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As more original molecular protocols and subsequent modifications are described in the literature, it has become
difficult for those not directly involved in the development of these protocols to know which are most appropriate
to adopt for accurate identification of bacterial pathogens. Molecular Detection of Human Bacterial Pathogens
addresses this issue, with international scientists in their respective bacterial pathogen research and diagnoses
providing expert summaries on current diagnostic approaches for major human bacterial pathogens. 

Each chapter consists of a brief review of the classification, epidemiology, clinical features, and diagnosis of
an important pathogenic bacterial genus, an outline of clinical sample collection and preparation procedures, a
selection of representative stepwise molecular protocols, and a discussion on further research requirements relating
to improved diagnoses.

This book represents a reliable and convenient reference on molecular detection and identification of major human
bacterial pathogens; an indispensable tool for both new and experienced medical, veterinary, and industrial laboratory
scientists engaged in bacterial characterization; and an essential textbook for undergraduate and graduate students
in microbiology.
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This volume is dedicated to a group of bacteriologists
whose insight, knowledge, and expertise have made 
the all-inclusive coverage of major human bacterial 

pathogens a reality.
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Preface

Bacteria are small, unicellular organisms that are invisible to 
the naked eye but are nonetheless present ubiquitously and 
abundantly in all environments. Although a majority of bac-
teria are free-living and symbiotic, some are capable of lead-
ing a parasitic life, inducing a range of disease syndromes 
in human and animal hosts during the process. Among the 
most devastating bacterial pathogens, Yersinia pestis, the 
causative agent of bubonic plague, was responsible for three 
major human pandemics in history, killing 200 million 
people prior to the advent of antibiotics. The current, most 
common fatal bacterial diseases are tuberculosis (caused by 
Mycobacterium tuberculosis), killing about 2 million peo-
ple a year alone, and cholera (caused by Vibrio cholerae). 
Other globally important bacterial diseases include pneumo-
nia (caused by Streptococcus and Pseudomonas), tetanus, 
typhoid fever, diphtheria, syphilis, and leprosy.

Traditionally, bacteria have been identified and diag-
nosed with the help of various phenotypic procedures, such 
as Gram stain, morphological, biochemical, and serological 
examination. Since the phenotypic techniques are often slow 
and lack desired specificity and reproducibility, nucleic acid 
amplification technologies such as polymerase chain reaction 
(PCR) have played an increasingly prominent role in the lab-
oratory diagnosis of bacterial infections. Given their ability 
to specifically detect a single copy of bacterial nucleic acid 
template in a matter of hours, PCR-based assays offer unsur-
passed sensitivity, specificity, accuracy, precision, and result 
availability for bacterial identification. The recent advances 
in instrumentation automation and probe chemistries have 
facilitated the development of real-time PCR that provides a 
convenient platform for high throughput detection and quan-
titation of bacterial pathogens in clinical specimens.

Considering that numerous original molecular proto-
cols and subsequent modifications have been described and 

scattered in various journals and monographs, it has become 
difficult if not impossible for someone who has not been 
directly involved in the development of original or modified 
protocols to know which are most appropriate to adopt for 
accurate identification of bacterial pathogens of interest. The 
purpose of this volume is to address this issue, with inter-
national scientists in respective bacterial pathogen research 
and diagnosis providing expert summaries on current diag-
nostic approaches for major human bacterial pathogens. 
Each chapter consists of a brief review of the classification, 
epidemiology, clinical features, and diagnosis of an impor-
tant pathogenic bacterial genus; an outline of clinical sample 
collection and preparation procedures; a selection of repre-
sentative stepwise molecular protocols; and a discussion on 
further research requirements relating to improved diagno-
sis. This book represents a reliable and convenient reference 
on molecular detection and identification of major human 
bacterial pathogens; an indispensable tool for upcoming 
and experienced medical, veterinary, and industrial labora-
tory scientists engaged in bacterial characterization; and an 
essential textbook for undergraduate and graduate students 
majoring in bacteriology.

A comprehensive and inclusive book such as this is 
undoubtedly beyond an individual’s capacity. I am fortunate 
and honored to have a large panel of bacteriologists as chap-
ter contributors, whose detailed knowledge and technical 
insights on human bacterial pathogen detection have greatly 
enriched this book. In addition, the professionalism and dedi-
cation of executive editor Barbara Norwitz and senior project 
coordinator Jill Jurgensen at CRC Press have enhanced its 
presentation. Finally, without the understanding and support 
of my family, Liling Ma, Brenda, and Cathy, the compila-
tion of this all-encompassing volume would have not been 
possible.
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Editor
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tion at Hunan Agricultural University, China. Upon gradua-
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the Chinese Ministry of Education to pursue further training 
at the University of Melbourne, Australia, where he worked 
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1.1  PREAMBLE

Bacteria (singular, bacterium) are small unicellular organ-
isms that are classified taxonomically in the domain Bacteria 
(or Eubacteria), the kingdom Prokaryotae (or Prokaryota or 
Monera). The only other domain in the kingdom Prokaryotae 
covers Archaea (or Archaeobacteria for “ancient bacteria”). 
With sizes ranging from 10−7 to 10−4 mm, prokaryotes are 
bigger than viruses (10−8–10−6 mm), but smaller than eukary-
otes (10−5–103 mm).  While both bacteria and archaea may 
have evolved independently from an ancient common ances-
tor, eukaryotes may have arisen from ancient bacteria enter-
ing into endosymbiotic associations with the ancestors of 
eukaryotic cells (possibly related to the archaea) to form either 
mitochondria or hydrogenosomes. A subsequent independent 
engulfment by some mitochondria-containing eukaryotes of 
cyanobacterial-like organisms may have led to the formation 
of chloroplasts in algae and plants.

In contrast to the organisms in the eukaryotic kingdoms 
Protista, Fungi, Plantae, and Animalia, those in the king-
dom Prokaryotae lack nuclear membrane (with their DNA 
usually in a loop or coil), contain few independent mem-
brane-bounded cytoplasmic organelles (e.g., vacuole, endo-
plasmic reticulum, Golgi apparatus, and mitochondria) apart 
from chromosome and ribosome, have no unique structures 
in their plasma membrane and cell wall, and do not undergo 
endocystosis and exocytosis.  In other words, whereas 
eukaryotic chromosome resides within a membrane-delin-
eated nucleus, bacterial chromosome is located inside the 

bacterial cytoplasm.  This entails that all cellular events 
(e.g., translational and transcriptional processes, and inter-
action of chromosome with other cytoplasmic structures) in 
prokaryotes occur in the same compartment. Furthermore, 
while eukaryotic chromosome is packed with histones to 
form linear chromatin, bacterial chromosome assumes a 
highly compact supercoiled structure in circular form (and 
rarely in linear form).

Although archaea are similar to bacteria in most aspects 
of cell structure and metabolism, they differ from bacteria in 
that being extremophiles, they can live in extreme environ-
ments where no other life forms exist. This may be due to the 
unique structure in archaeal lipids in which the stereochem-
istry of the glycerol is the reverse of that found in bacteria 
and eukaryotes, possibly the result of an adaptation on the 
part of archaea to hyperthermophily. In addition, the archaeal 
cell wall does not contain muramic acid, which is commonly 
present in bacteria.  The archaeal RNA polymerase core is 
composed of ten subunits in comparison with four subunits 
in bacteria.  Besides possessing distinct tRNA and rRNA 
genes, archaea uses eukaryotic-like initiation and elongation 
factors in protein translation, and their transcription involves 
TATA-binding proteins and TFIIB as in eukaryotes.

Bacteria are ubiquitously distributed in virtually every 
habitat on earth, and are abundantly present in soil, fresh 
water, plants, and animals.  With an estimated number of 
5  nonillion (5 × 1030), bacteria form much of the world’s 
biomass. Bacteria play an essential role in chemical cycles, 
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environmental maintenance, food production, and human 
wellbeing. However, some bacteria are pathogenic and capa-
ble of causing infectious diseases in humans, animals, and 
plants.  Cholera, syphilis, anthrax, leprosy, bubonic plague, 
and tuberculosis are some of the examples of the deadly 
human diseases that are attributable to bacteria.  Correct 
identification and detection of bacterial pathogens is not only 
fundamental to the study of these microorganisms but also 
critical to the control and prevention of the diseases they 
cause.

1.2  BACTERIAL CHARACTERISTICS

1.2.1  Classification

Bacteria are classified on the basis of their differences 
in morphology (e.g., rod, cocci, spirilla, and filament), 
cell  wall structure (e.g., gram-negative and gram-positive), 
growth characteristics (e.g., aerobic and anaerobic), bio-
chemical properties (e.g., fatty acids), and genetic features 
(e.g., 16S and 23S rRNA).  Currently, the domain Bacteria 
(Eubacteria) is divided into 26 phyla (Acidobacteria, 
Actinobacteria, Aquificae, Bacteroidetes, Chlamydiae, 
Chlorobi, Chloroflexi, Chrysiogenetes, Cyanobacteria, 
Deferribacteres, Deinococcus-Thermus, Dictyoglomi, Fibro
bacteres, Firmicutes, Fusobacteria, Gemmatimonadetes, 
Lentisphaerae, Nitrospira, Planctomycetes, Proteobacteria, 
Spirochaetes, Tenericutes, Thermodesulfobacteria, Thermo

microbia, Thermotogae, and Verrcomicrobia), whereas  the 
domain Archaea (Archaeobacteria) is separated into two 
phyla (Crenarchaeota and Euryarchaeota).  Among the 26 
phyla in the domain Bacteria, Proteobacteria, and Firmicutes 
contain the largest numbers of genera and species fol-
lowed by Cyanobacteria, Bacteroidetes, Spirochaetes, and 
Flavobacteria.  Bacteria from other phyla are compara-
tively rare, from which fewer genera and species have been 
described.  Most of human pathogenic bacteria are found 
in the phyla Actinobacteria, Bacteroidetes, Chlamydiae, 
Firmicutes, Fusobacteria, Proteobacteria, Spirochaetes, and 
Tenericutes (Table 1.1).

1.2.2  Morphology

Bacteria usually measure from 0.2 to 2.0 μm in width and 
2–8  μm in length, and are 10 times smaller than eukary-
otic cells.  On one extreme, a few bacterial species (e.g., 
Thiomargarita namibiensis, and Epulopiscium fishelsoni) 
measure up to half a mm long and are visible to the naked 
eye. On the other extreme, the smallest bacteria in the genus 
Mycoplasma are only 0.3 μm in size, which are as small as 
the largest viruses.

Bacteria typically assume four distinctive forms: rod-
like bacilli, spherical cocci, spiral bacteria (also called 
spirilla), and filamentous bacteria.  Occasionally, a small 
number of bacterial species may appear tetrahedral or 
cuboidal in shape.  While many bacterial species exist as 

TABLE 1.1
Classification and Characteristics of Major Human Bacterial Pathogens

Phylum Class Brief Description Notable Human Pathogens

Actinobacteria Actinobacteria Gram-positive bacteria with high G + C ratio; classification may be 
assisted through analysis of ferric uptake regulator (fur) and 
glutamine synthetase

Actinomyces, Corynebacterium, 
Mycobacterium, Nocardia

Firmicutes Bacilli Gram-positive cocci or rods with low G + C ratio; presence of 
cell wall

Bacillus, Enterococcus, Listeria, 
Staphylococcus, Streptococcus

Clostridia Gram-positive cocci or rods with low G + C ratio; presence of 
cell wall; some species (e.g., Veillonella) are gram-negative

Clostridium, Eubacterium, 
Peptostreptococcus

Tenericutes Mollicutes Small bacteria (0.2–0.3 μm in size) with low G + C ratio; absence 
of cell wall (outer membrane)

Mycoplasma, Ureaplasma

Bacteroidetes Bacteroidia Gram-negative, anaerobic bacteria; opportunistic pathogens Bacteroides, Porphyromonas, 
Prevotella

Flavobacteria Gram-negative, anaerobic bacteria; opportunistic pathogens Elizabethkingia, Flavobacterium

Chlamydiae Chlamydiae Gram-negative bacteria; obligate intracellular pathogens Chlamydia, Chlamydophila

Fusobacteria Fusobacteria Gram-negative, filamentous, anaerobic bacteria Fusobacterium, Leptotrichia

Proteobacteria Alphaproteobacteria Gram-negative, phototrophic bacteria, with symbiotic properties Bartonella, Brucella

Betaproteobacteria Gram-negative, aerobic or facultative bacteria some of which are 
chemolithotrophs, or phototrophs

Bordetella, Burkholderia, Neisseria

Gammaproteobacteria Gram-negative, facultatively or obligately anaerobic bacteria, some 
of which are highly pathogenic

Aeromonas, Klebsiella, 
Pseudomonas, Salmonella, Vibrio, 
Yersinia

Epsilonproteobacteria Gram-negative, curved to spirilloid bacteria, inhabiting 
digestive tract

Arcobacter, Campylobacter, 
Helicobacter

Spirochaetes Spirochaetes Gram-negative, long, helically coiled (spiral-shaped), 
chemoheterotrophic, anaerobic bacteria, with length-wise flagella

Borrelia, Leptospira, Treponema



Introductory Remarks	 3

single cells, others present characteristic patterns such as 
diploids (pairs), chains, and clusters (“bunch of grapes”). In 
addition, some bacteria may be elongated to form filaments, 
which are often surrounded by a sheath containing many 
individual cells. The elaborated, branched filaments formed 
by Nocardia may even resemble fungal mycelia in appear-
ance.  Frequently, bacteria use quorum sensing to detect 
surrounding cells, migrate toward each other, and attach to 
solid surfaces to form dense aggregations called biofilms 
(bacterial mats, or fruiting bodies), which may measure a 
few micrometers in thickness to up to half a meter in depth, 
and which comprise multiple species of bacteria, archaea, 
and protists (numbering approximately 100,000 cells). The 
formation of biofilms protects bacteria from host defense 
mechanisms and antibiotic therapy, contributing to chronic 
bacterial infections and infections relating to implanted 
medical devices.

Structurally, a bacterial cell is surrounded by a rigid 
layer (cell wall) that is located externally to the lipid mem-
brane.  The cell wall provides structural support and pro-
tection, and acts as a filtering mechanism.  In addition to 
prokaryotae, fungi and plantae also possess a cell wall, but 
animalia and most protista do not. While the bacterial cell 
wall is made up of peptidoglycan (also called murein, which 
in turn is composed of polysaccharide chain cross-linked by 
peptides containing d-amino acids), the archaeal cell wall 
consists of surface layer proteins (also known as S-layer), 
pseudopeptidoglycan (pseudomurein), and polysaccharides. 
By contrast, the fungal cell wall includes chitin, the algal 
cell wall has glycoprotein and polysaccharides, and the 
plant cell wall often incorporates cellulose and proteins 
such as extensins.

Based on the ability of bacterial cell wall to retain Gram 
stain (consisting of crystal violet as primary stain and Gram’s 
iodine and basic fuchsin as subsequent stain), bacteria are 
divided into gram-positive and gram-negative categories. 
The gram-positive bacterial cell wall is composed of several 
layers of peptidoglycan (which is responsible for retaining 
the crystal violet dyes during the Gram staining procedure, 
leading to its purple color) surrounded by a second lipid 
membrane containing lipopolysaccharides and lipoproteins. 
Located outside of cytoplasmic membrane, peptidoglycan is 
a large polymer (formed by poly-N-acetylglucosamine and 
N-acetylemuramic acid) that contributes to the structural 
integrity of the bacterial cell wall in addition to counter-
ing the osmotic pressure of the cytoplasm.  Peptidoglycan 
is predominant in the cell walls of high and low percent-
age G + C gram-positive organisms (e.g., actinobacteria and 
firmicutes).  Also imbedded in the gram-positive cell wall 
are teichoic acids, some of which are lipid linked to form 
lipoteichoic acids. On the other hand, the gram-negative cell 
wall has a thin peptidoglycan layer adjacent to the cytoplas-
mic membrane that contributes to its inability to retain the 
crystal violet stain upon decolonization with ethanol dur-
ing the Gram staining procedure (leading to its red or pink 
color after restaining with basic fuchsin).  Apart from the 
thin peptidoglycan layer, the gram-negative cell wall also 

has an outer membrane that is formed by phospholipids and 
lipopolysaccharides.

Within the gram-positive bacterial category, there is 
another distinct group of bacteria (i.e., acid-fast bacteria 
such as Mycobacterium and Nocardia) that can resist decol-
orization with an acid-alcohol mixture during the acid-fast 
(or Ziehl–Neelsen) staining procedure and retain the initial 
dye carbol fuchsin and appear red. The acid-fast cell wall of 
Mycobacterium includes a large amount of glycolipids, espe-
cially mycolic acids that make up approximately 60% of the 
acid-fast cell wall in addition to a thin, inner-layer peptido-
glycan. The presence of the mycolic acids and other glyco-
lipids impede the entry of chemicals, causing the organisms 
to grow slowly and be more resistant to chemical agents and 
lysosomal components of phagocytes than most bacteria.

Whereas a vast majority of bacteria possess the gram-
negative cell wall, the firmicutes and actinobacteria (pre-
viously known as the low percentage G + C and high 
percentage G + C gram-positive bacteria, respectively) have 
the gram-positive structure, and the tenericutes (e.g., the 
genus Mycoplasma) are devoid of a cell wall in spite of their 
similarity in G + C ratio to the firmicutes. The differences 
in the cell wall often determine the susceptibility and resis-
tance of bacteria to antibiotics and other therapeutic reagents. 
Given that Mycoplasma species lack a cell wall, they are 
unaffected by such commonly used antibiotics such as peni-
cillin and streptomycin that target cell wall synthesis. With 
their small size (0.3 μm), Mycoplasma species are often iden-
tified as a source of contaminating infection in the cell cul-
ture (where penicillin and streptomycin are incorporated in 
the culture media), causing retarded growth of cultured cell 
lines. The cell wall of bacteria forms part of pathogen-associ-
ated molecular patterns (or PAMPs), which are recognized by 
pattern-recognition receptors (or PRRs) in mammalian hosts 
to initiate and promote innate and adaptive immune defenses 
against invading bacteria.

Several recognizable extracellular structures are present 
in bacteria. These include flagella, pili, and fimbriae, which 
protrude from bacterial cell wall and are involved in bacterial 
twitching movement as well as interaction with one another 
and other organisms. Bacterial flagellum (measuring 20 nm 
in diameter and up to 20 μm in length) is a long, whip-like, 
and helical projection made up of repeating flagellin pro-
tein. The numbers and arrangements of flagella vary among 
bacterial genera and species. Monotrichous bacteria have a 
single flagellum, amphitrichous bacteria contain a single fla-
gellum on each of cell poles, lophotrichous bacteria include 
multiple flagella that are located at one cell pole, and peri-
trichous bacteria have multiple flagella that are situated at 
several locations. Flagella in bacteria are powered by a flow 
of H+ ions (sometimes Na+ ions), and those in archaea are 
powered by adenosine 5'-triphoshate (ATP). Despite having a 
similar appearance, eukaryotic flagella (called cilia or undu-
lipodia) differ from prokaryotic flagella in both structure 
and evolutionary origin. A eukaryotic flagellum is a bundle 
of nine fused pairs of microtubule doublets surrounding two 
single microtubules. Eukaryotic flagella are often arranged 
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en masse at the surface of a stationary cell anchored within 
an organ, lashing back and forth and serving to move fluids 
along mucous membranes such as trachea. In addition, some 
eukaryotic cells (e.g., rod photoreceptor cells of eye, olfac-
tory receptor cells of nose, and kinocilium in cochlea of ear) 
have immotile flagella that function as sensation and signal 
transduction devises.

Pilus and fimbria are proteinaceous, hair- or thread-like 
appendages in bacteria (particularly of gram-negative cat-
egory) that are much shorter and thinner than flagellum. 
Bacteria have up to ten pili (typically 6–7 nm in diameter) 
whose main function is to connect the bacterium to another 
of the same or a different species to enable transfer of plas-
mids between the bacteria (i.e., conjugation). A fimbria (mea-
suring 2–10 nm in diameter and up to several μm in length) 
is shorter than pilus. A bacterium possesses as many as 1000 
fimbriae, which are deployed to attach to surface of another 
bacterium (to form a biofilm) or host cell (to facilitate inva-
sion). Many pilin proteins are characteristic among bacterial 
species and subgroups, which have been exploited as targets 
for serological typing of bacteria (serotypes or serovars).

Many bacteria produce capsules or slime layers around 
their cells, which can protect cells from engulfment by 
eukaryotic cells (e.g., macrophages), act as antigens for cell 
recognition, and aid attachment to surfaces and the formation 
of biofilms.  In addition, some gram-positive bacteria (e.g., 
Bacillus, Clostridium, and Anaerobacter) can form highly 
resistant, dormant structures called endospores, which con-
tain a central core of cytoplasm with DNA and ribosomes 
surrounded by a cortex layer and protected by an imperme-
able and rigid coat. Endospores can survive extreme physical 
and chemical stresses (e.g., UV lights, γ-radiation, detergents 
and disinfectants, heat, pressure, and desiccation), and may 
remain viable for millions of years. Endospore-forming bac-
teria (e.g., Bacillus anthrax and Clostridium tetanus) are also 
capable of causing disease.

Underneath the lipid membrane is the cytoplasm, which 
is composed of nutrients (or nutrient storage granules such as 
glycogen, polyphosphate, sulfur, or polyhydroxyalkanoates), 
proteins, and other essential components. There is a notable 
absence of membrane-bound organelles (with the exception 
of chromosome and ribosome) in the bacterial cytoplasm, 
although certain subcellular compartments (prokaryotic 
cytoskeleton), such as carboxysome-containing polyhedral 
protein shells, have been detected. These polyhedral organ-
elles compartmentalize bacterial metabolism, similar to the 
function performed by the membrane-bound organelles in 
eukaryotes.  The bacterial chromosome consists of a single 
circular DNA molecule that is situated together with associ-
ated proteins and RNA in an irregularly shaped body called 
the nucleoid. The bacterial ribosomes are responsible for pro-
duction of proteins.

1.2.3  Biology

Bacteria utilize many metabolic pathways (e.g., glycolysis, 
electron transport chains, chemiosmosis, cellular respiration, 

and photosynthesis) and thus virtually all carbon or energy 
supplies for their maintenance and growth. They are easily 
grown using either solid or liquid media (e.g., Luria Bertani 
broth). Solid growth media (e.g., agar plates) are useful for 
isolation of pure cultures of a bacterial strain, and liquid 
growth media are employed to generate bulk quantities of 
bacterial cells. In addition, selective media (containing spe-
cific nutrients and antibiotics) assist the isolation and identifi-
cation of specific bacterial organisms.

As single-celled organisms, prokaryotes reproduce by 
asexual binary fission, which begins with DNA replication 
within the cell until the entire prokaryotic DNA is dupli-
cated. The two chromosomes then separate as the cell grows 
and the cell membrane invaginates, splitting the cell into two 
daughter cells. This reproductive process is highly efficient 
and leads to exponential growth of bacteria. In fact, under 
optimal growth conditions, Escherichia coli cells can double 
every 20 min. Because bacteria are able to multiply rapidly 
with minimal nutritional requirements, they are abundant 
in virtually every habitat on earth. In soil, bacteria live by 
degrading organic compounds and assist in soil formation. 
In aquatic environments such as ponds, streams, lakes, riv-
ers, seas, and oceans, bacteria such as cyanobacteria (some-
times called blue-green algae because of their color) utilize 
their chlorophylls to capture energy from the sunlight.  In 
the depths of the sea, bacteria obtain energy from oxidiz-
ing or reducing naturally occurring sulfur compounds.  In 
humans and animals, bacteria are found in large numbers on 
the skin, the respiratory and digestive tracts, and other parts 
of the body, constituting a normal microbiota in an essen-
tially symbiotic relationship with mutual benefits. Although 
the vast majority of bacteria are harmless and sometimes 
even beneficial to their hosts, a few have the capacity to take 
advantage of temporary weakness in the host (e.g., injury 
and/or impaired immune function) to cause diseases of 
varying severity.

In a high-nutrient environment, the growth cycle of bac-
teria usually undergoes three phases.  The first phase (the 
lag phase) is a period of slow growth with the bacterial cells 
adapting to the high-nutrient environment and preparing for 
fast growth. In the lag phase, the cell replicates its DNA and 
makes all the other molecules (e.g., ribosomes, membrane 
transport proteins) needed for the new cell.  The second 
phase (the logarithmic phase or “log” phase, also known as 
the exponential phase) occurs when DNA replication stops, 
and is characterized by rapid cell division and exponential 
growth.  The rate at which cells grow during this phase is 
known as the growth rate, and the time it takes the cells 
to double is known as the generation time. During the log 
phase, nutrients are metabolized at maximum speed until one 
of the nutrients is depleted, which poses a negative impact on 
growth. The final phase (the stationary phase) results from 
the depletion of nutrients. During the stationary phase, the 
cells decrease their metabolic activity and consume nones-
sential cellular proteins. As a transition from rapid growth 
to a stress response state, there is heightened expression 
of genes involved in DNA repair, antioxidant metabolism, 
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and nutrient transport.  Although the entire cycle of bacte-
rial growth takes about an hour, a rapidly growing bacterial 
cell carries out multiple rounds of replication simultaneously, 
which helps to shorten the doubling time for most bacteria to 
about 20 min.

1.2.4  Genetics

Bacteria have a single circular chromosome that ranges in 
size from only 160,000 bp (base pairs) (e.g., Candidatus 
Carsonella ruddii) to 12,200,000 bp (e.g., Sorangium cellu-
losum). However, Borrelia burgdorferi, the causal agent for 
Lyme disease, contains a single linear chromosome. In addi-
tion, bacteria may possess small extrachromosomal DNA 
called plasmid, which ranges from 1 to 400 kb in size and 
comprises genes or gene cassettes for antibiotic resistance 
or virulence factors. As plasmids have at least an origin of 
replication (or ori)—a starting point for DNA replication—
they are capable of autonomous replication independent of 
the chromosomal DNA.  A plasmid that integrates into the 
chromosomal DNA is called episome, which permits its 
duplication with every cell division of the host. Some viruses 
(bacteriophages or phages) may also exist in bacteria, with 
some merely infecting and lysing their host bacteria, while 
others inserting into the bacterial chromosome. Phages are 
usually made up of a nucleic acid core (e.g., ssRNA, dsRNA, 
ssDNA, or dsDNA measuring 5–500 bp in length) with an 
outer protein hull. A phage containing particular genes may 
contribute to its host’s phenotype, as illustrated by the evo-
lution of Escherichia coli O157:H7 and Clostridium botuli-
num, which are converted from harmless ancestral bacteria 
into lethal pathogens through the integration of phages har-
boring toxin genes.

Being the key component of the ribosome, ribosomal 
RNA molecules (rRNA) consists of two complex folded 
subunits of differing sizes (small and large), whose main 
functions are to provide a mechanism for decoding mes-
senger RNA (mRNA) into amino acids (at center of small 
ribosomal subunit) and to interact with transfer RNA 
(tRNA) during translation by providing petidyltransferase 
activity (large subunit). Whereas the two rRNA subunits in 
eukaryotes have sedimentation coefficiency values of 40S 
(Svedberg units) and 60S, those in bacteria measure 30S and 
50S, respectively. In virtually all organisms, the small rRNA 
subunit (40S in eukaryotes and 30S in bacteria) contains a 
single RNA species (i.e., 18S rRNA in eukaryotes and 16S 
rRNA in bacteria); the large rRNA subunit (60S) in eukary-
otes comprises three RNA species (5S, 5.8S, and 25/28S 
rRNA), while that (50S) in bacteria contains two RNA spe-
cies (5S and 23S rRNA).

Although bacteria do not undergo meiosis or mitosis and 
do not require cellular fusion to initiate reproduction (as 
bacteria are not diploid), many bacteria do involve a cell-
to-cell transfer of genomic DNA by various mechanisms. 
These mechanisms may range from the uptake of exogenous 
DNA from their environment (a process called transfor-
mation) and the integration of a bacteriophage introduces 

foreign DNA into the chromosome (a process called trans-
duction), to the acquisition of DNA through direct cell 
contact (a process called conjugation).  The incorporation 
of genes and DNA from other bacteria or the environment 
into the recipient cell’s DNA is also called horizontal gene 
transfer.  While DNA transfer occurs less frequently per 
individual bacterium than that among eukaryotes involv-
ing obligate sexual reproduction, the much shorter genera-
tion times and high numbers associated with bacteria can 
make the DNA transfer a significant contributor to the 
evolution of bacterial populations. Gene transfer is vital to 
the development of antibiotic resistance in bacteria as it 
allows the rapid transfer of resistance genes between dif-
ferent pathogens.

Regardless of genome size, most organisms show a muta-
tion rate on the order of one mutation per genome per genera-
tion. Given their very short generation times (<1 h in culture 
media and a few hours in the wild) and small genomes (which 
are a 1000 times smaller than most eukaryotes), prokaryotes 
generally display 1000 times more mutations per gene, per 
unit time, and per individual than eukaryotes. Furthermore, 
with greater population sizes resulting in the absolute amount 
of mutational variation entering the population, prokaryotes 
have enormous capacity to adapt to and invade new niches, 
which are the key factors contributing to the evolutionary 
success of prokaryotes.

Genomic diversity in bacteria comes in two forms: 
(i) genetic heterogeneity wherein different strains have differ-
ent alleles of the same gene and (ii) genomic plasticity where 
different strains have different genes. Recent studies indicate 
that each strain (serovar) within a bacterial species receives a 
unique distribution of genes from a population-based supra
genome that is many times larger than the genome of any 
given strain.1 Through the autocompetence and autotransfor-
mation mechanisms, bacterial strains (or serovars) within the 
species may evolve and generate diversity in vivo to enable 
them to persist in the face of myriad host defense mecha-
nisms and environmental stresses. In other words, the strain 
(serovar)-specific genes (e.g., contingency genes) may provide 
for an increased number of genetic characters that facilitate 
the population as a whole to adapt rapidly to environmental 
factors, such as those experienced in the host during chronic 
infectious processes.  There is evidence that under arduous 
external conditions, many bacteria form biofilms that often 
exchange DNA at rates several orders of magnitude greater 
than planktonic bacteria and that are responsible for many 
chronic bacterial infections in human patients. For example, 
biofilm-associated growth of Pseudomonas aeruginosa has 
been implicated in several chronic suppurative otitis media. 
It appears that the possession of a distributed genome is a 
common host interaction strategy.

1.2.5  Ecological and Medical Importance

Bacteria play a number of beneficial roles in the ecological 
balance of our planet.  Bacteria are involved in the recy-
cling of carbon dioxide (CO2) to oxygen via photosynthesis; 
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in the decomposition of dead plant and animal matter, 
improving soil fertility; and in the fixation of nitrogen 
into the nitrogen compound ammonia for plant growth. 
Bacteria can help clean up oil spills, pesticides, and other 
toxic materials. Some bacteria are able to remove (leach) 
the copper from the ores (copper sulfides), while others are 
useful for food production such as yogurt, cheese, cider, 
and vinegar. Some bacteria (e.g., Bacillus thuringiensis or 
BT, a soil dwelling gram-positive bacterium) can be used 
as pesticides (trade names Dipel and Thuricide) in the bio-
logical control of Lepidopteran pest.  In addition, as fast 
growers with relatively low demands for nutrients, bacteria 
represent ideal hosts for mass production of certain plas-
tics, enzymes used in laundry detergents, and antibiotics 
such as streptomycin and tetracycline, as well as pharma-
ceuticals and fine chemicals upon genetic modification. 
Furthermore, some bacteria (e.g., Listeria monocytogenes, 
Mycobacterium bovis Baille Calmette-Guerin or BCG, 
Salmonella, Shigella, and Escherichia coli) are useful car-
riers for delivering vaccine molecules against microbial 
diseases and cancers.2

Although many bacteria are harmless or beneficial, a few 
can exert detrimental effects on food and plant production, as 
well as human and animal health. Some bacteria can cause 
food spoilage (e.g., Lactobacillus) and foodborne diseases 
(e.g., Shigella, Campylobacter, Salmonella, and Listeria), 
and others can harm agriculture because of the major dis-
eases of plants and farm animals they cause. For instance, 
Brachyspira hyodysenteriae causes a type of severe diarrhea 
in pigs that can have disastrous consequences for pig farm-
ers. Some bacteria are involved in metal corrosion (wearing 
away) through the formation of rust, especially on metals 
containing iron.

There are approximately ten times as many bacterial 
cells as human cells in the human body, with large num-
bers of bacteria on the skin and in the digestive tract. The 
communities of bacteria and other organisms that inhabit 
the body are sometimes referred to as the normal micro-
flora or microbiota. Some bacteria in human body produce 
essential nutrients (e.g., vitamin K) that the body cannot 
make itself. Nonetheless, some bacteria are highly patho-
genic and deadly.  Yersinia pestis was responsible for the 
most fatal and devastating bacterial disease in history—the 
bubonic plague—which killed an estimated 200 million 
people prior to the advent of antibiotics. Currently, the most 
common fatal bacterial diseases are respiratory infections, 
with tuberculosis (caused by Mycobacterium tuberculo-
sis) alone killing about 2 million people a year. One of the 
world’s deadliest bacterial diseases today is cholera, which 
is caused by foodborne Vibrio cholerae.  Other globally 
important bacterial diseases include pneumonia caused by 
Streptococcus and Pseudomonas, tetanus, typhoid fever, 
diphtheria, syphilis, and leprosy. Another common bacte-
rial disease is tooth decay, which results from the acids 
bacteria produce from sugar via fermentation, which dis-
solves the enamel of the teeth and create cavities (holes) 
in the teeth.

1.3  BACTERIAL IDENTIFICATION
1.3.1  Current Diagnostic Approaches

Identification and characterization of bacteria and their roles 
in disease processes represent a critical step in the effective 
management of bacterial infections.

Traditionally, bacteria have been identified and diag-
nosed through examination of their phenotypic characteris-
tics such as Gram staining, cell and colony morphology, and 
biochemical and serological properties. As a key component 
in the phenotypic identification scheme, in vitro culture is 
often time consuming, and its performance is affected by the 
changing features of bacterial metabolisms. Given the lim-
ited variations in bacterial cell and colony morphology, it is 
impossible to differentiate most bacterial species on morpho-
logical criteria alone. Biochemical and serological techniques 
are helpful in bacterial identification. However, overreliance 
on these techniques not only adds to the cost of identification, 
but also creates delay in the result availability. Furthermore, 
the intrinsic variability of phenotypic procedures remains a 
potential source of misdiagnosis.

In recent decades, DNA- or RNA-based genotypic 
(molecular) procedures have been increasingly utilized for 
microbial identification.3 Besides comparison at the genome 
level (e.g., G + C content determination and DNA–DNA 
hybridization), detection of nucleotide differences among 
shared and uniquely present gene regions provides a practical 
means for bacterial characterization. Due to its crucial roles 
in cellular function and maintenance, the ribosomal RNA 
(rRNA) gene is highly conserved (i.e., the least variable) and 
abundant (with each living cell containing 104–105 copies 
of the 5S, 16S, and 23S rRNA molecules). The rRNA gene 
(and its genomic coding sequence rDNA) therefore offers a 
valuable target for confirmation of an organism’s taxonomic 
status and species identity, and for estimation of the rates 
of species divergence.4–8 In addition, a range of housekeep-
ing-, species-, group-, and virulence-specific genes provide 
alternative targets for improved determination of bacterial 
organisms.9,10

The early molecular methods are largely nonamplified, 
as exemplified by G + C content determination, DNA–DNA 
hybridization, fluorescence in situ hybridization (FISH), ribo-
typing, and so forth.  Because these methods often require 
large amounts of starting materials and are cumbersome to 
perform, they are now rarely used in routine clinical setting, 
and their applications are limited to the characterization and 
description of novel bacterial species/subspecies. The more 
recent molecular methods often involve nucleic acid ampli-
fication.  These include polymerase chain reaction (PCR), 
ligase chain reaction (LCR), nucleic acid sequence-based 
amplification (NASBA), transcription-mediated amplifica-
tion (TMA), strand displacement amplification (SDA), rolling 
circle amplification (RCA), cycling probe technology (CPT), 
branched DNA (bDNA), and loop mediated isothermal 
amplification (LAMP), and so forth. Due to their efficiency, 
simplicity, and robustness, PCR and its derivatives have 
been widely adopted in research and clinical laboratories for 
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specific, sensitive and rapid identification and diagnosis of 
bacterial pathogens.11

In a standard (conventional) PCR, a pair of oligonucle-
otides (of about 20 bases in length) is typically used as prim-
ers to anneal and amplify a gene region of interest with the 
help of DNA polymerase. The resulting amplified products (or 
amplicons) are separated by agarose gel electrophoresis and 
visualized with a DNA-binding dye (e.g., ethidium bromide). 
Further refinements of standard PCR led to the development 
of nested PCR (in which two consecutive PCR are performed 
one after another), multiplex PCR (in which multiple pairs of 
primers are included for simultaneous amplification of sev-
eral genes of interests from the same or different organisms), 
arbitrarily primed PCR (in which a single oligonucleotide of 
about 10 bases in length is used to amplify random regions 
in a genome), and reverse-transcriptase PCR (RT–PCR) (in 
which RNA instead of DNA is targeted).12,13

Increasingly, the formats of PCR product detection have 
moved away from gel electrophoresis to enzymatic signal 
detection (e.g., ELISA and flow cytometry), real-time detec-
tion (e.g., using intercalating fluorescent dye [SYBR® green], 
hydrolysis dual-labeled probes [TaqMan®], hybridization 
probes [LightCycler], molecular beacons, peptide nucleic 
acid [PNA] probes, TaqMan minor groove binding [MGB™] 
probes, locked nucleic acid [LNA®] primers and probes, and 
scorpions™), line probe assay (LiPA), microarray, sequencing 
analysis (e.g., pyrosequencing), mass spectrometry (MS), and 
so forth.14 In particular, real-time PCR demonstrates supe-
rior sensitivity, rapidity, and broad dynamic range, eliminates 
postamplification handling steps (thus minimizing carryover 
contamination), and is amenable to automation for high 
throughput detection.15 Furthermore, real-time PCR provides 
the option for melting curve analysis, permitting discrimi-
nation of the amplified product from nonspecific product 
or primer-dimmers.14 For these reasons, real-time PCR is 
becoming a method of choice for microbial identification in 
clinical laboratories worldwide.

1.3.2  Performance Parameters

The performance of a diagnostic assay is often evaluated by 
using several key parameters, including detection limit, sen-
sitivity, specificity, accuracy, intraassay precision, interassay 
precision, and linearity (as in the case of a quantitative assay). 
Detection limit (or limit of detection) is the lowest concentra-
tion or quantity of bacteria that can be detected by a given 
assay.  Sensitivity is the percentage of samples containing 
bacteria of interest that are identified by the assay as posi-
tive for the bacteria. Specificity is the percentage of samples 
without bacteria of interest that are identified by the assay as 
negative for the bacteria. Accuracy (or trueness) is the degree 
of conformity of an assay’s measurements to the actual (true) 
value. It is often estimated by analyses of reference materials 
or comparisons of results with those obtained by a reference 
method. The closer an assay’s measurements to the accepted 
value, the more accurate the assay is. Precision is the degree 
of mutual agreement among a series of assay’s individual 

measurements, values, or results.  Usually characterized in 
terms of the standard deviation of the measurements, pre-
cision can be stratified into (i) repeatability (the variation 
arising using the same instrument and operator in a single 
rune—i.e., intraassay precision—or repeating during a short 
time period) and (ii) reproducibility (the variation arising 
using the same measurement process among different instru-
ments and operators from one run to another—i.e., interassay 
precision—or over longer time periods). Linearity refers to 
the tendency of measurements by a quantitative assay to form 
a straight line when plotted on a graph. Data from linearity 
experiments may be subjected to linear regression analysis 
with an ideal regression coefficient of 1. In case of a nonlin-
ear curve, other objective, statistically valid methods may be 
utilized.16

1.3.3  Result Interpretation

A positive result by a molecular assay for a given pathogen 
normally confirms the etiologic relationship if the clini-
cal syndrome is compatible with the pathogen identified. 
Considering the sensitive nature of the amplified methods 
such as PCR, it is important to rule out the possibility of a 
false positive result. Occasionally, false positive results may 
originate from the low diagnostic specificity of the assay, in 
which primers bind to irrelevant sequences and occasion-
ally a homologous sequence that is shared among related or 
unknown bacteria. More often, false positive results in the 
molecular testing come from contamination, which may 
arise during manual handling of the samples in the testing 
laboratory either at the pre or postextraction (while setting 
up the PCR) stages.  This risk is heightened when a high 
copy number polynucleotide (or plasmid) is used as a quan-
tification standard and distributed around the laboratory, 
contaminating reaction source.  In addition, contamination 
may be attributable to samples referred from other labora-
tories that do not utilize manipulation techniques that are 
mandatory for the molecular testing. These may include the 
use of unplugged pipette tips, infrequent changing of gloves 
and using pipette for long periods without decontamination. 
Another cause of contamination is by amplification products 
from previous tests.17–19 Contamination may also occur by 
leakage from tubes or microtiter plates with lids not tightly 
closed or by breakage of glass capillaries leading to spillage 
of the amplification mixture. Besides the adoption of strin-
gent laboratory practice, the risk of contamination with PCR 
products may be reduced by replacing nucleotide dTTP with 
dUTP in PCR, and implementing a digestion step with Uracil-
DNA-glycosylase (UNG) to remove previous PCR prod-
ucts containing dUTP prior to each amplification reaction. 
Furthermore, inclusion of multiple negative controls, such as 
no-template controls (NTC) and no-amplification controls 
(NAC) may help identify the likely source of contamination 
and prevent false positive results. Moreover, microbial DNA 
may come with PCR reagents.

Similarly, a negative result by a molecular assay for a given 
pathogen normally indicates the absence of the pathogen. 
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However, it is equally important to rule out the possibility 
of false negative results. One possible cause is due to the low 
sensitivity of the assay employed. Alternatively, an insuffi-
cient amount of bacteria may be present in the sample (due 
to sample degradation or prior antibiotic treatment). Another 
cause may be the impurity of the processed sample. Enzymes 
used in PCR and RT–PCR (e.g., DNA polymerase, reverse 
transcriptase) are impeded by components in blood and feces 
(e.g., heme, hemoglobulin, lactoferrin, immunoglobulin G, 
leukocyte DNA, polysaccharides, and urea), in foods (e.g., 
phenolics, glycogen, calcium ions, fat, and other organic 
substances), in environmental specimens (e.g., phenolics, 
humic acids, and heavy metals), and in added anticoagulants 
(e.g., EDTA and heparin) as well as nucleic acid purification 
reagents (e.g., detergents, lysozyme, NaOH, alcohol, EDTA, 
EGTA, phenol, and high salt concentrations).20–24 Any impu-
rities and contaminations present in the samples after nucleic 
acid isolation may contribute to false negative results.  A 
useful way to determine the effectiveness of a nucleic acid 
purification procedure for removing inhibitory substances is 
to spike samples with well-defined DNA or RNA prior to 
and after sample preparation (as process and amplification 
internal controls). In light of the high sensitivity of PCR, the 
occurrence of false negative results is probably a truly under-
estimated problem.

Thus, before definitive diagnoses and treatment decisions 
are made, all molecular and immunological diagnostic results 
need be reviewed and critically interpreted in combination 
with the patient’s clinical presentation.

1.3.4	�S tandardization, Quality 
Control, and Assurance

Molecular tests such as PCR offer improved sensitivity, spec-
ificity, accuracy, precision, and result availability for micro-
bial identification and diagnosis. There is a clear trend toward 
the adoption and application of these methods in routine 
diagnostics. However, in view of the possibility of false posi-
tive and false negative results occurring in these highly sen-
sitive tests, it is vital that molecular diagnostic methods are 
properly standardized and validated and appropriate quality 
control measures are put in place.

Standardization and Validation. Standardization of 
molecular tests addresses the need for standardized reagents 
and common units, contamination control mechanisms, inhi-
bition control mechanisms, clinically relevant dynamic ranges 
and internal controls, and so forth. Validation helps to verify 
the sensitivity, specificity, accuracy, repeatability (intraassay 
precision), reproducibility (interassay precision), detection 
limit, and linearity (if quantitative) of molecular tests.25

Before validating a method, it is important to have all 
instruments calibrated and maintained throughout the test-
ing process. The validation process may involve a series of 
steps, including (i) testing of dilution series of positive sam-
ples (or plasmid construct) to determine the limits of detec-
tion of the assay and their linearity over concentrations to 
be measured in quantitative test (using minimal number of 

reference calibrators such as previously tested patient sam-
ples or pooled sera); (ii) evaluating the sensitivity and speci-
ficity of the assay, along with the extent of cross-reactivity 
with other genomic material; (iii) establishing the day-to-day 
variation of the assay’s performance; (iv) assuring the qual-
ity of assembled assays using quality control procedures that 
monitor the performance of reagent batches; and (v) align-
ing the in-house primer and probe sequences with a genome 
sequence databank to avoid extended specificity testing.25–28

Quality Control. Quality control strategies for nucleic 
acid–based tests include (i) designation of a “clean” area 
for reaction setup (e.g., room under negative air pressure, 
positive-displacement pipettes, aerosol-block pipette tips, 
UV-equipped PCR cabinet); (ii) use of personal protective 
equipment (PPE) (e.g., disposable gloves and lab coats to 
prevent introduction of contaminating DNA or nucleases); 
(iii) use of uracil-N-glycosylase (UNG) in real-time PCR 
(to eliminate crossover amplicon contamination); (iv) use of 
a “hot-start” method (to minimize false priming events by 
withholding a crucial reaction component until appropriate 
temperature is reached); (v) use of external positive and nega-
tive controls (to monitor reaction performance and contami-
nation) and homologous or heterologous internal controls (to 
monitor presence of inhibitors).29

A variety of test controls may be considered for diagnostic 
PCR. These include (i) internal amplification control (IAC) 
(negative sample spiked with sufficient pathogen and pro-
cessed throughout the entire protocol); (ii) processing posi-
tive control (PPC) (negative sample spiked with sufficient 
closely related, but nontarget, strain processed throughout 
the entire protocol); (iii) reagent control (blank) (contain-
ing all reagents, but no nucleic acid apart from the primers); 
(iv) Premises control (tube containing the master mixture left 
open in the PCR setup room to detect possible contaminat-
ing DNA in the environment [carried out at regular intervals 
as part of the quality assurance program]); (v) standard (3–4 
samples containing a tenfold dilution series of known num-
ber of target DNA copies in a range).29–32

Quality Assurance. One way to assess preparedness of the 
diagnostic laboratories is through the conduct of an external 
quality assurance (EQA) program that provides characterized 
specimens containing pathogens of interest. The design of a 
quality assurance program has the following components: 
(i) internal quality control (IQC) materials are distributed 
every month and comprising three pools of clinical samples 
of known pathogen status (typically one negative, one posi-
tive containing 1 log10 over the lower limit of detection of 
the assay, and one low positive containing up to 1 log10 of the 
lower limit of detection of the assay). These are incorporated 
in test runs on a weekly basis. The purpose of IQC is to pro-
vide samples of known status for repeated testing in parallel 
with clinical samples to ensure reproducibility of the test sys-
tem in an individual laboratory. (ii) EQA distributions of pan-
els of five unknown samples distributed quarterly. Results are 
returned to the QA laboratory for assessment. EQA compares 
the performance of different testing sites using specimens of 
known but undisclosed content. (iii) Aliquots of all samples 
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sent from the reference laboratory are posted back to Site A 
for repeat testing to check for integrity of the pools and for 
transport problems. (iv) A final element of the pilot program 
involves Sites B, C, and D sending an aliquot of every 50th 
sample to Site A to check for reproducibility. (v) A detailed 
record of distributions is kept to provide an audit trail.33,34

1.4  CONCLUSION

Molecular assays have the potential to increase the speed and 
accuracy of bacterial identification and diagnosis in research 
and clinical laboratories. When selecting and implementing a 
molecular test, a number of factors may be considered. These 
include (i) cost assessment; (ii) high throughput and automation 
capability (e.g., 96 or 384 well real-time PCR); (iii) detection 
limit; (iii) multiple target detection (e.g., multiplex PCR and 
microarray); (iv) broad range detection (e.g., 16S or 23S rRNA 
gene sequencing to identify poorly characterized, fastidious or 
noncultivable bacteria); (v) antimicrobial resistance detection; 
(vi) ease of use (commercial assays); (vii) sample preparation 
protocol (commercial kits).  To overcome the limitations of 
molecular tests such as potential false positive and false nega-
tive results that impact significantly on patient management, 
laboratory space must be dedicated for instruments and sample 
preparation, contamination must be minimized, technicians 
must have proper training, and quality control procedures must 
be incorporated into routine laboratory workflow.14

There is a continuing trend toward miniature devices for 
microbial testing.  One such promising device is biosensor. 
A biosensor incorporates a biological material (e.g., tissue, 
microorganisms, organelles, cell receptors, enzymes, anti-
bodies, nucleic acids, natural products, etc.), a biologically 
derived material (e.g., recombinant antibodies, engineered 
proteins, aptamers, etc.) or a biomimic (e.g., synthetic cat-
alysts, combinatorial ligands and imprinted polymers) in a 
physicochemical transducer or transducing microsystem 
(e.g., optical, electrochemical, thermometric, piezoelectric, 
magnetic, or micromechanical), leading to enhanced detec-
tion and identification of microbial pathogens in clinical, 
food, and environmental specimens.35,36
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2.1  INTRODUCTION

The term actinomycete is an informal designation for fila-
mentous gram-positive bacteria with high G + C content in 
their genome and that belong to the order Actinomycetales in 
the class Actinobacteria.1,2 Most aerobic actinomycetes are 
soil saprophytes and are rarely encountered in clinical prac-
tice, but some are serious pathogens of humans and animals 
causing a number of diseases that include actinomycetoma, 
actinomycosis, and nocardiosis. The clinical manifestations 
and severity of the disease and the prognosis in an infected 
host are extremely variable and may be determined by fac-
tors such as the route of infection and the presence or absence 
of a properly functioning immune system.3 The diagnosis of 
actinomycete infections has been hindered by a combina-
tion of clinical and microbiologic difficulties, including their 
often nonspecific clinical presentation, a requirement for 
invasive diagnostic biopsy procedures, difficulty in isolation, 
and incorrect identification.

Strategies to improve outcome for infected patients include 
a heightened awareness of clinicians and clinical microbiol-
ogy personnel, which may enable the earliest possible diag-
nosis; standardization of antimicrobial susceptibility testing 
methods; and the evaluation of newer effective drug thera-
pies for these patients. In addition, new developments in the 

classification of these microorganisms should serve as a frame-
work for the identification of clinically significant species.

Actinomycetoma is a localized chronic, destructive, and 
progressive infection of the skin and subcutaneous tissues 
caused by aerobic actinomycetes.3–5 The main species involved 
include Actinomadura madurae, Actinomadura latina, 
Actinomadura pelletieri, Nocardia brasiliensis, Nocardia 
otitidiscaviarum, Nocardia transvalensis, Streptomyces 
somaliensis, and Streptomyces sudanensis.6,7 The disease is 
endemic in certain tropical and subtropical regions, where 
it has a devastating effect on patients as it frequently leads 
to deformities, disabilities, and eventually amputation of the 
affected organs.7 Actinomycetoma can become dangerous to 
health, or even life, when treatment is inadequate or delayed.

This chapter will focus on the genus Actinomadura and its 
significance as a pathogen of actinomycetomas and nonmyc-
etomic infections.

2.1.1  Taxonomy

The genus Actinomadura contains aerobic, gram-positive, 
nonacid-fast, nonmotile, and chemo-organotrophic actinomy-
cetes that produce well-developed, nonfragmenting vegetative 
mycelia and aerial hyphae that differentiate into surface-
ornamented spore chains of various lengths (10–50 spores).
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Members of the genus Actinomadura are characterized 
chemotaxonomically by the presence of meso-diaminopimelic 
acid and madurose in their cell wall with peptidoglycan struc-
tures of the acetyl type, major proportions of hexahydrogenated 
menaquinones with nine isoprene units, complex fatty acid 
profiles, including hexadecanoic, 14-methylpentadecanoic, 
and 10-methyloctadecanoic acids as predominant components, 
and diphosphatidylglycerol and phosphatidylinositol as major 
phospholipids.8

The systematics of the genus Actinomadura has been sig-
nificantly improved by the application of modern taxonomic 
methods.8–14 On the basis of 16S and 23S rRNA gene sequence 
analyses, the genus is phylogenetically related to members of 
the family Thermomonosporaceae,1,14 which also includes the 
genera Actinocorallia, Spirillospora, and Thermomonospora. 
The family Thermomonosporaceae belongs to the suborder 
Streptosporangineae in the order Actinomycetales.2

A. madurae was first described in 1894 by Vincent,15 
based on several strains isolated from an Algerian case of 
Madura foot, as “Streptothrix madurae.” The organism was 
subsequently classified in the genus Nocardia,16 then in the 
genus Streptomyces.17 The taxonomic status of this microor-
ganism remained controversial until Becker et al.18 found that 
whole-organism hydrolysates of representative strains con-
tained meso-diaminopimelic acid (meso-DAP) and a charac-
teristic sugar identified as madurose.19 In 1983, compelling 
evidence that the genus Actinomadura was heterogeneous 
was provided by Fischer et al.10 when these authors assigned 
representative strains to two aggregate groups defined on the 
basis of chemical and nucleic acid pairing data—A. madurae 
group and Actinomadura pusilla group. The division of the 
genus Actinomadura into two aggregate groups was formally 
recognized by Kroppenstedt et al.,8 who proposed that the 
genus Actinomadura be retained for A. madurae and related 
species, and that the Actinomadura pusilla group be reclassi-
fied in the genus Microtetraspora.

Taxonomic work carried out with a group of clinically sig-
nificant Actinomadura strains received either as A. madurae 
or A. pelletieri revealed that a third species, A. latina should 
be officially recognized.12 The genus currently comprises 
more than 40 validly described species (http://www.bacterio.
net),20 but only three—A. latina, A. madurae, and A. pel-
letieri—are considered pathogens. However, it is becoming 
increasingly evident that additional pathogenic actinomadu-
rae need to be formally described as new species.6,12,21

2.1.2  Cell Morphology, Physiology, and Isolation

Actinomadura strains characteristically form nonfragment-
ing, extensively branched, substrate mycelia and aerial 
hyphae, which carry from 1 to 50 arthrospores. Spores are 
borne in curled, hooked, spiral, or straight chains and the 
spore surface may be folded, irregular, rugose, smooth, 
shiny, or warty.

Some strains, notably those from clinical sources, mostly 
lack aerial mycelium, with colonies exhibiting a cartilagi-
nous or leathery appearance (Figure 2.1). However, members 

of most species form a spore-bearing, powdery aerial myce-
lium on media such as inorganic salts-starch (ISP 4), oatmeal 
(ISP 3), and yeast extract-malt extract agars (ISP 2) after 
cultivation for 10–14 days.22 At maturity, aerial mycelia may 
be blue, cream, gray, green, pink, yellow, or white, thereby 
differing little from streptomycetes.  Superficial similarity 
to streptomycetes is also reinforced by the morphology of 
the sporophores. Actinomadurae and streptomycetes can be 
distinguished by direct microscopic comparison of cultures. 
Most Actinomadura strains are conspicuous for the size of 
their spores. The diameter of spores noticeably exceeds the 
diameter of the hyphae, whereas in streptomycetes spores 
and hyphae are of similar diameter.

In general, actinomadurae are slow-growing microor-
ganisms.  These bacteria generally grow well on modified 
Bennett’s agar,23 glucose-yeast extract agar,24 and on formu-
lations used for the cultivation of Streptomyces.22 A. latina, 
A. madurae, and A. pelletieri show moderate-to-good growth 
on Czapek-dox casamino acids.25,26

Actinomadura strains are strictly aerobic with an oxida-
tive metabolism. Most species grow well between 25°C and 
40°C but species such as A. formosensis, A. rubrobrunea, 
and A. viridilutea are thermophilic and grow between 45°C 
and 65°C.  Actinomadurae can metabolize a wide range of 
sugars and amino acids as carbon sources for growth. Most 
strains hydrolyse aesculin, arbutin, casein, elastin, gelatine, 
testosterone, and Tweens 60 and 80.6,27 Pectinase activity has 
been reported for A. mexicana, A. napariensis, and A. ver-
rucosispora.6,28 Pathogenic strains of A. madurae produce 
collagenolytic enzymes.29 Most actinomadurae grow in the 
presence of NaCl 4% (w/v), but A. atramentaria can grow in 
NaCl concentrations of 7% (w/v).

Diverse culture media have been employed for the isolation 
of Actinomadura strains, especially from soil samples. The 

FIGURE 2.1  Actinomadura sp. grown on ISP 2 agar for 10 days. 
The strain does not produce aerial mycelium or diffusible pigments.
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media that have proved most suitable include oatmeal agar 
(ISP 3), yeast extract-malt extract agar (ISP 2), starch-mineral 
salts agar (ISP 4), Bennett-sucrose agar, and glycerol-asparag-
ine agar (ISP 5). Strains may be isolated from agar plates by 
dilution techniques after incubation for up to 6 weeks.

Trujillo and Goodfellow6 successfully isolated new 
Actinomadura species from environmental samples collected 
in Hong Kong, Kenya, Mexico, South Africa, and Venezuela 
using the selective isolation procedure recommended by 
Athalye et al.24

Pathogen Actinomadura species can be isolated from 
clinical samples, including pus and biopsy material, using 
brain heart infusion agar,30 Sabouraud dextrose agar,31,32 and 
Columbia agar supplemented with 5% sheep blood.33 All 
samples should be incubated aerobically between 27°C and 
37°C for up to 3 weeks and examined both macroscopically 
and microscopically for growth every 2 days.

Actinomadurae can be recognized by their filamentous 
appearance, leathery colonies, and by the production of red 
prodiginine pigments.  A. madurae and A. pelletieri pro-
duce prodigiosin-like pigments34,35 that are similar to those 
of Serratia marcescens. Members of these species isolated 
from patients produce prodiginines characterized by a tripyr-
role skeleton and identified as cyclononylprodiginine, nonyl-
prodiginine, and undecylprodiginine.

A. latina, A. madurae, and A. pelletieri strains are mainly 
isolated from clinical material, though there is some evidence 
that members of A. madurae are widespread in organically 
rich soils. A. madurae strains isolated from environmental 
samples tend to lack the red endopigment of clinical isolates 
and sporulate more readily.34–36

2.1.3  �Differentiation of Pathogen 
Actinomadura Species

Published descriptions of Actinomadura species are often 
incomplete since different investigators emphasize some phe-
notypic features and omit others, thereby making identification 
difficult. Nevertheless, most species can be separated using a 
combination of morphological and physiological properties, 
though in most cases only the type strain has been studied. 
However, even when several strains have been studied (e.g., 
A. madurae, A. pelletieri), the results tend to be variable or 
inconsistent when those from the literature are compared.

Enzymatic substrates based on the fluorophores 4-meth-
ylumbelliferone (4-MU) and 7-amino-methylcoumarin 
(7-AMC) were carried out by Trujillo and Goodfellow6,12,36 to 
differentiate Actinomadura species. Encouraging results were 
obtained for differentiating between pathogenic Actinomadura 
species (Table 2.1).6,36 Enzymatic tests were highlighted by 
Wink et al.37 to differentiate A. kijaniata from A. namibiensis, 
as they share a DNA homology higher than 70%.

2.1.4  Pathogenicity and Clinical Features

Actinomycetoma. Actinomycetoma is a localized chronic, 
destructive infection of the skin and subcutaneous tissues 

caused by aerobic actinomycetes, Actinomadura being one 
of the main causal agents.  The disease is characterized 
by  progressive swelling of the infected area, distortion of 
the normal anatomy, and multiple draining sinuses and fistu-
lae.3–5,38–40 Purulent discharge containing the causative agent 
in the form of grains is characteristic of advanced stages of 
the disease. The grains vary in size and consistency and may 
be white, yellow, brown, red, or black depending on the caus-
ative agents. Almost 80% of the infections are through the 
lower extremities of the body; this probably explains the eti-
ology of “Madura foot” described by Gill of Madura in South 
India in 1842. In areas where actinomycetoma is endemic, it 
is a common habit to walk barefooted, exposing the skin to 
thorns and splinters on the soil; as a result, natural infection 
appears to be more frequent. Other sites of the human body 
may also be affected such as the back, head, knee, arm, and 
neck.41,42 In Mexico, the back is the second most common 
location.43

The clinical picture of actinomycete mycetoma is almost 
uniform irrespective of the causal agent. In contrast to eumy-
cetoma (caused by eumycetes), infections caused by actino-
mycetes are more aggressive and destructive and involve both 
muscle and bone at an early stage.5,41 In general, actinomy-
cetoma is painless, even when the disease is at an advanced 
stage.41 However, respiratory, neurologic, or other symptoms 
may be present when the disease affects the chest, head, and 
neck, or spine. The invasion of the periosteum and adjacent 
bones may lead to osteomyelitis.42

The infection remains localized and constitutional distur-
bances are rare, but when they do occur they are generally 
due to septicemia or to immune depression. Actinomycetoma 
can produce many disabilities, distortion, and deformity.  It 
can be fatal especially if it affects the skull.41,44

Nonmycetomic Infections. Nonmycetomic infections 
produced by A. madurae have been reported, including one 
involving an immunocompromised patient.45 These observa-
tions suggested that A. madurae could play a role in pneu-
monitis or bronchitis. Although no detailed epidemiological 
studies have been carried out, Bar et al.46 reported a growing 
number of patients with pneumonia caused by A. madurae. 
Most of the patients had been infected as a consequence of 
impaired immunity. These studies suggested that A. madu-
rae should also be considered as a causative agent for non-
mycetomic infections such as pneumonia.  Since that time, 
no epidemiological studies on Actinomadura strains from 
nonmycetomic regions or clinical specimens such as spu-
tum, bronchoalveolar lavage, and blood samples have been 
reported.  However, in Japan between 1996 and 2004, 21 
actinomycete strains were isolated from sputum and bron-
cho alveolar lavage.21 Molecular identification using 16S 
rRNA gene sequencing indicated that all strains belonged to 
the genus Actinomadura but were unrelated to A. madurae 
or A. pelletieri.  Ninety-five percent of the clinical isolates 
showed a close phylogenetic relationship with the species 
Actinomadura cremea and Actinomadura nitritigenes, while 
the remaining strains could not be related to any other species 
due to their moderate 16S rRNA gene sequence similarity.
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Epidemiology. It is not possible to state with any cer-
tainty the prevalence of Actinomadura infections (mainly 
actinomycetoma) in any part of the world, including the 
endemic areas, since there have not been any international 
surveillance efforts to ascertain the incidence of the disease. 
At most, information is limited to a few studies that have 
been made by individual researchers.21,40,41,47

Actinomycetomas have a worldwide distribution but occur 
mainly in the tropical and subtropical regions in the area 
between the latitudes of 15°S and 30°N. This area includes 
countries such India, Mali, Mexico, Senegal, Somalia, Sudan, 
and much of Central and South America.5 Sudan appears to 
have the highest number of actinomycetomas in the world 
followed by Mexico with an average of 70 cases per year.40 In 
these countries, the actinomycetoma infections are a major 
health problem, commonly affecting farmers and herdsmen. 
In general, the disease is four times more frequent in males 
than females and mainly affects adults between the ages of 16 
and 40 years. Since these are the most active members of the 
society, the disease has a socioeconomic effect on dependent 
family members in underdeveloped countries.48 Nevertheless, 

cases involving children and elderly men do occur.49–51 
Actinomycetoma infections have also been reported in the 
United States and Europe although in most cases, the patient 
contracted the disease in a different country.38,52

It is interesting to note that actinomycetoma becomes 
more active and aggressive in pregnant women.  Hormonal 
changes and decreased immune response during pregnancy 
may be the explanation for this observation.41

There is evidence that climatic conditions may play a 
major role in the distribution of actinomycetomas. In the case 
of Mexico and Sudan, these countries have a rainy season 
from June to October; a dry, cool season from October to 
March; and hot and dry weather without rainfall from March 
to June.  In Venezuela, most cases of actinomycetoma have 
been reported from semiarid areas colonized by trees, bushes, 
and cacti with thorns. The microorganisms are usually pres-
ent in the soil.  Traumatic inoculation of the subcutaneous 
tissues caused by sharp objects such as thorns or splinters 
is thought to be the route of entry. However, this theory has 
been recently disputed, as many patients have no history of 
trauma at the infection site.41

TABLE 2.1
Differential Characteristics That Separate Pathogenic Actinomadura Species

Species A. latina A. madurae A. pelletieri

Enzyme tests
Cleavage of 7-amino-4-methylcoumarin (7AMC-) substrates

Glutaryl-l-phenylalanine-7AMC − + +

l-pyroglutamide-7AMC + + −

Cleavage of 4-methylumberlliferone (4MU-) substrates

4MU-N-acetyl-d-galactosoamide − d +

4MU-α-l-arabinopyranoside + + −

4MU-β-d-cellopyranoside + + −

4MU-β−d-galactoside – + −

4MU-β-d-glucoside + + −

4MU-β-d-glucuronide + + −

4MU-β-d-lactoside – + −

4MU-sulfate − + −

4MU-xyloside + + −

Growth on sole carbon sources (1%, w/v)

Adonitol − + −

Fructose + + −

Galactose + + −

Glycerol + + −

Mannitol + + −

Melezitose + − −

Degradation tests

Arbutin + + −

Esculin + + −

Starch + − +

Source:	 Based on data from Trujillo, M.E., and Goodfellow, M., Antonie van Leeuwenhoek, 84, 39, 2003 and Trujillo, M.E., and Goodfellow, M., Zbl. Bakt., 
285, 212, 1997.
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2.1.5  Diagnosis

The clinical diagnosis of actinomycetoma becomes more 
apparent in advanced disease with the development of char-
acteristic sinuses and discharging grains; thus, the disease is 
often at an advanced stage when diagnosed.

2.1.5.1  Conventional Techniques
Microscopic Observation and Isolation. The diagnosis of 
the actinomycetoma is currently based on the isolation and 
identification of the causal microorganisms. In practice, the 
isolation of the causal agent is not always possible or can take 
a long time.

Direct microscopic examination of the pus from the lesions 
in the actinomycetomas with 10% KOH or saline reveals the 
presence of granules. The size, form, and color, together with 
the presence or absence of clubs or pseudoclubs, gives a clue 
to the identity of the etiologic agent. In the case of A. madu-
rae, the granules can be seen without the aid of a microscope; 
in other species, the granules are smaller.42

Isolation of the microorganisms can be achieved by cul-
ture of the pus, granules, or tissue samples using various 
culture media such as Sabouraud, mycobiotic, or blood agar 
media.33,42 The culture technique is often cumbersome and 
time consuming, and possible sample contamination may 
give a false positive result. This technique also requires expe-
rience to identify the causative microorganisms.

Fine Needle Aspiration Cytology. Actinomycetoma 
can be accurately diagnosed by fine needle aspiration cytol-
ogy.53–55 Mycetoma lesions have a distinct appearance in a 
cytology smear and are characterized by the presence of 
polymorphous inflammatory cells such as neutrophils, histi-
ocytes, lymphocytes, plasma cells, macrophages, and foreign 
body giant cells.  This allows differentiation from artifacts 
and inflammatory lesions caused by other bacteria and fungi. 
Diagnosis of actinomycetoma using fine needle aspiration 
cytology has proved to be as accurate as histopathological 
observations when the grains are present.54

This technique is fast, inexpensive, and easy to apply, and 
it is well tolerated by patients. It can be used in routine diag-
nosis and as an effective means of collection of material for 
culture and immunological studies. Due to the simplicity of 
the technique, it can be used in epidemiological surveys of 
mycetoma and for detection of early cases when radiological 
and serological techniques may not be useful.41

Radiology. The radiological features of mycetoma are 
complex.  As the disease spreads to the bone, the earliest 
changes include periosteal erosion and adjacent sclerosis. 
There may be a soft tissue mass with obliteration of fascial 
planes.  Bone cortex may be compressed from outside by 
the mass, producing scalloping, which is followed by vari-
able amount of periosteal reaction. Sunray appearance and 
Codman’s triangle may be present, producing a picture simi-
lar to that of osteogenic sarcoma.  There may be multiple 
cavities within normal-density bone; these cavities are small 
and numerous and their edges not well defined. The cavity 
size is directly related to the size of the grains. Osteosporosis 

is common in advanced mycetoma due to compression of the 
bone and insufficient blood irrigation caused by pressure on 
the blood vessels.

Radiographs are helpful to determine the extent of the 
infection, although they are not diagnostic. Computed tomog-
raphy or magnetic resonance imaging can also be helpful to 
determine the full extent of bone involvement and to delin-
eate soft tissue involvement.39

Immunodiagnosis. Enzyme-linked immunosorbent 
assays have been used to screen for antibodies against 
S.  somaliensis and A. madurae in two regions of Sudan.56 
These results indicated that a relatively large propor-
tion of clinically asymptomatic individuals in one region 
were infected with S. somaliensis and, to a lesser degree, 
A. madurae. To date, however, there are no specific and reli-
able serologic or immunologic tests useful in the diagnosis of 
actinomycetoma. This is in part because of the lack of spe-
cific antigens that do not cross-react with antibodies of infec-
tions caused by other related microorganisms.42 Attempts 
have been made to develop a delayed-type hypersensitivity 
test in mycetoma using microbial agents, but in most cases 
the assays have not been sensitive enough, or represented, as 
in the case of aerobic actinomycetic infection, cross-reactions 
with tuberculosis, and leprosy.42

2.1.5.2  Molecular Techniques
PCR-RFLP Analysis.  Use of PCR coupled with restric-
tion endonuclease and/or probe hybridization analyses of 
PCR products has been the focus of recent interest for the 
separation of mycobacteria from nocardiae as well as for 
the recognition of species within the genera Mycobacterium 
and Nocardia.57 The method has proven to be sensitive, less 
time consuming, and less labor intensive than traditional 
biochemical methods for the identification of the clinically 
significant species.

This technique can be directly applied to clinical isolates 
provided that sufficient biomass is available for genomic DNA 
extraction. A 439-bp fragment corresponding to the 65-kDa 
heat shock protein gene is then amplified by PCR using prim-
ers TB11 and TB12,57 and the PCR product is then digested 
using a combination of five commercially available restric-
tion endonucleases (BstEII, HaeIII, MspI, HinfI, and BsaHI). 
After digestion, the restriction fragments are electrophoresed 
on 3% Metaphor agarose containing ethidium bromide at 95 
V for 1.5–2 h to obtain the RFLP band patterns. This PCR-
RFLP methodology distinguished clinical isolates of aerobic 
actinomycetes, including A. madurae, with 96.8% accuracy. 
Thus, identification of clinical isolates can be accomplished 
within 24–48 h of receipt of pure cultures and therefore this 
system can be readily and economically implemented for 
routine clinical use.57

16S rRNA Gene Sequencing. Identification of Actino
madura actinomycetes from nonmycetomic clinical samples 
has also been carried out successfully using 16S rRNA gene 
sequencing. In this case, Hafany et al.21 isolated Actinomadura 
strains from the sputa or the bronchoalveolar lavage fluid of 
patients with pulmonary infections.
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