that are 
counted; (2) clumps or chains of cells develop into a single colony; (3) colonies develop only from those organisms for 
which the cultural conditions are suitable for growth. The latter makes the technique virtually useless to characterize or 
count the total  number of bacteria in complex microbial ecosystems such as soil or the animal rumen or 
gastrointestinal tract.  Genetic probes can be used to demonstrate the diversity and relative abundance of procaryotes in 
such an environment, but many species identified by genetic techniques have so far proven unculturable.  

Table 1. Some Methods used to measure bacterial growth  

Method Application Comments 

Direct microscopic count 
Enumeration of bacteria in milk or 
cellular vaccines 

Cannot distinguish living from 
nonliving cells 

Viable cell count (colony counts) 
Enumeration of bacteria in milk, 
foods, soil, water, laboratory 

Very sensitive if plating conditions are 
optimal 



cultures, etc. 

Turbidity measurement 
Estimations of large numbers of 
bacteria in clear liquid media and 
broths 

Fast and nondestructive, but cannot 
detect cell densities less than 107 cells 
per ml 

Measurement of total N or protein 
Measurement of total cell yield from 
very dense cultures  

only practical application is in the 
research laboratory 

Measurement of Biochemical activity e.g. 
O2 uptake CO2 production, ATP 
production, etc. 

Microbiological assays 
Requires a fixed standard to relate 
chemical activity to cell mass and/or 
cell numbers 

Measurement of dry weight or wet weight 
of cells or volume of cells after 
centrifugation 

Measurement of total cell yield in 
cultures  

probably more sensitive than total N or 
total protein measurements 

 
Figure 2. Bacterial colonies growing on a plate of nutrient agar.  
Hans Knoll Institute. Jena, Germany.  
   

The Bacterial Growth Curve  

In the laboratory, under favorable conditions, a growing bacterial population doubles at regular intervals. Growth is by 
geometric progression: 1, 2, 4, 8, etc. or 20, 21, 22, 23.........2n (where n = the number of generations). This is called 
exponential growth.  In reality, exponential growth is only part of the bacterial life cycle, and not representative of the 
normal pattern of growth of bacteria in Nature.  

When a fresh medium is inoculated with a given number of cells, and the population growth is monitored over a period 
of time, plotting the data will yield a typical bacterial growth curve (Figure 3 below).  



 
Figure 3. The typical bacterial growth curve. When bacteria are grown in a closed system (also called a batch culture), like a test tube, 
the population of cells almost always exhibits these growth dynamics:  cells initially adjust to the new medium (lag phase) until they can 
start dividing regularly by the process of binary fission (exponential phase).  When their growth becomes limited, the cells stop dividing 
(stationary phase), until eventually they show loss of viability (death phase).  Note the parameters of the x and y axes.  Growth is 
expressed as change in the number viable cells vs time.  Generation times are calculated during the exponential phase of growth.  Time 
measurements are in hours for bacteria with short generation times.  

Four characteristic phases of the growth cycle are recognized.  

1. Lag Phase. Immediately after inoculation of the cells into fresh medium, the population remains temporarily 
unchanged. Although there is no apparent cell division occurring, the cells may be growing in volume or mass, 
synthesizing enzymes, proteins, RNA, etc., and increasing in metabolic activity.  

The length of the lag phase is apparently dependent on a wide variety of factors including the size of the inoculum; time 
necessary to recover from physiacal damage or shock in the transfer; time required for synthesis of essential coenzymes 
or division factors; and time required for synthesis of new (inducible) enzymes that are necessary to metabolize the 
substrates present in the medium.  

2. Exponential (log) Phase. The exponential phase of growth is a pattern of balanced growth wherein all the cells are 
dividing regularly by binary fission, and are growing by geometric progression. The cells divide at a constant rate 
depending upon the composition of the growth medium and the conditions of incubation. The rate of exponential growth 
of a bacterial culture is expressed as generation time, also the doubling time of the bacterial population. Generation 
time (G) is defined as the time (t) per generation (n = number of generations). Hence, G=t/n is the equation from which 
calculations of generation time (below) derive.  

3. Stationary Phase. Exponential growth cannot be continued forever in a batch culture (e.g. a closed system such as a 
test tube or flask). Population growth is limited by one of three factors: 1. exhaustion of available nutrients; 2. 
accumulation of inhibitory metabolites or end products; 3. exhaustion of space, in this case called a lack of "biological 
space".  

During the stationary phase, if viable cells are being counted, it cannot be determined whether some cells are dying and 
an equal number of cells are dividing, or the population of cells has simply stopped growing and dividing. The stationary 
phase, like the lag phase, is not necessarily a period of quiescence. Bacteria that produce secondary metabolites, such as 
antibiotics, do so during the stationary phase of the growth cycle (Secondary metabolites are defined as metabolites 
produced after the active stage of growth). It si during the stationary phase that spore-forming bacteria have to induce or 
unmask the activity of dozens of genes that may be involved in sporulation process.  

4. Death Phase. If incubation continues after the population reaches stationary phase, a death phase follows, in which the 
viable cell population declines. (Note, if counting by turbidimetric measurements or microoscopic counts, the death 
phase cannot be observed.). During the death phase, the number of viable cells decreases geometrically (exponentially), 
essentially the reverse of growth during the log phase.  

Growth Rate and Generation Time  

As mentioned above, bacterial growth rates during the phase of exponential growth, under standard nutritional conditions 
(culture medium, temperature, pH, etc.), define the bacterium's generation time. Generation times for bacteria vary from 
about 12 minutes to 24 hours or more. The generation time for E. coli in the laboratory is 15-20 minutes, but in the 



intestinal tract, the coliform's generation time is estimated to be 12-24 hours.  For most known bacteria that can be 
cultured, generation times range from about 15 minutes to 1 hour. Symbionts such as Rhizobium tend to have longer 
generation times. Many lithotrophs, such as the nitrifying bacteria, also have long generation times. Some bacteria that 
are pathogens, such as Mycobacterium tuberculosis and Treponema pallidum, have especially long generation times, and 
this is thought to be an advantage in their virulence. Generation times for a few bacteria are are shown in Table 2.  

Table 2. Generation times for some common bacteria under optimal conditions of growth.  

Bacterium Medium Generation Time (minutes) 

Escherichia coli Glucose-salts 17 

Bacillus  megaterium Sucrose-salts 25 

Streptococcus lactis Milk 26 

Streptococcus lactis Lactose broth 48 

Staphylococcus aureus Heart infusion broth 27-30 

Lactobacillus acidophilus Milk 66-87 

Rhizobium japonicum Mannitol-salts-yeast extract 344-461 

Mycobacterium tuberculosis Synthetic 792-932 

Treponema pallidum Rabbit testes 1980 

Calculation of Generation Time  

When growing exponentially by binary fission, the increase in a bacterial population is by geometric progression.  If we 
start with one cell, when it divides, there are 2 cells in the first generation, 4 cells in the second generation, 8 cells in the 
third generation, and so on. The generation time is the time interval required for the cells (or population) to divide.  

G (generation time) = t(time, in minutes or hours)/n(number of generations)  

G = t/n  

G = generation time (time for the cells to divide)  

t = time interval in hours or minutes  

B = number of bacteria at the beginning of a time interval  

b = number of bacteria at the end of the time interval  

n = number of generations (number of times the cell population doubles during the time interval)  

b = B x 2n (This equation is an expression of growth by binary fission)  

Solve for n:  

logb = logB + nlog2  

n = logb - logB  
           log2  

n = logb - logB  
           .301  

n = 3.3 logb/B  



G = t/n  

Solve for G  

G =        t  
       3.3 log b/B  

 
 
Example: What is the generation time of a bacterial population that increases from 10,000 cells to 10,000,000 cells in four hours of 
growth?  

 
   

G =        t  
       3.3 log b/B  

G =    240 minutes  
       3.3 log 107/104  

G =   240 minutes  
           3.3 x 3  

G = 24 minutes  

 
 
   

Continuous Culture of Bacteria  

The cultures so far discussed for growth of bacterial populations are called batch cultures. Since the nutrients are not 
renewed, exponential growth is limited to a few generations. Bacterial cultures can be maintained in a state of 
exponential growth over long periods of time using a system of continuous culture (Figure 4), designed to relieve the 
conditions that stop exponential growth in batch cultures. Continuous culture, in a device called a chemostat, can be used 
to maintain a bacterial population at a constant density, a situation that is, in many ways, more similar to bacterial growth 
in natural environments.  

In a chemostat, the growth chamber is connected to a reservoir of sterile medium. Once growth is initiated, fresh medium 
is continuously supplied from the reservoir. The volume of fluid in the growth chamber is maintained at a constant level 
by some sort of overflow drain. Fresh medium is allowed to enter into the growth chamber at a rate that limits the growth 
of the bacteria. The bacteria  grow (cells are formed) at the same rate that bacterial cells (and spent medium) are removed 
by the overflow. The rate of addition of the fresh medium determines the rate of growth because the fresh medium 
always contains a limiting amount of an essential nutrient. Thus, the chemostat relieves the insufficiency of nutrients, the 
accumulation of toxic substances, and the accumulation of excess cells in the culture, which are the parameters that 



initiate the stationary phase of the growth cycle. The bacterial culture can be grown and maintained at relatively constant 
conditions, depending on the flow rate of the nutrients.  

 
Figure 4.  Schematic diagram of a chemostat,  
a device for the continuous culture of bacteria.  
The chemostat relieves the environmental conditions  
that restrict growth by continuously supplying  
nutrients to cells and removing  waste substances  
and spent cells from the culture medium.  
   

Synchronous Growth of Bacteria  

Studying the growth of bacterial populations in batch or continuous cultures does not permit any conclusions about the 
growth behavior of individual cells, because the distribution of cell size (and hence cell age) among the members of the 
population is completely random. Information about the growth behavior of individual bacteria can, however, be 
obtained by the study of synchronous cultures. Synchronized cultures must be composed of cells which are all at the 
same stage of the bacterial cell cycle. Measurements made on synchronized cultures are equivalent to measurements 
made on individual cells.  

A number of clever techniques have been devised to obtain bacterial populations at the same stage in the cell cycle. Some 
techniques involve manipulation of environmental parameters which induces the population to start or stop growth at the 
same point in the cell cycle, while others are physical methods for selection of cells that have just completed the process 
of binary fission. Theoretically, the smallest cells in a bacterial population are those that have just completed the process 
of cell division.  Synchronous growth of a population of bacterial cells is illustrated in Figure 5.  Synchronous cultures 
rapidly lose synchrony because not all cells in the population divide at exactly the same size, age or time.  

 
Figure 5.  The synchronous growth of a bacterial  
population.  By careful selection of cells that have  
just divided, a bacterial population can be  
synchronized in the bacterial cell division cycle.  
Synchrony can be maintained for only a few generations.  
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Introduction 

The control of microbial growth is necessary in many practical situations, and significant advances in 
agriculture, medicine, and food science have been made through study of this area of microbiology.  

"Control of growth", as used here, means to prevent growth of microorganisms. This control is effected in two 
basic ways: (1) by killing microorganisms or (2) by inhibiting the growth of microorganisms. Control of growth 
usually involves the use of physical or chemical agents which either kill or prevent the growth of 
microorganisms. Agents which kill cells are called cidal agents; agents which inhibit the growth of cells 
(without killing them) are referred to as static agents. Thus the term bactericidal refers to killing bacteria and 
bacteriostatic refers to inhibiting the growth of bacterial cells. A bactericide kills bacteria, a fungicide kills 
fungi, and so on.  

Sterilization is the complete destruction or elimination of all viable organisms (in or on an object being 
sterilized). There are no degrees of sterilization: an object is either sterile or not. Sterilization procedures 
involve the use of heat, radiation or chemicals, or physical removal of cells.  

Methods of Sterilization  

Heat: most important and widely used. For sterilization always consider type of heat, time of application and 
temperature to ensure destruction of all microorganisms. Endospores of bacteria are considered the most 
thermoduric of all cells so their destruction guarantees sterility.  

Incineration: burns organisms and physically destroys them. Used for needles , inoculating wires, glassware, 
etc. and objects not destroyed in the incineration process.  

Boiling: 100o for 30 minutes. Kills everything except some endospores (Actually, for the purposes of purifying 
drinking water 100o for five minutes is probably adequate though there have been some reports that Giardia 
cysts can survive this process). To kill endospores, and therefore sterilize the solution, very long or 
intermittent boiling is required.  

Autoclaving (steam under pressure or pressure cooker): 121o for 15 minutes (15#/in2 pressure). Good for 
sterilizing almost anything, but heat-labile substances will be denatured or destroyed.  

Dry heat (hot air oven): 160o/2hours or 170o/1hour. Used for glassware, metal, and objects that won't melt.  
The protocol and recommendations for the use of heat to control microbial growth are given in Table 1.  

 
Table 1. Recommended use of heat to control bacterial growth  

 
Treatment Temperature Effectiveness 

Incineration >500o 
Vaporizes organic material on nonflammable surfaces but 
may destroy many substances in the process 

Boiling 100o 
30 minutes of boiling kills microbial pathogens and 
vegetative forms of bacteria but may not kill bacterial 



endospores 

Intermittent boiling 100o 
Three 30-minute intervals of boiling, followed by periods of 
cooling kills bacterial endospores 

Autoclave and pressure 
cooker (steam under 
pressure) 

121o/15 minutes at 
15# pressure 

kills all forms of life including bacterial endospores. The 
substance being sterilized must be maintained at the 
effective T for the full time 

Dry heat (hot air oven) 160o/2 hours 
For materials that must remain dry and which are not 
destroyed at T between 121o and 170o Good for glassware, 
metal, not plastic or rubber items 

Dry heat (hot air oven)  170o/1 hour 
Same as above. Note increasing T by 10 degrees shortens 
the sterilizing time by 50 percent 

Pasteurization (batch 
method) 

63o/30 minutes 
kills most vegetative bacterial cells including pathogens such 
as streptococci, staphylococci and Mycobacterium 
tuberculosis 

Pasteurization (flash 
method) 

72o/15 seconds 
Effect on bacterial cells similar to batch method; for milk, this 
method is more conducive to industry and has fewer 
undesirable effects on quality or taste 

 

Irradiation: usually destroys or distorts nucleic acids. Ultraviolet light is usually used (commonly used to 
sterilize the surfaces of objects), although x-rays and microwaves are possibly useful.  

Filtration: involvres the physical removal (exclusion) of all cells in a liquid or gas, especially important to 
sterilize solutions which would be denatured by heat (e.g. antibiotics, injectable drugs, amino acids, vitamins, 
etc.)  

Chemical and gas: (formaldehyde, glutaraldehyde, ethylene oxide) toxic chemicals kill all forms of life in a 
specialized gas chamber.  
   

Control of Microbial Growth by Physical Agents  

Applications of Heat The lethal temperature varies in microorganisms. The time required to kill depends on 
the number of organisms, species, nature of the product being heated, pH, and temperature. Whenever heat 
is used to control microbial growth inevitably both time and temperature are considered.  

Sterilization (boiling, autoclaving, hot air oven) kills all microorganisms with heat; commonly employed in 
canning, bottling, and other sterile packaging procedures.  

Pasteurization is the use of mild heat to reduce the number of microorganisms in a product or food. In the 
case of pasteurization of milk the time and temperature depend on killing potential pathogens that are 
transmitted in milk, i.e., staphylococci, streptococci, Brucella abortus and Mycobacterium tuberculosis. For 
pasteurzation of milk: batch nethod: 63o/30minutes; flash method: 71o/15 seconds.  

Low temperature (refrigeration and freezing): Most organisms grow very little or not at all at 0o. Store 
perishable foods at low temperatues to slow rate of growth and consequent spoilage (e.g. milk). Low 
temperatures are not bactericidal. Psychrotrophs, rather than true psychrophiles, are the usual cause of food 
spoilage in refrigerated foods.  

Drying (removal of H2O): Most microorganisms cannot grow at reduced water activity (Aw < 0.90). Often 
used to preserve foods (e.g. fruits, grains, etc.). Methods involve removal of water from product by heat, 
evaporation, freeze-drying, addition of salt or sugar.  



Irradiation (microwave, UV, x-ray): destroys microorganisms as described under "sterilization". Many 
spoilage organisms are easily killed by irradiation. In some parts of Europe, fruits and vegetables are 
irradiated to increase their shelf life up to 500 percent. The practice has not been accepted in the U.S.  
   

Control of microbial growth by chemical agents  

Antimicrobial agents are chemicals that kill or inhibit the growth microorganisms. Antimicrobial agents 
include chemical preservatives and antiseptics, as well as drugs used in the treatment of infectious diseases 
of plants and animals. Antimicrobial agents may be of natural or synthetic origin, and they may have a static or 
cidal effect on microorganisms.  
   

Types of antimicrobial agents  

Antiseptics: microbicidal agents harmless enough to be applied to the skin and mucous membrane; should 
not be taken internaslly. Examples: mercurials, silver nitrate, iodine solution, alcohols, detergents.  

Disinfectants: Agents that kill microorganisms, but not necessarily their spores,not safe for application to 
living tissues; they are used on inanimate objects such as tables, floors, utensils, etc. Examples: chlorine, 
hypochlorites, chlorine compounds, lye, copper sulfate, quaternary ammonium compounds.  

Note: disinfectants and antiseptics are distinguished on the basis of whether they are safe for application to 
mucous membranes. Often, safety depends on the concentration of the compound. For example, sodium 
hypochlorite (chlorine), as added to water is safe for drinking, but "chlorox" (5% hypochlorite), an excellent 
disinfectant, is hardly safe to drink.  

Common antiseptics and disinfectants and their uses are summarized in Table 2.  

 
Table 2. Common antiseptics and disinfectants  

 
Chemical Action Uses 

Ethanol (50-70%) 
Denatures proteins and 
solubilizes lipids 

Antiseptic used on skin 

Isopropanol (50-70%) 
Denatures proteins and 
solubilizes lipids 

Antiseptic used on skin 

Formaldehyde (8%) 
Reacts with NH2, SH and 
COOH groups 

Disinfectant, kills endospores 

Tincture of Iodine (2% I2 in 70% alcohol) Inactivates proteins Antiseptic used on skin 

Chlorine (Cl2) gas 
Forms hypochlorous acid 
(HClO), a strong oxidizing 
agent 

Disinfect drinking water; general 
disinfectant 

Silver nitrate (AgNO3)  Precipitates proteins 
General antiseptic and used in the 
eyes of newborns 

Mercuric chloride 
Inactivates proteins by 
reacting with sulfide groups 

Disinfectant, although occasionally 
used as an antiseptic on skin 

Detergents (e.g. quaternary ammonium 
compounds) 

Disrupts cell membranes Skin antiseptics and disinfectants 

Phenolic compounds (e.g. carboloic acid, 
lysol, hexylresorcinol, hexachlorophene) 

Denature proteins and 
disrupt cell membranes 

Antiseptics at low concentrations; 
disinfectants at high concentrations 

Ethylene oxide gas  Alkylating agent 
Disinfectant used to sterilize heat-
sensitive objects such as rubber and 



plastics 

 

Preservatives: static agents used to inhibit the growth of microorganisms, most often in foods. If eaten they 
should be nontoxic. Examples; calcium propionate, sodium benzoate, formaldehyde, nitrate, sulfur dioxide. 
Table 3 is a list of common preservative and their uses.  

 
Table 3. Common food preservatives and their uses  

 

Preservative 
Effective 
Concentration 

Uses 

Propionic acid and 
propionates 

0.32% Antifungal agent in breads, cake, Swiss cheeses 

Sorbic acid and sorbates 0.2% Antifungal agent in cheeses, jellies, syrups, cakes 

Benzoic acid and 
benzoates 

0.1% Antifungal agent in margarine, cider, relishes, soft drinks 

Sodium diacetate 0.32% Antifungal agent in breads 

Lactic acid unknown 
Antimicrobial agent in cheeses, buttermilk, yogurt and 
pickled foods 

Sulfur dioxide, sulfites  200-300 ppm Antimicrobial agent in dried fruits, grapes, molasses 

Sodium nitrite 200 ppm Antibacterial agent in cured meats, fish 

Sodium chloride unknown Prevents microbial spoilage of meats, fish, etc. 

Sugar unknown 
Prevents microbial spoilage of preserves, jams, syrups, 
jellies, etc. 

Wood smoke unknown Prevents microbial spoilage of meats, fish, etc. 

 

Chemotherapeutic agents: antimicrobial agents of synthetic origin useful in the treatment of microbial or viral 
disease. Examples: sulfonilamides, isoniazid, ethambutol, AZT, chloramphenicol. Note that the 
microbiologist's definition of a chemotherapeutic agent requires that the agent be used for antimicrobial 
purposes and so excludes synthetic agents used for therapy against diseases that are not of microbial origin.  

Antibiotics: antimicrobial agents produced by microorganisms that kill or inhibit other microorganisms. This is 
the microbiologist's definition. A more broadened definition of an antibiotic includes any chemical of natural 
origin (from any type of cell) which has the effect to kill or inhibit the growth of other types cells. Since most 
clinically-useful antibiotics are produced by microorganisms and are used to kill or inhibit infectious Bacteria, 
we will follow the classic definition.  

Antibiotics are low molecular-weight (non-protein) molecules produced as secondary metabolites, mainly by 
microorganisms that live in the soil. Most of these microorganisms form some type of a spore or other dormant 
cell, and there is thought to be some relationship (besides temporal) between antibiotic production and the 
processes of sporulation. Among the molds, the notable antibiotic producers are Penicillium and 
Cephalosporium , which are the main source of the beta-lactam antibiotics (penicillin and its relatives). In the 
Bacteria, the Actinomycetes, notably Streptomyces species, produce a variety of types of antibiotics including 
the aminoglycosides (e.g. streptomycin), macrolides (e.g. erythromycin), and the tetracyclines. Endospore-
forming Bacillus species produce polypeptide antibiotics such as polymyxin and bacitracin. The table below 
(Table 4) is a summary of the classes of antibiotics and their properties including their biological sources.  

 
Table 4. Classes of antibiotics and their properties  

Chemical class Examples Biological source 
Spectrum (effective 
against) 

Mode of action 



Beta-lactams 
(penicillins and 
cephalosporins) 

Penicillin G, 
Cephalothin 

Penicillium notatum 
and 
Cephalosporium 
species  

Gram-positive bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and 
murein assembly 

Semisynthetic 
penicillin 

Ampicillin, 
Amoxycillin 

 
Gram-positive and 
Gram-negative bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and murein 
assembly 

Clavulanic Acid 
Clavamox is 
clavulanic acid plus 
amoxycillin 

Streptomyces 
clavuligerus 

Gram-positive and 
Gram-negative bacteria 

Suicide inhibitor of 
beta-lactamases 

Monobactams Aztreonam 
Chromobacter 
violaceum 

Gram-positive and 
Gram-negative bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and murein 
assembly 

Carboxypenems Imipenem 
Streptomyces 
cattleya 

Gram-positive and 
Gram-negative bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and murein 
assembly 

Aminoglycosides Streptomycin 
Streptomyces 
griseus 

Gram-positive and 
Gram-negative bacteria 

Inhibit translation 
(protein synthesis) 

 Gentamicin 
Micromonospora 
species 

Gram-positive and 
Gram-negative bacteria 
esp. Pseudomonas 

Inhibit translation 
(protein synthesis) 

Glycopeptides Vancomycin 
Streptomyces 
orientales 

Gram-positive bacteria, 
esp. Staphylococcus 
aureus 

Inhibits steps in 
murein 
(peptidoglycan) 
biosynthesis and 
assembly 

Lincomycins Clindamycin 
Streptomyces 
lincolnensis 

Gram-positive and 
Gram-negative bacteria 
esp. anaerobic 
Bacteroides 

Inhibits translation 
(protein synthesis) 

Macrolides Erythromycin 
Streptomyces 
erythreus 

Gram-positive bacteria, 
Gram-negative bacteria 
not enterics, Neisseria, 
Legionella, Mycoplasma 

Inhibits translation 
(protein synthesis) 

Polypeptides Polymyxin Bacillus polymyxa Gram-negative bacteria 
Damages 
cytoplasmic 
membranes 

 Bacitracin Bacillus subtilis Gram-positive bacteria 

Inhibits steps in 
murein 
(peptidoglycan) 
biosynthesis and 
assembly 

Polyenes Amphotericin 
Streptomyces 
nodosus 

Fungi 
Inactivate 
membranes 
containing sterols 

 Nystatin 
Streptomyces 
noursei 

Fungi (Candida) 
Inactivate 
membranes 
containing sterols 



Rifamycins Rifampicin 
Streptomyces 
mediterranei 

Gram-positive and 
Gram-negative bacteria, 
Mycobacterium 
tuberculosis 

Inhibits transcription 
(eubacterial RNA 
polymerase) 

Tetracyclines Tetracycline 
Streptomyces 
species 

Gram-positive and 
Gram-negative bacteria, 
Rickettsias 

Inhibit translation 
(protein synthesis) 

Semisynthetic 
tetracycline 

Doxycycline  

Gram-positive and 
Gram-negative bacteria, 
Rickettsias Ehrlichia, 
Borellia 

Inhibit translation 
(protein synthesis) 

Chloramphenicol Chloramphenicol 
Streptomyces 
venezuelae 

Gram-positive and 
Gram-negative bacteria 

Inhibits translation 
(protein synthesis) 

 

Antimicrobial Agents Used in the Treatment of Infectious Disease  

The modern era of antimicrobial chemotherapy began in 1929 with Fleming's discovery of the powerful 
bactericidal substance penicillin, and Domagk's discovery in 1935 of synthetic chemicals (sulfonamides) with 
broad antimicrobial activity. In the early 1940's, spurred partially by the need for antibacterial agents in WW II, 
penicillin was isolated, purified and injected into experimental animals, where it was found to not only cure 
infections but also to possess incredibly low toxicity for the animals. This fact ushered into being the age of 
antibiotic chemotherapy and an intense search for similar antimicrobial agents of low toxicity to animals that 
might prove useful in the treatment of infectious disease. The rapid isolation of streptomycin, chloramphenicol 
and tetracycline soon followed, and by the 1950's, these and several other antibiotics were in clinical usage.  

The most important property of a clinically-useful antimicrobial agent, especially from the patient's point of 
view, is its selective toxicity, i.e., that the agent acts in some way that inhibits or kills bacterial pathogens but 
has little or no toxic effect on the animal taking the drug This implies that the biochemical processes in the 
bacteria are in some way different from those in the animal cells, and that the advantage of this difference can 
be taken in chemotherapy. Antibiotics may have a cidal (killing) effect or a static (inhibitory) effect on a range 
of microbes. The range of bacteria or other microorganisms that are affected by a certain antibiotic are is 
expressed as its spectrum of action. Antibiotics effective against procaryotes which kill or inhibit a wide 
range of Gram-positive and Gram-negative bacteria are said to be broad spectrum . If effective mainly 
against Gram-positive or Gram-negative bacteria, they are narrow spectrum . If effective against a single 
organism or disease, they are referred to as limited spectrum.  
   

Kinds of Antimicrobial Agents and their Primary Modes of Action  

1. Cell wall synthesis inhibitors Cell wall synthesis inhibitors generally inhibit some step in the synthesis of 
bacterial peptidoglycan. Generally they exert their selective toxicity against eubacteria because human cells 
lack cell walls.  

Beta lactam antibiotics Chemically, these antibiotics contain a 4-membered beta lactam ring. They are the 
products of two groups of fungi, Penicillium and Cephalosporium molds, and are correspondingly represented 
by the penicillins and cephalosporins. The beta lactam antibiotics inhibit the last step in peptidoglycan 
synthesis, the final cross-linking between between peptide side chains, mediated by bacterial 
carboxypeptidase and transpeptidase enzymes . Beta lactam antibiotics are normally bactericidal and require 
that cells be actively growing in order to exert their toxicity.  

Natural penicillins, such as Penicillin G or Penicillin V, are produced by fermentation of Penicillium 
chrysogenum. They are effective against streptococcus, gonococcus and staphylococcus, except where 



resistance has developed. They are considered narrow spectrum since they are not effective against Gram-
negative rods.  

Semisynthetic penicillins first appeared in 1959. A mold produces the main part oif the molecule (6-
aminopenicillanic acid) which can be modified chemically by the addition of side shains. Many of these 
compounds have been developed to have distinct benefits or advantages over penicillin G, such as increased 
spectrum of activity (effectiveness against Gram-negative rods), resistance to penicillinase, effectiveness 
when administered orally, etc. Amoxycillin and Ampicillin have broadened spectra against Gram-negatives 
and are effective orally; Methicillin is penicillinase-resistant.  

Clavulanic acid is a chemical sometimes added to a semisynthetic penicillin preparation. Thus, amoxycillin 
plus clavulanate is clavamox or augmentin. The clavulanate is not an antimicrobial agent. It inhibits beta 
lactamase enzymes and has given extended life to penicillinase-sensitive beta lactams.  

Although nontoxic, penicillins occasionally cause death when administered to persons who are allergic to 
them. In the U.S. there are 300 - 500 deaths annually due to penicillin allergy. In allergic individuals the beta 
lactam molecule attaches to a serum protein which initiates an IgE-mediated inflammatory response.  

Cephalolsporins are beta lactam antibiotics with a similar mode of action to penicillins that are produced by 
species of Cephalosporium. The have a low toxicity and a somewhat broader spectrum than natural 
penicillins. They are often used as penicillin substitutes, against Gram-negative bacteria, and in surgical 
prophylaxis. They are subject to degradation by some bacterial beta-lactamases, but they tend to be resistant 
to beta-lactamases from S. aureus .  

Bacitracin is a polypeptide antibiotic produced by Bacillus species. It prevents cell wall growth by inhibiting 
the release of the muropeptide subunits of peptidoglycan from the lipid carrier molecule that carries the 
subunit to the outside of the membrane Teichoic acid synthesis, which requires the same carrier, is also 
inhibited. Bacitracin has a high toxicity which precludes its systemic use. It is present in many topical antibiotic 
preparations, and since it is not absorbed by the gut, it is given to "sterilize" the bowel prior to surgery.  

2. Cell membrane inhibitors disorganize the structure or inhibit the function of bacterial membranes. The 
integrity of the cytoplasmic and outer membranes is vital to bacteria, and compounds that disorganize the 
membranes rapidly kill the cells. However, due to the similarities in phospholipids in eubacterial and 
eukaryotic membranes, this action is rarely specific enough to permit these compounds to be used 
systemically. The only antibacterial antibiotic of clinical importance that acts by this mechanism is Polymyxin, 
produced by Bacillus polymyxis. Polymyxin is effective mainly against Gram-negative bacteria and is usually 
limited to topical usage. Polymyxins bind to membrane phospholipids and thereby interfere with membrane 
function. Polymyxin is occasionally given for urinary tract infections caused by Pseudomonas that are 
gentamicin, carbenicillin and tobramycin resistant. The balance between effectiveness and damage to the 
kidney and other organs is dangerously close, and the drug should only be given under close supervision in 
the hospital.  

3. Protein synthesis inhibitors Many therapeutically useful antibiotics owe their action to inhibition of some 
step in the complex process of translation. Their attack is always at one of the events occurring on the 
ribosome and rather than the stage of amino acid activation or attachment to a particular tRNA. Most have an 
affinity or specificity for 70S (as opposed to 80S) ribosomes, and they achieve their selective toxicity in this 
manner. The most important antibiotics with this mode of action are the tetracyclines, chloramphenicol, the 
macrolides (e.g. erythromycin) and the aminoglycosides (e.g. streptomycin).  

The aminoglycosides are products of Streptomyces species and are represented by streptomycin, 
kanamycin, tobramycin and gentamicin. These antibiotics exert their activity by binding to bacterial ribosomes 
and preventing the initiation of protein synthesis. Aminoglycosides have been used against a wide variety of 
bacterial infections caused by Gram-positive and Gram-negative bacteria. Streptomycin has been used 
extensively as a primary drug in the treatment of tuberculosis. Gentamicin is active against many strains of 
Gram-positive and Gram-negative bacteria, including some strains of Pseudomonas aeruginosa. Kanamycin 



(a complex of three antibiotics, A, B and C) is active at low concentrations against many Gram-positive 
bacteria, including penicillin-resistant staphylococci. Gentamicin and Tobramycin are mainstays for treatment 
of Pseudomonas infections. An unfortunate side effect of aminoglycosides has tended to restrict their usage: 
prolonged use is known to impair kidney function and cause damage to the auditory nerves leading to 
deafness.  

The tetracyclines consist of eight related antibiotics which are all natural products of Streptomyces, although 
some can now be produced semisynthetically. Tetracycline, chlortetracycline and doxycycline are the best 
known. The tetracyclines are broad-spectrum antibiotics with a wide range of activity against both Gram-
positive and Gram-negative bacteria. The tetracyclines act by blocking the binding of aminoacyl tRNA to the A 
site on the ribosome. Tetracyclines inhibit protein synthesis on isolated 70S or 80S (eukaryotic) ribosomes, 
and in both cases, their effect is on the small ribosomal subunit. However, most bacteria possess an active 
transport system for tetracycline that will allow intracellular accumulation of the antibiotic at concentrations 50 
times as great as that in the medium. This greatly enhances its antibacterial effectiveness and accounts for its 
specificity of action, since an effective concentration cannot be accumulated in animal cells. Thus a blood 
level of tetracycline which is harmless to animal tissues can halt protein synthesis in invading bacteria.  

The tetracyclines have a remarkably low toxicity and minimal side effects when taken by animals. The 
combination of their broad spectrum and low toxicity has led to their overuse and misuse by the medical 
community and the wide-spread development of resistance has reduced their effectiveness. Nonetheless, 
tetracyclines still have some important uses, such as in the treatment of Lyme disease.  

Chloramphenicol has a broad spectrum of activity but it exerts a bacteriostatic effect. It is effective against 
intracellular parasites such as the rickettsiae. Unfortunately, aplastic anemia, which is dose related develops 
in a small proportion (1/50,000) of patients. Chloramphenicol was originally discovered and purified from the 
fermentation of a Streptomyces, but currently it is produced entirely by chemical synthesis. Chloramphenicol 
inhibits the bacterial enzyme peptidyl transferase thereby preventing the growth of the polypeptide chain 
during protein synthesis.  

Chloramphenicol is entirely selective for 70S ribosomes and does not affect 80S ribosomes. Its unfortunate 
toxicity towards the small proportion of patients who receive it is in no way related to its effect on bacterial 
protein synthesis. However, since mitochondria probably originated from procaryotic cells and have 70S 
ribosomes, they are subject to inhibition by some of the protein synthesis inhibitors including 
chloroamphenicol. This likely explains the toxicity of chloramphenicol. The eukaryotic cells most likely to be 
inhibited by chloramphenicol are those undergoing rapid multiplication, thereby rapidly synthesizing 
mitochondria. Such cells include the blood forming cells of the bone marrow, the inhibition of which could 
present as aplastic anemia. Chloramphenicol was once a highly prescribed antibiotic and a number of deaths 
from anemia occurred before its use was curtailed. Now it is seldom used in human medicine except in life-
threatening situations (e.g. typhoid fever).  

The Macrolides are a family of antibiotics whose structures contain large lactone rings linked through 
glycoside bonds with amino sugars. The most important members of the group are erythromycin and 
oleandomycin. Erythromycin is active against most Gram-positive bacteria, Neisseria, Legionella and 
Haemophilus, but not against the Enterobacteriaceae. Macrolides inhibit bacterial protein synthesis by binding 
to the 50S ribosomal subunit. Binding inhibits elongation of the protein by peptidyl transferase or prevents 
translocation of the ribosome or both. Macrolides are bacteriostatic for most bacteria but are cidal for a few 
Gram-positive bacteria.  

4. Effects on Nucleic Acids Some chemotherapeutic agents affect the synthesis of DNA or RNA, or can bind 
to DNA or RNA so that their messages cannot be read. Either case, of course, can block the growth of cells. 
The majority of these drugs are unselective, however, and affect animal cells and bacterial cells alike and 
therefore have no therapeutic application. Two nucleic acid synthesis inhibitors which have selective activity 
against procaryotes and some medical utility are nalidixic acid and rifamycins.  



Nalidixic acid is a synthetic chemotherapeutic agent which has activity mainly against Gram-negative 
bacteria. Nalidixic acid belongs to a group of compounds called quinolones. Nalidixic acid is a bactericidal 
agent that binds to the DNA gyrase enzyme (topoisomerase) which is essential for DNA replication and allows 
supercoils to be relaxed and reformed. Binding of the drug inhibits DNA gyrase activity.  

Some quinolones penetrate macrophages and neutrophils better than most antibiotics and are thus useful in 
treatment of infections caused by intracellular parasites. However, the main use of nalidixic acid is in 
treatment of lower urinary tract infections (UTI). The compound is unusual in that it is effective against several 
types of Gram-negative bacteria such as E. coli, Enterobacter aerogenes, K. pneumoniae and  species which 
are common causes of UTI. It is not usually effective against Pseudomonas aeruginosa, and Gram-positive 
bacteria are resistant.  However, a  fluoroquinolone, Ciprofloxacin (Cipro) was recently recommended as the 
drug of choice for prophylaxis and treatment of anthrax.  

The rifamycins are also the products of Streptomyces. Rifampicin is a semisynthetic derivative of rifamycin 
that is active against Gram-positive bacteria (including Mycobacterium tuberculosis) and some Gram-negative 
bacteria. Rifampicin acts quite specifically on eubacterial RNA polymerase and is inactive towards RNA 
polymerase from animal cells or towards DNA polymerase. The antibiotic binds to the beta subunit of the 
polymerase and apparently blocks the entry of the first nucleotide which is necessary to activate the 
polymerase, thereby blocking mRNA synthesis. It has been found to have greater bactericidal effect against M 
.tuberculosis than other anti-tuberculosis drugs, and it has largely replaced isoniazid as one of the front-line 
drugs used to treat the disease, especially when isoniazid resistance is indicated. It is effective orally and 
penetrates well into the cerebrospinal fluid and is therefore useful for treatment of tuberculosis meningitis and 
meningitis caused by Neisseria meningitidis.  

5. Competitive Inhibitors The competitive inhibitors are mostly all synthetic chemotherapeutic agents. Most 
are "growth factor analogs" which are structurally similar to a bacterial growth factor but which do not fulfill its 
metabolic function in the cell. Some are bacteriostatic and some are bactericidal.  

Sulfonamides were introduced as chemotherapeutic agents by Domagk in 1935, who showed that one of 
these compounds (prontosil) had the effect of curing mice with infections caused by beta-hemolytic 
streptococci. Chemical modifications of the compound sulfanilamide gave compounds with even higher and 
broader antibacterial activity. The resulting sulfonamides have broadly similar antibacterial activity, but differ 
widely in their pharmacological actions. Bacteria which are almost always sensitive to the sulfonamides 
include Streptococcus pneumoniae, beta-hemolytic streptococci and E. coli. The sulfonamides have been 
extremely useful in the treatment of uncomplicated UTI caused by E. coli, and in the treatment of 
meningococcal meningitis (because they cross the blood-brain barrier).  

The sulfonamides (e.g. Gantrisin) and Trimethoprim are inhibitors of the bacterial enzymes required for the 
synthesis of tetrahydofolic acid (THF), the vitamin form of folic acid essential for 1-carbon transfer reactions. 
Sulfonamides are structurally similar to para aminobenzoic acid (PABA), the substrate for the first enzyme in 
the THF pathway, and they competitively inhibit that step . Trimethoprim is structurally similar to dihydrofolate 
(DHF) and competitively inhibits the second step in THF synthesis mediated by the DHF reductase. Animal 
cells do not synthesize their own folic acid but obtain it in a preformed fashion as a vitamin. Since animals do 
not make folic acid, they are not affected by these drugs, which achieve their selective toxicity for bacteria on 
this basis.  

Three additional synthetic chemotherapeutic agents have been used in the treatment of tuberculosis: 
isoniazid (INH), paraaminosalicylic acid (PAS), and ethambutol. The usual strategy in the treatment of 
tuberculosis has been to administer a single antibiotic (historically streptomycin, but now, most commonly, 
rifampicin is given) in conjunction with INH and ethambutol. Since the tubercle bacillus rapidly develops 
resistance to the antibiotic, ethambutol and INH are given to prevent outgrowth of a resistant strain. It must 
also be pointed out that the tubercle bacillus rapidly develops resistance to ethambutol and INH if either drug 
is used alone. Ethambutol inhibits incorporation of mycolic acids into the mycobacterial cell wall. Isoniazid has 
been reported to inhibit mycolic acid synthesis in mycobacteria and since it is an analog of pyridoxine (Vitamin 
B6) it may inhibit pyridoxine catalyzed reactions as well. Isoniazid is activated by a mycobacterial peroxidase 
enzyme and destroys several targets in the cell. PAS is an anti-folate. PAS was once a primary anti-



tuberculosis drug, but now it is a secondary agent, having been largely replaced by ethambutol.  
   

Bacterial resistance to antibiotics  

Penicillin became generally available for treatment of bacterial infections, especially those caused by 
staphylococci and streptococci, about 1946. Initially, the antibiotic was effective against all sorts of infections 
caused by these two Gram-positive bacteria. Resistance to penicillin in some strains of staphylococci was 
recognized almost immediately. (Resistance to penicillin today occurs in as many as 80% of all strains of 
Staphylococcus aureus). Surprisingly, Streptococcus pyogenes (Group A strep) have never fully developed 
resistance to penicillin and it remains a reasonable choice antibiotic for many types of streptococcal infections. 
Natural penicillins have never been effective against most Gram-negative pathogens (e.g. Salmonella, 
Shigella, Bordetella pertussis, Yersinia pestis, Pseudomonas) with the notable exception of Neisseria 
gonorrhoeae. Gram-negative bacteria are inherently resistant because their vulnerable cell wall is protected 
by an outer membrane that prevents permeation of the penicillin molecule.  

The period of the late 1940s and early 1950s saw the discovery and introduction of streptomycin, 
chloramphenicol, and tetracycline, and the age of antibiotic chemotherapy came into full being. These 
antibiotics were effective against the full array of bacterial pathogens including Gram-positive and Gram-
negative bacteria, intracellular parasites, and the tuberculosis bacillus. However, by 1953, during a Shigella 
outbreak in Japan, a strain of the dysentery bacillus was isolated which was multiple drug resistant, exhibiting 
resistance to chloramphenicol, tetracycline, streptomycin, and the sulfanilamides. There was also evidence 
mounting that bacteria could pass genes for multiple drug resistance between strains and even between 
species. It was also apparent that Mycobacterium tuberculosis was capable of rapid development of 
resistance to streptomycin which had become a mainstay in tuberculosis therapy.  

By the 1960's it became apparent that some bacterial pathogens were developing resistance to antibiotic-
after-antibiotic, at a rate faster than new antibiotics could be brought to market. A more conservative approach 
to the use of antibiotics has not been fully accepted by the medical and agricultural communities, and the 
problems of emerging multiple-drug resistant pathogens still loom. The most important pathogens to emerge 
in multiple drug resistant forms so far have been Mycobacterium tuberculosis and Staphylococcus aureus.  
   

The basis of bacterial resistance to antibiotics  

Inherent (Natural) Resistance Bacteria may be inherently resistant to an antibiotic. For example, a 
streptomycete has some gene that is responsible for resistance to its own antibiotic; or a Gram-negative 
bacterium has an outer membrane that establishes a permeability barrier against the antibiotic; or an 
organism lacks a transport system for the antibiotic; or it lacks the target or reaction that is hit by the antibiotic.  

Acquired Resistance Bacteria can develop resistance to antibiotics, e.g. bacterial populations previously-
sensitive to antibiotics become resistant. This type of resistance results from changes in the bacterial genome. 
Acquired resistance is driven by two genetic processes in bacteria: (1) mutation and selection (sometimes 
referred to as vertical evolution); (2) exchange of genes between strains and species (sometimes called 
horizontal evolution).  

Vertical evolution is strictly a matter of Darwinian evolution driven by principles of natural selection: a 
spontaneous mutation in the bacterial chromosome imparts resistance to a member of the bacterial 
population. In the selective environment of the antibiotic, the wild type (non mutants) are killed and the 
resistant mutant is allowed to grow and flourish. The mutation rate formost bacterial genes is approximately 
10-8. This means that if a bacterial population doubles from 108 cells to 2 x 108 cells, there is likely to be a 
mutant present for any given gene. Since bacteria grow to reach population densities far in excess of 109 

cells, such a mutant could develop from a single generation during 15 minutes of growth.  



Horizontal evolution is the acquisition of genes for resistance from another organism. For example, a 
streptomycete has a gene for resistance to streptomycin (its own antibiotic), but somehow that gene escapes 
and gets into E. coli or Shigella. Or, more likely, Some bacterium develops genetic resistance through the 
process of mutation and selection and then donates these genesto some other bacterium through one of 
several processes for genetic exchange that exist in bacteria.  

Bacteria are able to exchange genes in nature by three processes: conjugation, transduction and 
transformation. Conjugation involves cell-to-cell contact as DNA crosses a sex pilus from donor to recipient. 
During transduction, a virus transfers the genes between mating bacteria. In transformation, DNA is 
acquired directly from the environment, having been released from another cell. Genetic recombination can 
follow the transfer of DNA from one cell to another leading to the emergence of a new genotype 
(recombinant). It is common for DNA to be transferred as plasmids between mating bacteria. Since bacteria 
usually develop their genes for drug resistance on plasmids (called resistance transfer factors, or RTFs), they 
are able to spread drug resistance to other strains and species during genetic exchange processes.  

The combined effects of fast growth rates, high concentrations of cells, genetic processes of mutation and 
selection, and the ability to exchange genes, account for the extraordinary rates of adaptation and evolution 
that can be observed in the bacteria. For these reasons bacterial adaptation (resistance) to the antibiotic 
environment seems to take place very rapidly in evolutionary time: bacteria evolve fast!  
   

The medical problem of bacterial drug resistance  

Obviously, if a bacterial pathogen is able to develop or acquire resistance to an antibiotic, then that substance 
becomes useless in the treatment of infectious disease caused by that pathogen (unless the resistance can 
somehow be overcome with secondary measures). So as pathogens develop resistance, we must find new 
(different) antibiotics to fill the place of the old ones in treatment regimes. Hence, natural penicillins have 
become useless against staphylococci and must be replaced by other antibiotics; tetracycline, having been so 
widely used and misused for decades, has become worthless for many of the infections that once designated 
it as a "wonder drug".  

Not only is there a problem in finding new antibiotics to fight old diseases (because resistant strains of 
bacteria have emerged), there is a parallel problem to find new antibiotics to fight new diseases. In the past 
two decades, many "new" bacterial diseases have been discovered (Legionnaire's disease, gastric ulcers, 
Lyme disease, toxic shock syndrome, "skin-eating" streptococci). We are only now able to examine patterns of 
susceptibility and resistance to antibiotics among new pathogens that cause these diseases. Broad patterns 
of resistance exist in these pathogens, and it seems likely that we will soon need new antibiotics to replace the 
handful that are effective now against these bacteria, especially as resistance begins to emerge among them 
in the selective environment antibiotic chemotherapy.  
   

 

THE DIVERSITY OF METABOLISM IN PROCARYOTES 

© 2006 Kenneth Todar University of Wisconsin-Madison Department of Bacteriology  

Introduction 

A lot of hoopla is made about microbial diversity.  Based on superficial inspection, the bacteria and archea hardly seem 
diversified. There are but a few basic morphologies, the possibilities of motility and resting cells (spores), and a major 
differential stain (the Gram stain) to distinguish the procaryotes microscopically. In the eukaryotes, there may be more 
structural diversity within a single genus of organisms. So what is all the hoopla about? It is about biochemical or 
metabolic diversity, especially as it relates to energy-generating metabolism and biosynthesis of secondary metabolites. 
The procaryotes, as a group, conduct all the same types of basic metabolism as eukaryotes, but, in addition, there are 



several types of energy-generating metabolism among the procaryotes that are non existent in eukaryotic cells or 
organisms. The diversity of procaryotes is expressed by their great variation in modes of energy production and 
metabolism.  

Even within a procaryotic species, there may be great versatility in metabolism. Consider Escherichia coli. The 
bacterium can produce energy for growth by fermentation or respiration. It can respire aerobically using O2 as a final 
electron acceptor, or it can respire under anaerobic conditions, using NO3 or fumarate as a terminal electron acceptor. E. 
coli can use glucose or lactose as a sole carbon source for growth, with the metabolic ability to transform the sugar into 
all the necessary amino acids, vitamins and nucleotides that make up cells. A relative of E. coli, Rhodospirillum rubrum, 
has all the heterotrophic capabilities as E. coli,plus the ability to grow by photoautotrophic, photoheterotrophic or 
lithotrophic means. It does require one growth factor, however; biotin must be added to its growth media.  

Fundamentally, most eukaryotes produce energy (ATP) through alcohol fermentation (e.g. yeast), lactic acid 
fermentation (e.g. muscle cells, neutrophils), aerobic respiration (e.g. molds, protozoa, animals) or oxygenic 
photosynthesis (e.g. algae, plants). These modes of energy-generating metabolism exist among procaryotes, in addition to 
all following types of energy production which are virtually non existent in eukaryotes.  

Unique fermentations proceeding through the Embden-Meyerhof pathway  

Other fermentation pathways such as the phosphoketolase (heterolactic) and Entner-Doudoroff pathways  

Anaerobic respiration: respiration that uses substances other than 02 as a final electron acceptor  

Lithotrophy: use of inorganic substances as sources of energy  

Photoheterotrophy: use of organic compounds as a carbon source during bacterial photosynthesis  

Anoxygenic photosynthesis: photophosphorylation in the absence of O2  

Methanogenesis: an ancient type of archaeon metabolism that uses H2 as an energy source and produces methane  

Light-driven nonphotosynthetic photophosphorylation: unique archaeon metabolism that converts light energy into 
chemical energy  

In addition, among autotrophic procaryotes, there are three ways to fix CO2, two of which are unknown among 
eukaryotes, the CODH (acetyl CoA pathway) and the reverse TCA cycle.  

Energy-Generating Metabolism 

The term metabolism refers to the sum of the biochemical reactions required for energy generation and the use of energy 
to synthesize cell material from small molecules in the environment. Hence, metabolism has an energy-generating 
component, called catabolism, and an energy-consuming, biosynthetic component, called anabolism. Catabolic 
reactions or sequences produce energy as ATP, which can be utilized in anabolic reactions to build cell material from 
nutrients in the environment. The relationship between catabolism and anabolism is illustrated in Figure 1 below.  



 

Figure 1. The relationship between catabolism and anabolism in a cell. During catabolism, energy is changed from one form to another, 
and keeping with the laws of thermodynamics, such energy transformations are never completely efficient, i.e., some energy is lost in the 
form of heat. The efficiency of a catabolic sequence of reactions is the amount of energy made available to the cell (for anabolism) divided 
by the total amount of energy released during the reactions.  

ATP  

During catabolism, useful energy is temporarily conserved in the "high energy bond" of ATP - adenosine triphosphate. 
No matter what form of energy a cell uses as its primary source, the energy is ultimately transformed and conserved as 
ATP - the universal currency of energy exchange in biological systems. When energy is required during anabolism, it 
may be spent as the high energy bond of ATP which has a value of about 8 kcal per mole. Hence, the conversion of ADP 
to ATP requires 8 kcal of energy, and the hydrolysis of ATP to ADP releases 8 kcal.  

 
Figure 2. The structure of ATP. ATP is derived from the nucleotide adenosine monophosphate (AMP) or adenylic acid, to which two 
additional phosphate groups are attached through pyrophosphate bonds (~P). These two bonds are energy rich in the sense that their 
hydrolysis yields a great deal more energy than a corresponding covalent bond.ATP acts as a coenzyme in energetic coupling reactions 
wherein one or both of the terminal phosphate groups is removed from the ATP molecule with the bond energy being used to transfer 
part of the ATP molecule to another molecule to activate its role in metabolism. For example, Glucose + ATP -----> Glucose-P + ADP  
or  Amino Acid + ATP ----->AMP-Amino Acid + PPi.  

Because of the central role of ATP in energy-generating metabolism, expect to see its involvement as a coenzyme in 
most energy-producing processes in cells.  



NAD  

Another coenzyme commonly involved in energy-producing metabolism, derived from the vitamin niacin, is the pyridine 
nucleotide,  NAD (Nicotinamide Adenine Dinucleotide). The basis for chemical transformations of energy usually 
involves oxidation/reduction reactions. For a biochemical to become oxidized, electrons must be removed by an 
oxidizing agent. The oxidizing agent is an electron acceptor that becomes reduced in the reaction. During the reaction, 
the oxidizing agent is converted to a reducing agent that can add its electrons to another chemical, thereby reducing it, 
and reoxidizing itself. The molecule that usually functions as the electron carrier in these types of coupled oxidation-
reduction reactions in biological systems is NAD and its phosphorylated derivative, NADP.  NAD or NADP can 
become alternately oxidized or reduced by the loss or gain of two electrons. The oxidized form of NAD is symbolized 
NAD; the reduced form is symbolized as NADH,  NADH2 or NADH + H+. The structure of NAD is drawn below.  

 
Figure 3. The Structure of NAD. (a) Nicotinamide Adenine Dinucleotide is composed of two nucleotide molecules: Adenosine 
monophosphate (adenine plus ribose-phosphate) and nicotinamide ribotide (nicotinamide plus ribose-phosphate). NADP has an identical 
structure except that it contains an additional phosphate group attached to one of the ribose residues. (b) The oxidized and reduced 
forms of of the nicotinamide moiety of NAD. Nicotinamide is the active part of the molecule where the reversible oxidation and reduction 
takes place.The oxidized form of NAD has one hydrogen atom less than the reduced form and, in addition, has a positive charge on the 
nitrogen atom which allows it to accept a second electron upon reduction. Thus the correct way to symbolize the reaction is NAD+ + 2H--
--->NADH + H+. However, for convenience we will hereafter use the symbols NAD and NADH2.  

OFF THE WALL. Many bacterial protein toxins including the cholera toxin, pertussis toxin and diphtheria toxin, exert their enzymatic 
activity using NAD as a co-substrate. The toxins are referred to as ADP-ribosylation toxins, because they cleave NAD into nicotinamide 
plus ADP-ribose (ADPR) and then transfer the ADPR to some host molecule. For example, the diphtheria toxin transfers ADPR to 
elongation factor 2, irreversibly inactivating its role in chain elongation during protein synthesis. Thus, the biological activity of the 
diphtheria toxin is to inhibit protein synthesis in eukaryotic cells.  

Coenzyme A  

Coenzyme A is another coenzyme frequently involved in energy-generating metabolism of procaryotes. Coenzyme A is 
involved in a type of ATP-generating reaction seen in some fermentative bacteria and in all respiratory organisms. The 
reaction occurs in association with the oxidation of keto acids such as pyruvic acid and alpha ketoglutaric acid. These 
substrates are central to glycolysis and the TCA cycle, respectively, and they are direct or indirect precursors of several 
essential macromolecules in a cell. The oxidations of pyruvate and alpha ketoglutatate, involving Coenzyme A, NAD, a 
dehydrogenation reaction  and a decarboxylation reaction, are two of the most important, and complex, reactions in 
metabolism.  
   



 
Figure 4. (a) The Structure of Coenzyme A. CoA-SH is a derivative of ADP. The molecule shown here attached to ADP is pantothenic 
acid, which carries a terminal thiol (-S) group. (b) the oxidation of the keto acid, pyruvic acid, to acetyl~SCoA. This is the reaction that 
enters two carbons from pyruvate into the TCA cycle.  

In the oxidation of keto acids, coenzyme A (CoA or CoASH) becomes attached through a thioester linkage (~S) to the 
carboxyl group of the oxidized product. Part of the energy released in the oxidation is conserved in the thioester bond. 
This bond energy can be subseqently used to synthesize ATP, as in the case of the clostridia that convert acetyl~SCoA 
+ADP + Pi--------> acetic acid + CoASH + ATP.  Or in the case of respiratory organisms, the thioester bond energy is 
expended when acetyl~SCoA condenses with oxalacetate in order to drive the TCA cycle into its oxidative branch.  

ATP Synthesis in Procaryotes 

The objective of a catabolic pathway is to make ATP: to transform either chemical energy or electromagnetic (light) 
energy into the chemical energy contained within the high-energy bonds of ATP. Cells fundamentally can produce ATP 
in two ways: substrate level phosphorylation and electron transport phosphorylation.  

Substrate level phosphorylation (SLP) is The simplest, oldest and  least-evolved way to make ATP. In a substrate level 
phosphorylation, ATP is made during the conversion of an organic molecule from one form to another. Energy released 
during the conversion is partially conserved during the synthesis of the high energy bond of ATP. SLP occurs during 
fermentations and respiration (the TCA cycle), and even during some lithotrophic transformations of inorganic 
substrates.  

 
Figure 5. Three examples of substrate level phosphorylation. (a) and (b) are the two substrate level phosphorylations that occur during 
the Embden Meyerhof pathway, but they occur in all other fermentation pathways which have an Embden-Meyerhof component. (c) is a 



substrate level phosphorylation found in Clostridium and Bifidobacterium. These are two anaerobic (fermentative) bacteria who learned 
how to make one more ATP from glycolysis beyond the formation of pyruvate.  

Electron Transport Phosphorylation (ETP) is a much more complicated affair that evolved long after SLP. Electron 
Transport Phosphorylation takes place during respiration, photosynthesis, lithotrophy and possibly other types of 
bacterial metabolism. ETP requires that electrons removed from substrates be dumped into an electron transport system 
(ETS) contained within a membrane. The electrons are transferred through the ETS to some final electron acceptor in the 
membrane (like O2 in aerobic respiration) , while their traverse through the ETS results in the extrusion of protons and 
the establishment of a proton motive force (pmf) across the membrane. An essential component of the membrane for 
synthesis of ATP is a membrane-bound ATPase (ATP synthetase) enzyme. The ATPase enzyme transports protons, 
thereby utilizing the pmf (protons) during the synthesis of ATP. The idea in electron transport phosphorylation is to drive 
electrons through an ETS in the membrane, establish a pmf, and use the pmf to synthesize ATP. Obviously, ETP take a 
lot more "gear" than SLP, in the form of membranes, electron transport systems, ATPase enzymes, etc.  

A familiar example of energy-producing and energy-consuming functions of the bacterial membrane, related to the 
establishment and use of pmf and the production of ATP, is given in the following drawing of the plasma membrane of 
Escherichia coli.  

 
Figure 6. The plasma membrane of Escherichia coli. The membrane in cross-section reveals various transport systems, the flagellar 
motor apparatus (S and M rings), the respiratory electron transport system, and the membrane-bound ATPase enzyme. Reduced NADH 
+ H+ feeds pairs of electrons into the ETS. The ETS is the sequence of electron carriers in the membrane [FAD --> FeS --> QH2 
(Quinone) --> (cytochromes) b --> b --> o] that ultimately reduces O2 to H2O during respiration. At certain points in the electron 
transport process, the electrons pass "coupling sites" and this results in the translocation of protons from the inside to the outside of the 
membrane, thus establishing the proton motive force (pmf) on the membrane. The pmf is used in three ways by the bacterium to do work 
or conserve energy: active transport (e.g. lactose and proline symport; calcium and sodium antiport); motility (rotation of the bacterial 



flagellum), and ATP synthesis (via the ATPase enzyme during the process of oxidative phosphorylation or electron transport 
phosphorylation).  

Heterotrophic Types of Metabolism 

Heterotrophy (i.e. chemoheterotrophy) is the use of an organic compound as a source of carbon and energy. It is the 
complete metabolism package. The cell oxidizes organic molecules in order to produce energy (catabolism) and then uses 
the energy to synthesize cellular material from these the organic molecules (anabolism). We animals are familiar with 
heterotrophic metabolism. Many Bacteria (but just a few Archaea) are heterotrophs, particularly those that live in 
associations with animals. Heterotrophic bacteria are the masters of decomposition and biodegradation in the 
environment. Heterotrophic metabolism is driven mainly by two metabolic processes: fermentations and respirations.  

Fermentation 

Fermentation is an ancient mode of metabolism, and it must have evolved with the appearance of organic material on 
the planet. Fermentation is metabolism in which energy is derived from the partial oxidation of an organic compound 
using organic intermediates as electron donors and electron acceptors. No outside electron acceptors are involved; no 
membrane or electron transport system is required; all ATP is produced by substrate level phosphorylation.  

By definition, fermentation may be as simple as two steps illustrated in the following model. Indeed, some amino acid 
fermentations by the clostridia are this simple. But the pathways of fermentation are a bit more complex, usually 
involving several preliminary steps to prime the energy source for oxidation and substrate level phosphorylations.  

 
Figure 7. Model fermentation. L. The substrate is oxidized to an organic intermediate; the usual oxidizing agent is NAD. Some of the 
energy released by the oxidation is conserved during the synthesis of ATP by the process of substrate level phosphorylation. Finally, the 
oxidized intermediate is reduced to end products. Note that NADH2 is the reducing agent, thereby balancing its redox ability to drive the 
energy-producing reactions. R. In lactic fermentation by Lactobacillus, the substrate (glucose) is oxidized to pyruvate, and pyruvate 
becomes reduced to lactic acid. Redox balance is maintained by coupling oxidations to reductions within the pathway. For example, in 
lactic acid fermentation via the Embden-mererhof pathway, the oxidation of glyceraldehyde phosphate to phosphoglyceric acid is 
coupled to the reduction of pyruvic acid to lactic acid.  

In biochemistry, for the sake of convenience, fermentation pathways start with glucose. This is because it is the simplest 
molecule, requiring the fewest catalytic steps, to enter into a pathway of glycolysis and central metabolism. In 
procaryotes there exist three major pathways of glycolysis (the dissimilation of sugars): the classic Embden-Meyerhof 
pathway, which is also used by most eukaryotes, including yeast (Saccharomyces): the phosphoketolase or heterolactic 
pathway related to the hexose-pentose shunt; and the Entner-Doudoroff pathway. Whether or not a bacterium is a 
fermenter, it will likely dissimilate sugars through one or more of these pathways (See Table 1 below).  

The Embden-Meyerhof Pathway 

This is the pathway of glycolysis most familiar to biochemists and eukaryotic biologists, as well as to brewers, 
breadmakers and cheeseheads. The pathway is operated by Saccharomyces to produce ethanol and CO2. The pathway is 



used by the (homo)lactic acid bacteria to produce lactic acid, and it is used by many other bacteria to produce a variety of 
fatty acids, alcohols and gases. Some end products of Embden-Meyerhof fermentations are essential components of foods 
and beverages, and some are useful fuels and industrial solvents. Diagnostic microbiologists use bacterial fermentation 
profiles (e.g. testing an organism's ability to ferment certain sugars, or examining an organisms's array of end products) 
in order to identify them, down to the genus level.  

 
Figure 8. The Embden Meyerhof pathway for glucose dissimilation. The overall reaction is the oxidation of glucose to 2 pyruvic acid. The 
two branches of the pathway after the cleavage are identical, drawn in this manner for comparison with other bacterial pathways of 
glycolysis.  

The first three steps of the pathway prime (phosphorylate) and rearrange the hexose for cleavage into 2 trioses 
(glyceraldehyde-phosphate). Fructose 1,6-diphosphate aldolase is the key (cleavage) enzyme in the E-M pathway. Each 
triose molecule is oxidized and phosphorylated followed by two substrate level phosphorylations that yield 4 ATP during 
the drive to pyruvate.  

Lactic acid bacteria reduce the pyruvate to lactic acid; yeast reduce the pyruvate to alcohol (ethanol) and CO2 as shown 
in Figure 9 below.  

The oxidation of glucose to lactate yields a total of 56 kcal per mole of glucose. Since the cells harvest 2 ATP (16 kcal) 
as useful energy, the efficiency of the lactate fermentation is about 29 percent (16/56). Ethanol fermentations have a 
similar efficiency.  



 
Figure 9. (a) The Embden Meyerhof pathway of lactic acid fermentation in lactic acid bacteria (Lactobacillus) and (b) the Embden 
Meyerhof pathway of alcohol fermentation in yeast (Saccharomyces). The pathways yield two moles of end products and two moles of 
ATP per mole of glucose fermented. The steps in the breakdown of glucose to pyruvate are identical. The difference between the 
pathways is the manner of reducing pyruvic acid, thereby giving rise to different end products.  

Besides lactic acid, Embden-Meyerhof fermentations in bacteria can lead to a wide array of end products depending on 
the pathways taken in the reductive steps after the formation of pyruvic acid. Figure 10 below shows some of the 
pathways proceeding from pyruvic acid in certain bacteria. Usually, these bacterial fermentations are distinguished by 
their end products into the following groups.  

1. Homolactic Fermentation. Lactic acid is the sole end product. Pathway of the homolactic acid bacteria 
(Lactobacillus and most streptococci). The bacteria are used to ferment milk and milk products in the manufacture of 
yogurt, buttermilk, sour cream, cottage cheese, cheddar cheese, and most fermented dairy products.  

2. Mixed Acid Fermentations. Mainly the pathway of the Enterobacteriaceae. End products are a mixture of lactic 
acid, acetic acid, formic acid, succinate and ethanol, with the possibility of gas formation (CO2 and H2) if the 
bacterium possesses the enzyme formate dehydrogenase, which cleaves formate to the gases.  

2a. Butanediol Fermentation. Forms mixed acids and gases as above, but, in addition, 2,3 butanediol from the 
condensation of 2 pyruvate. The use of the pathway decreases acid formation (butanediol is neutral) and causes the 
formation of a distinctive intermediate, acetoin. Water microbiologists have specific tests to detect low acid and acetoin 
in order to distinguish non fecal enteric bacteria (butanediol formers, such as Klebsiella and Enterobacter) from fecal 
enterics (mixed acid fermenters, such as E. coli, Salmonella and Shigella).  

3. Butyric acid fermentations, as well as the butanol-acetone fermentation (below), are run by the clostridia, the masters 
of fermentation. In addition to butyric acid, the clostridia form acetic acid, CO2 and H2 from the fermentation of sugars. 
Small amounts of ethanol and isopropanol may also be formed.  

3a. Butanol-acetone fermentation. Butanol and acetone were discovered as the main end products of fermentation by 
Clostridium acetobutylicum during the World War I. This discovery solved a critical problem of explosives manufacture 
(acetone is required in the manufacture gunpowder) and is said to have affected the outcome of the War. Acetone was 
distilled from the fermentation liquor of Clostridium acetobutylicum,,which worked out pretty good if you were on our 
side, because organic chemists hadn't figured out how to synthesize it chemically. You can't run a war without 
gunpowder, at least you couldn't in those days.  



4. Propionic acid fermentation. This is an unusual fermentation carried out by the propionic acid bacteria which include 
corynebacteria, Propionibacterium and Bifidobacterium. Although sugars can be fermented straight through to 
propionate, propionic acid bacteria will ferment lactate (the end product of lactic acid fermentation) to acetic acid, CO2 
and propionic acid. The formation of propionate is a complex and indirect process involving 5 or 6 reactions. Overall, 3 
moles of lactate are converted to 2 moles of propionate + 1 mole of acetate + 1mole of CO2, and 1 mole of ATP is 
squeezed out in the process. The propionic acid bacteria are used in the manufacture of Swiss cheese, which is 
distinguished by the distinct flavor of propionate and acetate, and holes caused by entrapment of CO2.  

Figure 10. Fermentations in bacteria that proceed through the Embden-Meyerhof pathway.  

 

The Embden-Meyerhof pathway for glucose dissimilation (Figure 8), as well as the TCA cycle discussed below (Figure 
14),  are two pathways that are at the center of metabolism in nearly all organisms. Not only do these pathways 
dissimilate organic compounds and provide energy,they also provide the precursors for biosynthesis of macromolecules 
that make up living systems (see Figure 25 below). These are rightfully-called amphibolic pathways since the have both 
an anabolic and a catabolic function.  

The Heterolactic (Phosphoketolase) Pathway 

The phosphoketolase pathway (Figure 11) is distinguished by the key cleavage enzyme, phosphoketolase, which cleaves 
pentose phosphate into glyceraldehyde-3-phosphate and acetyl phosphate. As a fermentation pathway, it is employed 
mainly by the heterolactic acid bacteria, which include some species of Lactobacillus and Leuconostoc.In this pathway, 
glucose-phosphate is oxidized to 6-phosphogluconic acid, which becomes oxidized and decarboxylated to form pentose 
phosphate. Unlike the Embden-Meyerhof pathway, NAD-mediated oxidations take place before the cleavage of the 
substrate being utilized. Pentose phosphate is subsequently cleaved to glyceraldehyde-3-phosphate (GAP) and acetyl 
phosphate. GAP is converted to lactic acid by the same enzymes as the E-M pathway. This branch of the pathway 
contains an oxidation coupled to a reduction while 2 ATP are produced by substrate level phosphorylation. Acetyl 
phosphate is reduced in two steps to ethanol, which balances the two oxidations before the cleavage but does not yield 
ATP. The overall reaction is Glucose ---------->1 lactic acid + 1 ethanol +1 CO2 with a net gain of 1 ATP. The efficiency 
is about half that of the E-M pathway.  



Heterolactic species of bacteria are occasionally used in the fermentation industry. For example, one type of fermented 
milk called kefir, analogous to yogurt which is produced by homolactic acid bacteria, is produced using a heterolactic 
Lactobacillus species. Likewise, sauerkraut fermentations use Leuconostoc species of bacteria to complete the 
fermentation.  

 
Figure 11. The heterolactic (phosphoketolase) pathway of fermentation. Compare with the Embden-Meyerhof pathway in Figure 9. This 
pathway differs in the early steps before the cleavage of the molecule. The overall reaction in the fermentation of glucose is Glucose -------
> Lactic acid + ethanol + CO2 + 1 ATP (net).  
   

The Entner-Doudoroff Pathway 

Only a few bacteria, most notably Zymomonas, employ the Entner-Doudoroff pathway as a fermentation path. However, 
many bacteria, especially those grouped around the pseudomonads, use the pathway as a way to degrade carbohydrates 
for respiratory metabolism (see Table 1 below). The E-D pathway yields 2 pyruvic acid from glucose (same as the E-M 
pathway) but like the phosphoketolase pathway, oxidation occurs before the cleavage, and the net energy yield per mole 
of glucose utilized is one mole of ATP.  

In the E-D pathway, glucose phosphate is oxidized to 2-keto-3-deoxy-6-phosphogluconic acid (KDPG) which is cleaved 
by KDPG aldolase to pyruvate and GAP. The latter is oxidized to pyruvate by E-M enzymes wherein 2 ATP are 



produced by substrate level phosphorylations. Pyruvic acid from either branch of the pathway is reduced to ethanol and 
CO2, in the same manner as yeast, by the "yeast-like bacterium", Zymomonas (Figure 12 below). Thus, the overall 
reaction is Glucose ---------->2 ethanol +2 CO2, and a net gain of 1 ATP.  

Zymomonas is a bacterium that lives on the surfaces of plants, including the succulent Maguey cactus which is 
indigenous to Mexico. Just as grapes are crushed and fermented by resident yeast to wine, so may the Maguey flesh be 
crushed and allowed to ferment with Zymomonas, which gives rise to "cactus beer" or "pulque", as it is known in 
Mexico. Distilled pulque yields tequila in the state of Jalisco or mescal in the state of Oaxaca. Many cultures around the 
world prepare their native fermented brews with Zymomonas in deference to the yeast, Saccharomyces, although they 
may not have a choice in the matter. Zymomonas has potential advantageous over yeast for the industrial production of 
alcohol, but the industry is geared to do what it can do, and no change in organisms is forthcoming.  

 
Figure 12. The Entner-Doudoroff Pathway of Fermentation. The overall reaction is Glucose -------> 2 ethanol + 2 CO2 + 1 ATP (net).  

 

Table 1. Oxidative pathways of glycolysis employed by various bacteria.  

Bacterium 
Embden-Meyerhof 
pathway 

Phosphoketolase (heterolactic) 
pathway 

Entner-Doudoroff 
pathway 

Acetobacter aceti - + - 

Agrobacterium 
tumefaciens 

- - + 

Azotobacter vinelandii - - + 



Bacillus subtilis major minor - 

Escherichia coli + - - 

Lactobacillus acidophilus + - - 

Leuconostoc 
mesenteroides 

- + - 

Pseudomonas aeruginosa - - + 

Vibrio cholerae minor - major 

Zymomonas mobilis - - + 

 

Table 2. End product yields in microbial fermentations.  

Pathway Key enzyme Ethanol Lactic Acid CO2 ATP

Embden-Meyerhof 

Saccharomyces 
fructose 1,6-diP aldolase 2 0 2 2 

Embden-Meyerhof 

Lactobacillus 
fructose 1,6-diP aldolase 0 2 0 2 

Heterolactic  

Streptococcus 
phosphoketolase 1 1 1 1 

Entner-Doudoroff  

Zymomonas 
KDPG aldolase 2 0 2 1 

Respiration 

Compared to fermentation as a means of oxidizing organic compounds, respiration is a lot more complicated. 
Respirations result in the complete oxidation of the substrate by an outside electron acceptor. In addition to a pathway 
of glycolysis, four essential structural or metabolic components are needed:  

1. The tricarboxylic acid (TCA) cycle (also known as the citric acid cycle or the Kreb's cycle): when an organic 
compound is utilized as a substrate, the TCA cycle is used for the complete oxidation of the substrate. The end product 
that always results from the complete oxidation of an organic compound is CO2.  

2. A membrane and an associated electron transport system (ETS). The ETS is a sequence of electron carriers in 
the plasma membrane that transports electrons taken from the substrate through the chain of carriers to a final electron 
acceptor. The electrons enter the ETS at a very low redox potential (E'o) and exit at a relatively high redox potential. This 
drop in potential releases energy that can be harvested by the cells in the process of ATP synthesis by the mechanisms of 
electron transport phosphorylation. The operation of the ETS establishes a proton motive force (pmf) due to the 
formation of a proton gradient across the membrane.  

3. An outside electron acceptor ("outside", meaning it is not internal to the pathway, as is pyruvate in a fermentation). 
For aerobic respiration the electron acceptor is O2, of course. Molecular oxygen is reduced to H20 in the last step of the 
electron transport system. But in the bacterial processes of anaerobic respiration, the final electron acceptors may be 
SO4 or S or NO3 or NO2 or certain other inorganic compounds, or even an organic compound, such as fumarate.  

4. A transmembranous ATPase enzyme (ATP synthetase). This enzyme utilizes the proton motive force established on 
the membrane (by the operation of the ETS) to synthesize ATP in the process of electron transport phosphorylation. It 



is believed that the transmembranous Fo subunit is a proton transport system that transports 2H+ to the F1 subunit (the 
actual ATPase) on the inside of the membrane. The 2 protons are required and consumed during the synthesis of ATP 
from ADP plus Pi. See Figure 6 -the membrane of E. coli. The reaction catalyzed by the ATPase enzyme is ADP + Pi + 2 
H+ <----------> ATP. (It is important to appreciate the reversibility of this reaction in order to account for how a 
fermentative bacterium, without an ETS, could establish a necessary pmf on the membrane for transport or flagellar 
rotation. If such an organism has a transmembranous ATPase, it could produce ATP by SLP, and subsequently the 
ATPase could hydrolyze the ATP, thereby releasing protons to the outside of the membrane.)  

The diagram below of aerobic respiration (Figure 13) integrates these metabolic processes into a scheme that represents 
the overall process of respiratory metabolism. A substrate such as glucose is completely oxidized to to CO2 by the 
combined pathways of glycolysis and the TCA cycle. Electrons removed from the glucose by NAD are fed into the ETS 
in the membrane. As the electrons traverse the ETS, a pmf becomes established across the membrane. The electrons 
eventually reduce an outside electron acceptor, O2, and reduce it to H20. The pmf on the membrane is used by the 
ATPase enzyme to synthesize ATP by a process referred to as "oxidative phosphorylation".  

 

 
Figure 13. Model of Aerobic respiration.  

 

Paramount to appreciation of respiration, is an understanding of the role of the TCA cycle. The TCA cycle (including the 
steps leading into it) accounts for the complete oxidation of the substrate and provides 10 pairs of electrons (from 
glucose) for transit through the ETS. For every pair of electrons put into the ETS, 2 or 3 ATP may be produced, so a huge 
amount of ATP is produced in a respiration, compared to a fermentation.  

Glucose is dissimilated in a pathway of glycolysis to the intermediate, pyruvate, and it is the pyruvate that is moved into 
the TCA cycle, eventually becoming oxidized to 3 CO2. Since 2 pyruvate are formed from one glucose, the cycle must 
turn twice for every molecule of glucose oxidized to 6 CO2.  

Initially, pyruvate is oxidized and decarboxylated in a complex reaction involving NAD, Coenzyme A, and pyruvate 
dehydrogenase (pyruvate decarboxylase), forming the most central molecule in metabolism, Acetyl CoA. (See Figure 4). 
Acetyl CoA condenses with the 4C-compound, oxaloacetic acid, to form the first stable intermediate of the TCA cycle, 
6C-citric acid (citrate), a tricarboxylic acid. Citrate is isomerized to isocitrate, which is oxidized and decarboxylated 
forming alpha-ketoglutarate (akg). Alpha ketoglutarate dehydrogenase uses CoA and NAD to oxidize akg to succinyl 
CoA in a reaction analogous to the pyruvate dehydrogenase reaction above. Succinyl CoA is converted to succinate 



during a substrate level phosphorylation yielding high energy GTP (equivalent to ATP). This completes the 
decarboxylation of pyruvate forming 3 CO2. The remaining three steps in the cycle complete the oxidation of succinate 
and regenerate the oxalacetate necessary to drive the cycle. During the oxidation of pyruvic acid to 3 CO2 by one turn of 
the TCA cycle, 4 NADH2, 1 FADH2 and one ATP (actually GTP) are produced. Since the TCA cycle is an important 
amphibolic pathway, several intermediates of the cycle may be withdrawn for anabolic (biosynthetic) pathways (See 
Figure 25).  

 
Figure 14. The tricarboxylic acid (TCA) or Kreb's cycle  

 

The overall reaction for the aerobic respiration of glucose is  

Glucose + 6 O2 ----------> 6 CO2 + 6 H20 + 688 kcal (total)  

which can be written  

Glucose ----------> 6 CO2 + 10 NADH2 + 2 FADH2 + 4 ATP  
(2NADH2 from glycolysis, 8NADH2 from two turns of TCA, 2 FADH2 from two turns of TCA; 2ATP (net) from 
glycolysis, 2 ATP (GTP) from two turns of TCA)  

In E. coli, 2 ATP are produced for each pair of electrons that are introduced into the ETS by NADH2. One ATP is 
produced from a pair of electrons introduced by FADH2. Hence, the equation can be rewritten  

Glucose + 6 O2 ----------> 6 CO2 + 6 H20 + 20 ATP (ETP) + 2 ATP (ETP) + 4 ATP (SLP) + 688 kcal (total)  

Since a total of 26 ATP is formed during the release of 688 kcal of energy, the efficiency of this respiration is 26x8/688 
or about 30 percent. In Pseudomonas (or mitochondria), due to the exact nature of the ETS, 3 ATP are produced for each 



pair of electrons that are introduced into the ETS by NADH2 and 2 ATP are produced from a pair of electrons introduced 
by FADH2. Hence, the overall reaction in Pseudomonas, using the same dissimilatory pathways as E. coli, is  

Glucose + 6 O2 ----------> 6 CO2 + 6 H20 + 38 ATP + 688 kcal (total)  

and the corresponding efficiency is about 45 percent.  

Respiration in some procaryotes is possible using electron acceptors other than oxygen (O2). This type of respiration in 
the absence of oxygen is referred to as anaerobic respiration. Although anaerobic respiration is more complicated than 
the foregoing statement, in its simplest form it represents the substitution or use of some compound other than O2 as a 
final electron acceptor in the electron transport chain. Electron acceptors used by procaryotes for respiration or 
methanogenesis (an analogous type of energy generation in archaea) are described in the table below.  

 
Table 3. Electron acceptors for respiration and methanogenesis in procaryotes  

electron acceptor reduced end product name of process organism 

O2 H2O aerobic respiration Escherichia, Streptomyces

NO3 NO2, N2O or N2 anaerobic respiration: denitrification Bacillus, Pseudomonas 

SO4 S or H2S anaerobic respiration: sulfate reduction Desulfovibrio 

fumarate succinate 
anaerobic respiration:  

using an organic e- acceptor 
Escherichia 

CO2 CH4 methanogenesis Methanococcus 

 

Biological methanogenesis is the source of methane (natural gas) on the planet. Methane is preserved as a fossil fuel 
(until we use it all up) because it is produced and stored under anaerobic conditions, and oxygen is needed to oxidize the 
CH4 molecule. Methanogenesis is not really a form of anaerobic respiration, but it is a type of energy-generating 
metabolism that requires an outside electron acceptor in the form of CO2. Methane is a significant greenhouse gas.  

Denitrification is an important process in agriculture because it removes NO3 from the soil. NO3 is a major source of 
nitrogen fertilizer in agriculture. Almost one-third the cost of some types of agriculture is in nitrate fertilizers The use of 
nitrate as a respiratory electron acceptor is usually an alternative to the use of oxygen. Therefore, soil bacteria such as 
Pseudomonas  will use O2 as an electron acceptor if it is available, and disregard NO3. This is the rationale in 
maintaining well-aerated soils by the agricultural practices of plowing and tilling. E. coli will utilize NO3 (as well as 
fumarate) as a respiratory electron acceptor and so it may be able to continue to respire in the anaerobic intestinal 
habitat.  

at 
Denitrifying bacteria that respire using N2O as an electron acceptor yielding N2,  therefore 

provide a sink for the N2O. 

rs 

nts of eutrophic lakes such as Lake Mendota, where they crank out methane and hydrogen sulfide at a surprising 
rate.  

ryotes 

 a source 
of energy. Among all these groups of procaryotes there is a minicycle of the elements in a model ecosystem.  

Among the products of denitrification, N2O  is of a major concern because it is a greenhouse gas with 300-times the he
absorbing capacity of CO2. 

Sulfate reduction is not an alternative to the use of O2 as an electron acceptor. It is an obligatory process that occu
only under anaerobic conditions. Methanogens and sulfate reducers may share habitat, especially in the anaerobic 
sedime

Anaerobic respiring bacteria and methanogens play an essential role in the biological cycles of carbon, nitrogen and 
sulfur. In general, they convert oxidized forms of the elements to a more reduced state. The lithotrophic proca
metabolize the reduced forms of nitrogen and sulfur to a more oxidized state in order to produce energy. The 
methanotrophic bacteria, which uniquely posses the enzyme methane monooxygenase, can oxidize methane as



Lithotrophic Types of Metabolism 

Lithotrophy is the use of an inorganic compound as a source of energy. Most lithotrophic bacteria are aerobic respirers 
that produce energy in the same manner as all aerobic respiring organisms: they remove electrons from a substrate and 
put them through an electron transport system that will produce ATP by electron transport phosphorylation. Lithotrophs 

 
c 

ecies 
", but the term 

lithoautotroph is a more accurate description of their metabolism. The lithotrophs are a very diverse group of 

 H2 a form of 
lithotrophy, then probably most of the Archaea are lithotrophs. Lithotrophs are usually organized into "physiological 
groups" based on their inorganic substrate for energy production and growth (see Table 5 below).  

just happen to get those electrons from an inorganic, rather than an organic compound.  

Some lithotrophs are facultative lithotrophs, meaning they are able to use organic compounds, as well, as sources of
energy. Other lithotrophs do not use organic compounds as sources of energy; in fact, they won't transport organi
compounds. CO2 is the sole source of carbon for the methanogens and the nitrifying bacteria and a few other sp
scattered about in other groups. These lithoautotrophs are often referred to as "chemoautotrophs

procaryotes, united only by their ability to oxidize an inorganic compound as an energy source.  

Lithotrophy runs through the Bacteria and the Archaea. If one considers methanogen oxidation of

 
r  of lithotroph

roup rgy source ed end product

Table 5. Physiological g oups s  

physiological g ene oxidiz organism 

hydrogen bacteria H2 H2O Alcaligenes, Pseudomonas 

methanogens H2 H2O Methanobacterium 

carboxydobacteria CO CO2 Rhodospirillum, Azotobacter 

nitrifying bacteria* NH3 NO2 Nitrosomonas 

nitrifying bacteria* NO2 NO3 Nitrobacter 

sulfur oxidizers H2S or S SO4 Thiobacillus, Sulfolobus 

iron bacteria Fe  Fe  Gallionella, Thiobacillus ++ +++

* The overall process of nitrification, conversion of NH  to NO , requires a consortium of microorganisms.   3 3
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 that transfers electrons from 
H  to NAD in a one-step process. NAD then delivers the electrons to the ETS. Others have hydrogenase enzymes that 

o 
 

 
 methane. They have unique coenzymes 

and electron transport processes. Their type of energy generating metabolism is never seen in the Bacteria, and their 

 
re 

acteria. Interestingly, the enzyme CODH used by the carboxydobacteria to oxidize CO to CO2, is used by 
the methanogens for the reverse reaction - the reduction of CO  to CO - during CO  fixation by the CODH pathway 

The hydrogen bacteria oxidize H2 (hydrogen gas) as an energy source. The hydrogen bacteria are facultative 
lithotrophs as evidenced by the pseudomonads that fortuitously possess a hydrogenase enzyme that will oxidize H2 an
put the electrons into their respiratory ETS. They will use H2 if they find it in their environment even though they are 
typically heterotrophic. Indeed, most hydrogen bacteria are nutritionall-versatile in their ability to use a wide range of 
carbon and energy sources. Some hydrogen bacteria possess an NAD-linked hydrogenase

2

pass electrons to different carriers in the bacterial electron transport system.  

The methanogens used to be considered a major group of hydrogen bacteria - until it was discovered that they are 
Archaea. The methanogens are able to oxidize H2 as a sole source of energy while transferring the electrons from H2 t
CO2 in its reduction to methane. Apparently, H2 has more energy available than CH4, for all you physical chemists out
there. Metabolism of the methanogens is absolutely unique, yet methanogens represent the most prevalent and diverse
group of Archaea. Methanogens use H2 and CO2 to produce cell material and

mechanism of autotrophic CO2 fixation is very rare, except in methanogens.  

The carboxydobacteria are able to oxidize CO (carbon monoxide) to CO2, using an enzyme CODH (carbon monoxide
dehydrogenase). The carboxydobacteria are not obligate CO users, i.e., some are also hydrogen bacteria, and some a
phototrophic b

2 2

(Figure 23).  



The nitrifying bacteria are represented by two genera, Nitrosomonas and Nitrobacter. Together these bacteria can 
accomplish the oxidation of NH3 to NO3, known as the process of nitrification. No single organism can carry out the 
whole oxidative process. Nitrosomonas oxidizes ammonia to NO2 and Nitrobacter oxidizes NO2 to NO3. Most o
nitrifying bacteria are obligate lithoautotrophs, the exception being a few strains of Nitrobacter that will utilize acetate. 
CO

f the 

 carboxylase and the Calvin Cycle. Nitrifying bacteria grow in environments rich in 
ammonia, where extensive protein decomposition is taking place. Nitrification in soil and aquatic habitats is an essential 

 oxidizers 
oxidize 

d 
hey 

uce sulfuric acid (SO4), and therefore tend to acidify their own environments. Some of the sulfur oxidizers are 
acidophiles that will grow at a pH of 1 or less. Some are hyperthermophiles that grow at temperatures of 115 degrees 

ce of 
s and are capable of lithoautotrophic growth: the stalked bacterium Gallionella, which forms 

flocculant rust-colored colonies attached to objects in nature, and Thiobacillus ferrooxidans, which is also a sulfur-
oxidizing lithotroph.  

2 fixation utilizes RUBP

part of the nitrogen cycle.  

Lithotrophic sulfur oxidizers include both Bacteria (e.g. Thiobacillus) and Archaea (e.g. Sulfolobus). Sulfur
oxidize H2S (sulfide) or S (elemental sulfur) as a source of energy. Similarly, the purple and green sulfur bacteria 
H2S or S as an electron donor for photosynthesis, and use the electrons for CO2 fixation (the dark reaction of 
photosynthesis). Obligate autotrophy, which is nearly universal among the nitrifiers, is variable among the sulfur 
oxidizers. Lithoautotrophic sulfur oxidizers are found in environments rich in H2S, such as volcanic hot springs an
fumaroles, and deep-sea thermal vents. Some are found as symbionts and endosymbionts of higher organisms. Since t
can generate energy from an inorganic compound and fix CO2 as autotrophs, they may play a fundamental role in 
primary production in environments that lack sunlight. As a result of their lithotrophic oxidations, these organisms 
prod

C.  

Iron bacteria oxidize Fe++ (ferrous iron) to Fe+++ (ferric iron). At least two bacteria probably oxidize Fe++ as a sour
energy and/or electron

 

 
Figure 15. Lithotrophic oxidations  

 

 
acteria 

 conduct bacterial 
photosynthesis or anoxygenic photosynthesis; the extreme halophilic archaea use a type of nonphotosynthetic 

Phototrophic Metabolism 

Phototrophy is the use of light as a source of energy for growth, more specifically the conversion of light energy into 
chemical energy in the form of ATP. Procaryotes that can convert light energy into chemical energy include the
photosynthetic cyanobacteria, the purple and green bacteria and the "halobacteria" (actually archaea). The cyanob
conduct plant photosynthesis, called oxygenic photosynthesis; the purple and green bacteria

photophosphorylation mediated by bacteriorhodopsin to transform light energy into ATP.  



Photosynthesis is the conversion of light energy into chemical energy that can be used in the formation of cellular 
material from CO2. Photosynthesis is a type of metabolism separable into a catabolic and anabolic component. The 
catabolic component of photosynthesis is the light reaction, wherein light energy is transformed into electrical energy, 
then chemical energy. The anabolic component involves the fixation of CO2 and its use as a carbon source for growth, 

ne 
nt of an 

ssed from an iron-sulfur protein (X ) to a quinone to a 
cytochrome and back to chlorophyll (Figure 16 below). As the electron is transported, a proton motive force is 
established on the membrane, and ATP is synthesized by an ATPase enzyme. This manner of converting light energy 
into chemical energy is called cyclic photophosphorylation.  

usually called the dark reaction. In photosynthetic procaryotes there are two types of photosynthesis and two types of 
CO2 fixation.  

The Light Reactions depend upon the presence of chlorophyll, the primary light-harvesting pigment in the membra
of photosynthetic organisms. Absorption of a quantum of light by a chlorophyll molecule causes the displaceme
electron at the reaction center. The displaced electron is an energy source that is moved through a membrane 
photosynthetic electron transport system, being successively pa

 

 
Figure 16. Photosystem I: cyclical electron flow coupled to photophosphorylation  

 
 membrane electron transport 

system, and an ATPase enzyme. The photosynthetic electron transport system of is fundamentally similar to a 

teria, called 
bacteriochlorophylls are chemically different than chlorophyll a in their substituent side chains. This is reflected in their 

 

The energy of a 
photon of light is absorbed by a special chlorophyll molecule at the reaction center, which becomes instantaneously 

a 

ng 

The functional components of the photochemical system are light harvesting pigments, a

respiratory ETS, except that there is a low redox electron acceptor (e.g. ferredoxin) at the top (low redox end) of the 
electron transport chain, that is first reduced by the electron displaced from chlorophyll.  

There are several types of pigments distributed among various phototrophic organisms. Chlorophyll is the primary light-
harvesting pigment in all photosynthetic organisms. Chlorophyll is a tetrapyrrole which contains magnesium at the center 
of the porphyrin ring. It contains a long hydrophobic side chain that associates with the photosynthetic membrane. 
Cyanobacteria have chlorophyll a, the same as plants and algae. The chlorophylls of the purple and green bac

light absorption spectra. Chlorophyll a absorbs light in two regions of the spectrum, one around 450nm and the other
between 650 -750nm; bacterial chlorophylls absorb from 800-1000nm in the far red region of the spectrum.  

The chlorophylls are partially responsible for light harvesting at the photochemical reaction center. 

oxidized by a nearby electron acceptor of low redox potential. The energy present in a photon of light is conserved as 
separation of electrical charge which can be used to generate a proton gradient for ATP synthesis.  

Carotenoids are always associated with the photosynthetic apparatus. They function as secondary light-harvesti
pigments, absorbing light in the blue-green spectral region between 400-550 nm. Carotenoids transfer energy to 
chlorophyll, at near 100 percent efficiency, from wave lengths of light that are missed by chlorophyll. In addition, 



carotenoids have an indispensable function to protect the photosynthetic apparatus from photooxidative damage. 
Carotenoids have long hydrocarbon side chains in a conjugated double bond system. Carotenoids "quench" the powerful 
oxygen radical, singlet oxygen, which is invariably produced in reactions between chlorophyll and O2 (molecular 

e. 
tween 550 and 650nm. Phycobiliproteins 

consist of proteins that contain covalently-bound linear tetrapyrroles (phycobilins). They are contained in granules called 
phycobilisomes that are closely associated with the photosynthetic apparatus. Being closely linked to chlorophyll they 
can efficiently transfer light energy to chlorophyll at the reaction center.  

oxygen). Some nonphotosynthetic bacterial pathogens, i.e., Staphylococcus aureus, produce carotenoids that protect the 
cells from lethal oxidations by singlet oxygen in phagocytes.  

Phycobiliproteins are the major light harvesting pigments of the cyanobacteria. They also occur in some groups of alga
They may be red or blue, absorbing light in the middle of the spectrum be

 
Figure 17. The distribution of photosynthetic pigments among photosynthetic microorganisms.  

All phototrophic bacteria are capable of performing cyclic photophosphorylation as described above and in Figure 16 an
below in Figure 18. This universal mechanism of cyclic photophosphorylation is referred to as Photosystem I. Bacte
photosynthe

d 
rial 

sis uses only Photosystem I (PSI), but the more evolved cyanobacteria, as well as algae and plants, have an 
additional light-harvesting system called Photosystem II (PSII). Photosystem II is used to reduce Photosystem I when 
electrons are withdrawn from PSI for CO2 fixation. PSII transfers electrons from H2O and produces O2, as shown in 
Figure 20.  



 
Figure 18. The cyclical flow of electrons during bacterial (anoxygenic) photosynthesis. A cluster of carotenoid and chlorophyll molecules 
at the Reaction Center harvests a quantum of light. A bacterial chlorophyll molecule becomes instantaneously oxidized by the loss of an 
electron. The light energy is used to boost the electron to a low redox intermediate, ferredoxin, (or some other iron sulfur protein) which 
can enter electrons into the photosynthetic electron transport system in the membrane. As the electrons traverse the ETS a proton 
motive force is established that is used to make ATP in the process of photophosphorylation. The last cytochrome in the ETS returns the 
electron to chlorophyll. Since light energy causes the electrons to turn in a cycle while ATP is synthesized, the process is called cyclic 
photophosphorylation. Compare bacterial photosynthesis with the scheme that operates in Photosystem I in Figure 16 above. Bacterial 
photosynthesis uses only Photosystem I for the conversion of light energy into chemical energy.  

 
Figure 19. The normally cyclical flow of electrons during bacterial photosynthesis must be opened up in order to obtain electrons for 
CO2 ficxation. In the case of the purple sulfur bacteria, they use H2S as a source of electrons. The oxidation of H2S is coupled to PSI. 
Light energy boosts an electron, derived from H2S, to the level of ferredoxin, which reduces NADP to provide electrons for autotrophic
CO

 
on.  2 fixati



 
Figure 20. Electron flow in plant (oxygenic) photosynthesis. Photosystem I and the mechanisms of cyclic photophosphorylation operate in 
plants, algae and cyanobacteria, as they do in bacterial photosynthesis. In plant photosynthesis, chlorophyll a is the major chlorophyll 
species at the reaction center and the exact nature of the primary electron acceptors (X or ferredoxin) and the components of the ETS 
are different than bacterial photosynthesis. But the fundamental mechanism of cyclic photophosphorylation is the same. However, when 
electrons must be withdrawn from photosystem I (ferredoxin--e--->NADP in upper left), those electrons are replenished by the operation 
of Photosystem II. In the Reaction Center of PSII, a reaction between light, chlorophyll and H2O removes electrons from H2O (leading to 
the formation of O2) and transfers them to a component of the photosynthetic ETS (primary electron acceptor). The electrons are then 
transferred through a chain of electron carriers consisting of cytochromes and quinones until they reach shlorophyll in PSI. The 
resulting drop in redox potential allows for the synthesis of ATP in a process called noncyclic photophosphorylation. The operation of 
photosystem II is what fundamentally differentiates plant photosynthesis from bacterial photosynthesis. Photosystem II accounts for the 
source of reductant for CO2 fixation (provided by H2O), the production of O2, and ATP synthesis by noncyclic photophosphorylation  

Most of the phototrophic procaryotes are obligate or facultative autotrophs, which means that they are able to fix CO2 as 
a sole source of carbon for growth. Just as the oxidation of organic material yields energy, electrons and CO2, in order to 
build up CO2 to the level of cell material (CH2O), energy (ATP) and electrons (reducing power) are required. The overall 
reaction for the fixation of CO2 in the Calvin cycle is CO2 + 3ATP + 2NADPH2 ----------> CH2O + 2ADP + 2Pi + 
2NADP. The light reactions operate to produce ATP to provide energy for the dark reactions of CO2 fixation. The dark 
reactions also need reductant (electrons). Usually the provision of electrons is in some way connected to the light 
reactions. A model for coupling the light and dark reactions of photosynthesis is illustrated in Figure 21 below.  

The general scheme for finding electrons for CO2 fixation is to open up Photosystem I and remove the electrons, 
eventually getting them to NADP which can donate them to the dark reaction. In bacterial photosynthesis the process 
may be quite complex. The electrons are removed from Photosystem I at the level of a cytochrome, then moved through 
an energy-consuming reverse electron transport system to an iron-sulfur protein, ferredoxin, which reduces NADP to 
NADPH2. The electrons that replenish Photosystem I come from the oxidation of an external photosynthetic electron 
donor, which may be H2S, other sulfur compounds, H2, or certain organic compounds.  

In plant photosynthesis, the photosynthetic electron donor is H2O, which is lysed by photosystem II, resulting in the 
production of O2. Electrons removed from H2O travel through Photosystem II to Photosystem I as described in Figure 20 
above. Electrons removed from Photosystem I reduce ferredoxin directly. Ferredoxin, in turn, passes the electrons to 
NADP.  

 



 
Figure 21. Model for coupling the light and dark reactions of photosynthesis.  

 

The differences between plant and bacterial photosynthesis are summarized in Table 6 below. Bacterial photosynthesis is 
an anoxygenic process. The external electron donor for bacterial photosynthesis is never H2O, and therefore, purple and 
green bacteria never produce O2 during photosynthesis. Furthermore, bacterial photosynthesis is usually inhibited by O2 
and takes place in microaerophilic and anaerobic environments. Bacterial chlorophylls use light at longer wave lengths 
not utilized in plant photosynthesis, and therefore they do not have to compete with oxygenic phototrophs for light. 
Bacteria use only cyclic photophosphorylation (Photosystem I) for ATP synthesis and lack a second photosystem.  

Table 6. Differences between plant and bacterial photosynthesis  
   

 plant photosynthesis bacterial photosynthesis 

organisms plants, algae, cyanobacteria purple and green bacteria 

type of chlorophyll 
chlorophyll a   

absorbs 650-750nm 

bacteriochlorophyll   

absorbs 800-1000nm 

Photosystem I  

(cyclic photophosphorylation) 
present present 

Photosystem I  

(noncyclic photophosphorylation) 
present absent 

Produces O2 yes no 

Photosynthetic electron donor H2O 
H2S, other sulfur compounds or  

certain organic compounds 



While photosynthesis is highly-evolved in the procaryotes, it apparently originated in the Bacteria and did not spread or 
evolve in Archaea. But the Archaea, in keeping with their unique ways, are not without representatives which can 
conduct a type of light-driven photophosphorylation. The extreme halophiles, archaea that live in natural environments 
such as the Dead Sea and the Great Salt Lake at very high salt concentration (as high as 25 percent NaCl) adapt to the 
high-salt environment by the development of "purple membrane", actually patches of light-harvesting pigment in the 
plasma membrane. The pigment is a type of rhodopsin called bacteriorhodopsin which reacts with light in a way that 
forms a proton gradient on the membrane allowing the synthesis of ATP. This is the only example in nature of non 
photosynthetic photophosphorylation. These organisms are heterotrophs that normally respire by aerobic means. The 
high concentration of NaCl in their environment limits the availability of O2 for respiration so they are able to 
supplement their ATP-producing capacity by converting light energy into ATP using bacteriorhodopsin.  

Autotrophic CO2 fixation 

The use of RUBP carboxylase and the Calvin cycle is the most common mechanism for CO2 fixation among 
autotrophs. Indeed, RUBP carboxylase is said to be the most abundant enzyme on the planet (nitrogenase, which fixes N2 
is second most abundant). This is the only mechanism of autotrophic CO2 fixation among eukaryotes, and it is used, as 
well, by all cyanobacteria and purple bacteria. Lithoautotrophic bacteria also use this pathway. But the green bacteria and 
the methanogens, as well as a few isolated groups of procaryotes, have alternative mechanisms of autotrophic CO2 
fixation and do not possess RUBP carboxylase.  

RUBP carboxylase (ribulose bisphosphate carboxylase) uses ribulose bisphosphate (RUBP) and CO2 as co-substrates. 
In a complicated reaction the CO2 is "fixed" by addition to the RUBP, which is immediately cleaved into two molecules 
of 3-phosphoglyceric acid (PGA). The fixed CO2 winds up in the -COO group of one of the PGA molecules. Actually, 
this is the reaction which initiates the Calvin cycle (Figure 22 below).  

The Calvin cycle is concerned with the conversion of PGA to intermediates in glycolysis that can be used for 
biosynthesis, and with the regeneration of RUBP, the substrate that drives the cycle. After the initial fixation of CO2, 2 
PGA are reduced and combined to form hexose-phosphate by reactions which are essentially the reverse of the oxidative 
Embden-Meyerhof pathway. (Now is a good time to go back to Figure 8 and look at the E-M pathway for the location of 
PGA and glucose-phosphate). The hexose phosphate is converted to pentose-phosphate, which is phosphorylated to 
regenerate RUBP. An important function of the Calvin cycle is to provide the organic precursors for the biosynthesis of 
cell material. Intermediates must be constantly withdrawn from the Calvin cycle in order to make cell material. In this 
regard, the Calvin cycle is an anabolic pathway. The fixation of CO2 to the level of glucose (C6H12O6) requires 18 ATP
and 12 NADPH

 
2.  

 
Figure 22. The Calvin cycle and its relationship to the synthesis of cell materials.  



 

The methanogens, a very abundant group of procaryotes, use CO2 as a source of carbon for growth, and as a final 
electron acceptor in an energy-producing process that produces methane. If a methanogen is fed labeled CO2 as a sole 
form of carbon, 95 percent of the label winds up in methane and 5 percent winds up in cell material. The methanogens fix 
CO2 by means of the enzyme CODH (carbon monoxide dehydrogenase) and the Acetyl CoA pathway (Figure 23 
below).  

The pathway of methanogenesis steadily reduces CO2 to the methyl (CH3) level, mediated by the coenzyme 
methanopterin (MP), related to folic acid. MP-CH3 may be reduced to methane (not shown) or the MP may be replaced 
by a vitamin B12-like molecule to enter the pathway of CO2 fixation. The "B12"-CH3 is substrate for CO fixation 
mediated by the CODH. CODH reduces CO2 to CO and adds the CO to "BB12"-CH3 to form acetyl-[CODH]. Coenzyme
A (CoA) then replaces the CODH, resulting in the formation of Acetyl CoA, which is in the heart of biosynthetic 
metabolism. The net effect is the reduction of 2 CO

 

 to Acetyl CoA.  2

 

Figure 23. The CODH or acetyl CoA pathway of CO2 fixation in the methanogens  

 

Finally, in the photosynthetic Green Bacteria, the pathway of autotrophic CO2 fixation involves the reversal of familiar 
decarboxylation reactions in and around the TCA cycle. The two primary reactions utilized by the Green Bacteria are  
two Ferredoxin (FD)-mediated reactions, the reduction of Acetyl CoA to pyruvate, and the reduction of succinyl CoA to 
alpha-ketoglutarate This is referred to as the reverse TCA cycle for CO2 uptake.  



 

Figure 24. The two ferredoxin (FD)-mediated reactions used for CO2 uptake in the green bacteria are a reversal of the oxidation of keto 
acids mediated by NAD and CoA (Figure 4).  

 

Biosynthesis 

The pathways of central metabolism (i.e., glycolysis and the TCA cycle), with a few modifications, always run in one 
direction or another in all organisms. The reason - these pathways provide the precursors for the biosynthesis of cell 
material. When a pathway, such as the Embden-Meyerhof pathway or the TCA cycle, functions to provide energy in 
addition to chemical intermediates for the synthesis of cell material, the pathway is referred to as an amphibolic 
pathway. Pathways of glycolysis and the TCA cycle are amphibolic pathways because they provide ATP and chemical 
intermediates to build new cell material. The main metabolic pathways, and their relationship to biosynthesis of cell 
material, are shown in Figure 25 below.  

Biosynthesis or intermediary metabolism is a topic of biochemistry, more so than microbiology. It will not be dealt 
with in detail here. The fundamental metabolic pathways of biosynthesis are similar in all organisms, in the same way 
that protein synthesis or DNA structure are similar in all organisms. When biosynthesis proceeds from central 
metabolism as drawn below, some of the main precursors for synthesis of procaryotic cell structures and components are 
as follows.  

Polysaccharide capsules or inclusions are polymers of glucose and other sugars.  

Cell wall peptidoglycan (NAG and NAM) is derived from glucose phosphate.  

Amino acids for the manufacture of proteins have various sources, the most important of which are pyruvic acid, alpha 
ketoglutaric acid and oxalacetic acid.  

Nucleotides (DNA and RNA) are synthesized from ribose phosphate. ATP and NAD are part of purine (nucleotide) 
metabolism.  

Triose-phosphates are precursors of glycerol, and acetyl CoA is a main precursor of lipids for membranes  

Vitamins and coenzymes are synthesized in various pathways that leave central metabolism.  In the example given in 
Figure 25, heme synthesis proceeds from the serine pathway, as well as from succinate in the TCA cycle.   

 



 

 
Figure 25. The main pathways of biosynthesis in procaryotic cells  

 

 

 



REGULATION AND CONTROL OF METABOLIC ACTIVITY 
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Adaptation to the Nutritional and Physical Environment  

Unlike plant and animal cells, most bacteria are exposed to a constantly changing physical and chemical environment. 
Within limits, bacteria can react to changes in their environment through changes in patterns of structural proteins, 
transport proteins, toxins, enzymes, etc., which adapt them to a particular ecological situation. For example, E. coli does 
not produce fimbriae for colonization purposes when living in a planktonic (free-floating or swimming) environment. 
Vibrio cholerae does not produce the cholera toxin that causes diarrhea unless it is in the human intestinal tract. Bacillus 
subtilis does not make the enzymes for tryptophan biosynthesis if it can find preexisting tryptophan in its environment. If 
E. coli is fed glucose and lactose together, it will use the glucose first because it takes two less enzymes to use glucose 
than it does to use lactose. In Neisseria gonorrhoeae, the bacterium will develop a sophisticated iron gathering and 
transport system if it senses that iron is in short supply in its environment.  

Bacteria have developed sophisticated mechanisms for the regulation of both catabolic and anabolic pathways. Generally, 
bacteria do not synthesize degradative (catabolic) enzymes unless the substrates for these enzymes are present in their 
environment. For example, synthesis of enzymes that degrade lactose would be wasteful unless the substrate for these 
enzymes (lactose) was available in the environment. Similarly, bacteria have developed diverse mechanisms for the 
control of biosynthetic (anabolic) pathways. Bacterial cells shut down biosynthetic pathways when the end products of 
the pathway are not needed or are readily obtained by transport from the environment. For example, if a bacterium could 
find a preformed amino acid like tryptophan in its environment, it would make sense to shut down its own pathway of 
tryptophan biosynthesis, and thereby conserve energy. However, in real bacterial life, the control mechanisms for all 
these metabolic pathways must be reversible, since the environment can change quickly and drastically.  

Some of the common mechanisms by which bacterial cells can regulate and control their metabolic activities are 
discussed in this chapter  It is important for the reader to realize that most of these mechanisms have been observed or 
described in the bacterium, Escherichia coli, and they are mostly untested and unproved to exist in many other bacteria or 
procaryotes (although, whenever they are looked for, they are often found). The perceptive reader will appreciate that the 
origins of the modern science of molecular biology are found in the experiments that explained these regulatory 
processes in E. coli.  

Conditions Affecting Enzyme Formation in Bacteria  

As stated above, bacterial cells can change patterns of enzymes, in order to adapt them to their specific environment. 
Often the concentration of an enzyme in a bacterial cell depends on the presence of the substrate for the enzyme. 
Constitutive enzymes are always produced by cells independently of the composition of the medium in which the cells 
are grown. The enzymes that operate during glycolysis and the TCA cycle are generally constitutive: they are present at 
more or less the same concentration in cells at all times. Inducible enzymes are produced ("turned on") in cells in 
response to a particular substrate; they are produced only when needed. In the process of induction the substrate, or a 
compound structurally similar to the substrate, evokes formation of the enzyme and is sometimes called an inducer. A 
repressible enzyme is one whose synthesis is downregulated or "turned off" by the presence of (for example) the end 
product of a pathway that the enzyme normally participates in. In this case, the end product is called a corepressor of the 
enzyme.  

Regulation of Enzyme Reactions  

Not all enzymatic reactions occur in a cell to the same extent. Some compounds are needed in large amounts and the 
reactions involved in their synthesis must therefore occur in large amounts. Other compounds are needed in small 
amounts and the corresponding reactions involved in their synthesis need only occur in small amounts.  

In bacterial cells, enzymatic reactions may be regulated by two unrelated modes: (1) control or regulation of enzyme 
activity (feedback inhibition or end product inhibition), which mainly operates to regulate biosynthetic pathways; and 
(2) control or regulation of enzyme synthesis including, end-product repression, which functions in the regulation of 



biosynthetic pathways, and enzyme induction and catabolite repression, which regulate mainly degradative pathways. 
The process of feedback inhibition regulates the activity of preexisting enzymes in the cells. The processes of end-
product repression, enzyme induction and catabolite repression are involved in the control of synthesis of enzymes. 
These latter processes which regulate the synthesis of enzymes may be either a form of positive control or negative 
control. End-product repression and enzyme induction are mechanisms of negative control which lead to a decrease in 
the transcription of proteins. Catabolite repression is considered a form of positive control because it affects an 
increase in transcription of proteins.  

 
Table 1.Points for regulation of various metabolic processes. Bacteria exert control over their metabolism at every possible stage starting 
at the level of the gene that encodes for a protein and ending with alteration or modifications in the protein after it is produced. For 
example, variation in gene structure can vary the activity or production of a protein, just as modifications of a protein after it is 
produced can alter or change its activity. One of the most important sites for control of metabolism at the genetic level is regulation of 
transcription. At this level, in positive control mechanisms (e.g. catabolite repression), a regulatory protein has an effect to increase the 
rate of transcription of a gene, while in negative control mechanisms (e.g. enzyme induction or end product repression) a regulatory 
protein has the effect to decrease the rate of transcription of a gene. Sometimes this nomeneclature may seem counter-intuitive, but 
molecular biologists have stuck us with it.  

 

Allosteric Proteins  

Although there are examples of regulatory processes that occur at all stages in molecular biology of bacterial cells (see 
Table 1 above), the most common points of regulation are at the level of transcription (e.g. enzyme induction and enzyme 
repression) and changing the activity of preexisting proteins.  In turn, these levels of control are usually modulated by 
proteins with the property of allostery.  

An allosteric protein is one which has an active (catalytic) site and an allosteric (effector) site. In an allosteric enzyme, 
the active site binds to the substrate of the enzyme and converts it to a product. The allosteric site is occupied by some 
small molecule which is not a substrate. However, when the allosteric site is occupied by the effector molecule, the 
configuration of the active site is changed so that it is now unable to recognize and bind to its substrate (Figure 1). If the 
protein is an enzyme, when the allosteric site is occupied, the enzyme is inactive, i.e., the effector molecule decreases the 
activity of the enzyme. There is an alternative situation, however. The effector molecule of certain allosteric enzymes 
binds to its allosteric site and consequently transforms the enzyme from an inactive to an active state (Figure 2). Some 
multicomponent allosteric enzymes have several sites occupied by various effector molecules that modulate enzyme 
activity over a range of conditions.  



 
Figure 1. Example of an allosteric enzyme with a negative effector site. When the effector molecule binds to the allosteric site, substrate 
binding and catalytic activity of the enzyme are inactivated. When the effector is detached from the allosteric site the enzyme is active.  

 
Figure 2. Example of an allosteric enzyme with a positive effector site. The effector molecule binds to the allosteric site resulting in 
alteration of the active site that stimulates substrate binding and catalytic activity.  

Some allosteric proteins are not enzymes, but nonetheless have an active site and an allosteric site. The regulatory 
proteins that control metabolic pathways involving end product repression, enzyme induction and catabolite repression 
are allosteric proteins. In their case, the active site is a DNA binding site, which, when active, binds to a specific 
sequence of DNA, and which, when inactive, does not bind to DNA. The allosteric or effector molecule is a small 
molecule which can occupy the allosteric site and affect the active site. In the case of enzyme repression, a positive 
effector molecule (called a corepressor) binds to the allosteric regulatory protein and activates its ability to bind to DNA. 
In the case of enzyme induction a negative effector molecule (called an inducer) binds to the allosteric site, causing the 
active site to change conformation thereby detaching the protein from its DNA binding site.  

Feedback Inhibition  

Feedback inhibition (or end product inhibition) is a mechanism for the inhibition of preformed enzymes that is seen 
primarily in the regulation of whole biosynthetic pathways, e.g. pathways involved in the synthesis of the amino acids. 
Such pathways usually involve many enzymatic steps, and the final (end) product is many steps removed from the 
starting substrate. By this mechanism, the final product is able to feed back to the first step in the pathway and to regulate 
its own biosynthesis.  

In feedback inhibition, the end product of a biosynthetic pathway inhibits the activity of the first enzyme that is unique to 
the pathway, thus controlling production of the end product. The first enzyme in the pathway is an allosteric enzyme. Its 



allosteric site will bind to the end product (e.g. amino acid) of the pathway which alters its active site so that it cannot 
mediate the enzymatic reaction which initiates the pathway. Other enzymes in the pathway remain active, but they do not 
see their substrates. The pathway is shut down as long as adequate amounts of the end product are present. If the end 
product is used up or disappears, the inhibition is relieved, the enzyme regains its activity, and the organism can resume 
synthesis of the end product. Thus, if a E. coli bacterium swims out of a glucose minimal medium into milk or some 
other medium rich in growth factors, the bacterium can stop synthesizing any of the essential metabolites that are made 
available directly from the new environment.  

One of the most intensely studied bacterial pathways is the pathway of tryptophan biosynthesis (Figure 3). The pathway 
of tryptophan biosynthesis is regulated by feed back inhibition. Tryptophan is the effector molecule for allosteric enzyme 
a. When the end product of the pathway (tryptophan) attaches to enzyme a, the enzyme is inactive and can no longer join 
glutamine and chorismic acid into anthranilate. If tryptophan is disjoined from the enzyme the pathway is resumed, and 
tryptophan synthesis will continue. Tryptophan biosynthesis is also regulated at a genetic level by the processes of 
enzyme repression (below) and attenuation.  

Note: In the case of feedback inhibition (above), the signal molecule, tryptophan, is a negative effector of Enzyme a in 
the pathway of tryptophan biosynthesis, because when it binds to Enzyme a, it inactivates the enzyme. In enzyme 
repression (below) tryptophan is a signal molecule that acts as a positive effector of the trp repressor protein because 
when it binds to the repressor it activates the protein, so that it binds to the trp DNA.  

 
Figure 3. The pathway of tryptophan biosynthesis in E. coli. The pathway is regulated by the process of feedback inhibition. Tryptophan 
(trp), the end product of the pathway, is the effector molecule that binds to the allosteric site of Enzyme a, the first enzyme in the 
pathway. When trp is bound to the enzyme the catalytic (active) site of Enzyme a is altered so that it is unable to react with its subtrates 
and the synthesis of anthranilate is inhibited.  

If a metabolic pathway branches, leading to the synthesis of two amino acids, each end product (amino acid) can control 
its own synthesis without affecting the other (Figure 4). For example, the amino acids proline and arginine are both 
synthesized from glutamic acid. Each amino acid can regulate the first enzyme unique to its own synthesis without 
affecting the other, so that a surplus of arginine, for example, will not shut off the synthesis of proline.  

 
Figure 4. Generalized scheme for regulation of a branched metabolic pathway by the process of feedback inhibition.  

Enzyme Repression  

Enzyme repression is a form of negative control (down-regulation) of bacterial transcription. This process, along with 
that of enzyme induction, is called negative control because a regulatory protein brings about inhibition of mRNA 
synthesis which leads to decreased synthesis of enzymes.  

Although feedback inhibition shuts off synthesis of the end product of a pathway, it still allows some waste of energy and 
carbon if the cell continued to manufacture enzymes for which it has no use. It is the process of enzyme repression that 
prevents the synthesis of the enzymes concerned with the synthesis of that particular end product. In the case of the 
pathway of tryptophan biosynthesis (Figure 3), the end product of the pathway, tryptophan, serves as an effector 



molecule that can shutdown the synthesis of the Enzymes a, b, c, d, and e that are concerned with tryptophan 
biosynthesis. This results in saving of many molecules of ATP which must be expended during protein synthesis, and it 
conserves amino acid precursors for synthesis of other proteins. The process is slower to act than is feedback inhibition 
(which acts immediately) because pre-existing enzymes have to be diluted out as a result of cell division before its effects 
are seen.  

The genes for tryptophan biosynthesis in Escherichia coli are organized on the bacterial chromosome in the tryptophan 
operon (trp operon). An operon is a cluster of genes that are controlled by the same elements and which are 
coordinately transcribed and translated. The trp operon consists of a Promoter (P) region, an Operator (O) region, an 
Attenuator (A) region, and the five structural genes for the enzymes involved in tryptophan biosynthesis (Trp A-E) The 
components of the trp operon and its control elements are described in Figure 5 and Table 2 below.  

 
Figure 5. Genetic organization of the Trp operon and its control elements  

 
 
Table 2. The Trp operon and its control elements  

 
 
R = Regulatory gene that encodes for the trp Repressor protein that is concerned with regulating the synthesis of the 5 gene products. An 
active repressor binds to a specific nucleotide sequence in the operator region and thereby blocks binding of RNAp to the promoter to 
initiate transcription.  

O = Operator specific nucleotide sequence on DNA to which an active Repressor binds.  

P = Promoter specific nucleotide sequence on DNA to which RNA polymerase binds to initiate transcription. If the repressor protein 
binds to the operator, RNAp is prevented from binding with the promoter and initiating transcription. Therefore, none of the enzymes 
concerned with tryptophan biosynthesis are synthesized.  

A = Attenuator DNA sequence which lies between the operator and the structural genes for trp biosynthesis. The attenuator is a barrier 
that RNA polymerase must traverse if it is to transcribe the genes for tryptophan biosynthesis. In the presence of trp, most RNAp 
molecules fall off the DNA before transcribing the trp genes. In the absence of trp, RNAp is able to traverse the attenuator region to 
successfully transcribe the trp genes.  

Trp A, B, C, D, E = Trp Genes structural genes for enzymes involved in tryptophan biosynthesis.  

Trp = tryptophan end product of the tryptophan biosynthetic pathway. When combined with the repressor protein the Repressor is 
active. Trp is called a corepressor.   

 

The trp operon is regulated by a regulatory gene (Trp L) ustream of the trp promoter. The product of the R (L) gene, the 
trp Repressor, is an allosteric protein which is regulated by tryptophan. The Repressor is produced constitutively in small 
amounts in an inactive form. When the Repressor combines with tryptophan it becomes activated and binds to the DNA 
of the trp operon in such a way that it blocks the transcription of the structural genes for tryptophan. Thus, in the presence 
of tryptophan, transcription of the genes for tryptophan biosynthesis is repressed (tryptophan is not produced), while in 
the absence of tryptophan, the genes for tryptophan biosynthesis can be transcribed (tryptophan is produced); See Figure 



6 below.  

 
Figure 6a. Derepression of the trp operon. In the absence of trp the inactive repressor cannot bind to the operator to block 
transcription.The cell must synthesize the amino acid.  

 
Figure 6b. Repression of the trp operon. In the presence of tryptophan the trp operon is repressed because trp activates the repressor. 
Transcription of is blocked because the active repressor binds to the DNA and prevents binding of RNA polymerase.  

Enzyme Induction  

In some cases, metabolites or substrates can turn on inactive genes so that they are transcribed. In the process of enzyme 
induction, the substrate or a compound structurally similar to the substrate, evokes the formation of enzyme(s) which are 
usually involved in the degradation of the substrate. Enzymes that are synthesized as a result of genes being turned on are 
called inducible enzymes and the substance that activates gene transcription is called the inducer. Inducible enzymes are 
produced only in response to the presence of a their substrate and, in a sense, are produced only when needed. In this way 
the cell does not waste energy synthesizing unneeded enzymes.  

The best known and best studied case of enzyme induction involves the enzymes of lactose degradation in E. coli. Only 
in the presence of lactose does the bacterium synthesize the enzymes that are necessary to utilize lactose as a carbon and 
energy source for growth. Two enzymes are required for the initial breakdown of lactose: lactose permease, which 
actively transports the sugar into the cell, and beta galactosidase, which splits lactose into glucose plus galactose. The 
genes for these enzymes are contained within the lactose operon (lac operon) in the bacterial chromosome (Figure 7).  

 
Figure 7. The Lac operon and its control elements  



The mechanism of enzyme induction is similar to end product repression in that a regulatory gene, a promoter, and an 
operator are involved, but a major difference is that the lac Repressor is active only in the absence of the inducer 
molecule (lactose). In the presence of lactose, the Repressor cannot bind to the operator region, so that the genes for 
lactose transport and cleavage are transcribed. In the absence of lactose, the Repressor is active and will bind to the 
operator with the result that the genes for lactose metabolism are not transcribed. The induction (presence of lactose) and 
the repression (absence of lactose) of the lactose operon is represented in Figure 8 . The function of the components and 
control elements are shown in Table 3.  

 
Figure 8. Enzyme Induction. Induction (or derepression) of the lac operon.  

 
 
Table 3. Functional and regulatory components of the lac operon   

 
 
Lac R = Regulatory gene (also known as Lac I) gene that encodes for the lac Repressor protein that is concerned with regulating the 
synthesis of the structural genes in the operon. Lac I is adjacent to the Promoter site of the operon. An active repressor binds to a specific 
nucleotide sequence in the operator region and thereby blocks binding of RNAp to the promoter to initiate transcription. The lac 
repressor is inactivated by lactose, and is active in the absence of lactose.  

O = Operator specific nucleotide sequence on DNA to which an active Repressor binds.  

P = Promoter specific nucleotide sequence on DNA to which RNA polymerase binds to initiate transcription. (The promoter site of the 
lac operon is further divided into two regions, an upstream region called the CAP site, and a downstream region consisting of the RNAp 
interaction site. The CAP site is involved in catabolite repression of the lac operon.). If the Repressor protein binds to the operator, 
RNAp is prevented from binding with the promoter and initiating transcription. Under these conditions the enzymes concerned with 
lactose utilization are not synthesized.  

Lac Z, Y and A = Structural Genes in the lac operon. Lac Z encodes for Beta-galactosidase; Lac Y encodes the lactose permease; Lac A 
encodes a transacetylase whose function is not known.  

lac = lactose the inducer molecule. When lactose binds to the Repressor protein, the Repressor is inactivated; the operon is derepressed; 
the transcription of the genes for lactose utilization occurs.  

 

Catabolite Repression  

Enzyme Induction is still considered a form of negative control because the effect of the regulatory molecule (the active 
repressor) is to decrease or downregulate transcription.  Catabolite repression is a type of positive control of 
transcription, since a regulatory protein affects an increase (upregulation) in the rate of transcription of an operon. The 
process was discovered in E. coli and was originally referred to as the glucose effect because it was found that glucose 
repressed the synthesis of certain inducible enzymes, even though the inducer of the pathway was present in the 
environment. The discovery was made during study of the regulation of lac operon in E. coli. Since glucose is degraded 
by constitutive enzymes and lactose is initially degraded by inducible enzymes, what would happen if the bacterium was 



grown in limiting amounts of glucose and lactose? A plot of the bacterial growth rate resulted in a diauxic growth curve 
which showed two distinct phases of active growth (Figure 9). During the first phase of exponential growth, the bacteria 
utilize glucose as a source of energy until all the glucose is exhausted. Then, after a secondary lag phase, the lactose is 
utilized during a second stage of exponential growth.  

 
Figure 9. The Diauxic Growth Curve of E. coli grown in limiting concentrations of a mixture of glucose and lactose  

During the period of glucose utilization, lactose is not utilized because the cells are unable to transport and cleave the 
disaccharide lactose. Glucose is always metabolized first in preference to other sugars. Only after glucose is completely 
utilized is lactose degraded. The lactose operon is repressed even though lactose (the inducer) is present. The ecological 
rationale is that glucose is a better source of energy than lactose since its utilization requires two less enzymes.  

Only after glucose is exhausted are the enzymes for lactose utilization synthesized. The secondary lag during diauxic 
growth represents the time required for the complete induction of the lac operon and synthesis of the enzymes necessary 
for lactose utilization (lactose permease and beta-galactosidase). Only then does bacterial growth occur at the expense of 
lactose. Since the availability of glucose represses the enzymes for lactose utilization, this type of repression became 
known as catabolite repression or the glucose effect.  

Glucose is known to repress a large number of inducible enzymes in many different bacteria. Glucose represses the 
induction of inducible operons by inhibiting the synthesis of cyclic AMP (cAMP), a nucleotide that is required for the 
initiation of transcription of a large number of inducible enzyme systems including the lac operon.  

The role of cyclic a cAMP is complicated. cAMP is required to activate an allosteric protein called CAP (catabolite 
activator protein) which binds to the promoter CAP site and stimulates the binding of RNAp polymerase to the 
promoter for the initiation of transcription. Thus to efficiently promote gene transcription of the lac operon, not only must 
lactose be present to inactivate the lac repressor, but cAMP must be available to bind to CAP which binds to DNA to 
facilitate transcription. In the presence of glucose, adenylate cyclase (AC) activity is blocked. AC is required to 
synthesize cAMP from ATP. Therefore, if cAMP levels are low, CAP is inactive and transcription does not occur. In 
the absence of glucose, cAMP levels are high, CAP is activated by cAMP, and transcription occurs (in the presence of 
lactose).  

Many positively controlled promoters, such as the lac promoter, are not fully functional in the presence of RNAp alone 
and require activation by CAP. CAP is encoded by a separate Regulatory gene, and is present in constitutive levels. CAP 
is active only in the presence of cAMP. The binding of cAMP to CAP causes a conformational change in the protein 
allowing it to bind to the promoter near the RNAp binding site. CAP can apparently interact with RNAp to increase 
operon transcription about 50-fold. Positive control of the lac operon is illustrated in Figure10.  

Figure 10. Catabolite repression is positive control of the lac operon. The effect is an increase in the rate of transcription.In this case, the 
CAP protein is activated by cAMP to bind to the lac operon and facilitate the binding of RNA polymerase to the promoter to transcribe 
the genes for lactose utilization.  



 
As a form of catabolite repression, the glucose effect serves a useful function in bacteria: it requires the cells to use the 
best available source of energy. For many bacteria, glucose is the most common and readily utilizable substrate for 
growth. Thus, it inhibits indirectly the synthesis of enzymes that metabolize poorer sources of energy.  

 

PROCARYOTES IN THE ENVIRONMENT 
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The most significant effect that procaryotes have on their environment is their underlying ability to recycle the essential 
elements that make up cells. The earth is a closed system with limited amounts of carbon, oxygen and nitrogen available 
to all forms of life. These essential elements must be converted from one form to another and shared among all living 
organisms. The total biomass of microbial cells in the biosphere, their metabolic diversity and their persistence in all 
habitats that support life, guarantee that microbes will play crucial roles in the transformations and recycling of these 
elements.  

The table below lists the major elements that make up a typical procaryotic cell (in this case, E. coli). As expected, over 
90 percent of the elemental analaysis consists of carbon, hydrogen, oxygen, nitrogen, phosphorus and sulfur. These are 
the elements that become combined to form all the biochemicals that comprise living systems. C, H, O, N, P and  S are 
the constituents of organic material (An organic compound is a chemical that contains a carbon to hydrogen bond. 
Organic compounds on earth are evidence of life.  Organic compounds may be symolized as CH2O, which is the 
emperical formula for a sugar such as glucose.) H and O are the constituents of water (H2O), that makes up over 95 
percent of the cell composition. Calcium (Ca++), iron (Fe++), magnesium (Mg++) and potassium (K+) are present as 
inorganic salts in the cytoplasm of cells.  

Table 1. Major elements, their sources and functions in cells.  

 

Element 
% of dry 
weight 

Source Function 

Carbon 50 organic compounds or CO2 Main constituent of cellular material 

Oxygen 20 
H2O, organic compounds, 
CO2, and O2 

Constituent of cell material and cell water; O2 is electron acceptor 
in aerobic respiration 

Nitrogen 14 
NH3, NO3, organic 
compounds, N2 

Constituent of amino acids, nucleic acids nucleotides, and 
coenzymes 

Hydrogen 8 
H2O, organic compounds, 
H2 

Main constituent of organic compounds and cell water 

Phosphorus 3 inorganic phosphates (PO4) Constituent of nucleic acids, nucleotides, phospholipids, LPS, 



teichoic acids 

Sulfur 1 
SO4, H2S, S, organic sulfur 
compounds 

Constituent of cysteine, methionine, glutathione, several 
coenzymes 

Potassium 1 Potassium salts Main cellular inorganic cation and cofactor for certain enzymes 

Magnesium 0.5 Magnesium salts Inorganic cellular cation, cofactor for certain enzymatic reactions 

Calcium 0.5 Calcium salts 
Inorganic cellular cation, cofactor for certain enzymes and a 
component of endospores 

Iron 0.2 Iron salts 
Component of cytochromes and certain nonheme iron-proteins and 
a cofactor for some enzymatic reactions 

 
The table ignores the occurrence of "trace elements" in cells. Trace elements are metal ions required in cellular nutrition 
in such small amounts that it is difficult to determine their presence in cells. The usual metals that qualify as trace 
elements are Mn++, Co++, Zn++, Cu++ and Mo++. Trace elements are usually built into vitamins and enzymes. For example, 
vitamin B12 contains cobalt (Co++) and the bacterial nitrogenase enzyme contains molybdenum (Mo++).   

 

The structure and metabolism of any organism adapts it to its environment. Thus the various groups of microbes are 
adapted to certain environmental niches based on their predominant type of metabolism relevant to the elemental 
nutrients available.  

The fungi (molds and yeasts). The molds are aerobic organisms that utilize organic compounds for growth.  They play an 
important role in decomposition or biodegradation of organic matter, particularly in soil.  Yeasts can grow anaerobially 
(without oxygen) through the process of fermentation. They play a role in fermentations in environments high in sugar. 
The prominant role of fungi in the environment is in the carbon cycle, during the process of decomposition, especially in 
the soil.  

The algae are also an important part of the carbon cycle. They are the predominant photosyntheic organisms in many 
aquatic environments. The algae are autotrophs, which means they use  carbon dioxide (CO2) as a source of carbon for 
growth. Hence they convert atmospheric CO2 into organic material (i.e., algal cells). Algae also play a role in the oxygen 
(O2)  cycle since their style of photosynthesis, similar to plants,  produces O2 in the atmosphere. The cyanobacteria are 
a group of procaryotic microbes, as prevalent as algae, that have this type of metabolism.  Photosynthetic algae and
cyanobacteria can be found in most environments where there is moisture and light.They are a major component of 
marine plankton which the basis of the food chain in the oceans.  

 

Protozoans are heterotrophic organisms that have to catch or trap their own food. Therefore, they have developed 
elaborate mechanisms for movement and acquiring organic food which they can digest. Their food usually turns out to be 
bacterial cells, so one might argue that they are ecological predators that keep bacterial populations under control.....in 
soil, aquatic environments, intestinal tracts of animals, and many other environments.  

The procaryotic bacteria and archaea, as a result of their diversity and unique types of metabolism, are involved in the 
cycles of virtually all essential elements.  In two cases, methanogenesis (conversion of carbon dioxide into methane) and 
nitrogen fixation (conversion of nitrogen in the atmosphere into biological nitrogen) are unique to procaryotes and earns 
them their "essential role" in the carbon and nitrogen cycles.  

There are  other metabolic processes that are unique, or nearly so, in the procaryotes that bear significantly on the cycles 
of elements. For example, procaryotes called lithotrophs use inorganic compounds like ammonia and hydrogen sulfide 
as a source of energy, and others called anaerobic respirers use nitrate (NO3) or sulfate (SO4) in the place of oxygen, so 
they can respire without air. Most of the archaea are lithotrophs that use hydrogen (H2) or  hydrogen sulfide (H2S) as a 
source of energy, while many soil bacteria are anaerobic respirers that can use their efficient respiratory metabolism in 
the absence of O2.  

The basic processes of heterotrophy are spread throughout the bacteria. Most of the bacteria in the soil and water, and in 
associations with animals and plants, are heterotrophs. Heterotrophy means living off of dead organic matter, usually by 
some means of respiration (same as animals) or fermentation (same as yeast or lactic acid bacteria). Bacterial 



heterotrophs in the carbon chain are important in the processes of biodegradation and decomposition under aerobic and 
anaerobic conditions.  

In bacteria, there is a unique type of photosynthesis that does not use H2O or produce O2 which impacts on the carbon 
and sulfur cycles.  

Meanwhile, the cyanobacteria (mentioned above) fix CO2 and produce O2 during photosynthesis, and they make a very 
large contribution to the carbon and oxygen cycles.  

The list of examples of microbial involvement in the cycles of elements that make up living systems is endless, and 
probably every microbe in the web is involved in an intimate and unique way.  
   

The Oxygen Cycle  

Basically, O2 is derived from the photolysis of H2O during plant (oxygenic) photosynthesis. Two major groups of 
microorganisms are involved in this process, the eukaryotic algae, and the procaryotic cyanobacteria (formerly known as 
"blue-green algae"). The cyanobacteria and algae are the source of much of the O2 in the earth's atmosphere.  Of course, 
plants account for some O2 production as well, but the microbes predominate in marine habitats which cover the majority 
of the planet.  

Since most aerobic organisms need the O2 that results from plant photosynthesis, this establishes a  relationship between 
plant photosyntheisis and aerobic respiration, two prominant types of metabolism on earth. Photosynthesis produces O2 
needed for aerobic respiration. Respiration produces CO2 needed for autotrophic growth.  

CO2 + H2O-----------------> CH2O (organic material) + O2  plant (oxygenic) photosynthesis  

CH2O + O2-----------------> CO2 + H2O aerobic respiration  

Since these photosynthetic microbes are also autotrophic (meaning they convert CO2 to organic material during growth) 
they have a similar impact on the carbon cycle (below).  
   

The Carbon Cycle  

Carbon is the backbone of all organic molecules and is the most prevalent element in cellular (organic) material. In its 
most oxidized form, CO2, it can be viewed as an "inorganic" molecule (no C - H bond). Autotrophs, which include 
plants, algae, photosynthetic bacteria, lithotrophs, and methanogens, use CO2 as a sole source of carbon for growth, 
which reduces the molecule to organic cell material (CH2O). Heterotrophs require organic carbon for growth, and 
ultimately convert it back to CO2.  

Thus, a relationship between autotrophs and heterotrophs is established wherein autotrophs fix carbon needed by 
heterotrophs, and heterotrophs produce CO2 used by the autotrophs.  

CO2 + H2O-----------------> CH2O (organic material)   autotrophy  

CH2O + O2-----------------> CO2 + H2O heterotrophy  

Since CO2 is the most prevalent greenhouse gas in the atmosphere, it isn't good if these two equations to get out of 
balance (i.e. heterotrophy predominating over autotrophy, as when rain forests are destroyed and replaced with cattle).  

Autotrophs are referred to as primary producers at the "bottom of the food chain" because they convert carbon to a 
form required by heterotrophs. Among procaryotes, the cyanobacteria, the lithotrophs and the methanogens are a 
formidable biomass of autotrophs that account for a corresponding amount of CO2 fixation in the global carbon cycle.  



The lithotrophic bacteria and archaea that oxidize reduced N and S compounds and play important roles in the natural 
cycles of N and S (discussed below), are virtually all autotrophs. The prevalence of these organisms in sulfur-rich 
environments (marine sediments, thermal vents, hot springs, endosymbionts, etc. may indicate an unappreciated role of 
these procaryotes as primary producers of organic carbon on earth.  

The methanogens play a dual role in the carbon cycle. These archaea are inhabitants of virtually all anaerobic 
environments in nature where CO2 and H2 (hydrogen gas) occur. They use CO2 in their metabolism in two distinct ways. 
About 5 percent of CO2 taken up is reduced to cell material during autotrophic growth; the remaining 95 percent is 
reduced to CH4 (methane gas) during a unique process of generating cellular energy. Hence, methane accumulates in 
rocks as fossil fuel ("natural gas"), in the rumen of cows and guts of termites, in sediments, swamps, landfills and sewage 
digestors. Since CH4 is the second-most prevalent of the greenhouse gases, it is best to discourage processes that lead to 
its accumulation in the atmosphere.  

CO2 + H2 -----------------> CH2O (cell material) + CH4  methanogenesis  

Under aerobic conditions, methane and its derivatives (methanol, formaldehyde, etc.) can be oxidized as energy sources 
by bacteria called methylotrophs. Metabolically this is a version of decomposition or biodegradation during the carbon 
cycle which is discussed below.  

Biodegradation is the process in the carbon cycle for which microbes get most credit (or blame).  Biodegradation is the 
decomposition of organic material (CH2O) back to CO2 + H2O and H2. In soil habitats, the fungi play a significant role
in biodegradation, but the procaryotes are equally important. The typical decomposition scenario involves the initial 
degradation of biopolymers (cellulose, lignin, proteins, polysaccharides) by extracellular enzymes, followed by oxidation 
(fermentation or respiration) of the monomeric subunits. The ultimate end products are CO

 

2, H2O and H2, perhaps some 
NH3 (ammonia) and sulfide (H2S), depending on how one views the overall process. These products are scarfed up by 
lithotrophs and autotrophs for recycling. Procaryotes which play an important role in biodegradation in nature include the 
actinomycetes, clostridia, bacilli, arthrobacters and pseudomonads.  

Overall Process of Biodegradation (Decomposition)  

polymers (e.g. cellulose)-----------------> monomers (e.g. glucose) depolymerization  

monomers-----------------> fatty acids (e.g. lactic acid, acetic acid, propionic acid) + CO2 + H2 fermentation  

monomers + O2 -----------------> CO2 + H2O aerobic respiration  

The importance of microbes in biodegradation is embodied in the adage that "there is no known natural compound that 
cannot be degraded by some microorganism." The proof of the adage is that we aren't up to our ears in whatever it is that 
couldn't be degraded in the last 3.5 billion years. Actually, we are up to our ears in cellulose and lignin, which is better 
than concrete, and some places are getting up to their ears in teflon, plastic, styrofoam, insecticides, pesticides and 
poisons that are degraded slowly by microbes, or not at all.  



 
Figure 1. The Carbon Cycle. Organic matter (CH2O) derived from photosynthesis (plants, algae and cyanobacteria) provides nutrition 
for heterotrophs (e.g.animals and associated bacteria), which convert it back to CO2. Organic wastes, as well as dead organic matter in 
the soil and water, are ultimately broken down to CO2 by microbial processes of biodegradation.  

OFF THE WALL  
The figure above mostly ignores the role of methanogenesis in the carbon cycle. Since methanogens have the 
potential to remove CO2 from the atmosphere, converting it to cell material and CH4, these procaryotes not only 
influence the carbon cycle, but their metabolism also affects the concentration of major greenhouse gases in 
earth's atmosphere.  

Recently, I asked a colleague, Professor Paul Weimer of the University of Wisconsin Department of Bacteriology, 
whether mathanogenesis which utilizes CO2 while producing CH4 was better or worse on the greenhouse effect. 
This is his response.  

"Worse. For methanogenesis by CO2 reduction, the stoichiometry is 4H2 + CO2 --> CH4 + 2 H2O, so one mole of 
a greenhouse gas is exhanged for another. But methane is about 15 times more potent than is CO2 in terms of hea
absorption capability on a per-molecule basis, so the net effect is a functional increase in heat absorption by the 
atmosphere. Remember also that in most natural environments, around two-thirds of the methane is produced by 
aceticlastic methanogenesis  (CH

t 

m 
t has 

3COOH --> CH4 + CO2) - an even less welcome situation, as BOTH products are 
greenhouse gases.  

Even though methane concentrations in the atmosphere are two orders of magnitude below those of CO2, 
methane is thought to account for about 15% of the anthropogenic climate forcing, compared to about 60% fro
CO2. Most of the rest of the contribution is from nitrous oxide (N2O, a respiratory denitrification product tha
something like 300 times the heat absorbing capacity as CO2) and the old chlorofluorocarbons (CFCs), even 
stonger heat absorbers yet, but more famous and dangerous as stratospheric ozone-depleters."  
   

The Nitrogen Cycle  

The nitrogen cycle is the most complex of the cycles of elements that make up biological systems. This is due to the 
importance and prevalence of N in cellular metabolism, the diversity of types of nitrogen metabolism, and the existence 
of the element in so many forms. Procaryotes are essentially involved in the biological nitrogen cycle in three unique 
processes.  



Nitrogen Fixation: this process converts N2 in the atmosphere into NH3 (ammonia), which is assimilated into amino 
acids and proteins. Nitrogen fixation occurs in many free-living bacteria such as clostridia, azotobacters and 
cyanobacteria, and in symbiotic bacteria such as Rhizobium and Frankia, which associate with plant roots to form 
characteristic nodules. Biological nitrogen fixation is the most important way that N2 from the air enters into biological 
systems.  

N2 ----------------> 2 NH3  nitrogen fixation  

Anaerobic Respiration: this relates to the use of oxidized forms of nitrogen (NO3 and NO2) as final electron acceptors 
for respiration. Anaerobic respirers such as Bacillus and Pseudomonasare common soil inhabitants that will use nitrate 
(NO3) as an electron acceptor. NO3 is reduced to NO2 (nitrite) and then to a gaseous form of nitrogen such as N2 or N2O
(nitrous oxide). The process is called denitrification. (A related process conducted by some Bacillus species, called 
dissimilatory nitrate reduction reduces NO

 

3 to ammonia (NH3), but this is not considered denitrification.) Denitrifying 
bacteria are typically facultative microbes that respire whenever oxygen is available by aerobic respiration. If O2 is 
unavailable for respiration, they will turn to the alternative anaerobic respiration which uses NO3. Since NO3 is a 
common and expensive form of fertilizer in soils, denitrification may not be so good for agriculture, and one rationale for 
tilling the soil is to keep it aerobic, thereby preserving nitrate fertilizer in the soil.  

NO3 ----------------> NO2 ----------------> N2 denitrification  

OFF THE WALL  
The overall reactions of denitrification shown above proceed through the formation of nitrous oxide (N2O). A 
recent article by Wunsch an Zumft in Journal of Bacteriology, vol. 187 (2005), sheds new light on the process of 
denitrification. N2O is a bacterial metabolite in the REVERSAL of Nitrogen fixation. The anthropogenic 
atmospheric increase of N2O is a cause for concern, as noted above (as a greenhouse gas, N2O  has 300 times the 
heat absorbing capacity as CO2). Denitrifying bacteria respire using N2O  as an electron acceptor yielding N2  and 
the thereby provide a sink for N2O. This article provides new insight into this process by identifying a membrane-
bound protein in denitrifying bacteria called NosR, that is necessary for the expression of N2O reductase from the 
nosZ gene. The NosR protein has redox centers positioned on opposite sides of the cytoplasmic membrane, which 
allows it to sustain whole-cell N2O respiration by acting on N2O reductase.  

Nitrification is a form of lithotrophic metabolism that is chemically the opposite of denitrification. Nitrifying bacteria 
such as Nitrosomonas utilize NH3 as an energy source, oxidizing it to NO2, while Nitrobacter will oxidize NO2 to NO3. 
Nitrifying bacteria generally occur in aquatic environments and their significance in soil fertility and the global nitrogen 
cycle is not well understood.  

The Overall process of Nitrification  

NH3 ----------------> NO2 (Nitrosomonas)  

NO2 ----------------> NO3 (Nitrobacter)  

A final important aspect of the nitrogen cycle that involves procaryotes, though not exclusively, is decomposition of 
nitrogen-containing compounds. Most organic nitrogen (in protein, for example) yields ammonia (NH3) during the 
process of deamination. Fungi are involved in decomposition, as well.  

Plants, animals and protista, as well as the procaryotes, complete the nitrogen cycle during the uptake of the element for 
their own nutrition. Nitrogen assimilation is usually in the form of nitrate, an amino group, or ammonia.  
   



 
Figure 2. The Nitrogen Cycle  
   
   

The Sulfur Cycle  

Sulfur is a component of a couple of vitamins and essential metabolites and it occurs in two amino acids, cysteine and 
methionine. In spite of its paucity in cells, it is an absolutely essential element for living systems. Like nitrogen and 
carbon, the microbes can transform sulfur from its most oxidized form (sulfate or SO4) to its most reduced state (sulfide 
or H2S). The sulfur cycle, in particular, involves some unique groups of procaryotes and procaryotic processes. Two 
unrelated groups of procaryotes oxidize H2S to S and S to SO4. The first is the anoxygenic photosynthetic purple and 
green sulfur bacteria that oxidize H2S as a source of electrons for cyclic photophosphorylation. The second is the 
"colorless sulfur bacteria" (now a misnomer because the group contains many Archaea) which oxidize H2S and S as 
sources of energy. In either case, the organisms can usually mediate the complete oxidation of H2S to SO4.  

H2S----------------> S ----------------> SO4 litho or phototrophic sulfur oxidation  

Sulfur-oxidizing procaryotes are frequently thermophiles found in hot (volcanic) springs and near deep sea thermal vents 
that are rich in H2S. They may be acidophiles, as well, since they acidify their own environment by the production of 
sulfuric acid.  

Since SO4 and S may be used as electron acceptors for respiration, sulfate reducing bacteria produce H2S during a 
process of anaerobic respiration analogous to denitrification. The use of SO4 as an electron acceptor is an obligatory 
process that takes place only in anaerobic environments. The process results in the distinctive odor of H2S in anaerobic 
bogs, soils and sediments where it occurs.  

Sulfur is assimilated by bacteria and plants as SO4 for use and reduction to sulfide. Animals and bacteria can remove the 
sulfide group from proteins as a source of S during decomposition. These processes complete the sulfur cycle.  



 
Figure 3. The Sulfur Cycle  

The Phosphorus cycle  

The phosphorus cycle is comparatively simple. Inorganic phosphate exists in only one form. It is interconverted from an 
iorganic to an organic form and back again, and there is no gaseous intermediate.  

Phosphorus is an essential element in biological systems because it is a constituent of nucleic acids, (DNA and RNA) and 
it occurs in the phospholipids of cell membranes. Phosphate is also a constituent of ADP and ATP which are universally 
involved in energy exchange in biological systems.  

Dissolved phosphate (PO4) inevitably ends up in the oceans. It is returned to land  by shore animals and birds that feed 
on phosphorus containing sea creatures and then deposit their feces on land. Dissolved PO4 is also returned to land by
geological process, the uplift of ocean floors to form land masses, but the process is very slow. However, the figure 
below considers how PO

 a 

4  is recycled among land-based groups of organisms.  

 
Figure 4. The Phosphorus Cycle. Plants, algae and photosynthetic bacteria can absorb phosphate (PO4) dissolved in water, or if it washes 
out of rocks and soils. They incorporate the PO4 into various organic forms, including such molecules as DNA, RNA, ATP, and 
phospholipid.The plants are consumed by animals wherein the organic phosphate in the plant becomes organic phosphate in the animal 



and in the bacteria that live with the animal. Animal waste returns inorganic PO4 to the environment and also organic phosphate in the 
form of microbial cells. Dead plants and animals, as well as animal waste, are decomposed by microbes in the soil. The phosphate 
eventually is mineralized to the soluble PO4 form in water and soil, to be taken up again by photosynthetic organisms.  
   

Ecology of a Stratified Lake  

The role of microbes in the global cycle of elements (described above) can be visited on a smaller scale, in a lake, for 
example, like Lake Mendota, which may become stratified as illustrated in Figure 5. The surface of the lake is well-
lighted by the sun and is aerobic. The bottom of the lake and its sediments are dark and anaerobic. Generally there is less 
O2 and less light as the water column is penetrated from the surface. Assuming that the nutrient supply is stable and there 
is no mixing between layers of lake water, we should, for the time being, have a stable ecosystem with recycling of 
essential elements among the living systems. Here is how it would work.  

At the surface, light and O2 are plentiful, CO2 is fixed and O2 is produced. Photosynthetic plants, algae and 
cyanobacteria produce O2, cyanobacteria can even fix N2; aerobic bacteria, insects, animals and plants live here.  

 
  

At the bottom of the lake and in the sediments, conditions are dark and anaerobic. Fermentative bacteria produce fatty 
acids, H2 and CO2, which are used by methanogens to produce CH4. Anaerobic respiring bacteria use NO3 and SO4 as
electron acceptors, producing NH3 and H2S. Several soluble gases are in the water: H2, CO2, CH4, NH3 and H2S.

The biological activity at the surface of the lake and at the bottom of the lake may have a lot to do with what will be 
going on in the middle of the water column, especially near the interface of the aerobic and anaerobic zones. This area, 
called the thermocline, is biologically very active. Bacterial photosynthesis, which is anaerobic, occurs here, using 
longer wave lenghts of light that will penetrate the water column and are not absorbed by all the plant chlorophyll above. 
The methanotrophs will stay just within the aerobic area taking up the CH4 from the sediments as a carbon source, and 
returning it as CO2. Lithotrophic nitrogen- and sulfur-utilizing bacteria do something analogous: they are aerobes that use 
NH3 and H2S from the sediments, returning them to NO3 and SO4.  

 
Figure 5. Ecology of a Stratified lake  
   
   

 

 

 

 



IMPORTANT GROUPS OF PROCARYOTES 
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Figure 0. The Phylogenetic Tree of Life based on Comparative ssrRNA Sequencing.The Tree shows the procaryotes in two Domains, 
Archaea and Bacteria. At a taxonomic level, most organisms at the tips of the Archaeal branches represent a unique Order; most 
organisms a the tips of the bacterial branches are classified into a unique Phylum. On the Archaeal limb, the three physiological groups 
are evident in the names: "thermo" and "pyro" for the extreme thermophiles; "methano" for the methanogens; and "halophiles" for the 
extreme halophiles. The most important, best known, and diverse groups (phyla) branching off of the Bacterial limb are the 
Cyanobacteria, Proteobacteria and Gram positives.  

The procaryotes (or prokaryotes) consist of millions of genetically-distinct unicellular organisms. What they lack in 
structural diversity, so well-known among eucaryotes (including the protista), they make up for in their physiological 
diversity. It is often a particular physiological trait that unifies and distinguishes a particular group of procaryotes to 
microbiologists. In Bergey's Manualof Determinative bacteriology (1994), the identifiable groups of procaryotes are 
assembled based on easily-observed phenotypic characteristics such as Gram stain, morphology (rods, cocci, etc), 
motility, structural features (e.g. spores, filaments, sheaths, appendages, etc.), and on distinguishing physiological 
features (e.g. anoxygenic photosynthesis, anaerobiasis, methanogenesis, lithotrophy, etc.).  

Nowadays, this type of artificial classification scheme has been abandoned in favor of hierarchal taxonomic schemes 
based on comparative genetic analysis of the nucleotide sequences of the small subunit ribosomal RNA that iscontained 
in all cellular organisms. In the Second edition of Bergey's Manual of Systematic Bacteriology (2001)  as well as the 
current edition of The Prokaryotes, phylogeny dominates the classification schemes. Such an approach generates the 
Phylogentic Tree of Life (above) that lands the procaryotes in two Domains, Archaea and Bacteria. At a taxonomic 
level, organisms at the tips of the archaeal branches represent Orders; The tips of the bacterial branches are Phyla. More 
information on the taxonomy, phylogeny and classification of procaryotes is given in the references at the bottom of this 
page. Also, an excellent article online that integrates phylogeny with classification of procaryotes is  Classification and 
Phylogeny by Gary Olsen.  

In the ensuing description of procaryotes, groups of organisms are placed under artificial headings based on common 
structural, biochemical or ecological properties. This does not imply close genetic relatedness among different genera 
in a group. Sometimes all of the members of a group do share a close genetic relatedness; in other cases, members of a 
group are genetically-unrelated, even to an extent that is greater than exists among all members of the Eucaryotic 
domain. Also herein, some procaryotes are placed in more than one group, and some groups consist of both Archaea and 
Bacteria.  

http://www.cme.msu.edu/bergeys/pubinfo.html#anchor21298
http://www.cme.msu.edu/bergeys/pubinfo.html#anchor21298
http://141.150.157.117:8080/prokPUB/index.htm
http://www.bact.wisc.edu/Bact303/phylogeny
http://www.bact.wisc.edu/Bact303/phylogeny


ARCHAEA 

On the basis of ssrRNA analysis, the Archaea consist of three phylogenetically-distinct groups: Crenarchaeota, 
Euryarchaeota and Korarchaeota. However, for the Korarchaeota, only their nucleic acids have been detected, and no 
organisms have been isolated or cultured. Based on their physiology, the Archaea can be organized into three types: 
methanogens (procaryotes that produce methane); extreme halophiles (procaryotes that live at very high concentrations 
of salt (NaCl); and extreme (hyper) thermophiles (procaryotes that live at very high temperatures). In addition to the 
unifying archaeal features that distinguish them from Bacteria (i.e., no murein in cell wall, ether-linked membrane lipids, 
etc.), the Archaea exhibit other unique structural or biochemical attributes which adapt them to their particular habitats. 
The Crenarchaeota consists mainly of hyperthermophilic sulfur-dependent procaryotes and the Euryarchaeota contains 
the methanogens and extreme halophiles. ssrRNAs of the Korarchaeota have been obtained from hyperthermophilic 
environments similar to those inhabitated by Crenarchaeota. None of the Korarchaeota have been cultured in the 
laboratory, although information about them can be inferred from their genome structure.  

Figure 1. Phylogenetic tree of Archaea  

 

Methanogens are obligate anaerobes that will not tolerate even brief exposure to air (O2). Anaerobic environments are 
plentiful, however, and include marine and fresh-water sediments, bogs and deep soils, intestinal tracts of animals, and 
sewage treatment facilities. Methanogens have an incredible type of metabolism that can use H2 as an energy source and 
CO2 as a carbon source for growth. In the process of making cell material from H2 and CO2, the methanogens produce 
methane (CH4) in a unique energy-generating process. The end product (methane gas) accumulates in their environment. 
Methanogen metabolism created most the natural gas (fossil fuel) reserves that are tapped as energy sources for domestic 
or industrial use. Methanogens are normal inhabitants of the rumen (fore-stomach) of cows and other ruminant animals. 
A cow belches about 50 liters of methane a day during the process of eructation (chewing the cud). Methane is a 
significant greenhouse gas and is accumulating in the atmosphere at an alarming rate. When rain forests are destroyed 
and replaced by cows, it is "double-hit" on the greenhouse: (1) less CO2 is taken up due to removal of the the autotrophic 
green plants; (2) additional CO2 and CH4 are produced as gases by the combined metabolism of the animal and 
symbiotic methanogens. Methanogens represent a microbial system that can be exploited to produce energy from waste 
materials. Large amounts of methane are produced during industrial sewage treatment processes, but the gas is usual
wasted rather than trapped for recy

ly 
cling.  



 
Figure 2. Methanococcus jannischii (Holger Jannisch). The archaean was originally isolated from a sample taken from a "white smoker" 
chimney at an oceanic depth of 2,600 meters on the East Pacific Rise. It can be grown in a mineral medium containing only H2 and CO2 
as sources of energy and carbon for growth within a temperature range of 50 to 86 degrees. Cells are irregular cocci that are motile due 
to two bundles of polar flagella inserted near the same cellular pole, making it a rare example of a motile coccus.  

Extreme halophiles live in natural environments such as the Dead Sea, the Great Salt Lake, or evaporating ponds of 
seawater where the salt concentration is very high (as high as 5 molar or 25 percent NaCl). The organisms require salt for 
growth and will not grow at low salt concentrations (Actually, the cells lyse at low NaCl concentrations). Their cell 
walls, ribosomes, and enzymes are stabilized by Na+. Halobacterium halobium, the prevalent species in the Great Salt 
Lake, adapts to the high-salt environment by the development of "purple membrane", formed by patches of light-
harvesting pigment in the plasma membrane. The pigment is a type of rhodopsin called bacteriorhodopsin which reacts 
with light in a way that forms a proton gradient on the membrane allowing the synthesis of ATP. This is the only 
example in nature of non photosynthetic photophosphorylation. The organisms are heterotrophs that normally respire by 
aerobic means. The high concentration of NaCl in their environment limits the availability of O2 for respiration so they 
are able to supplement their ATP-producing capacity by converting light energy into ATP using bacteriorhodopsin.  

 
Figure 3. Halobacterium salinariumis an extreme halophile that grows at 4 to 5 M NaCl and does not grow below 3 M NaCl. This freeze 
etched preparation shows the surface structure of the cell membrane and reveals smooth patches of "purple membrane" 
(bacteriorhodopsin) imbedded in the plasma membrane.  

Thermomphiles and extreme thermophiles or "hyperthermophiles" come from several distinct phylogenetic lines of 
Archaea. These organisms require a very high temperature (80 degrees to 105 degrees) for growth. Their membranes and 
enzymes are unusually stable at high temperatures. Most of these Archaea require elemental sulfur for growth. Some are 
anaerobes that use sulfur as an electron acceptor for respiration in place of oxygen. Some are lithotrophs that oxidize 
sulfur as an energy source. Sulfur-oxidizers grow at low pH (less than pH 2), partly because they acidify their own 
environment by oxidizing So (sulfur) to SO4 (sulfuric acid).  Hyperthermophiles are inhabitants of hot, sulfur-rich 
environments usually associated with volcanism, such as hot springs, geysers and fumaroles in Yellowstone National 
Park and elsewhere, and thermal vents ("smokers") and cracks in the ocean floor. Sulfolobus was the first 
hyperthermophilic Archaean discovered by Thomas D. Brock of the University of Wisconsin in 1970. His discovery, 
along with that of Thermus aquaticus (a thermophiloc bacterium)in Yellowstone National Park, launched the field of 
hyperthermophile biology. (Thermus aquaticusis the source of the enzyme taq polymerase used in the polymerase chain 
reaction, PCR., The bacterium has an optimum temperature for growth of 70 degrees.) Sulfolobus grows in sulfur-rich, 
hot acid springs at temperatures as high as 90 degrees and pH values as low as 1. Thermoplasma,also discovered by 
Brock, is a unique thermophile that is the sole representative of a distinct phylogenetic line of Archaea. Thermoplasma 
resembles the bacterial mycoplasmas in that it lacks a cell wall. Thermoplasma grows optimally at 55 degrees and pH 2. 
Interestingly, it has only been found in self-heating coal refuse piles, which are a man-made waste.  



 
Figure 4. Sulfolobus acidocaldarius (T.D. Brock). Sulfolobusis an extreme thermophile that has been found in geothermally-heated acid 
springs, mud pots and surface soils with temperatures from 60 to 95 degrees C, and a pH of 1 to 5. Left: Electron micrograph of a thin 
section (85,000X). Under the electron microscope the organism appears as irregular spheres which are often lobed. Right: Fluorescent 
photomicrograph of cells attached to a sulfur crystal. Fimbrial-like appendages have been observed on the cells attached to solid surfaces 
such as sulfur crystals.  

Although the Archaea are often inhabitants of unusual or extreme environments, there may be corresponding species of 
Bacteria, and even eucaryotes, in these habitats as well. No bacterium can produce methane, but in many anaerobic 
environments Bacteria  are found in association with methanogens. With regard to acid tolerance, a bacterium, 
Thiobacillus, has been observed growing at pH near 0. A eucaryotic alga, Cyanidium, has also been found growing near 
pH 0. In superheated environments (greater than 100 degrees), Archaea may  have an exclusive hold, but Bacteria have 
been isolated from boiling hot springs in Yellowstone National Park and other parts of the world. No bacterium grows at 
the highest salt concentration which supports the growth of the halobacteria, but osmophilic yeasts and fungi can grow at 
correspondingly low water actvities where sugar is the solute in high concentration.  
   

BACTERIA 

Phylogenetic analysis of the Bacteria has demonstrated the existence of at least 13 distinct groups (Figure 5), but many 
groups consist of members that are phenotypically and physiologically unrelated, and sometimes phylogenetically 
unrelated. The current edition of Bergey's Manual of Systematic Bacteriology (2001)  recognizes 23 distinct phyla of 
Bacteria (Phylum is the highest taxon in a Domain), but there may still be great variation in phenotype among members.  
Below we discuss the major groups of Bacteria based on morphology, physiology, or ecology, and often use informal, 
but familiar, terms to identify them.  
Photosynthetic purple and green bacteria. These bacteria conduct anoxygenic photosynthesis, also called bacterial 
photosynthesis. Bacterial photosynthesis differs from plant-type (oxygenic) photosynthesis in several ways. Bacterial 
photosynthesis does not produce O2; in fact, it only occurs under anaerobic conditions. Bacterial photosynthesis utilizes a 
type of chlorophyll other than chlorophyll a, and only one photosystem, photosystem I. The electron donor for bacterial 
photosynthesis is never H2O but may be H2, H2S or So, or certain organic compounds. The light-absorbing pigments of 
the purple and green bacteria consist of bacterial chlorophylls and carotenoids. Phycobilins, characteristic of the 
cyanobacteria, are not found. Many purple and green sulfur bacteria store elemental sulfur as a reserve material that can 
be further oxidized to SO4 as a photosynthetic electron donor. 

The purple and green bacteria may use H2S during photosynthesis in the same manner that cyanobacteria or algae or 
plants use H2O as an electron donor for autotrophic CO2 reduction (the "dark reaction" of photosynthesis). Or they may 
utilize organic compounds as electron donors for photosynthesis. For example, Rhodobacter can use light as an energy 
source while oxidizing succinate or butyrate in order to obtain electrons for CO2 fixation.  

The bacterium that became an endosymbiont of eucaryotes and evolved into mitochondria is thought to be a relative of 
the purple nonsulfur bacteria. This conclusion is based on similar metabolic features of mitochondria and purple 
nonsulfur bacteria and on comparisons of the base sequences in their 16S rRNAs.  

 

http://www.cme.msu.edu/bergeys/pubinfo.html#anchor21298


Figure 5. Phylogenetic tree of Bacteria  

 

.  

Figure 6. Photomicrographs (phase contrast and and ordinary illumination) of various photosynthetic bacteria (Norbert Pfennig). 
Magnifications are about 1400X. The purple and green bacteria exhibit a full range of procaryotic morphologies, as these 
photomicrographs illustrate. Diversity among their phylogenetic relationships is also noted.  

 
A. Purple sulfur bacteria (L to R): Chromatium vinosum, Thiospirillum jenense, Thiopedia rosea. The purple sulfur bacteria are classified 
among the Gammaproteobacteria, a class that also includes Pseudomonas and E. coli.  



 
B. Purple nonsulfur bacteria (L to R): Rhodospirillum rubrum, Rhodobacter sphaeroides, Rhodomicrobium vannielii. The purple nonsulfur 
bacteria are in the Alphaproteobacteria, which also includes Rhizobium, Agrobacterium and the Rickettsias. The latter bacteria represent 
a direct lineage to mitochondria.  

 
C. Green sulfur bacteria (L to R): Chlorobium limicola, Prosthecochloris aestuarii, Pelodictyon clathratiforme. The Green sulfur bacteria 
represent a distinct phylogenetic lineage and cluster in their own phylum represented by Chlorobium in Figure 5.  

 
Figure 7. Green nonsulfur bacterium, Chloroflexus (T.D. Brock). Chloroflexus also represents a phylogenetically distinct group of green 
bacteria. Chloroflexus is a thermophilic, filamentous gliding bacterium.  

 

Figure 8. Photosynthetic procaryotes growing in a hot spring run-off channel (T.D. Brock). The white area of the channel is too hot for 
photosynthetic life, but as the water cools along a gradient, the colored phototrophic bacteria colonize and ultimately construct the 
colored microbial mats composed of a consortium of photosynthetic microorganisms.  

Cyanobacteria. The cyanobacteria deserve special emphasis because of their great ecological importance in the global 
carbon, oxygen and nitrogen cycles, as well as their evolutionary significance in relationship to plants. Photosynthetic 



cyanobacteria have chlorophyll a and carotenoids in addition to some unusual accessory pigments named phycobilins. 
The blue pigment, phycocyanin and the red one, phycoerythrin, absorb wavelengths of light for photosynthesis that are 
missed by chlorophyll and the carotenoids. Within the cytoplasm of cyanobacteria are numerous layers of membranes, 
often parallel to one another. These membranes are photosynthetic thylakoids that resemble those found in chloroplasts, 
which, in fact, correspond in size to the entire cyanobacterial cell. The main storage product of the cyanobacteria is 
glycogen, and glycogen inclusions may be seen in the cytoplasm of the cells. Cyanobacteria are thought to have given 
rise to eucaryotic chloroplasts during the evolutionary events of endosymbiosis. In biochemical detail, cyanobacteria are 
especially similar to the chloroplasts of red algae (Rhodophyta).  

Most cyanobacteria have a mucilaginous sheath, or coating, which is often deeply pigmented, particularly in species that 
occur in terrestrial habitats. The colors of the sheaths in different species include light gold, yellow, brown, red, green, 
blue, violet, and blue-black. It is these pigments that impart color to individual cells and colonies as well as to "blooms" 
of cyanobacteria in aquatic environments  

 
Figure 9. Some common cyanobacteria L to R: Oscillatoria, a filamentous species common in fresh water and hot springs; Nostoc, a 
sheathed communal species; Anabaena, a nitrogen-fixing species. The small cell with an opaque surface (third from right) in the 
anabaena filament is a heterocyst, a specialized cell for nitrogen fixation. The large bright cell in the filament is a type of spore called an 
akinete; Synechococcus,  a unicelluar species in marine habitats and hot springs. Synechococcus is among the most important 
photosynthetic bacteria in the marine environment, estimated to account for about 25 percent of the primary production that occurs in 
typical marine habitats.  

Although thousands of cyanobacteria have been observed, only about 200 species have been identified as distinct, free-
living, nonsymbiotic procaryotes. Relative to other oxygenic phototrophs, cyanobacteria often grow under fairly extreme 
environmental conditions such as high temperature and salinity . They are the only oxygenic phototrophs present in many 
hot springs of the Yellowstone ecosystem; and in frigid lakes and oceans of Antarctica, they form luxuriant mats 2 to 4 
centimeters thick in water beneath more than five meters of permanent ice. However, cyanobacteria are absent in acidic 
waters where their eucaryotic counterparts, the algae, may be abundant.  

Layered chalk deposits called stromatolites, which exhibit a continuous geologic record covering 2.7 billion years, are 
produced when colonies of cyanobacteria bind calcium-rich sediments. Today, stromatolites are formed in only a few 
places, such as shallow pools in hot dry climates. The abundance of cyanobacteria in the fossil record is evidence of the 
early development of the cyanobacteria and their important role in elevating the level of free oxygen in the atmosphere of 
the early Earth.  

Cyanobacteria often form filaments and may grow in large masses or "tufts" one meter or more in length. Some are 
unicellular, a few form branched filaments, and a few form irregular plates or irregular colonies. Cyanobacterial cells 
usually divide by binary fission, and the resulting progeny cells may separate to form new colonies. In addition, filaments 
may break into fragments, called hormogonia, which separate and develop into new colonies. As in other filamentous or 
colonial bacteria, the cells of cyanobacteria may joined by their walls or by mucilaginous sheaths, but each cell is an 
independent unit of life.  

As true Bacteria, cyanobacteria contain peptidoglycan or murein in their cell walls. Most cyanobacteria have a Gram-
negative type cell wall that consists of an outer membrane component, even though they may show a distant phylogenetic 
relationship with certain Gram-positive bacteria. Some of the filamentous cyanobacteria are motile by means gliding or 
rotating around a longitudinal axis. Short segments (hormogonia) may break off from a cyanobacterial colony and glide 
away from their parent colony at rates as rapid as 10 micrometers per second. The mechanism for this movement is 
unexplained but may be connected to the extrusion of slime (mucilage) through small pores in their cell wall, together 
with contractile waves in one of the surface layers of the wall.  



Cyanobacteria are found in most aerobic environments where water and light are available for growth. Mainly they live 
in fresh water and marine habitats. Those inhabiting the surface layers of water are part of a complex microbial 
community called plankton. Planktonic cyanobacteria usually contain cytoplasmic inclusions called gas vesicles which 
are hollow protein structures filled with various gases. The vesicles can be inflated or deflated with gases allowing the 
organisms to maintain buoyancy and to float at certain levels in the water. Thus, the cyanobacteria can regulate their 
position in the water column to meet their optimal needs for photosynthesis, oxygen, and light-shielding. When numerous 
cyanobacteria become unable to regulate their gas vesicles properly (for example, because of extreme fluctuations of 
temperature or oxygen supply), they may float to the surface of a body of water and form visible "blooms". A planktonic 
species related to Oscillatoria gives rise to the redness (and the name) of the Red Sea.  

The cyanobacteria have very few harmful effects on plants or animals. They may be a nuisance if they bloom in large 
numbers and then die and decay in bodies of fresh water that are used for drinking or recreational purposes. Many 
cyanobacteria are responsible for the earthy odors and flavors of fresh waters, including drinking waters, due to the 
production of compounds called geosmins. Some cyanobacteria that form blooms secrete poisonous substances that are 
toxic for animals that ingest large amounts of the contaminated water.  

Many marine cyanobacteria occur in limestone (calcium carbonate) or lime-rich substrates, such as coral algae and the 
shells of mullosks. Some fresh water species, particularly those that grow in hot springs, often deposit thick layers of 
lime in their colonies.  

Some cyanobacteria can fix nitrogen. In filamentous cyanobacteria, nitrogen fixation often occurs in heterocysts, which 
are specialized, enlarged cells, usually distributed along the length of a filament or at the end of a filament. Heterocysts 
have intercellular connections to adjacent vegetative cells, and there is continuous movement of the products of nitrogen 
fixation moving from heterocysts to vegetative cells, and the products of photosynthesis moving from vegetative cells to 
heterocysts. Heterocysts are low in phycobilin pigments and have only photosystem I. They lack the oxygen-evolving 
photosystem II. Furthermore, they are surrounded in a thickened, specialized glycolipid cell wall that slows the rate of 
diffusion of O2 into the cell. Any O2 that diffuses into the heterocyst is rapidly reduced by hydrogen, a byproduct of N2 
fixation, or is expelled through the wall of the heterocyst. The process of nitrogen fixation, specifically the enzyme 
nitrogenase, only functions in anaerobic conditions so the organism must maintain these oxygen-free compartments in 
order for N2fixation to occur.  

In addition to the heterocysts, some cyanobacteria form resistant spores called akinetes enlarged cells around which 
thickened outer walls develop. Akinetes are resistant to heat, freezing and drought (desiccation) and thus allow the 
cyanobacteria to survive unfavorable environmental conditions. The are functionally analogous to bacterial endospores, 
but they bear little resemblance and lack the extraordinary resistance properties of endospores.  

A few cyanobacteria are symbionts of liverworts, ferns, cycads, flagellated protozoa, and algae, sometimes occurring as 
endosymbionts of the eucaryotic cells. In the case of the water fern, Azolla, the cyanobacterial endophyte (a species of 
Anabaena) fixes nitrogen that becomes available to the plant. In addition, it is often the case that the photosynthetic 
partners of lichens are cyanobacteria.  

The planktonic cyanobacteria fix an enormous amount of CO2 during photosynthesis, and as "primary producers" they 
are the basis of the food chain in marine environments. Their type of photosynthesis, which utilizes photosystem II, 
generates a substantial amount of oxygen present in the earth's atmosphere. Since many cyanobacteria can fix N2 under 
certain conditions, they are one of the most significant free-living nitrogen-fixing procaryotes. Cyanobacteria carried out 
plant-type (oxygenic) photosynthesis for at least a billion and a half years before the emergence of plants, and 
cyanobacteria are believed to be the evolutionary forerunners of modern-day plant and algal chloroplasts. A group of 
phototrophic procaryotes, called prochlorophytes contain chlorophyll a and b but do not contain phycobilins. 
Prochlorophytes, therefore, resemble both cyanobacteria (because they are procaryotic and contain chlorophyll a) and the 
plant chloroplast (because they contain chlorophyll b instead of phycobilins). Prochloron,the first prochlorophyte 
discovered, is phenotypically very similar to certain plant chloroplasts and is the leading candidate for the type of 
bacterium that might have undergone endosymbiotic events that led to the development of the plant chloroplast.  

Spirochetes are a phylogenetically distinct group of Bacteria which have a unique cell morphology and mode of motility. 
Spirochetes are very thin, flexible, spiral-shaped procaryotes that move by means of structures called axial filaments or 



endoflagella. The flagellar filaments are contained within a sheath between the cell wall peptidoglycan and an outer 
membrane. The filaments flex or rotate within their sheath which causes the cells to bend, flex and rotate during 
movement. Most spirochetes are free living (in muds and sediments), or live in associations with animals (e.g. in the oral 
cavity or GI tract). A few are pathogens of animals (e.g. leptospirosis in dogs, Syphilis in humans and  Lyme Disease in 
dogs and humans).  

 
Figure 10. Spirochetes: A. Cross section of a spirochete showing the location of endoflagella between the inner membrane and outer 
sheath; B. Borrelia burgdorferi, the agent of Lyme disease; C. Treponema pallidum, the spirochete that causes syphilis.  
   

Other Spiral-Shape and and Curved Bacteria. The main thing that unifies this group of bacteria is their spiral or 
vibrioid (curved) shape, although they are all classified among the Proteobacteria. Nontheless, in certain environments, 
their characteristic shape can instantly inform an observer of their identity.  Bacteria referred to as "spirilla" are Gram-
negative aerobic heterotrophic bacteria with a helical or spiral shape. Their metabolism is usually respiratory and never 
fermentative. Unlike spirochetes, they have a rigid cell wall and are motile by means of ordinary polar flagella. Spirilla 
are inhabitants of microaerophilic aquatic environments. Most spirilla require or prefer that oxygen in their environment 
be present in an amount that is well below atmospheric concentration. The Rhodospirillaceaeare found in the Alpha 
group of Proteobacteria; Spirillaceae and Oceanospirillaceae are  Gammaproteobacteria.  

As inhabitants of marine and fresh waters many spirilla are endowed with some interesting properties.  
Magnetospirillumcontains magnetosomes and exhibits the property of magnetotaxis (movement in relationship to the 
magnetic field of the earth). Oceanospirillum lives in marine habitats and is able to grow at NaCl concentrations as high 
as 9 percent. Azospirillum is a nitrogen-fixing bacterium that enters into a mutualistic symbiosis with certain tropical 
grasses and grain crops. Spirilla are thought to play a significant role in recycling of organic matter, particularly in 
aquatic environments.  

Two pathogens of humans are found among the spiril forms in the Epsilon group of Proteobacteria. Campylobacter jejuni 
is an important cause of bacterial diarrhea, especially in children. The bacterium is transmitted via contaminated food, 
usually undercooked poultry or shellfish, or untreated drinking water. Helicobacter pylori is able to colonize the gastric 
mucosal cells of humans, i.e., the lining of the stomach, and it has been well established as the cause of peptic ulcers.  

Bacteria with a curved rod or comma shape are referred to as "vibrios". Like the spiral forms, vibrios are very common 
bacteria in aquatic environments. They are found among the Gammaproteobacteria and have structural and metabolic 
properties that overlap with both the enterics and the pseudomonads. In Bergey's Manual (2001) Vibrionaceae is a family 
on the level with Enterobacteriaceae. Vibrios are facultative like enterics, but they have polar flagella, are oxidase-
positive, and dissimilate sugars in the same manner as the pseudomonads. In aquatic habitats they overlap with the 
Pseudomonadaceae in their ecology, although Pseudomonas species favor fresh water and vibrios prefer salt water. The 
genus Vibrio contains an important pathogen of humans, Vibrio cholerae, the cause of Asiatic cholera. Cholera is an 
intestinal disease with a pathology related to diarrheal diseases caused by the enteric bacteria.  

Five species of marine vibrios exhibit the property of bioluminescence, the ability to emit light of a blue-green color. 
These bacteria may be found as saprophytes of dead fish or as symbionts of living fish and invertebrates in marine 
environments. Some grow in special organs of the fish and emit light for the benefit of the fish (to attract prey, or as a 
mating signal) in return for a protected habitat and supply of nutrients. The reaction leading to light emission, catalyzed 
by the enzyme luciferase, has been found to be the same in all procaryotes, and differs from light emission by eucaryotes 
such as the fire fly. Luciferase diverts electrons from the normal respiratory electron transport chain and causes formation 
of an excited peroxide that leads to emission of light.  
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The small vibrioid bacterium, Bdellovibrio,is a tiny curved rod that is a parasite of other Gram-negative bacteria, 
including E. coli. It preys on other bacteria by entering into the periplasmic space and obtaining nutrients from the 
cytoplasm of its host cell while undergoing an odd type of reproductive cycle.  Bdellovibriois a member of the 
Deltaproteobacteria.  
   

The Myxobacteria are a group of fruiting gliding bacteria that comprise a unique order of Deltaproteobacteria. They 
exhibit a unique type of gliding motility. The vegetative cells move (glide) about together as a swarm, and then they 
aggregate together to form a multicellular fruiting body in which development and spore formation takes place. They 
exhibit the most complex behavioral patterns and life cycles of all known procaryotes. Myxobacteria are inhabitants of 
the soil. They have a eucaryotic counterpart in nature in the Myxomycetes, or slime molds, and the two types of 
organisms are an example of parallel or convergent evolution, having adopted similar life styles in the soil environment.  

The vegetative cells of myxobacteria are typical Gram-negative rods that glide across a substrate such as a decaying leaf 
or piece of animal dung, or colonies of other bacteria. They obtain nutrients from the substrate as they glide across it and 
they secrete a slime track which other myxobacterial cells preferentially follow. If their nutrients become exhausted, the 
cells signal to one another to aggregate and form a swarm of myxobacteria which eventually differentiate into a 
multicellular fruiting body that contains myxospores, a type of dormant cell descended from a differentiated vegetative 
cell. In the case of Stigmatella, the myxospores are packed into secondary structures called cysts, which develop at the 
tips of the fruiting body (Figure 11). The bright-colored fruiting bodies of myxobacteria, containing millions of cells and 
spores, can often be seen with the unaided eye on dung pellets and decaying vegetation in the soil.  

 
Figure 11. Stigmatella aurantiaca, a fruiting myxobacterium: L. Life Cycle R. Fruiting Body.  

Lithotrophs. Lithotrophy, a type of metabolism that requires inorganic compounds as sources of energy. This 
metabolism is firmly established in both the Archaea and the Bacteria. The methanogens utilize H2 as an energy source, 
and many extreme thermophiles use H2S or elemental sulfur as a source of energy for growth. Lithotrophic Bacteria are 
typically Gram-negative species that utilize inorganic substrates including H2, NH3, NO2, H2S, S, Fe++, and CO.
Ecologically, the most important lithotrophic Bacteria are the nitrifying bacteria, Nitrosomonas and Nitrobacter that 
together convert NH

 

 3 to NO2, and NO2 to NO3, and the colorless sulfur bacteria, such as Thiobacillus, that oxidize H2S
to S and S to SO4. Most lithotrophic bacteria are autotrophs, and in some cases, they may play an important role in 
primary production of organic material in nature. Lithotrophic metabolism does not extend to eucaryotes (unless a 
nucleated cell harbors lithotrophic endosymbiotic bacteria), and these bacteria are important in the biogeochemical cycles 
of the elements.  



 

Figure 12. Lithotroph Habitats. A. Stream in Northern Wisconsin near Hayward is a good source of iron bacteria (John Lindquist).  B. 
Bacteriologist J.C. Ensign of the University of Wisconsin observing growth of iron bacteria in a run-off channel from the Chocolate Pots 
along the Gibbon River, in Yellowstone National Park (K.Todar). C. An acid hot spring at the Norris Geyser Basin in Yellowstone is rich 
in iron and sulfur (T.D. Brock). D. A black smoker chimney in the deep sea emits iron sulfides at very high temperatures (270 to 380 
degrees C).  

Pseudomonads. "Pseudomonad" is an informal term for bacteria which morphologically and physiologically resemble 
members of the genus Pseudomonas, a very diverse group of Gram-negative rods with a strictly-respiratory mode of 
metabolism. The term is usually applied to bacteria in the genera Pseudomonas, and Xanthomonas, which are 
Alphaproteobacteria, and to plant and animal pathogens such as Burkholderia, Ralstonia and Acidovorax, which are 
Betaproteobacteria. But many other related bacteria share their definitive characterictics, i.e., Gram-negative aerobic 
rods.  The morphology and habitat of many pseudomonads sufficiently overlaps with the enterics (below) that 
microbiologists must quickly learn how to differentiate these two types of Gram-negative motile rods. Pseudomonads 
move by polar flagella; enterics such as E. coli swim by means of peritrichous flagella. Enterics ferment sugars such as 
glucose; pseudomonads generally do not ferment sugars. And most pseudomonads have an unusual cytochrome in their 
respiratory electron transport chain that can be detected in colonies by a colorimetric test called the oxidase test. 
Pseudomonads are typically oxidase- positive.  

 
Figure 13. Profile of a pseudomonad: Gram-negative rods motile by polar flagella. A. Electron micrograph, negative stain. B. Scanning 
electron micrograph. C. Gram stain.  

Most pseudomonads are free-living organisms in soil and water; they play an important role in decomposition, 
biodegradation, and the C and N cycles. The phrase "no naturally-occurring organic compound cannot be degraded by 
some microorganism" must have been coined to apply to members of the genus Pseudomonas, known for their ability to 
degrade hundreds of different organic compounds including insecticides, pesticides, herbicides, plastics, petroleum 
substances, hydrocarbons and other of the most refractory molecules in nature. However, they are usually unable to 
degrade biopolymers in their environment, such as cellulose and lignen, and their role in anaerobic decomposition is 
minimal.  

There are about 150 species of Pseudomonas, but, especially among the plant pathogens, there are many strains and 
biovars among the species. These bacteria are frequently found as part of the normal flora of plants, but they are one of 
the most important bacterial pathogens of plants, as well. Pseudomonas syringae and Xanthomonas species cause a wide 
variety of plant diseases as discussed below. One strain of Pseudomonas that lives on the surfaces of plants can act as an 
"ice nucleus" which causes ice formation and inflicts frost damage on plants at one or two degrees above the 



conventional freezing temperature of water (0 degrees C). One Pseudomonas species is an important pathogen of 
humans, Pseudomonas aeruginosa, the quintessential opportunistic pathogen, which is a leading cause of hospital-
acquired infections. Pseudomonas species are discussed elsewhere in the text at  Opportunistic Infections caused by 
Pseudomonas aeruginosa  and The Genus Pseudomonas.  

Among some interesting or important ecologic relatives of the pseudomonads are Rhizobiumand Bradyrhizobium, species 
that fix nitrogen in association with leguminous plants, and related Agrobacterium species that cause tumors ("galls") in 
plants. These bacteria are discussed later in this article because of their special relationships with plants. Relatives of the 
pseudomonads also include the methanotrophs that can oxidize methane and other one-carbon compounds, the 
azotobacters, which are very prevalent free-living (nonsymbiotic) nitrogen-fixing bacteria.  

Enterics. Enteric bacteria are Gram-negative rods with facultative anaerobic metabolism that live in the intestinal tracts 
of animals. This group consists of Escherichia coli and its relatives, the members of the family Enterobacteriaceae. 
Enteric bacteria are related phenotypically to several other genera of bacteria such as Pseudomonas and Alcaligenes, but 
are physiologically quite unrelated. Generally, a distinction can be made on the ability to ferment glucose: enteric 
bacteria all ferment glucose to acid end products while similar Gram-negative bacteria cannot ferment glucose. Because 
they are consistent members of the normal flora of humans, and because of their medical importance, an extremely large 
number of enteric bacteria have been isolated and characterized.  

Escherichia coli is, of course, the type species of the enterics. E. coli is such a regular inhabitant of the intestine of 
humans that it is used by public health authorities as an indicator of fecal pollution of drinking water supplies, swimming 
beaches, foods, etc. E. coli is the most studied of all organisms in biology because of its occurrence, and the ease and 
speed of growing the bacteria in the laboratory. It has been used in hundreds of thousands of experiments in cell biology, 
physiology, and genetics, and was among the first cells for which the entire chromosomal DNA base sequence was 
determined. In spite of the knowledge gained about the molecular biology and physiology of E. coli, surprisingly little is 
known about its ecology, for example why it consistently associates with humans, how it helps its host, how it harms its 
host, etc. A few strains of E. coli are pathogenic (one is notorious, strain 0157:H7, that keeps turning up in raw 
hamburger headed for a fast-food restaurants).  Pathogenic strains of E. coli cause intestinal tract infections (usually 
acute and uncomplicated, except in the very young ),  uncomplicated urinary tract infections and neonatal meningitis. 
See E. coli and Gastroenteritis, Urinary tract Infections and Neonatal Meningitis.  

 
Figure 14. Left: Escherichia coli cells. Right: E. coli colonies on EMB Agar.  

The enteric group also includes some other intestinal pathogens of humans such as Shigella dysenteriae, cause of 
bacillary dysentery, and Salmonella typhimurium, cause of gastroenteritis. Salmonella typhi, which infects via the 
intestinal route, causes typhoid fever. Some bacteria that don't have an intestinal habitat resemble E. coli in enough ways 
to warrant inclusion in the enteric group. This includes Proteus, a common saprophyte of decaying organic matter, 
Yersinia pestis, which causes bubonic plague, and Erwinia, an important pathogen of plants.  

Gram-negative pathogens. The Gram negative bacteria that are important pathogens of humans are found sattered 
throughout the Proteobacteria. In the Alphaproteobacteria, one finds the Rickettsias, a group of obligate intracellular 
parasites which are the cause of typhus and Rocky Mountain Spotted fever.  In the Beta group, the agents of  
whooping cough (pertussis)  (Bordetella pertussis),gonorrhea (Neisseria gonorrhoeae), and meningococcal meningitis 
(Neisseria meningitidis) are found. See  Gonorrhea and Meningitis .  Among the Gamma group,  Pseudomonas 
aeruginosa, the enterics, and Vibrio cholerae have already been mentioned. Likewise, the agents of Legionaires' 
pneumonia (Legionella pneumophilia), and childhood meningitis (Haemophilus influenzae) are Gammaproteobacteria. 
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Campylobacter and Helicobacter are Epsilonproteobacteria. Most of these bacteria are discussed elsewhere in this article 
and/or in separate chapters which deal with their pathogenicity for humans.  

Nitrogen-fixing organisms. This is a diverse group of procaryotes, reaching into phylogenetically distinct groups of 
Archaea and Bacteria. Members are unified only on the basis of their metabolic ability to "fix" nitrogen. Nitrogen 
fixation is the reduction of N2 (atmospheric nitrogen) to NH3 (ammonia). It is a complicated enzymatic process mediated 
by the enzyme nitrogenase. Nitrogenase is found only in procaryotes and is second only to RUBP carboxylase (the 
enzyme responsible for CO2 fixation) as the most abundant enzyme on Earth.  

The conversion of nitrogen gas (which constitutes about 80 percent of the atmosphere) to ammonia introduces nitrogen 
into the biological nitrogen cycle. Living cells obtain their nitrogen in many forms, but usually from ammonia (NH3) or 
nitrates (NO3), and never from N2. Nitrogenase extracts N2 from the atmosphere and reduces it to NH3 in a reaction that
requires substantial reducing power (electrons) and energy (ATP). The NH

 

 

3 is immediately assimilated into amino acids 
and proteins by subsequent cellular reactions. Thus, nitrogen from the atmosphere is fixed into living (organic) material.  

Although a widespread trait in procaryotes, nitrogen fixation occurs in only a few select genera. Outstanding among them 
are the symbiotic bacteria Rhizobium and Bradyrhizobium which form nodules on the roots of legumes. In this symbiosis 
the bacterium invades the root of the plant and fixes nitrogen which it shares with the plant. The plant provides a 
favorable habitat for the bacterium and supplies it with nutrients and energy for efficient nitrogen fixation. Rhizobium 
and Bradyrhizobium are Gram-negative aerobes related to the pseudomonads (above). An unrelated bacterium, an 
actinomycete (below), enters into a similar type of symbiosis with plants. The actinomycete, Frankia, forms nodules on 
the roots of several types of trees and shrubs, including alders (Alnus), wax myrtles (Myrica) and mountain lilacs 
(Ceanothus). They, too, fix nitrogen which is provided to their host in a useful form. This fact allows alder species to be 
"pioneer plants" (among the first to colonize) in newly-forming nitrogen-deficient soils. Still other bacteria live in regular 
symbiotic associations with plants on roots or leaves and fix nitrogen for their hosts, but they do not cause tissue 
hyperplasia or the formation of nodules.  

Cyanobacteria are likewise very important in nitrogen fixation. Cyanobacteria provide fixed nitrogen, in addition to fixed 
carbon, for their symbiotic partners which make up lichens. This enhances the capacity for lichens to colonize bare areas 
where fixed nitrogen is in short supply. In some parts of Asia, rice can be grown in the same paddies continuously 
without the addition of fertilizers because of the presence of nitrogen fixing cyanobacteria. The cyanobacteria, especially 
Anabaena, occur in association with the small floating water fern Azolla, which forms masses on the paddies. Because of 
the nearly obligate association of Azolla with Anabaena,  paddies covered with Azolla remain rich in fixed nitrogen.  

In addition to symbiotic nitrogen-fixing bacteria, there are various free-living nitrogen-fixing procaryotes in both soil and 
aquatic habitats. Cyanobacteria may be able to fix nitrogen in virtually all habitats that they occupy. Clostridia and some 
methanogens fix nitrogen in anaerobic soils and sediments, including thermophilic environments. A common soil 
bacterium, Azotobacter is a vigorous nitrogen fixer, as is Rhodospirillum, a purple sulfur bacterium. Even Klebsiella, an 
enteric bacterium closely related to E. coli, fixes nitrogen. There is great scientific interest, of course, in knowing how 
one might move the genes for nitrogen fixation from a procaryote into a eucaryote such as corn or some other crop plant. 
The genetically engineered plant might lose its growth requirement for costly ammonium or nitrate fertilizers and grow in 
nitrogen deficient soils.  

Besides nitrogen fixation, bacteria play other essential roles in the processes of the nitrogen cycle. For example, 
saprophytic bacteria, decompose proteins releasing NH3 in the process of ammoniafication. NH3 is oxidized by 
lithotrophic Nitrosomonas species to NO2 which is subsequently oxidized by Nitrobacter to NO3. The overall conversion 
of NH3 to NO3 is called nitrification. NO3 can be assimilated by cells as a source of nitrogen (assimilatory nitrate 
reduction), or certain bacteria can reduce NO3 during a process called anaerobic respiration, wherein nitrate is used in 
place of oxygen as a terminal electron acceptor for a process analogous to aerobic respiration. In the case of anaerobic 
respiration, NO3 is first reduced to NO2, which is subsequently reduced to N2O or N2  (all gases). This process is called
denitrification and it occurs in anaerobic environments where nitrates are present. If denitrification occurs in crop soils it 
may not be beneficial to agriculture if it converts utilizable forms of nitrogen (as in nitrate fertilizers) to nitrogen gases 
that will be lost into the atmosphere. A related process call dissimilatory nitrate reduction, conducted by certain 
Bacillus species, reduces NO3 to NH3. One rationale for tilling the soil is to keep it aerobic, in order to discourage these 
facultative processes in Pseudomonas and Bacillus, which are ubiquitous inhabitants.  



The pyogenic cocci are spherical bacteria which cause various suppurative (pus-producing) infections in animals. 
Included are the Gram-positive cocci Staphylococcus aureus, Streptococcus pyogenes and Streptococcus pneumoniae, 
and the Gram-negative cocci, Neisseria gonorrhoeae and N. meningitidis. These bacteria are leading pathogens of 
humans. It is estimated that they produce at least a third of all the bacterial infections of humans, including strep throat, 
pneumonia, food poisoning, various skin diseases and severe types of septic shock, gonorrhea and meningitis. 
Staphylococcus aureus is arguably the most successful of all bacterial pathogens because it has a very wide range of 
virulence determinants (so it can produce a wide range of infections) and it often occurs as normal flora of humans (on 
skin, nasal membranes and the GI tract), which ensures that it is readily transmitted from one individual to another. In 
terms of their phylogeny, physiology and genetics, these genera of bacteria are quite unrelated to one another. They share 
a common ecology, however, as parasites of humans.  

 
Figure 15. Gallery of pyogenic cocci, Gram stains of clinical specimens (pus), L to R: Staphylococcus aureus, Streptococcus pyogenes, 
Streptococcus pneumoniae, Neisseria gonorrhoeae, Neisseria meningitidis. The large cells with lobed nuclei are neutrophils. Pus is the 
outcome of the battle between phagocytes (neutrophils) and the invading cocci. As the bacteria are ingested and killed by the neutrophils, 
the neutrophils eventually lyse (rupture) and release their own components, plus the digested products of bacterial cells, which are the 
make-up of pus. As a defense against phagocytes the staphylococci and streptococci produce toxins that kill the neutrophils before they 
are able to ingest the bacteria. This contributes to the pus, and therefore these bacteria are "pyogenic" during their pathogenic 
invasions.  

Two species of Staphylococcus live in association with humans: Staphylococcus epidermidis which lives normally on the 
skin and mucous membranes, and Staphylococcus aureus which may occur normally at various locales, but in particular 
on the nasal membranes (nares). S. epidermidis is rarely a pathogen and probably benefits its host by producing acids on 
the skin that retard the growth of dermatophytic fungi.  Staphylococcus aureus  always has the potential to cause disease 
and so is considered a pathogen. Different strains of S. aureus differ in the range of diseases they can cause, including 
boils and pimples, wound infections, pneumonia, osteomyelitis, septicemia, food intoxication, and toxic shock 
syndrome. S. aureus is the leading cause of nosocomial (hospital-acquired) infections by Gram-positive bacteria. Also, 
it is notoriously resistant to penicillin and many other antibiotics. Recently, a strain of S. aureus has been reported that is 
resistant to EVERY known antibiotic in clinical usage, which is a grim reminder that the clock is ticking on the lifetime 
of the usefulness of current antibiotics in treatment of infectious disease.  

 Streptococcus pypgenes,more specifically the Beta-hemolytic Group A Streptococci, like S. aureus, causes an array of 
suppurative diseases and toxinoses (diseases due to the production of a bacterial toxin), in addition to some autoimmune 
or allergic diseases. S. pyogenes is rarely found as normal flora (<1%), but it is the main streptococcal pathogen for man, 
most often causing tonsillitis or strep throat. Streptococci also invade the skin to cause localized infections and lesions, 
and produce toxins that cause scarlet fever and toxic shock. Sometimes, as a result of an acute streptococcal infection, 
anomalous immune responses are started that lead to diseases like rheumatic fever and glomerulonephritis, which are 
called post-streptococcal sequelae. Unlike the staphylococci, the streptococci have not developed widespread resistance 
to penicillin and the other beta lactam antibiotics, so that the beta lactams remain drugs of choice for the treatment of 
acute streptococcal infections.  

Streptococcus pneumoniae is the most frequent cause of bacterial lobar pneumonia in humans. It is also a frequent cause 
of otitis media (infection of the middle ear) and meningitis. The bacterium colonizes the nasopharynx and from there 
gains access to the lung or to the eustachian tube. If the bacteria descend into the lung they can impede engulfment by 
alveolar macrophages if they possess a capsule which somehow prevents the engulfment process. Thus, encapsulated 
strains are able to invade the lung and are virulent (cause disease) and noncapsulated strains, which are readily removed 
by phagocytes, are nonvirulent.  

The Neisseriaceae  comprise a family of Gram-negative BetaProteobacteria with metabolic characteristics similar to 
pseudomonads. The neisseriae are small, Gram-negative cocci usually seen in pairs with flattened adjacent sides. Most 
neisseriae are normal flora or harmless commensals of mammals living on mucous membranes. In humans they are 
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common residents of the throat and upper respiratory tract. Two species are primary pathogens of humans, Neisseria 
gonorrhoeae and Neisseria meningitidis, the bacterial causes of gonorrhea and meningicoccal meningitis.  

Neisseria gonorrhoeae is the second leading cause of sexually-transmitted disease in the U.S., causing over three million 
cases of gonorrhea annually. Sometimes, in females, the disease may be unrecognized or asymptomatic such that an 
infected mother can give birth and unknowingly transmit the bacterium to the infant during its passage through the birth 
canal. The bacterium is able to colonize and infect the newborn eye resulting neonatal ophthalmia, which may produce 
blindness. For this reason (as well as to control Chlamydia which may also be present), an antimicrobial agent is usually 
added to the neonate eye at the time of birth.  

Neisseria meningitidis is one bacterial cause of meningitis, an inflammation of the meninges of the brain and spinal cord. 
Other bacteria that cause meningitis include Haemophilus influenzae, Staphylococcus aureus and Escherichia coli. 
Meningococcal meningitis differs from other causes in that it is often responsible for epidemics of meningitis. It occurs 
most often in children aged 6 to 11 months, but it also occurs in older children and in adults. Meningococcal meningitis 
can be a rapidly fatal disease, and untreated meningitis has a mortality rate near 50 percent. However, early intervention 
with antibiotics is highly effective, and with treatment most individuals recover without permanent damage to the 
nervous system.  

Lactic acid bacteria are Gram-positive, nonsporeforming rods and cocci which produce lactic acid as a sole or major 
end product of fermentation. They are important in the food industry as fermentation organisms in the production of 
cheese, yogurt, buttermilk, sour cream, pickles, sauerkraut, sausage and other foods. Important genera are Streptococcus 
and Lactobacillus. Some species are normal flora of the human body (found in the oral cavity, GI tract and vagina); some 
streptococci are pathogens of humans (see pyogenic cocci above). Certain oral lactic acid bacteria are responsible for the 
formation of dental plaque and the initiation of dental caries (cavities).  

Endospore-forming bacteria produce a unique resting cell called an endospore. They are Gram-positive and usually 
rod-shaped, but there are exceptions. The two important genera are Bacillus, the members of which are aerobic 
sporeformers in the soils, and Clostridium, whose species are anaerobic sporeformers of soils, sediments and the 
intestinal tracts of animals.  

 
Figure 16. Endospore-forming bacilli (phase contrast illumination). Endospores are dehydrated, refractile cells appearing as points of 
bright light under phase microcsopy. Endospore-forming bacteria are characterized by the location (position) of the endospore in the 
mother cell (sporangium) before its release. The spore may be central, terminal or subterminal, and the sporangium may or may not be 
swollen to accomodate the spore.  
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Figure 17. Anatomy of an endospore, cross section drawing by Viake Haas. Endospores differ from the vegetative cells that form them in 
a variety of ways. Several new surface layers develop outside the core (cell) wall, including the cortex and spore coat. The cytoplasm is 
dehydrated and contains only the cell genome and a few ribosomes and enzymes. The endospore is cryptobiotic (exhibits no signs of life) 
and is remarkably resistant to environmental stress such as heat (boiling), acid, irradiation, chemicals and disinfectants. Some 
endospores have remained dormant for 25 million years preserved in amber, only to be shaken back into life when extricated and 
introduced into a favorable environment.  

 
Figure 18. The sequential steps in the process of endospore formation in Bacillus subtilis.  

Some sporeformers are pathogens of animals, usually due to the production of powerful toxins. Bacillus anthracis causes  
anthrax, a disease of domestic animals (cattle, sheep, etc.) which may be transmitted to humans.  Bacillus cereus is 
becoming inceasingly recognized as an agent of food poisoning. Clostridium botulinum causes  botulism a form of food-
poisoning, and Clostridium tetani causes tetanus.  
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Figure 19. Robert Koch's original photomicrographs of Bacillus anthracis. In 1876, Koch established by careful microscopy that the 
bacterium was always present in the blood of animals that died of anthrax. He took a small amount of blood from such an animal and 
injected it into a healthy mouse, which subsequently became diseased and died. He took blood from that mouse and injected it into a 
another healthy mouse. After repeating this several times he was able to recover the original anthrax organism from the dead mouse, 
demonstrating for the first time that a specific bacterium is the cause of a specific disease. In so doing, he established Koch's Postulates, 
which still today supply the microbiological standard to demonstrate that a specific microbe is the cause of a specific disease.  

In association with the process of sporulation, some Bacillus species form a crystalline protein inclusion called 
parasporal crystals. The protein crystal and the spore (actually the spore coat) are toxic to lepidopteran insects (certain 
moths and caterpillars) if ingested. The crystals and spores of Bacillus thuringiensis are marketed as "Bt" a natural 
insecticide for use on garden or crop plants. Another species of Bacillus, B. cereus, produces an antibiotic that inhibits 
growth of Phytophthera,, a fungus that attacks alfalfa seedling roots causing a "damping off" disease. The bacteria, 
growing in association with the roots of the seedlings, can protect the plant from disease.  

Also, apparently in association with the sporulation process, some Bacillus species produce clinically-useful antibiotics. 
Bacillus antibiotics such as polymyxin and bacitracin are usually polypeptide molecules that contain unusual amino 
acids.  

Actinomycetes and related bacteria are a large group of Gram-positive bacteria that usually grow by filament 
formation, or at least show a tendency towards branching and filament formation. Many of the organisms can form 
resting structures called spores, but they are not the same as endospores. Branched forms superficially resemble molds 
and are a striking example of convergent evolution of a procaryote and a eucaryote together in the soil habitat. 
Actinomycetes such as Streptomyces have a world-wide distribution in soils. They are important in aerobic 
decomposition of organic compounds and have an important role in biodegradation and the carbon cycle. Products of 
their metabolism, called geosmins, impart a characteristic earthy odor to soils. Actinomycetes are the main producers of 
antibiotics in industrial settings, being the source of most tetracyclines, macrolides (e.g. erythromycin), and 
aminoglycosides (e.g. streptomycin, gentamicin, etc.). Two bacteria in this diverse group are important pathogens of 
humans: Mycobacterium tuberculosis is the cause of  tuberculosis; Corynebacterium diphtheriae is the cause of 
diphtheria. Also, many nonpathogenic mycobacteria and corynebacteria live in associations with animals.  

 
Figure 20. Schematic diagrams illustrating mycelial growth and spore formation in several genera of actinomycetes.  

Rickettsias and chlamydiae are two unrelated groups of Bacteria that are obligate intracellular parasites of eucaryotic 
cells. Rickettsias cannot grow outside of a host cell because they have leaky membranes and are unable to obtain 
nutrients in an extracellular habitat. Chlamydiae are unable to produce ATP in amounts required to sustain metabolism 
outside of a host cell and are, in a sense, energy-parasites.  

Rickettsias occur in nature in the gut lining of arthropods (ticks, fleas, lice, etc.). They are transmitted to vertebrates by 
an arthropod bite and produce such diseases as typhus fever, Rocky Mountain Spotted Fever, Q fever and canine 
ehrlichiosis. Chlamydiae are tiny bacteria that infect birds and mammals. They may colonize and infect tissues of the eye 
and urogenital tract in humans. Chlamydia trachomatis causes several important diseases in humans: chlamydia, the 
most prevalent sexually transmitted disease in the U.S., trachoma, a leading cause of blindness worldwide, and 
lymphogranuloma venereum.  
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Figure 21. Mammalian cells infected with rickettsial organisms. L. Bartonella bacilliformis infection of human erythrocytes and blood 
monoyctyes. R. Ehrlichia canis infection of canine erythrocytes and blood monocytes. The distinct stained intracytoplasmic inclusion 
body in the monocyte is characteristic of the infection.  

Mycoplasmas are a group of bacteria that lack a cell wall. The cells are bounded by a single triple-layered membrane. 
They may be free-living in soil and sewage, parasitic inhabitants of the mouth and urinary tract of humans, or pathogens 
in animals and plants. In humans, Mycoplasma pneumoniae causes primary atypical pneumonia ("walking 
pneumonia").  

Mycoplasmas include the smallest known cells, usually about 0.2 - 0.3 micrometers in diameter. Mycoplasmas 
correspondingly have the smallest known genome of any cell. Their DNA is thought to contain about 650 genes, which is 
about one-fifth the number found in E. coli and other common bacteria. Mycoplasmas can survive without a cell wall 
because their cytoplasmic membrane is more stable than that of other procaryotes. In one group of mycoplasmas, the 
membrane contains sterols which seem to be responsible for the stability. Also, mycoplasmas tend to inhabit 
environments of high osmolarity wherein the risk of osmotic shock and lysis of the cells is minimized.  

Plant-pathogenic bacteria. Many economically-important diseases of plants are caused by members of the Bacteria. It is 
estimated that one-eighth of the crops worldwide are lost to diseases caused by bacteria, fungi or insects. Almost all kinds 
of plants can be affected by bacterial diseases, and many of these diseases can be extremely destructive.  

Almost all plant-pathogenic bacteria are Gram-negative bacilli, usually affiliated with the pseudomonads or enterics 
(above). The symptoms of bacterial disease in plants are described by a number of terms such as spots, blights, soft rots, 
wilts, and galls. Bacterial spots of various sizes on stems, leaves, flowers and fruits are usually caused by Pseudomonas 
or Xanthomonas species. Bacteria may cause spots by producing toxins that kill cells at the site of infection. Blights are 
caused by rapidly developing necrosis (dead, discolored areas) on stems, leaves and flowers. Fire blight in apples and 
pears, caused by Erwinia amylovora, can kill young trees within a single season. Bacterial soft rots occur most 
commonly in fleshy vegetables such as potatoes or onions or fleshy fruits such as tomatoes and eggplants. The most 
destructive soft rots are caused by Erwinia species that attack fruits and vegetables at the post-harvest stage.  

Bacterial vascular wilts mainly affect herbaceous plants. The bacteria invade the vessels of the xylem, where they 
multiply, interfering with the movement of water and inorganic nutrients and resulting in the wilting and the death of the 
plants. The bacteria commonly degrade portions of the vessel walls and can even cause the vessels to rupture. Once the 
walls have ruptured, the bacteria then spread to the adjacent parenchyma tissues, where they continue to multiply. In 
some bacterial wilts, the bacteria ooze to the surface of the stems or leaves through cracks formed over cavities filled 
with cellular debris, gums, and bacteria. More commonly, however, the bacteria do not reach the surface of the plant until 
the plant has been killed by the disease. Wilts of alfalfa and bean plants are cause by species of Clavibacter; bacterial 
wilt of cucurbits, such as squashes and watermelons, are cause by Erwinia tracheiphila; the black rot of crucifers such as 
cabbage is caused by Xanthomonas campestris. The most economically-important wilt of plants is caused by 
Pseudomonas solanacearum which affects 44 genera of plants, including such major crops as bananas, peanuts, 
tomatoes, potatoes, eggplants and tobacco. This disease occurs worldwide in tropical, subtropical, and warm temperate 
areas.  

Mycoplasmas (discussed above) have been identified in more than 200 plant species and associated with more than 50 
plant diseases, many with symptoms of yellowing. Among these plant-pathogens are the spiroplasmas (genus 
Spiroplasma), which are pleomorphic, ovoid or spiral-shaped cells which are motile by means of a rotary or screw-like 
motion. Intracellular fibrils are thought to be responsible for their movement. The organisms have been isolated from the 
fluids of vascular plants and from the gut of insects that feed on these fluids. Some have been cultured on artificial media, 
including Spiroplasma citri, which is isolated from the leaves of citrus plants, where it causes citrus stubborn disease, and 



from corn plants suffering from corn stunt disease. A number of other mycoplasma-like organisms (sometimes called 
MLOs) have been detected in diseased plants by electron microscopy, which has been taken as evidence that these 
organisms may be more involved in plant disease than previously realized.  

The causative agent of a common plant disease, termed crown gall, is Agrobacterium tumefaciens. The disease is 
characterized by large galls or swellings that form on the plant at the site of infection, usually near the soil line. Crown 
gall is a problem in nurseries, affecting ornamental plants and fruit stock, and it may be a serious disease in grapes. 
Because of their role in the genetic engineering of plants, the molecular biology of these bacteria is intensively studied.  
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The Nature of Host-parasite Interactions in Humans 

Bacteria are consistently associated with the body surfaces of animals. There are many more bacterial cells on the surface 
of a human (including the gastrointestinal tract) than there are human cells that make up the animal. The bacteria that are 
consistently associated with an animal are called the normal flora. These bacteria have a full range of symbiotic 
interactions with their animal hosts.  

In biology, symbiosis is defined as "life together", i.e. that two organisms live in an  association with one -another. Thus, 
there are at least three types of relationships based on the quality of the association for the members of the symbiotic 
association.  

Types of Symbiotic Associations  

1. Mutualism. Both members of the association benefit.  

2. Commensalism. There is no apparent benefit or harm to either member of the association.  

3. Parasitism. One member of the association lives at the expense of the other member.  
It is this type of a symbiotic association that draws our attention in this course. For many parasites are or can become 
pathogens, microorganisms the cause disease.  

Bacterial Pathogenesis  

A pathogen is a microorganism (or virus) that is able to produce disease. Pathogenicity is the ability of a microorganism 
to cause disease in another organism, namely the host for the pathogen. As implied above, pathogenicity is a 
manifestation of a host- parasite interaction.  

In humans, some of the normal bacterial flora (e.g. Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus 
influenzae) are potential pathogens that live in a commensal or parasitic relationship without producing disease. They 
do not cause disease in their host unless they have an opportunity brought on by some compromise or weakness in the 
host's anatomical barriers, tissue resistance or immunity. Furthermore, the bacteria are in a position to be transmitted 
from one host to another, giving them additional opportunities to colonize or infect.  

There are some pathogens that do not associate with their host EXCEPT in the case of disease. These bacteria are 
obligate pathogens, even though some may rarely occur as normal flora, in asymptomatic or recovered carriers, or in 
some form where they cannot be eliminated by the host.  

Opportunistic Pathogens  

Bacteria which cause a disease in a compromised host which typically would not occur in a healthy (noncompromised) 
host are acting as opportunistic pathogens. A member of the normal flora can such as Staphylococcus aureus or E. coli 
can cause an opportunistic infection, but so can an environmental organism such as Pseudomonas aeruginosa. When a 
member of the normal flora causes an infectious disease, it might be referred to as an endogenous bacterial disease, 
referring to a disease brought on by bacteria 'from within'.  

Infection  



The normal flora, as well as any "contaminating" bacteria from the environment, are all found on the body surfaces of the 
animal; the blood and internal tissues are sterile. If a bacterium, whether or not a component of the normal flora, breaches 
one of these surfaces, an infection is said to have occurred. Infection does not necessarily lead to infectious disease.  In 
fact, infection probably rarely leads to infectious disease. Some bacteria rarely cause disease if they do infect; some 
bacteria will usually cause disease if they infect. But other factors, such as the route of entry , the number of infectious 
bacteria, and status of the host defenses, play a role in determining the outcome of infection.  

Determinants of Virulence  

Pathogenic bacteria are able to produce disease because they possess certain structural or biochemical or genetic traits 
that render them pathogenic or virulent. (The term virulence is best interpreted as referring to the degree of 
pathogenicity.) The sum of the characteristics that allow a bacterium to produce disease are the pathogen's determinants 
of virulence.  

Some pathogens may rely on a single determinant of virulence, such as toxin production, to cause damage to their host. 
Thus, bacteria such as Clostridium tetani and Corynebacterium diphtheriae, which have hardly any invasive 
characteristics, are able to produce disease, the symptoms of which depend on a single genetic trait in the bacteria: the 
ability to produce a toxin. Other pathogens, such as Staphylococcus aureus, Streptococcus pyogenes and Pseudomonas 
aeruginosa, maintain a large repertoire of virulence determinants and consequently are able to produce a more complete 
range of diseases that affect different tissues in their host.  

Properties of the Host  

The host in a host-parasite interaction is the animal that maintains the parasite. The host and parasite are in a dynamic 
interaction, the outcome of which depends upon the properties of the parasite and of the host. The bacterial parasite has 
its determinants of virulence that allow it to invade and damage the host and to resist the defenses of the host. The host 
has various degrees of resistance to the parasite in the form of the host defenses.  

Host Defenses  

A healthy animal can defend itself against pathogens at different stages in the infectious disease process. The host 
defenses may be of such a degree that infection can be prevented entirely. Or, if infection does occur, the defenses may 
stop the process before disease is apparent. At other times, the defenses that are necessary to defeat a pathogen may not 
be effective until infectious disease is well into progress.  

Typically the host defense mechanisms are divided into two groups:  

1. Constitutive Defenses. Defenses common to all healthy animals. These defenses provide general protection against 
invasion by normal flora, or colonization, infection, and infectious disease caused by pathogens. The constitutive 
defenses have also been referred to as "natural" or "innate" resistance, since they are inherent to the host.  

2. Inducible Defenses. Defense mechanisms that must be induced or turned on by host exposure to a pathogen (as 
during an infection). Unlike the constitutive defenses, they are not immediately ready to come into play until after the 
host is appropriately exposed to the parasite. The inducible defenses involve the immune responses to a pathogen causing 
an infection.  

The inducible defenses are generally quite specifically directed against an invading pathogen. The constitutive defenses 
are not so specific, and are directed toward general strategic defense. The constitutive defenses, by themselves, may not 
be sufficient to protect the host against pathogens. Such pathogens that evade or overcome the relatively nonspecific 
constitutive defenses are usually susceptible to the more specific inducible defenses, once they have developed.  

The Immune System  

The inducible defenses are so-called because they are induced upon primary exposure to pathogen or one of its products. 
The inducible defenses are a function of the immunological system and the immune responses. The constitutive 



defenses are innate and immediately available for host defense. The inducible defenses must be triggered in a host and 
initially take time to develop. The type of resistance thus developed in the host is called acquired immunity. The term 
immune usually means the ability to resist infectious disease. Immunity refers to the relative state of resistance of the 
host to a specific pathogen.  

Acquired immunity, itself, is sometimes divided into two types based on how it is acquired by the host.  

In active immunity, the host undergoes an immunological response and produces the cells and factors responsible for 
the immunity, i.e., the host produces its own antibodies and/or immuno-reactive lymphocytes. Active immunity can 
persist a long time in the host, up to many years in humans.  

In  passive immunity there is acquisition by a host of immune factors which were produced in another animal, i.e., 
the host receives antibodies and/or immuno-reactive lymphocytes originally produced in another animal. Passive 
immunity is typically short-lived and usually persists only a few weeks or months.  

Antigens  

Antigens are chemical substances of relatively high molecular weight, that stimulate the immune response in animals. 
Bacteria are composed of various macromolecular components that are antigens or " antigenic" in their host and bacterial 
antigens interact with the host immunological system in a variety of ways.  

Natural Antibodies  

Studies on germ-free animals have confirmed that a normal bacterial flora in the gastrointestinal tract are necessary for 
full development of immunological (lymphatic) tissues in the intestine. Furthermore, the interaction between these 
immune tissues and intestinal bacteria results in the production of serum and secretory antibodies that are directed 
against bacterial antigens. These antibodies probably help protect the host from invasion by its own normal flora, and 
they can cross react with antgenically-related pathogens. For example, antibodies against normal E. coli could react with 
closely-related pathogenic Shigella dysenteriae. These type of antibodies are sometimes called natural or cross-reactive 
antibodies.  

Bacterial Antigens made into Vaccines  

In another way, bacterial antigens that are the components or products of pathogens are the substances that induce the 
immune defenses of the host to defend against, and to eliminate, the pathogen or disease. In the laboratory, these 
bacterial antigens can be manipulated or changed so that they will stimulate the immune response in the absence of 
infection or pathology. These isolated or modified antigens are the basis for active immunization (vaccination) against 
bacterial disease. Thus, a modified form of the tetanus toxin (tetanus toxoid), which has lost its toxicity but retains its 
antigenicity, is used to immunize against tetanus. Or, antigenic parts of the whooping cough bacterium, Bordetella 
pertussis can be used to induce active formation of antibodies that will react with the living organism and thereby prevent 
infection.  

Antimicrobial Agents  

One line of defense against bacterial infection is chemotherapy with antimicrobial agents such as antibiotics. The 
ecological relationships between animals and bacteria in the modern world are mediated by the omnipresence of 
antibiotics. Antibiotics are defined as substances produced by a microorganism that kill or inhibit other microorganisms. 
Originally, a group of soil bacteria, the Streptomyces, were the most innovative producers of antibiotics for clinical 
usage. They were the source of streptomycin, tetracycline, erythromycin and chloramphenicol, to name just a few 
antibiotics. Because bacteria evolve rapidly toward resistance, because bacteria can exchange genes for antibiotic 
resistance, perhaps because we have overused and misused antibiotics, many pathogens are emerging as resistant to 
antibiotics. There have already been reported infections by Enterococcus, Staphylococcus aureus and Pseudomonas 
aeruginosa that are refractory to all known antibiotics. Bacterial resistance to antimicrobial agents has become part of a 
pathogen's determinants of virulence. These are examples of genetic means by which bacteria exert their virulence.  



The usage of antibiotics to control the growth of parasites is an artificial way to intervene in the natural process of the 
host-parasite interaction. But, of course, it is done for the obvious purpose of curing the disease. The body heals itself: 
most antibiotics just stop bacterial growth, and the host must rely entirely on its native defenses to accomplish the 
neutralization of bacterial toxins or the elimination of bacterial cells. The judicious use of antibiotics in the past five 
decades has saved millions of lives from infections caused by bacteria.  
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The Normal Flora  
In a healthy animal, the internal tissues, e.g. blood, brain, muscle, etc., are normally free of microorganisms. On the other 
hand, the surface tissues, e.g. skin and mucous membranes, are constantly in contact with environmental organisms and 
become readily colonized by certain microbial species. The mixture of organisms regularly found at any anatomical site 
is referred to as the normal flora.  

The normal flora of humans is exceedingly complex and consists of more than 200 species of bacteria.  The makeup of 
the normal flora depends upon various factors, including genetics, age, sex, stress, nutrition and diet of the individual.  
The normal flora of humans consists of a few eukaryotic fungi and protists, and some methanogenic Archaea that 
colonize the lower intestinal tract,  but the Bacteria are the most numerous and obvious microbial components of the 
normal flora.  The distribution of the bacterial flora of humans is shown in Table 1.  This table lists only a fraction of the 
total bacterial species that occur as normal flora of humans, and it does not express the total number or concentration of 
bacteria at any site.  

 
TABLE 1. BACTERIA COMMONLY FOUND ON THE SURFACES OF THE HUMAN BODY  

 

BACTERIUM Skin Conjunctiva Nose Pharynx Mouth
Lower 
Intestine 

Anterior 
urethra 

Vagina

Staphylococcus epidermidis (1) ++ + ++ ++ ++ + ++ ++ 

Staphylococcus aureus*  (2) +  +/- + + + ++ +/- + 

Streptococcus mitis     + ++  +/-  + + 

Streptococcus  salivarius     ++  ++      

Streptococcus mutans* (3)    + ++    

Enterococcus faecalis* (4)    +/-  + ++ + + 

Streptococcus pneumoniae* (5)  +/-  +/-  + +   +/- 

Streptococcus pyogenes* (6) +/- +/-  + + +/-  +/- 

Neisseria sp. (7)  + +  ++  +  + + 

Neisseria meningitidis* (8)   + ++ +   + 

Veillonellae sp.     + +/-   

Enterobacteriaceae* (Escherichia 
coli) (9)  

 +/-  +/- +/- + ++ + + 

Proteus sp.  +/-  + + + + + + 

Pseudomonas aeruginosa* (10)    +/-  +/- +  +/-  

Haemophilus influenzae* (11)  +/-  +  +  +    

Bacteroides sp.*      ++  + +/- 

Bifidobacterium bifidum (12)      ++   

Lactobacillus sp. (13)    + ++ ++  ++ 



Clostridium sp.* (14)      +/-  ++   

Clostridium tetani (15)      +/-   

Corynebacteria (16) ++ + ++ + + + + + 

Mycobacteria +  +/- +/-   + +   

Actinomycetes    + +     

Spirochetes    + ++ ++   

Mycoplasmas     + + + +/- + 

 
 
++ = nearly 100 percent          + = common          +/- = rare           * = potential pathogen  

 
 
Table 1 Notes  

(1) The staphylococci and corynebacteria occur at every site listed. Staphylococcus epidermidis is highly adapted 
to the diverse environments of its human host. S. aureus is a potential pathogen. It is a leading cause of bacterial 
disease in humans. It can be transmitted from the nasal membranes of an asymptomatic carrier to a susceptible 
host.  

 
S. epidermidis. Scanning EM. CDC.  

(2)  Many of the normal flora are either pathogens or opportunistic pathogens, The asterisks indicate members of 
the normal flora a that may be considered major pathogens of humans.  

 
S. aureus. Gram stain.  

(3) Streptococcus mutans is the primary bacterium involved in plaque formation and initiation of dental caries.  
Viewed as an opportunistic infection, dental disease is one of the most prevalent and costly infectious diseases in 
the United States.  



 
Streptococcus mutans. Gram stain. CDC  

(4) Enterococcus faecalis was formerly classified as Streptococcus faecalis. The bacterium is such a regular a 
component of the intestinal flora, that many European countries use it as the standard indicator of fecal pollution, 
in the same way we use E. coli in the U.S.  In recent years, Enterococcus faecalis has emerged as a significant, 
antibiotic-resistant, nosocomial pathogen.  

 
Vancomycin Resistant Enterococcus faecalis. Scanning E.M. CDC  

(5) Streptococcus pneumoniae is present in the upper respiratory tract of about half the population.  If it invades 
the lower respiratory tract it can cause pneumonia.  Streptococcus pneumoniae causes 95 percent of all bacterial 
pneumonia.  

 
Streptococcus pneumoniae. Direct fluorescent antibody stain. CDC.  



(6) Streptococcus pyogenes refers to the Group A, Beta-hemolytic streptococci.  

 
Streptococcus pyogenes. Gram stain.  

(7) Gram-negative cocci, represented by various Neisseria, are frequent inhabitants of the upper respiratory tract, 
mainly the pharynx. Neisseria meningitidis, an important cause of bacterial meningitis, can colonize as well, until 
the host can develop active immunity against the pathogen.  

 
Neisseria meningitidis.Gram stain.  

(8) While E. coli is a consistent resident of the small intestine, many other enteric bacteria may reside here as 
well, including Klebsiella, Enterobacter and Citrobacter.  Some strains of E. coli are pathogens that cause 
intestinal infections, urinary tract infections and neonatal meningitis.  

 
E. coli. Scanning E.M. Shirley Owens. Center for Electron Optics. Michigan State University.  

(9) Pseudomonas aeruginosa is the quintessential opportunistic pathogen of humans that can invade virtually any 
tissue.  It is a leading cause of hospital-acquired (nosocomial) Gram-negative infections, but its source is often 
exogenous (from outside the host).  



 
Colonies of Pseudomonas aeruginosa growing on an agar plate.  

(10) Haemophilus influenzae is a frequent secondary invader to viral influenza, and was named accordingly.  The 
bacterium was the leading cause of meningitis in infants and children until the recent development of the Hflu 
type B vaccine.  

 
Haemophilus influenzae. Gram stain.  

(11) The greatest number of bacteria are found in the lower intestinal tract, specifically the colon and the most 
prevalent bacteria are the Bacteroides, a group of Gram-negative, anaerobic, non-sporeforming bacteria.  They 
have been implicated in the initiation colitis and colon cancer.  

 
Bacteroides fragilis. Gram stain.  

(12) Bifidobacteria are Gram-positive, non-sporeforming, lactic acid bacteria. They have been described as 
"friendly" bacteria in the intestine of humans. Bifidobacterium bifidum is the predominant bacterial species in the 
intestine of breast-fed infants, where it presumably prevents colonization by potential pathogens. These bacteria 
are sometimes used in the manufacture of yogurts and are frequently incorporated into probiotics.  



 
Bifidobacterium bifidum. Gram stain  

(13)  Lactobacilli in the oral cavity probably contribute to acid formation that leads to dental caries.  Lactobacillus 
acidophilus colonizes the vaginal epithelium during child-bearing years and establishes the low pH that inhibits 
the growth of pathogens.  

 
Lactobacillus species and a vaginal squaemous epithelial cell. CDC  

(14)  There are numerous species of Clostridium that colonize the bowel.  Clostridium perfringens is commonly 
isolated from feces.  Clostridium difficile may colonize the bowel and cause "antibiotic-induced diarrhea" or 
pseudomembranous colitis.  

 
Clostridium perfringens. Gram stain.  

(15) Clostridium tetani is included in the table as an example of a bacterium that is "transiently associated" with 
humans as a component of the normal flora.  The bacterium can be isolated from feces of (up to) 25 percent of the 
population.  The endospores are probably ingested with food and water, and the bacterium does not colonize the 
intestine.  



 
Clostridium tetani. Gram stain.  

(16) The corynebacteria, and certain related propionic acid bacteria, are consistent skin flora.  Some have been 
implicated as a cause of acne.  Corynebacterium diphtheriae, the agent of diphtheria, was considered a member of 
the normal flora before the widespread use of the diphtheria toxoid, which is used to immunize against the 
disease. 

 
Corynebacterium diphtheriae. Methylene blue stain. 

 
 
   

Very little is known about the nature of the associations between humans and their normal flora, but they are thought to 
be dynamic interactions rather than associations of mutual indifference. Both host and bacteria are thought to derive  
benefit from each other, and the associations are, for the most part, mutualistic.  The normal flora derives from the host a 
supply of nutrients, a stable environment and constant temperature, protection, and transport. The host obtains from the 
normal flora certain nutritional benefits, stimulation of the immune system, and colonization strategies that exclude 
potential pathogens at the site.  

The normal flora are obviously adapted to their host (tissues), most probably by biochemical interactions between 
bacterial surface components (ligands or adhesins) and host cell molecular receptors. A great deal of information is 
available on the nature of adhesion of bacterial pathogens to animal cells and tissues, and reasonably similar mechanisms 
should apply to the normal flora.  

In general, there are three explanations for why the normal bacterial flora are located at particular anatomical sites.  
   

1. The normal flora exhibit a tissue preference or predilection for colonization. Certain species of bacteria are 
invariably in one locale and never in another (See Table 1 above). This is sometimes referred to as tissue tropism 



(See Table 2 below).  One explanation for tissue tropism is that the host provides an essential growth factor 
needed by the bacterium. Of course, to explain why bacteria are not at an alternative site, the host inherently 
provides an inhospitable environment for the bacterium by the production of such substances as stomach acids, 
bile salts and lysozyme.  

2. Many, perhaps most, of the normal flora are able to specifically colonize a particular tissue or surface using 
their own surface components (e.g. capsules, fimbriae, cell wall components, etc.) as specific ligands for 
attachment to specific receptors located at the colonization site (See Table 3)  

3. Some of the indigenous bacteria are able to construct bacterial biofilms on a tissue surface, or they are able to 
colonize a biofilm built by another bacterial species.  Many biofilms are a mixture of microbes, although one 
member is responsible for maintaining the biofilm and may predominate. 

 
 
TABLE 2. EXAMPLES OF TISSUE TROPISM OF SOME BACTERIA ASSOCIATED WITH HUMANS  

 
BACTERIUM TISSUE 

Corynebacterium diphtheriae Throat 

Neisseria gonorrhoeae Urogenital epithelium 

Streptococcus mutans Tooth surfaces 

Streptococcus salivarius Tongue surfaces 

Vibrio cholerae Small intestine epithelium

Escherichia coli Small intestine epithelium

Staphylococcus aureus Nasal membranes 

Staphylococcus epidermidis Skin 

 
 

 
TABLE 3. EXAMPLES OF SPECIFIC ATTACHMENTS OF BACTERIA TO HOST CELL OR TISSUE 
SURFACES  

 

Bacterium 
Bacterial ligand for 
attachment 

Host cell or tissue receptor Attachment site 

Streptococcus 
pyogenes 

Protein F Amino terminus of fibronectin Pharyngeal epithelium 

Streptococcus mutans Glycosyl transferase Salivary glycoprotein Pellicle of tooth 

Streptococcus 
salivarius 

Lipoteichoic acid Unknown  
Buccal epithelium of 
tongue 

Streptococcus 
pneumoniae 

Cell-bound protein 
N-acetylhexosamine-galactose 
disaccharide 

Mucosal epithelium 

Staphylococcus 
aureus 

Cell-bound protein Amino terminus of fibronectin Mucosal epithelium 

Neisseria 
gonorrhoeae 

N-methylphenyl- alanine pili 
Glucosamine-galactose 
carbohydrate 

Urethral/cervical 
epithelium 

Enterotoxigenic E. 
coli 

Type-1 fimbriae 
Species-specific carbohydrate(s) 
(e.g. mannose)  

Intestinal epithelium 

Uropathogenic E. coli Type 1 fimbriae Complex carbohydrate Urethral epithelium 

Uropathogenic E. coli P-pili (pap) Globobiose linked to ceramide lipid Upper urinary tract 

Bordetella pertussis 
Fimbriae ("filamentous 
hemagglutinin") 

Galactose on sulfated glycolipids Respiratory epithelium 



Vibrio cholerae N-methylphenylalanine pili Fucose and mannose carbohydrate Intestinal epithelium 

Treponema pallidum Peptide in outer membrane Surface protein (fibronectin) Mucosal epithelium 

Mycoplasma Membrane protein Sialic acid Respiratory epithelium  

Chlamydia Unknown Sialic acid 
Conjunctival or urethral 
epithelium 

 

THE COMPOSITION OF THE NORMAL FLORA 

The normal flora of corresponding anatomical sites in different animal species varies widely.  Within a single species 
(e.g. humans) there is additional variation in the normal flora that is related to factors such as age, sex, diet and nutrition.  
Some bacteria are found regularly at particular anatomical locales; others are present only occasionally, or at certain 
times during life.  Developmental changes in humans such as weaning, the eruption of the teeth, and the onset and 
cessation of ovarian functions, invariably affect the composition of the normal flora in the intestinal tract, the oral cavity, 
and the vagina, respectively. However, within the limits of these fluctuations, the bacterial flora of humans is sufficiently 
constant to a give general description of the situation.  

It has been calculated that the normal human houses about 1012 bacteria on the skin, 1010 in the mouth, and 1014 in the 
gastrointestinal tract. The latter number is far in excess of the number of eukaryotic cells in all organs which comprise the 
human host.  

Normal Flora of the Skin.The adult human is covered with approximately 2 square meters of skin. The density and 
composition of the normal flora of the skin vary with anatomical locale. The high moisture content of the axilla, groin, 
and areas between the toes supports the activity and growth of relatively high densities of bacterial cells, but the density 
of bacterial populations at most other sites is fairly low, generally in 100s or 1000s per square cm. Qualitatively, the 
bacteria on the skin near any body orifice may be similar to those in the orifice.  

The majority of skin microorganisms are found in the most superficial layers of the epidermis and the upper parts of the 
hair follicles. They consist largely of micrococci (Staphylococcus epidermidis and Micrococcus sp.) and corynebacteria. 
These are generally nonpathogenic and considered to be commensal, although mutualistic and parasitic roles have been 
assigned to them. Sometimes potentially pathogenic Staphylococcus aureus is found on the face and hands, particularly 
in individuals who are nasal carriers.  
   

Normal Flora of the Cunjunctiva. A variety of bacteria may be cultivated from the normal conjunctiva but the number 
of organisms is usually small. Staphylococcus epidermidis and certain coryneforms (Propoinibacterium acnes) are 
dominant. Staphylococcus aureus, some streptococci, Haemophilus sp. and Neisseria sp. are occasionally found. The 
conjunctiva is kept moist and healthy by the continuous secretions from the lachrymal glands. Blinking wipes the 
conjunctiva every few seconds mechanically washing away foreign objects including bacteria. Lachrymal secretions 
(tears) also contain bactericidal substances including lysozyme. There is little or no opportunity for microorganisms to 
colonize the conjunctiva without special mechanisms to attach to the epithelial surfaces and some ability to withstand 
attack by lysozyme. Pathogens which do infect the conjunctiva (e.g. Neisseria gonorrhoeae and Chlamydia trachomatis) 
are thought to be able to specifically attach to the conjunctival epithelium by means of sialic acid receptors on epithelial 
cells, but this is not certain.  



 
Propionibacterium acnes  

Normal Flora of the Respiratory Tract. The nares (nostrils) are always heavily colonized, predominantly with 
Staphylococcus epidermidis and corynebacteria, and often (about 20% of the general population) with Staphylococcus 
aureus, this being the main carrier site of this important pathogen. The healthy sinuses, in contrast are sterile. A large 
number of bacterial species colonize the upper respiratory tract (nasopharynx). The predominant species are non-
hemolytic and alpha-hemolytic streptococci and Neisseria, but sometimes pathogens such as Streptococcus pneumoniae, 
Streptococcus pyogenes, Haemophilus influenzae and Neisseria meningitidis colonize the pharynx.  

 
Moraxella catarrhalis. Gram stain.  
   

 
Veilonella. Gram stain.  

The lower respiratory tract (trachea, bronchi, and pulmonary tissues) are virtually free of microorganisms, mainly 
because of the efficient cleansing action of the ciliated epithelium which lines the tract. Any bacteria reaching the lower 
respiratory tract are swept upward by the action of the mucociliary blanket that lines the bronchi, to be removed 
subsequently by coughing, sneezing, swallowing, etc. If the respiratory tract epithelium becomes damaged, as in 



bronchitis or viral pneumonia, the individual may become susceptible to infection by pathogens descending from the 
nasopharynx (e.g. H. influenzae or S. pneumoniae).  The pathogen Bordetella pertussis is specifically able to colonize the 
tracheal epithelium of humans, allowing it to produce the disease, pertussis (whooping cough).  
   

Normal flora of the Urogenital Tract. Urine is normally sterile, and since the urinary tract is flushed with urine every 
few hours, microorganisms have problems gaining access and becoming established. The flora of the anterior urethra, as 
indicated principally by urine cultures, suggests that the area my be inhabited by a relatively consistent normal flora 
consisting of Staphylococcus epidermidis, Enterococcus faecalis and some alpha-hemolytic streptococci. Their numbers 
are not plentiful, however. In addition, some enteric bacteria (e.g. E. coli,Proteus) and corynebacteria, which are 
probably contaminants from the skin, vulva or rectum, may occasionally be found at the anterior urethra.  

The vagina becomes colonized soon after birth with corynebacteria, staphylococci, nonpyogenic streptococci, E. coli, and 
a lactic acid bacterium historically named "Doderlein's bacillus" (Lactobacillus acidophilus). During reproductive life, 
from puberty to menopause, the vaginal epithelium contains glycogen due to the actions of circulating estrogens. 
Doderlein's bacillus predominates, being able to metabolize the glycogen to lactic acid. The lactic acid and other products 
of metabolism inhibit colonization by all except Doderlein's bacillus and a select number of lactic acid bacteria. The 
resulting low pH of the vaginal epithelium prevents establishment of most bacteria as well as the potentially-pathogenic 
yeast, Candida albicans. This is a striking example of the protective effect of the normal bacterial flora for their humam 
host.  

 
Lactic acid bacteria, possibly Doderlein's bacillus, in ascociation with a vaginal epithelial cell.  
   

Normal Flora of the Human Oral Cavity. The presence of nutrients, epithelial debris, and secretions makes the mouth 
a favorable habitat for a great variety of bacteria. Oral bacteria include streptococci, lactobacilli, staphylococci and 
corynebacteria, with a great number of anaerobes, especially bacteroides.  

The mouth presents a succession of different ecological situations with age, and this corresponds with changes in the 
composition of the normal flora. At birth the oral cavity is composed solely of the soft tissues of the lips, cheeks, tongue 
and palate, which are kept moist by the secretions of the salivary glands. At birth the oral cavity is sterile but rapidly 
becomes colonized from the environment, particularly from the mother in the first feeding. Streptococcus salivarius is 
dominant and may make up 98% of the total oral flora until the appearance of the teeth (6 - 9 months in humans). The 
eruption of the teeth during the first year leads to colonization by S. mutans and S. sanguis. These bacteria require a 
nondesquamating (nonepithelial) surface in order to colonize. They will persist as long as teeth remain. Other strains of 
streptococci adhere strongly to the gums and cheeks but not to the teeth. The creation of the gingival crevice area 



(supporting structures of the teeth) increases the habitat for the variety of anaerobic species found. The complexity of the 
oral flora continues to increase with time, and Bacteroides and spirochetes colonize around puberty.  

 
Lactobacillus acidophilus. Gram Stain.  

Clearly, the normal bacterial flora of the oral cavity benefit from their associations with their host. Are there benefits as 
well to the host? Perhaps. The normal flora occupy available colonization sites which makes it more difficult for other 
microorganisms (nonindigenous species) to become established. Also, the oral flora contribute to host nutrition through 
the synthesis of vitamins, and they contribute to immunity by inducing low levels of circulating and secretory antibodies 
that may cross react with pathogens. Finally, the oral bacteria exert microbial antagonism against nonindigenous species 
by production of inhibitory fatty acids, peroxides, bacteriocins, etc.  

The oral flora of humans may harm their host since some of these bacteria are parasites or opportunistic pathogens. If 
certain oral bacteria are able to invade tissues not normally accessible to them, characteristic diseases result. For 
example, oral organisms gaining entrance into tissues (e.g. via surgical wounds) may cause abscesses of alveolar bone, 
lung, brain or the extremities. Such infections usually contain mixtures of bacteria with Bacteroides melaninogenicus 
often playing a dominant role. Also, oral streptococci may be introduced into wounds created by dental manipulation or 
treatment. If this occurs in an individual with damaged heart valves due to rheumatic fever (previously induced by 
streptococci), the oral streptococci may adhere to the damaged heart valves and initiate subacute bacterial endocarditis.  
   

DENTAL PLAQUE, DENTAL CARIES AND PERIODONTAL DISEASE  

Dental plaque, dental caries and periodontal disease in humans also result from actions initiated by the normal bacterial 
flora. This is arguably the most significant and costly negative effect resulting from human symbioses with bacteria.  

Dental Plaque, which is material adhering to the teeth, consists of bacterial cells (60-70% the volume of the plaque), 
salivary polymers, and bacterial extracellular products. Plaque is a naturally-constructed biofilm, in which the consortia 
of bacteria may reach a thickness of 300-500 cells on the surfaces of the teeth. These accumulations subject the teeth and 
gingival tissues to high concentrations of bacterial metabolites, which result in dental disease.  

By far the dominant bacterial species in dental plaque are Streptococcus sanguis and Streptococcus mutans, both of 
which are considered responsible for plaque.  



 
Streptococcus mutans. Gram stain. CDC.  

Plaque formation is initiated by a weak attachment of the streptococcal cells to salivary glycoproteins forming a pellicle 
on the surface of the teeth. This is followed by a stronger attachment by means of extracellular sticky polymers of 
glucose (glucans) which are synthesized by the bacteria from dietary sugars (principally sucrose). An enzyme on the cell 
surface of Streptococcus mutans, glycosyl transferase, is apparently involved in initial attachment of the bacterial cells to 
the tooth surface and in the conversion of sucrose to dextran and levan polymers (glucans) which form the extracellular 
matrix of plaque. Attachment of S. mutans and the formation of glucans is mediated by glycosyl transferase. The 
specificity of the adhesion has been proven by the fact that the attachment can be prevented by specific antibody to the 
enzyme.  

Dental Caries is the destruction of the enamel, dentin or cementum of teeth due to bacterial activities. Caries are initiated 
by direct demineralization of the enamel of teeth due to lactic acid and other organic acids which accumulate in dental 
plaque. Lactic acid bacteria in the plaque produce lactic acid from the fermentation of sugars and other carbohydrates in 
the diet of the host. Streptococcus mutans has most consistently been associated with the initiation of dental caries, but 
other lactic acid bacteria are probably involved as well. These organisms normally colonize the occlusal fissures and 
contact points between the teeth, and this correlates with the incidence of decay on these surfaces.  

Streptococcus mutans has a number of physiological and biochemical properties which implicate it in the initiation of 
dental caries.  

1. It is a regular component of the normal oral flora of humans which occurs in relatively large numbers. It readily 
colonizes tooth surfaces: salivary components (mucins, which are glycoproteins) form a thin film on the tooth 
called the enamel pellicle. The adsorbed mucins are thought to serve as molecular receptors for ligands on the 
bacterial cell surface.  

2. It contains the enzyme glycosyl transferase that probably serves as the bacterial ligand for attachment, and that 
polymerizes glucose obtained from dietary sucrose to glucans which leads directly to the formation of plaque.  

3. It produces lactic acid from the utilization of dietary carbohydrate which demineralizes tooth enamel. S. mutans 
produces more lactic acid and is more acid-tolerant than most other streptococci.  

4. It stores polysaccharides made from dietary sugars which can be utilized as reserve carbon and energy sources 
for production of lactic acid. The extracellular glucans formed by S. mutans are, in fact, bacterial capsular 
polysaccharides that function as carbohydrate reserves. The organisms can also form intracellular polysaccharides 
from sugars which are stored in cells and then metabolized to lactic acid. 

Streptococcus mutans appears to be important in the initiation of dental caries because its activities lead to colonization 
of the tooth surfaces, plaque formation, and localized demineralization of tooth enamel. It is not however, the only cause 
of dental decay. After initial weakening of the enamel, various oral bacteria gain access to interior regions of the tooth. 
Lactobacilli, Actinomyces, and various proteolytic bacteria are commonly found in human carious dentin and cementum, 
which suggests that they are secondary invaders that contribute to the progression of the lesions.  



 
Actinomyces israelii  

Periodontal Diseases are bacterial infections that affect the supporting structures of the teeth (gingiva, cementum, 
periodontal membrane and alveolar bone). The most common form, gingivitis, is an inflammatory condition of the gums. 
It is associated with accumulations of bacterial plaque in the area. Increased populations of Actinomyces have been 
found, and they have been suggested as the cause.  

Diseases that are confined to the gum usually do not lead to loss of teeth, but there are other more serious forms of 
periodontal disease that affect periodontal membrane and alveolar bone resulting in tooth loss. Bacteria in these lesions 
are very complex populations consisting of Gram-positive organisms (including Actinomyces and streptococci) and 
Gram-negative organisms (including spirochetes and Bacteroides). The mechanisms of tissue destruction in periodontal 
disease are not clearly defined but hydrolytic enzymes, endotoxins, and other toxic bacterial metabolites seem to be 
involved.  

 
 
 TABLE 4. FREQUENTLY ENCOUNTERED BACTERIA IN PLAQUE, DENTAL CARIES, GINGIVITIS AND 
PERIODONTITIS  

 
BACTERIUM Plaque Dental caries Gingivitis Periodontitis

Streptococcus sanguis ++ ++ ++ + 

S. mutans ++ ++ 0 0 

S. salivarius 0 0 0 0 

Actinomyces viscosis + + ++ + 

A. israelii + + ++ ++ 

Lactobacillus sp. + + 0 0 

Propionibacterium acnes 0 + + ++ 

Bacteroides sp. 0 0 + ++ 

Selenomonas sputagena 0 0 + ++ 

Large spirochetes 0 0 0 ++ 

 
++ = Frequently encountered in high proportions; + = Frequently encountered in low to moderate proportions; 0 = 
Sometimes encountered in low proportions or not detectable.  
Modified from Davis, et al.: Microbiology. 4th ed. J. B. Lippincott. Philadelphia, 1990.  

 
 
   

Normal Flora of the Gastrointestinal Tract.  



 
Colonies of E. coli growing on EMB agar.  

The bacterial flora of the GI tract of animals has been studied more extensively than that of any other site. The 
composition differs between various animal species, and within an animal species. In humans, there are differences in the 
composition of the flora which are influenced by age, diet, cultural conditions, and the use of antibiotics.  The latter 
greatly perturbs the composition of the intestinal flora.  The following table shows the distribution of some common 
intestinal bacteria in various animal species including humans.  

 
 
TABLE 5. NUMBERS OF VIABLE BACTERIA FOUND IN THE FECES OF ADULT ANIMALS (Log # viable 
cells per gram feces) *  

 
Animal E. coli C. perfringens Enterococci Bacteroides Lactobacilli

Cattle 4.3 2.3 5.3 0 2.4 

Sheep 6.5 4.3 6.1 0 3.9 

Horses 4.1 0 6.8 0 7.0 

Pigs 6.5 3.6 6.4 5.7 8.4 

Chickens 6.6 2.4 7.5 0 8.5 

Rabbits 2.7 0 4.3 8.6 0 

Dogs 7.5 8.4 7.6 8.7 4.6 

Cats 7.6 7.4 8.3 8.9 8.8 

Mice 6.8 0 7.9 8.9 9.1 

Humans 6.7 3.2 5.2 9.7 8.8 

 
* Median values from 10 animals  
Modified from Rosebury, T. : Microorganisms Indigenous to Man. McGraw-Hill. New York. 1962.  

 

In the upper GI tract of adult humans, the esophagus contains only the bacteria swallowed with saliva and food. Because 
of the high acidity of the gastric juice very few bacteria (mainly acid-tolerant lactobacilli) can be cultured from the 
normal stomach.  However, at least half the population in the United States is colonized by a pathogenic bacterium, 
Helicobacter pylori.  Since the 1980s, this bacterium has been known to be the cause of gastric ulcers, and it is probably 
a cause of gastric and duodenal cancer as well.  

 
Helicobacter pylori. ASM  



The proximal small intestine has a relatively sparse Gram-positive flora, consisting mainly of lactobacilli and 
Enterococcus faecalis.  This region has about 105 - 107 bacteria per ml of fluid. The distal part of the small intestine 
contains greater numbers of bacteria (108/ml) and additional species including coliforms and Bacteroides, in addition to 
lactobacilli and enterococci. The flora of the large intestine (colon) is qualitatively similar to that found in feces. 
Populations of bacteria in the colon reach levels of 1011/ml feces. Coliforms become more prominent, and enterococci, 
clostridia and lactobacilli can be regularly found, but the predominant species are anaerobic Bacteroides and anaerobic 
lactic acid bacteria in the genus Bifidobacterium (Bifidobacterium bifidum). These organisms may outnumber E. coli by 
1,000:1 to 10,000:1. It is now known that significant numbers of anaerobic methanogenic bacteria (up to 1010/gm) also 
reside in the colon of humans. The range of incidence of certain bacteria in the large intestine of humans is shown below.  

 
 
TABLE 6. BACTERIA FOUND IN THE LARGE INTESTINE OF HUMANS  

 
BACTERIUM Range of Incidence

Bacteroides fragilis 100 

Bacteroides melaninogenicus 100 

Bacteroides oralis 100 

Lactobacillus 20-60 

Clostridium perfringens 25-35 

Clostridium septicum 5-25 

Clostridium tetani 1-35 

Bifidobacterium bifidum 30-70 

Staphylococcus aureus 30-50 

Enterococcus faecalis 100 

Escherichia coli 100 

Salmonella enteritidis 3-7 

Salmonella typhi 0.00001 

Klebsiella sp. 40-80 

Enterobacter sp. 40-80 

Proteus mirabilis 5-55 

Pseudomonas aeruginosa 3-11 

Peptostreptococcus sp. common 

Peptococcus sp. moderate 

Methanogens (Archaea) common 

 
Modified from Youmans, et al.: The Biologic and Clinical Basis of Infectious Disease. W. B. Saunders Co. Philadelphia. 
1985.  

 
 
   

At birth the entire intestinal tract is sterile, but bacteria enter with the first feed. The initial colonizing bacteria vary with 
the food source of the infant. In breast-fed infants bifidobacteria account for more than 90% of the total intestinal 
bacteria. Enterobacteriaceae and enterococci are regularly present, but in low proportions, while bacteroides, 
staphylococci, lactobacilli and clostridia are practically absent. In bottle-fed infants, bifidobacteria are not predominant. 
When breast-fed infants are switched to a diet of cow's milk or solid food, bifidobacteria are progressively joined by 
enterics, bacteroides, enterococci lactobacilli and clostridia.  Apparently, human milk contains a growth factor that 
enriches for growth of bifidobacteria, and these bacteria play an important role in preventing colonization of the infant 
intestinal tract by non indigenous or pathogenic species.  



 
Clostridium difficile. Gram stain.  

The composition of the flora of the gastrointestinal tract varies along the tract (at longitudinal levels) and across the tract 
(at horizontal levels) where certain bacteria attach to the gastrointestinal epithelium and others occur in the lumen. There 
is frequently a very close association between specific bacteria in the intestinal ecosystem and specific gut tissues or cells 
(evidence of tissue tropism). Many bacteria adhere specifically to the gastrointestinal epithelial surfaces, and this has 
been shown in many animal species including humans, cows, dogs, pigs, mice and chickens. Gram-positive bacteria, 
such as the streptococci and lactobacilli, are thought to adhere to the gastrointestinal epithelium using polysaccharide 
capsules or wall lipoteichoic acids to attach to specific receptors on the epithelial cells. Likewise, Gram-negative bacteria 
such as the enterics may attach by means of specific fimbriae on the bacterial cell which bind to glycoproteins on the 
epithelial cell surface.  
   

THE BENEFITS OF THE NORMAL FLORA 

The indigenous bacteria of the gastrointestinal tract of an animal, perhaps mainly as a consequence of their great 
numbers, seem to have the greatest overall impact on their host. The nature of the interactions between an animal host 
and its normal flora has been inferred from the study of germ-free animals (animals which lack any bacterial flora) 
compared to conventional animals (animals which have a typical normal flora). Following are the primary beneficial 
effects  of the normal flora that are derived from these studies.  

1. The normal flora synthesize and excrete vitamins in excess of their own needs, which can be absorbed as 
nutrients by the host. For example, enteric bacteria secrete Vitamin K and Vitamin B12, and lactic acid bacteria 
produce certain B-vitamins. Germ-free animals may be deficient in Vitamin K to the extent that it is necessary to 
supplement their diets.  

2. The normal flora prevent colonization by pathogens by competing for attachment sites or for essential 
nutrients.  This is thought to be their most important beneficial effect, which has been demonstrated in the oral 
cavity, the intestine, the skin, and the vaginal epithelium.  In some experiments, germ-free animals can be 
infected by 10 Salmonella bacteria, while the infectious dose for conventional animals is near 106 cells.  

3. The normal flora may antagonize other bacteria through the production of substances which inhibit or kill 
nonindigenous species. The intestinal bacteria produce a variety of substances ranging from relatively nonspecific 
fatty acids and peroxides to highly specific bacteriocins, which inhibit or kill other bacteria.  

4. The normal flora stimulate the development of certain tissues, i.e., the caecum and certain lymphatic tissues 
(Peyer's patches) in the GI tract. The caecum of germ-free animals is enlarged, thin-walled, and fluid-filled, 
compared to that organ in  conventional animals. Also, based on the ability to undergo immunological 
stimulation, the intestinal lymphatic tissues of germ-free animals are poorly-developed compared to conventional 
animals.  

5. The normal flora stimulate the production of cross-reactive antibodies. Since the normal flora behave as 
antigens in an animal, they induce an immunological response, in particular, an antibody-mediated immune 
(AMI) response.  Low levels of antibodies produced against components of the normal flora are known to cross 
react with certain related pathogens, and thereby prevent infection or invasion.  Antibodies produced against 



antigenic components of the normal flora are sometimes referred to as "natural" antibodies, and such antibodies 
are lacking in germ-free animals. 

 

 

The Mechanisms of Bacterial Pathogenicity 
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Introduction  

A pathogen is a microorganism that is able to cause disease in a plant, animal or insect. Pathogenicity is the ability to 
produce disease in a host organism. Microbes express their pathogenicity by means of their virulence, a term which 
refers to the degree of pathogenicity of the microbe. Hence the determinants of virulence of a pathogen are any of its 
genetic or biochemical or structural features that enable it to produce disease. in a host.  

The relationship between a host and a pathogen is dynamic, since each modifies the activities and functions of the other. 
The outcome of an infection depends on the virulence of the pathogen and the relative degree of resistance or 
susceptibility of the host, due mainly to the effectiveness of the host defense mechanisms.  
   

The Underlying Mechanisms of Bacterial Pathogenicity 

Two broad qualities of pathogenic bacteria underlie the means by which they cause disease:  

1. The ability to invade tissues: Invasiveness, which encompasses mechanisms for colonization (adherence and initial 
multiplication), ability to bypass or overcome host defense mechanisms, and the production of extracellular 
substances which facilitate invasion.  

2. The ability to produce toxins: Toxigenesis.  Bacteria produce two types of toxins called exotoxins and endotoxins. 
Exotoxins are released from bacterial cells and may act at tissue sites removed from the site of bacterial growth. 
Endotoxins are cell-associated substances that are structural components of the cell walls of Gram-negative bacteria. 
However, endotoxins may be released from growing bacterial cells or from cells which are lysed as a result of effective 
host defense (e.g. lysozyme) or the activities of certain antibiotics (e.g. penicillins and cephalosporins). Hence, bacterial 
toxins, both soluble and cell-associated, may be transported by blood and lymph and cause cytotoxic effects at tissue sites 
remote from the original point of invasion or growth. Some bacterial toxins may also act at the site of colonization and 
play a role in invasion.  

COLONIZATION  

The first stage of microbial infection is colonization: the establishment of the pathogen at the appropriate portal of entry. 
Pathogens usually colonize host tissues that are in contact with the external environment. Sites of entry in human hosts 
include the urogenital tract, the digestive tract, the respiratory tract and the conjunctiva. Organisms that infect these 
regions have usually developed tissue adherence mechanisms and some ability to overcome or withstand the constant 
pressure of the host defenses on the surface.  

Bacterial Adherence to Mucosal Surfaces. In its simplest form, bacterial adherence or attachment to a eukaryotic cell 
or tissue surface requires the participation of two factors: a receptor and an adhesin. The receptors so far defined are 
usually specific carbohydrate or peptide residues on the eukaryotic cell surface. The bacterial adhesin is typically a 
macromolecular component of the bacterial cell surface which interacts with the host cell receptor. Adhesins and 
receptors usually interact in a complementary and specific fashion. Table 1 is a list of terms that are used in medical 
microbiology to refer tomicrobial adherence to surfaces or tissues.  
   



TABLE 1. TERMS USED TO DESCRIBE ADHERENCE FACTORS IN HOST-PARASITE INTERACTIONS 

ADHERENCE FACTOR DESCRIPTION 

Adhesin A surface structure or macromolecule that binds a bacterium to a specific surface 

Receptor 
A complementary macromolecular binding site on a (eukaryotic) surface that binds 
specific adhesins or ligands 

Lectin Any protein that binds to a carbohydrate 

Ligand 
A surface molecule that exhibits specific binding to a receptor molecule on another 
surface 

Mucous 
The mucopolysaccharide layer of glucosaminoglycans covering animal cell mucosal 
surfaces 

Fimbriae 
Filamentous proteins on the surface of bacterial cells that may behave as adhesins for 
specific adherence 

Common pili Same as fimbriae 

Sex pilus 
A specialized pilus that binds mating procaryotes together for the purpose of DNA 
transfer 

Type 1 fimbriae 
Fimbriae in Enterobacteriaceae which bind specifically to mannose terminated 
glycoproteins on eukaryotic cell surfaces 

Glycocalyx 
A layer of exopolysaccharide fibers on the surface of bacterial cells which may be 
involved in adherence to a surface 

Capsule 
A detectable layer of polysaccharide (rarely polypeptide) on the surface of a bacterial cell 
which may mediate specific or nonspecific attachment 

Lipopolysaccharide (LPS) 
A distinct cell wall component of the outer membrane of Gram-negative bacteria with the 
potential structural diversity to mediate specific adherence. Probably functions as an 
adhesin 

Teichoic acids and 
lipoteichoic acids (LTA) 

Cell wall components of Gram-positive bacteria that may be involved in nonspecific or 
specific adherence 

Specific Adherence of Bacteria to Cell and Tissue Surfaces  

Several types of observations provide indirect evidence for specificity of adherence of bacteria to host cells or tissues:  

1. Tissue tropism: particular bacteria are known to have an apparent preference for certain tissues over others, e.g. S. 
mutans is abundant in dental plaque but does not occur on epithelial surfaces of the tongue; the reverse is true for S. 
salivarius which is attached in high numbers to epithelial cells of the tongue but is absent in dental plaque.  

2. Species specificity: certain pathogenic bacteria infect only certain species of animals, e.g. N. gonorrhoeae infections 
are limited to humans; Enteropathogenic E. coli K-88 infections are limited to pigs; E. coli CFA I and CFA II infect 
humans; E.coli K-99 strain infects calves.; Group A streptococcal infections occur only in humans.  

3. Genetic specificity within a species: certain strains or races within a species are genetically immune to a pathogen , 
e.g. Certain pigs are not susceptible to E. coli K-88 infections; Susceptibility to Plasmodium vivax infection (malaria) is 
dependent on the presence of the Duffy antigens on the host's redblood cells.  

Although other explanations are possible, the above observations might be explained by the existence of specific 
interactions between microorganisms and eukaryotic tissue surfaces which allow microorganisms to become established 
on the surface.  

Mechanisms of Adherence to Cell or Tissue Surfaces  

The mechanisms for adherence may involve two steps:  



1.  nonspecific adherence: reversible attachment of the bacterium to the eukaryotic surface (sometimes called 
"docking")  

2. specific adherence: reversible permanent attachment of the microorganism to the surface (sometimes called 
"anchoring").  

The usual situation is that reversible attachment precedes irreversible attachment but in some cases, the opposite situation 
occurs or specific adherence may never occur  

Nonspecific adherence involves nonspecific attractive forces which allow approach of the bacterium to the eukaryotic 
cell surface. Possible interactions and forces involved are:  

1. hydrophobic interactions  

2. electrostatic attractions  

3. atomic and molecular vibrations resulting from fluctuating dipoles of similar frequencies  

4. Brownian movement  

5. recruitment and trapping by biofilm polymers interacting with the bacterial glycocalyx (capsule)  

Specific adherence involves permanent formation of many specific lock-and-key bonds between complementary 
molecules on each cell surface. Complementary receptor and adhesin molecules must be accessible and arranged in such 
a way that many bonds form over the area of contact between the two cells. Once the bonds are formed, attachment under 
physiological conditions becomes virtually irreversible.  

Several types of experiments  provide direct evidence that receptor and/or adhesin molecules mediate specificity of 
adherence of bacteria to host cells or tissues. These include:  

1. The bacteria will bind isolated receptors or receptor analogs.  

2. The isolated adhesins or adhesin analogs will bind to the eukaryotic cell surface.  

3. Adhesion (of the bacterium to the eukaryotic cell surface) is inhibited by:  

a. isolated adhesin or receptor molecules  

b. adhesin or receptor analogs  

c. enzymes and chemicals that specifically destroy adhesins or receptors  

d. antibodies specific to surface components (i.e., adhesins or receptors) 

Some Specific Bacterial Adhesins and their Receptors  

The adhesins of E. coli are their common pili or fimbriae. A single strain of E. coli is known to be able to express several 
distinct types of fimbriae encoded by distinct regions of the chromosome or plasmids. This genetic diversity permits an 
organism to adapt to its changing environment and exploit new opportunities presented by different host surfaces. Many 
of the adhesive fimbriae of E. coli have probably evolved from fimbrial ancestors resembling Type-1 and type 4 
fimbriae.  

Type-1 fimbriae enable E. coli to bind to D-mannose residues on eukaryotic cell surfaces. Type-1 fimbriae are said to be 
"mannose-sensitive" since exogenous mannose blocks binding to receptors on red blood cells. Although the primary 
17kDa fimbrial subunit is the major protein component of Type-1 fimbriae, the mannose-binding site is not located here, 



but resides in a minor protein (28-31kDa) located at the tips or inserted along the length of the fimbriae. By genetically 
varying the minor "tip protein" adhesin, the organisms can gain ability to adhere to different receptors. For example, tip 
proteins on pyelonephritis-associated (pap) pili recognize a galactose-galactose disaccharide, while tip proteins on S-
fimbriae recognize sialic acid.  

Pseudomonas, Vibrio and Neisseria possess a fimbrial protein subunit which contains methylated phenylalanine at its 
amino terminus. These "N-methylphenylalanine pili" have been established as virulence determinants in pathogenesis of 
Pseudomonas aeruginosa lung infection in cystic fibrosis patients. These type of fimbriae occur in Neisseria 
gonorrhoeae and their receptor is thought to be an oligosaccharide.  

The adhesins of Streptococcus pyogenesare controversial.  In 1972, Gibbons and his colleagues demonstrated that 
attachment of streptococci to the oral mucosa of mice is dependent on M protein. Olfek and Beachey argued that 
lipoteichoic acid (LTA), rather than M protein, was responsible for streptococcal adherence to buccal epithelial cells. In 
1996, Hasty and Courtney proposed a two-step model of attachment that involved both M protein and teichoic acids.  
They suggested that LTA loosely tethers streptococci to epithelial cells, and then M protein secures a firmer, irreversible 
association. In 1992, protein F was  
discovered and found to be a fibronectin binding protein. More recently, in 1998, M proteins M1 and M3 were also found 
to bind to fibronectin. Apparently, S. pyogenes produces multiple adhesins with varied specificities.  

Staphylococcus aureus also binds to the amino terminus of fibronectin by means of a fibronectin-binding protein which 
occurs on the bacterial surface. Apparently S. aureus and Group A streptococci use different mechanisms but adhere to 
the same receptor on epithelial surfaces.  

Treponema pallidum has three related surface adhesins (P1, P2 and P3) which bind to a four-amino acid sequence (Arg-
Gly-Asp-Ser) of the cell-binding domain of fibronectin. It is not clear if T. pallidum uses fibronectin to attach to host 
surfaces or coats itself with fibronectin to avoid host defenses (phagocytes and immune responses).  
   

TABLE 2. EXAMPLES OF SPECIFIC ATTACHMENTS OF BACTERIA TO HOST 
CELL OR TISSUE SURFACES 

Bacterium Adhesin Receptor Attachment site Disease 

Streptococcus 
pyogenes 

Protein F 
Amino terminus of 
fibronectin 

Pharyngeal 
epithelium 

Sore throat 

Streptococcus 
mutans 

Glycosyl transferase 
Salivary 
glycoprotein 

Pellicle of tooth Dental caries 

Streptococcus 
salivarius 

Lipoteichoic acid Unknown  
Buccal 
epithelium of 
tongue  

None 

Streptococcus 
pneumoniae 

Cell-bound protein 

N-
acetylhexosamine-
galactose 
disaccharide 

Mucosal 
epithelium 

pneumonia 

Staphylococcus 
aureus 

Cell-bound protein 
Amino terminus of 
fibronectin 

Mucosal 
epithelium 

Various 

Neisseria 
gonorrhoeae 

N-methylphenyl- 
alanine pili 

Glucosamine-
galactose 
carbohydrate 

Urethral/cervical 
epithelium 

Gonorrhea 

Enterotoxigenic 
E. coli 

Type-1 fimbriae 
Species-specific 
carbohydrate(s)  

Intestinal 
epithelium 

Diarrhea 

Uropathogenic 
E. coli 

Type 1 fimbriae 
Complex 
carbohydrate 

Urethral 
epithelium 

Urethritis 

Uropathogenic P-pili (pap) Globobiose linked Upper urinary Pyelonephritis 



E. coli to ceramide lipid tract 

Bordetella 
pertussis 

Fimbriae 
("filamentous 
hemagglutinin") 

Galactose on 
sulfated glycolipids

Respiratory 
epithelium 

Whooping 
cough 

Vibrio cholerae 
N-
methylphenylalanine 
pili 

Fucose and 
mannose 
carbohydrate 

Intestinal 
epithelium 

Cholera 

Treponema 
pallidum 

Peptide in outer 
membrane 

Surface 
protein(fibronectin)

Mucosal 
epithelium 

Syphilis 

Mycoplasma Membrane protein Sialic acid 
Respiratory 
epithelium  

Pneumonia 

Chlamydia Unknown Sialic acid 
Conjunctival or 
urethral 
epithelium 

Conjunctivitis 
or urethritis 

INVASION  

The invasion of a host by a pathogen may be aided by the production of bacterial extracellular substances which act 
against the host by breaking down primary or secondary defenses of the body. Medical microbiologists have long 
referred to these substances as invasins. Invasins are proteins (enzymes) that act locally to damage host cells and/or have 
the immediate effect of facilitating the growth and spread of the pathogen. The damage to the host as a result of this 
invasive activity may become part of the pathology of an infectious disease.  

The extracellular proteins produced by bacteria which promote their invasion are not clearly distinguished from some 
extracellular protein toxins ("exotoxins") which also damage the host. Invasins usually act at a short range (in the 
immediate vicinity of bacterial growth) and may not actually kill cells in their range of activity; exotoxins are often 
cytotoxic and may act at remote sites (removed from the site of bacterial growth). Also, exotoxins typically are more 
specific and more potent in their activity than invasins. Even so, some classic exotoxins (e.g. diphtheria toxin, anthrax 
toxin) may play some role in invasion in the early stages of an infection, and some invasins (e.g. staphylococcal 
leukocidin) have a relatively specific cytopathic effect.  

A Survey of Bacterial Invasins  

Spreading Factors 

"Spreading Factors" is a descriptive term for a family of bacterial enzymes that affect the physical properties of tissue 
matrices and intercellular spaces, thereby promoting the spread of the pathogen.  

Hyaluronidase. is the original spreading factor It is produced by streptococci. staphylococci, and clostridia. The enzyme 
attacks the interstitial cement ("ground substance") of connective tissue by depolymerizing hyaluronic acid.  

Collagenase is produced by Clostridium histolyticum and Clostridium perfringens. It breaks down collagen, the 
framework of muscles, which facilitates gas gangrene due to these organisms.  

Neuraminidase is produced by intestinal pathogens such as Vibrio cholerae and Shigella dysenteriae. It degrades 
neuraminic acid (also called sialic acid), an intercellular cement of the epithelial cells of the intestinal mucosa.  

Streptokinase and Staphylokinase are produced by streptococci and staphylococci, respectively. Kinase enzymes 
convert inactive plasminogen to plasmin which digests fibrin and prevents clotting of the blood. The relative absence of 
fibrin in spreading bacterial lesions allows more rapid diffusion of the infectious bacteria.  

Enzymes that Cause Hemolysis and/or Leucolysis  



These enzymes usually act on the animal cell membrane by insertion into the membrane (forming a pore that results in 
cell lysis), or by enzymatic attack on phospholipids, which destabilizes the membrane. They may be referred to as 
lecithinases or phospholipases, and if they lyse red blood cells they are sometimes called hemolysins. Leukocidins, 
produced by staphylococci and streptolysin produced by streptococci specifically lyse phagocytes and their granules. 
These latter two enzymes are also considered to be bacterial exotoxins.  

Phospholipases, produced by Clostridium perfringens (i.e., alpha toxin), hydrolyze phospholipids in cell membranes by 
removal of  polar head groups.  

Lecithinases, also produced by Clostridium perfringens,  destroy lecithin (phosphatidylcholine) in cell membranes.  

Hemolysins,  notably produced by staphylococci (i.e., alpha toxin), streptococci (i.e.,streptolysin) and various clostridia, 
may be channel-forming proteins or phospholipases or lecithinases that destroy red blood cells and other cells (i.e., 
phagocytes) by lysis.  

Staphylococcal coagulase  

Coagulase, formed by Staphylococcus aureus, is a cell-associated and diffusible enzyme that converts fibrinogen to fibrin 
which causes clotting. Coagulase activity is almost alway associated with pathogenic S. aureus and almost never 
associated with nonpathogenic S. epidermidis, which has led to much speculation as to its role as a determinant of 
virulence. Possibly, cell bound coagulase could provide an antigenic disguise if it clotted fibrin on the cell surface. Or a 
staphylococcal lesion encased in fibrin (e.g. a boil or pimple) could make the bacterial cells resistant to phagocytes or 
tissue bactericides or even drugs which might be unable to diffuse to their bacterial target.  

Extracellular Digestive Enzymes  

Heterotrophic bacteria, in general, produce a wide variety of extracellular enzymes including proteases, lipases, 
glycohydrolases, nucleases, etc., which are not clearly shown to have a direct role in invasion or pathogenesis. These 
enzymes presumably have other functions related to bacterial nutrition or metabolism, but may aid in invasion either 
directly or indirectly.  

Toxins With Short-Range Effects Related to Invasion  

Bacterial protein toxins which have adenylate cyclase activity, are thought to have immediate effects on host cells that 
promote bacterial invasion. One component of the anthrax toxin (EF or Edema Factor) is an adenylate cyclase that acts 
on nearby cells to cause increased levels of cyclic AMP and disruption of cell permeability. One of the toxins of 
Bordetella pertussis, the agent of whooping cough,  has a similar effect. These toxins may contribute to invasion through 
their effetcts on macrophages or lymphocytes in the vicinity which are playing an essential role to contain the infection.  

The following table summarizes the activities of many bacterial proteins that are noted for their contribution to bacterial 
invasion of tissues.  
   

TABLE 3. SOME EXTRACELLULAR BACTERIAL PROTEINS THAT ARE CONSIDERED INVASINS 

Invasin Bacteria Involved Activity 

Hyaluronidase 
Streptococci, staphylococci 
and clostridia 

Degrades hyaluronic of connective tissue 

Collagenase Clostridium species Dissolves collagen framework of muscles 

Neuraminidase 
Vibrio cholerae and Shigella 
dysenteriae 

Degrades neuraminic acid of intestinal mucosa 

Coagulase Staphylococcus aureus Converts fibrinogen to fibrin which causes clotting 

Kinases Staphylococci and streptococci Converts plasminogen to plasmin which digests fibrin 

Leukocidin Staphylococcus aureus Disrupts neutrophil membranes and causes discharge of lysosomal 



granules 

Streptolysin Streptococcus pyogenes 
Repels phagocytes and disrupts phagocyte membrane and causes 
discharge of lysosomal granules 

Hemolysins 
Streptococci, staphylococci 
and clostridia  

Phospholipases or lecithinases that destroy red blood cells (and other 
cells) by lysis 

Lecithinases Clostridium perfringens Destroy lecithin in cell membranes 

Phospholipases  Clostridium perfringens Destroy phospholipids in cell membrane 

Anthrax EF  Bacillus anthracis 
One component (EF) is an adenylate cyclase which causes increased 
levels of intracellular cyclic AMP  

Pertussis AC Bordetella pertussis 
One toxin component is an adenylate cyclase that acts locally producing 
an increase in intracellular cyclic AMP 

EVASION OF HOST DEFENSES  

Some pathogenic bacteria are inherently able to resist the bactericidal components of host tissues. For example, the poly-
D-glutamate capsule of Bacillus anthracis protects the organisms against cell lysis by cationic proteins in sera or in 
phagocytes. The outer membrane of Gram-negative bacteria is a formidable permeability barrier that is not easily 
penetrated by hydrophobic compounds such as bile salts which are harmful to the bacteria. Pathogenic mycobacteria have 
a waxy cell wall that resists attack or digestion by most tissue bactericides. And intact lipopolysaccharides (LPS) of 
Gram-negative pathogens may protect the cells from complement-mediated lysis or the action of lysozyme.  

Most successful pathogens, however, possess additional structural or biochemical features which allow them to resist the 
main lines of host internal defense against them, i.e., the phagocytic and immune responses of the host.  

Overcoming Host Phagocytic Defenses  

Microorganisms invading tissues are first and foremost exposed to phagocytes. Bacteria that readily attract phagocytes, 
and that are easily ingested and killed, are generally unsuccessful as parasites. In contrast, most bacteria that are 
successful as parasites interfere to some extent with the activities of phagocytes or in some way avoid their attention.  

Microbial strategies to avoid phagocytic killing are numerous and diverse, but are usually aimed at blocking one or of 
more steps in the phagocytic process. Recall the steps in phagocytosis:  

1. Contact between phagocyte and microbial cell  

2. Engulfment  

3. Phagosome formation  

4. Phagosome-lysosome fusion  

5. Killing and digestion  

Avoiding Contact with Phagocytes  

Bacteria can avoid the attention of phagocytes in a number of ways.  

1. Invade or remain confined in regions inaccessible to phagocytes. Certain internal tissues (e.g. the lumen of glands) and 
surface tissues (e.g. the skin) are not patrolled by phagocytes.  

2. Avoid provoking an overwhelming inflammatory response. Some pathogens induce minimal or no inflammation 
required to focus the phagocytic defenses.  



3. Inhibit phagocyte chemotaxis. e.g. Streptococcal streptolysin (which also kills phagocytes) suppresses neutrophil 
chemotaxis, even in very low concentrations. Fractions of Mycobacterium tuberculosis are known to inhibit leukocyte 
migration. Clostridium ø toxin inhibits neutrophil chemotaxis.  

4. Hide the antigenic surface of the bacterial cell. Some pathogens can cover the surface of the bacterial cell with a 
component which is seen as "self" by the host phagocytes and immune system. Phagocytes cannot recognize bacteria 
upon contact and the possibility of opsonization by antibodies to enhance phagocytosis is minimized. For example, 
pathogenic Staphylococcus aureus produces cell-bound coagulase which clots fibrin on the bacterial surface. Treponema 
pallidum binds fibronectin to its surface. Group A streptococci are able to synthesize a capsule composed of hyaluronic 
acid.  

Inhibition of Phagocytic Engulfment  

Some bacteria employ strategies to avoid engulfment (ingestion) if phagocytes do make contact with them. Many 
important pathogenic bacteria bear on their surfaces substances that inhibit phagocytic adsorption or engulfment. Clearly 
it is the bacterial surface that matters. Resistance to phagocytic ingestion is usually due to a component of the bacterial 
cell wall, or fimbriae, or a capsule enclosing the bacterial wall. Classical examples of antiphagocytic substances on the 
bacterial surface include:  

Polysaccharide capsules of S. pneumoniae, Haemophilus influenzae, Treponema pallidum and Klebsiella pneumoniae  

M protein and fimbriae of Group A streptococci  

Surface slime (polysaccharide) produced by Pseudomonas aeruginosa  

O antigen associated with LPS of E. coli  

K antigen of E. coli or the analogous Vi antigen of Salmonella typhi  

Cell-bound or soluble Protein A produced by Staphylococcus aureus  

Survival Inside of Phagocytes  

Some bacteria survive inside of phagocytic cells, in either neutrophils or macrophages. Bacteria that can resist killing and 
survive or multiply inside of phagocytes are considered intracellular parasites. The environment of the phagocyte may be 
a protective one, protecting the bacteria during the early stages of infection or until they develop a full complement of 
virulence factors. The intracellular environment guards the bacteria against the activities of extracellular bactericides, 
antibodies, drugs, etc.  

Most intracellular parasites have special (genetically-encoded) mechanisms to get themselves into their host cell as well 
as special mechanisms to survive once they are inside. Intracellular parasites usually survive by virtue of mechanisms 
which interfere with the bactericidal activities of the host cell. Some of these bacterial mechanisms include:  

1. Inhibition of phagosome-lysosome fusion. The bacteria survive inside of phagosomes because they prevent the 
discharge of lysosomal contents into the phagosome environment. Specifically phagolysosome formation is inhibited in 
the phagocyte. This is the strategy employed by Salmonella, M. tuberculosis, Legionella and the Chlamydiae.  

2. Survival inside the phagolysosome. With some intracellular parasites, phagosome-lysosome fusion occurs but the 
bacteria are resistant to inhibition and killing by the lysosomal constituents. Also, some extracellular pathogens can resist 
killing in phagocytes utilizing similar resistance mechanisms. Little is known of how bacteria can resist phagocytic 
killing within the phagocytic vacuole, but it may be due to the surface components of the bacteria or due to extracellular 
substances that they produce which interfere with the mechanisms of phagocytic killing. Bacillus anthracis, 
Mycobacterium tuberculosis and Staphylococcus aureus all possess mechanisms to survive intracellular killing in 
macrophages.  



3. Escape from the phagosome. Early escape from the phagosome vacuole is essential for growth and virulence of some 
intracellular pathogens. This is a very clever strategy employed by the Rickettsias which produce a phospholipase 
enzyme that lyses the phagosome membrane within thirty secondes of after ingestion.  

Products of Bacteria that Kill or Damage Phagocytes  

One obvious strategy in defense against phagocytosis is direct attack by the bacteria upon the professional phagocytes. 
Any of the substances that pathogens produce that cause damage to phagocytes have been referred to as "aggressins". 
Most of these are actually extracellular enzymes or toxins that kill phagocytes. Phagocytes may be killed by a pathogen 
before or after ingestion.  

Killing phagocytes before ingestion. Many Gram-positive pathogens, particularly the pyogenic cocci, secrete 
extracellular enzymes which kill phagocytes. Many of these enzymes are called "hemolysins" because their activity in the 
presence of red blood cells results in the lysis of the rbcs.  

Pathogenic streptococci produce streptolysin. Streptolysin O binds to cholesterol in membranes. The effect on 
neutrophils is to cause lysosomal granules to explode, releasing their contents into the cell cytoplasm.  

Pathogenic staphylococci produce leukocidin, which also acts on the neutrophil membrane and causes discharge of 
lysosomal granules.  

Other examples of bacterial extracellular proteins that inhibit phagocytosis include the Exotoxin A of Pseudomonas 
aeruginosa which kills macrophages, and the bacterial exotoxins that are adenylate cyclases (e.g. anthrax toxin EF and 
pertussis AC) which decrease phagocytic activity.  

Killing phagocytes after ingestion. Some bacteria exert their toxic action on the phagocyte after ingestion has taken 
place. They may grow in the phagosome and release substances which can pass through the phagosome membrane and 
cause discharge of lysosomal granules, or they may grow in the phagolysosome and release toxic substances which pass 
through the phagolysosome membrane to other target sites in the cell. Many bacteria which are the intracellular parasites 
of macrophages (e.g Mycobacteria, Brucella, Listeria) usually destroy macrophages in the end, but the mechanisms are 
not understood.  

Overcoming Host Phagocytic Defenses  

On epithelial surfaces the main antibacterial immune defense of the host is the protection afforded by secretory antibody 
(IgA). Once the epithelial surfaces have been penetrated, however, the major host defenses of inflammation, 
complement, phagocytosis, Antibody-mediated Immunity (AMI), and Cell-mediated Immunity (CMI) are encountered. If 
there is a way for a pathogen to successfully bypass or overcome these host defenses, then some bacterial pathogen has 
probably discovered it. Bacteria evolve very rapidly in relation to their host, so that most of the feasible anti-host 
strategies are likely to have been tried out and exploited. Ability to defeat the immune defenses may play a major role in 
the virulence of a bacterium and in the pathology of disease. Several strategic bacterial defenses are described below.  

Immunological Tolerance to a Bacterial Antigen  

Tolerance is a property of the host in which there is an immunologically-specific reduction in the immune response to a 
given Ag. Tolerance to a bacterial Ag does not involve a general failure in the immune response but a particular 
deficiency in relation to the specific antigen(s) of a given bacterium. If there is a depressed immune response to relevant 
antigens of a parasite, the process of infection is facilitated. Tolerance can involve either AMI or CMI or both arms of the 
immunological response.  

Tolerance to an Ag can arise in a number of ways, but three are possibly relevant to bacterial infections.  

1. Fetal exposure to Ag  

2. High persistent doses of circulating Ag  



3. Molecular mimicry. If a bacterial Ag is very similar to normal host "antigens", the immune responses to this Ag may 
be weak giving a degree of tolerance. Resemblance between bacterial Ag and host Ag is referred to as molecular 
mimicry. In this case the antigenic determinants of the bacterium are so closely related chemically to host "self" 
components that the immunological cells cannot distinguish between the two and an immune response cannot be raised. 
Some bacterial capsules are composed of polysaccharides (hyaluronic acid, sialic acid) so similar to host tissue 
polysaccharides that they are not immunogenic.  

Antigenic Disguise  

Bacteria may be able to coat themselves with host proteins (fibrin, fibronectin, antibody molecules) or with host 
polysaccharides (sialic acid, hyaluronic acid) so that they are able to hide their own antigenic surface components from 
the immunological system.  

Immunosuppression  

Some pathogens (mainly viruses and protozoa, rarely bacteria) cause immunosuppression in the infected host. This 
means that the host shows depressed immune responses to antigens in general, including those of the infecting pathogen. 
Suppressed immune responses are occasionally observed during chronic bacterial infections such as leprosy and 
tuberculosis.  

Persistence of a Pathogen at Bodily Sites Inaccessible to the Immune Response  

Some pathogens can avoid exposing themselves to immune forces.  

Intracellular pathogens can evade host immune responses as long as they stay inside of infected cells and they do not 
allow microbial Ag to form on the cell surface. Macrophages support the growth of the bacteria and at the same time give 
them protection from immune responses.  

Some pathogens persist on the luminal surfaces of the GI tract, oral cavity and the urinary tract, or the lumen of the 
salivary gland, mammary gland or the kidney tubule.  

Induction of Ineffective Antibody  

Many types of antibody are formed against a given Ag, and some bacterial components may display various antigenic 
determinants. Antibodies tend to range in their capacity to react with Ag (the ability of specific Ab to bind to an Ag is 
called avidity). If Abs formed against a bacterial Ag are of low avidity, or if they are directed against unimportant 
antigenic determinants, they may have only weak antibacterial action. Such "ineffective" (non-neutralizing) Abs might 
even aid a pathogen by combining with a surface Ag and blocking the attachment of any functional Abs that might be 
present.  

Antibodies Absorbed by Soluble Bacterial Antigens  

Some bacteria can liberate antigenic surface components in a soluble form into the tissue fluids. These soluble antigens 
are able to combine with and "neutralize" antibodies before they reach the bacterial cells. For example, small amounts of 
endotoxin (LPS) may be released into surrounding fluids by Gram-negative bacteria.  

Antigenic Variation  

One way bacteria can avoid forces of the immune response is by periodically changing antigens, i.e., undergoing 
antigenic variation. Some bacteria avoid the host antibody response by changing from one type of fimbriae to another, by 
switching fimbrial tips. This makes the original AMI response obsolete by using new fimbriae that do not bind the 
previous antibodies. Pathogenic bacteria can vary (change) other surface proteins that are the targets of antibodies. 
Antigenic variation is prevalent among pathogenic viruses as well.  

Changing antigens during the course of an infection  



Antigens may vary or change within the host during the course of an infection, or alternatively antigens may vary among 
multiple strains (antigenic types) of a parasite in the population. Antigenic variation is an important mechanism used by 
pathogenic microorganisms for escaping the neutralizing activities of antibodies. Antigenic variation usually results from 
site-specific inversions or gene conversions or gene rearrangements in the DNA of the microorganisms.  

Changing antigens between infections  

Many pathogenic bacteria exist in nature as multiple antigenic types or serotypes, meaning that they are variant strains of 
the same pathogenic species. For example, there are multiple serotypes of Salmonella typhimurium based on differences 
in cell wall (O) antigens or flagellar (H) antigens. There are 80 different antigenic types of Streptococcus pyogenes based 
on M-proteins on the cell surface. There are over one hundred strains of Streptococcus pneumoniae depending on their 
capsular polysaccharide antigens. Based on minor differences in surface structure chemistry there are multiple serotypes 
of Vibrio cholerae, Staphylococcus aureus, Escherichia coli, Neisseria gonorrhoeae and an assortment of other bacterial 
pathogens.  

TOXIGENESIS 

Two types of bacterial toxins  

At a chemical level there are two types of bacterial toxins:  

lipopolysaccharides, which are associated with the cell walls of Gram-negative bacteria.  

proteins, which may be released into the extracellular environment of pathogenic bacteria.  

The lipopolysaccharide (LPS) component of the Gram-negative bacterial outer membrane bears the name endotoxin 
because of its association with the cell wall of bacteria.  

Most of the protein toxins are thought of as exotoxins, since they are "released" from the bacteria and act on host cells at 
a distance.  

BACTERIAL PROTEIN TOXINS 

The protein toxins are typically soluble proteins secreted by living bacteria during exponential growth. The production of 
protein toxins is generally specific to a particular bacterial species (e.g. only Clostridium tetani produces tetanus toxin; 
only Corynebacterium diphtheriae produces the diphtheria toxin). Usually, virulent strains of the bacterium produce the 
toxin (or range of toxins) while nonvirulent strains do not, such that the toxin is the major determinant of virulence. Both 
Gram-positive and Gram-negative bacteria produce soluble protein toxins. Bacterial protein toxins are the most potent 
poisons known and may show activity at very high dilutions.  

The protein toxins resemble enzymes in a number of ways. Like enzymes, bacterial exotoxins:  

are proteins  

are denatured by heat, acid, proteolytic enzymes  

have a high biological activity (most act catalytically)  

exhibit specificity of action  

As enzymes attack specific substrates, so bacterial protein toxins are highly specific in the substrate utilized and in their 
mode of action. The substrate (in the host) may be a component of tissue cells, organs, or body fluid. Usually the site of 
damage caused by the toxin indicates the location of the substrate for that toxin. Terms such as "enterotoxin", 
"neurotoxin", "leukocidin" or "hemolysin" are sometimes used to indicate the target site of some well-defined protein 
toxins.  



Certain protein toxins have very specific cytotoxic activity (i.e., they attack specific cells, for example, tetanus or 
botulinum toxins), but some (as produced by staphylococci, streptococci, clostridia, etc.) have fairly broad cytotoxic 
activity and cause nonspecific death of tissues (necrosis). Toxins that are phospholipases may be relatively nonspecific in 
their cytotoxicity because they cleave phospholipids which are components of host cell membranes resulting in the death 
of the cell by leakage of cellular contents. This is also true of pore-forming "hemolysins" and "leukocidins".  

A few protein toxins obviously bring about the death of the host and are known as "lethal toxins", and even though the 
tissues affected and the target sites may be known, the precise mechanism by which death occurs is not understood (e.g. 
anthrax toxin).  

As "foreign" substances to the host, most of the protein toxins are strongly antigenic. In vivo, specific antibody 
(antitoxin) neutralizes the toxicity of these bacterial proteins. However, in vitro, specific antitoxin may not fully inhibit 
their enzymatic activity. This suggests that the antigenic determinant of the toxin is distinct from the active (enzymatic) 
portion of the protein molecule. The degree of neutralization of the enzymatic site may depend on the distance from the 
antigenic site on the molecule. However, since the toxin is fully neutralized in vivo, this suggests that other (host) factors 
must play a role.  

Protein toxins are inherently unstable: in time they lose their toxic properties but retain their antigenic ones. This was 
first discovered by Ehrlich and he coined the term toxoid for this product. Toxoids are detoxified toxins which retain 
their antigenicity and their immunizing capacity. The formation of toxoids can be accelerated by treating toxins with a 
variety of reagents including formalin, iodine, pepsin, ascorbic acid, ketones, etc. The mixture is maintained at 37o at pH 
range 6 to 9 for several weeks. The resulting toxoids can be use for artificial immunization against diseases caused by 
pathogens where the primary determinant of bacterial virulence is toxin production. Toxoids are the immunizing agents 
against diphtheria and tetanus that are part of the DPT vaccine.  

A + B Subunit Arrangement of Protein Toxins  

Many protein toxins, notably those that act intracellularly (with regard to host cells), consist of two components: one 
component (subunit A) is responsible for the enzymatic activity of the toxin; the other component (subunit B) is 
concerned with binding to a specific receptor on the host cell membrane and transferring the enzyme across the 
membrane. The enzymatic component is not active until it is released from the native toxin. Isolated A subunits are 
enzymatically active and but lack binding and cell entry capability. Isolated B subunits may bind to target cells (and even 
block the binding of the native A+B toxin), but they are nontoxic. There are a variety of ways that toxin subunits may be 
synthesized and arranged: A-B or A-5B indicates that subunits synthesized separately and associated by noncovalent 
bonds; A/B denotes subunit domains of a single protein that may be separated by proteolytic cleavage; A + B indicates 
separate protein subunits that interact at the target cell surface; 5B indicates that the binding domain is composed of 5 
identical subunits.  

Attachment and Entry of Toxins  

There are at least two mechanisms of toxin entry into target cells. In one mechanism called direct entry, the B subunit of 
the native toxin (A+B) binds to a specific receptor on the target cell and induces the formation of a pore in the membrane 
through which the A subunit is transferred into the cell cytoplasm. In an alternative mechanism, the native toxin binds to 
the target cell and the A+B structure is taken into the cell by the process of receptor-mediated endocytosis (RME). The 
toxin is internalized in the cell in a membrane-enclosed vesicle called an endosome. H+ ions enter the endosome lowering 
the internal pH which causes the A+B subunits to separate. Somehow, the B subunit affects the release of the A subunit 
from the endosome so that it will reach its target in the cell cytoplasm. The B subunit remains in the endosome and is 
recycled to the cell surface. In both cases, a large protein molecule must insert into and cross a membrane lipid bilayer. 
This activity is reflected in the ability of most A/B native toxins, or their B components, to insert into artificial lipid 
bilayers, creating ion permeable pathways.  

Other Considerations  

In keeping with the observation that genetic information for functions not involved in viability of bacteria is frequently 
located extrachromosomally, the genes encoding toxin production are generally located on plasmids or in lysogenic 



bacteriophages. Thus the processes of genetic exchange in bacteria, notably conjugation and transduction, can mobilize 
these genetic elements between strains of bacteria, and therefore may play a role in determining the pathogenic potential 
of a bacterium.  

Why certain bacteria produce such potent toxins is mysterious and is analogous to asking why an organism should 
produce an antibiotic. The production of a toxin may play a role in adapting a bacterium to a particular niche, but it is not 
essential to the viability of the organism. Many toxigenic bacteria are free-living in Nature and in associations with 
humans in a form which is phenotypically identical to the toxigenic strain but lacking the ability to produce the toxin.  

There is conclusive evidence for the pathogenic role of diphtheria, tetanus and botulinum toxins, various enterotoxins, 
staphylococcal toxic shock syndrome toxin, and streptococcal erythrogenic toxin. And there is clear evidence for the 
pathological involvement of pertussis toxin, anthrax toxin, shiga toxin and the necrotizing toxins of clostridia in host-
parasite relationships.  
   

Table 4. SOURCES AND ACTIVITIES OF BACTERIAL TOXINS 

NAME OF TOXIN 
BACTERIUM 
INVOLVED 

ACTIVITY 

Anthrax toxin (EF) Bacillus anthracis 
Edema Factor (EF) is an adenylate cyclase that causes increased levels in 
intracellular cyclic AMP in phagocytes and formation of ion-permeable 
pores in membranes (hemolysis)  

Adenylate cyclase toxin Bordetella pertussis 
Acts locally to increase levels of cyclic AMP in phagocytes and formation 
of ion-permeable pores in membranes (hemolysis) 

Cholera enterotoxin Vibrio cholerae 
ADP ribosylation of G proteins stimulates adenlyate cyclase and increases 
cAMP in cells of the GI tract, causing secretion of water and electrolytes 

E. coli LT toxin Escherichia coli Similar to cholera toxin 

Shiga toxin Shigella dysenteriae 
Enzymatically cleaves rRNA resulting in inhibition of protein synthesis in 
susceptible cells 

Botulinum toxin 
Clostridium 
botulinum 

Zn++ dependent protease that inhibits neurotransmission at neuromuscular 
synapses resulting in flaccid paralysis 

Tetanus toxin Clostridium tetani 
Zn++ dependent protease that inhibits neurotransmission at inhibitory 
synapses resulting in spastic paralysis 

Diphtheria toxin 
Corynebacterium 
diphtheriae 

ADP ribosylation of elongation factor 2 leads to inhibition of protein 
synthesis in target cells 

Pertussis toxin Bordetella pertussis 
ADP ribosylation of G proteins blocks inhibition of adenylate cyclase in 
susceptible cells 

Staphylococcus 
enterotoxins* 

Staphylococcus 
aureus 

Massive activation of the immune system, including lymphocytes and 
macrophages, leads to emesis (vomiting) 

Toxic shock syndrome 
toxin (TSST-1)* 

Staphylococcus 
aureus 

Acts on the vascular system causing inflammation, fever and shock 

Erythrogenic toxin 
(scarlet fever toxin)* 

Streptococcus 
pyogenes 

Causes localized erythematous reactions 

* The "pyrogenic exotoxins" produced by Staphylococcus aureus and Streptococcus pyogenes have been designated as superantigens. 
They represent a family of molecules with the ability to elicit massive activation of the immune system. These proteins share the ability to 
stimulate T cell proliferation by interaction with Class II MHC molecules on APCs and specific V beta chains of the T cell receptor. The 
important feature of this interaction is the resultant production of IL-1, TNF, and other lymphokines which appear to be the principal 
mediators of disease processes associated with these toxins.  
   

ENDOTOXINS 



Endotoxins are part of the outer cell wall of bacteria. Endotoxins are invariably associated with Gram-negative bacteria 
as constituents of the outer membrane of the cell wall. Although the term endotoxin is occasionally used to refer to any 
"cell-associated" bacterial toxin, it should be reserved for the lipopolysaccharide complex associated with the outer 
envelope of Gram-negative bacteria such as E. coli, Salmonella, Shigella, Pseudomonas, Neisseria, Haemophilus, and 
other leading pathogens. Lipopolysaccharide (LPS) participates in a number of outer membrane functions that are 
essential for bacterial growth and survival, especially within the context of a host-parasite interaction.  

The biological activity of endotoxin is associated with the lipopolysaccharide (LPS). Toxicity is associated with the 
lipid component (Lipid A) and immunogenicity (antigenicity) is associated with the polysaccharide components. The cell 
wall antigens (O antigens) of Gram-negative bacteria are components of LPS. LPS activates complement by the 
alternative (properdin) pathway and may be a part of the pathology of most Gram-negative bacterial infections.  

For the most part, endotoxins remain associated with the cell wall until disintegration of the bacteria. In vivo, this results 
from autolysis, external lysis, and phagocytic digestion of bacterial cells. It is known, however, that small amounts of 
endotoxin may be released in a soluble form, especially by young cultures.  

Compared to the classic exotoxins of bacteria, endotoxins are less potent and less specific in their action, since they do 
not act enzymatically. Endotoxins are heat stable (boiling for 30 minutes does not destabilize endotoxin), but certain 
powerful oxidizing agents such as , superoxide, peroxide and hypochlorite degrade them. Endotoxins, although strongly 
antigenic, cannot be converted to toxoids. A comparison of the properties of bacterial endotoxins compared to classic 
exotoxins is shown in Table 5.  
   

Table 5. CHARACTERISTICS OF BACTERIAL ENDOTOXINS AND EXOTOXINS 

PROPERTY ENDOTOXIN EXOTOXIN 

CHEMICAL NATURE Lipopolysaccharide(mw = 10kDa) Protein (mw = 50-1000kDa) 

RELATIONSHIP TO CELL Part of outer membrane Extracellular, diffusible 

DENATURED BY BOILING No Usually 

ANTIGENIC Yes Yes 

FORM TOXOID No Yes 

POTENCY Relatively low (>100ug) Relatively high (1 ug) 

SPECIFICITY Low degree High degree 

ENZYMATIC ACTIVITY No Usually 

PYROGENICITY Yes Occasionally 

Lipopolysaccharides are complex amphiphilic molecules with a mw of about 10kDa, that vary widely in chemical 
composition both between and among bacterial species. In a basic groundplan common to all endotoxins, LPS consists of 
three components or regions:  

(1) Lipid A---- (2) Core polysaccharide---- (3) O polysaccharide  

Lipid A is the lipid component of LPS. It contains the hydrophobic, membrane-anchoring region of LPS. Lipid A 
consists of a phosphorylated N-acetylglucosamine (NAG) dimer with 6 or 7 fatty acids (FA) attached. Usually 6 FA are 
found. All FA in Lipid A are saturated. Some FA are attached directly to the NAG dimer and others are esterified to the 
3-hydroxy fatty acids that are characteristically present. The structure of Lipid A is highly conserved among Gram-
negative bacteria. Among Enterobacteriaceae Lipid A is virtually constant.  

The Core (R) polysaccharide is attached to the 6 position of one NAG. The R antigen consists of a short chain of 
sugars. For example: KDO - Hep - Hep - Glu - Gal - Glu - GluNAc.  
Two unusual sugars are usually present, heptose and 2-keto-3-deoxyoctonoic acid (KDO), in the core polysaccharide. 
KDO is unique and invariably present in LPS and so has been an indicator in assays for LPS (endotoxin).  



With minor variations, the core polysaccharide is common to all members of a bacterial genus (e.g. Salmonella), but it is 
structurally distinct in other genera of Gram-negative bacteria. Salmonella, Shigella and Escherichia have similar but not 
identical cores.  

The O polysaccharide (also referred to as the O antigen or O side chain) is attached to the core polysaccharide. It 
consists of repeating oligosaccharide subunits made up of 3-5 sugars. The individual chains vary in length ranging up to 
40 repeat units. The O polysaccharide is much longer than the core polysaccharide and it maintains the hydrophilic 
domain of the LPS molecule. Often, a unique group of sugars, called dideoxyhexoses, occurs in the O polysaccharide.  

A major antigenic determinant (antibody-combining site) of the Gram-negative cell wall resides in the O polysaccharide. 
Great variation occurs in the composition of the sugars in the O side chain between species and even strains of Gram-
negative bacteria.  

LPS and virulence of Gram-negative bacteria  

Endotoxins are toxic to most mammals. They are strong antigens but they seldom elicit immune responses which give 
full protection to the animal against secondary challenge with the endotoxin. They cannot be toxoided. Endotoxins 
released from multiplying or disintegrating bacteria significantly contribute to the symptoms of Gram-negative 
bacteremia and septicemia, and therefore represent important pathogenic factors in Gram-negative infections. Regardless 
of the bacterial source, all endotoxins produce the same range of biological effects in the animal host. The injection of 
living or killed Gram-negative cells, or purified LPS, into experimental animals causes a wide spectrum of nonspecific 
pathophysiological reactions related to inflammation such as:  

fever  

changes in white blood cell counts  

disseminated intravascular coagulation  

tumor necrosis  

hypotension  

shock  

lethality  

The sequence of events follows a regular pattern: 1. latent period; 2. physiological distress (fever, diarrhea, prostration, 
shock); 3. death. How soon death occurs varies on the dose of the endotoxin, route of administration, and species of 
animal. Animals vary in their susceptibility to endotoxin.  

The role of Lipid A  

The physiological activities of endotoxins are mediated mainly by the Lipid A component of LPS. Lipid A is the toxic 
component of LPS, as evidence by the fact that injection of purified Lipid A into an experimental animal will elicit the 
same response as intact LPS. The primary structure of Lipid A has been elucidated, and Lipid A has been chemically 
synthesized. Its biological activity appears to depend on a peculiar conformation that is determined by the glucosamine 
disaccharide, the PO4 groups, the acyl chains, and also the KDO-containing inner core. Lipid A is known to react at the 
surfaces of macrophages causing them to release cytokines that mediate the pathophysiological response to endotoxin.  

The role of the O polysaccharide  

Although nontoxic, the polysaccharide side chain (O antigen) of LPS may act as a determinant of virulence in Gram-
negative bacteria. The O polysaccharide is responsible for the property of "smoothness" of bacterial cells, which may 
contribute to their resistance to phagocytic engulfment. The O polysaccharide is hydrophilic and may allow diffusion or 



delivery of the toxic lipid in the hydrophilic (in vivo) environment. The long side chains of LPS afforded by the O 
polysaccharide may prevent host complement from depositing on the bacterial cell surface which would bring about 
bacterial cell lysis. The O polysaccharide may supply a bacterium with its specific ligands (adhesins) for colonization 
which is essential for expression of virulence. Lastly, the O-polysaccharide is antigenic, and the usual basis for antigenic 
variation in Gram-negative bacteria rests in differences in their O polysaccharides.  

 

Bacteria of Medical Importance 

© 2005 Kenneth Todar University of Wisconsin-Madison Department of Bacteriology  

Introduction  

Historically, bacteria have been the cause of some of the most deadly diseases and widespread epidemics of human 
civilization. Although smallpox and malaria, diseases caused by other microbes, may have killed more humans than 
bacterial diseases, bacterial diseases such as tuberculosis, typhus, plague, diphtheria, typhoid fever, cholera, dysentery, 
and pneumonia have taken a mighty toll on humanity. Water purification, immunization (vaccination) and modern 
antibiotic treatment continueto reduce the morbidity and the mortality of bacterial disease in the Twenty-first Century, at 
least in the developed world where these are acceptable cultural practices. However, many new bacterial pathogens have 
been recognized in the past 25 years (see Table 1) and many "old" bacterial pathogens, such as Staphylococcus aureus 
and Mycobacterium tuberculosis, have emerged with new forms of virulence and new patterns of resistance to 
antimicrobial agents.  

Table 1. Bacterial pathogens and diseases recognized or reemerged since 1977  

Bacterium Disease 

Legionella pneumophila Legionnaires' pneumonia 

Listeria monocytogenes listeriosis 

Campylobacter jejuni gastroenteritis distributed world-wide 

Staphylococcus aureus toxic shock syndrome 

E. coli O157:H7 hemorrhagic colitis; hemolytic uremic syndrome 

Borrelia burgdorferi Lyme Disease and complications 

Helicobacter pylori gastric and duodenal ulcers 

Ehrlichia chaffeensis human ehrlichiosis 

Clostridium difficile antibiotic induced diarrhea; pseudomembranous colitis 

Vibrio cholerae O139 epidemic cholera 

Salmonella enterica Serotype Typhimurium DT 104 salmonellosis 

Bartonella henselae cat scratch fever 

Streptococcus pyogenes necrotizing fasciitis (GAS); streptococcal toxic shock syndrome 

Chlamydia pneumoniae atherosclerosis 

Clostridium botulinum sudden infant death syndrome (SIDS) 

Vibrio vulnificus woumd infection, septicemia, gastrointestinal disease 

Parachlamydia pneumonia 

Corynebacterium amycolatum hospital-acquired endocarditis 

  



Most of the bacterial pathogens of humans are classified as Gram-positive or Gram-negative, some notable exceptions 
being the mycoplasmas, chlamydiae, spirochetes and the mycobacteria.  In this article the major pathogens of humans are 
organized into natural groups based on bacteriological criteria, rather than on the basis of affected organ,  mode of 
transmission, or type of disease.  This goes with being written by a bacteriologist.  

Spirochetes  

The spirochetes are a phylogenetically distinct group of bacteria which have a unique cell morphology and mode of 
motility. Spirochetes are very thin, flexible, spiral-shaped procaryotes that move by means of structures called axial 
filaments or endoflagella. The flagellar filaments are contained within a sheath between the cell wall peptidoglycan and 
an outer membrane. The filaments flex or rotate within their sheath which causes the cells to bend, flex and rotate during 
movement. Most spirochetes are free living (in muds and sediments), or live in associations with animals (e.g. in the oral 
cavity or GI tract). A few are pathogens of animals Treponema pallidum is the agent of  syphilis, a sexually transmitted 
disease, and Borrelia burgdorferi causes Lyme Disease. which is transmitted by the bite of the deer tick.  

 

Figure 1. Spirochetes: A. Cross section of a spirochete showing the location of endoflagella between the inner membrane and outer 
sheath; B. Borrelia burgdorferi, the agent of Lyme disease; C. Treponema pallidum, the spirochete that causes syphilis. (CDC)  

Spirilla and other curved bacteria  

Spirilla are Gram-negative bacteria with a helical or spiral shape. Their metabolism is respiratory and never fermentative. 
Unlike spirochetes, they have a rigid cell wall and are motile by means of ordinary polar flagella. Two important 
pathogens of humans are found among the spiral forms. Campylobacter jejuni is the cause of bacterial diarrhea, 
especially in children. The bacterium is transmitted via contaminated food, usually undercooked poultry or shellfish, or 
untreated drinking water. Helicobacter pylori is able to colonize the gastric mucosal cells of humans, i.e., the lining of 
the stomach, and it has been well established as the cause of peptic ulcers and there is strong evidence for its 
involvement in adenocarcinoma.  

 
Figure 2. Helicobacter pylori from  
Helicobacter pylori Causing Adenocarcinoma, by Jon Cutlan  

Vibrios  
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http://www.bact.wisc.edu/Bact330/lecturehelico2
http://www.bact.wisc.edu/Bact330/lecturehelico1
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The term vibrio refers to a Gram-negative bacterium which has the cell shape of a curved rod or a comma. Members of 
the genus Vibrio are common bacteria in aquatic environments, especially marine environments.  They have structural 
and metabolic properties that overlap with both the enterics and the pseudomonads. Vibrios are facultative (grow in the 
presence or absence of O2), like enterics, but they have polar flagella, are oxidase-positive, and degrade sugars in the 
same manner as the pseudomonads. In aquatic habitats they overlap with the pseudomonads in their ecology, although 
pseudomonads favor fresh water and vibrios prefer salt water. Some marine vibrios are bioluminescent (they emit light) 
and some are symbionts of fish, squid and other marine life.  Vibrio choleraecauses  epidemic or Asiatic cholera which, 
untreated, is one of the most rapidly fatal infectious diseases known. The pathology is related to diarrheal diseases caused 
by the enteric bacteria, except it is relentless, and a patient can die rapidly from dehydration. The cholera toxin, which is 
the classic model of a bacterial enterotoxin, is also produced by some strains of E. coli.  

 
Figure 3. Vibrio cholerae, the agent of Asiatic or epidemic cholera.  

The Gram-negative aerobic rods and cocci  

The name refers to Gram-negative bacteria phenotypically related to members of the genus Pseudomonas.  Their 
metabolism is respiratory and never fermentative. Important human pathogens include Pseudomonas 
aeruginosa,Neisseria gonorrhoeae,Neisseria meningitidis, Bordetella pertussis, Haemophilus influenzae, Legionella, 
Brucella and Francisella, and a few others. Many bacteria in this physiological group are free-living in soil and water, 
and they play an important role in decomposition, biodegradation, and the C and N cycles. Also, many bacteria which are 
pathogens of plants are found in this group, including Pseudomonas, Xanthomonas and Agrobacterium.  

 
Figure 4. Three looks at Pseudomonas,the head of the Gram-negative aerobic rods. A. Electron micrograph, negative stain. B. Scanning 
electron micrograph. C. Gram stain.  

 Pseudomonas aeruginosa is the quintessential opportunistic pathogen of humans. It is a leading cause of hospital-
acquired infections (nosocomial infections), and it is difficult to erradicate due to its resistance to most antimicrobial 
agents. There is probably no tissue that cannot become infected by Pseudomonas if the host defenses are weakened, and 
it is difficult to erradicate due to it's resistance to antimicrobial agents. It is usually involved in soft tissue infections, 
urinary tract infections and pneumonia  

Whooping cough (or pertussis) is caused by  Bordetella pertussis. The disease is particularly serious in infants and 
young children and has a high mortality rate. Whooping cough is controlled by vaccination with the acellular pertussis 
vaccine, which is  usually given in association with diphtheria, tetanus and sometimes H. influenzae type b (Hib), as part 
of the childhood immunization program in the U.S.  

http://www.textbookofbacteriology.net/cholera.html
http://www.textbookofbacteriology.net/pseudomonas.html
http://www.textbookofbacteriology.net/pertussis.html


Legionaires' pneumonia is caused by Legionella pneumophila. This pneumonia, and the bacterium, were not 
discovered until 1976, when there was an outbreak of disease at a Legionaire's meeting in Philadelphia. It took several 
months to find, culture and grow the bacterium. The incident was a wake-up call to public health officials that there were 
probably a lot of disease-producing bacteria outthere that they know nothing about.  

Neisseria gonorrhoeae causes the sexually-transmitted disease gonorrhea, and  Neisseria meningitidisis the agent of 
meningicoccal meningitis. The Neisseriae are discussed below with the Pyogenic Cocci.  

Haemophilus influenzae is also a cause of meningitis, but the icidence of the disease has declined rapidly with the use 
of the Hib vaccine which began in 1994. Haemophilus is sometimes involved in infections of the upper respiratory tract, 
particularly the sinuses.  

Brucellosis is a chronic debilitating infection in humans associated with reproductive failure in domestic animals. 
Person-to-person transmission of brucellae is extremely rare. Brucella abortus is the species usually involved in human 
disease. The primary reservoir of the organism is in cattle, although bison are sometimes wrongfully accused.  

Enterics  

Enteric bacteria are Gram-negative rods with facultative anaerobic metabolism that live in the intestinal tracts of 
animals in health and disease. This group consists of Escherichia coli and its relatives, the members of the family 
Enterobacteriaceae. Enteric bacteria are related phenotypically to several other genera of bacteria such as Pseudomonas 
and Vibrios.  Generally, a distinction can be made on the ability to ferment glucose; enteric bacteria all ferment glucose 
to acid end products while similar Gram-negative bacteria (e.g. pseudomonads) cannot ferment glucose. Because they are 
consistent members of the normal flora humans, and because of their medical importance, an extremely large number of 
enteric bacteria have been isolated and characterized.  

Escherichia coli is, of course, the type species of the enterics. E. coli is such a regular inhabitant of the intestine of 
humans that it is used by public health authorities as an indicator of fecal pollution of drinking water supplies, swimming 
beaches, foods, etc. E. coli is the most studied of all organisms in biology because of its occurrence, and the ease and 
speed of growing the bacteriium in the laboratory. It has been used in hundreds of thousands of experiments in cell 
biology, physiology, and genetics, and was among the first cells for which the entire chromosomal DNA base sequence 
(genome) was determined. In spite of the knowledge gained about the molecular biology and physiology of E. coli, 
surprisingly little is known about its ecology, for example, why it consistently associates with humans, how it helps its 
host, how it harms its host, etc. A few strains of E. coli are pathogenic (one is now notorious, strain 0157:H7, that keeps 
turning up in raw hamburger headed for a fast-food restaurants). Escherichia coli causes intestinal tract infections 
(usually acute and uncomplicated, except in the very young ) or uncomplicated urinary tract infections and neonatal 
meningitis.  

 
Figure 5. E. coli O157.H7. © David E. Graham. Virginia Polytechnic Institute and State University, Blacksburg, Virginia. Image by 
William Ghiorse, Department of Microbiology, Cornell University, Ithaca, New York. Licensed for use by ASM Microbe Library 
http://www.microbelibrary.org.This is a phase contrast image of cells immobilized on an agar-coated slide.  
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The enteric group also includes some other intestinal pathogens of humans such as Shigella dysenteriae, cause of 
bacillary dysentery, and Salmonella enteritidis, cause of food poisoning and gastroenteritis. Salmonella typhi, which 
infects via the intestinal route, causes typhoid fever. Some bacteria that don't have an intestinal habitat resemble E. coli 
in enough ways to warrant inclusion in the enteric group. This includes Proteus, a common saprophyte of decaying 
organic matter and Yersinia pestis, which causes bubonic plague. Also classified as an enteric is  Erwinia, a pathogen of 
plants that causes fireblight in pear and apple trees and soft rot of carrots and potatoes.  

Pyogenic Cocci  

The pyogenic cocci are spherical bacteria that cause various suppurative (pus-producing) infections in animals. Included 
are the Gram-positive cocci Staphylococcus aureus, Streptococcus pyogenes and Streptococcus pneumoniae,and the 
Gram-negative cocci, Neisseria gonorrhoeae and N. meningitidis. In terms of their phylogeny, physiology and genetics, 
these genera of bacteria are unrelated to one another. They share a common ecology, however, as parasites of humans.  

The Gram-positive cocci are the leading pathogens of humans. It is estimated that they produce at least a third of all the 
bacterial infections of humans, including strep throat, pneumonia, food poisoning, various skin diseases and severe 
types of septic shock. The Gram-negative cocci, notably the neisseriae, cause gonorrhea and meningicoccal 
meningitis.  

 
Figure 6. Gallery of pyogenic cocci, Gram stains of clinical specimens (pus), L to R: Staphylococcus aureus, Streptococcus pyogenes, 
Streptococcus pneumoniae, Neisseria gonorrhoeae, Neisseria meningitidis.The large cells with lobed nuclei are neutrophils. Pus is the 
outcome of the battle between phagocytes (neutrophils) and the invading cocci. As the bacteria are ingested and killed by the neutrophils, 
the neutrophils eventually lyse (rupture) and release their own components, plus the digested products of bacterial cells, which are the 
make-up of pus. As a defense against phagocytes the staphylococci and streptococci produce toxins that kill the neutrophils before they 
are able to ingest the bacteria. This contributes to the pus, and therefore these bacteria are "pyogenic" during their pathogenic 
invasions.  

Two species of Staphylococcus live in association with humans: Staphylococcus epidermidis which lives normally on 
the skin and mucous membranes, and Staphylococcus aureus which may occur normally at various locales, but in 
particular on the nasal membranes (nares). S. epidermidis is rarely a pathogen and probably benefits its host by 
producing acids on the skin that retard the growth of dermatophytic fungi.  

S. aureus always has the potential to cause disease and so is considered a pathogen. Different strains of S. aureus differ 
in the range of diseases they can cause, including boils and pimples, wound infections, pneumonia, osteomyelitis, 
septicemia, food intoxication, and toxic shock syndrome. S. aureus is the leading cause of nosocomial (hospital-
acquired) infections by Gram-positive bacteria. Also, it is notoriously resistant to penicillin and many other antibiotics. 
Recently, a strain of S. aureus has been reported that is resistant to all known antibiotics in clinical usage, which is a grim 
reminder that the clock is ticking on the lifetime of the usefulness of current antibiotics in treatment of infectious disease.  

Staphylococcus aureus is a successful bacterial pathogen because it has a very wide range of virulence determinants 
(structural, biochemical or genetic features that allow the bacterium to cause disease), and it occurs as normal flora of 
humans (on skin, nasal membranes and the GI tract), which ensures that it is readily transmitted from one individual to 
another.  

Streptococcus pyogenes, more specifically the beta-hemolytic group A streptococci, like S. aureus, causes an array of 
suppurative diseases and toxinoses (diseases due to the production of a bacterial toxin), in addition to some 
autoimmune or allergic diseases. S. pyogenes is occasionally found as normal flora in the upper respiratory tract(<15% 
of individuals), but it is the main streptococcal pathogen for man, most often causing tonsillitis or strep throat. 
Streptococci also invade the skin to cause localized infections and lesions, and produce toxins that cause scarlet fever 
and toxic shock. Sometimes, as a result of an acute streptococcal infection, anomalous immune responses are started that 
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lead to diseases like rheumatic fever and glomerulonephritis, which are called post-streptococcal sequelae. Unlike the 
staphylococci, the streptococci have not developed widespread resistance to penicillin and the other beta lactam 
antibiotics, so that the beta lactams remain drugs of choice for the treatment of acute streptococcal infections.  

 Streptococcus pneumoniae is the most frequent cause of bacterial pneumonia in humans. It is also a frequent cause of 
otitis media (infection of the middle ear) and meningitis. The bacterium colonizes the nasopharynx and from there gains 
access to the lung or to the eustachian tube. If the bacteria descend into the lung they can impede engulfment by alveolar 
macrophages if they possess a capsule which somehow prevents the engulfment process. Thus, encapsulated strains are 
able to invade the lung and are virulent (cause disease) and noncapsulated strains, which are readily removed by 
phagocytes, are nonvirulent.  

The Neisseriae cause gonorrhea and meningitis. Neisseriaceae is a family of Gram-negative bacteria with 
characteristics of enterics and pseudomonads. The neisseriae are small, Gram-negative cocci usually seen in pairs with 
flattened adjacent sides. Most neisseriae are normal flora or harmless commensals of mammals living on mucous 
membranes. In humans they are common residents of the throat and upper respiratory tract. Two species are primary 
pathogens of man, Neisseria gonorrhoeaeand Neisseria meningitidis.  

Neisseria gonorrhoeae is the second leading cause of sexually-transmitted disease in the U.S., causing over 300,000 
cases of gonorrhea annually. Sometimes, in females, the disease may be unrecognized or asymptomatic such that an 
infected mother can give birth and unknowingly transmit the bacterium to the infant during its passage through the birth 
canal. The bacterium is able to colonize and infect the newborn eye resulting neonatal ophthalmia, which may produce 
blindness. For this reason (as well as to control Chlamydia which may also be present), an antimicrobial agent is usually 
added to the newborn eye at the time of birth.  

Neisseria meningitidis is an important cause of bacterial meningitis, an inflammation of the meninges of the brain and 
spinal cord. Other bacteria that cause meningitis include Haemophilus influenzae,Staphylococcus aureus and Escherichia 
coli. Meningococcal meningitis differs from other causes in that it is often responsible for epidemics of meningitis. It 
occurs most often in children aged 6 to 11 months, but it also occurs in older children and in adults. Meningococcal 
meningitis can be a rapidly fatal disease, and untreated meningitis has a mortality rate near 50 percent. However, early 
intervention with antibiotics is highly effective, and with treatment most individuals recover without permanent damage 
to the nervous system.  

Endospore-forming bacteria  

Endospore-forming bacteria produce a unique resting cell called an endospore. They are Gram-positive and usually rod-
shaped, but there are exceptions. The two medically-important genera are  Bacillus, the members of which are aerobic 
sporeformers in the soils, and Clostridium,whose species are anaerobic sporeformers of soils, sediments and the 
intestinal tracts of animals.  

 
Figure 7. Endospore-forming bacilli (phase contrast illumination). Endospores are dehydrated, refractile cells appearing as points of 
bright light under phase microcsopy. Endospore-forming bacteria are characterized by the location (position) of the endospore in the 
mother cell (sporangium) before its release. The spore may be central, terminal or subterminal, and the sporangium may or may not be 
swollen to accomodate the spore.  

Some sporeformers are pathogens of animals, usually due to the production of powerful toxins. Bacillus anthracis causes 
anthrax, a disease of domestic animals (cattle, sheep, etc.),  which may be transmitted to humans.  Bacillus cereus 
causes food poisoning. Clostridium botulimum causes botulism, a form of food poisoning, and Clostridium tetani is 
the agent of tetanus. Clostridium perfringens causes food poisoning, anaerobic wound infections and gas gangrene, 
and Clostridium difficile causes asevere form of colitis called pseudomembranous colitis. Whenever the spore-formers 
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act as pathogens, it is not uncommon or surprising that their spores are somehow involved in transmission or survival of 
the organism between hosts.  

 
Figure 8. Robert Koch's original photomicrographs of Bacillus anthracis. In 1876, Koch established by careful microscopy that the 
bacterium was always present in the blood of animals that died of anthrax. He took a small amount of blood from such an animal and 
injected it into a healthy mouse, which subsequently became diseased and died. He took blood from that mouse and injected it into a 
another healthy mouse. After repeating this several times he was able to recover the original anthrax organism from the dead mouse, 
demonstrating for the first time that a specific bacterium is the cause of a specific disease. In so doing, he established Koch's Postulates, 
which still today supply the microbiological standard to demonstrate that a specific microbe is the cause of a specific disease.  

Listeria monocytogenes is a Gram-positive rod-shaped bacterium related to bacillus and Clostridium but it does not form 
endospores. Listeria monocytogenes  is the agentof listeriosis, a serious infection caused by eating food contaminated 
with the bacteria.  Listeriosis has recently been recognized as an important public health problem in the United States. 
The disease affects primarily pregnant women, newborns, and adults with weakened immune systems.  

 
Figure 9. Listeria monocytogenes. Transmission EM.  

Actinomycetes and related bacteria  

The actinomycetes are not thought of as pathogenic bacteria, but two of their relatives are among the most important 
pathogens of humans, these being the agents of tuberculosis and diphtheria.   Actinomycetes are a large group of Gram-
positive bacteria that usually grow by filament formation, or at least show a tendency towards branching and filament 
formation. Many of the organisms can form resting structures called spores, but they are not the same as endospores. 
Branched forms superficially resemble molds and are a striking example of convergent evolution of a procaryote and a 
eukaryote together in the soil habitat. Actinomycetes such as Streptomyces have a world-wide distribution in soils. They 
are important in aerobic decomposition of organic compounds and have an important role in biodegradation and the 
carbon cycle. Actinomycetes are the main producers of antibiotics in industrial settings, being the source of most 
tetracyclines, macrolides (e.g. erythromycin), and aminoglycosides (e.g. streptomycin, gentamicin, etc.).  

Two genera of  bacteria that are related to the actinomycetes, Corynebacterium and Mycobacterium, contain portant 
pathogens of humans: Otherwise, many nonpathogenic mycobacteria and corynebacteria live in normal associations with 
animals.  

Mycobacterium tuberculosis is the etiologic agent of tuberculosis (TB) in humans. Tuberculosis is the leading cause of 
death in the world from a single infectious disease.  Mycobacterium tuberculosis infects 1.7 billion people/year which is 
equal to 33% of the entire world population. The bacterium is responsible for over 3 million deaths/year. After a century 
of decline in the United States,  tuberculosis is increasing, and multiple drug-resistant strains have emerged. This increase 
in cases is attributable to changes in the social structure in cities, the HIV epidemic, and patient failure to comply with 
treatment programs. A related organism, Mycobacterium leprae, causes leprosy.  
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Figure 10. Mycobacterium tuberculosis Acid-fast stain. 1000X magnification. ©  Gloria J. Delisle and Lewis Tomalty, Queens University, 
Kingston, Ontario, Canada. Licensed for use by ASM Microbe Library http://www.microbelibrary.org.These bacteria were observed in 
a sputum sample from a patient with active tuberculosis.  

The genus Corynebacterium consists of a diverse group of bacteria including animal and plant pathogens, as well as 
saprophytes. Some corynebacteria are part of the normal flora of humans, finding a suitable niche in virtually every 
anatomic site. The best known and most widely studied species is  Corynbacterium diphtheriae, the causal agent of 
diphtheria.  The study of Corynebacterium diphtheriae traces closely the development of medical microbiology, 
immunology and molecular biology. Many contributions to these fields, as well as to our understanding of host-bacterial 
interactions, have been made studying diphtheria and the diphtheria toxin.  

Rickettsias and chlamydiae are two unrelated groups of bacteria that are obligate intracellular parasites of eukaryotic 
cells. Rickettsias cannot grow outside of a host cell because they have leaky membranes and are unable to obtain 
nutrients in an extracellular habitat. Chlamydiae are unable to produce ATP in amounts required to sustain metabolism 
outside of a host cell and are, in a sense, energy-parasites.  

Rickettsias occur in nature in the gut lining of arthropods (ticks, fleas, lice, etc.). They are transmitted to vertebrates by 
an arthropod bite and produce diseases such as typhus fever, Rocky Mountain Spotted Fever, Q fever and  
ehrlichiosis.  

Chlamydiae are tiny bacteria that infect birds and mammals. They may colonize and infect tissues of the eye and 
urogenital tract in humans. Chlamydia trachomatis causes several important diseases in humans: chlamydia, the most 
prevalent sexually transmitted disease in the U.S., trachoma, a leading cause of blindness worldwide, and 
lymphogranuloma venereum.  
Chlamydia pneumoniae is a cause of pneumonia and has been recently linked to atherosclerosis.  
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Figure 11. Ehrlichia chaffeensis © Vsevolod Popov, J. Steven Dumler, and David H. Walker. University of Texas Medical Branch at 
Galveston. Licensed for use by ASM Microbe Library http://www.microbelibrary.org. Ehrlichiaeare obligate intracellular parasites  
related to the rickettsiae that are tick-borne pathogens of dogs and humans. In humans, they cause human granulocytic ehrlichiosis 
(HGE) and human monocytic ehrlichiosis (HME).  In this electron micrograph, dense-core cells of E. chaffeensis are seen exiting the host 
cell following rupture of the cytoplasmic membrane. The ehrlichiae will now go on to infect additional host cells or they may be ingested 
by a feeding tick, and spread to another animal.  

Mycoplasmas are a group of bacteria that lack a cell wall. The cells are bounded by a single triple-layered membrane. 
They may be free-living in soil and sewage, parasitic inhabitants of the mouth and urinary tract of humans, or pathogens 
in animals and plants. In humans, Mycoplasma pneumoniae causes primary atypical pneumonia, also called walking 
pneumonia.  

 

The Constitutive Defenses of the Host against Microbial Pathogens 
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Introduction: Host Defense Mechanisms 

Although humans are in continuous associations with microorganisms, and some readily colonize the body surfaces (see 
The Bacterial Flora of Humans ), it is relatively rare that these microorganisms cause damage to their host. In part, this is 
due to the effectiveness of the host defense mechanisms, which restrict invasion by normal flora (some of which may be 
potential pathogens), and which defend against non-indigenous microorganisms that are overt pathogens.  

Just as the outcome of an interaction between the host and a member of the normal flora always depends on specific 
properties inherent to both the host and the microbe, so does the outcome of an interaction between the host and a  
parasite. Sometimes the host tolerates colonization by a parasite but restricts it to regions of the body where it can do no 
harm (e.g. Staphylococcus aureus on the nasal membranes or Streptococcus pneumoniae in the upper respiratory tract). If 
the parasite invades (i.e., breaches an anatomical barrier or progress beyond the point of colonization), an infection is 
said to have occurred. If, as a result of infection, pathological harm to the host becomes evident, this is called an 
infectious disease. An infectious disease is a consequence of a microbial parasite causing such a degree of harm to its 
host that it results in a pathological process.  

The healthy animal defends itself against pathogens different stages. The host defenses may be of such a degree that 
infection can be prevented entirely. Or, if infection does occur, the defenses may stop the process before disease is 
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apparent. At other times, the defenses that are necessary to defeat a parasite may not be effective until infectious disease 
is well into progress.  

Typically the host defense mechanisms are divided into two groups:  

1. Constitutive Defenses: Defenses common to all healthy animals. These defenses provide general protection against 
invasion by normal flora, or colonization, infection, and infectious disease caused by pathogens. The constitutive 
defenses have also been referred to as"natural" or "innate" resistance, since they are inherent to a specific host, but these 
terms are better reserved for certain types of constitutive defense (see below).  

2. Inducible Defenses: Defense mechanisms that must be induced or turned on by host exposure to a pathogen (as during 
an infection). Unlike the constitutive defenses, they are not immediately ready to come into play until after the host is 
appropriately exposed to the parasite. The inducible defenses involve the immune responses to a pathogen causing an 
infection.  

The inducible defenses are generally quite specifically directed against an invading pathogen. The constitutive defenses 
are not so specific, and are directed toward general strategic defense.  

Constitutive Defenses of the Host 

The constitutive defenses of the host can be arranged in the following categories:  

Differences in susceptibility to certain pathogens  

Anatomical defenses  

Microbial antagonism  

Tissue bactericides, including complement  

Inflammation (ability to undergo an inflammatory response)  

Phagocytosis  

Each of these topics is discussed in the sections below.  

Differences in Susceptibility of Animal Hosts to Microbial Pathogens 

This type of resistance is also called innate and natural resistance. There are two aspects innate resistance: (1) natural 
(genetic) resistance among all members of a species, called species resistance and (2) individual resistance within the 
same animal species  

Species resistance  

Certain animals are naturally resistant or nonsusceptible to certain pathogens. Certain pathogens infect only humans, not 
lower animals, e.g. syphilis, gonorrhea, measles, poliomyelitis. On the other hand, certain pathogens (e.g. canine 
distemper virus) do not infect humans. Shigella infects humans and baboons but not chimpanzees. Little information is 
available to explain these absolute differences in susceptibility to a pathogen but it could be due to:  

Absence of specific tissue or cellular receptors for attachment (colonization) by the pathogen. For example, 
different strains of enterotoxigenic E. coli , defined by different fimbrial antigens, colonize human infants, calves and 
piglets, by recognizing species-specific carbohydrate receptors on enterocytes in the gastrointestinal tract.  

Temperature of the host and ability of pathogen to grow. For example, birds do not normally become infected with 
mammalian strains of Mycobacterium tuberculosis because these strains cannot grow at the high body temperature of 



birds. The anthrax bacillus (Bacillus anthracis) will not grow in the cold-blooded frog (unless the frog is maintained at 
37o).  

Lack of the exact nutritional requirements to support the growth of the pathogen. Naturally-requiring purine-
dependent strains of Salmonella typhi grow only in hosts supplying purines. Mice and rats lack this growth factor and 
pur- strains are avirulent. By injecting purines into these animals, such that the growth factor requirement for the 
bacterium is satisfied, the organisms prove virulent.  

Lack of a target site for a microbial toxin. Most toxins produced by microbial cells exert their toxic activity only after 
binding to susceptible cells or tissues in an animal. Certain animals may lack an appropriate target cell or specific type of 
cell receptor for the toxin to bind to, and may therefore be nonsusceptible to the activity of the toxin. For example, 
injection of diphtheria toxin fails to kill the rat. The unchanged toxin is excreted in the urine. Inject a sample of the urine 
(or pure diphtheria toxin) into the guinea pig, and it dies of typical lesions caused by diphtheria toxin.  

Individual resistance  

There are many reasons why individuals of the same animal species may exhibit greater or lesser susceptibility to the 
same infective agent.  

Age: usually this relates to the development and status of the immune system which varies with age. May also be 
associated with changes in normal flora coincidental to developmental changes in the animal.  

Sex: usually linked to the presence and/or development of the sex organs. For example, mastitis and infectious diseases 
leading to abortion will obviously occur only in the female; orchitis would occur only in males). Could also be due to 
anatomical structure related to sex (bladder infections are 14-times more common in females than males), and possibly 
the effects of sex hormones on infections.  

Stress. Stress is a complex of different factors and apparently has a real influence on health. Undue exertion, shock, 
change in environment, climatic change, nervous or muscular fatigue, etc. are factors known to contribute to increases in 
susceptibility to infection. The best explanation is that in time of stress the output of cortisone from the adrenal cortex is 
increased. This suppresses the inflammatory processes of the host and the overall effect may be harmful. There are also a 
number of relationships between stress-related hormones and the functioning of the immune defenses.  

Diet, malnutrition. Infections may be linked with vitamin and protein deficiencies and this might explain partly why 
many infectious diseases are more prevalent and infant mortality rates are highest in parts of the world where 
malnourishment is a problem. Also, overfed and obese animals are more susceptible to infection. Diets high in sucrose 
predispose individuals to dental caries.  

Intercurrent disease or trauma. The normal defenses of an animal are impaired by organic diseases such as leukemia, 
Hodgkin's disease, diabetes, AIDS, etc. Frequently, inflammatory or immune responses are delayed or suppressed. Colds 
or influenza may predispose an individual to pneumonia. Smoking tobacco predisposes to infections of the respiratory 
tract. Burned tissue is readily infected by Pseudomonas aeruginosas.  

Therapy against other diseases. Modern therapeutic procedures used in some diseases can render an individual more 
susceptible to infection. Under these conditions, not only pathogens but organisms of the normal flora and nonpathogens 
in the host's environment may be able to initiate infection. Examples of therapeutic procedures that reduce the efficiency 
of the host's defenses are treatment with corticosteroids, cytotoxic drugs, antibiotics, or irradiation.  

Anatomical Defenses 

The structural integrity of the body surfaces, i.e., the skin and mucous membranes, forms an effective barrier to initial 
lodgement or penetration by microorganisms. The skin is a very effective barrier to bacteria so that no bacterium by itself 
is known to be able to penetrate unbroken skin. Of course, a puncture, cut or scrape in the skin could introduce infectious 
bacteria. The mucous membranes are more vulnerable to penetration by infectious bacteria but still pose a formidable 



barrier of mucus and antimicrobial substances. Nonetheless, most infectious agents impinge on the skin or mucous 
membranes of the oral cavity, respiratory tract, GI tract or urogenital tract, and from these sites most infections occur.  

 
 

Figure 1. Anatomical defenses associated with tissue surfaces 

Skin. The intact surface of the healthy epidermis seems to be rarely if ever penetrated by bacteria. If the integrity of the 
epidermis is broken (by the bite of an insect, needle stick, abrasion, cut, etc.) invasive microbes may enter. The normal 
flora of the skin, which metabolize substances secreted onto the skin, produce end products (e.g. fatty acids) that 
discourage the colonization of skin by potential pathogens. Perspiration contains lysozyme and other antimicrobial 
substances.  

Mucous membranes. Many are heavily colonized with bacteria in whose moist secretions they survive. These normal 
flora are restricted from entry and usually occupy any attachment sites that might otherwise be used by pathogens. The 
normal flora established on mucous membranes may antagonize non-indigenous species by other means, as well. 
Typically, mucus contains a number of types of anti-microbial compounds, including lysozyme and secretory antibodies 
(IgA). Sometimes phagocytes patrol mucosal surfaces (e.g. in the lower respiratory tract). Nonetheless, some pathogens 
are able to penetrate the mucous membranes, and this is probably the major site from which pathogens invade. Probably, 
damage to the epithelial cells caused by toxic products of these bacteria plays a role.  

Respiratory tract. Fine hairs and baffles of the nares (nasal membranes) entrap bacteria which are inhaled. Those which 
pass may stick to mucosal surfaces of the trachea or be swept upward by the ciliated epithelium of the lower respiratory 
tract. Coughing and sneezing also eliminate bacteria. The lower respiratory tract (lung) is well protected by mucus, 
lysozyme, secretory antibody, and phagocytosis.  

Mouth, stomach and intestinal tract. Microorganisms entering by the oral route, more than any other, have to compete 
with the well-adapted normal flora of the mouth and intestine. Most organisms that are swallowed are destroyed by acid 
and various secretions of the stomach. Alkaline pH of the lower intestine can discourage other organisms. The peristaltic 
action of the intestine ultimately flushes out organisms which have not succeeded in colonization. Bile salts and 
lysozyme are present, which kill or inhibit many types of bacteria.  

Urogenital Tract. The flushing mechanisms of sterile urine, and the acidity of urine, maintain the bladder and most of 
the urethra free of microorganisms. The vaginal epithelium of the female maintains a high population of Doderlein's 



bacillus (Lactobacillus acidophilus) whose acidic end products of metabolism (lactic acid) prevent colonization by most 
other types of microorganisms including potentially-pathogenic yeast (Candida albicans).  

Eyes (Conjunctiva). The conjunctiva of the eye is remarkably free of most microorganisms. Blinking mechanically 
removes microbes, the lavaging action of tears washes the surface of the eye, and lachrymal secretions (tears) contain 
relatively large amounts of lysozyme.  

Microbial Antagonism 

This refers to the protection of the surfaces afforded by an intact normal flora in a healthy animal, and it has already been 
discussed in several contexts. There are three main ways that the normal flora protect the surfaces where they are 
colonized:  

Competition with non-indigenous species for binding (colonization) sites. The normal flora are highly-adapted to the 
tissues of their host. That is why they are there!  

Specific antagonism against non-indigenous species. Members of the normal flora may produce highly specific 
proteins called bacteriocins which kill or inhibit other (usually closely-related) species of bacteria.  

Nonspecific antagonism against non-indigenous species. The normal flora produce a variety of metabolites and end 
products that inhibit other microorganisms. These include fatty acids (lactate, propionate, etc.) and peroxides.  

 
Figure 2. Enterococcus faecalis, also classified as Streptococcus faecalis. Occassionally there is invasion of the host by the normal flora, as 
evidenced by this blood culture. Enterococcus faecalis, blood culture. © Gloria J. Delisle and Lewis Tomalty, Queens University 
Kingston, Ontario, Canada. Licensed for use by ASM Microbe Library http://www.microbelibrary.org.  

Antimicrobial Substances in Host Tissues 

The body fluids and organized tissues of animals naturally contain a variety of antimicrobial agent that kill or inhibit the 
growth of microbes.  The sources and activities of a variety of host antimicrobial substances are summarized in Table 1.  
   
   

TABLE 1. ANTIMICROBIAL SUBSTANCES OF HOST ORIGIN PRESENT IN BODY FLUIDS AND ORGANIZED TISSUES 

Substance Common Sources Chemical Activity 
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Composition 

Lysozyme 
Serum, saliva, sweat, 
tears 

Protein Bacterial cell lysis 

Complement Serum 
Protein-carbohydrate 
lipoprotein complex 

Cell death or lysis of 
bacteria; participates in 
inflammation 

Basic proteins and polypeptides 
(histones, ß-lysins and other cationic 
proteins, tissue polypeptides)  

Serum or organized 
tissues 

Proteins or basic 
peptides 

Disruption of bacterial 
plasma membrane 

Lactoferrin and transferrin 
Body secretions, serum, 
organized tissue spaces  

Glycoprotein 
Inhibit microbial growth by 
binding (withholding ) iron 

Peroxidase 
Saliva, tissues, cells 
(neutrophils) 

Protein 
Act with peroxide to cause 
lethal oxidations of cells 

Fibronectin 
Serum and mucosal 
surfaces 

Glycoprotein 
Clearance of bacteria 
(opsonization) 

Interferons 
Virus-infected cells, 
lymphocytes 

Protein 
Resistance to virus 
infections  

Interleukins 
Macrophages, 
lymphocytes 

Protein 
Cause fever; promote 
activation of immune 
system 

Complement 

Complement can be considered as part of the constitutive host defense mechanisms (it is present at constitutive levels) 
because of its role in inflammation and phagocytosis. However, the antimicrobial activities of complement can be 
activated completely by reactions between antigens and antibodies and, therefore, it may play a role in the inducible 
(immune) defenses, as well.  

Complement is an enzymatic system of serum proteins made up of 9 major components (C1 - C9) that are sequentially 
activated in many Ag - Ab reactions resulting in disruption of membranes. Therefore, complement (C') may be involved 
in the lysis of certain bacteria, some viruses, and other microorganisms. In addition, some C' components play a part in 
phagocytic chemotaxis, opsonization and the inflammatory response.  

Complement is activated in the classical pathway by reactions between antibodies and antigens on the surface of a 
microbe. Some Immunoglobulins (i.e., IgG and IgM) can "fix complement" because they have a cmoplement binding site 
on the Fc portion of the molecule. The reaction between IgG and Ag activates the complement and initiates a "cascade 
reaction" on the surface of the microbe that results in the principal effects of complement which are:  

1. Generation of inflammatory factors, C3a and C5a, which focus antimicrobial serum factors and leukocytes into the 
site of infection.  

2. Attraction of phagocytes. Chemotactic factors C3a and C5a attract phagocytes to the site.  

3. Enhancement of phagocytic engulfment. C3b component on Ag - Ab complex attaches to C3b receptors on 
phagocytes and promotes opsonization of Ab-coated cells. C3b-opsonization is important when Ab is IgM because 
phagocytes have receptors for Fc of IgM only when it is associated with C3b.  

4. Lysis of bacterial cells (lysozyme-mediated) or virus-infected cells. When C8 and C9 are bound to the complex, a 
phospholipase is formed that destroys the membrane of Ag-bearing host cells (e.g. virus-infected cells) or the outer 
membrane of Gram-negative bacteria. Lysozyme gains access to peptidoglycan and completes destruction of the bacterial 
cell.  
   



In addition to the classical pathway"of complement activation an alternative pathway ( sometimes called the "properdin 
pathway") of complement activation exists which is independent of immunoglobulins. Insoluble polysaccharides 
(including bacterial LPS, peptidoglycan and teichoic acids) can activate complement. This allows antibody-independent 
activation of the complement cascade that may be important in initial (pre-antibody) defense against various types of 
infections caused by bacteria.  

Inflammation 

Of all the defense mechanisms in the animal host, the inflammatory response may be the most important for dealing 
with microbial infection. Inflammation is necessary for the proper functioning of all the host defenses, including the 
immune defenses, because it focuses all circulating antimicrobial factors on the site of infection. These include 
phagocytes, lymphocytes, antibodies, complement and other antimicrobial components of plasma. However, 
inflammation is also an important aspect of bacterial pathogenesis since the inflammatory response induced by a microbe 
can result in considerable damage to the host and, therefore, be part of the pathology of microbial disease.  

Inflammation is a tissue reaction to infection or injury, the characteristic symptoms of which are redness, swelling, 
heat and pain. These are sometimes called the cardinal signs of inflammation. The redness is due to increased blood flow 
to the area of injury. The swelling (edema) is due to increased extravascular fluid and phagocyte infiltration to the 
damaged area. The heat is due to the increased blood flow and the action of pyrogens (fever-inducing agents). The pain is 
caused by local tissue destruction and irritation of sensory nerve receptors.  

Inflammation can be induced by certain immunological reactions, tissue damage, or the entry of an injurious agent 
(microbial or nonmicrobial). Certain bacterial cells and/or their products (e.g. structural components or toxins) can 
induce an inflammatory response. Inflammation increases the blood supply and temperature in the inflamed tissues, 
which favors maximal metabolic activity of the leukocytes, and lowers the pH slightly, which tends to inhibit the 
multiplication of many microorganisms.  

The events involved in the induction and maintenance of the inflammatory response are summarized below.  

(1) The inflammatory response is triggered by pathogen invasion or tissue injury. Injured and dying cells release 
cytoplasmic constituents which lower the pH in the surrounding extracellular environment.  

(2) The increased acidity activates an extracellular enzyme kallikrein which in turn activates bradykinin.  

(3a) Bradykinin binds to receptors on the capillary walls opening junctions between cells to allow leakage of plasma 
components collectively referred to as the inflammatory exudate.  
Increased capillary permeability allows leukocytes to pass from the vessels into tissues (this process is called diapedisis). 
The first to appear, and the most dominant, are neutrophils, which are actively phagocytic. The other components of the 
inflammatory exudate and their functions are described in Table 2 below).  

(3b)Bradykinin also binds to mast cells of the connective tissue that are associated with the small vessels of most tissues. 
This initiates other events that are associated with the process of inflammation.  

Initially there is a rapid influx of Ca++, intracellular cAMP levels drop, and mediator-rich lysosomal granules migrate to 
the cell surface, fuse with the cell membrane, and discharge their contents (preformed mediators of inflammation such as 
histamine, heparin, etc.) to the exterior by exocytosis  

The change in mast cell permeability activates an enzyme, phospholipase A2 to synthesize a substance called 
arachidonic acid. This compound can be acted upon subsequently by the cyclooxygenase pathways or lipooxygenase 
pathways of the mast cell leading to new synthesis of prostaglandins, leukotrienes, and other mediators of 
inflammation. These substances contribute to the inflammatory exudate.  
   

TABLE 2. FUNCTION OF COMPONENTS AND CELLS IN THE INFLAMMATORY EXUDATE 

Component Function 



Bradykinin, histamine, 
leukotrienes, serotonin, 
prostaglandins 

Inflammatory Agents (IA) which act on the vascular system to produce increased 
blood flow and permeability 

Fibrin: (formed from fibrinogen in 
plasma) 

coagulates and may localize an invading pathogen 

Lysozyme causes lysis of bacterial cell walls 

Complement 
various activities increase the inflammatory response and lead to increased 
phagocytosis and complement-mediated lysis of cells 

Antibodies (in immune individuals) 
block colonization by pathogens; neutralize microbial toxins or viruses; opsonize 
pathogens making them more susceptible to phagocytosis; activate complement 

Pyrogens, including endogenous 
pyrogen (Interleukin 1) 

cause fever acting on the thermo-regulatory control centers in the hypothalamus. 
(Interleukin-1, which is produced by macrophages, also promotes activation and 
mitosis of B-cells and T-cells) 

Neutrophils migrate to focus of infection and ingest and destroy foreign agents by phagocytosis 

Macrophages 
engulf and destroy infective agents, process antigenic components and convey them 
to lymphocytes 

Immunocompetent lymphocytes 
(B-cells and T-cells) 

for direct participation in immunological responses (AMI and CMI) 

The overall effect of an inflammatory reaction is to recruit various cells and components to the actual site of microbial 
invasion. Many of these cells and plasma components have a direct role in defense against the intruding microorganism. 
These include neutrophils (phagocytes which engulf and destroy the microbes); macrophages and lymphocytes which 
are the cells necessary to initiate immunological responses against the pathogen; pre-existing antibodies which can 
neutralize microbial pathogens or their toxins; and plasma components such as lysozyme, complement and fibrin, which 
have a variety of antimicrobial activities.  

Phagocytic Defenses 

When invading parasites penetrate the tissues the inflammatory response, previously described, is immediately brought 
into play. Part of this response leads to the recruitment of phagocytes to the site of inflammation. Phagocytes are a class 
of cells which are capable of ingestion (engulfment) and destruction of microorganisms that are responsible for inciting 
the inflammatory response. First to accumulate around the invaders and initiate the phagocytic process are neutrophils. 
Later, local and blood-borne macrophages also migrate to the tissue site and initiate phagocytosis. Neutrophils (also 
known as polymorphonuclear leucocytes or PMNs) and macrophages are sometimes referred to as professional 
phagocytes for their roles in this process.  

Properties of Neutrophils  

Neutrophils have their origin in multi-potential stem cells in the bone marrow. They differentiate in the marrow and are 
released in a mature form, containing a full complement of bactericidal agents. They are short-lived cells which 
constitute 30-70% of the circulating white blood cells (leukocytes).  

During differentiation in the marrow (2-3 days) the nucleus of the cell becomes multilobed (hence the name 
polymorphonuclear leukocyte), cell division ceases, and mitochondria and endoplasmic reticulum disappear from the 
cytoplasm. At the same time the cell becomes motile and actively phagocytic. Cytoplasmic granules are formed from the 
Golgi apparatus. These granules are called lysosomes and contain the various bactericidal and digestive enzymes which 
can destroy bacterial cells after engulfment. The contents of lysosomal granules include lysozyme, cationic proteins, acid 
hydrolases, proteases, peroxidase and lactoferrin. Neutrophils also contain large store of glycogen; since they derive most 
of their metabolic energy from glycolysis, they can function efficiently in anaerobic environments.  

Some additional properties of neutrophils are:  



-Only half the neutrophils in human circulation are detectable in the blood; the rest adhere to vessel walls.  

-For every circulating neutrophil, approximately 100 near mature cells are held in reserve in the bone marrow pool.  

-Once a neutrophil enters the tissues, intestinal tract or respiratory tract, it never returns to the circulation.  
   

Properties of Macrophages  

Macrophages (also called mononuclear phagocytes) also arise from bone marrow stem cells which give rise to 
promonocytes which develop into monocytes that are released into the blood stream. Monocytes make up 3-7% of the 
circulating white blood cells. The monocyte is actively phagocytic and and bactericidal. Within 2 days or so, the blood 
stream monocytes (sometimes called wondering macrophages) emigrate into the tissues where they settle down, enlarge 
and become fixed macrophages (tissue histiocytes), which also have phagocytic potential. Macrophages are more active 
in phagocytosis than monocytes and develop many more granules containing hydrolytic enzymes. New macrophages can 
develop by cell division under inflammatory stimuli, but most macrophages are matured blood monocytes.  

The total pool of macrophages is referred to as the system of mononuclear phagocytes. The system is scattered 
throughout connective tissue, basement membranes of small blood vessels, liver sinusoids, the spleen, lung , bone 
marrow and lymph nodes. Monocytes from the blood migrate into virtually every organ in the body where they mature 
into fixed macrophages. In the lymph nodes, they function as scavengers to remove foreign material from the circulation.  

Compared to neutrophils, macrophages are long-lived cells. As phagocytes, neutrophils play a more important role in the 
acute stages of an infection, while macrophages are principally involved in chronic types of infections. Neutrophils 
circulate in the blood stream, and during an acute inflammatory response they migrate through the endothelial cell 
junctions as part of the inflammatory exudate. They migrate to the focus of the infection and ingest or phagocytose the 
foreign agents, Neutrophils which have become engorged with bacteria usually die and largely make up the material of 
pus. Macrophages, which are also attracted to the area during an inflammatory response, are slower to arrive and become 
increasingly involved in chronic infections. They, too, are actively phagocytic and will engulf and destroy foreign 
particles such as bacteria. However, macrophages have another indispensable function in host defense: they "process" the 
antigenic components of infective agents and present them to lymphocytes, a process that is usually required for the 
initiation of the immune responses of the host. Macrophages are among an elite corps of antigen-presenting cells or 
APC's.  

The Phagocytic Process  

Phagocytosis and destruction of engulfed bacteria involves the following sequence of events:  

1. Delivery of phagocytic cells to the site of infection  

2. Phagocytic adherence to the target  

3. Ingestion or engulfment of the target particle  

4. Phagolysosome formation  

5. Intracellular killing  

6. Intracellular digestion (and egestion, in the case of macrophages)  
   

These steps involved in the phagocytic process in macrophages are illustrated below.  



 
Figure 3. Phagocytosis by a Macrophage. A bacterium, which may or may not be opsonized, is engulfed by the process of endocytosis. 
The bacterium is ingested in a membranous vesicle called the phagosome. Digestive granules (lysosomes) merge with phagosome, release 
their contents, and form a structure called the phagolysosome. The killing and digestion of the bacterial cell takes place in the 
phagolysosome. The macrophage egests debris while processing the antigenic components of the bacterium, which it returns to its surface 
in association with MHC II for antigen presentation to TH cells.  

Delivery of phagocytic cells to the site of infection 

The delivery of phagocytic cells, monocytes or neutrophils, to the site of microbial infection involves two processes:  

Diapedisis: the migration of cells across vascular walls which is initiated by the mediators of inflammation (kinins, 
histamine, prostaglandins, etc.)  

Chemotaxis. Phagocytes are motile by ameboid action. Chemotaxis is movement of the cells in response to a chemical 
stimulus. The eventual concentration of phagocytes at a site of injury results from chemotactic response by the 
phagocytes which is analogous to bacterial chemotaxis. A number of chemotactic factors (attractants) have been 
identified, both for neutrophils and monocytes. These include bacterial products, cell and tissue debris, and components 
of the inflammatory exudate such as peptides derived from complement.  

Phagocytic adherence  

Phagocytosis is initiated by adherence of a particle to the surface of the plasma membrane of a phagocyte. This step 
usually involves several types of surface receptors on the phagocyte membrane. Three major receptors on phagocytes 
recognize the Fc portion of IgG: one is for monomeric IgG and the others are for antigen-crosslinked IgGs. Another 
receptor binds a complement factor C3b. Other phagocyte receptors bind fibronectin and mannose-terminated 
oligsaccharides. Under certain circumstances of infection, bacteria or viruses may become coated or otherwise display on 
their surfaces one or another of these substances (i.e., IgG, C3b, fibronectin or mannose). Such microbes are said to be 
opsonized and such substances as IgG or complement C3b bound to the surface of microbes are called opsonins. 
(Opsonin comes from a Greek word meaning "sauce" or "seasoning": they make the bacterium or virus more palatable 
and more easily ingested by the phagocyte.) Opsonins provide extrinsic ligands for specific receptors on the phagocyte 
membrane, which dramatically increases the rate of adherence and ingestion of the pathogen . Opsonized bacteria can be 
cleared from the blood by phagocytes; many types of non opsonized bacteria cannot be cleared.  

Less firm attachments of a phagocyte to a particle can take place in the absence of opsonization. This can be thought of 
as nonspecific attachment which might be due to net surface charge on the phagocyte or particle and/or hydrophobicity 
of the particle.  



Also, a phenomenon called surface phagocytosis exists: a phagocyte can simply trap an organism against a surface and 
initiate ingestion. Surface phagocytosis may be an important pre-antibody defense mechanism which may determine 
whether an infection will become a disease and how severe the disease will become.  

Ingestion  

After attachment of the phagocyte to its target, some sort of signal generation, which is poorly understood, results in 
physical or chemical changes in the cell that triggers ingestion. Ingestion is an engulfment process that involves infolding 
or invagination of the cell membrane enclosing the particle and ultimately releasing it into the cytoplasm of the cell 
within a membrane vesicle. The end result of ingestion is entry of the particle enclosed in a vesicle derived from the 
plasma membrane of the cell. This structure is called the phagosome.  

Formation of the phagolysosome 

The phagosome migrates into the cytoplasm and collides with lysosomal granules which explosively discharge their 
contents into the membrane-enclosed vesicle (phagosome). Membranes of the phagosome and lysosome actually fuse 
resulting in a digestive vacuole called the phagolysosome. Other  lysosomes will fuse with the phagolysosome. It is 
within the phagolysosome that killing and digestion of the engulfed microbe takes place. Some of the microbicidal 
constituents of the lysosomes of neutrophils and macrophages include lysozyme, cationic proteins, various proteases and  
hydrolyases and peroxidases. The killing processes are confined to the membranous organelles of the phagocytes (the 
phagolysosome) such that none of the toxic substances and lethal activities of the phagocytes are turned against 
themselves.  

Intracellular killing of organisms 

After phagolysosome formation the first detectable effect on bacterial physiology, occurring within a few minutes after 
engulfment, is loss of viability (ability to reproduce). The exact mechanism is unknown. Inhibition of macromolecular 
synthesis occurs later. By 10 to 30 minutes after ingestion many pathogenic and nonpathogenic bacteria are killed 
followed by lysis and digestion of the bacteria by lysosomal enzymes. The microbicidal activities of phagocytes are 
complex and multifarious. Metabolic products, as well as lysosomal constituents, are responsible. These activities differ 
to some extent in neutrophils, monocytes and macrophages.  

The microbicidal activities of phagocytes are usually divided into oxygen-dependent and oxygen-independent events  

Oxygen-independent activity 

Lysosomal granules contain a variety of extremely basic proteins that strongly inhibit bacteria, yeasts and even some 
viruses. A few molecules of any one of these cationic proteins appear able to inactivate a bacterial cell by damage to their 
permeability barriers, but their exact modes of action are not known. The lysosomal granules of neutrophils contain 
lactoferrin, an extremely powerful iron-chelating agent, which withholds potential iron needed for bacterial growth. The 
pH of the phagolysosome may be as low as 4.0 due to accumulation of lactic acid, which is sufficiently acidic to prevent 
the growth of most pathogens. This acidic environment apparently optimizes the activity of many degradative lysosomal 
enzymes including lysozyme, glycosylases, phospholipases, and nucleases.  

Oxygen-dependent activity 

Liganding of Fc receptors (on neutrophils, monocytes or macrophages) and mannose receptors (on macrophages) 
increases their O2 uptake, called the respiratory burst. These receptors activate a membrane-bound NADPH oxidase 
that reduces O2 to O2

- (superoxide). Superoxide can be reduced to OH. (hydroxyl radical) or dismutated to H2O2 
(hydrogen peroxide) by superoxide dismutase. O2

-, OH., and H2O2 are activated oxygen species that are potent oxidizing 
agents in biological systems which adversely affect a number of cellular structures including membranes and nucleic 
acids. Furthermore, at least in the case of neutrophils, these reactive oxygen intermediates can act in concert with a 
lysosomal enzyme called myeloperoxidase to function as the myeloperoxidase system, or MPO.  



Myeloperoxidase is one of the lysosomal enzymes of neutrophils which is released into the phagocytic vacuole during 
fusion to form the phagolysosome. Myeloperoxidase uses H2O2 generated during the respiratory burst to catalyze 
halogenation (mainly chlorination) of phagocytosed microbes. Such halogenations are a potent mechanism for killing 
cells.  

When the NADPH oxidase and myeloperoxidase systems are operating in concert, a series of reactions leading to lethal 
oxygenation and halogenation of engulfed microbes occurs.  

Intracellular digestion 

Dead microbes are rapidly degraded in phagolysosomes to low molecular-weight components. Various hydrolytic 
enzymes are involved including lysozyme, proteases, lipases, nucleases, and glycosylases. Neutrophils die and lyse after 
extended phagocytosis, killing, and digestion of bacterial cells. This makes up the characteristic properties of pus.  

Macrophages egest digested debris and allow insertion of microbial antigenic components into the plasma membrane for 
presentation to lymphocytes in the immunological response.  

 
 
Figure 4. Phagocytosis ofStreptococcus pyogenes by a macrophage. CELLS alive!  

Bacterial Defense Against Phagocytosis  

Pathogenic bacteria have a variety of defenses against phagocytes. In fact, most successful pathogens have some 
mechanism(s) to contend with the phagocytic defenses of the host. These mechanisms will be discussed in detail later as 
part of the determinants of virulence of pathogens. However, in general, pathogens may resist phagocytosis by:  

Evading phagocytes by growing in regions of the body which are not accessible to them  

Avoiding engulfment by phagocytes after contact  

Being able to kill phagocytes either before or after engulfment  

Being able to survive inside of phagocytes (or other types of cells) and to persist as intracellular parasites  

 

Immune Defense against Microbial Pathogens 

© 2002 Kenneth Todar University of Wisconsin Department of Bacteriology 

 
Inducible defenses 

The constitutive defenses, by themselves, may not be sufficient to protect the host against pathogens. However, even if 
pathogens evade or overcome the relatively nonspecific constitutive defenses, they may yet be detected and attacked by 
the more specific inducible defenses, once they have developed. The inducible defenses are so-called because they are 
induced upon primary exposure to a pathogen or one of its products. The inducible defenses are a function of the 
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immunological system and the immune responses. They must be triggered in a host and initially take time to develop. 
The type of resistance thus developed in the host is called acquired immunity.  

Acquired immunity  

Acquired immunity may be divided into two types based on how it is acquired by the host.  

In the case of active immunity, the host undergoes an immunological response and produces the cells and factors 
responsible for the immunity, i.e., the host produces its own antibodies and/or immuno-reactive lymphocytes. Active 
immunity can persist a long time in the host, up to many years in humans.  

Passive immunity is acquisition by a host of immune factors which were produced in another animal, i.e., the host 
receives antibodies and/or immuno-reactive lymphocytes originally produced during an active response in another 
animal. Passive immunity is typically short-lived and usually persists only a few weeks or months.  

In either case of active or passive immunity, resistance may be acquired by natural means or by artificial means (i.e., 
vaccination and immunization procedures). Some familiar examples of active and passive immunity are given in the table 
below.  
   
   

Table 1. Examples of Active and Passive Immunity 

Type of 
Immunity 

How Acquired by Host Examples 

Active 
Immunity 

As a result of exposure to an infectious 
agent or one of its products (antigens) 

Antibodies are produced by the host in response to the infectious 
agent itself (e.g. recovery from the disease), or in response to 
artificial immunization (vaccination) with some product derived 
from the infectious agent (e.g. toxoid, killed cells, structural 
components of cells, inactivated virus, etc.). 

Passive 
Immunity 

As a result of the acquisition of 
antibodies which have been produced in 
another animal (by active means) or 
derived from cells grown in tissue 
culture (monoclonal antibodies) 

Injection of immune serum from an individual previously 
immunized or recovered from disease, e.g. hepatitis; Injection of 
serum from an animal hyperimmunized with tetanus toxoid; 
Placental transfer of antibodies from mother to fetus; Transfer of 
antibodies from mother to infant in milk by nursing. 

The immune system  

The immunological system is comprised of the lymphoid tissues and organs of the body. Lymphoid tissues are widely 
distributed : they are concentrated in bone marrow, lymph nodes, spleen, liver, thymus, and Peyer's patches scattered in 
linings of the GI tract. The lymphoid system is encompassed by the system of mononuclear phagocytes. Lymphocytes 
are the predominant cells, but macrophages and plasma cells are present also. Lymphocytes are cells which circulate, 
alternating between the circulatory blood stream and the lymphatic channels. The distribution of lymphatic tissues that 
make up the immune system in humans is illustrated in the figure below.  



 

Figure 1. Anatomy of the Immune System. (A): The major components of the immune system are lymph nodes connected by lymph 
ducts, Peyer's patches (masses of lymphocytes in the lower gastrointestinal tract), thymus, spleen, and bone marrow. (B): A lymph node. 
Afferent lymph ducts bring lymph-containing antigens into the lymph node. Macrophages, B cells or dendridic cells in the cortical region 
make contact with the antigen and process it for presentation to immunocompetent B cells and T cells, thereby initiating an immune 
response. As a result, B cells are stimulated to develop into antibody-secreting plasma cells, and T-cells are stimulated to develop into 
effector T cells of various classes. Antibodies leave the lymph node by the efferent ducts that empty into the blood stream. Lymphocytes 
can also leave the node by the efferent duct and travel to other sites in the lymphatic system or enter into the blood circulation. A single 
lymphocyte completes a circuit through the circulating blood and lymphatic systems once every 24 hours.  
   

The immunological system is able to recognize foreign substances (antigens) which stimulate the system to produce 
antibody-mediated immunity (AMI), cell-mediated immunity (CMI), or both.  AMI and CMI are the two great arms 
of the immune system that are discussed in more detail below.  

An antigen (Ag) is a substance, usually macromolecular, that induces an immunological response. Because of its 
complex macromolecular structure, a single microorganism consists of multiple antigens (e.g. surface structures such as 
cell wall components, fimbriae, flagella, etc., or extracellular proteins, such as toxins or enzymes produced by the 
microorganism). The coat proteins and some of the envelope proteins of animal viruses are also usually antigenic. The 
host is able to respond specifically to each and every antigen to come into contact with the components of the 
immunological system.  

The immune response  

Immunological responses are associated with macrophages and two subpopulations of lymphocytes which are derived 
from primitive bone marrow cells. All of the cells involved in the immunological responses are derived from bone 
marrow stem cells which have differentiated under the influence of various tissues and stimuli. Macrophages develop 
from monocytes previously released from the bone marrow into the blood circulation. Lymphocytes responsible for AMI 
are processed by lymphoid tissue in the bone marrow and develop there into B lymphocytes or B cells. Lymphocytes 
responsible for CMI are processed by the thymus gland and mature into T lymphocytes or T cells.  

Under antigenic stimulus, B-lymphocytes become transformed into antibody-secreting plasma cells. The plasma cells 
synthesize large amounts of immunoglobulins (antibodies) which will react stereochemically with the stimulating 
antigen.  



Under antigenic stimulus, pre T-lymphocytes differentiate into several classes of effector T cells which are committed to 
various activities upon recognition of the specific antigen that induced their formation. T cells have many activities 
relevant to immunity including (1) mediation of the B-cell response to antigen; (2) ability to recognize and destroy cells 
bearing foreign Ag on their surface; and (3) production of a variety of diffusible compounds called cytokines and/or 
lymphokines, which include substances that are activators of macrophages, mediators of inflammation, chemotactic 
attractants, lymphocyte mitogens, and interferon. Cytokines and lymphokines are molecules (peptides, proteins) 
produced by cells as a means of intercellular communication. Generally, they are secreted by a cell to stimulate the 
activity of another cell.  

The overall aspects of the induction of the immune responses (AMI and CMI) are shown in the following schematic 
diagram.  
   

Figure 2. Schematic Diagram of the Development of the Immune Responses 

 

Three important features of the immunological system relevant to host defense and/or "immunity" to pathogenic 
microorganisms are:  

1. Specificity. An antibody or reactive T cell will react specifically with the antigen that induced its formation; it will not 
react with other antigens. Generally, this specificity is of the same order as that of enzyme-substrate specificity or 
receptor-ligand specificity. However, cross-reactivity is possible. The specificity of the immune response is explained on 
the basis of the clonal selection hypothesis: during the primary immune response, a specific antigen selects a pre-existing 
clone of specific lymphocytes and stimulates exclusively its activation, proliferation and differentiation.  

2.  Memory. The immunological system has a "memory". Once the immunological response has reacted to produce a 
specific type of antibody or reactive T cell, it is capable of producing more of the antibody or activated T cell more 
rapidly and in larger amounts. This is sometimes referred to as a secondary, or memory response.  

3. Tolerance. An animal generally does not undergo an immunological response to its own (potentially-antigenic) 
components. The animal is said to be tolerant, or unable to react to its own potentially-antigenic components. This 
ensures that under normal conditions, an immune response to "self" antigens (called an autoimmune response) does not 
occur. Autoimmune responses are potentially harmful to the host. Tolerance is brought about in a number of ways, but 
basically the immunological system is able to distinguish "self" components from "non-self" (foreign) antigens; it will 
respond to "non-self" but not to "self". Sometimes in an animal, tolerance can be "broken", which may result in an 
autoimmune disease.  

The two types immunity: AMI and CMI  

Antibody-mediated immunity (AMI) is the type of immunity that is mediated by soluble host proteins called 
antibodies or immunoglobulins. Because it is largely due to the presence of circulating antibody molecules in the 



serum, is also called circulating immunity or humoral immunity. Antibodies (Ab) are proteins (globulins) produced in 
response to an encounter with an antigen. There are several classes or types of antibodies (and subclasses of the types), 
but all of the classes of antibodies that are produced in response to a specific antigen react stereochemically with that 
antigen and not with other (different) antigens. The host has the genetic capacity to produce specific antibodies to 
thousands of different antigens, but does not do so until there is an appropriate (specific) antigenic stimulus. Due to 
clonal selection, the host produces only the homologous antibodies that will react with that antigen. These antibodies are 
found in the blood (plasma) and lymph and in many extravascular tissues. They have a various roles in host defense 
against microbial and viral pathogens as discussed below.  

Cell-mediated immunity (CMI) is the type of immunity that is mediated by specific subpopulations of T-lymphocytes 
called effector T cells. In non immune animals precursor T cells (pT cells) exist as "resting T cells". They bear receptors 
for specific antigens. Stimulation with Ag results in their activation. The cells enlarge, enter into a mitotic cycle, 
reproduce and develop into effector T cells whose activities are responsible for this type of immunity. They also develop 
into clones of identical reactive T cells called memory T cells.  

The biological activities of the antibody-mediated and cell-mediated immune responses are different and vary from one 
type of infection to another. The AMI response involves interaction of B lymphocytes with antigen and their 
differentiation into antibody-secreting plasma cells. The secreted antibody binds to the antigen and in some way leads to 
its neutralization or elimination from the body. The CMI response involves several subpopulations of T lymphocytes that 
recognize antigens on the surfaces of cells. TH cells respond to antigen with the production of lymphokines. The 
distinction between TH1 and TH2 is based on their lymphokine profiles. TH2 cells have previously been referred to as T 
helper cells because they provide lymphokines (e.g. IL-2 and IL-4) which activate T cells and B cells at the start of the 
immune response. TH1 cells were formerly known as delayed type hypersensitivity cells (TDTH) because of their role 
in this allergic process. TC cells or cytotoxic T lymphocytes (CTLs) are able to kill cells that are showing a new or 
foreign antigen on their surface (as virus-infected cells, or tumor cells, or transplanted tissue cells).  

Membrane receptors on B cells and T cells  

The nature of the membrane receptors for antigen on B cells and T cells is fairly well understood. Each B cell has 
approximately 105 membrane-bound antibody molecules (IgD or IgM) which correspond in specificity to the antibody 
that the cell is programmed to produce. Each T cell has about 105 molecules of a specific antigen-binding T cell receptor 
(TCR) exposed on its surface. The TCR is similar, but not identical, to antibody. In addition, T cell subsets bear some 
distinguishing surface markers, notably CD4 or CD8. T cells bearing CD4 always recognize antigens in association with 
class II major histocompatability complex (class II MHC) proteins on the surfaces of other cells. CD4+ T lymphocytes 
generally function as T helper cells. T cells bearing CD8 ( CD8+ )always recognize antigen in association with class I 
MHC proteins and typically function as cytotoxic T cells. The important markers, actions and interactions of T cells, B 
cells and Antigen Presenting Cells (APC) are illustrated below.  



 

 

Figure 3. Receptor interactions between B cells, T cells and Antigen Presenting Cells (APC)  
   

Induction of primary immune responses  

Induction of a primary immune response begins when an antigen penetrates epithelial surfaces. It will eventually come 
into contact with macrophages or certain other classes of Antigen Presenting cells (APCs), which include B cells, 
monocytes, dendritic cells, Langerhans cells and endothelial cells. Antigens, such as bacterial cells, are internalized by 
endocytosis and "processed" by the APC, then "presented" to immunocompetent lymphocytes to initiate the early steps of 



the immunological response. Processing by a macrophage (for example) results in attaching antigenic materials to the 
surface of the membrane in association with MHC II molecules on the surface of the cell . The antigen-class II MHC 
complex is presented to a T-helper (TH2) cell which is able to recognize processed antigen associated with a class II 
MHC molecule on the membrane of the macrophage. This interaction, together with stimulation by Interleukin 1 (IL-1), 
produced by the macrophage, will activate the TH2 cell. Activation of the TH2 cell causes that cell to begin to produce 
Interleukin 2 (IL-2), and to express a membrane receptor for IL-2. The secreted IL-2 autostimulates proliferation of the 
TH2 cells. Stimulated TH2 cells produce a variety of lymphokines including IL-2, IL-4, IL-6, and gamma Interferon 
which mediate various aspects of the immune response. For example, IL-2 binds to IL-2 receptors on other T cells (which 
have bound the Ag) and stimulates their proliferation, while IL-4 causes B cells to proliferate and differentiate into 
antibody-secreting plasma cells and memory B cells. IL-4 activates only B cells in the vicinity which themselves have 
bound the antigen, and not others, so as to sustain the specificity of the immune response.  

As previously mentioned, B cells themselves behave as APCs. Cross-linked antigens bound to antibody receptors on the 
surface of a B cell cause internalization of some of the antigen and expression on the B cell membrane together with 
MHC II molecules. The TH2 cell recognizes the antigen together with the Class II MHC molecules, and secretes the 
various lymphokines that activate the B cells to become antibody-secreting plasma cells and memory B cells. Even if the 
antigen cannot cross-link the receptor, it may be endocytosed by the B cell, processed, and returned to the surface in 
association with MHC II where it can be recognized by specific TH2 cells which will become activated to initiate B cell 
differentiation and proliferation. In any case, the overall B-cell response leads to antibody-mediated immunity (AMI).  

The antigen receptors on B cell surfaces are thought to be the specific types of antibodies that they are genetically-
programmed to produce. Hence, there are thousands of sub-populations of B cells distinguished only by their ability to 
produce a unique (reactive) type of antibody molecule. A B cell can also react with a homologous antigen on the surface 
of the macrophage, or with soluble antigens. When a B-cell is bound to Ag, and simultaneously is stimulated by IL-4 
produced by a nearby TH2 cell, the B cell is stimulated to grow and divide to form a clone of identical B cells, each 
capable of producing identical antibody molecules. The activated B cells further differentiate into plasma cells which 
synthesize and secrete large amounts of antibody, and into a special form of B cells called memory B cells. The 
antibodies produced and secreted by the plasma cells will react specifically with the homologous antigen that induced 
their formation. Many of these reactions lead to host defense and to prevention of reinfection by pathogens. Memory 
cells play a role in secondary immune responses.  

Plasma cells are relatively short-lived (about one week) but produce large amounts of antibody during this period. 
Memory cells, on the other hand, are relatively long-lived and upon subsequent exposure to Ag they become quickly 
transformed into Ab-producing plasma cells.  

Generation of cell mediated immunity (CMI) begins when (for example) a TC cell recognizes a processed antigen 
associated with MHC I on the membrane of a cell (usually an altered self cell, but possibly a transplanted tissue cell or a 
eukaryotic parasite). Under stimulation by IL-2 produced by TH2 cells the TC cell becomes activated to become a 
cytotoxic T lymphocyte (CTL) capable of lysing the cell which is showing the new (foreign) antigen on its surface, a 
primary manifestation of CMI.  

The interaction between an antigen-presenting macrophage and a TH cell stimulates the macrophage to produce and 
secrete a cytokine called Interleukin-1 (IL-1) that acts locally on the TH cell. The IL-1 stimulates the TH-cell to 
differentiate and produce its own cytokines (which in this case might be called lymphokines because they arise from a 
lymphocyte). These lymphokines have various functions. Interleukin-4 has an immediate effect on nearby B-cells. 
Interleukin-2 has an immediate effect on T cells as described above.  

Time is required before a primary immune response is effective as a host defense. Antigens have to be recognized, taken 
up, digested, processed, and presented by APCs; a few select TH cells must react with Ag and respond; preexisting B or 
T lymphocytes must encounter the Ag and proliferate and differentiate into effector cells (plasma cells or CTLs). In the 
case of AMI, antibody level has to build up to an effective physiological concentration to render its host resistant. It may 
take several days or weeks to reach a level of effective immunity, even though this immunity may persist for many 
months, or years, or even a lifetime, due to the presence of the antibodies. In natural infections, the inoculum is small, 
and even though the antigenic stimulus increases during microbial replication, only small amounts of antibody are 
formed within the first few days, and circulating antibody is not detectable until about a week after infection.  



Induction of a secondary immune response  

On re-exposure to microbial antigens (secondary exposure to antigen), there is an accelerated immunological response, 
the secondary or memory response. Larger amounts of antibodies are formed in only 1-2 days. This is due to the 
activities of specific memory B cells or memory T cells which were formed during the primary immune response. These 
memory cells, when stimulated by homologous Ag, "remember" having previously seen the Ag, and are able to rapidly 
divide and differentiate into effector cells. Stimulating memory cells to rapidly produce very high (effective) levels of 
persistent circulating antibodies is the basis for giving "booster"-type vaccinations to humans and pets.  
   

 

Figure 4. Primary and Secondary Immune Responses. Following the first exposure to an antigen the immune response (as evidenced by 
following the concentration of specific antibody in the serum) develops gradually over a period of days, reaches a low plateau within 2-3 
weeks, and usually begins to decline in a relatively short period of time. When the antigen is encountered a second time, a secondory 
(memory) response causes a rapid rise in the concentration of antibody, reaching a much higher level in the serum, which may persist for 
a relatively long period of time. This is not to say that a protective level of antibody may not be reached by primary exposure alone, but 
usually to ensure a high level of protective antibody that persists over a long period of time, it is necessary to have repeated antigenic 
stimulation of the immune system.  
   
   

Antibody-mediated Immunity 

Antibodies are proteins produced by lymphocytes that can specifically bind a wide variety of protein and polysaccharide 
antigens and elicit a response that is significant in antimicrobial defense. In conjunction with the complement system, 
antibodies are the mediators of humoral (circulating) immunity, and their presence on mucosal surfaces provides 
resistance to many infectious agents. Antibodies are essential for the prevention and/or cure of many types of bacterial 
and viral infections.  

As mediators of immunity, it was discovered at the turn of the century that antibodies were contained within the serum 
fraction of blood. It was demonstrated in 1939 that antibodies were specifically located in the gamma fraction of 
electrophoresed serum, thus the term gammaglobulin was coined for serum containing antibodies. Antibodies 
themselves, were called immunoglobulins.  

The Classes of Antibodies  

There are a number of types of antibodies or immunoglobulins that react stereochemically and specifically with an 
antigen that induced their formation. Each of these classes of immunoglobulins (abbreviated Ig) is produced by a specific 
clone of plasma cells. Five immunoglobulin classes are defined on the basis of their heavy chain composition, named 
IgG, IgM, IgA, IgE, and IgD. IgG and IgA are further divided into subclasses.  



 

Figure 5. Schematic representation of the various Classes of Immunoglobulins  

The classes of immunoglobulins have different physical and chemical characteristics and they exhibit unique biological 
properties. Their synthesis occurs at different stages and rates during an immune response and/or during the course of an 
infection. Their importance and functions in host resistance (immunity) are different.  

IgG. Immunoglobulin G is the predominant Ig in the serum; it makes up about 80% of the total antibody found in an 
animal at any given time, being 75% of the total serum antibody. It can diffuse out of the blood stream into the 
extravascular spaces and it is the most common Ig found there. Its concentration in tissue fluids is increased during 
inflammation. It is particularly effective at the neutralization of bacterial extracellular toxins and viruses. It also has 
opsonizing ability and complement-fixing ability. It is IgG that crosses the placental barrier, and thereby provides passive 
immunity to the fetus and infant for the first six months of life.  

IgG is the model for understanding the structure and function of antibody molecules, and it is fitting to examine its 
biochemical properties before discussion of the properties of all of the other types of immunoglobulins.  

 

Figure 6. Model of an Immunoglobulin: the Structure of IgG  
   

IgG is a protein with a molecular weight of about 150,000 daltons. The protein consists of two identical heavy (H) 
chains (each with a mw of about 50kd) and two identical light (L) chains (mw about 25kd). Each L chain is connected 
to a H chain and the two H-chains are connected to one another by disulfide bridges. The molecule is drawn to look like a 
Y. The stem of the Y is called the Fc region and it consists mainly of two halves of the identical H chains. Each of the 
"arms" of the Y contains one complete L-chain and half of one of the H-chains. The Y stem stands on the carboxy 
termini of the H chains; the tips of the arms contain the amino termini of the H and L-chains. Each arm is sometimes 
referred to as the Fab region of the molecule. The Fab region is the antigen binding fragment of the antibody molecule. 
A specific region of the antigen (called the antigenic determinant) will react stereochemically with the antigen-binding 
region at the amino terminus of each Fab. Hence, the IgG molecule, which has two antigen binding fragments [(Fab)2] 
is said to be divalent: it can bind to two Ag molecules. The polypeptide composition of the Fc region of all IgG1 antibody 
molecules is relatively constant regardless of antibody specificity; however, the Fab regions always differ in their exact 



amino acid sequences depending upon their antigenic specificity. Even though the antigen does not react with the Fc 
region of the IgG1 molecule, this should not be taken to mean that the Fc region has no importance or biological activity. 
On the contrary, specific amino acid regions of the Fc portion of the molecule are recognized by receptors on phagocytes 
and certain other cells, and the Fc domain contains a peptide region that will bind to and activate complement, which is 
often required for the manifestation of AMI.  

Understanding the structure and properties of IgG is useful to discussion of its function in host defense. Since the IgG 
molecule is divalent, it can cross-link Ag molecules, which may lead to precipitation or agglutination of antigens; if IgG 
is bound to Ag on a microbial cell or surface, its Fc region may provide an extrinsic ligand which will be recognized by 
specific receptors on phagocytes, Such microbial cells or viruses coated with IgG molecules are said to be opsonized for 
phagocytosis. Opsonized pathogens are taken up and destroyed much more readily by phagocytes than their non-
opsonized counterparts. IgG, as well as IgM and IgA, will neutralize the activity of toxins, including bacterial exotoxins. 
Furthermore, cross-linked IgG molecules on the surface of a cell can bind and activate complement from the serum and 
set off a cascade of reactions that can lead to destruction of the cell (antigen). It is probably due to its relatively small size 
and its persistence in the serum of a mother, that IgG is shared with the fetus in utero, and the infant is born with the full 
complement of mother's IgG antibodies.  

IgM is the first immunoglobulin to be synthesized by infants and the first to appear in the blood stream during the course 
of an infection. Mainly, it is confined to the bloodstream giving the host protection against blood-borne pathogens. IgM 
makes up about 10% serum immunoglobulins. IgM is arranged to resemble a pentamer of five immunoglobulin 
molecules (mw = 900kd) tethered together at by their Fc domains. In addition to covalent linkages between the 
monomeric subunits, the pentamer is stabilized by a 15kd polypeptide called the J chain. IgM, therefore, has a theoretical 
"valence" of 10 (i.e., it has exposed 10 Fab domains). Probably, the most important role of IgM is its ability to function 
early in the immune responses against blood-borne pathogens. As might be expected, IgM is very efficient at 
agglutinating particulate antigens. Also, IgM binds complement strongly and such IgM antibodies bound to a microbial 
surface act as opsonins, rendering the microbe more susceptible to phagocytosis. In the presence of complement and IgM 
whole microbial cells may be killed and lysed. IgM also appears on the surfaces of mature B cells as a transmembranous 
monomer where it functions as an antigen receptor, capable of activating B cells when bound to antigen.  

IgA exists as a 160kd monomer in serum and as a 400kd dimer in secretions. As in the case of IgM, polymerization 
(dimerization) is via a J-chain. There are two subclasses based on different heavy chains, IgA1 and IgA2. IgA1 is 
produced in bone marrow and makes up most of the serum IgA. Both IgA1 and IgA2 are synthesized in GALT (gut 
associated lymphoid tissues) to be secreted onto the mucosal surfaces. Since IgA may be synthesized locally and secreted 
in the seromucous secretions of the body, it is sometimes referred to as secretory antibody or sIgA. Quantitatively, IgA 
is synthesized in amounts greater than IgG, but it has a short half life in serum (6 days), and it is lost in secretory 
products. The concentration of IgA in serum is about 15% of the total antibody. Secretion of dimeric IgA is mediated by 
a 100kd glycoprotein called the secretory component. It is the addition of the secretory piece to the IgA molecules that 
accounts for their ability to exit the body to mucosal surfaces via the exocrine glands. IgM can be transported similarly 
and makes up a small proportion of secretory antibodies.  

Secretory IgA is the predominant immunoglobulin present in gastrointestinal fluids, nasal secretions, saliva, tears and 
other mucous secretions of the body. IgA antibodies are important in resistance to infection of the mucosal surfaces of 
the body, particularly the respiratory, intestinal and urogenital tracts. IgA acts as a protective coating for the mucous 
surfaces against microbial adherence or initial colonization. IgA can also neutralize toxin activity on mucosal surfaces. 
Fc receptors for IgA-coated microorganisms found on monocytes and neutrophils derived from the respiratory mucosa, 
suggest that IgA may have a role in the lung, at least, in opsonization of pathogens.  

Secretory IgA is also transferred via the milk, i.e., the colostrum, from a nursing mother to a newborn, which provides 
passive immunity to many pathogens, especially those that enter by way of the GI tract. The transfer of IgA via the milk 
lasts about six months in a woman and the infant encounters many infectious agents while thus partially protected. Under 
these circumstances the infectious agent might multiply, but only to a limited extent, stimulating the infant's own immune 
response without causing significant disease (e.g. poliovirus). The infant thus acquires active immunity while partially 
protected by maternal immunity.  

IgE  is a 190kd immunoglobulin which accounts for 0.002% of the total serum immunoglobulins. It is produced 
especially by plasma cells below the respiratory and intestinal epithelia. The majority of IgE is bound to tissue cells, 



especially mast cells. If an infectious agent succeeds in penetrating the IgA barrier, it comes up against the next line of 
defense, the MALT (mucosa-associated lymphoid tissues) system which is manned by IgE. IgE is bound very firmly to 
the Fc receptors (specifically for IgE) on mast cells. Contact with Ag leads to release of mediators of inflammation from 
the mast cells, which effectively recruits various agents of the immune response including complement, chemotactic 
factors for phagocytes, T-cells, etc. Although a well-known manifestation of this reaction is a type of immediate 
hypersensitivity reaction called atopic allergy (e.g. hives, asthma, hay fever, etc.), the MALT responses act as a defense 
mechanism because they amplify the inflammatory response and may facilitate rejection of a pathogen.  

IgD is a 175kd molecule that resembles IgG in its monomeric form. IgD antibodies are found for the most part on the 
surfaces of B lymphocytes. The same cells may also carry IgM antibody. It is thought that IgD and IgM function as 
mutually-interacting antigen receptors for control of B-cell activation and suppression. Hence, IgD may have an 
immunoregulatory function. Recall that only specific subclones of B-cells respond to a specific Ag upon stimulation. The 
specific subclone of B-cells must display an antibody receptor that recognizes specifically the Ag. It would stand to 
reason that the basis of this specificity involved a B-cell receptor that had the sort of specificity characteristic of antibody 
molecules.  

Functions of Antibodies in Host Defense  

The functions of  antibodies, and hence the AMI response, in host defense against pathogenic microbes is summarized 
below.  

Opsonization: Antibodies enhance phagocytic engulfment of microbial antigens. IgG and IgM Abs have a combining 
site for the Ag and a site for cytophilic association with phagocytes. Bacteria and viral particles are ingested with 
increased efficiency.  

Steric hindrance: Antibodies combine with the surfaces of microorganisms and may block or prevent their attachment to 
susceptible cells or mucosal surfaces. Ab against a viral component can block attachment of the virus to susceptible host 
cells and thereby reduce infectivity. Secretory IgA can block attachment of pathogens to mucosal surfaces.  

Toxin Neutralization: Toxin-neutralizing antibodies (antitoxins) react with a soluble bacterial toxin and block the 
interaction of the toxin with its specific target cell or substrate.  

Agglutinatio and Precipitation: Antibodies combine with the surfaces of microorganisms or soluble antigens and cause 
them to agglutinate or precipitate. This reduces the number of separate infectious units and makes them more readily 
phagocytosed because the clump of particles is larger in size. Also, floccules or aggregates of neutralized toxin may be 
removed by phagocytes.  

Activation of Complement: antibodies combined with the surface of microorganisms or surfaces of Ag activate the 
complement cascade which has four principal effects related to host defense  

1. induction of the inflammatory responsechemotactic  

2. attraction of phagocytes to the site of immunological encounter  

3. opsonization of cells showing foreign Ag  

4. complement-mediated lysis of certain bacteria or viruses  

Antibody-dependent cell cytotoxicity (ADCC): IgG can enable certain cells (Natural Killer cells) to recognize and kill 
opsonized target cells. NK cells are lymphocytes or monocytes, but certain other types of cells including neutrophils also 
act this way. NK cells attach to opsonized target cells by means of an IgG Fc receptor and kill by an extracellular 
mechanism after attachment. ADCC will be discussed as part of cell-mediated immunity.  
   
   



Cell-mediated Immunity 

CMI is a type of resistance in which cells of the immune system are directly involved, but antibody production or 
activity is of minor importance. CMI differs from AMI in that immunity cannot be transferred (passively) from animal to 
animal by antibodies or serum, but can be transferred by lymphocytes removed from the blood.  

The CMI response  

During the cell-mediated immune response, various subsets of T lymphocytes are activated and develop into effector T 
cells. These include cytotoxic T lymphocytes (CTL's or TC cells) and T helper cells of the TH1 and TH2 subsets. TH1 
cells secrete lymphokines that activate macrophages and mediate delayed type hypersensitivity responses. TH2 cells 
secrete lymphokines that stimulate B cell development and may help activate TC cells to their full cyotoxic capacity.  

T cells that generate CMI are present in the lymphoid tissues, blood and lymph. Due to constant recirculation between 
blood and lymph nodes via lymphatics and back to the blood, one T cell circulates once in about 24 hours. Each carries 
receptors for the specific Ag with which it can react. T cell recognition of Ag only occurs when the Ag is associated with 
proteins of the MHC complex. The T cells have receptors (TCR) complementary to the complexed MHC determinant 
and the antigenic determinant. TH1 cells and TH2 cells recognize Ag in association with MHC II (as displayed by 
macrophages and other APCs); TC-cells recognize Ag on cells complexed with MHC I (as displayed by altered self 
cells).  

Stepwise Activation of TC cells  

During a primary CMI response, antigen is presented to the precursor TC lymphocytes (CD8+) in association with MHC 
Class I proteins. All nucleated cells express MHC I on their surfaces so virtually any cell in the animal expressing a new 
("nonself") Ag on its surface will activate the cytotoxic T lymphocytes. TH2 cells can augment activation of the TC cells, 
but they probably are not required.  

Activation of TH cells  

TH-cells (CD4+) reacting with Ag may produce a variety of lymphokines. Notably, Interleukin-2 (IL-2) stimulates T cell 
activation and IL-4 stimulates B cells. It is now clear that the T-helper cells are composed of distinct subsets that can be 
distinguished on the basis of their patterns of lymphokine production.  

TH1 cells "see" foreign Ag on the surface of APC's in the context of MHC II. Mainly, TH1 cells produce IL-2, gamma 
IFN and lymphotoxin. This results in macrophage activation and the delayed-type hypersensitivity (DTH) reaction, and 
in help for TC cell activation.  

TH2 cells also see foreign Ag on the surface of APC's in the context of MHC II. Their response is to secrete IL-4, IL-5, 
IL-6, IL-10 and IL-13 that help activate B cells, provide help for the production of IgE that attaches to mast cells, and 
promote mast cell and eosinophil activation.  

Both types of TH cells develop under most conditions but their ratios and the predominance of certain lymphokines can 
vary, and this may mediate the pathology and outcome of certain bacterial infections.  

The lymphokines produced by TH cells stimulate B cells and pTC cells, inducing them to proliferate and mature into 
effector cells. Gamma Interferon activates macrophages and Natural Killer (NK) cells to their full cytolytic potential. 
Lymphotoxins (i.e., tumor necrosis factor or TNF) kill cells at a distance.  

Function of cytotoxic T-lymphocytes  

TC (cytotoxic) cells can destroy cells bearing new antigens on their surfaces (as might result in a viral infection, a tumor 
cell, or an infection by a bacterial intracellular parasite). TC cells exert their cytotoxic activity when they are in physical 
contact with cells bearing new Ag and MHC I protein. Contact between the TC cell and the target cell is required for 
lysis, although the exact mechanism of lysis is not known. The target cell membrane is damaged at the site of contact (the 



"kiss of death") leaving a gaping hole about 40 nm in diameter that cannot be repaired. When the TC cell moves away 
30-60 seconds later, there is leakage of the cell components, an influx of H2O, and the target cell swells up and dies. 
Apparently the TC cell releases some of its cytolytic contents directly into the target cell so that within a few minutes the 
target cell literally disintegrates. The TC cell can move away and kill again.  

TC cells generally respond to Ag in association with MHC I proteins on the surface of a target cell. If they responded to 
Ag by itself, they could react with it when it was free in extracellular fluids, and their cytotoxic activity would be 
triggered off with no purpose. As stated above, almost all host cells, including macrophages, display MHC I. Hence, an 
effector TC cell can destroy a macrophage which is otherwise carrying out a useful function by presenting Ag to TH 
lymphocytes as part of the AMI or CMI responses. Usually, the time course of the response is such that TH cells have 
already developed and have carried out their (helping) function when TC cells begin to become active.  

Delayed Type Hypersensitivity  

TH1-cells (CD4+) are a subset of T-lymphocytes that recognize Ag in association with Class II (and possibly Class I) 
MHC proteins. When TH1-cells are presented Ag in association with MHC II by a macrophage, their development is 
stimulated by macrophage Interleukin-1 (IL-1), and autostimulated by IL-2, which the TH cell produces. They respond 
by differentiating and producing a variety lymphokines that induce a local inflammatory response, and attract, trap, and 
activate phagocytes. One aspect of this response is a state of delayed-type hypersensitivity (DTH) in the host. This is 
usually evident in chronic infections wherein CMI is largely involved (e.g. tuberculosis).  

Delayed-type hypersensitivity reactions usually present themselves as allergic reactions. Such allergic reactions 
generally require about 24 hours to develop following a secondary exposure to Ag. This time is required for the 
circulating TH cells (actually memory cells) to encounter the Ag and to begin producing lymphokines, and to attract 
macrophages and TC cells to the site, for these cells are the real mediators of the allergic reaction. The phagocytic and 
cytolytic activities of these cells are responsible for the localized tissue destruction which occurs. Poison oak (ivy) rash is 
a familiar example of delayed hypersensitivity, but the reaction is also evident in several types of chronic or persistent 
bacterial infections including tuberculosis, leprosy and brucellosis, and in some fungal and protozoal infections.  

One of the best known examples of the delayed-type hypersensitivity reaction is the Mantoux (tuberculin) test which is 
utilized to determine current or previous infection by the tubercle bacillus (Mycobacterium tuberculosis). A small amount 
of Ag called the purified protein derivative (PPD), derived from the cell wall of the bacterium, is injected subcutaneously 
usually just under the skin of the forearm. The test is evaluated after 24-48 hours. A positive test is an allergic response 
(an "urticarial weal") at the site of the injection, which might look like a swollen reddened area about the size of a 
quarter. A negative test is no reaction. A positive test does not mean that the individual has an active case of tuberculosis, 
but that the individual has at least been exposed to the tubercle bacillus or one of its products sufficiently to have 
undergone a primary immune response. Hence, an individual exhibiting a positive test may have active tuberculosis, may 
have an unapparent (subclinical) form of the disease, may have previously had the disease, or possibly may have been 
artificially immunized against the disease.  

Two types of cells other than dermal macrophages have been proposed as antigen presenting cells (APCs) to initiate 
DTH reactions on the skin, epidermal Langerhans cells and venular endothelial cells. In humans, antigen presentation by 
Langerhans cells (which bear class II MHC), probably initiates sensitization, whereas antigen presentation by endothelial 
cells probably initiates DTH reactions upon secondary challenge.  

Involvement of macrophages in mediation of CMI  

During induction of the cell-mediated immune response, macrophages play their usual role in the presentation of Ag to T 
helper cells and in producing cytokines that are involved in the initiation of immune reactions. In addition, macrophages 
play a role in the expression of CMI. Many of the lymphokines produced by TH cells are aimed at attraction, entrapment 
and activation of macrophages at the site of the reaction. One of these lymphokines, Gamma Interferon, causes the local 
macrophage population to develop an increased number of lysosomes and also increased secretion of microbicidal 
products. Oxygen-dependent killing mechanisms of the macrophage are stimulated, and the macrophage develops 
increased power to ingest and kill microorganisms. Such lymphokine-stimulated macrophages are referred to as "angry" 
or activated macrophages.  



Compared to normal macrophages, activated macrophages exhibit much greater ability to destroy intracellular 
pathogens. Activated macrophages may play an important role in the recovery from chronic bacterial infections and in 
resistance to certain tumors. Activated macrophages may be able to overcome bacterial intracellular parasites which are 
able to thwart the macrophage killing mechanisms before activation. Macrophage involvement in CMI may be part of the 
pathology of certain diseases. Where there is difficulty in elimination an intracellular parasite (e.g. the tuberculosis 
bacillus) the chronic CMI response to local antigens leads to the accumulations of densely-packed macrophages which 
release fibrinogenic factors and stimulate the formation of granulation and fibrosis. The resulting structure, called a 
granuloma, actually represents an attempt by the host to isolate a persistent infection.  

Other Aspects of cell-mediated immunity  

Another class of cytotoxic lymphocytes distinct from TC cells may be stimulated during the cell-mediated immune 
response. These are referred to as Natural Killer or NK cells. NK cells are found in blood and lymphoid tissues, 
especially the spleen. They do not bear T cell (or B cell) markers. Like TC cells, they are able to recognize and kill cells 
that are displaying a new Ag on their surfaces, but unlike TC cells, they do not display TCR and they are not MHC-
restricted.  

The existence of NK specificity is demonstrated by the phenomenon of "cold target inhibition"; one NK target cell type 
can inhibit lysis of a different NK target type by competing for effector cells, whereas cells that are not NK targets do not 
compete. NK cells are present in an animal in the absence of antigenic stimulation, and it is for this reason that they are 
referred to as "natural" killers. They might also be considered part of the constitutive defenses; however, NK cells 
become activated in a CMI response by T cell lymphokines, including Interleukin-2 and Gamma Interferon.  

Some NK cells are thought to be an immature form of a T-lymphocyte, but various other types of cells including 
macrophages, neutrophils and eosinophils, display NK activity. Some NK cells have surface receptors (CD16) for the Fc 
portion of IgG. They bind to target cells by receptors for the Fc portion of antibody that has reacted with antigen on the 
target cell. This type of CMI is called antibody-dependent cell-mediated cytotoxicity or ADCC. NK cells may also 
have receptors for the C3 component of complement, and therefore recognize cells that are coated with C3 as targets. 
ADCC is thought to be an important defense against a variety of parasitic infections caused by protozoa and helminths.  

Summary: cells involved in expression of CMI  

Cell mediated immunity (CMI) is carried out by several types of cells including macrophages, TH lymphocytes TC 
lymphocytes, and NK (natural killer) cells. After an immunological encounter, these cells are activated to produce and/or 
respond to various classes of lymphokines that are the mediators of CMI. A summary of the types of cells involved in the 
xpression of CMI is provided below.  

TC (cytotoxic) Lymphocytes (CTLs): kill cells bearing foreign Ag on surface in association with MHC I. TC cells can 
kill cells that are harboring intracellular parasites (either bacteria or viruses) as long as the infected cell is displaying a 
microbial antigen on its surface. TC cells kill tumor cells and account for rejection of transplanted cells. TC cells 
recognize Ag-MHC I complexes on target cells, contact them, and release the contents of granules directly into the target 
cell membrane which lyses the cell.  

TH Lymphocytes: produce lymphokines that are "helper" factors for development of B-cells into antibody-secreting 
plasma cells; also produce certain lymphokines which stimulate the differentiation of effector T lymphocytes and the 
activity of macrophages. TH1 cells recognize Ag on macrophages in association with MHC II and become activated (by 
IL-1) to produce lymphokines including gamma Interferon that activates macrophages and NK cells. These cells mediate 
various aspects of the CMI response including delayed type hypersensitivity reactions. TH2 cells recognize Ag in 
association with MHC II on an APC and then produce interleukins and other substances that stimulate specific B-cell and 
T-cell proliferation and activity.  

Macrophages: are important as Ag-presenting cells that initiate T-cell interactions, development and proliferation. 
Macrophages are also involved in expression of CMI since they become activated by gamma IFN produced in a CMI 
response. Activated macrophages have increased phagocytic potential and release soluble substances that cause 
inflammation and destroy many bacteria and other cells.  



Natural Killer (NK) cells: Cytotoxic cells that lyse cells bearing new antigen regardless of their MHC type and even 
lyse some cells that bear no MHC proteins. Natural Killer cells are defined by their ability to kill cells displaying a 
foreign Ag (e.g. tumor cells) regardless of MHC type and regardless of previous sensitization (exposure) to the Ag. Some 
NK cells are probably derived from TC cells (CTLs), but they do not display T cell markers. NK cells can be activated by 
IL-2 and gamma IFN. Natural Killers lyse cells in the same manner as CTLs. Some NK cells have receptors for the Fc 
domain of IgG and so are able to bind to the Fc portion of IgG antibody on the surface of a target cell and release 
cytolytic components that kill the target cell. This mechanism of killing is referred to as antibody-dependent cell-
mediated cytotoxicity (ADCC).  
   

Summary: Lymphokines involved in expression of CMI  

Extracellular factors that affect cell proliferation and differentiation have been defined as cytokines. These include the 
lymphokines, which are proteins produced by T-lymphocytes that have effects on the differentiation, proliferation and 
activity of various cells involved in the expression of CMI. In general, lymphokines function by (1) focusing circulating 
leukocytes and lymphocytes into the site of immunological encounter; (2) stimulating the development and proliferation 
of B-cells and T-cells; (3) stimulating and preparing macrophages for their phagocytic tasks; (4) stimulating natural killer 
(NK) cells; (5) providing antiviral cover and activity. The names and functions of some of the important lymphokines are 
described below.  

IL-1 (Interleukin-1): Initially called lymphocyte activation factor. Mainly a product of macrophages, IL-1 has a variety 
of effects on various types of cells. It acts as a growth regulator of T-cells and B-cells, and it induces other cells such as 
hepatocytes to produce proteins relevant to host defense. IL-1 forms a chemotactic gradient for neutrophils and serves as 
an endogenous pyrogen which produces fever. Thus, IL-1 plays an important role in both the immune responses and in 
the inflammatory response.  

IL-2 (Interleukin-2): stimulates the proliferation of T-cells and activates NK (natural killer) cells.  

IL-3 (Interleukin-3): regulates the proliferation of stem cells and the differentiation of mast cells.  

IL-4 (Interleukin-4): causes B cell proliferation and enhanced antibody synthesis.  

IL-6 (Interleukin-6): (same as beta Interferon) has effects on B cell differentiation and on antibody production and on T 
cell activation, growth, and differentiation. Probably has a major role in the mediation of the inflammatory and immune 
responses initiated by infection or injury.  

IL-8 (Interleukin-8): chemotactic attractant for neutrophils.  

IL-13 (Interleukin-13): shares many of the properties of IL-4, and is a potent regulator of inflammatory and immune 
responses.  

Interferons:  Gamma-Interferon (gamma IFN) is produced by T cells and may be considered a lymphokine. It is 
sometimes called "immune interferon" (alpha-Interferon is "leukocyte interferon"; beta-Interferon is "fibroblast 
interferon"). Gamma-interferon has several antiviral effects including inhibition of viral protein synthesis in infected 
cells. It also activates macrophages and NK cells, and stimulates IL-1, IL-2, and antibody production.  

Lymphotoxins: (Tumor Necrosis Factor-Beta): (TNF-beta is produced by T cells; TNF-alpha is produced by T cells, 
as well as other types of cells.) TNF kills cells, including tumor cells (at a distance).  

Colony Stimulating Factor (CSF): several, including GMCSF, cause phagocytic white cells of all types to differentiate 
and divide.  
   

Contrasting Roles of the AMI and CMI Responses in Host Defense  



AMI and CMI responses are generated during almost all infections, but the relative magnitude and importance of each 
type of response shows great variation in different hosts and with different infectious agents.  

In some types of infections antibody plays a major role in immunity or recovery. For example, viruses producing 
systemic disease with a viremia stage (viruses free in the blood as they spread from infected to uninfected cells), such as 
poliomyelitis or yellow fever, can be controlled ("neutralized") by circulating antibody. Pathogenic bacteria that multiply 
outside of cells (nearly all bacteria) at sights accessible to antibody, phagocytes and complement, can be stopped by the 
forces of AMI. Diseases caused by circulating bacterial toxins (e.g. diphtheria and tetanus) are controlled by circulating 
antibodies that neutralize toxins. Circulating antibodies (and perhaps secretory IgA, as well) present in immune animals 
can prevent reinfection by pathogens.  

In other types of infections CMI is of supreme importance in recovery. These tend to be infections where the microbe 
grows or multiplies intracellularly. Bacterial infections of this nature include tuberculosis, brucellosis and syphilis. 
Recovery is associated with development of a pronounced CMI response, even though it is CMI that contributes to the 
pathology of the disease.  

The clearest picture of the importance of CMI in recovery from disease is seen in certain viral infections (e.g. herpes, pox 
viruses and measles virus infections) Viruses are always intracellular parasites and may only rarely expose themselves to 
the extracellular forces of AMI. Antibodies could neutralize free virus particles liberated from cells but often have little 
influence on infected cells. The best strategic defense against virus-infected cells seems to be to kill the infected cell 
when the virus may be in a replicative (noninfectious) form. Many viruses, as they mature, cause foreign (viral) antigens 
to appear on the infected cell surface. These cells are recognized by the host's CMI defenses and they become target cells 
for cytolysis. The infected cell can be destroyed before virus is liberated.  

The CMI response also plays a role in destruction of tumor cells and in rejection of tissue transplants in animals. A major 
problem in transplantation of tissues from one individual to another is rejection which is often based on CMI response to 
"foreign" cells (not a perfect match antigenically). Since tumor cells contain specific antigens not seen on normal cells 
they also may be recognized as foreign and destroyed by the forces of CMI. If tumor cells develop on a regular basis in 
animals, it may be the forces o CMI that eliminate them or hold them in check The increase in the incidence of many 
types of cancer (tumors) in humans with advancement of age may be correlated with a decline in the peak efficiency of 
the immune system that occurs about 25 years of age.  

In summary, antibody-mediated immunity (AMI) is probably most useful as an immune defense because of its ability to 
neutralize or destroy extracellular pathogens and to prevent occurrence of reinfection. Cell-mediated immunity (CMI) 
plays the major role in immune defense against infections caused by intracellular parasites, infections caused by viruses 
(either virulent or oncogenic), rejection of transplanted tissues or cells, and in the destruction of tumor cells. The 
contrasting roles of AMI and CMI as inducible host defenses are presented in the following table.  
   
   

Table 2. Relative Importance of Immune Defenses in Various Types of Infections 

Type of Infectious Agent Immune Defense Mechanisms Examples 

MULTIPLIES INSIDE TISSUE CELLS 
Prevent entry   

Kill infected cell 

AMI: IgG, IgA, 
IgM   

CMI: TC, NK, 
ADCC 

viruses, Rickettsia 

MULTIPLIES INSIDE PHAGOCYTES Activate phagocytes CMI: lymphokines 
viruses, 
Mycobacterium 
tuberculosis 

 
Kill infected 
phagocytes 

CMI: TC, NK, 
ADCC 

 

MULTIPLIES OUTSIDE CELLS 
Kill microbe 
extracellularly 

AMI: Complement 
mediated lysis 

most bacteria 



 
Opsonized 
phagocytosis and 
lysis 

AMI: IgG, IgM  

 Neutralize toxins AMI: IgG, IgM  

MULTIPLIES OUTSIDE CELLS BUT 
ATTACHMENT TO BODY SURFACES 
REQUIRED FOR INVASION 

Prevent attachment AMI: IgA 
streptococci E. coli 
Neisseria 
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The Importance of the Bacterial Surface  

All of the various surface components of a bacterial cell are important in its ecology since they mediate the contact of the 
bacterium with its environment. The only "senses" that a bacterium has result from its immediate contact with its 
environment. It must use its surface components to assess the environment and respond in a way that supports its own 
existence and survival in that environment. The surface properties of a bacterium are determined by the exact molecular 
composition of its membrane and cell wall, including LPS, and the other surface structures such as flagella, fimbriae and 
capsules.  

 
The surface of Streptococcus pyogenes. High magnification electron micrograph of an ultra-thin section by Maria Fazio and Vincent 
A.Fischetti, Ph.D. with permission. The Laboratory of Bacterial Pathogenesis and Immunology , Rockefeller University. At this 
magnification, especially in the cell on the left, the cell wall and cell surface fibrils, consisting mainly of M protein, are well defined. The 
interdigitaion of these fibrils between neighboring cells of different chains can also be seen.  

Bacterial surface components may have a primary biological function that has nothing to do with pathogenicity. Thus, 
the function of the LPS in the outer membrane of Gram-negative bacteria has to do with its permeability characteristics, 
rather than its toxicity for animals. However, there are endless examples wherein a bacterial surface component plays an 
indispensable role in the pathogenesis of infectious disease. Bacterial surface structures may act as (1) permeability 
barriers that allow selective passage of nutrients and exclusion of harmful substances (e.g. antimicrobial agents); (2) 
adhesins used to attach or adhere to specific surfaces or tissues; (3) enzymes to mediate specific reactions on the cell 
surface important in the survival of the organism; (4) protective structures against phagocytic engulfment or killing; 
(5) antigenic disguises; (6) "sensing proteins" that can respond to temperature, osmolarity, salinity, light, oxygen, 

http://www.rockefeller.edu/vaf/cover.htm


nutrients, etc., resulting in a molecular signal to the genome of the cell that will cause expression of some determinant of 
virulence (e.g. an exotoxin).  

In medical situations, the surface components of bacterial cells are major determinants of virulence for many pathogens. 
Pathogens can colonize tissues, resist phagocytosis and the immune response, and induce inflammation, complement 
activation and immune responses in animals by means of various structural components.  

 
The surface of Bacillus anthracis. From Mesnage, et al. Journal of Bacteriology (1998) 180, 52-58. 
http://www.pasteur.fr/recherche/unites/scme/Biblio/capsulea.htm. The bacterial membrane is evident as the innermost layer surrounding 
the cytoplasm. P denotes the peptidoglycan cell wall. S refers to the S-layer which consists of two proteins including the major antigen. 
C denotes the poly-D-glutamic acid capsule that is exterior to and completely covers the S-layer proteins.  

The Structure of the Bacterial Surface  

Structurally, a bacterial cell has three architectural regions: appendages (proteins attached to the cell surface) in the 
form of flagella and fimbriae; a cell envelope consisting of a capsule, cell wall and plasma membrane; and a cytoplasmic 
region that contains the cell genome (DNA) and ribosomes and various sorts of inclusions. The surface components of a 
bacterium are the constituents of its cell envelope and appendages.  

Flagella are filamentous protein structures attached to the cell surface that provide swimming movement for most motile 
bacterial cells. The diameter of a bacterial flagellum is about 20 nanometers, well-below the resolving power of the light 
microscope. The flagellar filament is rotated by a motor apparatus in the plasma membrane allowing the cell to swim in 
fluid environments. Bacterial flagella are powered by proton motive force (chemiosmotic potential) established on the 
bacterial membrane.  

Bacteria are known to exhibit a variety of types of tactic behavior, i.e., the ability to move (swim) in response to 
environmental stimuli. For example, during chemotaxis a bacterium can sense the quality and quantity of certain 
chemicals in its environment and swim towards them (if they are useful nutrients) or away from them (if they are harmful 
substances). During aerotaxis, bacteria swim toward or away from O2.  

For a few pathogens motility is known to be a determinant of virulence. In the case of Vibrio cholerae, the vibrios 
apparently swim (laterally) into the intestinal mucosa to avoid being flushed out by the peristaltic action of the gut. 
Flagella are antigenic, and therefore, vulnerable to attack by host antibody molecules. Antibody molecules directed 
against flagellar antigens can agglutinate and/or immobilize bacterial cells, or possibly opsonize them from phagocytosis, 
which presumably would aid in host defense.  

 
Vibrio cholerae. Liefson's flagellar stain (CDC). Bacterial flagella are below the resolving power of the light microscope. In order to be 
visualized, the bacteria must be reacted with a stain that precipitates along the flagellar filaments, which increases their effective 
diameter to the point of resolution. Vibrio cholerae is motile by means of  a single polar flagellum inserted into one pole of the cell.  

http://www.pasteur.fr/recherche/unites/scme/Biblio/capsulea.htm


Fimbriae and Pili are interchangeable terms used to designate short, hair-like structures on the surfaces of bacterial cells. 
Fimbriae are shorter and stiffer than flagella, and slightly smaller in diameter. Like flagella, they are composed of 
protein. A specialized type of pilus (always called a pilus), the F or sex pilus, mediates the transfer of DNA between 
mating bacteria, but the function of the smaller, more numerous common pili is quite different. Inasmuch as many 
bacteria are able to exchange genes for virulence by means of conjugation, the sex pilus which confers the ability to 
conjugate, may well play a role in the their assembly of virulence determinants.  

Common pili (almost always called fimbriae) are usually involved in adherence (attachment) of bacterial cells to 
surfaces in nature. In medical situations, they are major determinants of bacterial virulence because they allow pathogens 
to attach to (colonize) tissues and to resist attack by phagocytic white blood cells. As surface structures on the bacterial 
cell, the functions of fimbriae overlap with those of capsules discussed below. Fimbriae are also antigenic and secretory 
antibodies (IgA) will often block bacterial colonization, while circulating antibodies (IgG or IgM) will opsonize bacterial 
cells for phagocytosis.  

 
Neisseria gonorrhoeae. Electron micrograph by David M. Phillips, Visuals Unlimited, with permission. This pathogen utilizes its fimbriae 
in order to initially colonize the urethral or cervical epithelium.  

Most bacteria contain some sort of a polysaccharide layer outside of the cell wall or outer membrane. In a general sense, 
this layer is called a capsule. A true capsule is a discrete detectable layer of polysaccharides deposited outside the cell 
wall. A less discrete structure or matrix which embeds the cells is a called a slime layer. A type of capsule found in 
bacteria called a glycocalyx is a thin layer of tangled polysaccharide fibers which is almost always observed on the 
surface of cells growing in nature (as opposed to the laboratory). Capsules, slime layers, and glycocalyx are known to 
mediate specific or non specific adherence of bacteria to particular surfaces. Capsules are known to protect bacteria from 
engulfment by predatory phagocytes and from attack by antimicrobial agents.  

In nature, and in many medical situations, colonies of bacteria construct and live in a biofilm, made up principally of 
capsule material. A biofilm usually consists of a consortium (mixture) of bacteria living in a matrix of slime which is 
secreted by one of the bacterial members. Dental plaque is an example of a natural biofilm, as is a slimy mass of bacteria 
attached to a rock in a mountain stream. In medical situations, bacteria in a biofilm may have certain advantages over 
planktonic counterparts. For example, biofilm bacteria may be less susceptible to phagocytes, drugs, or neutralizing 
antibodies.  

Many polysaccharide capsules possess an antigenic epitope so they will induce and react with host antibodies. Where the 
capsule is a main determinant of virulence of a pathogen (e.g. Streptococcus pneumoniae) antibodies against the 
bacterium neutralize its virulence.  

 
Bacterial capsules visualized by various techniques. Left. Streptococcus pneumoniae -India ink capsule outline (K.Todar); Middle. 
Bacillus anthracis -fluorescent-tagged antibody (CDC); Right. Streptococcus pyogenes -transmission electron micrograph by Maria Fazio 

http://www.visualsunlimited.com/


and Vincent A. Fischetti, Ph.D. with permission. The Laboratory of Bacterial Pathogenesis and Immunology , Rockefeller University. S. 
pneumoniae capsular material is composed of polysaccharide. The capsule is the pathogen's most important determinant of virulence 
because it allows the bacterial cells to escape phagocytes in the lung. The B.anthracis capsule is composed of  poly-D-glutamic acid. Its 
capsule is antiphagocytic, and it protects the bacteria from complement- mediated lysis in serum or blood. The capsule of S. pyogenes is 
composed of hyaluronic acid, the same polymer as found in human connective tissue. The capsule is an antigenic disguise that prevents 
recognition of the streptococci by  phagocytes or the immune system.  

The cell wall of a bacterium is an essential structure that protects the delicate cell protoplast from osmotic lysis. The cell 
wall of Bacteria consists of a polymer of disaccharides cross-linked by short chains of amino acids (peptides). This 
molecule is a type of peptidoglycan called murein. Murein is unique to Bacteria. In the Gram-positive bacteria, the 
cell wall is thick (15-80 nanometers), consisting of several layers of peptidoglycan complexed with molecules called 
teichoic acids . In the Gram-negative bacteria, the cell wall is relatively thin (10 nanometers) and is composed of a single 
layer of peptidoglycan surrounded by a membranous structure called the outer membrane. Murein is a substance unique 
in nature to bacterial cell walls. Also, the outer membrane of Gram-negative bacteria invariably contains a unique 
component, lipopolysaccharide (LPS or endotoxin), which is toxic to animals.  

 
The structure of the muramic acid subunit in the peptidoglycan Escherichia. col1. The molecule consists of N-acetyl glucoasamine (NAG) 
attached (via a beta 1,4 link) to N-acetyl-muramic acid (NAM).Attached to the NAM is a peptide chain, which (in the case of E. coli, as 
illustrated) consists of L-alanine, D-glutamate, diaminopimelic acid and D-alanine. Some antibiotics, including bacitracin, act by 
blocking the synthesis of the muramic acid subunit. Penicillin and related antibiotics (beta lactams), as well as vancomycin, block the 
assembly of the muropeptide subunits into the peptidoglycan polymer.  

The cell wall is a complicated structure, fundamentally different in Gram-positive and Gram-negative bacteria. Cell wall 
components are major determinants of virulence in both groups of bacteria. Endotoxin, inherent to all Gram-negative 
bacteria, is toxic to animals in a variety of ways. Peptidoglycan and LPS, as well as some teichoic acids, induce the 
alternate complement pathway leading to inflammation. Teichoic acids and O-specific polysaccharides may be used as 
adhesins by Gram-positive and Gram-negative bacteria, respectively. Some cell wall components protect against 
phagocytic engulfment or digestion. Variations in the macromolecular structure of cell wall components may be at the 
basis of antigenic variation as well as specific host resistance to pathogens.  

http://www.rockefeller.edu/vaf/cover.htm


 
E. coli 0157. Transmission electron micrograph (CDC). O157 refers to the antigenic type of E. coli which, in this case, is based on the 
precise molecular structure of the O-specific polysaccharide in the cell wall LPS.  

The essential outer membrane of Gram-negative bacteria is the target for attack by complement, hydrophobic agents and 
certain antibiotics. Murein (peptidoglycan) is dismantled by a host enzyme, lysozyme, found in most body fluids. Several 
antibiotics, mainly the beta lactams, exert their antimicrobial effect by blocking the synthesis and assembly of 
peptidoglycan.  

 
Schematic drawing the outer membrane of a Gram-negative bacterium  

The membranes of Bacteria are structurally similar to the cell membranes of eukaryotes, except that bacterial 
membranes consist of saturated or monounsaturated fatty acids (never polyunsaturated fatty acids) and do not normally 
contain sterols. The plasma membrane is an exceptionally dynamic structure in bacteria which mediates permeability, 
transport, secretion and energy generation. In terms of pathogenesis of a bacterium, it is absolutely dependent upon the 



integrity and function of its plasma membrane. The membrane might be responsible for secretion of toxins, resistance to 
antimicrobial agents, tactic responses or sensing other environmental signals to turn on or off genes for virulence.  

Endospores are bacterial structures (resting cells) formed by a few groups of bacteria as intracellular structures, but 
ultimately they are released as free endospores. Biologically, endospores are a fascinating type of cell. Endospores 
exhibit no signs of life, being described as cryptobiotic. They are highly resistant to environmental stresses such as high 
temperature (some endospores can be boiled for hours and retain their viability), irradiation, strong acids, disinfectants, 
etc. They are probably the most durable cell produced in nature. Although cryptobiotic, they retain viability indefinitely 
such that under appropriate environmental conditions, they germinate back into vegetative cells.  

Endospores are formed by two genera of Gram-positive bacteria: Bacillus, the aerobic sporeformers, and Clostridium, the 
anaerobic sporeformers. Both genera contain pathogens, and the endospores produced by these bacteria invariably play 
some role in the toxicity, transmission or survival of the pathogen.  

 
Spore stain of a Bacillus species. (CDC). Mature spores stain green whether free or still inside the vegetative sporangium. Vegetative cells 
and sporangia stain red. The Schaeffer-Fulton stain technique was applied. The primary stain, malachite green, is forced into the spores 
by heating the prepared slide to boiling for 4-5 minutes. After washing, the vegetative cells are counterstained with safranine.  
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Introduction  

Microbial pathogenicity has been defined as the structural and biochemical mechanisms whereby microorganisms cause 
disease. Pathogenicity in bacteria may be associated with unique structural components of the cells (e.g. capsules, 
fimbriae, LPS or other cell wall components) or active secretion of substances that either damage host tissues or protect 
the bacteria against host defenses.  

Infection may imply colonization, multiplication, invasion or persistence of a pathogen on or within a host, but disease 
(infectious disease) is used to describe an infection that causes significant overt damage to the host. There are two broad 
qualities of pathogenic bacteria underlie the means by which they cause disease: invasiveness and toxigenesis.  

Invasiveness is the ability to invade tissues. This encompasses mechanisms for colonization (adherence and initial 
multiplication), ability to bypass or overcome host defense mechanisms, and the production of extracellular substances 
("invasins") which facilitate the actual invasive process. This chapter deals with the first two aspects of of invasiveness: 
colonization and invasion.  



Toxigenesis is the ability to produce toxins.Toxic substances, both soluble and cell-associated, may be transported by 
blood and lymph and cause cytotoxic effects at tissue sites remote from the original point of invasion or growth.  

COLONIZATION 

The first stage of microbial infection is colonization: the establishment of the pathogen at the appropriate portal of entry. 
Pathogens usually colonize host tissues that are in contact with the external environment. Sites of entry in human hosts 
include the urogenital tract, the digestive tract, the respiratory tract and the conjunctiva. Organisms that infect these 
regions have usually developed tissue adherence mechanisms and some ability to overcome or withstand the constant 
pressure of the host defenses on the surface.  

Bacterial Adherence to Mucosal Surfaces. In its simplest form, bacterial adherence or attachment to a eukaryotic cell 
or tissue surface requires the participation of two factors: a receptor and an adhesin. The receptors so far defined are 
usually specific carbohydrate or peptide residues on the eukaryotic cell surface. The bacterial adhesin is typically a 
macromolecular component of the bacterial cell surface which interacts with the host cell receptor. Adhesins and 
receptors usually interact in a complementary and specific fashion. Table 1 is a list of terms that are used in medical 
microbiology to refer tomicrobial adherence to surfaces or tissues.  
   

TABLE 1. TERMS USED TO DESCRIBE ADHERENCE FACTORS IN HOST-PARASITE INTERACTIONS 

ADHERENCE FACTOR DESCRIPTION 

Adhesin A surface structure or macromolecule that binds a bacterium to a specific surface 

Receptor 
A complementary macromolecular binding site on a (eukaryotic) surface that binds 
specific adhesins or ligands 

Lectin Any protein that binds to a carbohydrate 

Ligand 
A surface molecule that exhibits specific binding to a receptor molecule on another 
surface 

Mucous 
The mucopolysaccharide layer of glucosaminoglycans covering animal cell mucosal 
surfaces 

Fimbriae 
Filamentous proteins on the surface of bacterial cells that may behave as adhesins for 
specific adherence 

Common pili Same as fimbriae 

Sex pilus 
A specialized pilus that binds mating procaryotes together for the purpose of DNA 
transfer 

Type 1 fimbriae 
Fimbriae in Enterobacteriaceae which bind specifically to mannose terminated 
glycoproteins on eukaryotic cell surfaces 

Glycocalyx 
A layer of exopolysaccharide fibers on the surface of bacterial cells which may be 
involved in adherence to a surface 

Capsule 
A detectable layer of polysaccharide (rarely polypeptide) on the surface of a bacterial cell 
which may mediate specific or nonspecific attachment 

Lipopolysaccharide (LPS) 
A distinct cell wall component of the outer membrane of Gram-negative bacteria with the 
potential structural diversity to mediate specific adherence. Probably functions as an 
adhesin 

Teichoic acids and 
lipoteichoic acids (LTA) 

Cell wall components of Gram-positive bacteria that may be involved in nonspecific or 
specific adherence 

Specific Adherence of Bacteria to Cell and Tissue Surfaces  

Several types of observations provide indirect evidence for specificity of adherence of bacteria to host cells or tissues:  



1. Tissue tropism: particular bacteria are known to have an apparent preference for certain tissues over others, e.g. S. 
mutans is abundant in dental plaque but does not occur on epithelial surfaces of the tongue; the reverse is true for S. 
salivarius which is attached in high numbers to epithelial cells of the tongue but is absent in dental plaque.  

2. Species specificity: certain pathogenic bacteria infect only certain species of animals, e.g. N. gonorrhoeae infections 
are limited to humans; Enteropathogenic E. coli K-88 infections are limited to pigs; E. coli CFA I and CFA II infect 
humans; E.coli K-99 strain infects calves.; Group A streptococcal infections occur only in humans.  

3. Genetic specificity within a species: certain strains or races within a species are genetically immune to a pathogen , 
e.g. Certain pigs are not susceptible to E. coli K-88 infections; Susceptibility to Plasmodium vivax infection (malaria) is 
dependent on the presence of the Duffy antigens on the host's redblood cells.  

Although other explanations are possible, the above observations might be explained by the existence of specific 
interactions between microorganisms and eukaryotic tissue surfaces which allow microorganisms to become established 
on the surface.  

Mechanisms of Adherence to Cell or Tissue Surfaces  

The mechanisms for adherence may involve two steps:  

1.  nonspecific adherence: reversible attachment of the bacterium to the eukaryotic surface (sometimes called 
"docking")  

2. specific adherence: reversible permanent attachment of the microorganism to the surface (sometimes called 
"anchoring").  

The usual situation is that reversible attachment precedes irreversible attachment but in some cases, the opposite situation 
occurs or specific adherence may never occur  

Nonspecific adherence involves nonspecific attractive forces which allow approach of the bacterium to the eukaryotic 
cell surface. Possible interactions and forces involved are:  

1. hydrophobic interactions  

2. electrostatic attractions  

3. atomic and molecular vibrations resulting from fluctuating dipoles of similar frequencies  

4. Brownian movement  

5. recruitment and trapping by biofilm polymers interacting with the bacterial glycocalyx (capsule)  

Specific adherence involves permanent formation of many specific lock-and-key bonds between complementary 
molecules on each cell surface. Complementary receptor and adhesin molecules must be accessible and arranged in such 
a way that many bonds form over the area of contact between the two cells. Once the bonds are formed, attachment under 
physiological conditions becomes virtually irreversible.  

Several types of experiments  provide direct evidence that receptor and/or adhesin molecules mediate specificity of 
adherence of bacteria to host cells or tissues. These include:  

1. The bacteria will bind isolated receptors or receptor analogs.  

2. The isolated adhesins or adhesin analogs will bind to the eukaryotic cell surface.  

3. Adhesion (of the bacterium to the eukaryotic cell surface) is inhibited by:  



a. isolated adhesin or receptor molecules  

b. adhesin or receptor analogs  

c. enzymes and chemicals that specifically destroy adhesins or receptors  

d. antibodies specific to surface components (i.e., adhesins or receptors) 

Some Specific Bacterial Adhesins and their Receptors  

The adhesins of E. coli are their common pili or fimbriae. A single strain of E. coli is known to be able to express several 
distinct types of fimbriae encoded by distinct regions of the chromosome or plasmids. This genetic diversity permits an 
organism to adapt to its changing environment and exploit new opportunities presented by different host surfaces. Many 
of the adhesive fimbriae of E. coli have probably evolved from fimbrial ancestors resembling Type-1 and type 4 
fimbriae.  

Type-1 fimbriae enable E. coli to bind to D-mannose residues on eukaryotic cell surfaces. Type-1 fimbriae are said to be 
"mannose-sensitive" since exogenous mannose blocks binding to receptors on red blood cells. Although the primary 
17kDa fimbrial subunit is the major protein component of Type-1 fimbriae, the mannose-binding site is not located here, 
but resides in a minor protein (28-31kDa) located at the tips or inserted along the length of the fimbriae. By genetically 
varying the minor "tip protein" adhesin, the organisms can gain ability to adhere to different receptors. For example, tip 
proteins on pyelonephritis-associated (pap) pili recognize a galactose-galactose disaccharide, while tip proteins on S-
fimbriae recognize sialic acid.  

Pseudomonas, Vibrio and Neisseria possess a fimbrial protein subunit which contains methylated phenylalanine at its 
amino terminus. These "N-methylphenylalanine pili" have been established as virulence determinants in pathogenesis of 
Pseudomonas aeruginosa lung infection in cystic fibrosis patients. These type of fimbriae occur in Neisseria 
gonorrhoeae and their receptor is thought to be an oligosaccharide.  

The adhesins of Streptococcus pyogenesare controversial.  In 1972, Gibbons and his colleagues demonstrated that 
attachment of streptococci to the oral mucosa of mice is dependent on M protein. Olfek and Beachey argued that 
lipoteichoic acid (LTA), rather than M protein, was responsible for streptococcal adherence to buccal epithelial cells. In 
1996, Hasty and Courtney proposed a two-step model of attachment that involved both M protein and teichoic acids.  
They suggested that LTA loosely tethers streptococci to epithelial cells, and then M protein secures a firmer, irreversible 
association. In 1992, protein F was  
discovered and found to be a fibronectin binding protein. More recently, in 1998, M proteins M1 and M3 were also found 
to bind to fibronectin. Apparently, S. pyogenes produces multiple adhesins with varied specificities.  

Staphylococcus aureus also binds to the amino terminus of fibronectin by means of a fibronectin-binding protein which 
occurs on the bacterial surface. Apparently S. aureus and Group A streptococci use different mechanisms but adhere to 
the same receptor on epithelial surfaces.  

Treponema pallidum has three related surface adhesins (P1, P2 and P3) which bind to a four-amino acid sequence (Arg-
Gly-Asp-Ser) of the cell-binding domain of fibronectin. It is not clear if T. pallidum uses fibronectin to attach to host 
surfaces or coats itself with fibronectin to avoid host defenses (phagocytes and immune responses).  
   

TABLE 2. EXAMPLES OF SPECIFIC ATTACHMENTS OF BACTERIA TO HOST 
CELL OR TISSUE SURFACES 

Bacterium Adhesin Receptor Attachment site Disease 

Streptococcus 
pyogenes 

Protein F 
Amino terminus of 
fibronectin 

Pharyngeal 
epithelium 

Sore throat 

Streptococcus 
mutans 

Glycosyl transferase 
Salivary 
glycoprotein 

Pellicle of tooth Dental caries 



Streptococcus 
salivarius 

Lipoteichoic acid Unknown  
Buccal 
epithelium of 
tongue  

None 

Streptococcus 
pneumoniae 

Cell-bound protein 

N-
acetylhexosamine-
galactose 
disaccharide 

Mucosal 
epithelium 

pneumonia 

Staphylococcus 
aureus 

Cell-bound protein 
Amino terminus of 
fibronectin 

Mucosal 
epithelium 

Various 

Neisseria 
gonorrhoeae 

N-methylphenyl- 
alanine pili 

Glucosamine-
galactose 
carbohydrate 

Urethral/cervical 
epithelium 

Gonorrhea 

Enterotoxigenic 
E. coli 

Type-1 fimbriae 
Species-specific 
carbohydrate(s)  

Intestinal 
epithelium 

Diarrhea 

Uropathogenic 
E. coli 

Type 1 fimbriae 
Complex 
carbohydrate 

Urethral 
epithelium 

Urethritis 

Uropathogenic 
E. coli 

P-pili (pap) 
Globobiose linked 
to ceramide lipid 

Upper urinary 
tract 

Pyelonephritis 

Bordetella 
pertussis 

Fimbriae 
("filamentous 
hemagglutinin") 

Galactose on 
sulfated glycolipids

Respiratory 
epithelium 

Whooping 
cough 

Vibrio cholerae 
N-
methylphenylalanine 
pili 

Fucose and 
mannose 
carbohydrate 

Intestinal 
epithelium 

Cholera 

Treponema 
pallidum 

Peptide in outer 
membrane 

Surface 
protein(fibronectin)

Mucosal 
epithelium 

Syphilis 

Mycoplasma Membrane protein Sialic acid 
Respiratory 
epithelium  

Pneumonia 

Chlamydia Unknown Sialic acid 
Conjunctival or 
urethral 
epithelium 

Conjunctivitis 
or urethritis 

INVASION 

The invasion of a host by a pathogen may be aided by the production of bacterial extracellular substances which act 
against the host by breaking down primary or secondary defenses of the body. Medical microbiologists have long 
referred to these substances as invasins.* Invasins are proteins (enzymes) that act locally to damage host cells and/or 
have the immediate effect of facilitating the growth and spread of the pathogen. The damage to the host as a result of this 
invasive activity may become part of the pathology of an infectious disease.  

*Some modern texts and research articles have used the term invasin in a very specific manner to refer to certain bacterial proteins that 
aid the bacteria in their penetration of nonphagocytic host cells as an intracellular residence. These invasins are surface and/or diffusible 
proteins that promote actin rearrangement in the cytoskeleton of the host cells that stimulates engulfment of the bacteria. These types of 
invasins are utilized by intracellular pathogens such as Listeria, Yersinia and Shigella.  

The extracellular proteins produced by bacteria which promote their invasion are not clearly distinguished from some 
extracellular protein toxins ("exotoxins") which also damage the host. Invasins usually act at a short range (in the 
immediate vicinity of bacterial growth) and may not actually kill cells in their range of activity; exotoxins are often 
cytotoxic and may act at remote sites (removed from the site of bacterial growth). Also, exotoxins typically are more 
specific and more potent in their activity than invasins. Even so, some classic exotoxins (e.g. diphtheria toxin, anthrax 
toxin) may play some role in invasion in the early stages of an infection, and some invasins (e.g. staphylococcal 
leukocidin) have a relatively specific cytopathic effect.  



A Survey of Bacterial Invasins  

Spreading Factors 

"Spreading Factors" is a descriptive term for a family of bacterial enzymes that affect the physical properties of tissue 
matrices and intercellular spaces, thereby promoting the spread of the pathogen.  

Hyaluronidase. is the original spreading factor It is produced by streptococci. staphylococci, and clostridia. The enzyme 
attacks the interstitial cement ("ground substance") of connective tissue by depolymerizing hyaluronic acid.  

Collagenase is produced by Clostridium histolyticum and Clostridium perfringens. It breaks down collagen, the 
framework of muscles, which facilitates gas gangrene due to these organisms.  

Neuraminidase is produced by intestinal pathogens such as Vibrio cholerae and Shigella dysenteriae. It degrades 
neuraminic acid (also called sialic acid), an intercellular cement of the epithelial cells of the intestinal mucosa.  

Streptokinase and Staphylokinase are produced by streptococci and staphylococci, respectively. Kinase enzymes 
convert inactive plasminogen to plasmin which digests fibrin and prevents clotting of the blood. The relative absence of 
fibrin in spreading bacterial lesions allows more rapid diffusion of the infectious bacteria.  

Enzymes that Cause Hemolysis and/or Leucolysis  

These enzymes usually act on the animal cell membrane by insertion into the membrane (forming a pore that results in 
cell lysis), or by enzymatic attack on phospholipids, which destabilizes the membrane. They may be referred to as 
lecithinases or phospholipases, and if they lyse red blood cells they are sometimes called hemolysins. Leukocidins, 
produced by staphylococci and streptolysin produced by streptococci specifically lyse phagocytes and their granules. 
These latter two enzymes are also considered to be bacterial exotoxins.  

Phospholipases, produced by Clostridium perfringens (i.e., alpha toxin), hydrolyze phospholipids in cell membranes by 
removal of  polar head groups.  

Lecithinases, also produced by Clostridium perfringens,  destroy lecithin (phosphatidylcholine) in cell membranes.  

Hemolysins,  notably produced by staphylococci (i.e., alpha toxin), streptococci (i.e.,streptolysin) and various clostridia, 
may be channel-forming proteins or phospholipases or lecithinases that destroy red blood cells and other cells (i.e., 
phagocytes) by lysis.  

Staphylococcal coagulase  

Coagulase, formed by Staphylococcus aureus, is a cell-associated and diffusible enzyme that converts fibrinogen to fibrin 
which causes clotting. Coagulase activity is almost alway associated with pathogenic S. aureus and almost never 
associated with nonpathogenic S. epidermidis, which has led to much speculation as to its role as a determinant of 
virulence. Possibly, cell bound coagulase could provide an antigenic disguise if it clotted fibrin on the cell surface. Or a 
staphylococcal lesion encased in fibrin (e.g. a boil or pimple) could make the bacterial cells resistant to phagocytes or 
tissue bactericides or even drugs which might be unable to diffuse to their bacterial target.  

Extracellular Digestive Enzymes  

Heterotrophic bacteria, in general, produce a wide variety of extracellular enzymes including proteases, lipases, 
glycohydrolases, nucleases, etc., which are not clearly shown to have a direct role in invasion or pathogenesis. These 
enzymes presumably have other functions related to bacterial nutrition or metabolism, but may aid in invasion either 
directly or indirectly.  

Toxins With Short-Range Effects Related to Invasion  



Bacterial protein toxins which have adenylate cyclase activity, are thought to have immediate effects on host cells that 
promote bacterial invasion. One component of the anthrax toxin (EF = Edema Factor) is an adenylate cyclase that acts 
on nearby cells to cause increased levels of cyclic AMP and disruption of cell permeability. One of the toxins of 
Bordetella pertussis, the agent of whooping cough,  has a similar effect. These toxins may contribute to invasion through 
their effetcts on macrophages or lymphocytes in the vicinity which are playing an essential role to contain the infection.  

The following table summarizes the activities of many bacterial proteins that are noted for their contribution to bacterial 
invasion of tissues.  
   

TABLE 3. SOME EXTRACELLULAR BACTERIAL PROTEINS THAT ARE CONSIDERED INVASINS 

Invasin Bacteria Involved Activity 

Hyaluronidase 
Streptococci, staphylococci 
and clostridia 

Degrades hyaluronic of connective tissue 

Collagenase Clostridium species Dissolves collagen framework of muscles 

Neuraminidase 
Vibrio cholerae and Shigella 
dysenteriae 

Degrades neuraminic acid of intestinal mucosa 

Coagulase Staphylococcus aureus Converts fibrinogen to fibrin which causes clotting 

Kinases Staphylococci and streptococci Converts plasminogen to plasmin which digests fibrin 

Leukocidin Staphylococcus aureus 
Disrupts neutrophil membranes and causes discharge of lysosomal 
granules 

Streptolysin Streptococcus pyogenes 
Repels phagocytes and disrupts phagocyte membrane and causes 
discharge of lysosomal granules 

Hemolysins 
Streptococci, staphylococci 
and clostridia  

Phospholipases or lecithinases that destroy red blood cells (and other 
cells) by lysis 

Lecithinases Clostridium perfringens Destroy lecithin in cell membranes 

Phospholipases  Clostridium perfringens Destroy phospholipids in cell membrane 

Anthrax toxin  Bacillus anthracis 
One component (EF) is an adenylate cyclase which causes increased 
levels of intracellular cyclic AMP  

Pertussis toxin Bordetella pertussis 
One toxin component is an adenylate cyclase that acts locally producing 
an increase in intracellular cyclic AMP 
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Introduction  

 Some pathogenic bacteria are inherently able to resist the bactericidal components of host tissues, usually as a function 
of some structural property. For example, the poly-D-glutamate capsule of Bacillus anthracis protects the organisms 
against action of cationic proteins (defensins) in sera or in phagocytes. The outer membrane of Gram-negative bacteria is 
a permeability barrier that is not easily penetrated by hydrophobic compounds such as bile salts in the GI tract that are 
harmful to the bacteria. Pathogenic mycobacteria have a waxy cell wall that resists attack or digestion by most tissue 
bactericides. And intact lipopolysaccharides (LPS) of Gram-negative pathogens may protect the cells from complement-
mediated lysis or the action of lysozyme.  



Most successful pathogens, however, possess additional structural or biochemical features that allow them to resist the 
host cellular defense against them, i.e., the phagocytic and immune responses. If a pathogen breaches the host's surface 
defenses, it must then overcome the host's phagocytic response to succed in an infection.  

Ability of Pathogens to Avoid or Overcome Phagocytes 

Microorganisms invading tissues are first and foremost exposed to phagocytes. Bacteria that readily attract phagocytes, 
and that are easily ingested and killed, are generally unsuccessful as pathogens. In contrast, most bacteria that are 
successful as pathogens interfere to some extent with the activities of phagocytes or in some way avoid their attention.  

Bacterial pathogens have devised numerous and diverse strategies to avoid phagocytic engulfment and killing. Most are 
aimed at blocking one or more of the steps in phagocytosis, thereby halting the process. The process of phagocytosis is 
discussed in Constitutive Host Defense against Bacterial Pathogens.  

Avoiding Contact with Phagocytes  

Bacteria can avoid the attention of phagocytes in a number of ways.  

1. Pathogens may invade or remain confined in regions inaccessible to phagocytes. Certain internal tissues (e.g. the 
lumens of glands, the urinary bladder) and surface tissues (e.g. the skin) are not patrolled by phagocytes.  

2. Some pathogens are able to avoid provoking an overwhelming inflammatory response. Without inflammation the 
host is unable to focus the phagocytic defenses.  

3. Some bacteria or their products inhibit phagocyte chemotaxis. For example, Streptococcal streptolysin (which also 
kills phagocytes) suppresses neutrophil chemotaxis, even in very low concentrations. Fractions of Mycobacterium 
tuberculosis are known to inhibit leukocyte migration. The Clostridium ø toxin also inhibits neutrophil chemotaxis.  

4. Some pathogens can cover the surface of the bacterial cell with a component which is seen as "self" by the host 
phagocytes and immune system. Such a strategy hides the antigenic surface of the bacterial cell. Phagocytes cannot 
recognize bacteria upon contact and the possibility of opsonization by antibodies to enhance phagocytosis is minimized. 
For example, pathogenic Staphylococcus aureus produces cell-bound coagulase which clots fibrin on the bacterial 
surface. Treponema pallidum, the agent of syphilis, binds fibronectin to its surface. Group A streptococci are able to 
synthesize a capsule composed of hyaluronic acid. Hyaluronic acid is the ground substance (tissue cement) in connective 
tissue.  

Inhibition of Phagocytic Engulfment  

Some bacteria employ strategies to avoid engulfment (ingestion) if phagocytes do make contact with them. Many 
important pathogenic bacteria bear on their surfaces substances that inhibit phagocytic adsorption or engulfment. Clearly 
it is the bacterial surface that matters. Resistance to phagocytic ingestion is usually due to a component of the bacterial 
cell surface (cell wall, or fimbriae, or a capsule). Classical examples of antiphagocytic substances on the bacterial surface 
include:  

1. Polysaccharide capsules of S. pneumoniae, Haemophilus influenzae, Treponema pallidum and Klebsiella 
pneumoniae.  

2. M protein and fimbriae of Group A streptococci  

3. Surface slime (polysaccharide) produced as a biofilm by Pseudomonas aeruginosa  

4. O polysaccharide associated with LPS of E. coli  

5. K antigen (acidic polysaccharides) of E. coli or the analogous Vi antigen of Salmonella typhi  

http://www.textbookofbacteriology.net/constitutivedefense.html


6. Cell-bound or soluble Protein A produced by Staphylococcus aureus. Protein A attaches to the Fc region of IgG and 
blocks the cytophilic (cell-binding) domain of the Ab. Thus, the ability of IgG to act as an opsonic factor is inhibited, and 
opsonin-mediated ingestion of the bacteria is blocked.  

Survival Inside of Phagocytes 

Some bacteria survive inside of phagocytic cells, in either neutrophils or macrophages. Bacteria that can resist killing and 
survive or multiply inside of phagocytes are considered intracellular parasites. In this case, the environment of the 
phagocyte may be a protective one, protecting the bacteria during the early stages of infection or until they develop a full 
complement of virulence factors. The intracellular environment guards the bacteria against the activities of extracellular 
bactericides, antibodies, drugs, etc. Some bacteria that are intracellular parasites are listed in Table 1.  

 Table 1. BACTERIAL INTRACELLULAR PATHOGENS  

Organism Disease 

Mycobacterium tuberculosis Tuberculosis 

Mycobacterium leprae Leprosy 

Listeria monocytogenes Listeriosis 

Salmonella typhi  Typhoid Fever 

Shigella dysenteriae Bacillary dysentery 

Yersinia pestis Plague 

Brucella species Brucellosis 

Legionella pneumophila Pneumonia 

Rickettsiae Typhus; Rocky Mountain Spotted Fever 

Chlamydia Chlamydia; Trachoma 

Many intracellular parasites have special (genetically-encoded) mechanisms to get themselves into host cells that are 
nonphagocytic. Intracellular pathogens such as Yersinia, Listeria, Salmonella, Shigella and Legionella possess complex 
machinery for cellular invasion and intracellular survival. These systems involve various types of non-toxin virulence 
factors. Sometimes these factors are referred to as bacterial invasins. Still other bacteria such as Bordetella pertussis and 
Streptococcus pyogenes, have recently been discovered in the intracellular habitat of epithelial cells.  

Legionella pneumophilia enters mononuclear phagocytes by depositing complement C3b on their surfaces and using that 
host protein to serve as the ligand for binding to macrophage cell surfaces. After ingestion, they remain in vacuoles that 
do not fuse with lysosomes apparently due to the influence of soluble substances produced by the bacteria.  

Salmonella possesses an invasin operon (inv A - H) that encodes for factors that regulate their entry into host cells. 
Mutations in the operon yield organisms that can adhere to target cells without being internalized. This suggests that one 
or more of the inv proteins stimulates signal transduction in the host cell that results engulfment of the salmonellae. A 
similar invasin gene in Yersinia is known to encode a protein that both promotes adherence and activates the 
cytochalasin-dependent engulfment process. This invasin can confer invasive capacity on noninvasive E. coli, and even 
latex particles.  

Intracellular parasites survive inside of phagocytes by virtue of mechanisms which interfere with the bactericidal 
activities of the host cell. Some of these bacterial mechanisms include:  

1. Inhibition of fusion of the phagocytic lysosomes (granules) with the phagosome. The bacteria survive inside of 
phagosomes because they prevent the discharge of lysosomal contents into the phagosome environment. Specifically 
phagolysosome formation is inhibited in the phagocyte. This is the strategy employed by Salmonella, M. tuberculosis, 
Legionella and the chlamydiae.  



-With M. tuberculosis, bacterial cell wall components (sulfatides) are thought to be released from the phagosome and 
modify lysosomal membranes to inhibit fusion.  

-In Chlamydia, some element of the bacterial (elementary body) wall appears to modify the membrane of the phagosome 
in which it is contained.  

-In L. pneumophilia, as with the chlamydia, some structural feature of the bacterial cell surface, already present at the 
time of entry (ingestion), appears to modify the membranes of the phagosomes, thus preventing their merger with 
lysosomal granules. In Legionella, it is known that a single gene is responsible for the inhibition of phagolysosomal 
fusion.  

-In Salmonella typhimurium, the pH that develops in the phagosome after engulfment actually induces bacterial gene 
products that are essential for their survival in macrophages.  

2. Survival inside the phagolysosome. With some intracellular parasites, phagosome-lysosome fusion occurs, but the 
bacteria are resistant to inhibition and killing by the lysosomal constituents. Also, some extracellular pathogens can resist 
killing in phagocytes utilizing similar resistance mechanisms. Little is known of how bacteria can resist phagocytic 
killing within the phagocytic vacuole, but it may be due to the surface components of the bacteria or due to extracellular 
substances that they produce which interfere with the mechanisms of phagocytic killing. Some examples of how certain 
bacteria (both intracellular and extracellular pathogens) resist phagocytic killing are given below.  

-Mycobacterium leprae grows inside phagocytic vacuoles even after extensive fusion with lysosomes.  

-Mycobacteria (including M. tuberculosis) have waxy, hydrophobic cell wall and capsule components (mycolic acids), 
which are not easily attacked by lysosomal enzymes.  

-Cell wall components (LPS?) of Brucella abortus apparently interfere with the intracellular bactericidal mechanisms of 
phagocytes.  

-B. abortus and Staphylococcus aureus are vigorous catalase and superoxide dismutase producers, which might 
neutralize the toxic oxygen radicals that are generated by the NADPH oxidase and MPO systems in phagocytes. S. 
aureus also produces cell-bound pigments (carotenoids) that "quench" singlet oxygen produced in the phagocytic 
vacuole.  

-The outer membrane and capsular components of Gram-negative bacteria (e.g. Salmonella, Yersinia, Brucella, E. coli) 
can protect the peptidoglycan layer from the lytic activity of lysozyme.  

-Some pathogens (e.g. Salmonella, E. coli) are known to produce extracellular iron-binding compounds (siderophores) 
which can extract Fe+++ from lactoferrin (or transferrin) and supply iron to cells for growth.  

-Bacillus anthracis resists killing and digestion by means of its capsule which is made up of polyD-glutamate. The 
"unnatural" configuration of this polypeptide affords resistance to attack or digestion by cationic proteins or by 
conventional proteases.  

Escape from the phagosome. Early escape from the phagosome vacuole is essential for growth and virulence of some 
intracellular pathogens.  

-This is a clever strategy employed by the Rickettsiae. Rickettsia enter host cells in membrane-bound vacuoles 
(phagosomes) but are free in the cytoplasm a short time later, perhaps in as little as 30 seconds. A bacterial enzyme, 
phospholipase A, may be responsible for dissolution of the phagosome membrane.  

-Listeria monocytogenes relies on several molecules for early lysis of the phagosome to ensure their release into the 
cytoplasm. These include a pore-forming hemolysin (listeriolysin O) and two forms of phospholipase C. Once in the 
cytoplasm, Listeria induces its own movement through a remarkable process of host cell actin polymerization and 
formation of microfilaments within a comet-like tail.  



-Shigella also lyses the phagosomal vacuole and induces cytoskeletal actin polymerization for the purpose of intracellular 
movement and cell-cell spread.  

Products of Bacteria that Kill or Damage Phagocytes  

One obvious strategy in defense against phagocytosis is direct attack by the bacteria upon the professional phagocytes. 
Any of the substances that pathogens produce that cause damage to phagocytes have been referred to as aggressins. Most 
of these are actually extracellular enzymes or toxins that kill phagocytes. Phagocytes may be killed by a pathogen before 
or after ingestion.  

Killing Phagocytes Before Ingestion  

Many Gram-positive pathogens, particularly the pyogenic cocci, secrete extracellular enzymes that kill phagocytes. Many 
of these enzymes are called hemolysins because their activity in the presence of red blood cells results in the lysis of the 
rbcs.  

-Pathogenic streptococci produce streptolysin. Streptolysin O binds to cholesterol in membranes. The effect on 
neutrophils is to cause lysosomal granules to explode, releasing their contents into the cell cytoplasm.  

-Pathogenic staphylococci produce leukocidin, which also acts on the neutrophil membrane and causes discharge of 
lysosomal granules.  

-Extracellular proteins that inhibit phagocytosis include the Exotoxin A of Pseudomonas aeruginosa which kills 
macrophages, and the bacterial exotoxins that are adenylate cyclases (e.g. anthrax toxin EF and pertussis toxin AC) 
which decrease phagocytic activity.  

Killing Phagocytes After Ingestion. Some bacteria exert their toxic action on the phagocyte after ingestion has taken 
place. They may grow in the phagosome and release substances which can pass through the phagosome membrane and 
cause discharge of lysosomal granules, or they may grow in the phagolysosome and release toxic substances which pass 
through the phagolysosome membrane to other target sites in the cell. Many bacteria that are the intracellular parasites of 
macrophages (e.g Mycobacterium, Brucella, Listeria) usually destroy macrophages in the end, but the mechanisms are 
not understood.  

Other Antiphagocytic Strategies Used by Bacteria 

The foregoing has been a discussion of the most commonly-employed strategies of bacterial defense against phagocytes. 
Although there are few clear examples, some other antiphagocytic strategies or mechanisms probably exist. For example, 
a pathogen may have a mechanism to inhibit the production of phagocytes or their release from the bone marrow.  

A summary of bacterial mechanisms for interference with phagocytes is given in the table below.  
   

Table 2. BACTERIAL INTERFERENCE WITH PHAGOCYTES 

BACTERIUM TYPE OF INTERFERENCE MECHANISM 

Streptococcus 
pyogenes 

Kill phagocyte 
Streptolysin induces lysosomal discharge into cell 
cytoplasm 

 Inhibit neutrophil chemotaxis  Streptolysin is chemotactic repellent 

 Resist engulfment (unless Ab is present) M Protein on fimbriae 

 Avoid detection by phagocytes Hyaluronic acid capsule 

Staphylococcus 
aureus 

Kill phagocyte Leukocidin induces lysosomal discharge into cytoplasm

 Inhibit opsonized phagocytosis 
Protein A blocks Fc portion of Ab; Polysaccharide 
capsule in some strains 



 Resist killing 
Carotenoids, catalase, superoxide dismutase detoxify 
toxic oxygen radicals 

 Inhibit engulfment 
Cell-bound coagulase hides ligands for phagocytic 
contact 

Bacillus anthracis Kill phagocyte Anthrax toxin EF 

 Resist killing Capsular polyglutamate 

Streptococcus 
pneumoniae 

Resist engulfment (unless Ab is present) Capsular polysaccharide 

Klebsiella 
pneumoniae 

Resist engulfment Polysaccharide capsule 

Haemophilus 
influenzae 

Resist engulfment  Polysaccharide capsule 

Pseudomonas 
aeruginosa 

Kill phagocyte Exotoxin A kills macrophages; Cell-bound leukocidin 

 Resist engulfment Alginate slime and biofilm polymers 

Salmonella typhi Resist engulfment and killing Vi (K) antigen (microcapsule) 

Salmonella 
typhimurium 

Survival inside phagocytes  
Bacteria develop resistance to low pH, reactive forms of 
oxygen, and host"defensins" (cationic proteins) 

Listeria 
monocytogenes 

Escape from phagosome 
Listeriolysin, phospholipase C lyse phagosome 
membrane 

Clostridium 
perfringens 

Inhibit phagocyte chemotaxis ø toxin 

 Inhibit engulfment Capsule 

Yersinia pestis Resist engulfment and/or killing Protein capsule on cell surface 

Yersinia 
enterocolitica 

Kill phagocytes Yop proteins injected directly into neutrophils 

Mycobacteria Resist killing and digestion 
Cell wall components detoxify toxic oxygen radicals; 
prevent acidification of phagolysosome 

Mycobacterium 
tuberculosis 

Inhibit lysosomal fusion Mycobacterial sulfatides modify lysosomes 

Legionella 
pneumophilia 

Inhibit phagosome-lysosomal fusion Unknown 

Neisseria 
gonorrhoeae 

Inhibit phagolysosome formation; 
possibly reduce respiratory burst 

Involves outer membrane protein(porin) P.I 

Rickettsia Escape from phagosome Phospholipase A 

Chlamydia Inhibit lysosomal fusion Bacterial substance modifies phagosome 

Brucella abortus Resist killing Cell wall substance (LPS?) 

Treponema pallidum Resist engulfment Polysaccharide capsule material 

Escherichia coli Resist engulfment 
O antigen (smooth strains); K antigen (acid 
polysaccharide) 

 Resist engulfment and possibly killing K antigen 
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Bacterial Mechanisms to Overcome Host Immune Defenses  

Antibody-mediated immunity (AMI) is the principal specific immune response effective against extracellular bacteria. 
The major protective immune response against intracellular bacteria is cell-mediated immunity (CMI).  

On epithelial surfaces, the main antibacterial immune defense of the host is the protection afforded by secretory IgA. 
Once the epithelial surfaces have been penetrated, however, the major immune defenses of AMI and CMI are 
encountered.  

If there is a way for an organism to successfully bypass or overcome the immune defenses, then some bacterial pathogen 
has probably "discovered" it. Bacteria evolve very rapidly in relation to their host, so that most of the feasible anti-host 
strategies are likely to have been tried out and exploited. Consequently, pathogenic bacteria have developed numerous 
ways to bypass or overcome the immune defenses of the host, which contribute to the virulence of the microbe and the 
pathology of the disease.  

Immunological Tolerance to a Bacterial Antigen  

Tolerance is a property of the host in which there is an immunologically-specific reduction in the immune response to a 
given Ag. Tolerance to a bacterial Ag does not involve a general failure in the immune response but a particular 
deficiency in relation to the specific antigen(s) of a given bacterium. If there is a depressed immune response to relevant 
antigens of a parasite, the process of infection is facilitated. Tolerance can involve either AMI or CMI or both arms of the 
immunological response.  

Tolerance to an Ag can arise in a number of ways, but three are possibly relevant to bacterial infections.  

1. Fetal exposure to Ag. If a fetus is infected at certain stages of immunological development, the microbial Ag may be 
seen as "self", thus inducing tolerance to the Ag which may persist even after birth.  

2. High persistent doses of circulating Ag. Tolerance to a bacterium or one of its products might arise when large 
amounts of bacterial antigens are circulating in the blood.  

3. Molecular mimicry. If a bacterial Ag is very similar to normal host "antigens", the immune responses to this Ag may 
be weak giving a degree of tolerance. Resemblance between bacterial Ag and host Ag is referred to as molecular 
mimicry. In this case the antigenic determinants of the bacterium are so closely related chemically to host "self" 
components that the immunological cells cannot distinguish between the two and an immune response cannot be raised. 
Some bacterial capsules are composed of polysaccharides (hyaluronic acid, sialic acid) so similar to host tissue 
polysaccharides that they are not immunogenic.  

Antigenic Disguise  

As already mentioned, some pathogens can hide their unique antigens from opsonizing antibodies or complement. 
Bacteria may be able to coat themselves with host proteins such as fibrin, fibronectin, or even Ig molecules. In this way 
they are able to hide their own antigenic surface components from the immunological system.  

S. aureus produces cell-bound coagulase and clumping factor that cause fibrin to clot and to deposit on the cell surface. 
It is possible that this disguises the bacteria immunologically so that they are not readily identified as antigens and targets 
for an immune response.  



Protein A produced by S. aureus, and the analogous Protein G produced by Streptococcus pyogenes, bind the Fc portion 
of immunoglobulins, thus coating the bacteria with antibodies and canceling their opsonizing ability.  

The fibronectin coat of Treponema pallidumprovide an immunological disguise for the spirochetes.  

In E. coli K1, that causes meningitis in newborns, a capsule composed predominantly of sialic acid provides an antigenic 
disguise, as does the hyaluronic acid capsule of Streptococcus pyogenes.  

Immunosuppression  

Some pathogens (mainly viruses and protozoa, rarely bacteria) cause immunosuppression in the infected host. This 
means that the host shows depressed immune responses to antigens in general, including those of the infecting pathogen. 
Suppressed immune responses are occasionally observed during chronic bacterial infections such as leprosy and 
tuberculosis.  

In extreme forms of leprosy, caused by Mycobacterium leprae, there is poor response to leprosy antigens, as well as 
unrelated antigens. After patients have been successfully treated, immunological reactivity reappears, suggesting that 
general immunosuppression is in fact due to the disease.  

In mild cases of leprosy there is frequently an associated immunological suppression that is specific for M. leprae 
antigens. This is separate from tolerance, since unique antigens (proteins) of M. leprae have been associated as the cause 
of this immunosuppression. The most likely explanations for this are due to (1) lack of costimulatory signals 
(interference with cytokine secretion); (2) activation of suppressor T cells; (3) disturbances in TH1/TH2 cell activities.  

At present, little is known of the mechanisms by which pathogens inhibit immune responses. It seems probable that it is 
due to interference with the immune functions of B cells, T cells or macrophages. Since many intracellular bacteria infect 
macrophages, it might be expected that they compromise the role of these cells in an immunological response.  

General immunosuppression induced in a host may be of immediate value to an invading pathogen, but it is of no 
particular significance (to the invader) if it merely promotes infection by unrelated microorganisms. Perhaps this is why 
it does not seem to be a commonly used strategy of the bacteria.  

Persistence of a Pathogen at Bodily Sites Inaccessible to the Immune Response  

Some pathogens can avoid exposing themselves to immune forces. Intracellular pathogens can evade host immune 
responses as long as they stay inside of infected cells and they do not allow microbial Ag to form on the cell surface. This 
is seen in macrophages infected with Brucella, Listeria or M. leprae. The macrophages support the growth of the bacteria 
and at the same time give them protection from immune responses. Some intracellular pathogens (Yersinia, Shigella) are 
residents of cells that are neither phagocytes nor APC's and their antigens are not displayed on the infected cell's surface.  

Some pathogens persist on the luminal surfaces of the GI tract, oral cavity and the urinary tract, or the lumen of the 
salivary gland, mammary gland or the kidney tubule. If there is no host cell destruction, the pathogen may avoid inducing 
an inflammatory response, and there is no way in which sensitized lymphocytes or circulating antibodies can reach the 
site to eliminate the infection. Secretory IgA could react with surface antigens on bacterial cells, but the complement 
sequence would be unlikely to be activated and the cells would not be destroyed. Conceivably, IgA antibodies could 
immobilize bacteria by agglutination of cells or block adherence of bacteria to tissue or cell surfaces, but it is unlikely 
that IgA would kill bacteria directly or inhibit their growth.  

Examples of some bacterial pathogens that grow at tissue sites generally inaccessible to the forces of AMI and CMI are 
given below.  

-Streptococcus mutans. The bacterium can initiate dental caries at any time after the eruption of the teeth, regardless of 
the immune status of the host. Either the host does not undergo an effective immune response or secretory IgA plays little 
role in preventing colonization and subsequent plaque development.  



-Vibrio choleraemultiplies in the GI tract where the bacteria elaborate a toxin which causes loss of fluids and diarrhea in 
the host which is characteristic of the disease cholera. IgA antibodies against cellular antigens of the cholera vibrios are 
not completely effective in preventing infection by these bacteria as demonstrated by the relative ineffectiveness of the 
cholera vaccine prepared from phenol-killed vibrios.  

-The carrier state of typhoid fever results from a persistent infection by the typhoid bacillus, Salmonella typhi. The 
organism is not eliminated during the initial infection and persists in the host for months, years or a life time. In the 
carrier state S. typhi is able to colonize the biliary tract (gall bladder) away from the immune forces, and be shed into 
urine and feces.  

-Some bacteria cause persistent infections in the lumen of glands. Brucella abortus persistently infects mammary glands 
of cows and is shed in the milk. Leptospira multiplies persistently in the lumen of the kidney tubules of rats and is shed 
in the urine and remains infectious.  

Induction of Ineffective Antibody  

Many types of antibody are formed against a given Ag, and some bacterial components may display various antigenic 
determinants. Antibodies tend to range in their capacity to react with Ag (the ability of specific Ab to bind to an Ag is 
called avidity). If Abs formed against a bacterial Ag are of low avidity, or if they are directed against unimportant 
antigenic determinants, they may have only weak antibacterial action. Such "ineffective" (non-neutralizing) Abs might 
even aid a pathogen by combining with a surface Ag and blocking the attachment of any functional Abs that might be 
present.  

In the case of Neisseria gonorrhoeae the presence of antibody to an outer membrane protein called rmp interferes with 
the serum bactericidal reaction  and in some way compromises the surface defenses of the female urogenital tract. 
Increased susceptibility to reinfection is highly correlated with the presence of circulating rmp antibodies.  

Antibodies Absorbed by Soluble Bacterial Antigens  

Some bacteria can liberate antigenic surface components in a soluble form into the tissue fluids. These soluble antigens 
are able to combine with and "neutralize" antibodies before they reach the bacterial cells. For example, small amounts of 
endotoxin (LPS) may be released into surrounding fluids by Gram-negative bacteria.  

Autolysis of Gram-negative or Gram-positive bacteria may release antigenic surface components in a soluble form. 
Streptococcus pneumoniae and Neisseria meningitidis are known to release capsular polysaccharides during growth in 
tissues. They are found in the serum of patients with pneumococcal pneumonia and in the cerebrospinal fluid of patients 
with meningitis. Theoretically, these released surface antigens could "mop up" antibody before it reached the bacterial 
surface which should be an advantage to the pathogen. These soluble bacterial cell wall components are powerful 
antigens and complement activators so they contribute in a major way to the pathology observed in meningitis and 
pneumonia.  

Protein A, produced by S. aureus may remain bound to the staphylococcal cell surface or it may be released in a soluble 
form. Protein A will bind to the Fc region of IgG. On the cell surface, protein A binds IgG in the wrong orientation to 
exert its antibacterial activity, and soluble protein A agglutinates and partially inactivates IgG.  

Local Interference with Antibody Activity  

There are probably several ways that pathogens interfere with the antibacterial action of antibody molecules. Some 
pathogens produce enzymes that destroy antibodies.  

Neisseria gonorrhoeae, N. meningitidis, Haemophilus influenzae, Streptococcus pneumoniae and Streptococcus mutans, 
which can grow on the surfaces of the body, produce IgA proteases that inactivate secretory IgA by cleaving the 
molecule at the hinge region, detaching the Fc region of the immunoglobulin. Soluble forms of Protein A produced S. 
aureus agglutinate immunoglobulin molecules and partially inactivate IgG.  



Antigenic Variation  

One way bacteria can avoid forces of the immune response is to periodically changing antigens, i.e., to undergo antigenic 
variation. Some bacteria avoid the host antibody response by changing from one type of fimbriae to another, or by 
switching fimbrial tips. This makes the original AMI response obsolete by using new fimbriae that do not bind the 
previous antibodies. Pathogenic bacteria can vary (change) other surface proteins, especially outer membrane proteins, 
that are the targets of antibodies.  

Antigens may vary or change within the host during the course of an infection, or alternatively antigens may vary among 
multiple strains (antigenic types) of a parasite in the population. Antigenic variation is an important mechanism used by 
pathogenic microorganisms for escaping the neutralizing activities of antibodies. Antigenic variation usually results from 
site-specific inversions or gene conversions or gene rearrangements in the DNA of the microorganisms.  

Borrelia recurrentis is a spirochete that causes the human disease relapsing fever. The disease is characterized by 
episodes of fever which relapse (come and go) for a period of weeks or months. After infection, the bacteria multiply in 
tissues and cause a febrile illness until the onset of an immune response a week or so later. Bacteria then disappear from 
the blood because of antibody mediated phagocytosis, lysis, agglutination, etc., and the fever falls. Then an antigenically 
distinct mutant arises in the infected individual, multiplies, and in 4-10 days reappears in the blood and there is another 
febrile attack. The immune system is stimulated and responds by conquering the new antigenic variant, but the cycle 
continues such that there may be up to 10 febrile episodes before final recovery. With each attack a new antigenic variant 
of the bacterium appears and a new set of antibodies is formed in the host. Thus, this bacterium can change its antigens 
during the course of an infection in a single host, and this variation in bacterial antigens contributes significantly to the 
course of the infection.  

Neisseria gonorrhoeae can change fimbrial antigens during the course of an infection. During initial stages of an 
infection, adherence to epithelial cells of the cervix or urethra is mediated by pili (fimbriae). Equally efficient attachment 
to phagocytes would be undesirable. Rapid switching on and off of the genes controlling pili are therefore necessary at 
different stages of the infection, and N. gonorrhoeae is capable of undergoing this type of "pili switching" or phase 
variation. Genetically controlled changes in outer membrane proteins also occur in the course of an infection. This finely 
controlled expression of the genes for pili and surface proteins changes the adherence pattern to different host cells, 
increases resistance to cervical proteases, increases resistance to phagocytosis and immune lysis, and is presumably 
necessary for successful infection.  

Many pathogenic bacteria exist in nature as multiple antigenic types or serotypes, meaning that they are variant strains 
of the same pathogenic species. For example, there are multiple serotypes of Salmonella typhimurium based on 
differences in cell wall (O) antigens or flagellar (H) antigens. There are 80 different antigenic types of Streptococcus 
pyogenes based on M-proteins on the cell surface. There are over one hundred strains of Streptococcus pneumoniae 
depending on their capsular polysaccharide antigens. Based on minor differences in surface structure chemistry there are 
multiple serotypes of Vibrio cholerae, Staphylococcus aureus, Escherichia coli, Neisseria gonorrhoeae and an 
assortment of other bacterial pathogens. Antigenic variation is prevalent among pathogenic viruses as well.  

If the immune response is the main defense against a pathogen, then being able to shed old antigens and present new ones 
to the immune system might allow infection or continued invasion by the pathogen to occur. Furthermore, the infected 
host would seem to be the ideal selective environment for the emergence of new antigenic variants of bacteria. Perhaps 
this explains why many bacteria exist in a great variety of antigenic types.  

Evading Complement  

Antibodies that are bound to bacterial surfaces will activate complement by the classical pathway and bacterial 
polysaccharides activate complement by the alternative pathway. Bacteria in serum and other tissues, especially Gram-
negative bacteria, need protection from the antimicrobial effects of complement.  

One role of capsules in bacterial virulence is to protect the bacteria from complement activation and the ensuing 
inflammatory response. Polysaccharide capsules can hide bacterial components such as LPS or peptidoglycan which can 
induce the alternate complement pathway. Some bacterial capsules are able to inhibit formation of the C3b complex on 



their surfaces, thus avoiding C3b opsonization and subsequent formation of C5b and the membrane attack complex 
(MAC) on the bacterial cell surface. Capsules that contain sialic acid (a common component of host cell glycoproteins), 
such as found in Neisseria meningitidis, have this effect.  

One of the principal targets of complement on Gram-negative bacteria is LPS. It serves as the attachment site for C3b and 
triggers the alternative pathway of activation. It also binds C5b.  

LPS can be modified by pathogens in two ways that affects its interaction with complement.  
First, by attachment of sialic acid residues to the LPS O antigen, a bacterium can prevent the formation of C3 convertase 
just as capsules that contain sialic acid can do so. Both Neisseria meningitidis and Haemophilus influenzae, which cause 
bacterial meningitis, are able to covalently attach sialic acid residues to their O antigens resulting in resistance to MAC. 
Second, LPS with long, intact O antigen side-chains can prevent effective MAC killing. Apparently the MAC complex is 
held too far from the vulnerable outer membrane to be effective.  

Bacteria that are not killed and lysed in serum by the complement MAC are said to be serum resistant. As might be 
expected many of the Gram-negative bacteria that cause systemic infections, (bacteremia or septicemia) are serum 
resistant. Gram-positive bacteria are naturally serum-resistant since their cells are not enclosed in an outer membrane.  

Other ways that pathogens are able to inhibit the activity of complement is to destroy one or more of the components of 
complement.  Pseudomonas aeruginosa produces an extracellular elastase enzyme that inactivates components of 
complement.  
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Bacterial Toxigenesis  

Toxigenesis, or the ability to produce toxins, is an underlying mechanism by which many bacterial pathogens produce 
disease. At a chemical level, there are two types of bacterial toxins, lipopolysaccharides, which are associated with the 
cell walls of Gram-negative bacteria, and proteins, which are released from bacterial cells and may act at tissue sites 
removed from the site of bacterial growth. The cell-associated lipoplysaccharide (LPS) toxins are referred to as 
endotoxins and the extracellular diffusible toxins are referred to as exotoxins.  

Endotoxins are cell-associated substances that are structural components of the outer membrane of Gram-negative 
bacteria. However, endotoxins may be released from growing bacterial cells or from cells which are lysed as a result of 
effective host defense (e.g. lysozyme) or the activities of certain antibiotics (e.g. penicillins and cephalosporins). 
Exotoxins are usually secreted by bacteria but in some cases they are released by lysis of the bacterial cell. Hence, either 
type of bacterial toxin may ultimately act in close association with the cells that produce the toxin, or at tissue sites 
remote from the original point of bacterial invasion or growth. Some bacterial toxins may also act at the site of 
colonization and play a role in invasion.  

BACTERIAL PROTEIN TOXINS  

Exotoxins are typically soluble proteins secreted by living bacteria during exponential growth. The production of the 
toxin is generally specific to a particular bacterial species that produces the disease associated with the toxin (e.g. only 
Clostridium tetani produces tetanus toxin; only Corynebacterium diphtheriae produces the diphtheria toxin). Usually, 
virulent strains of the bacterium produce the toxin while nonvirulent strains do not, and the toxin is the major determinant 
of virulence (e.g. tetanus and diphtheria). At one time it was thought that exotoxin production was limited mainly to 
Gram-positive bacteria, but both Gram-positive and Gram-negative bacteria produce soluble protein toxins.  



Bacterial protein toxins are the most powerful human poisons known and retain high activity at very high dilutions. The 
lethality of the most potent bacterial exotoxins is compared to the lethality of strychnine, snake venom, and endotoxin in 
Table 1 below.  

TABLE 1. LETHALITY OF BACTERIAL PROTEIN TOXINS  

   Lethal toxicity 

   
compared 
with: 

Toxin  Toxic Dose (mg)  Host  Strychnine  Endotoxin Snake Venom 

Botulism Type D  0.8x10-8 Mouse  3x106 3x107 3x105 

Tetanus  4x10-8 Mouse  1x106 1x107 1x105 

Shigella Neurotoxin  2.3x10-6 Rabbit  1x106 1x107 1x105 

Diphtheria  6x10-5 Guinea Pig 2x103 2x104 2x102 

The protein toxins resemble enzymes in a number of ways. Like enzymes, bacterial exotoxins are denatured by heat, 
acid and proteolytic enzymes;  they have a high biological activity (most act catalytically); and they exhibit specificity 
of action.  
As enzymes attack specific substrates, so bacterial protein toxins are highly specific in the substrate utilized and in their 
mode of action. The substrate (in the host) may be a component of tissue cells, organs, or body fluid. Usually the site of 
damage caused by the toxin indicates the location of the substrate for that toxin. Terms such as enterotoxin, neurotoxin, 
leukocidin or hemolysin are sometimes used to indicate the target site of some well-defined protein toxins.  

Certain protein toxins have very specific cytotoxic activity (i.e., they attack specific types of cells). For example, tetanus 
or botulinum toxins attack only neurons. But some toxins (as produced by staphylococci, streptococci, clostridia, etc.) 
have fairly broad cytotoxic activity and cause nonspecific death of all sorts of cells and tissues, eventually resulting in 
necrosis. Toxins that are phospholipases act in this way. They cleave phospholipids which are regular components of 
host cell membranes, resulting in the death of the cell by leakage of cellular contents. This is also true of pore-forming 
hemolysins and leukocidins.  

A few bacterial toxins that obviously bring about the death of an animal are known simply as lethal toxins, and even 
though the tissues affected and the target sites may be known, the precise mechanism by which death occurs is not 
understood (e.g. anthrax toxin LF).  

Bacterial protein toxins are strongly antigenic. In vivo, specific antibody (antitoxin) neutralizes the toxicity of these 
bacterial proteins. However, in vitro, specific antitoxin may not fully inhibit their enzymatic activity. This suggests that 
the antigenic determinant of the toxin may be distinct from the active (enzymatic) portion of the protein molecule. The 
degree of neutralization of the enzymatic site may depend on the distance from the antigenic site on the molecule. 
However, since the toxin is fully neutralized in vivo, this suggests that other host factors must play a role in nature.  

Protein toxins are inherently unstable: in time they lose their toxic properties but retain their antigenic ones. This was 
first discovered by Ehrlich and he coined the term toxoid for this product. Toxoids are detoxified toxins which retain 
their antigenicity and their immunizing capacity. The formation of toxoids can be accelerated by treating toxins with a 
variety of reagents including formalin, iodine, pepsin, ascorbic acid, ketones, etc. The mixture is maintained at 37 
degrees at pH range 6 to 9 for several weeks. The resulting toxoids can be use for artificial immunization against 
diseases caused by pathogens where the primary determinant of bacterial virulence is toxin production. Toxoids are the 
immunizing agents against diphtheria and tetanus that are part of the DPT vaccine.  

A plus B subunit Arrangement of Protein Toxins  

Many protein toxins, notably those that act intracellularly (with regard to host cells), consist of two components: one 
component (subunit A) is responsible for the enzymatic activity of the toxin; the other component (subunit B) is 
concerned with binding to a specific receptor on the host cell membrane and transferring the enzyme across the 
membrane. The enzymatic component is not active until it is released from the native (A+B) toxin. Isolated A subunits 



are enzymatically active but lack binding and cell entry capability. Isolated B subunits may bind to target cells (and even 
block the binding of the native toxin), but they are nontoxic.  

There are a variety of ways that toxin subunits may be synthesized and arranged: A + B indicates that the toxin is 
synthesized and secreted as two separate protein subunits that interact at the target cell surface; A-B or A-5B indicates 
that the A and B subunits are synthesized separately, but associated by noncovalent bonds during secretion and binding to 
their target; 5B indicates that the binding domain of the protein is composed of 5 identical subunits. A/B denotes a toxin 
synthesized as a single polypeptide, divided into A and B domains, that may be separated by proteolytic cleavage.  

Attachment and Entry of Toxins  

There are at least two mechanisms of toxin entry into target cells.  

In one mechanism called direct entry, the B subunit of the native (A+B) toxin binds to a specific receptor on the target 
cell and induces the formation of a pore in the membrane through which the A subunit is transferred into the cell 
cytoplasm.  

In an alternative mechanism, the native toxin binds to the target cell and the A+B structure is taken into the cell by the 
process of receptor-mediated endocytosis (RME). The toxin is internalized in the cell in a membrane-enclosed vesicle 
called an endosome. H+ ions enter the endosome lowering the internal pH which causes the A+B subunits to separate. 
Somehow, the B subunit affects the release of the A subunit from the endosome so that it will reach its target in the cell 
cytoplasm. The B subunit remains in the endosome and is recycled to the cell surface. In both cases (above) a large 
protein molecule must insert into and cross a membrane lipid bilayer (either the cell membrane or the endosome 
membrane). This activity is reflected in the ability of most A+B or A/B toxins, or their B components, to insert into 
artificial lipid bilayers, creating ion permeable pathways.  

A few bacterial toxins (e.g. diphtheria) are known to utilize both direct entry and RME to enter into host cells, which is 
not surprising since both mechanisms are variations on a theme. Bacterial toxins with similar enzymatic mechanisms may 
enter their target cells by different mechanisms. Thus, the diphtheria toxin and Pseudomonas exotoxin A, which have 
identical mechanisms of enzymatic activity, enter their host cells in slightly different ways. The adenylate cyclase toxin 
of Bordetella pertussis and the anthrax toxin (Edema Factor) of Bacillus anthracis act similarly to catalyze the 
production of cAMP from host cell intracellular ATP reserves. However, the anthrax toxin enters cells by receptor 
mediated endocytosis, whereas the pertussis adenylate cyclase traverses the cell membrane directly.  

The specific receptors for the B subunit of the toxin on target cells or tissues are usually sialogangliosides 
(glycoproteins) called G-proteins on the cell membrane. For example, the cholera toxin utilizes the ganglioside GM1, 
and tetanus toxin utilizes ganglioside GT1 and/or GD1b as receptors on host cells.  

Control of Synthesis and the Release of Protein Toxins  

The regulation of synthesis and secretion of many bacterial toxins is tightly controlled by regulatory elements that are 
sensitive to environmental signals. For example, the production of diphtheria toxin is totally repressed by the availability 
of adequate amounts of iron in the medium for bacterial growth. Only under conditions of limiting amounts of iron in the 
growth medium does toxin production become derepressed. The expression of cholera toxin and related virulence factors 
(adhesins) is controlled by environmental osmolarity and temperature. In B. pertussis, induction of different virulence 
components is staggered, such that attachment factors are produced initially to establish the infection, and toxins are 
synthesized and released later to counter the host defenses and promote bacterial survival.  

The processes by which protein toxins are assembled and secreted by bacterial cells are also variable. Many of the classic 
exotoxins are synthesized with an NH terminal leader (signal) sequence consisting of a few (1-3) charged amino acids 
and a stretch (14-20) of hydrophobic amino acids. The signal sequence may bind and insert into the cytoplasmic 
membrane during translation such that the polypeptide is secreted while being synthesized. The signal peptide is cleaved 
as the toxin (protein) is released into the periplasm. Alternatively, the toxin may be synthesized intracytoplasmically, 
then bound to a leader sequence for passage across the membrane. Frequently, chaperone proteins are required to guide 
this process. Some multicomponent toxins, such as the cholera toxin, have their subunits synthesized and secreted 



separately into the periplasm where they are assembled. In Gram-negative bacteria, the outer membrane poses an 
additional permeability barrier that a protein toxin usually has to mediate if it is to be released in a soluble form. It has 
been proposed that some Gram-negative exotoxins (e.g. E. coli ST enterotoxin) might be released in membrane vesicles 
composed of outer membrane components. Since these vesicles presumably would possess the outer membrane 
associated attachment factors, they could act as smart bombs capable of specifically interacting with and possibly 
entering target cells to release their contents of toxin.  

Diphtheria toxin  

The best known and studied bacterial toxin is the diphtheria toxin, produced by Corynebacterium diphtheriae. Diphtheria 
toxin is a bacterial exotoxin of the A/B prototype. It is produced as single polypeptide chain with a molecular weight of 
60,000 daltons. The function of the protein is distinguishable into two parts: subunit A, with a m.w. of 21,000 daltons, 
contains the enzymatic activity for inhibition of elongation factor-2 involved in host protein synthesis; subunit B, with a 
m.w. of 39,000 daltons, is responsible for binding to the membrane of a susceptible host cell.  

In vitro, the native toxin is produced in an inactive form which can be activated by the proteolytic enzyme trypsin in the 
presence of thiol (reducing agent). The enzymatic activity of Fragment A is masked in the intact toxin. Fragment B is 
required to enable to enable Fragment A to reach the cytoplasm of susceptible cells. The C terminal end of Fragment B is 
hydrophilic and contains determinants that interact with specific membrane receptors on sensitive cell membranes and 
the N-terminal end of Fragment B is strongly hydrophobic. The specific membrane receptor for the B fragment has 
recently been shown to be a transmembranous heparin-binding protein on the susceptible cell's surface.  

The diphtheria toxin enters its target cells by either direct entry or receptor mediated endocytosis. The first step is the 
irreversible binding of the C-terminal hydrophilic portion of Fragment B (AA 432-535) to the receptor. During RME the 
whole toxin is then taken up in an endocytic vesicle. In the endocytic vesicle, the pH drops to about 5 which allows 
unfolding of the A and B chains. This exposes hydrophobic regions of both the A and B chains that can insert into the 
vesicle membrane. The result is exposure of the A chain to the cytoplasmic side of the membrane. There, reduction and 
proteolytic cleavage releases the A chain in the cytoplasm. A is released as an extended chain but regains its active 
(enzymatic) globular conformation in the cytoplasm. The A chain catalyzes the ADP ribosylation of elongation factor-2 
(EF-2).  

Diphtheria toxin is very potent in its action; a single molecule of subunit A within a cell is lethal and a single diphtheria 
bacillus is thought to be able to produce about 5,000 molecules per hour. The toxin (subunit A) utilizes NAD as a 
substrate: it catalyzes the attachment of the ADP- ribose portion of NAD to the elongation factor which inactivates its 
function in protein synthesis.  

Other considerations  

In keeping with the observation that genetic information for functions not involved in viability of bacteria is frequently 
located extrachromosomally, the genes encoding toxin production are generally located on plasmids or in lysogenic 
bacteriophages. Thus, the processes of genetic exchange in bacteria, notably conjugation and transduction, can 
mobilize these genetic elements between strains of bacteria, and therefore may play a role in determining the pathogenic 
potential of a bacterium. Horizontal transfer of genetic elements that encode virulence also occurs between species of 
bacteria, which could explain how E. coli and Vibrio cholerae produce a nearly-identical diarrhea-inducing toxin  

Why certain bacteria produce such potent toxins is mysterious and is analogous to asking why an organism should 
produce an antibiotic. The production of a toxin may play a role in adapting a bacterium to a particular niche, but it is not 
essential to the viability of the organism. Most toxigenic bacteria are free-living in Nature and in associations with 
humans in a form which is phenotypically identical to the toxigenic strain but lacking the ability to produce the toxin.  

There is conclusive evidence for the pathogenic role of diphtheria, tetanus and botulinum toxins, various enterotoxins, 
staphylococcal toxic shock syndrome toxin, and streptococcal erythrogenic toxin. And there is good evidence for the 
pathological involvement of pertussis toxin, anthrax toxin, shiga toxin and the necrotizing toxins of clostridia, in bacterial 
disease.  



A summary of bacterial protein toxins and their activities is given in Tables 2 and 3.  

Details of the mechanisms of action of these toxins and their involvement in the pathogenesis of disease is discussed in 
chapters with the specific bacterial pathogens.  

For more information on bacterial toxins go to this website:  Bacterial Toxins: Friends or Foes?  

TABLE 2. ACTIVITIES OF EXTRACELLULAR BACTERIAL PROTEIN TOXINS  

NAME OF TOXIN 
BACTERIA 
INVOLVED 

ACTIVITY 

Anthrax toxin (EF) Bacillus anthracis 
Edema Factor (EF) is an adenylate cyclase that causes increased 
levels in intracellular cyclic AMP in phagocytes and formation of 
ion-permeable pores in membranes (hemolysis)  

Adenylate cyclase toxin Bordetella pertussis 
Acts locally to increase levels of cyclic AMP in phagocytes and 
formation of ion-permeable pores in membranes (hemolysis) 

Cholera enterotoxin (ctx) Vibrio cholerae 
ADP ribosylation of G proteins stimulates adenlyate cyclase and 
increases cAMP in cells of the GI tract, causing secretion of water 
and electrolytes 

E. coli LT toxin Escherichia coli Similar to cholera toxin 

E. coli ST toxin Escherichia coli 
Stimulates guanylate cyclase and promotes secretion of water and 
electrolytes from intestinal epithelium 

Shiga toxin Shigella dysenteriae 
Enzymatically cleaves rRNA resulting in inhibition of protein 
synthesis in susceptible cells 

Perfringens enterotoxin 
Clostridium 
perfringens 

Stimulates adenylate cyclase leading to increased cAMP in epithelial 
cells 

Botulinum toxin 
Clostridium 
botulinum 

Zn++ dependent protease that inhibits neurotransmission at 
neuromuscular synapses resulting in flaccid paralysis 

Tetanus toxin Clostridium tetani 
Zn++ dependent protease that Inhibits neurotransmission at inhibitory 
synapses resulting in spastic paralysis 

Diphtheria toxin (dtx) 
Corynebacterium 
diphtheriae 

ADP ribosylation of elongation factor 2 leads to inhibition of protein 
synthesis in target cells 

Exotoxin A 
Pseudomonas 
aeruginosa 

Inhibits protein synthesis; similar to diphtheria toxin 

Anthrax toxin (LF) Bacillus anthracis 
Lethal Factor (LF) is a Zn++ dependent protease that induces 
cytokine release and is cytotoxic to cells by an unknown mechanism 

Pertussis toxin (ptx) Bordetella pertussis 
ADP ribosylation of G proteins blocks inhibition of adenylate 
cyclase in susceptible cells 

Staphylococcus 
enterotoxins* 

Staphylococcus 
aureus 

Massive activation of the immune system, including lymphocytes 
and macrophages, leads to emesis 

Toxic shock syndrome toxin 
(TSST-1)* 

Staphylococcus 
aureus 

Acts on the vascular system causing inflammation, fever and shock 

Exfoliatin toxin* 
Staphylococcus 
aureus 

Cleavage within epidermal cells (intraepidermal separation) 

Erythrogenic toxin 
(streptococcal pyrogenic 
exotoxin SPE)* 

Streptococcus 
pyogenes 

Same as TSST - inflammation, fever and shock; can cause localized 
erythematous reactions 

* The pyrogenic exotoxins produced by Staphylococcus aureus and Streptococcus pyogenes have been designated as superantigens. They 
represent a family of molecules with the ability to elicit massive activation of the immune system. These proteins share the ability to 
stimulate T cell proliferation by interaction with Class II MHC molecules on APCs and specific V beta chains of the T cell receptor. The 
important feature of this interaction is the resultant production of IL-1, TNF, and other lymphokines which appear to be the principal 

http://www.cdc.gov/ncidod/eid/vol5no2/schmitt.htm


mediators of disease processes associated with these toxins.  
   

TABLE 3. ENZYMATIC ACTIVITY AND BIOLOGICAL EFFECTS OF SOME BACTERIAL EXOTOXINS  

TOXIN (subunit arr)* ENZYMATIC ACTIVITY BIOLOGICAL EFFECTS 

Cholera toxin(A-5B) 
ADP ribosylates adenylate cyclase Gs 
regulatory protein 

Activates adenylate cyclase; increased levels of 
intracellular cAMP promote secretion of fluid 
and electrolytes in intestinal epithelium leading 
to diarrhea 

Diphtheria toxin (A/B) ADP ribosylates elongation factor 2 
Inhibits protein synthesis in animal cells 
resulting in death of the cells 

Pertussis toxin (A-5B) 
ADP ribosylates adenylate cyclase Gi 
regulatory protein 

Blocks inhibition of adenylate cyclase; 
increased levels of cAMP effect hormone 
activity and reduce phagocytic activity 

E. coli heat-labile toxin 
LT (A-5B) 

ADP ribosylates adenylate cyclase Gs 
regulatory protein 

Similar or identical to cholera toxin 

E. coli heat stable toxin 
ST 

ST toxins, of which there several types, are 
small polypeptides ranging in size from 18 to 
72 AA, and probably lack enzymatic activity 

Stimulates guanylate cyclase in epithelial cells 
of the GI tract resulting in intra- cellular 
accumulation of cyclic GMP which has a net 
secretory effect on cells and leads to diarrhea 

Shiga toxin (A/5B) 
Glycosidase cleavage of ribosomal RNA 
(cleaves a single Adenine base from the 28S 
rRNA) 

Inactivates the mammalian 60S ribosomal 
subunit and leads to inhibition of protein 
synthesis and death of the susceptible cell 

Pseudomonas Exotoxin A 
(A/B) 

ADP ribosylates elongation factor 2 
analogous to diphtheria toxin 

Inhibits protein synthesis in susceptible cells, 
resulting in death of the cells 

Botulinum toxin (A/B) 
Zn++ dependent protease acts on 
synaptobrevin at motor neuron ganglioside 

Inhibits presynaptic acetylycholine release 
from peripheral cholinergic neurons resulting 
in flaccid paralysis 

Tetanus toxin(A/B) 
Zn++ dependent protease acts on 
synaptobrevin in central nervous system 

Inhibits neurotransmitter release from 
inhibitory neurons in the CNS resulting in 
spastic paralysis 

Anthrax toxin LF (A2+B) 
A1 (Lethal Factor=LF) is a Zn++ dependent 
protease with an unknown substrate; A2 
(Edema Factor=EF) is an adenylate cyclase 

B subunit, called the Protective Antigen (PA), 
plus LF induces cytokine release and death of 
target cells or experimental animals 

Bordetella pertussis AC 
toxin (A/B) and Bacillus 
anthracis EF (A1+B) 

Calmodulin-regulated adenylate cyclases that 
catalyze the formation of cyclic AMP from 
ATP in susceptible cells, and the formation of 
ion-permeable pores in cell membranes 

Increases cAMP in phagocytes leading to 
inhibition of phagocytosis by neutrophils and 
macrophages; hemolysis or leukolysis 

Staphylococcus aureus 
Exfoliatin B (?) 

Cleaves desmoglein 1, a cadherin found in 
desmosomes in the epidermis 

Separation through the stratum granulosum of 
the epidermis, between the living layers and the 
superficial dead layers. 

* toxin subunit arrangements: A-B or A-5B indicates subunits synthesized separately and associated by noncovalent bonds; A/B denotes 
subunit domains of a single protein that may be separated by proteolytic cleavage; A+B indicates subunits synthesized and secreted as 
separate protein subunits that interact at the target cell surface; 5B indicates that the binding domain is composed of 5 identical subunits.  
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BACTERIAL ENDOTOXINS  

Endotoxins are part of the outer membrane of the cell wall of Gram-negative bacteria. Endotoxins are invariably 
associated with Gram-negative bacteria whether the organisms are pathogens or not. Although the term "endotoxin" is 
occasionally used to refer to any cell-associated bacterial toxin, it is properly reserved to refer to the lipopolysaccharide 
complex associated with the outer membrane of Gram-negative bacteria such as E. coli, Salmonella, Shigella, 
Pseudomonas, Neisseria, Haemophilus, and other leading pathogens.  

The biological activity of endotoxin is associated with the lipopolysaccharide (LPS). Toxicity is associated with the lipid 
component (Lipid A) and immunogenicity is associated with the polysaccharide components. The cell wall antigens (O 
antigens) of Gram-negative bacteria are components of LPS. LPS elicits a variety of inflammatory responses in an 
animal. Because it activates complement by the alternative (properdin) pathway, it is often part of the pathology of 
Gram-negative bacterial infections.  

The relationship of endotoxins to the bacterial cell surface is illustrated in Figure 1 below.  

 
 

Figure 1. Structure of the cell surface of a Gram-negative bacterium 

 
 
 
 
 

In vivo, Gram-negative bacteria probably release minute amounts of endotoxin while growing. It is known, that small 
amounts of endotoxin may be released in a soluble form, especially by young cultures. However, for the most part, 
endotoxins remain associated with the cell wall until disintegration of the bacteria. In vivo , this results from autolysis of 
the bacteria, external lysis mediated by complement and lysozyme, and phagocytic digestion of bacterial cells.  

Compared to the classic exotoxins of bacteria, endotoxins are less potent and less specific in their action, since they do 
not act enzymatically. Endotoxins are heat stable (boiling for 30 minutes does not destabilize endotoxin), but certain 
powerful oxidizing agents such as superoxide, peroxide and hypochlorite, have been reported to neutralize them. 
Endotoxins, although antigenic, cannot be converted to toxoids. A comparison of the properties of bacterial endotoxins 
and classic exotoxins is shown in Table 1.  
   

 

 



Table 1. Characteristics of bacterial endotoxins and classic exotoxins 

PROPERTY ENDOTOXIN EXOTOXIN 

CHEMICAL NATURE Lipopolysaccharide(mw = 10kDa) Protein (mw = 50-1000kDa)

RELATIONSHIP TO CELL Part of outer membrane Extracellular, diffusible 

DENATURED BY BOILING No Usually 

ANTIGENIC Yes Yes 

FORM TOXOID No Yes 

POTENCY Relatively low (>100ug) Relatively high (1 ug) 

SPECIFICITY Low degree High degree 

ENZYMATIC ACTIVITY No Usually 

PYROGENICITY Yes Occasionally 

The Role of LPS in the Outer Membrane of Gram-negative Bacteria  

The function of the outer membrane of Gram-negative bacteria is to act as permeability barrier. The outer membrane is 
impermeable to large molecules and hydrophobic compounds from the environment. Endotoxin (LPS) is located on the 
outer face of the membrane, where it mediates contact with the environment. LPS is essential to the function of the outer 
membrane, and as a structural component of the cell, it may play several roles in the pathogenesis of Gram-negative 
bacterial infections. First, it is a permeability barrier that is permeable only to low molecular weight, hydrophilic 
molecules. In the E. colithe ompF and ompC porins exclude passage of all hydrophobic molecules and any hydrophilic 
molecules greater than a molecular weight of about 700 daltons. This prevents penetration of the bacteria by bile salts 
and other toxic molecules from the GI tract. It also a barrier to lysozyme and many antimicrobial agents. Second, it 
impedes destruction of the bacterial cells by serum components and phagocytic cells. Third, LPS plays an important role 
as a surface structure in the interaction of the pathogen with its host. For example, LPS may be involved in adherence 
(colonization), or resistance to phagocytosis, or antigenic shifts that determine the course and outcome of an infection.  

Chemical Nature of Endotoxin  

Most of the work on the chemical structure of endotoxin has been done with species of Salmonella and E. coli. LPS can 
be extracted from whole cells by treatment with 45% phenol at 90o. Mild hydrolysis of LPS yields Lipid A plus 
polysaccharide.  

Lipopolysaccharides are complex amphiphilic molecules with a mw of about 10kDa, that vary widely in chemical 
composition both between and among bacterial species The general architecture of LPS is shown in Figure 2. The general 
structure of Salmonella LPS is shown in Figure 3 and the complete structure of Salmonella lipid A is illustrated in Figure 
4.  

 
 

Figure 2. General architecture of Lipopolysaccharide  
   
   
   



 
 

Figure 3. General Structure of Salmonella LPS 

Glc = glucose; GlcNac = N-acetyl- glucosamine; Gal = galactose; Hep = heptose; P = phosphate; Etn = ethanolamine; R1 and R2 = 
phoshoethanolamine or aminoarabinose. Ra to Re indicate incomplete forms of LPS. The Rd2 phenotype (not shown) would have only a 
single heptose unit. The Rc, Rd2, and Rd1 mutants lack the phosphate group attached to Hep.  
   
   

 
 

Figure 4. Complete structure of the Lipid A Moiety of LPS of S. typhimurium, S. minnesota, and E. coli 

 
 
 
 
 

LPS consists of three components or regions, Lipid A, an R polysaccharide and an O polysaccharide.  

Region I. Lipid A is the lipid component of LPS. It contains the hydrophobic, membrane-anchoring region of LPS. Lipid 
A consists of a phosphorylated N-acetylglucosamine (NAG) dimer with 6 or 7 fatty acids (FA) attached. Usually 6 FA 
are found. All FA in Lipid A are saturated. Some FA are attached directly to the NAG dimer and others are esterified to 
the 3-hydroxy fatty acids that are characteristically present. The structure of Lipid A is highly conserved among Gram-
negative bacteria. Among Enterobacteriaceae Lipid A is virtually constant.  

Region II. Core (R) antigen or R polysaccharide is attached to the 6 position of one NAG. The R antigen consists of a 
short chain of sugars. For example: KDO - Hep - Hep - Glu - Gal - Glu - GluNAc -  

Two unusual sugars are usually present, heptose and 2-keto-3-deoxyoctonoic acid (KDO), in the core polysaccharide. 
KDO is unique and invariably present in LPS and so has been an indicator in assays for LPS (endotoxin).  

With minor variations, the core polysaccharide is common to all members of a bacterial genus (e.g. Salmonella), but it is 
structurally distinct in other genera of Gram-negative bacteria. Salmonella, Shigella and Escherichia have similar but not 
identical cores.  



Region III. Somatic (O) antigen or O polysaccharide  is attached to the core polysaccharide. It consists of repeating 
oligosaccharide subunits made up of 3 - 5 sugars. The individual chains vary in length ranging up to 40 repeat units. The 
O polysaccharide is much longer than the core polysaccharide, and it maintains the hydrophilic domain of the LPS 
molecule. A major antigenic determinant (antibody-combining site) of the Gram-negative cell wall resides in the O 
polysaccharide.  

Great variation occurs in the composition of the sugars in the O side chain between species and even strains of Gram-
negative bacteria. At least 20 different sugars are known to occur and many of these sugars are characteristically unique 
dideoxyhexoses, which occur in nature only in Gram-negative cell walls. Variations in sugar content of the O 
polysaccharide contribute to the wide variety of antigenic types of Salmonella and E. coli and presumably other strains of 
Gram-negative species. Particular sugars in the structure, especially the terminal ones, confer immunological specificity 
of the O antigen, in addition to "smoothness" (colony morphology) of the strain. Loss of the O specific region by 
mutation results in the strain becoming a "rough" (colony morphology) or R strain.  

The elucidation of the structure of LPS (Figure 3) relied heavily on the availability of mutants each blocked at a 
particular step in LPS synthesis. The biosynthesis of LPS is strictly sequential. The core sugars are added sequentially to 
Lipid A by successive additions, and the O side chain is added last, one preassembled subunit at a time. The properties of 
mutants producing incomplete LPS molecules suggests the nature and biological functions performed by various parts of 
the LPS molecule.  

Loss of the O antigen results in loss of virulence suggesting that this portion is important during a host-parasite 
interaction. It is known that such "rough" mutants are more susceptible to phagocytosis and serum bactericidal reactions.  

Loss of the more proximal parts of the core, as in "deep rough" mutants (i.e. in Rd1, Rd2, and Re mutants in Figure 3) 
makes the strains sensitive to a range of hydrophobic compounds, including antibiotics, detergents, bile salts and 
mutagens. This area contains a large number of charged groups and is thought to be important in maintaining the 
permeability properties of the outer membrane.  

Mutants in the assembly of Lipid A cannot be isolated except as conditional lethal mutants and this region must therefore 
be essential for cell viability. The innermost region of LPS, consisting of Lipid A and three residues of KDO, appears to 
be essential for viability, presumably for assembling the outer membrane.  

LPS and virulence of Gram-negative bacteria  

Both Lipid A (the toxic component of LPS) and the polysaccharide side chains (the nontoxic but immunogenic portion of 
LPS) act as determinants of virulence in Gram-negative bacteria.  

The O polysaccharide and virulence  

Virulence and the property of "smoothness", associated with an intact O polysaccharide,  are regularly associated in 
many bacterial infections. The involvement of the  polysaccharide chain in virulence is shown by the fact that small 
changes in the sugar sequences in the side chains of LPS result in major changes in virulence. How are the 
polysaccharide side chains involved in the expression of virulence? There are a number of possibilities:  

1. Smooth antigens could allow organisms to adhere specifically to certain tissues, especially epithelial tissues.  

2. Smooth antigens probably allow resistance to phagocytes, since rough mutants are more readily engulfed and 
destroyed by phagocytes.  

3. The hydrophilic O polysaccharides could act as water-solubilizing carriers for toxic Lipid A. It is known that the 
exact structure of the polysaccharide can greatly influence water binding capacity at the cell surface.  

4. The O antigens could provide protection from damaging reactions with antibody and complement. Rough strains 
of Gram-negative bacteria derived from virulent strains are generally non virulent. Smooth strains have polysaccharide 
"whiskers" which bear O antigens projecting from the cell surface. The O antigens are the key targets for the action of 



host antibody and complement, but when the reaction takes place at the tips of the polysaccharide chains, a significant 
distance external to the general bacterial cell surface, complement fails to have its normal lytic effect. Such bacteria are 
virulent because of this resistance to immune forces of the host. If the projecting polysaccharide chains are shortened or 
removed, antibody reacts with antigens on the general bacterial surface, or very close to it, and complement can lyse the 
bacteria. This contributes to the loss of virulence in "rough" colonial strains.  

5. The O-polysaccharide or O antigen is the basis of antigenic variation among many important Gram-negative 
pathogens including E. coli, Salmonella and Vibrio cholerae. Antigenic variation guarantees the existence of multiple 
serotypes of the bacterium, so that it is afforded multiple opportunities to infect its host if it can bypass the immune 
response against a different serotype. Furthermore, even though the O polysaccharides are strong antigens, they seldom 
elicit immune responses which give full protection to the host against secondary challenge with specific endotoxin.  

Lipid A and virulence  

Endotoxins are toxic to most mammals, and regardless of the bacterial source, all endotoxins produce the same range of 
biological effects in the animal host. Most of our knowledge of the biological activities of endotoxins derives not from 
the study of natural disease but by challenge of experimental animals.  

The injection of living or killed Gram-negative cells, or purified LPS, into experimental animals causes a wide spectrum 
of nonspecific pathophysiological reactions such as: fever, changes in white blood cell counts, disseminated 
intravascular coagulation, hypotension, shock and death. Injection of fairly small doses of endotoxin results in death 
in most mammals. The sequence of events follows a regular pattern: (1) latent period; (2) physiological distress (diarrhea, 
prostration, shock); (3) death. How soon death occurs varies on the dose of the endotoxin, route of administration, and 
species of animal. Animals vary in their susceptibility to endotoxin.  

The physiological effects of endotoxin are thought to be mediated by Lipid A. Since Lipid A is embedded in the outer 
membrane of bacterial cells, it probably only exerts its toxic effects when released from multiplying cells in a soluble 
form, or when the bacteria are lysed as a result of autolysis, complement and the membrane attack complex (MAC), 
ingestion and killing by phagocytes, or killing with certain types of antibiotics.  

It is thought that LPS released into the bloodstream by lysing Gram-negative bacteria is first bound by certain plasma 
proteins identified as LPS-binding proteins. The LPS-binding protein complex interacts with CD14 receptors on 
monocytes and macrophages and other types of receptors on endothelial cells. In monocytes and macrophages three 
types of events are triggered during their interaction with LPS:  

1. Production of cytokines, including IL-1, IL-6, IL-8, tumor necrosis factor (TNF) and platelet-activating factor. These 
in turn stimulate production of prostaglandins and leukotrienes. These are powerful mediators of inflammation and septic 
shock that accompanies endotoxin toxemia. LPS activates macrophages to enhanced phagocytosis and cytotoxicity. 
Macrophages are stimulated to produce and release lysosomal enzymes, IL-1 ("endogenous pyrogen"), and tumor 
necrosis factor (TNFalpha), as well as other cytokines and mediators.  

2. Activation of the complement cascade. C3a and C5a cause histamine release (leading to vasodilation) and effect 
neutrophil chemotaxis and accumulation. The result is inflammation.  

3. Activation of the coagulation cascade.  Initial activation of Hageman factor (blood-clotting Factor XII)  can activate 
several humoral systems resulting in  
    a. coagulation: a blood clotting cascade that leads to coagulation, thrombosis, acute disseminated intravascular 
coagulation, which depletes platelets and various clotting factors resulting in internal bleeding.  
    b. activation of the complement alternative pathway (as above, which leads to inflammation)  
    c. plasmin activation which leads to fibrinolysis and hemorrhaging.  
    d. kinin activation releases bradykinins and other vasoactive peptides which causes hypotension.  
The net effect is to induce inflammation, intravascular coagulation, hemorrhage and shock.  

LPS also acts as a B cell mitogen stimulating the polyclonal differentiation and multiplication of B-cells and the 
secretion of immunoglobulins, especially IgG and IgM.  



The physiological activities of LPS are mediated mainly by the Lipid A component of LPS. Lipid A is a powerful 
biological response modifier that can stimulate the mammalian immune system. During infectious disease caused by 
Gram-negative bacteria, endotoxins released from, or part of, multiplying cells have similar effects on animals and 
significantly contribute to the symptoms and pathology of the disease encountered.  

The primary structure of Lipid A has been elucidated and Lipid A has been chemically synthesized. Its biological activity 
appears to depend on a peculiar conformation that is determined by the glucosamine disaccharide, the PO4 groups, the 
acyl chains, and also the KDO-containing inner core.  
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Introduction  

Most microbiologist distinguish two groups of antimicrobial agents used in the treatment of infectious disease: 
antibiotics, which are natural substances produced by certain groups of microorganisms, and chemotherapeutic agents, 
which are chemically synthesized. A hybrid substance is a semisynthetic antibiotic, wherein a molecular version 
produced by the microbe is subsequently modified by the chemist to achieve desired properties. Furthermore, some 
antimicrobial compounds, originally discovered as products of microorganisms, can be synthesized entirely by chemical 
means. They might be referred to as synthetic antibiotics to distinguish them from the chemotherapeutic agents.  

The modern era of antimicrobial chemotherapy began in 1929 with Fleming's discovery of the powerful bactericidal 
substance penicillin, and Domagk's discovery in 1935 of synthetic chemicals (sulfonamides) with broad antimicrobial 
activity.  

In the early 1940's, spurred partially by the need for antibacterial agents in WW II, penicillin was isolated, purified and 
injected into experimental animals, where it was found to not only cure infections but also to possess incredibly low 
toxicity for the animals. This fact ushered into being the age of antibiotic chemotherapy and an intense search for similar 
antimicrobial agents of low toxicity to animals that might prove useful in the treatment of infectious disease. The rapid 
isolation of streptomycin, chloramphenicol and tetracycline soon followed, and by the 1950's, these and several other 
antibiotics were in clinical usage.  

The most important property of an antimicrobial agent, from a host point of view, is its selective toxicity, i.e., that the 
agent acts in some way that inhibits or kills bacterial pathogens but has little or no toxic effect on the host. This implies 
that the biochemical processes in the bacteria are in some way different from those in the animal cells, and that the 
advantage of this difference can be taken in chemotherapy.  

Characteristics of Antibiotics  

Antibiotics are low-molecular weight substances that are produced as secondary metabolites by certain groups of 
microorganisms, especially Streptomyces, Bacillus, and a few molds (Penicillium and Cephalosporium) that are 
inhabitants of soils (Table 1). Antibiotics may have a cidal (killing) effect or a static (inhibitory) effect on a range of 
microbes. The range of bacteria or other microorganisms that is affected by a certain antibiotic is expressed as its 
spectrum of action. Antibiotics effective against procaryotes which kill or inhibit a wide range of Gram-positive and 
Gram-negative bacteria are said to be broad spectrum. If effective mainly against Gram-positive or Gram-negative 
bacteria, they are narrow spectrum. If effective against a single organism or disease, they are referred to as limited 
spectrum.  

A clinically-useful antibiotic should have as many of these characteristics as possible.  
-It should have a wide spectrum of activity with the ability to destroy or inhibit many different species of pathogenic 
organisms.  
-It should be nontoxic to the host and without undesirable side effects.  



-It should be nonallergenic to the host.  
-It should not eliminate the normal flora of the host.  
-It should be able to reach the part of the human body where the infection is occurring.  
-It should be inexpensive and easy to produce.  
-It should be chemically-stable (have a long shelf-life).  
-Microbial resistance is uncommon and unlikely to develop.  

Kinds of Antimicrobial Agents and their Primary Modes of Action  

The table below is a summary of the classes of antibiotics and their properties including their biological source 
and mode of action.  

 
Table 1. Classes of antibiotics and their properties  

Chemical class Examples Biological source 
Spectrum (effective 
against) 

Mode of action 

Beta-lactams 
(penicillins and 
cephalosporins) 

Penicillin G, 
Cephalothin 

Penicillium notatum 
and 
Cephalosporium 
species  

Gram-positive bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and 
murein assembly 

Semisynthetic 
penicillin 

Ampicillin, 
Amoxycillin 

 
Gram-positive and 
Gram-negative bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and murein 
assembly 

Clavulanic Acid 
Clavamox is 
clavulanic acid plus 
amoxycillin 

Streptomyces 
clavuligerus 

Gram-positive and 
Gram-negative bacteria 

"Suicide" inhibitor of 
beta-lactamases 

Monobactams Aztreonam 
Chromobacter 
violaceum 

Gram-positive and 
Gram-negative bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and murein 
assembly 

Carboxypenems Imipenem 
Streptomyces 
cattleya 

Gram-positive and 
Gram-negative bacteria 

Inhibits steps in cell 
wall (peptidoglycan) 
synthesis and murein 
assembly 

Aminoglycosides Streptomycin 
Streptomyces 
griseus 

Gram-positive and 
Gram-negative bacteria 

Inhibit translation 
(protein synthesis) 

 Gentamicin 
Micromonospora 
species 

Gram-positive and 
Gram-negative bacteria 
esp. Pseudomonas 

Inhibit translation 
(protein synthesis) 

Glycopeptides Vancomycin 
Streptomyces 
orientales 

Gram-positive bacteria, 
esp. Staphylococcus 
aureus 

Inhibits steps in 
murein 
(peptidoglycan) 
biosynthesis and 
assembly 

Lincomycins Clindamycin 
Streptomyces 
lincolnensis 

Gram-positive and 
Gram-negative bacteria 
esp. anaerobic 
Bacteroides 

Inhibits translation 
(protein synthesis) 

Macrolides Erythromycin 
Streptomyces 
erythreus 

Gram-positive bacteria, 
Gram-negative bacteria 
not enterics, Neisseria, 

Inhibits translation 
(protein synthesis) 



Legionella, Mycoplasma 

Polypeptides Polymyxin Bacillus polymyxa Gram-negative bacteria 
Damages 
cytoplasmic 
membranes 

 Bacitracin Bacillus subtilis Gram-positive bacteria 

Inhibits steps in 
murein 
(peptidoglycan) 
biosynthesis and 
assembly 

Polyenes Amphotericin 
Streptomyces 
nodosus 

Fungi 
Inactivate 
membranes 
containing sterols 

 Nystatin 
Streptomyces 
noursei 

Fungi (Candida) 
Inactivate 
membranes 
containing sterols 

Rifamycins Rifampicin 
Streptomyces 
mediterranei 

Gram-positive and 
Gram-negative bacteria, 
Mycobacterium 
tuberculosis 

Inhibits transcription 
(bacterial RNA 
polymerase) 

Tetracyclines Tetracycline 
Streptomyces 
species 

Gram-positive and 
Gram-negative bacteria, 
Rickettsias 

Inhibit translation 
(protein synthesis) 

Semisynthetic 
tetracycline 

Doxycycline  

Gram-positive and 
Gram-negative bacteria, 
Rickettsias Ehrlichia, 
Borrelia 

Inhibit translation 
(protein synthesis) 

Chloramphenicol Chloramphenicol 
Streptomyces 
venezuelae 

Gram-positive and 
Gram-negative bacteria 

Inhibits translation 
(protein synthesis) 

 

Antimicrobial Agents Used in the Treatment of Infectious Disease  

The following discussion of antibiotics and chemotherapeutic organizes the antimicrobial agents based on their mode of 
action in bacterial cells.  

Cell wall synthesis inhibitors  

Cell wall synthesis inhibitors generally inhibit some step in the synthesis of bacterial peptidoglycan. Generally they exert 
their selective toxicity against eubacteria because human cells lack cell walls.  

Beta lactam antibiotics. Chemically, these antibiotics contain a 4-membered beta lactam ring.They are the products of 
two groups of fungi, Penicillium and Cephalosporium molds, and are correspondingly represented by the penicillins and 
cephalosporins.  

The beta lactam antibiotics are stereochemically related to D-alanyl-D-alanine  which is a substrate for the last step in 
peptidoglycan synthesis, the final cross-linking between between peptide side chains. Penicillins bind to and inhibit the 
carboxypeptidase and transpeptidase enzymes that are required for this step in peptidoglycan biosynthesis. Beta lactam 
antibiotics are normally bactericidal and require that cells be actively growing in order to exert their toxicity.  

Different beta lactams differ in their spectrum of activity and their effect on Gram-negative rods, as well as their toxicity, 
stability in the human body, rate of clearance from blood, whether they can be taken orally, ability to cross the blood-
brain barrier, and susceptibility to bacterial beta-lactamases.  



Natural penicillins, such as Penicillin G or Penicillin V, are produced by fermentation of Penicillium chrysogenum. 
They are effective against streptococcus, gonococcus and staphylococcus, except where resistance has developed. They 
are considered narrow spectrum since they are not effective against Gram-negative rods.  

Semisynthetic penicillins first appeared in 1959. A mold produces the main part of the molecule (6-aminopenicillanic 
acid) which can be modified chemically by the addition of side shains. Many of these compounds have been developed to 
have distinct benefits or advantages over penicillin G, such as increased spectrum of activity (effectiveness against Gram-
negative rods), resistance to penicillinase, effectiveness when administered orally, etc. Amoxycillin and Ampicillin have 
broadened spectra against Gram-negatives and are effective orally; Methicillin is penicillinase-resistant.  

Clavulanic acid is a chemical sometimes added to a semisynthetic penicillin preparation. Thus, amoxycillin plus 
clavulanate is clavamox or augmentin. The clavulanate is not an antimicrobial agent. It inhibits beta lactamase enzymes 
and has given extended life to penicillinase-sensitive beta lactams.  

Although nontoxic, penicillins occasionally cause death when administered to persons who are allergic to them. In the 
U.S. there are 300 - 500 deaths annually due to penicillin allergy. In allergic individuals the beta lactam molecule 
attaches to a serum protein which initiates an IgE-mediated inflammatory response.  

Cephalolsporins are beta lactam antibiotics with a similar mode of action to penicillins that are produced by species of 
Cephalosporium. The have a low toxicity and a somewhat broader spectrum than natural penicillins. They are often used 
as penicillin substitutes, against Gram-negative bacteria, and in surgical prophylaxis. They are subject to degradation by 
some bacterial beta lactamases, but they tend to be resistant to beta-lactamases from S. aureus.  

Two other classes of beta lactams are the carbapenems and monobactams. The latter are particularly useful for the 
treatment of allergic individuals. A person who becomes allergic to penicillin usually becomes allergic to the 
cephalosporins and the carbapenems as well. Such individuals can still be treated with the monobactams, which are 
structurally different so as not to induce allergy.  

Bacitracin is a polypeptide antibiotic produced by Bacillus species. It prevents cell wall growth by inhibiting the release 
of the muropeptide subunits of peptidoglycan from the lipid carrier molecule that carries the subunit to the outside of the 
membrane.Teichoic acid synthesis, which requires the same carrier, is also inhibited. Bacitracin has a high toxicity which 
precludes its systemic use. It is present in many topical antibiotic preparations, and since it is not absorbed by the gut, it 
is given to "sterilize" the bowel prior to surgery.  

Cycloserine inhibits the early stages of murein synthesis where D-alanyl-D-alanine is added to the growing peptide side 
chain. The antibiotic resembles D-alanine in spatial structure, and it competitively inhibits the racemase reaction that 
converts L-alanine to D-alanine and the synthetase reaction that joins two D-alanine molecules. The affinity of 
cycloserine for these enzymes is about a hundred times greater than that of D-alanine. Cycloserine enters bacterial cells 
by means of an active transport system for glycine and can reach a relatively high intracellular concentration. This 
concentrating effect, along with its high affinity for susceptible enzymes, enables cycloserine to function as a very 
effective antimicrobial agent. However, it is fairly toxic and has limited use as a secondary drug for tuberculosis.  

Glycopeptides, such as the antibiotic vancomycin, appear to inhibit both transglycosylation and transpeptidation 
reactions during peptidoglycan assembly. They bind to the muropeptide subunit as it is transferred out of the cell 
cytoplasm and inhibit subsequent polymerization reactions. Vancomycin is not effective against Gram-negative bacteria 
because it cannot penetrate their outer membrane. However, it has become important in clinical usage for treatment of 
infections by strains of Staphylococcus aureus that are resistant to virtually all other antibiotics.  

Cell membrane inhibitors  

These antibiotics disorganize the structure or inhibit the function of bacterial membranes. The integrity of the 
cytoplasmic and outer membranes is vital to bacteria, and compounds that disorganize the membranes rapidly kill the 
cells. However, due to the similarities in phospholipids in eubacterial and eukaryotic membranes, this action is rarely 
specific enough to permit these compounds to be used systemically. The only antibacterial antibiotic of clinical 
importance that acts by this mechanism is polymyxin,  produced by Bacillus polymyxis. Polymyxin is effective mainly 



against Gram-negative bacteria and is usually limited to topical usage. Polymyxin binds to membrane phospholipids and 
thereby interferes with membrane function. Polymyxin is occasionally given for urinary tract infections caused by 
Pseudomonas strains that are gentamicin, carbenicillin and tobramycin resistant. The balance between effectiveness and 
damage to the kidney and other organs is dangerously close, and the drug should only be given under close supervision in 
the hospital.  

Protein synthesis inhibitors  

Many therapeutically useful antibiotics owe their action to inhibition of some step in the complex process of protein 
synthesis. Their attack is always at one of the events occurring on the ribosome and never at the stage of amino acid 
activation or attachment to a particular tRNA. Most have an affinity or specificity for 70S (as opposed to 80S) ribosomes, 
and they achieve their selective toxicity in this manner. The most important antibiotics with this mode of action are the 
tetracyclines, chloramphenicol, the macrolides (e.g. erythromycin) and the aminoglycosides (e.g. streptomycin).  

The aminoglycosides are products of Streptomyces species and are represented by streptomycin, kanamycin, 
tobramycin and gentamicin. These antibiotics exert their activity by binding to bacterial ribosomes and preventing the 
initiation of protein synthesis.  

Streptomycin binds to 30S subunit of the bacterial ribosome, specifically to the S12 protein which is involved in the 
initiation of protein synthesis. Experimentally, streptomycin has been shown to prevent the initiation of protein synthesis 
by blocking the binding of initiator N-formylmethionine tRNA to the ribosome. It also prevents the normal dissociation 
of ribosomes into their subunits, leaving them mainly in their 70S form and preventing the formation of polysomes. The 
overall effect of streptomycin seems to be one of distorting the ribosome so that it no longer can carry out its normal 
functions. This evidently accounts for its antibacterial activity but does not explain its bactericidal effects, which 
distinguishes streptomycin and other aminoglycosides from most other protein synthesis inhibitors.  

Kanamycin and tobramycin have been reported to bind to the ribosomal 30S subunit and to prevent it from joining to 
the 50S subunit during protein synthesis. They may have a bactericidal effect because this leads to cytoplasmic 
accumulation of dissociated 30S subunits, which is apparently lethal to the cells.  

Aminoglycosides have been used against a wide variety of bacterial infections caused by Gram-positive and Gram-
negative bacteria. Streptomycin has been used extensively as a primary drug in the treatment of tuberculosis. 
Gentamicin (a mixture of 3 components) is active against many strains of Gram-positive and Gram-negative bacteria, 
including some strains of Pseudomonas aeruginosa. Kanamycin (a complex of three antibiotics, A, B and C) is active at 
low concentrations against many Gram-positive bacteria, including penicillin-resistant staphylococci. Gentamicin and 
Tobramycin are mainstays for treatment of Pseudomonas infections. An unfortunate side effect of aminoglycosides has 
tended to restrict their usage: prolonged use is known to impair kidney function and cause damage to the auditory nerves 
leading to deafness.  

The tetracyclines consist of eight related antibiotics which are all natural products of Streptomyces, although some can 
now be produced semisynthetically or synthetically. Tetracycline, chlortetracycline and doxycycline are the best 
known. The tetracyclines are broad-spectrum antibiotics with a wide range of activity against both Gram-positive and 
Gram-negative bacteria. Pseudomonas aeruginosa is less sensitive but is generally susceptible to tetracycline 
concentrations that are obtainable in the bladder. The tetracyclines act by blocking the binding of aminoacyl tRNA to the 
A site on the ribosome. Tetracyclines inhibit protein synthesis on isolated 70S or 80S (eukaryotic) ribosomes, and in both 
cases, their effect is on the small ribosomal subunit. However, most bacteria possess an active transport system for 
tetracycline that will allow intracellular accumulation of the antibiotic at concentrations 50 times as great as that in the 
medium. This greatly enhances its antibacterial effectiveness and accounts for its specificity of action, since an effective 
concentration cannot be accumulated in animal cells. Thus a blood level of tetracycline which is harmless to animal 
tissues can halt protein synthesis in invading bacteria.  

The tetracyclines have a remarkably low toxicity and minimal side effects when taken by animals. The combination of 
their broad spectrum and low toxicity has led to their overuse and misuse by the medical community and the wide-spread 
development of resistance has reduced their effectiveness. Nonetheless, tetracyclines still have some important uses, such 
as the use of doxycycline in the treatment of Lyme disease.  



Some newly discovered members of the tetracycline family (e.g. chelocardin) have been shown to act by inserting into 
the bacterial membrane, not by inhibiting protein synthesis.  

Chloramphenicol is a protein synthesis inhibitor has a broad spectrum of activity but it exerts a bacteriostatic effect. It is 
effective against intracellular parasites such as the rickettsiae. Unfortunately, aplastic anemia, which is dose-related 
develops in a small proportion (1/50,000) of patients. Chloramphenicol was originally discovered and purified from the 
fermentation of a Streptomyces, but currently it is produced entirely by chemical synthesis. Chloramphenicol inhibits the 
bacterial enzyme peptidyl transferase, thereby preventing the growth of the polypeptide chain during protein synthesis.  

Chloramphenicol is entirely selective for 70S ribosomes and does not affect 80S ribosomes. Its unfortunate toxicity 
towards the small proportion of patients who receive it is in no way related to its effect on bacterial protein synthesis. 
However, since mitochondria probably originated from procaryotic cells and have 70S ribosomes, they are subject to 
inhibition by some of the protein synthesis inhibitors including chloroamphenicol. This likely explains the toxicity of 
chloramphenicol. The eukaryotic cells most likely to be inhibited by chloramphenicol are those undergoing rapid 
multiplication, thereby rapidly synthesizing mitochondria. Such cells include the blood forming cells of the bone marrow, 
the inhibition of which could present as aplastic anemia. Chloramphenicol was once a highly prescribed antibiotic and a 
number of deaths from anemia occurred before its use was curtailed. Now it is seldom used in human medicine except in 
life-threatening situations (e.g. typhoid fever).  

The maccrolide family of antibiotics is characterized by structures thatcontain large lactone rings linked through 
glycoside bonds with amino sugars. The most important members of the group are erythromycin and oleandomycin. 
Erythromycin is active against most Gram-positive bacteria, Neisseria, Legionella and Haemophilus, but not against the 
Enterobacteriaceae. Macrolides inhibit bacterial protein synthesis by binding to the 50S ribosomal subunit. Binding 
inhibits elongation of the protein by peptidyl transferase or prevents translocation of the ribosome or both. Macrolides are 
bacteriostatic for most bacteria but are cidal for a few Gram-positive bacteria.  

Lincomycin and clindamycin are a miscellaneous group of protein synthesis inhibitors with activity similar to the 
macrolides. Lincomycin has activity against Gram-positive bacteria and some Gram-negative bacteria (Neisseria, H. 
influenzae). Clindamycin is a derivative of lincomycin, with the same range of antimicrobial activity, but it is considered 
more effective. It is frequently used as a penicillin substitute and is effective against Gram-negative anaerobes (e.g. 
Bacteroides).  

Effects on Nucleic Acids  

Some antibiotics and chemotherapeutic agents affect the synthesis of DNA or RNA, or can bind to DNA or RNA so that 
their messages cannot be read. Either case, of course, can block the growth of cells. The majority of these drugs are 
unselective, however, and affect animal cells and bacterial cells alike and therefore have no therapeutic application. Two 
nucleic acid synthesis inhibitors which have selective activity against procaryotes and some medical utility are the 
quinolones and rifamycins.  

Nalidixic acid is a synthetic chemotherapeutic agent which has activity mainly against Gram-negative bacteria. Nalidixic 
acid belongs to a group of compounds called quinolones. Nalidixic acid is a bactericidal agent that binds to the DNA 
gyrase enzyme (topoisomerase) which is essential for DNA replication and allows supercoils to be relaxed and reformed. 
Binding of the drug inhibits DNA gyrase activity.  

Some quinolones penetrate macrophages and neutrophils better than most antibiotics and are thus useful in treatment of 
infections caused by intracellular parasites. However, the main use of nalidixic acid is in treatment of lower urinary tract 
infections (UTI). The compound is unusual in that it is effective against several types of Gram-negative bacteria such as 
E. coli, Enterobacter aerogenes, K. pneumoniae and Proteus species which are common causes of UTI. It is not usually 
effective against Pseudomonas aeruginosa, and Gram-positive bacteria are resistant.  

Some quinolones have a broadened spectrum against Gram-positive bacteria. The fluoroquinolone, Cipro. 
(ciprofloxacin) was recently touted as the drug of choice for treatment and prophylaxis of anthrax, which is caused by a 
Gram-positive bacillus.  



The rifamycins are a comparatively new group of antibiotics, also the products of Streptomyces. Rifampicin  is a 
semisynthetic derivative of rifamycin that is active against Gram-positive bacteria (including Mycobacterium 
tuberculosis) and some Gram-negative bacteria. Rifampicin acts quite specifically on the bacterial RNA polymerase and 
is inactive towards DNA polymerase or RNA polymerase from animal cells. The antibiotic binds to the beta subunit of 
the polymerase and apparently blocks the entry of the first nucleotide which is necessary to activate the polymerase, 
thereby blocking mRNA synthesis. It has been found to have greater bactericidal effect against M .tuberculosis than other 
anti-tuberculosis drugs, and it has largely replaced isoniazid as one of the front-line drugs used to treat the disease, 
especially when isoniazid resistance is indicated. It is effective orally and penetrates the cerebrospinal fluid so it is useful 
for treatment of bacterial meningitis.  

Competitive Inhibitors  

Many of the synthetic chemotherapeutic agents are competitive inhibitors of essential metabolites or growth factors that 
are needed in bacterial metabolism.  Hence, these types of antimicrobial agents are sometimes referred to as anti-
metabolites or growth factor analogs, since they are designed to specifically inhibit an essential metabolic pathway in 
the bacterial pathogen. At a chemical level, competitive inhibitors are structurally similar to a bacterial growth factor or 
metabolite, but they do not fulfill their metabolic function in the cell. Some are bacteriostatic and some are bactericidal. 
Their selective toxicity is based on the premise that the bacterial pathway does not occur in the host.  

Sulfonamides were introduced as chemotherapeutic agents by Domagk in 1935, who showed that one of these 
compounds (prontosil) had the effect of curing mice with infections caused by beta-hemolytic streptococci. Chemical 
modifications of the compound sulfanilamide gave compounds with even higher and broader antibacterial activity. The 
resulting sulfonamides  have broadly similar antibacterial activity, but differ widely in their pharmacological actions. 
Bacteria which are almost always sensitive to the sulfonamides include Streptococcus pneumoniae, beta-hemolytic 
streptococci and E. coli. The sulfonamides have been extremely useful in the treatment of uncomplicated UTI caused by 
E. coli, and in the treatment of meningococcal meningitis (because they cross the blood-brain barrier).  

The sulfonamides (e.g. Gantrisin) and Trimethoprim are inhibitors of the bacterial enzymes required for the synthesis 
of tetrahydofolic acid (THF), the vitamin form of folic acid essential for 1-carbon transfer reactions. Sulfonamides are 
structurally similar to para aminobenzoic acid (PABA), the substrate for the first enzyme in the THF pathway, and they 
competitively inhibit that step. Trimethoprim is structurally similar to dihydrofolate (DHF) and competitively inhibits the 
second step in THF synthesis mediated by the DHF reductase. Animal cells do not synthesize their own folic acid but 
obtain it in a preformed fashion as a vitamin. Since animals do not make folic acid, they are not affected by these drugs, 
which achieve their selective toxicity for bacteria on this basis.  

Three additional synthetic chemotherapeutic agents have been used in the treatment of tuberculosis:  (INH), 
paraaminosalicylic acid (PAS), and ethambutol. The usual strategy in the treatment of tuberculosis has been to 
administer a single antibiotic (historically streptomycin, but now, most commonly, rifampicin is given) in conjunction 
with INH and ethambutol. Since the tubercle bacillus rapidly develops resistance to the antibiotic, ethambutol and INH 
are given to prevent outgrowth of a resistant strain. It must also be pointed out that the tubercle bacillus rapidly develops 
resistance to ethambutol and INH if either drug is used alone. Ethambutol inhibits incorporation of mycolic acids into the 
mycobacterial cell wall. Isoniazid has been reported to inhibit mycolic acid synthesis in mycobacteria and since it is an 
analog of pyridoxine (Vitamin B6) it may inhibit pyridoxine-catalyzed reactions as well. Isoniazid is activated by a 
mycobacterial peroxidase enzyme and destroys several targets in the cell. PAS is an anti-folate, similar in activity to the 
sulfonamides. PAS was once a primary anti-tuberculosis drug, but now it is a secondary agent, having been largely 
replaced by ethambutol.  

Microorganisms that Produce Antibiotics  

The molds, Penicillium and Cephalosporium, produce Beta-lactam antibiotics, i.e., penicillin, cephalosporin, and their 
relatives.  

Actinomycetes, mainly Streptomyces species: produce tetracyclines, aminoglycosides (streptomycin and its relatives), 
macrolides (erythromycin and its relatives), chloramphenicol, ivermectin, rifamycins, and most other clinically-useful 
antibiotics that are not beta-lactams.  



Bacillus species, such as B. polymyxa and Bacillus subtilis produce polypeptide antibiotics (e.g. polymyxin and 
bacitracin).  

These organisms all have in common that they live in a soil habitat and they form some sort of a spore or resting 
structure. It is not known why these microorganisms produce antibiotics. It may rest in the obvious, i.e., the antibiotics 
afford the microbes some nutritional advantage in their habitat by antagonism against the competition. However, it may 
rest on the subtle: i.e., the antibiotics act as some sort of hormone or signal molecule associated with sporulation or 
dormancy or germination.  

Antibiotics are secondary metabolites of microorganisms and they are produced at the same time that the cells begin 
sporulation processes. Antibiotics tend to be rather large, complicated, organic molecules and may require as many as 30 
separate enzymatic steps to synthesize. The maintenance of a substantial component of the bacterial genome devoted 
solely to the synthesis of an antibiotic leads one to the conclusion that the process (or molecule) is important, if not 
essential, to the survival of these organisms in their natural habitat.  

Most of the microorganisms that produce antibiotics are resistant to the action of their own antibiotic, although the 
organisms are affected by other antibiotics, and their antibiotic may be effective against closely-related strains. Generally 
speaking, how or why bacteria are resistant to their own antibiotics is also unknown, but the mechanisms may be similar 
to resistance that develops in medically-important bacteria.  

Microbial Resistance to Antibiotics  

The first antibiotic, penicillin, was discovered in 1929 by Sir Alexander Fleming who observed inhibition of 
staphylococci on an agar plate contaminated by a Penicillium mold. World War II (and the inevitable bacterial infections 
that occurred in war-related wounds) was an important impetus to study the chemotherapeutic value of penicillin. 
Penicillin became generally available for treatment of bacterial infections, especially those caused by staphylococci and 
streptococci, about 1946. Initially, the antibiotic was effective against all sorts of infections caused by these two Gram-
positive bacteria. It is important to note that a significant fraction of all human infections are caused by these two bacteria 
(i.e., strep throat, pneumonia, septicemia, skin infections, wound infections, scarlet fever, toxic shock syndrome). 
Penicillin had unbelievable ability to kill these bacterial pathogens without harming the host that harbored them.  

Resistance to penicillin in some strains of staphylococci was recognized almost immediately after introduction of the 
drug. Resistance to penicillin today occurs in as many as 80% of all strains of Staphylococcus aureus and some strains of 
S. aureus have been isolated that are resistant to virtually all clinically-available antibiotics. Surprisingly, Streptococcus 
pyogenes (Group A strep) has never fully developed resistance to penicillin, and it remains a reasonable choice antibiotic 
for many types of streptococcal infections. Interestingly, penicillin has never been effective against most Gram-negative 
pathogens (e.g. Salmonella, Shigella, Bordetella pertussis, Yersinia pestis, Pseudomonas) with the notable exception of 
Neisseria gonorrhoeae. Gram-negative bacteria are inherently resistant to penicillin because their vulnerable cell wall is 
protected by an outer membrane that prevents permeation of the penicillin molecule.  

The period of the late 1940s and early 1950s saw the discovery and introduction of streptomycin, chloramphenicol, and 
tetracycline, and the age of antibiotic chemotherapy came into full being. These antibiotics were effective against the full 
array of bacterial pathogens including Gram-positive and Gram-negative bacteria, intracellular parasites, and the 
tuberculosis bacillus. However, by 1953, during a Shigella outbreak in Japan, a strain of the dysentery bacillus was 
isolated which was multiple drug resistant, exhibiting resistance to chloramphenicol, tetracycline, streptomycin, and the 
sulfanilamides. There was also evidence mounting that bacteria could pass genes for multiple drug resistance between 
strains and even between species. It was also apparent that Mycobacterium tuberculosis was capable of rapid 
development of resistance to streptomycin which had become a mainstay in tuberculosis therapy. Today, drug-resistant 
strains of M. tuberculosis are threatening to break through in one of the world's most prevalent infectious diseases.  

The Genetic Basis of Bacterial Resistance to Antibiotics  

Inherent (Natural) Resistance. Bacteria may be inherently resistant to an antibiotic. For example, a streptomycete has 
some gene that is responsible for resistance to its own antibiotic; or a Gram-negative bacterium has an outer membrane 



that establishes a permeability barrier against the antibiotic; or an organism lacks a transport system for the antibiotic; or 
it lacks the target or reaction that is hit by the antibiotic.  

Acquired Resistance. Bacteria can develop resistance to antibiotics, e.g. bacterial populations previously-sensitive to 
antibiotics become resistant. This type of resistance results from changes in the bacterial genome. Acquired resistance is 
driven by two genetic processes in bacteria: (1) mutation and selection (sometimes referred to as vertical evolution); (2) 
exchange of genes between strains and species (sometimes called horizontal evolution).  

Vertical evolution is strictly a matter of Darwinian evolution driven by principles of natural selection: a spontaneous 
mutation in the bacterial chromosome imparts resistance to a member of the bacterial population. In the selective 
environment of the antibiotic, the wild type (non mutants) are killed and the resistant mutant is allowed to grow and 
flourish. The mutation rate for most bacterial genes is approximately 10-8. This means that if a bacterial population 
doubles from 108 cells to 2 x 108 cells, there is likely to be a mutant present for any given gene. Since bacteria grow to 
reach population densities far in excess of 109 cells, such a mutant could develop from a single generation during 15 
minutes of growth.  

Horizontal evolution is the acquisition of genes for resistance from another organism. For example, a streptomycete has 
a gene for resistance to streptomycin (its own antibiotic), but somehow that gene escapes and gets into E. coli or Shigella. 
Or, more likely, a bacterium like E. coli develops genetic resistance through the process of mutation and selection and 
then donates these genes to some other bacterium through one of several processes for genetic exchange that exist in 
bacteria (below).  

Bacteria are able to exchange genes in nature by three processes: conjugation, transduction and transformation. 
Conjugation involves cell-to-cell contact as DNA crosses a sex pilus from donor to recipient. During transduction, a 
virus transfers the genes between mating bacteria. In transformation, DNA is acquired directly from the environment, 
having been released from another cell. Genetic recombination can follow the transfer of DNA from one cell to another 
leading to the emergence of a new genotype (recombinant). It is common for DNA to be transferred as plasmids between 
mating bacteria. Since bacteria usually develop their genes for drug resistance on plasmids (called resistance transfer 
factors, or RTFs), they are able to spread drug resistance to other strains and species during genetic exchange processes.  

The combined effects of fast growth rates, high concentrations of cells, genetic processes of mutation and selection, and 
the ability to exchange genes, account for the extraordinary rates of adaptation and evolution that can be observed in the 
bacteria. For these reasons bacterial adaptation (resistance) to the antibiotic environment seems to take place very rapidly 
in evolutionary time. Bacteria evolve fast!  

The Mechanisms of Bacterial Resistance to Antibiotics  

section in progress  

The Medical Problem of Bacterial Resistance  

Obviously, if a bacterial pathogen is able to develop or acquire resistance to an antibiotic, then that substance becomes 
useless in the treatment of infectious disease caused by that pathogen (unless the resistance can somehow be overcome 
with secondary measures). So as pathogens develop resistance, humanity must find new (different) antibiotics to fill the 
place of the old ones in treatment regimes. Hence, natural penicillins have become useless against staphylococci and 
must be replaced by other antibiotics; tetracycline, having been so widely used and misused for decades, has become 
worthless for many of the infections that once designated it as a "wonder drug".  

Not only is there a problem in finding new antibiotics to fight old diseases (because resistant strains of bacteria have 
emerged), there is a parallel problem to find new antibiotics to fight new diseases. In the past two decades, many "new" 
bacterial diseases have been discovered (Legionnaire's disease, gastric ulcers, Lyme disease, toxic shock syndrome, 
"skin-eating" streptococci). Broad patterns of resistance exist in these pathogens, and it seems likely that new antibiotics 
will soon be needed to replace the handful that are effective now against these bacteria, especially as resistance begins to 
emerge among them in the selective environment antibiotic chemotherapy.  



It is said that the discovery and use of antibiotics and immunization procedures against infectious disease are two 
developments in the field of microbiology that have contributed about twenty years to the average life span of humans in 
developed countries where these practices are employed. While the greater part of this span in time is probably due to 
vaccination, most of us are either still alive or have family members who are still alive because an antibiotic conquered 
an infectious disease that otherwise would have killed the individual. If we want to retain this medical luxury in our 
society, we must be vigilant and proactive: we must fully understand how and why antimicrobial agents work, and why 
they don't work, and realize that we must maintain a stride ahead of microbial pathogens that can only be contained by 
antibiotic chemotherapy.  
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Definition of an antibiotic 

Antibiotics are substances produced by microorganisms that kill or inhibit other microorganisms. Antibiotics are 
products of the earth, more specifically of soil; they are byproducts of cellular metabolism; antibiotics are "all natural".  

History of antibiotics and antibiotic chemotherapy 

The first antibiotic, penicillin, was discovered in 1929 by Sir Alexander Fleming who observed inhibition of 
staphylococci on an agar plate contaminated by a Penicillium mold. World War II (and the inevitable bacterial infections 
that occurred in war-related wounds) was an important impetus to study the chemotherapeutic value of penicillin. 
Penicillin became generally available for treatment of bacterial infections, especially those caused by staphylococci and 
streptococci, about 1946. Initially, the antibiotic was effective against all sorts of infections caused by these two Gram-
positive bacteria. It is important to note that a significant fraction of all human infections are caused by these two bacteria 
(i.e., strep throat, pneumonia, septicemia, skin infections, wound infections, scarlet fever, toxic shock syndrome). 
Penicillin had unbelievable ability to kill these bacterial pathogens without harming the host that harbored them. This 
brings to light the fundamental principle of antimicrobial chemotherapy that may be relevant in this symposium, i.e., 
selective toxicity: Antibiotics used in the treatment of disease must be effective against the pathogenic microorganism 
and not the host; the host (patient taking the antibiotic) must essentially be resistant to the action of the drug.  

Resistance to penicillin in some strains of staphylococci was recognized almost immediately after introduction of the 
drug. (Resistance to penicillin today occurs in as many as 80% of all strains of Staphylococcus aureus). Surprisingly, 
Streptococcus pyogenes (Group A strep) have never fully developed resistance to penicillin and it remains a reasonable 
choice antibiotic for many types of streptococcal infections. Interestingly, penicillin has never been effective against most 
Gram-negative pathogens (e.g. Salmonella, Shigella, Bordetella pertussis, Yersinia pestis, Pseudomonas) with the 
notable exception of Neisseria gonorrhoeae. Gram-negative bacteria are inherently resistant to penicillin because their 
vulnerable cell wall is protected by an outer membrane that prevents permeation of the penicillin molecule.  

The period of the late 1940s and early 1950s saw the discovery and introduction of streptomycin, chloramphenicol, and 
tetracycline, and the age of antibiotic chemotherapy came into full being. These antibiotics were effective against the full 
array of bacterial pathogens including Gram-positive and Gram-negative bacteria, intracellular parasites, and the 
tuberculosis bacillus. However, by 1953, during a Shigella outbreak in Japan, a strain of the dysentery bacillus was 
isolated which was multiple drug resistant, exhibiting resistance to chloramphenicol, tetracycline, streptomycin, and the 
sulfanilamides. There was also evidence mounting that bacteria could pass genes for multiple drug resistance between 
strains and even between species. It was also apparent that Mycobacterium tuberculosis was capable of rapid 
development of resistance to streptomycin which had become a mainstay in tuberculosis therapy.  

Microorganisms that produce antibiotics 

Penicillium and Cephalosporium: produce Beta-lactam antibiotics: penicillin, cephalosporin, and their relatives.  



Actinomycetes, mainly Streptomyces species: produce tetracyclines, aminoglycosides (streptomycin and its relatives), 
macrolides (erythromycin and its relatives), chloramphenicol, ivermectin, rifamycins, and most other clinically-useful 
antibiotics that are not beta-lactams.  

Bacillus species, such as B. polymyxa and Bacillus subtilis produce polypeptide antibiotics (e.g. polymyxin and 
bacitracin), and B. cereus produces zwittermicin.  

These organisms all have in common that they live in a soil habitat and they form some sort of a spore or resting 
structure. It is not known why these microorganisms produce antibiotics but it may rest in the obvious : affording them 
some nutritional advantage in their habitat by antagonizing the competition; or the subtle: acting as some sort of hormone 
or signal molecule associated with sporulation or dormancy or germination. Antibiotics are secondary metabolites of 
microorganisms and they are produced at the same time that the cells begin sporulation processes. Antibiotics tend to be 
rather large, complicated, organic molecules and may require as many as 30 separate enzymatic steps to synthesize. The 
maintenance of a substantial component of the bacterial genome devoted solely to the synthesis of an antibiotic leads one 
to the conclusion that the process (or molecule) is important, if not essential, to the survival of these organisms in their 
natural habitat.  

Most of the microorganisms that produce antibiotics are resistant to the action of their own antibiotic, although the 
organisms are affected by other antibiotics, and their antibiotic may be effective against closely-related strains. Generally 
speaking, how or why bacteria are resistant to their own antibiotics is also unknown, but it may be worth pondering or 
studying if we are to understand the cellular and molecular basis of resistance.  

The basis of microbial resistance to antibiotics 

Inherent (Natural) Resistance. Bacteria may be inherently resistant to an antibiotic. For example, a streptomycete has 
some gene that is responsible for resistance to its own antibiotic; or a Gram-negative bacterium has an outer membrane 
that establishes a permeability barrier against the antibiotic; or an organism lacks a transport system for the antibiotic; or 
it lacks the target or reaction that is hit by the antibiotic.  

Acquired Resistance. Bacteria can develop resistance to antibiotics, e.g. bacterial populations previously-sensitive to 
antibiotics become resistant. This type of resistance results from changes in the bacterial genome. Acquired resistance is 
driven by two genetic processes in bacteria: (1) mutation and selection (sometimes referred to as vertical evolution); (2) 
exchange of genes between strains and species (sometimes called horizontal evolution).  

Vertical evolution is strictly a matter of Darwinian evolution driven by principles of natural selection: a spontaneous 
mutation in the bacterial chromosome imparts resistance to a member of the bacterial population. In the selective 
environment of the antibiotic, the wild type (non mutants) are killed and the resistant mutant is allowed to grow and 
flourish. The mutation rate for most bacterial genes is approximately 10-8. This means that if a bacterial population 
doubles from 108 cells to 2 x 108 cells, there is likely to be a mutant present for any given gene. Since bacteria grow to 
reach population densities far in excess of 109 cells, such a mutant could develop from a single generation during 15 
minutes of growth.  

Horizontal evolution is the acquisition of genes for resistance from another organism. For example, a streptomycete has 
a gene for resistance to streptomycin (its own antibiotic), but somehow that gene escapes and gets into E. coli or Shigella. 
Or, more likely, Some bacterium develops genetic resistance through the process of mutation and selection and then 
donates these genes to some other bacterium through one of several processes for genetic exchange that exist in bacteria.  

Bacteria are able to exchange genes in nature by three processes: conjugation, transduction and transformation. 
Conjugation involves cell-to-cell contact as DNA crosses a sex pilus from donor to recipient. During transduction, a 
virus transfers the genes between mating bacteria. In transformation, DNA is acquired directly from the environment, 
having been released from another cell. Genetic recombination can follow the transfer of DNA from one cell to another 
leading to the emergence of a new genotype (recombinant). It is common for DNA to be transferred as plasmids between 
mating bacteria. Since bacteria usually develop their genes for drug resistance on plasmids (called resistance transfer 
factors, or RTFs), they are able to spread drug resistance to other strains and species during genetic exchange processes.  



The combined effects of fast growth rates, high concentrations of cells, genetic processes of mutation and selection, and 
the ability to exchange genes, account for the extraordinary rates of adaptation and evolution that can be observed in the 
bacteria. For these reasons bacterial adaptation (resistance) to the antibiotic environment seems to take place very rapidly 
in evolutionary time: bacteria evolve fast!  

The medical problem of bacterial drug resistance 

Obviously, if a bacterial pathogen is able to develop or acquire resistance to an antibiotic, then that substance becomes 
useless in the treatment of infectious disease caused by that pathogen (unless the resistance can somehow be overcome 
with secondary measures). So as pathogens develop resistance, we must find new (different) antibiotics to fill the place of 
the old ones in treatment regimes. Hence, natural penicillins have become useless against staphylococci and must be 
replaced by other antibiotics; tetracycline, having been so widely used and misused for decades, has become worthless 
for many of the infections that once designated it as a "wonder drug".  

Not only is there a problem in finding new antibiotics to fight old diseases (because resistant strains of bacteria have 
emerged), there is a parallel problem to find new antibiotics to fight new diseases. In the past two decades, many "new" 
bacterial diseases have been discovered (Legionnaire's disease, gastric ulcers, Lyme disease, toxic shock syndrome, 
"skin-eating" streptococci). We are only now able to examine patterns of susceptibility and resistance to antibiotics 
among new pathogens that cause these diseases. Broad patterns of resistance exist in these pathogens, and it seems likely 
that we will soon need new antibiotics to replace the handful that are effective now against these bacteria, especially as 
resistance begins to emerge among them in the selective environment antibiotic chemotherapy.  

Conclusions 

It is said that the discovery and use of antibiotics and immunization procedures against infectious disease are two 
developments in the field of microbiology that have contributed about twenty years to the average life span of humans in 
developed countries where these practices are employed. While the greater part of this span in time is probably due to 
vaccination, most of us are either still alive or have family members who are still alive because an antibiotic conquered 
an infectious disease that otherwise would have killed the individual. If we want to retain this medical luxury in our 
society we must be vigilant and proactive: we must fully understand how and why antimicrobial agents work, and why 
they don't work, and realize that we must maintain a stride ahead of microbial pathogens that can only be contained by 
antibiotic chemotherapy.  

 


