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PREFACE 

Principles of Microbiology is an ambitious title for a book 
because it suggests broad coverage of microorganisms. It is written 
for introductory microbiology because having an emphasis on biology 
and human diseases. It is geared toward students in health, allied 
health science and medical laboratory technology. It will also be an 
assest to students studying food science, agriculture, environmental 
science, and health administration. In addition, it provides a firm 
fOundation for advanced l)rogram~ in the biological sciences, 
medicine, dentistry, and other health profession. The scope of 
microbiology is expanding so rapidly that it is impossible to present 
all of it in a book which a student new to the field can cover in a 
one course. We have therefore tried to present selected portions of 
microbiology in sufficient detail that the student can understand them 
through reading the book. 

The author expresses his thanks to all those friends, colleagues, 
and research scholars whose cGntinuous inspirations have initiated 
him to bring this title. 

The author wishes to thank the publisher, printer and staff 
members for bringing out this book. 

Constructive criticisms and suggestions for improvement of the 
book will be thankfully acknowledged. 

Author 
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1 

Introduction 

Genetic determinants have been shown to consist of deoxyribonucleic 
acid (DNA) and ribonucleic acid (RNA). Enzymes are synthesized 
under the direction of nucleic acids, and enzymes, thus synthesized, 
are responsible for essentially all processes that occur in 
microorganisms. Experiments with. both bacteria (pneumococci) and 
viruses (radioisotope tests) have established roles of nucleic acids as 
determinants in microbial variations. 

Microorganisms are excellent for genetic studies, primarily because 
of haploid conditions in many of them and the ability of observers to 
detect mutations easily and test very large populations in short time 
periods. Permanent changes in bacteria can be differentiated from 
induced temporary types by fluctuation and replica plate techniques. 
Changes in DNA structure are termed mutations, and they occur in 
genes of chromosomes. Each gene may have a multiplicity of mutable 
sites. Since codons code for amino acids, a missense mutation occurs 
when a codon that codes for a new amino acid replaces a codon of 
a DNA chain, and a nonsense mutation results from replacement with 
a codon that codes for no amino acid. An altered nucleotide sequence 
may be restored to its original order by a reverse mutation, or an 
altered nucleotide sequence may be compensated for through a 
suppressor mutation. Either the DNA structure or the manner in which 
RNA is read may be altered. 

Enzyme inducers or enzyme repressors !'~:!y control the genetic 
regulation of enzyme production. Genes that code for repressors are 
called regulatory. Repressors may control the synthesis of more than 
one enzyme by action on more than one gene. Operons consist of 
groups of adjacent nucleotides that are under the control of a single 
repressor, and more than one gene may be involved. Operator genes 
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2 PRINCIPLES OF MICROBIOLOGY 

control functions of operons. Repressors can act on active operator 
genes to inhibit active operon genes controlled by them. Substrate, 
however, may combine with repressors to block these actions. The 
synthesis of some enzymes is controlled by product feedback 
mechanisms. 

The location of genes on chromosomes can often be determined 
by examining and counting progeny. Neurospora furnishes an 
excellent system to study gene linkage because mycelial cells are 
haploid and sexual reproduction occurs by a special mechanism. 
Crossover counts between different genes or between individual genes 
and centromeres may be utilized in testing. 

Bacteria, as well as Neurospora, have mating types, and linkage 
can be determined by mating. Mating can be interrupted in crosses 
of Hfr (high frequency) and F- strains, and the order of genes is 
determined by the time of transfer of each. F+ strains can transfer 
only the sex factor itself, but Hfr strains, where F is attached to the 
chromosome, can transfer chromosomal material. The F factor may 
attach to any part of the chromosome, or it may exist separately. 
Plots of chromosome maps of Escherichia coli indicate that the 
chromosome is circular. 

Since the F factor may exist alone or in combination with the 
chromosome, it has been termed an episome. A small part of the 
chromosome may adhere to the F factor, and the combination is 
known as F'. Other bacterial episomes that occur in bacteria are 
temperate bacteriophage, bacteriocins, and antibiotic resistance. These 
apparently represent cytoplasmic inheritance, although particles 
responsible for their inheritance are apparently DNA and have been 
considered by some as minute chromosomes. Extrachromosomal 
inheritance has been observed in streptomycin resistance in 
Chlamydomonas, oxygen utilization in yeasts, kappa production in 
paramecia, and other cases. The bulk of transmission, however, is 
nuclear, and extrachromosomal transmissions are considered special 
cases. 

Genetic materials in bacteria may be transmitted by transformation 
or transduction as well as by mating. In transformation, DNA is 
transmitted by synthesis and in transduction, by means of 
bacteriophage. 

Chromosome mapping in some viruses has been accomplished 
by infecting sensitive E. coli cells simultaneously with more than 
one phage and examining phage progeny. Crossovers between more 
than two types can be studied by this technique. 
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Fine analysis of the gene indicates that crossing over occurs 
within the gene as well as between genes, and intragenic crossover 
may be more frequent than intergenic. 

1.1 UNDERSTANDING VARIATIONS 
The direction of RNA structure by DNA and the direction of 

enzyme formation by RNA were outlined. Differences in protein 
structure between microorganism species, and to a lesser degree 
between specimens of the same species, will be evident to the student. 
As stated earlier that, one bacterial cell may contain 1000 or more 
different enzymes. Two microorganisms may differ in one or many 
of these. Because enzyme synthesis is under the control of RNA, the 
logical conclusion is that RNA structures are different in the two 
organisms. Since RNA synthesis is usually directed by DNA (except 
in RNA viruses), it is evident that differences in DNA structures in 
most cases control differences in enzyme structures. It will be the 
purpose of this chapter to outline how structural changes occur in 
DNA (and sometimes in RNA), how these changes alter enzyme 
structure, and how some altered enzyme structures affect 
microorganisms. 

The classical approach to the study of variation is an investigation 
of results of crosses, followed by an attempt to explain some basic 
mechanisms. It seems preferable in studying reproduction in microo 
rganisms, however, to acquaint students with a number of basic 
concepts concerning heredity mechanisms and then apply the concepts 
to interpretation of observed reproduction data. In other words, one 
should start from the bottom, or basic units, and build up, rather than 
proceed in the opposite direction. This approach appears more logical 
in the case of microorganisms, especially the procaryotic types, than 
with other organisms. Since heredity in microorganisms affects only 
single cells, evaluations may be approached in a different way from 
that in cases of multicellular organisms. 

1.1.1 Nucleic Acids in Biosynthetic Variations 
The importance of protein has been recognized by biologists for 

many years, and both biosynthesis and heredity were considered as 
significant protein functions. The importance of protein cannot be 
denied, but the most important discovery in relation to biosynthesis 
was the knowledge that protein units are not selfreplicating and that 
their replication depends on another selfreplicating compound found 
in nucleic acids. 



4 PRINCIPLES OF MICROBIOLOGY 

During the latter part of the nineteenth century DNA was 
recognized in chromosomes, but it was about tifty years later before 
its functions were identified. For a number of years after the determin
ation of the role of DNA, however, some geneticists still held to the 
theory that all or part of biosynthetic and genetic functions .. still resided 
in protein. 

It is now apparent from the results of many experiments involving 
genetic crosses, biochemical analysis, xray diffraction, and other 
procedures, however, that genetic information is carried in nucleic 
acid molecules. 

Two historically important experiments will help students 
understand how information concerning functions of DNA was 
obtained. Establishment of DNA as the active molecule in genetic 
manifestations came first from demonstrations with the pneumococcus 
organism. In the pneumococcus organism the capsule is considered 
the virulent entity as well as the antigenic substance by which groups 
are determined. An organism that cannot manufacture a capsule is not 
considered virulent. Production of the virulent factor (capsule) was 
found to depend on the type of DNA present in the pneumococcus 
cell. In pneumococcus experiments, enzymes that inactivated RNA or 
protein did not alter the effectiveness of extracts of virulent strains. 
Enzymes that inactivated DNA, on the other hand, removed the 
transforming principle from them. The discovery that nucleic acids 
make up an essential constituent of certain viruses added more impetus 
to the role of DNA as a genetic transformer. Some viruses were 
found to consist of DNA cores covered by protein coats. When the 
T2 phage virus of E. coli was labeled and used to infect susceptible 
cells, highly significant results were obtained. When the protein coat 
contained labeled S (sulfur) and the DNA core contained labeled P 
(phosphorus), the phage progeny contained only labeled P. No labeling 
resulted from labeled protein coat, which remained outside the infected 
cell and apparently performed no genetic function. Phage progeny 
possessed coats synthesized from protein of the infected cell and not 
from the infecting phage. Briet1y, these experiments showed that the 
viral genome carried genetic material and that none was carried in the 
capsid. 

1.1.2 Variation Investigations 
Microorganisms have many advantages over macroorganisms as 

materials in which variations can be investigated. Some procaryotic 
cells lend themselves particularly well to experimentation. 
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1. The haploid condition renders variations easily detectable in 
organisms because changes are readily demonstrated. Most 
variations are recessive and require extensive matings in 
diploid organisms, but they are readily detected in haploid 
forms. Although the diploid condition can be attained in 
certain procaryotic microorganisms, as will be noted later, 
the general condition is haploid. Even in the diploid condition 
some irregularities of phenotype production exist. 

2. Microorganisms, and particularly bacteria, have very short 
generation times. A period of 20 minutes may be sufficient 
for an entire generation to occur. Organisms synthesize 
nutrients very rapidly. Whereas, a few years ago the fruit 
fly was regarded as tirst line experimental material because 
the generation time (GT) was only ten to fifteen days, 
microorganisms may easily undergo 1000 generations in that 
time. Division of a bacterial cell results in doubling, but cell 
infection and lysis by viruses result in a multiple of fifty to 
200 at each replication. The processes of growth in bacteria 
and viruses, however, are quite different, as has been 
explained. 

3. Space and expense involved in experiments with 
microorganisms can also be small per specimen, and the 
enormous numbers an experimenter can handle and 
manipulate makes specific knowledge much more easily 
obtained with microbial experimental materials. 

One point against the utilization of microorganisms as material 
in which to investigate variations, however, comes from the fact that 
microorganisms cannot be studied physiologically, as individuals. In 
physiological studies one can only assume that all members of a clone 
are similar; such studies must be made on the group rather than on 
individuals. Phenotypic expressions of drug resistance, nutritional 
requirements, pigment formation, colony characteristics, and other 
observable phenomena are shown by clones or colonies of bacteria 
and not by individuals. These phenotypic conditions, however, 
generally express genotypic characteristics of individual cells. 

1.1.3 Easily Detected Variations 
One of the most important discoveries in understanding variations 

in microorganisms came from confirmation that some variations were 
of a permanent nature (mutation) and others were temporary and 
resulted from other phenomena. Some methods of variation detection 
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should be presented. Some variations (mutations) that have proved 
especially relevant to microorganisms are (1) the ability to synthesize 
specific nutrients, (2) the ability to resist attaGks by bacteriophages, 
(3) the ability to grow in the presence of antibiotics, and (4) the 
ability to change from smooth (S) to rough (R) and less frequently 
from rough to smooth in antigenic makeup. In most bacteria, 
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Figure 1.1 : Method for isolating a variant specific for a growth factor. 

mutations occur slowly, and the addition of mutagenic agents will 
speed up the process manyfold. In general, any mutagenic agent 
effective in other organisms is also effective in bacteria, and any 
agent that will cause DNA changes can be regarded as mutagenic. 
In RNA viruses, RNA changes occur. The process of mutagenesis 
will be illustrated by examining a culture of E. coli that is treated 
with a mutagenic agent. Here, it is important to investigate the nature 
of the variant, to determine whether it is a constitutive variation or 
one produced by a temporary repressor mechanism that is dependent 
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on the substrate. This same technique, with adaptations, can be applied 
to the detection of phage resistance, antibiotic resistance, and other 
mutations. 

The technique of the quantitative, or statistical, fluctuation test 
has been applied to the study of large populations. Luria and Delbruck 
introduced the technique, which was based on the following analysis. 
If bacterial changes are true mutations that are rare, random, and 
discontinuous, a wide fluctuation in the number of changes present 
between independent small inocula should be expressed. The same 
type of fluctuation should not occur in separate samples from ,the 
same culture. If changes are not random but depend on the medium 
used to isolate them, there should be no significant fluctuation in 
any of the cultures. 

The preceding statistical method, when applied to an evaluation 
of resistance to bacteriophage, demonstrated that change was random 
and constitutive and could be considered as a stable type (mutaticm). 
Changes were found to be abrupt, discontinuous, and effective in 
only small percentages of the population. When more than one 
mutation can be made to occur simultaneously in a bacterial cell, 
they occur independently of each other. 

1.2 MUTATION 
SO far we have described straightforward biosynthesis as a result 

of actions of DNA through RNA enzyme mechanisms. 
Although differences in protein structure that resulted from 

synthesis under the direction of differently structured DNA (and RNA) 
have been presented, causes of variations in DNA structure have not 
been described. When a DNA structure is altered, we may describe 
the change as a mutation, although it may never be detected. Several 
other terms should be defined or described. In eucaryotic nuclei, 
definite pieces of chromatin material termed chromosomes are 
recognized. Chromosomes are paired in most eucaryotic cells. 
Procaryotic bacteria and viruses also possess chromosomes (or definite 
chromatin materials), which are usually unpaired. Although only a 
limited number of representatives have been investigated, single 
chromosomes (one to an organism) appear to form the procaryotic 
pattern. Furthermore, chromosomes are divided into genes, which 
are composed of mutable sites or units. Genes are probably arranged 
in a linear fashion on a chromosome, and each 'may exist in a number 
of alternate forms. With these concepts in mind we may examine 
more closely the nature of some phenomena previously presented. 
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For many years geneticists have recognized that enzyme formation 
was under gene control. When this knowledge became available, 
biochemists and geneticists postulated that each enzyme was controlled 
by a specific genethe one geneone enzyme hypothesis. More recently, 
however, evidence indicates that each polypeptide may be controlled 
by a specific gene, and polypeptides that make up enzyme units or 
function together are usually controlled by closely related or adjacent 
genes. 

1.2.1 Mutations in Codons 
Mutable sites on genes can exist in different forms. The number 

of forms is thought to be four in most instances. More specifically, 
different mutations can occur at the same mutable site and produce 
different effects in the polypeptide chain by causing the incorporation 
of different amino acids into the chain at a specific location. Several 
adjacent mutable sites, furthermore, usually specify a single amino 
acid. Enzymatic activity in a protein (peptide) chain does not always 
depend on specific amino acid sequence. Amino acid substitutions 
may occur in parts of the chain with no appreciable alteration in 
enzyme function, but theoretically at least, there is probably a specific 
enzyme chain that best fits the function of each cell and that helps 
the cell to survive in nature. 

Some codons apparently do not code for. any amino acid. 
Mutations, therefore, may involve a codon that is specific for a 
particular amino acid or one that has no amino acid specificity. Only 
two or three of the sixtyfour codons are of the latter type(VAA, 
VAG, UGA). Two mutation types, therefore, may occur. A missense 
mutation results from the replacement of a codon that codes for one 
specific amino acid by one that codes for another specific amino acid. 
A nonsense mutation results from the replacement of a codon that 
codes for a specific amino acid by one that codes, for no amino acid. 
When only one or a few amino acids are substituted in a chain, the 
mutated chain may differ only slightly from the nonmutated form. 

Most mutations are probably of this nature. In nonsense 
mutations, the message of the messenger RNA (mRNA) is not read 
any further, and incorporation of amino acids into the polypeptide 
chain ceases. Incomplete polypeptide chains formed in this manner 
apparently break away from the ribosome and remain incomplete. 
Most observable mutations are produced by substitutions of single 
amino acids in peptide chains and result from a change in RNA 
nucleotide sequence. Biosynthesis of protein material °rom amino acids 
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occurs in most if not all organisms and is coded for by RNA. The 
RNA code, therefore, is thought to be universal and act in a similar 
manner in all organisms. 

The occurrence of nonsense mutations and resulting termination 
of polypeptide chains suggests that signals are given to start and stop 
polypeptide formation during normal metabolism. Information to begin 
and end chain synthesis is under RNA molecular control. Some 
mRNA chains code for more than one polypeptide chain, and 
synthesized peptide chains are coded for by different portions of the 
mRNA chain. In other words, an entire DNA molecule is not copied. 

Reading the genetic code may be upset by genes that do not 
alter DNA structures but change the manner in which mRNA 
templates are read. Genes that cause altered reading of mRNA 
templates are termed suppressor genes, and they affect the synthesis 
of essentially all polypeptides. Incorrect copying of mRNA templates 
is expressed in two ways. The synthesis of normal protein in mutated 
organisms may be hindered, or the effects of mutations in other genes 
may be suppressed. Suppression of normal protein synthesis is usually 
minor, but nevertheless, in nature suppressors are usually selected 
against. Suppressor genes may cancel the results of harmful mutations 
by causing synthesis of peptides that were blocked by the harmful 

,mutant. New transfer RNA (tRNA), for example, may allow a former 
nonsense codon to code for a particular amino acid. Changes in 
ribosomal configurations may also allow misreadings of 
codonanticodon structures so that original alterations are not expressed. 

An altered nucleotide sequence may be restored to its original 
order by a reverse mutation. Effects of the altered (mutant) nucleotide 
sequence may also be compensated for by nucleotide changes at a 
different spot on the same gene. This second alteration, although of 
a different nature from changes brought about by suppressor genes, 
is called a suppressor mutation. Intragenic suppression occurs by DNA 
alteration, and intergenic suppression occurs by altering the manner 
in which the mRNA code is read. Insertion or deletions of single 
nucleotides within a mutant gene may cause it to be reversed and its 
effects essentially or completely cancelled. Specific suppressor genes 
misread specific codons and, therefore, suppress specific mutations. 

1.3 PROT~IN SYNTHESIS BY 
SUBSTRATE CONSTITUENTS 

The amount of specific proteins in substrates in which bacteria 
grow may be largely determined by whether organisms need them. 



10 PRINCIPLES OF MICROBIOLOGY 

Some substances, when introduced into substrates, increase the amount 
of specific enzymes that can act on them. Substances of this nature 
are termed enzyme inducers, and enzymes that are produced in response 
to their presence are known as inducible enzymes. A direct opposite 
effect may be produced by the actions of substrate compounds. 
Biosynthetic enzymes may be reduced in quantity if their own 
metabolized products (end' products) are present; these biosynthetic 
enzymes are called repressible enzymes. Rates of biosynthesis, as 
affected by both mutation types, are beneficial to microorganisms 
under certain conditions of growth and survival. Adaptive responses, 
however, usually do not result in the complete absence or over 
abundance of enzymes. Variations in structural proteins and numbers 
of ribosomes are also observed with changing metabolic rates. 

The amount of protein present in a cell usually depends on the 
rate of synthesis because proteins are fairly stable under normal in 
vivo conditions of the synthesizing cell. The rate of protein synthesis 
can be related to the number of mRNA molecules present in the 
cell. The production of mRNA that codes for repressible and inducible 
enzymes appears to be controlled by a group of special repressor 
molecules. Repressor molecules, which are apparently protein in 
nature, probably combine with specific DNA sites and block 
corresponding mRNA transcriptions. The control of the lifetimes of 
mRNA molecules is also a possible repressor mechanism. In any 
event, mRNA molecules fail to code for specific polypeptide chains. 
Chromosomal DNA codes for both the repressor and the protein that 
is repressed by it. Genes that code for repressors are called regulatory. 
Some regulatory genes mutate to a condition in which they are unable 
to code in the normal manner for repressors. Cells in which repressors 
are not present or are not functional wiII continue to produce protein 
(enzymes). Mutants that inhibit the functioning of regulatory genes 
are termed constitutive mutants, and proteins synthesized as a result 
of constitutive mutants are known as cOllstill!tive proteins. 

The ability of a repressor to prevent transcription of mRNA, or 
its function, depends on the actions of two othcr specific molecules. 
Repressors may be inactivated by the attachment of inducers. Binding 
of a corepressor to a repressor, on the other hand, activates it. Bindings 
between repressors and corepressors or inducers are probably weak 
and easily made and broken. Functioning of an inducer may be 
illustrated by combination of the betagalactosidase repressor with the 
betagalactoside type of inducer. When the betagalactoside, or betaga
lactoside like substance is present, the betagalactosidase repressor is 
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Figure 1.2 : Fluctuanon test to demonstrate nondirected bact-erial mutation. Agar plates 
may be phage coated, and the organisms used may be phage sensitive, or antibiotic 
plates and antibiotic-sensitive organisms may be utilized. 

inactive and betagalactosidase continues its synthesis of betagalactosides. 
The functioning of a corepressor may be illustrated by the addition of 
amino acids to a culture of cells growing in a broth to which none 
were previously added. Repressors to the production of enzymes 
involved in synthesis of the types of amino acids added will be 
activated, and mRNA molecules involved in synthesis of the specific 
enzymes will be shut off. Suppressor genes in other mutations may 
suppress regulatory gene mutants and restore synthesis of repressors 
by chan Zing the reading patteni of mRNA. 
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Repressors may control the synthesis of only one or of more 
than one enzyme. Control, of more than one enzyme by a single 
repressor is illustrated by the classical case where the betagalactosidase 
repressor in E. coli controls the production of both betagalactosidase 
and galactoside permease. The first enzyme acts on betagalactosides, 
and the second enzyme regulates the permeability of bacterial cells 
to them. The method by which permeability is controlled is not clear, 
but a third enzyme, galactose acetylase, may be involved and be 
controlled by the same repressor that controls the other two enzymes. 
Coordinated synthesis of both metabolizing and permease enzymes 
apparently occurs as a result of coding by adjacent genes. A single 
rnRNA can carry genetic messages from both genes if they are 
adjacent. Messages of more than two genes are sometimes carried 
by a single rnRNA molecule. 

Groups of adjacent nucleotides that are unrlcr the control of a 
single repressor and that code for single rnRNA molecules are termed 
operolls and may contain one, two, or more genes. Furthermore, 
specific repressors may control enzymes of one or more than one 
operon. 

An operator, which is located adjacent to the operon,. is 
responsible for the control of operon function. Functions of operators 
are mostly negative, and each operon possesses a specific operator. 
Specific repressors are unable to inhibit enzyme synthesis in the 
absence of functional operators, and constitutive protein synthesis 
continues. Operators are apparently sites on DNA molecules that serve 
for the binding of active repressors. A combination of active repressor 
and operator will block synthesis of rnRNA of the adjacent operon. 
Different amounts of two proteins may be coded by a single mRNA 
molecule. For example, much more betagalactosidase than permease 
may be coded by the operon. 

The operator gene does not cause the production of a specific 
substance that can be detected biochemically, but it does turn 
structural genes on and off. Structural genes are responsible for 
enzyme production. The operon may be thought of as a closely linked 
unit of an operator gene with the structural genes over which it has 
control. The regulator gene may prevent action of the operator gene 
by the production of a specific inhibitor or repressor substance. In 
this case the operator gene does not alter the structural mechanism. 
Effectors (as betagalactosides) in bacterial media may inactivate 
inhibitors or repressors, and the operator gene will be free to turn 
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on its controlled structural genes. As long as this system is in 
operation, the repressor effect of the regulator gene is inactivated, 
and structural genes will continue to synthesize enzymes. 

Synthesis of some protein may not be controlled by repressors. 
When excess protein is synthesized, the end product becomes highly 
concentrated. The end product may also be supplied from external 
sources. The presence of a high concentration of end products of 
enzyme activity causes the inhibition of enzyme action, and is termed 
feedback inhibition. This inactivation usually blocks enzyme activity 
at its first catalyzed step in cases where two or more steps are 
involved in synthesis. The end product of synthesis may not combine 
with the enzymatically active site of the enzyme it inactivates but 
may combine with a second enzyme site and, by this combination, 
block enzyme activity. Enzym.:s, in any event, may be prevented 
from combination with their substrates. Proteins that are inactivated 
by combination with small specific molecules at other points than 
their active sites are termed allosteric proteins, and molecules that 
combine to produce the allosteric condition are termed allosteric 
effectors. 

1.4 RELATIVE POSITIONS OF GENES 
Fine structures and functions of DNA and several types of RNA 

have been described. Most DNA is contained in the chromosomes, 
and little else is present in virus and bacterial chromatin material. 
The molecular structure of chromosomes as units is not fully 
understood. In addition to DNA, nuclei of many eucaryotic cells 
contain protein. The major portion of protein material contained in 
nuclear structure is histone in nature. Functions of chromosomal 
protein are not understood, but excess NH3 + charges may tend to 
neutralize some negative DNA charges. Chromosomal histone does 
not appear to function in genetic coding and may even have an 
inhibitory function. Available morphological information· has given 
some clue as to arrangements of genes on chromosomes. Genetic 
experiments have yielded additional useful information. 

Genetic crosses, which allow material from different organisms 
to come together, are efficient in obtaining genetic recombinations. 
Linear arrangements of genes along chromosomes can usually be 
determined by observing rates of recombination when genes come 
from different parents. In a genetic cross between organisms that 
possess diploid numbers of chromosomes in somatic cells, locations 
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of genes can be determined by counting progeny. When genes are 
located on different chromosomes, there is usually independent 
assortment, and classical genetic ratios result in progenies. If genes 
are located on the same chromosome, no straightforward genetic ratios 
of progeny will result. In cases where all genes of a parent do not 
show up together in progenies, it is evident that the part of the 
chromosome that carries the missing genes has been lost or somehow 
overshadowed. Many phenomena occur in genetic crosses to change 
expected independent gene assortment ratios. The most prevalent pheno
menon that results in the separation of genes on a single chromosome 
is crossing over between homologous pans of chromosomes. Genes 
that occupy corresponding positions on a pair of homologous 
chromosomes are known as alleles, and an allele characteristically 
changes positions with its homolog in crossovers. Where genes that 
determine observable progeny characters are' located on the same 
chromosome, only relative positions of heredit"j units on chromosomes 
can be determined by offspring count. 

Crossing over occurs between two homologous chromosomes 
during meiosis (reduction division) , in many organisms. Ordinarily 
the two chromosomes will separate, but occasionally they may break 
and exchange homologous parts. Genetic material from the paternal 
parent will be transferred to the maternal chromosome of the crossover 
pair, and vice versa. The haploid chromosome in the gamete, therefore, 
would not contain all the genetic material from one chromosome of 
a crossover pair, but genetic material from two chromosomes would 
be present. Crossovers occur after the splitting of each parental 
chromosome into two chromatids. Only two of the four resulting 
chromatids are involved in a crossover, and the other two are separated 
intact. In many chromosomes, relative distances between genes can 
be determined by the amount of crossing over of chromosomes between 
them. 

Extensive offspring counts have determined gene positions on 
chromosomes of fruit flies, tomatoes, com, and other higher plants 
and animals. A more rapid method of chromosomal gene location has 
been found in studies of certain haploids. For example, Chlamydomonas 
may be either yellow or green, and there are two mating types (+ 
and -). When fertilization occurs between yellow and green, two 
mating, types are also involved. Progeny segregate into ratios of one 
fourth yellow + to one fourth yellow - 10 one fourth green + to one 
fourth green -. Independent assortmei)t is easily detected because 
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haploids have no allele to mask their manifestations. More extensive 
investigations have been perfonned by use of the pink bread mold, 
Neurospora crassa, which provides an excellent system for sf'gregation 
studies because of a sexual phase in which mating occurs a..,d the 
haploid nature of its mycelia, in which genetic characters are readily 
detectable. Furthennore, linear arrangement of ascospores in asci gives 
the observer an additional advantage. 

Asexual reproduction occurs in Neurospora by conidia (spores), 
which contain haploid cells (one or more). Each haploid spore grows 
into a new hyphal mass. Parts of haploid hyphae may also break 
away, become transplanted, and grow into new mycelia. All cell 
division is mitotic, and all cells haploid. Mycelial septa are incomplete, 
and hyphal nuclei are not completely separated during growth, but 
fusion of neighbouring nuclei evidently does not occur. Heterocaryons 
may also form by the fusion of two hyphae, and each heterocaryon 
cell contains two haploid nuclei. 

Sexual reproduction, with chromosome pairing in Neurospora, 
however, does not occur by pairing of haploid nuclei of heterocaryon 
cells but is brought about by a special mechanism. Special cells beco~e 
differentiated into sexual fruiting bodies, tenned protoperithecia, which 
contain maternal nuclei, and special mating tubules, trichogynes, 
through which fraternal mating cells may enter. A conidium of an 
o?posite mating type from the maternal enters the trichogyne and 
undergoes numerous mitotic divisions, and the resulting cells pass 
into the protoperithecium. Cells of the two mating types fuse to fonn 
diploid zygotes. Each zygote. becomes enclosed in an ascus sac, and 
the mature perithecium (fruiting body) may contain several hundred 
asci. Zygotes in asci undergo two meiotic divisions to form four 
haploid cells, each of which passes through one mitotic division. The 
eight resulting cells are known as ascospores and are arranged in a 
linear fashion in their asci. Spores can be dissected out and examined 
by the use of proper techniques. The nature of each ascospore, or the 
nature of the haploid mycelium it produces, can be observed. Because 
ascospores and their cultures are haploid all genetic traits are easily 
determined. Chromosome analysis in Neurospora, in which the major 
portion is haploid but in which sexual combinations occur, is more 
straightforward than that of diploids. In some measures this condition 
parallels that found in procaryotic bacteria. Recombinations in 
chromosome materials are easily followed by mating different types 
and analyzing their resulting ascosJlO.res or ascospore growth. 
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Neurospora contains seven chromosomes, and linkage groups have 
been determined in all of them. Crossing over, or the exchange of 
homologous parts, occurs in the second meiotic division, as can be 
illustrated by the examination of ascospores or their growth products. 
A gene for crisp, in which conidiophores are very short, and a gene 
for albino, or lack of colour, are both located on the first chromosome. 

Meiotic and mitotic divisions give the following arrangement of 
ascospores in asci of noncrossovers: ac ac ac ac AC AC AC AC. If 
crossover occurs in the one stranded 'stage, arrangement will be either 
aC aC aC aC Ac Ac Ac Ac, or it will be Ac Ac Ac Ac aC aC aC 
aC. If crossovers occur at the twocelled stage, arrangements of twos 
will be noted in crossovers aC aC Ac Ac aC aC Ac Ac or other 
paired arrangements. If it occurs during mitosis, aC Ac sequences 
will be found. 

In an examination of numerous crosses, only types that result 
from crossing over between two strands of the fourstranded stage 
have been found. 

In the preceding example about 52 % of the segregated ascospores 
would show that crossovers have occurred. This would show 26% 
actual crossovers because one half of the chromosomes in ascospores 
where crossovers occurred would still be parental types. Crosses 
between albino and nicotinic acid requirement would show about 15% 
crossovers. One would not know, however, whether albino was 
between the other genes unless crosses between crisp and nicotinic 
acid requiring genes were conducted. Either a series of single crossover 
experiments of this nature or experiments involving three or more 
genes may be run. In Neurospora, distances between genes can also 
be determined by plotting the distance of each from the centromere 
and then calculating the differences or sums, depending if the genes 
lie on the same or different sides of the centromere. 

1.5 MA TING TYPES OF BACTERIA 
The location of genes on chromosomes of bacteria is determined 

by the method of mating. Discovery of sexual processes and genetic 
recombinations in bacteria was not only a great stride in the direction 
of understanding the microorganism, but it also had a profound impact 
on investigative technology and genetic phenomena in general. Bacterial 
matings provided a technique for detecting genetic recombinations 
that occurred very rarely. The simplest technique for detecting 
recombinants in bacteria has been associated with requirements for 
individual growth factors. 
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Extensive studies h?ve been performed on E. coli K12. The Kl2 
is a laboratory strain at Stanford University and was chosen by 
Lederberg and Tatum for their early work on recombination. 
Succeeding investigations, directed by Lederberg, led to several 
important conclusions. The first conclusion was that bacteria were 
haploid and that the diploid condition formed by combinations existed 
for only a short time. In a few cases, however, prototypes that seemed 
to possess properties of diploidy were isolated. These diploid 
heterozygotes gave rise to progenies that resembled each parent type 
and also to some that resembled the diploid recombinant condition. 
Genetic studies of the heterozygous condition soon revealed that 
diploidy was a very complicated phenomenon, but one by which 
dominance and mutations that affect the same character could be 
studied. Another conclusion of early recombinant studies was that 
linkage existed between all observed genetic determinants in E. coli. 
From recombinations of a number of genetic determinants located on 
the same linkage group, it was possible to construct a preliminary 
genetic map. The original map was linear and contained only a very 
limited number of characters. 

Experiments by Hayes showed that materials could pass from 
members of strain A into members of strain B, but not from strain B 
into A. The strain A was labeled a donor (male) and the strain B a 
recipient (female). These experiments demonstrated sexuality in E. 
coli strain 12. Donor strains (P) were shown to possess a fertility 
factor, but the factor was absent in recipients (F-). The factor could 
pass into F at mating; F gained the fertility factor and became F + , 
but the F + did not lose it. This phenomenon demonstrates division of 
the F + factor independently of cell division. The F factor may be 
attached to the chromosome and divide only as the chromosome and 
cell do, or it may be located in the cytoplasm and function indepen
dently of the chromosome. When the F factor exists separately, it 
also divides once with each bacterial cell division and is thought to be 
a minute chromosome of its own. When the F factor is detached from 
the chromosome, the male organism transfers gene material to the 
female only rarely. If the F factor is joined to the chromosome and 
the cell contains certain integrated sex factors, it is known as a high 
frequency (Hfr) combination type. There are many Hfr strains with 
the F factor located at different points on the chromosome. The F 
factor is known as an episome and, as just stated, may exist either in 
a free state or attached to the chromosome. In more recent experiments 
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it has been shown that in a few cases F factors may retain small 
portions of the chromosome. This combination, termed a substituted 
sex/actor, is designated as F. Episomes have been clearly demonstrated 
i~ b~cterial cells, and there is evidence that they also exist in cells of 
higher forms. The F factor is composed of about 250,000 DNA pairs 
and is about one fortieth of the length of the bacterial chromosome. 

Although the Hfr was originally designated such because of its 
high frequency of mating with F, recent discoveries have shown that 
P+ may mate just as frequently. Both F + and Hfr mating types mate 
with F with a high efficiency, and the main distinction between them 
is that the Hfr type can transfer its chromosomes, whereas the F+ 
type is usually unable to do so. When the F+ mutates to anyone of 
the Hfr types, however, genetic transfer is possible. The f+ donor 
can transmit the P+ character to the F- recipient, and progeny from 
the recipient can pass the F+ on to other F- types. Crosses of f+ 
with F- usually yield f+ progeny, but crosses of Hfr with F- yield 
F- progeny. The P+ can be acquired by F- specimens only by mating 
with f+. The F+ factor, which is evidently capable of genetic 
continuity, resembles genetic material of the temperate bacteriophage. 
Both are nonessential and may be either present in or absent from 
the bacterial cell. Furthermore, each can reside independently of or 
on the chromosome of its host cell. Both sex factors and temperate 
bacteriophages may be considered episomes. 

When the episome is joined to the chromosome, the male (Hfr) 
cell is able to join to a female mating type of cell and transfer part 
or all of its chromosome to the female. When matings occur, the 
chromosome of the male (Hfr) breaks at the episome and begins to 
enter the female cell. The origin point 0 enters first, and an orderly 
sequence follows. New surface components that enable them to mate 
with F- strains are apparently produced by both F+ and Hfr 
organisms. Cytoplasmic connections are formed after effective contact. 
Energy necessary for the transfer, as well as the production of surface 
components and cytoplasmic connections, is probably provided by a 
mechanism co~tained in the sex factor. Fragments of the Hfr 
chromosome enter the F- cell and may cross over with the F
chromatin material. Some transferred materials do not combine and 
cross over with recipient genetic materials. Genes that have not 
become a part of the new chromosome are eliminated when the new 
cell divides. New cellular materials, produced by combination and 
crossing over, show up in the progeny thus established. Since the 
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episome is on the end of the chromosome opposite the origin point, 
the chromosome transfer is usually incomplete and the episome usually 
remains with the P+ (Hfr) mating type. 

Transfer of entire chromosomal material between Hfr and F 
strains requires about 90 minutes. If mating is disrupted during the 
process, only parts of the chromatin material are transferred. The 
amount transferred, of course, will depend on the time the mating 
types have been in contact. The process can be disrupted at any time 
by mechanical means. One method of disruption has been by use of 
the Waring blender at desired times after matings have been made. 
The relative positions of genes on the chromosome of the male E. 
coli cell can be obtained by determining the relative sequence in which 
they enter the female cell. The ones farthest from the episome enter 
first, and the others follow in order according to the time elapsed 
during mating. Finally, if transfer is complete, the F portion may 
combine with the F recipient chromosome and convert it into an Hfr 
mating type. 

1.6 CHROMOSOME MAPPING IN BACTERIA 
Location of genes by conventional mating recombinations and 

plating and the Hfr mating experiments, or timeunit mapping, are in 
close agreement. Analysis of frequencies of selected and studied 
recombinant classes has revealed data similar to those obtained in 
disruption tests. Both types of experimentation show that genes are 
arranged in a single line. Chromosomes of most higher organisms 
are probably located in straight lines or bent forms, but in E. coli 
the chromosome is circular. Evidence for the circular nature of the 
male. chromosome comes from matings of a large number of Hfr 
strains to their respective F- cells. As was mentioned previously, the 
episome may be located at any spot along the chromosome. The end 
of the chromosome most distant from the episome, after breakage, 
begins to enter the female cell. In different matings, different parts 
of the chromosome, carrying different genes, enter first. No matter 
which genes enter first, however, the order of entry is always the 
same. By a series of different matings, chromosomal genes have been 
located in order of their entry, and the circular shape of the 
chromosome is the only one consistent with experimental data. 

Different mutations may affect the same trait. These may be 
designated as A, B, C, D, etc. Examples of different mutations 
affecting the same character are try A, try B, try C, try D, and try 
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E, which refer to the necessity for tryptophan. Different enzyme~, 
however, are affected by different tryptophanless mutants. 

Figure 1.3 : Chromosome map of Escherichia coli showing the relative positions of 
some characters. 

arg- - requires amino acid arginine for 
growth 
azi-- resistant to sodium azide 
cys- - requires amino acid cysteine for 
growth 
j/a-- absence of flagella 
lac Z-- cannot use lactose as carbon 

0- - absence of 0 antigen 
pur -requires certain purine bases 
for growth 
ser - requires amino acid serine for 
growth 
thi- - requires vitamin thiamine 
try- - requires amino acid tryptoph 

source an for growth 
meth-- requires amino acid methionine leu-- requires amino acid leucine 
for growth for growth 

As mentioned earlier, in rare cases the F factor may retain a 
portion of the bacterial genome when the genome and F factor become 
separated. Since F factors become inserted into circular bacterial 
chromosomes when the two unite, they are usually extruded with no 
additional material, and the bacterial chromosome resumes its original 
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characteristics. In rare instances, however, portions of bacterial cells 
are included in extruded F portions to form F particles. Cells with F 
can infect F-, and recipients are easily converted into Hfr strains with 
patterns similar to those from which F were derived. Recombinations 
between the sex fac~or and the specific site to which it is attached to 
the chromosome evidently occur; this results in the production of a 
sex factor containing a portion of the bacterial chromosome as well 
as a bacterial chromosome bearing part of the sex factor. The F 
factor is less stable than the P+ factor but otherwise behaves like the 
F +. When it is transferred to an F- specimen, recombination may 
occur between it and the F- chromosome. When combination occurs, 
the F becomes attached to the portion of the F chromosome 
corresponding to that which the F carries. The F will produce 
orientation and breakage of the chromosome at the point of its 
attachment. The F factor is able to convert F- strains in a manner 
similar to that of F+ strains; this process is termed sexduction. In 
these conversions, characteristics that are carried on the chromosome 
portion of F are transferred, but these characters are unstable. These 
results may be illustrated by the transfer of F lactose + particles to F
lactose- recipients. Lactose + individuals of this nature are diploid 
lactose/F' lactose +, and are termed heterogenotes. Lactose organisms 
are formed at the rate of about I per 1000 cell divisions. The presence 
of an F factor can increase the production of products directed by 
genes carried on its bacterial chromosomal fragment. 

1.7 EPISOMES 
One type of episome is found in the temperate bacteriophage. 

Bacteriophage viruses have been classified as virulent or temperate, 
according to their interaction with host cells. Host cells are rapidly 
lysed by virulent forms. Temperate forms may become attached to 
the chromosome of the host cell and be propagated in the host cell's 
progeny. Bacteria may thus carry temperate phages and are termed 
lysogenic; the phage chromosome thus inserted into and carried by 
the bacterial cell is called a prophage. They may also lyse cells when 
induced, a process that may result from mild treatment by ultraviolet 
light. Hosts may also become lysed as a result of other phenomena. 
Different prophage particles infect bacterial cells in different positions. 
Lysogenization can thus be recognized as a method of transferring 
genetic material (DNA and RNA). Only the DNA or RNA of the 
phage enters the host cell in either type infection. The prophage carries 
genetic information for the production of a particular bacteriophage 
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and also for conferring on the bacterial cell particular hereditary 
properties. The hereditary ability to produce phage without further 
external infection is a property of lysogeny. The bacterial cell inherits, 
possesses, and transmits the ability to produce phage. In the virulent 
type infection, the DNA of the phage enters the host cell and exists 
for a period called the eclipse period in a noninfective form known 
as the vegetative phage. The first step in phage reproduction is 
apparently production or activation of RNA, which directs enzyme 
synthesis. Enzymes thus synthesized are capable of producing new 
DNA and protein from which new DNA is constructed. Some new 
phage material is synthesized from host constituents, but some must 
come from growth media. 

Prophage lambda (A), P+ and F have many characteristics in 
common, and all are recognized as episomes. Infection by F or F + 
is by way of bacterial conjugation, but prophage lambda possesses its 
own viral protein envelope, which serves as an infective device. Each 
type of episome prevents host bacterial cytoplasm from reproducing 
homologous particles. The F factor may be transferred to species 
other than the E. coli in which it is normally found. Strains of Shigella 
may serve as recipients of the F factor, but when a portion of the 
lhromosome is included in the transfer (F'), recombination with the 
Shigella chromosome does not occur. Shigella organisms that receive 
the F+ factor, however, can pass it on to P- E. coli to convert them 
to F+. Serratia marescens and Pasteurella pestis appart!ntly bear the 
same relation to E. coli as that of Shigella. The transfer of E. coli F 
factors to Salmonella can mobilize recipient cells to produce Hfr strains. 
Salmonella Hfr strainsmay pass chromosomes to Shigella, to E. coli, 
or to other, Salmonella. Sexual factors similar to those of E. coli 
probably exist in Pseudomonas aeruginosa and Vibrio cholerae, in 
which sexual corijugation has been reported. 

A group of genetic elements known as colicinogenic also resemble 
episomes~d are sometunes classified as such. These genetic factors 
control die synthesis of certain bacteriocidin types of antibiotics. A 
comprehensive review of bacteriocins is given by Reeves and Bradley. 
The size of these particles has been estimated as about 100 molecules. 
The bacteriocin (which is a general niime for colicins) type of antibiotic 
is produced by one strain of bacteria (col+) and is active on another 
strain (col-) of the same species. Bacteriocins resemble bacteriophage 
particles in some respects, but they do not multiply in host cells. 
Bacteriocins apparently constitute a group of specific bactericidal 
particles. One type is relatively thermolabile, is extremely small, and 
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F'JgUI"e 1.4 : Particles a~socIated with a bacteriocinigemc stram of Vibrio ellalerae. 
negatively stained with phosphotungstic acid. (x 200,000.) Two particles attached 
coretocore can be seen in A and B. Flagellar portIons are shown in A. 

has not been sedimented in the ultracentrifuge. The other type, about 
which more knowledge is available, readily sediments in the ultracen
trifuge and has a phagelike appearance, as pictured in the electron 
microscope. Colic ins have been given capital letter (EI, E2, K, V, I, 
etc.) designations and are specific by virtue of an ability to adsorb 
onto specific receptors located in bacterial cell walls. Colicin resistant 
cells were originally thought to be so by not possessing a suitable 
receptor site for absorption. However, indicates that immunity Jocs 
not depend on the alteration of receptor sites 'but is related to an 
ability of the infected, host to synthesize particular types of macro
molecules. Colicin particles were shown to interfere with synthetic 
procedure in protein and other molecules, and even to degrade DNA. 
The ability to produce colicins is controlled by a genetic colicinogenic 
factor. Colicinogeny is stable and can be transmitted from a positive 
to a negative strain by contact and probable conjugation. Factors pass 
from F+ to F- strains but are inherited independently of either the F 
factor or parts of the chromosome. This type of inheritance has been 
thought to be cytoplasmic by some workers. The factor is transr1itted 
very early (within about 5 minutes) in matings of Hfr col+ and F- col
strains. All progeny of cells of this mating are col +. Results of matings 
between a number of Hfr col + and F- col strains indicate that potentially 
the col factor is able to attach to the chromosome, but chromosomal 
loci occupation has not been confirmed. 

The presence of resistance transfer factors has been detected in 
the Enterobacteriaceae and more recently in other bacteria. This factor 
was discovered by Japanese workers and isolated from dysentery cases 
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in Japan. A large number of cases were found to be multiple drug 
resistant, and testing showed that resistance to a block of antibiotics 
could be transferred to sensitive strains. Resistance transfer factors 
are classified as episomes, and they bear close resemblances to colicin 
determinants and sex factors of K12 strains of E. coli. 

Resistance transfer factors have been described as genetic structures 
that carry resistance to as many as four antibiotics and also a region 
that prQmotes conjugation with host cells and transfer of the entire 
region. Transfer of resistance factors is independent of sex factors in 
E. coli K12. Mating can be disrupted by mechanical agitation, as in 
the case of Rfr matings, and no further transfer occurs. No separation 
of multiple resistance by this method, however, has been observed. 
Transfer is very rapid after conjugation and is complete in one block. 
Cells that have recently acquired resistance are more adept at passing 
it on than older cells. The factor is thought to be a selfreplicating 
cytoplasmic structure. 

The presence of the resistance factor in F+ donors prevents transfer 
of the F+ sex factor to F- strains, although the resistance factor itself 
is readily transferred. This inability to pass on F+ factors probably 
results from a suppression of the ability to synthesize proper receptive 
site reactants. There is some evidence that the resistance factor may 
become associated with the bacterial chromosome in some cases and 
be located near the sex factor. 

1.8 CYTOPLASMIC INHERITANCE 
IN MICROORGANISMS 

Chloroplasts, mitochondria, and other particles are essential for 
proper functioning of certain eucaryotic cells, and specific cytoplasmic 
particles may be present in some eucaryotic cell types. Episomes, 
described in preceding paragraphs, however, are not essential for cell 
propagation. Some extranuclear particles that are apparently useless 
to organisms in which they reside are also found in eucaryotic cells. 
These particles may resemble episomes of procaryotic bacteria in some 
respects. One is at a loss as to the classitication of these particles; 
they may be considered as parasites, symbionts, or organelles. Different 
behaviour patterns accompany extrachromosomal inheritance in diffe
rent microorganisms, and extrachromosomal patterns have been noted 
in higher forms (fruit fly, flower moth). Let us rem~mber, however, 
that cytoplasmic inheritance is the exception and that essentially all 
hereditary traits are controlled by nucleic acid arrangements in chromos-
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omes. Furthermore, in most cases cytoplasmic inheritance is apparently 
controlled by nucleic acids (mainly DNA) found in the cytoplasm. 
Cytoplasmic inheritance in Chlamydomonas, yeast, and paramecia will 
be briet1y outlined as examples of the phenomenon in eucaryotic 
microorganisms. 

Sexual reproduction in the green alga Chlamydomonas, as 
described by Sager, occurs by the uniting of two gametes that are 
indistinguishable. Although cytoplasmic contributions of gametes of 
this nature are ordinarily equal, extrachromosomal factors of one mating 
type are able to confer resistance to streptomycin. Streptomycin 
resistance is observed in other strains and is apparently transmitted in 
typical nuclear fashion; backcrosses of resistant (but heterozygous for 
the sensitive trait) to sensitive give 50% resistant and 50% sensitive. 
In the sr500 strain, however, results are different. When the following 
designations are u~ed, 

sr = streptomycin resistant 
ss = streptomycin sensitive 
+ = plus mating type 
- = minus mating type 

we may outline the results of mating as follows: 

resistant) 

sensitive) 

sr+ x ss- gives sr+ and sr- Fl (all resistant) 
Backcrosses of sr + with ss give sr+ and sr- (all 

Backcrosses of ss + with sr give ss + and ss- (all 

Streptomycin resistance is ascribed to an independent particle, 
which is reproduced in the cytoplasm and which is transrmtted only 
through the plus mating type. Loss of ability to transfer streptomycin 
resistance by the minus mating type is not understood. 

Some varieties of Saccharomyces cerevisiae are defective in oxygen 
utilization in carbohydrate metabolism. Ephrussi and others have shown 
that the varieties produce small colonies, called petites, when grown 
on glucose because of cytochrome oxidase deficiency. Sporulation, 
which is apparently dependent on aerobic respiration, does not occur 
in petites. Vegetative forms of both haploid and diploid petites can be 
maintained. Petites can be mated with normal yeast cells, and several 
offspring patterns may result. Haploid cells of one type, termed 
segregational petites, will cross with zygotes from normal strains and 
produce diploid zygotes, which may grow vegetatively as a normal 
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diploid strain or segregate into normal md petite ascospores in a ltol 
ratio. In this type of individual, straightforward nuclear inheritance is 
the apparent pattern. Similar crosses with another petite type, termed 
neutral, will result in a vegetative diploid normal strain and all normal 
ascospores. Since ascospores of this type of mating are all normal, an 
extrachromosomal particle is apparently involved. Both nuclear and 
cytoplasmic inheritance types of transmissions appear to be involved 
in maintaining petite traits. Although a strain may possess genes for 
normal mitochondria, extrachromosomal particles may interfere with 
normal function, as in neutral petites. In segregational petites, on the 
other hand, the inability to utilize oxygen properly is controlled by a 
gene. Crosses between segregational and neutral petites produce normal 
diploid zygotes, which will grow into normal vegetative diploids. In 
cases where sporulation can be induced, however, both normal and 
peti te ascospores appear. Still another variety of petites, termed suppre
ssive, will produce part petite and part normal zygotes when crossed 
with normal haploids. Ratios may vary widely, depending on the 
strain and conditions. 

One strain of Neurospora also demonstrates a cytoplasmic type 
of inheritance through the female gamete. The poky mutant shows 
retarded growth. Crosses between poky male gametes and normal 
female gametes give normal des~endants, but crosses between poky 
female gametes and normal male gametes protluce poky descendants. 

A type of inheritance that depends on both gene and extra 
chromosomal factors is shown in paramecia. In Paramecium aurelia, 
both sensitive and killer strains are found. A toxic substance, 
paramecin, is secreted by killer straihs and is toxic to sensitive types. 
Killer and sensitive strains can be mated, however, because sensitive 
specimens are apparently resistant during mating. Paramecia exchange 
haploid nuclei during mating, and the resulting diploids contain like 
nuclear materials. Each conjugant, however, retains essentially all its 
original cytoplasm. Regardless of gene structures, which are similar 
in both conjugants, members of each clone !"etain killer or sensitive 
characteristics of their ancestor conjugant. Killer characteristics can 
be transferred to sensitive strains, however, by prolonged conjugation 
in which cytoplasm is transferred. The extrachromosomal entity 
responsible for the killer property was termed kappa by Sonneborn 
who, along with associates, performed pioneer work with the genetics 
of paramecia. 

Maintenance of kappa is dependent on the presence of a dominant 



INTRODUCTION 27 

gene, K, in either homozygous or heterozygous form. Crosses 
between killer individuals and some sensitive strains, therefore, may 
produce progeny that will not retain the killer characteristic, even 
when they receive it through cytoplasmic transfer in prolonged 
conjugation. Clones of both conjugants from this cross (killer KK x 
sensitive kk consist of both killer and sensitive individuals. Clones 
from killer KK and sensitive K'K', however, remain killers when 
cytoplasmic transfer occurs. These crosses are diagrammed as follows: 

Killer KK x sensitive K'K' ~ killer K'K-autogamously stable (KK or K'~') 
with no cytoplasmic exchange 

sensitive K'K-autogamously stable (KK or K'K') 

Killer KK x sensitiveK'K' 

with cytoplasmic exchange 

~ killer K'K-autogamously stable (KK or K'K') 

~ killer K'Kautogamously stable (KK or K'K') 

Killer (KK) 

Killer KK x sensitive kk ~ killer Kk < 
with no cytoplasmic exchang Sensitive (kk) 

. sensitive Kk - all sensitive (KK and kk) 

killer Kk 

Killer KK x sensitive kk < 
with cywplasmic exchange killer Kk 

< 
< 

Killer (KK) 

Sensitive (kk) 
Killer (KK) 

Sensitive (kk) 

Electron microscopic examinations have shown that killer 
paramecia may contain a large number of very small kappa particles 
(up to 1500 or 1600 and about 0.2 p. in diameter). Particles contain 
DNA and cannot be acquired except from killers (by mating). Other 
types of particles in paramecia that are probably transmitted through 
cytoplasm but that require specific gene structures for maintenance 
have also been described. 

1.9 GENETIC MATERIALS 
In addition to recombinations of chromosomal materials in bacteria 

by direct contact of mating types, there are other mechanisms in 
which hereditary characters may be involved. These mechanisms arc; 
trans/ormation, transduction, and lysogeny. Transformation and 
transduction will be discussed in the following paragraphs, and lysogeny 
has been described in connection with phage infection of E. coli. 
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If bacterial cells are grown in the presence of chromosomal 
material that is different from their own, the cell clones may be changed 
genetically. These changes are termed transformations and may be 
brought about by DNA extracts as well as chromosomal material. 
The DNA itself has been shown to be the transforming agent, and 
when active, it possesses the doublestranded configuration of that found 
in the chromosome. 

The phenomenon of transformation, although not understood until 
many years later, was discovered in 1928. Griffith inoculated mice 
with noncapsulated avirulent pneumococci from serotype II and 
simultaneously with heatkilled virulent serotype I. After the animals 
died from pneumococcus. septicemia, Griffith isolated virulent 
encapsulated. serotype I organisms from the dead mice. Briefly, 
experimeIlts involving mixing live nonvirulent Diplococcus pneumoniae 
with heatkilled cells of nonvirulent strains resulted in the production 
of virulent organisms. Neither component alone killed the experimental 
animals, but the combination produced progeny that did., A very, 
MacLeod, and McCarty explained the significance of the preceding 
phenomenon by isolating and utilizing the transforming principle (DNA) 
in transformation studies. The permanent nature of changes was 
established by the utilization of heatkilled cells of clonal descendants 
of new pathogenic forms to convert other live nonpathogenic strains 
to pathogenic strains. These changes were fmally explained by assuming 
that hereditary DNA material was not denatured by the heat necessary 
to kill pathogenic organisms. DNA of pathogenic forms became free 
and was incorporated into cells of nonpathogenic organisms. DNA, 
thus incorporated, could undergo genetic recombination with DNA of 
the chromosome of the nonpathogenic organism and produce virulent 
descendants. 

We may simply state here that virulence depends on capsule 
material. In the D. pneumoniae there are many capsule types; the 
nature of a capsule will depend on the structure of the polysaccharide 
composing it. The central bacterial structure, common to all types 
and known as the rough (R) form, is apparently nonpathogenic. The 
R type can be converted to a smooth (S) form by growing it in the 
presence of heatkilled S cells. Not only does the R form become S, 
but it is also changed into the S form identical with the heatkilled 
strain from which the transforming DNA was derived. The first 
experiments involved changes between capsules of types II and III. 

It is unnecessary in the transforming experiments to grow one 
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type of cell in the presence of whole cells of the heatkilled type. 
Extracted DNA from one organism can transform another if the 
second is merely grown in its presence where the transforming DNA 
can be incorporated. It then crosses over with the DNA of the R 
host chromosome and produces progeny like the cells from which 
DNA was extracted. The portion of the chromosome transferred in 
transformation experiments may be quite small, and this can serve a 
useful purpose in locating genes. 

@ Chromosome 
, , -. ' " - ffag_nts 

C:) -.' p_. ,:::I 

Heal-Ireoted 
S cells 

Rough cells (R) 
(not pathogenic) 

R cell. 

Crossover and 
cell division 
occurs 

Figure 1.5 : Transformation as Illustrated b) the coo\ er~ion of rough cells (R) to 
~mooth cells (S). 

Genetic material may also be carried from one bacterial cell to 
another by means of bacteriophage particles. This method of transfer 
of genetic material (DNA) is tenned transduction. When a virus particle 
lyses a cell and produces new virus material, the resulting virus may 
contain a small portion of the genetic material of the host cell. This 
condition may leave the virus particle inactive because of its lack of 
a part or all of a normal chromosome, but the virus may still attack 
another host cell. Instead of injecting its own DNA into the cell, it 
will inject that which it has obtained from the bacterial cell. The 
amount of DNA transferred amounts to only a small percentage of 
the total DNA of the host cell. The DNA (part of the chromosome) 
injected by the transducing phage can now cross over with the 
chromosome of the host cell. If the transducing phage transfers genetic 
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material in this manner between different bacterial strains, progeny 
resulting from the last infectecl cell may be quite different from either 
the one from which the transferred genetic material was derived or 
the one to which it was transduced. 

Because of the transfer of only very small parts of host chromo
somes, relative distances between genes have been ascertained by this 
method. Genes that are close together will be transduced together 
more often than those located at greater distances from each other. 
The frequency of being transduced together, then, may serve as an 
index of closeness of chwmosomal genes to each other. Transduction 
and mating techniques have been more effective in experiments with 
E. coli, but with bacteria that do not readily mate and for which a 
transducing phage cannot be found, transformation remains a useful 
technique in chromosome mapping. 

Lysogeny differs from transduction in that in transduction DNA 
is transferred from one bacterial strain to another by a virus, but in 
lysogeny the genetic principle incorporated into the bacterial cell 
comes from the virus itself. 

1.10 REPLICATION AND RECOMBINATIONS 
Not many years ago the presence of chromosome material in 

bacteria was unrecognized, and for only a short time has it been 
possible to study its genetic characteristics. It has also become possible 
in recent years to study the genetic makeup of a number of virus 
particles. Just as the genetic characteristics of E. coli are best known 
and most widely studied, so viruses that attack them are also best 
understood. Viruses are much smaller than bacterial cells, and 
chromosome material contained in them, although quite small, can 
be demonstrated in electron photomicrographs. Nevertheless, DNA 
(or RNA) material appears to be arranged in chromosomal form. 
and in recent years it has been possible to plot genetic maps of a 
number of viruses. For the virus to infect a cell of any type, however, 
it is essential for the virus, or part of it, to enter the cell. 

In general, when a virus attacks a cell, it injects part of itself 
(DNA or RNA) into the cell and leaves the remainder (protein coat) 
behind as a ghost cell. Virus particles are completely inert and unable 
to multiply or even survive for long periods of time aside from cells 
they infect. The best method of virus genetic studies is that connected 
with bacterial cells and their infecting bacteriophages. Bacteriophages. 
or simply phages, which attack bacteria, vary according to the 
bacterial cells attacked. Each type of bacterial cell has a particular 
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type of phage that attacks 'it, although the affmity of phage for host 
cell is not completely specific. 

The most widely studied bacteriophages are those that infect E. 
coli cells. The set of virulent phages, known as the T series (Tl to 
17) have received special emphasis. There are three distinct categories 
of these seven phages. The first category, which consists of TI, T4, 
and T6, is called the Teven group. These are related to each. other 
both genetically and serologically. They also quickly destroy the 
bacterial nuclei of their invaded host and are termed autonomous 
~irulent. The T5 is also autonomous virulent, but the uneven phages 
Tl, T3, and T7 are dependent virulent. Dependent virulent phages 
do not quickly destroy host cell nuclei and depend on host metabolism 
for phage multiplication. The Teven phages also contain 
Shydroxymethy1cytosine instead of cytosine as one pyrimidine base. 
Viral chromosomes are probably incorporated into host cell 
chromosomt:s by crossing over with them. Breakages of both viral 
and host chromosomes evidently occur, with the broken ends of the 
phage chromosome joining broken areas of the host chromosome. 

Some additional points concerning the infective process, however, 
are necessary in order to understand viral genetics. 

Figure 1.6 : Electron photomicrograph of T2 DNA. ( x 410,000.) Arrow shows 
disrupted phase. 
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If bacteriophage particles are mixed in a culture of bacterial cells, 
phages will come into contact with cells in a random manner unless 
other forces are active in the system. Phages are host specific and 
must be attached to specific host cells by an active process. The tail 
of the phage becomes attached to the cell wall. Phages will attach to 
purified cell walls but not to protoplasts. The same components and, 
therefore, the same layer in the cell wall, however, are not responsible 
for adsorption of all phage types. The T phages for E. coli, for 
example, differ in that T2, T5, and T6 have an affinity for the outer 
layer of the cell wall (lipoprotein), and T3, T4, and n, for the 
inner layer. The fibers in the tail of the phage are probably 
responsible for adsorption, and the presence of inorganic salts and 
certain other environmental conditions are necessary for adsorption 
to take place. 

Experiments performed on the Teven phages of E. coli are 
informative. A number of hereditary variations have been recognized 
in these phages. Characteristics utilized in early investigations of phage 
genetics were hostrange and plaquetype variations. More recent 
investigations have been made on temperature sensitive (ts) and other 
types of phage mutations. 

TABLE 1.1 : SOME PHAGES WIm BACTERIA THEY WILL 
ATTACK 

Phage 
Wild h+ 
Mutant h 

Bacteria that are sensitive to phage attack 
or on which a phage can form plaques 

B 

+ 
+ 

BI2 

+ 

The host range of phages may be illustrated by plating a strain 
of E. coli B with an excess of wild type (h+) phage T2. Lysis of all 
except a very few E. coli cells occurs, but these live in the presence 
of excess phage and grow into colonies. Bacterial cells that grow 
into colonies are unable to adsorb T2 phage (or are resistant to it) 
and are termed bar two (B/2). If, now, the culture of B12 bacteria is 
plated with an excess of T2 phage, an occasional plaque will form. 
The mutant (h) phage capable of causing this type of plaque is termed 
T2h and is able to lyse both B/2 and parent wild type B cells. This 
process can be continued, and cells will develop resistance to phages 
with which they are infected, and occasional phages; in turn, will 
mutate to attack cells with which they are grown. Similar hostrange 
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mutants for other series can be selected by like experiments. 
Differentiation between h+ and h characteristics can be d~stinguished 
by plating on a mixture of Band BI2 bacteria. The h particles can 
lyse both strains and will form clear plaques. The h+ type can lyse 
only the B bacteria, and plaques formed by it will._be visible but 
turbid because of confluent growth of resistant BI2 cells. The mutation 
rate from h+ to h or h to h+ can be determined by plating h+ and 
counting the number of clear plaques, or h, and counting the number 
of turbid plaques. 

The type of plaque formed by a phage may serve to differentiate 
it genetically from other strains or from other mutants within the 
same strain. Plaques vary both in size and morphology. Variations 
in morphology may include clearness of edges, circumscribing by 
zones of partial clearing, or edges that are abrupt or shelving. The 
plaque type may depend on the host (where more than one can be 
lysed) or environmental conditions. 

A mutant in the Teven phages that influences plaque morphology 
is the one causing rapid lysis (r). Three r mutant types (rI, rII, and 
rill) have been recognized. These r mutants appear at different loci 
on the phage chromosome. Other variations in plaque morphology 
include turbid (tu) and star, or sectored, phage in T4 and lambda 
phages. Mutants in phage Tl are recognized by their abilities to 
produce colour variations in plaques by producing lysate components, 
which interact with dyes incorporated in the medium. 

A different set of mutants, termed temperature sensitive (ts), have 
been described in the T4 phage. These phages will form plaques at 25 
C but not at 42 C. The mutant phage is not inactivated at 42 C but 
merely fails to attach to host cells and mUltiply. Temperaturesensitive 
mutations have been discovered in a number of genes. At 42 C the 
wild type will continue to grow and form large plaques. The small 
plaques contain heatsensitive phage, which can be p'ropagated and 
used for experiments at 25 C. Another T4 mutant is the amber, which 
can form plaques on Kl2 but not on B strains of E. coli. The name 
has no connection with the plaque characteristic. Still another mutant, 
termed 0, is related to the ability of the protein head of the phage to 
withstand osmotic shock. This mutant prevents phages from bursting 
when transferred from high concentrations of sodium chloride to 
distilled water. 

1.11 CHROMOSOME RECOMBINANTS 
Crosses-to determine the location of genes on phage chromosomes 
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can be set up by inoculation of a broth culture of sensitive host cells 
with approximately equal mixtures of two or more phage types. 
Conditions should be arranged so that approximately all bacteria are 
simultaneously infected by both phages. 

One of the simplest phage crosses to perform is that of infecting 
E. coli B with two mutants of phage T4. If h+r and hr+ phage are 
used for simultaneous infection, four plaque types appear when plated 
on an equal mixture of Band B12 strains of E. coli. Two plaque 
types will result from the infecting phage types and two from 
recombinant forms. 

Frequency of occurrence of recombinants gives an indication of 
relative gene positions on the phage chromosome. By conducting a 
series of experiments of this nature or changing conditions to 
accommodate other types of tests, locations of mutants on phage 
chromosomes can be determined by recombinants. 

In crosses similar to the one just described, pairing of chromosomal 
DNA may occur more than the one time that is characteristic of 
conventional meiosis. In multiple infections with two or more phages, 
pairing and recombination occur as long as chromosomes are free in 
the host cell. Each chromosome may pair and cross over repeatedly 
during this period, leading to a variety of recombinants. Simultaneous 
multiple infection with three types of phage particles is simply 
performed. There appears to be no differentiation into male and female 
types in virus particles. There is no need of sexuality because 
chrolllOsomes mix freely and cross over in host cells. 

TABLE 1.2 : PHAGE. PLAQUES RESULTING FROM 
SIMULTANEOUS INFECTION OF SENSITIVE E. COli WIm 
H+R AND HR+ PHAGES 

PIisse Plaque 

Large turbid 
Small clear 
Large clear 
Small turbid 

Numerous crosses involving phage characteristics have indicated 
that chromosomes of E. coli T phages are circular. This does not 
mean that the circular condition is the chromosome morphology of all 
viruses, although some evidence suggests that this may be the case. 

Although phage viruses contain only single chromosomes, heterozy-
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gosify has been noted in certain particles. Heterozygosity may involve 
more than one pair of alleles to form multiple heterozygotes. 
Heterozygotes probably represent a normal pairing between chromos
omal particles, which are not allowed to separate before they are 
incorporated into a new phage particle. It is not known whether 
heterozygosity represents only a duplicate genetic coding overlap or 
whether actual material from both parental chromosomes is present. 

1.12 CROSSOVERS WITHIN GENES 
Until recently, all crossovers and recombinants were regarded 

as occurring between genes, probably in a region of nongene material. 
The chromosome was eonceiyed as a long line or structure containing 
a number of circumvented and delineated genes. It is now known, 
however, that recombinations occur by breakage and recombination 
of intrag~nic materials. By the utilization of bacteria and viruses as 
genetic material, it is possible to detect crossover effects within the 
gene itself. When a very large number of progeny could be examined 
phenotypically within a short period of time, crossover detection was 
much easier. Single genes contain many mutable sites between which 
crossovers can be detected. 
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Methods of Microbiology 

Anaerobic bacteria cause essentially every type of infection that aerobic 
or facultatively anaerobic bacteria cause and will be overlooked unless 
appropriate procedures for primary isolation and anaerobic culture 
are used. Infections involving anaerobes are often polymicrobial. i.e .• 
the anaerobes are mixed with aerobes, facultative anaerobes. or other 
anaerobes, or there may be a single species in pure culture. It is 
necessary for the laboratory to isolate and identify anaerobic bacteria 
from properly selected and collected specimens because (i) anaerobic 
infections are common, (ii) these infections are associated with high 
morbidity and mortality, (iii) clinical clues suggestive of anaerobic 
infections are not specific. and (iv) the treatment of these infections 
varies with the species of bacteria involved and often differs from 
that of infections not involving anaerobes. 

Knowledge of the species identified can aid the physician in the 
determination of the probable clinical significance of isolates and in 
the selection of antimicrobial agents for therapy. In addition. the 
anaerobes have shown changing patterns in their susceptibility to the 
three or four antimicrobial agents that were commonly used to treat 
anaerobic infections during the past decade. Recently, several additional 
antimicrobial agents were marketed that are being used to treat 
anaerobic infections. These compounds vary in cost, pharmacology. 
and toxicity, and their activities against anaerobe isolates are 
unpredictable. Thus, isolation, identification, and results of suscept
ibility testing are now required for clinically significant anaerobic 
bacteria, just as these procedures are required for bacteria that grow 
aerobically. 

The chapters in this section deal with the laboroitory diagnosis 

36 
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of infectious diseases involving anaerobic bacteria. Procedures for 
the isolation and initial characterization of anaerobes from properly 
collected specimens are presented in this chapter. 

2.1 CHARACTERIZATION 

2.1.1 Relation to Oxygen 
Medically encountered bacteria are broadly categorized as aerobes 

or anaerobes, depending on their relationships to oxygen at difterent 
pressures and on the kinds of metabolic reactions they use to generate 
energy for growth and various activities. Although it is convenient 
to speak: of only two categories of bacteria, aerobes and anaerobes, 
with respect to oxygen requirements and types of oxidation-reduction 
reactions required to gain energy for growth and metabOlism, this 
categorization is an oversimplification. There is in fact a continuous 
spectrum of bacteria ranging from those that grow only in the 
presence of oxygen to those that grow only in its absence. 

2.1.1.1 Obligately aerobic bacteria 
Obligately aerobic ba~teria require molecular oxygen as a terminal 

electron acceptor and cannot grow Without it. They generate energy 
oxidatively and are unable to generate sufficient energy for growth 
by fermentation reactions. The formation of unsaturated fatty acids 
and sterols by certain aerobic microorganisms are examples of other 
activities that require Or Although Pseudomonas aeruginosa reduces 
oxygen and would seem to fit the above description of an obligate 
aerobe, it is not rare to fmd this species growing on anaerobically 
incubated media. As an alternative to oxygen, P. aeruginosa uses 
nitrate as a terminal electron acceptor (by anaerobic respiration); its 
growth on anaerobic plates does not indicate failure of the anaerobic 
incubation system to exclude oxygen. Thus, P. aeruginosa and other 
nitrate-reducing bacteria are facultative anaerobes because they do 
not require O2 for growth. 

2.1.1.2 Microaerophilic bacteria 
Microaerophilic bacteria require oxygen as a terminal electron 

acceptor for growth, but they do not grow on the surface of solid 
medium in an aerobic incubator (which has 20 to 21 % 02). They 
grow minimally, if at all, under anaerobic conditions. It is likely 
that oxygen at 0.2 atm (ca. 20.3 kPa) is toxic to these bacteria, and 
they are unable to generate sufficient energy for growth anaerobically. 

2.1.1.3 AluJerobic bacteria 
Anaerobic bacteria are those bacteria that do not require oxygen 
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TABLE 2.1 RELATIVE GROWm OF VARIOUS GROUPS 
OF BACTElUA ON THE BASIS OF THEIR RELATIONSHIPS 
TO OXYGEN A 

Relative growth OB .-.be blood apr in: 

ADDem c-Be jar MilIhR A..-oIJic 

air w S-lfB fI s.. 0, ~ 
CO.- 10'10 COJ widIIIIIt 
inI:IDItor II1II M 0. 

N. 
Aerobes 

ObIipe AIicroa1caIs !¥ttl ++++ ++ ± 
NoaII'IIa tl.tImidts ++++++ ± 

MicroaerqWIes ~~ + or ++ ++++ 
AnaeIdJes 

Fa:ultaliw: Eschmchill coli ++++ ++++ ++++ +++ 
~ tltIIIgiiIosa ++++ +++ ++ +or± 

AeraI*:raIl C~ttniImJ + + or ++ +++ ++++ 
CIostridiMIrt tUolyIiaIm + + or ++ +++ ++++ 

Oblipe lIoamJidD ftugiJis ++++ 
I'tplsJtI*£W.lIS 

IIl3&JIB ++++ 

"Symbols: + + + +, best growth; + + + or + +. degrees of moderate growth; +. 
poor growth; o± scant growth; -, 110 gfowth. 

as a terminal electron acceptor for growth. or metabolic activities. 
Although they may possess certain cytochromes. the anaerobes lack 
those cytochromes thaI are required to transfer electrons to molecular 
oxygen. Thus. their energy comes from fermentation reactiODS. In 
addition. anaerobic respiration is used by some anaerobes. such as 
Desulfovibrio spp.. which reduce sulfate 10 ~S; sulfate serves as a 
terminal electron acceptor in this case. 

2.1.1.4 Faculto1il1ely tI1IIlerobic bacteria 
Facultatively anaerobic bacteria are able to obtain energy and 

grow oxidatively by using oxygen as a terminal el~tron acceptor (via 
aerobic respiration). or they can grow under anaerobic conditions. 
obtaining energy by fermentative pathways in which organic compounds 
serve as terminal electron acceptors. In clinical laboratories. most of 
the bacteria thaI grow in air or in a 5 to 10% CO

2
-air incubator are 

facultative organisms; these bacteria also grow well in anaerobic 
systems. In the absence of oxygen. certain facultative anaerobes (as 
indicated above) can use nitrate via anaerobic respiration. 



METHODS OF MICROBIOLOGY 39 

2.1.1.5 Aerotolerant anaerobes 
The tenn "aerotolerant anaerobes" is applied to thosee bacteria 

that do not use molecular oxygen and are inhibited by it -to some 
extent. These bacteria grow best under anaerobic conditions but grow 
scantily in an aerobic incubator. 

2.1.1.6 Obligately anaerobic bacteria 
The obligately anaerobic bacteria do not use molecular oxygen; 

their growth is inhibited by it, probably because oxygen is directly 
toxic to them. Obligately anaerobic bacteria do not grow on 
nutritionally adequate blood agar, chocolate agar, or other solid media 
in an ambient air incubator, a candle extinction jar, or a 5 to 10% 
C0

2
air incubator. Most of the obligate anaerobes associated with 

infections of humans are moderate anaerobes. According to Loesche, 
who coined the tenn, "moderate obligate anaerobes" are capable of 
growth at oxygen levels ranging from 2 through 8% (mean, 3% O2). 

Loesche used the tenn "strict obligate anaerobes" to describe bacteria 
that did not form colonies on agar surfaces exposed to 0.5% or more 
oxygen. Strict obligate anaerobes are members of the indigenous flora 
of humans but are rarely isolated from properly collected and 
transported specimens from ill patients. 

The growth of strict anaerobes in culture (or in nature) is favored 
by the exclusion of oxygen from the system and by a low Qxidation
reduction potential (E

h
) within the medium. There is now abundant 

evidence that oxygen, and not a high Eh, is toxic to anaerobic bacteria 
in an oxidized culture medium (or in a natural or pathogenic habitat). 
The addition to media of reducing agents such as amorphous ferrous 
sulfide, thioglycolate, cysteine, and other sulfur-containing amino acids 
results in both a lowering of the Eh and a removal of oxygen. 
Experiments have shown that the growth of obligate anaerobes occurs 
over a wide range of redox potentials, provided that oxygen is 
excluded or kept at very low levels. Thus, reducing agents probably 
enhance the growth of anaerobes in media, primarily by the removal 
of oxygen. 

Little Is known about why anaerobic bacteria are inhibited or killed 
by oxygen. The mechanisms of oxygen toxicity appear to be multiple, 
and many factors have been developed by microorganisms that can 
protect them from the lethal effects of oxygen and toxic oxygen 
derivatives. A number of microorganisms that use oxygen as a terminal 
electron acceptor generate toxic oxygen reduction products, including 
hydrogen peroxide, the hydroxyl radical, singlet oxygen, and superoxide 
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TABLE 2.2 : PRINCIPAL HABITATS OF SELECTED 
ANAEROBES OF THE NORMAL FLORA OF HUMANS. 

Organism 

Actinomyces israelii 

Arachnia propionica 

Bacteroides fragilis group 

B. melaninogenicus group 

B. bivius 

B. disiens 

Bifidobacterium dentium 

Mouth or 
pharynx 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

Clostridium peifringerts + 
C. ramosum + 
C. septicum + 
Eubacterium lentum 

Fusobacterium nucleatum 

F. necrophorum 

Lactobacillus catenaforme 

Peptostreptococcus 

anaerobius 

P. magnus 

Propionibacterium acnes 

Veillonella parvula 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

Intes
tines 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

Uro 
genital Skin 
tract 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

anions, and release these products into the medium. Many aerobes and 
facultative anaerobes produce catalases or peroxidases which eliminate 
hydrogen peroxide or other peroxides. It was once reasoned that 
anaerobes are killed by HP2 and organic peroxides that might accumulate 
in media because it was presumed that anaerobes could not produce 
catalases or peroxidases. Now, several anaerobes are known to produce 
catalases (e.g., Bacteroides fragilis, certain anaerobic cocci, 
Propionibacterium acnes, and others). Another theory has it that various 
anaerobic bacteria form a superoxide anion during growth; the bacteria 
lack a means of eliminating the anion and thus are killed by this toxic 
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radical. However, it is now well established that several anaerobe 
species produce superoxide dismutase, an enzyme which converts 
superoxide to less toxic 02 and H2 O

2
, According to Gregory et aI., the 

levels of superoxide dismutase produced by different strains of anaerobes 
correlated directly with degrees of oxygen sensitivity but did not correlate 
with the sources of isolates or with pathogenicity. Undoubtedly, there 
must be other factors that influence the harmful relationships betwe(;ll 
oxygen and anaerobic bacteria. 

2.1.2 Anaerobes as Normal Flora 

Anaerobic bacteria are widely distributed in natural environ-ments 
that have a low oxygen tension and redox potential. In humans, anaerobic 
bacteria reside as normal flora on the skin and mucous membrane 
surfaces of the nasopharynx, oropharynx, mouth, gastrointestinal tract, 
orifices of the external genitalia, urethra, and vagina. With few exceptions 
(e.g., Clostridium botulinum), all of the pathogenic anaerobic bacteria 
are part of the normal flora in one or more of the above locations, 
and they are all opportunistic pathogens. Actinomyces spp. exist in 
tonsils without causing harm. B. Jragilis is without consequence as Ion!; 
as it stays in the lower gastrointestinal tract. Bacteroides melaninogenicus 
and Fusobacterium Ilucleatum are harmless in the mouth and intestines 
of healthy individuals. Clostridium peifrillgens lives in the gastrointestinal 
tract of 30 to 50% of us and may be found on the perianal skin of 
healthy individuals. Most isolates of P. acnes from the skin, mouth, 
nose, and urethra have no pathogenic significance. However, when 
anaerobes of the indigenous flora find conditions suitable for growth 
in tissues outside their habitats, they can cause disease. It is important 
for the clinical microbiologist to be aware of the normal flora of 
various body sites. This knowledge can aid in anticipating what organisms 
are most commonly associated with infections involving a given portal 
or anatomic source and can be useful in determining the potential. 
clinical significance of isolates. It is also important to recognize that 
the normal flora may be modified by several factors, including antibiotics, 
chemotherapeutic agents, obstruction, and various diseases. 

2.1.3 Anaerobic Infections 
Anaerobic infections can involve any region of the body, provided 

that conditions in the tissues are suitable. Anaerobes are commonly 
involved in abscesses of any organ (e.g., brain, lung, liver, and 
tuboovarian abscesses), actinomycosis, antibiotic-associated colitis, 
appendicitis, bacteremia, cholecystitis, chronic otitis media, crepitant 
and noncrepitant cellulitis, dental and oral infections, endocarditis, 



42 PRINCIPLES OF MICROBIOLOGY 

TABLE 2.3 RELA TIVE INCIDENCE 01<' ANAEROBIC 
BACTERIA IN VARIOUS INFECTIONS 

Type of infection 

Bacteremia 
Central nervous system 
Brain abscess 
Subdural empyema 
Meningitis 
Head and neck 
Chronic sinusitis 
Chronic otitis media 
Periodontal abscess 
Other oral infections 
Pleuropulmonary 
Aspiration pneumonia 
Lung abscess 
Necrotizing pneumorua 
Empyema 
Chronic bronchitis, bronchiectasis 
Intraabdominal 
Peritonitis and abscess 
Liver abscess 
Female genital tract 
Salpingitis, pelvic peritonitis 
Tuboovarian abscess 
Vulvovaginal abscess 
Septic abortion and endometritis 
Soft tissue 
Gas gangrene (myonecrosis) 
Crepitant cellulitis 
Necrotizing fasciitis 
Urinary tract 
Cystitis 
Urethritis 

b Percentage data not available. 

Incidence (%) 

10-20 

89 
-50 
Low" 

50 

100 
/-

85-90 
93 
85 
76 

90-95 
>50 

56 or higher 
92 
74 
73 

100 

High " 
High" 

<1 
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endometritis, meningitis, myonecrosis, neutropenic enterocolitis due 
to Clostridium septicum, osteomyelitis, peritonitis, thoracic empyema, 
salpingitis, septic arthritis, sinusitis, subdural empyema, and other 
infections. The majority of anaerobic infections are caused by bacteria 
from endogenous sources (i.e., the normal flora of the oropharynx, 
nasopharynx, gastrointestinal tract, genitourinary tract, and skin). 
Exogenous diseases caused by anaerobes include foodborne, wound, 
and infant botulism, gastroenteritis and enteritis necroticans due to C. 
perfringens, tetanus, clostridia) myonecrosis (gas gangrene), crepitant 
cellulitis, infected animal bites, and septic abortion. The incidence of 
obligate anaerobes in infectious diseases has been reviewed elsewhere. 
Anaerobes are important in several other types of infections that are 
not listed here but have been recently reviewed elsewhere. 

Although most deep abscesses and other necrotizing lesions 
containing anaerobes are polymicrobial, it is not uncommon to isolate 
a single species of an anaerobe in pure culture. 

Predisposing factors involved in the pathogenesis of anaerobic 
infections include surgical or other trauma, poor blood supply, tissue 
necrosis, malignancy, various diseases, and growth of aerobes or 
facultative anaerobes in tissue. All of these factors tend to lower the 
oxidation-reduction potential, oxygen tension, or both and help provide 
a favorable environment for anaerobic growth. In addition, the anaerobes 
produce enzymes, endotoxins, exotoxins, capsules, and other virulence 
factors, reviewed by others elsewhere. 

Clinical features or clues which suggest infection with anaerobic 
bacteria include the following: foul odor, lesion in close proximity to 
a mucosal surface, underlying disease with tissue necrosis or impaired 
blood supply or both (e.g., malignancy), gangrenous necrosis, abscess, 
previous antibiotic treatment, septic thrombophlebitis, infection after 
bites, penetrating wounds to the abdomen or pelvis, aspiration, infection 
after gastrointestinal surgery, and septic abortion. None of tbese clinical 
clues is specific. Although foul odor is one of the most characteristic 
clinical features, it lacks specificity or may be absent. Thus, clinicians 
can only suspect whether anaerobes, nonanaerobic microorganisms, or 
both are involved, and specific diagnosis and treatment require both 
aerobic and anaerobic processing of properly selected, collected, and 
transported specimens. 

2.2 COLLECTION OF SPECIMENS 
It is emphasized that proper selection, collection, and transport 

of clinical specimens are crucial for the laboratory diagnosis of 
infections caused by anaerobic bacteria. 
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TABLE 2.4 PERCENTAGE DISTRIBUTION OF MAJOR 
ANAEROBIC BACTERIA INVOLVED IN HUMAN CLINICAL 
INFECTIONS 

Group or species 

Gram-negative nonsporeforming bacilli 

% of 
isolates 

Bacteroides spp 39 

B. jragi/is group (B. jragilis and B. thetaiotao-
micron much more common than B. vulgatus, 
B. distasonis, or B. uniformis; B. ovatus rare) 

B. melaninogenicus group (especially B. in 
termedius and B. asaccharolyticus, but in 

eludes additional species) 

B. oraUs group (B. oralis, B. bucca/is, B. ver 
oralis) 

B. bivius-B. disiens group b B. oris-B. buccae grouph 
B. ureolyticus 

Fusobacterium spp 
F. nucleatum 
F. necrophorum 
F. mortiferum 
F. varium 

Gram-positive cocci 

Peptostreptococcus spp 

P. ma gnus 
P. asaccharolyticus 
P. prevotii 
P. anaerobius 

StaphylococcflS sP 
S. saccharolyticus 

Streptococcus sp 

S. intermedius 
Gram-positive nonsporeforming bacilli 

Actinomyces spp. (especially A. israelii; others 

isolated inelude A. naesiundii, A. odontolyti 
cus, and A. viscosus 

4 

22 

1 

1 

<1 
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Arachnia sp 
A. propionica 

Bifidobacterium spp 
B. dentium 
B. adolescentis 

Prop ion ibacterium sp 
P. acnes 

Eubacterium sp 
E. lentum 

Spore/orming bacilli 
Clostridium spp 

C. perjringens 

C. ramosum 
C. difficile 
C. septicum 
C. paraputrijicum 
C. tertium 
C. sporogenes 
C. histolyticum 
C. novyi 
C. tetani 
C. botulinum 

2.2.1 Selection of Specimens for Anaerobic Culture 

45 

<1 

<1 

17 

4 

11 

As a general rule, we recommend that all materials from areas of 
the body not likely to be contaminated with normal flora should be 
cultured for anaerobic bacteria as well as for facultative anaerobes and 
aerobic microorganisms. A standard aerobic and anaerobic bacterial 
culture, along with identification and suscepti-bility testing of isolates 
as clinically indicated, should be done on the following types of 
specimens: 

Wounds and abscesses 
Aspirated pus 
Tissue (biopsy, surgical, and autopsy) 
Body fluids (cerebrospinal, pleural, paracentesis, pericardial, and 

synovial) 
Blood 
Bone marrow 
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Transtracheal aspirates 
Direct lung aspirates (also aspirates from other body sites) 
Sulfur granules from patients with suspected actinomycosis 
Urine (suprapubic aspirate, ureterostomy, dialy sate, ureter, 

cystoscopy, and nephrostomy) 
Urogenital (only from sites not having anaerobes as usual flora) 
Small intestine contents (for workup of blind-loop and similar 

malabsorption syndromes) 

Stool or gastrointestinal c()!ltents (for toxin as says and cultures 
in diseases suspected of involving Clostridium difficile, C. 
perjringens, or C. botulinum) 

Specimens not listed above should receive only aerobic cultures 
(along with aerobic identification and susceptibility tests if indicated) 
when received in the laboratory with a physician's request for routine 
bacteriology (or a similar request). The laboratory should provide the 
physicians, wards, and nursing stations with guidelines for the proper 
selection of specimens, along with anaerobic transport containers and 
directions for their use. Laboratory personnel should communicate 
closely with physicians, nurses, students, and others who are involved 
in the selection of specimens for anaerotic culture. 

Specimens which are ordinarily unacceptable for anaerobic culture 
incl1;lde the following: 

Throat or nasopharyngeal swabs 
Gingival swabs 
Expectorated s'putum 

Bronchoscopic specimens not collected by a protective, double
lumen catheter 

Gastric contents, small bowel contents (except in blind-loop and 
similar syndromes), feces (except in the workup of 
toxicoinfectious diseases due to certain clostridia), rectal swabs, 
colocutaneous' fistulae, and colostomy stomata 

Surface material from decubitus ulcers, swab samples of other 
surfaces, sinus tracts, and eschars 

Material adjacent to skin or mucous membranes other than the 
above which have not been properly decontaminated 

Voided urine 
Vaginal or cervical swabs 

At times it is necessary to inform physicians and nurses in a 
spirit of helpfulness and cooperation that specimens contaminated with 
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normal flora will not be cultured for anaerobic bacteria because (i) 
these specimens predictably yield numerous isolates of doubtful clinical 
significance, (ii) the laboratory results may be misleading to the 
clinician, and (iii) such added work is an unnecessary, costly burden 
on the resources of both the patient (or a health care provider) and 
the laboratory. The microbiologist or laboratory director should be 
prepared to suggest appropriate ways to make a laboratory diagnosis 
and, if need be, to aid with specimen collection. 

2.2.2 Collection 
Recommended procedures for the collection of specimens for 

anaerobic culture are outlined in Table given below. Ifpossible, aspirates 
collected by needle and syringe or tissue samples should be collected 
for anaerobic culture. The use of swabs is least desirable because swabs 
are easily contaminated. expose anaerobes to ambient oxygen,. allow 
the specimen to dry out, permit the collection of comparatively small 
specimen volumes. and are less satisfactory than aspirates for the 
preparation of smears for direct microscopic examination. 

The microbiologic investigation of certain female genital tract 
infections poses special problems related to anaerobic bacteriology. 
Puerperal or postpartum endometritis occurs after I to 4 % of childbirths 
and, in most instances. involves microorganisms of the normal 
cervicovaginal microtlora. Anaerobes, including B. jragilis, can be 
very significant in these infections. Clostridium spp., including C. 
perjringells, may be isolated from the endometrial cavity, but their 
importance can be interpreted only with a full knowledge of the clinical 
setting. Most patients do not have myonecrosis of the uterus and have 
a relatively benign hospital course. In addition to anaerobes, the most 
significant organisms include non-group-A streptococci (particularly, 
group B streptococci), Escherichia coli, other Enterobacteriaceae, and, 
rarely, Listeria monocytogenes and group A streptococci. The problem 
in the interpretation of postpartum endometrial cultures is that 
cervicovaginal flora is present in the uterine cavities of postpartum 
women whether or not they have endometrial infection. If postpartum 
endometritis is suspected, Gram stains of uterine contents should be 
prepared, and cultures of blood and uterine contents should be processed 
aerobically and anaerobically. Bacteremia may be caused by bacteria 
that invade the blood from the infected uterus. There are no quantitative 
differences in the bacteriology of endometrial specimens from infected 
versus noninfected uteri. Specific bacteria, such as B. /ragilis, c. 
perjringens, and the nonanaerobic bacteria mentioned above, should 
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be sought and Identified by rapid procedures. This disease is a situation 
in which a discussion of the clinical circumstances with the clinician 
can help the microbiologist to interpret Gram-stained smear and culture 
results and establish the extent of culture workup. The microbiologic 
investigation of uterine contents in suspected infections after abortions 
poses similar problems. Again, aerobic and anaerobic cultures of 
endometrial specimens and blood are indicated, but interpretations of 
results must be made in the context of all available clinical information. 

TABLE 2.5 : RECOMMENDED PROCEDURES FOR 
COLLECTION OF SPECIMENS FOR ANAEROBIC CULTURE 

Site 

Central nervous system 

Dental area, ear, 
nose, thrOl!t, 
and sinUses 

Pulmonary area 

Abdominal area 

Female genital 
tract 

Specimens and methods of collection 

Cerebrospinal fluid (especially when 
turbid) 
Abscess material 
Tissue biopsy 
Carefully aspirated or biopsied material 
from abscesses after surface decon 
tamination with povidone-iodine Needle 
aspirates and surgical specimens from 
sinuses in chronic sinusitis 
Transtracheal aspiration 
Percutaneous lung puncture 
Thoracotomy specimen 
Thoracentesis (pleural fluid) 
Bronchoscopic specimen obtained with 
protective, double-lumen catheter" 
Paracentesis fluid 
Needle-and-syringe aspiration of deep 
abscesses under ultrasound or at surgery 
Surgical removal specimen if not 
contaminated with intestinal flora Bile 
Culdocentesis after surface decontami
nation of the vagina with povidone-iodine 
Laparoscopy specimens 
Surgical specimens 
Endometrial cavity specimen with double
lumen catheter and microbiologic brush' 
after cervical os is decontaminated 
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Urinary tract 
Bone and joint 

Soft tissue 

Suprapubic aspirate of urine 
Aspirate of joint (in suppurative arthritis) 
Deep aspirate of drainage material after 
surgery (e.g., in osteomyelitis) 
open wounds-deep aspirate of margin or 
biopsy of the depths of wound only after 
careful surface decontamination with 
povidone-iodine 
Sinus tracts-aspiration by syringe and small 
plastic catheter after careful de 
contamination of skin orifice 
Deep abscess, anaerobic cellulitis, infected 
vascular gangrene, clostridial myonecrosis
needle aspirate after surface decontam
ination 
Surgical specimens, including curenings 
and biopsy material 
Decubiti and other surface ulcers
thoroughly cleanse area with povidone
iodine by surgical scrub technique, and 
aspirate pus from deep pockets or obtain 
biopsy from deep tissue at margin 

aAdapted from Dowell and Allen. 
bReviewed elsewhere by Allen and Siders. 
<Technique uses a telescoping double-catheter assembly similar to that 
available for bronchoscopy. This procedure is inadequate to diagnose 
postpartum endometritis. 

Amniotic fluid cultures may be obtained from women in labor or 
with ruptured amniotic membranes who develop fever, maternal or 
fetal tachycardia, uterine tenderness, foul odor, and leukocytosis. 
Clinicians usually call this condition intraamniotic infection, amnionitis, 
chorioamnionitis, or intrapartum infection. Intraamniotic infection is 
associated with maternal sepsis, shock, and death, neonatal sepsis and 
death, and stillbirth. The pathogenesis of intraamniotic infection and 
the role of anaerobes in this condition are not clearly established. 
Aerobic and anaerobic cultures should be done on amniotic fluid collected 
by amniocentesis, at Cesarean section, or by aspiration with a 
transcervical intrauterine catheter, and cultures should be done on 
blood. Amniotic fluid collected by amniocentesis or at Cesarean section 
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is less likely to be contaminated than are catheterized specnnens which 
pass through the cervix. Gramstained smears may aid in determining 
the quality of these specimens. Anaerobes, particularly the anaerobic 
gram-positive cocci, Bacteroides bivius, certain other Bacteroides spp., 
Fusobacterium necrophorum, F. nucleatum, and Clostridium spp. are 
involved in about half the women with intraamniotic infection. 

Any laboratory that accepts blood for bacterial culture should 
be prepared to culture both aerobically and anaerobically. Current 
recommendations for blood culture procedures and in a Cumitech 
include guidelines for anaerobic culture. 

C. difficile, C. perfringens, C. septicum, and C. botulinum are 
major pathogens which may be sought in intestinal and fecal 
specimens. 

2.2.3 Transport of Specimens 
A major challenge for, the bacteriology laboratory is to minimize 

the amount of time between the collection and receipt of specimens. 
1{le laboratory should provide appropriate transport containers for 
ust in examining, operating, and emergency rooms, in intensive care 
units, and on wards. Clinicians should notify the laboratory when 
transtracheal aspirates or similar hard-to-obtain specimens are to be 
collected; similarly, the laboratory needs to be aware that liurgeons 
plan to perform an invasive diagnostic procedure before the procedure 
is done (e.g., open lung biopsy for microbiologic examination). This 
kind of communication can minimize errors in the transport and 
processing of crucial specimens. Furthermore, the usual hospital 
delivery services should not be relied upon for the transportation of 
transtracheal aspirates, bronchial brush or endometrial brush samples, 
tissue, pleural fluid, central nervous system aspirates, and other 
specimens of similar importance. The physician, nurse, or other trusted 
individual should hand deliver such specimens to the laboratory as 
soon as possible after collection. Specimens just aspirated with a needle 
and syringe should have any bubbles of air cleared from the syringe 
and needle into a piece of sterile gauze. The needle can be capPed 
with a rubber stopper, and then the syringe can become a transport 
container. A small-volume sample (e.g., a few drops obtained by 
transtracheal aspiration) may be subject to aeration during the procedure 
and should ideally be received by the laboratory within 10 min after 
collection. Larger-volume samples with I rnl or more of sample should 
be received by the laboratory within about 1 h. Alternatively, oxygen
free vials or tubes can be used, preferably containing a redox indicator 
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such as resazurin (which is colorless when reduced, but pinkish when 
oxidized). Anaerobic transport containers should be received by the 
laboratory within 2 to 3 h of specimen collection. The Vacutainer 
A~erobic Specimen Collector, the Anaport system, and the Bio-Bag 
type A are suitable containers to transport tissue biopsy specimens. 
As indicated above, swabs are the least desirable method for specimen 
collection. However, at times it is impossible to obtain an aspirate or 
tissue sample, and a swab is used. The swab should be placed in 
tubes that will protect the specimens from drying, exposure to oxygen, 
or oxidizing conditions. Commercial two-container sets are available 
containing a swab in an anaerobic atmosphere and a second tube 
containing a semisolid deep of transport medium. When the specimen 
is collected quickly with the swab from the gassed-out anaerobic 
container, the swab containing the specimen is then immediately placed 
in the second tube, which contains the semisolid reduced transport 
medium, and this tube should be recieved by the laboratory within 2 
to 3 h of collection. 

2.3 DIRECT EXAMiNATION OF SPECIMENS 
Gross examination of clinical specimens may provide information 

about the nature and quality of the material collected. Foul odor, 
purulent appearance, necrosis of tissue, gas in tissue, or sulfur . 
granules should suggest the possibility of anaerobes. 

The direct microscopic examination of clinical specimens shows 
the type of cells present and the number and morphologic features 
of microorganisms. This information may help guide the clinician in 
the selection of therapy until culture and susceptibility results are 
available. In addition, the microscopic findings may aid in the choice 
of isolation media. 

The Gram stain is an important means of quality control. lf 
morphotypes observed in the smears are not recovered in culture, 
the procedures may have been defective for one or more of the 
following reasons: (i) the specimen was improperly collected or 
handled, (ii) the isolation media were defective, (iii) the anaerobic 
incubation system was defective, or (iv) anaerobic subculture was 
performed improperly. It is important to report the microscopic 
findings promptly to the attending physician since many anaerobes 
require 48 h or more before growth can be seen and additional time 
for identitication and susceptibility testing. 

Giemsa and acridine orange stains are often helpful for the 
observation of bacterial forms that Gram stain poorly. Phase micros-
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copy and dark-field examination of wet mounts may be useful for the 
demonstration of motility, spirochetes, and endos-pores. A modified 
Kinyoun acid-fast stain may aid in distinguishing non-acid-fast 
actinomycetes from Nocardia spp. Fluorescent-antibody stains are used 
in certain research and reference laboratories for the rapid identification 
of C. septicum, Clostridium novyi, Clostridium haemolyticum, F: 
necrophorum, Actinomyces israelii, Arachnia propionica, and certain 
anaerobic cocci. Commercial fluorescent-antibody reagents for the rapid 
detection and identification of members of the B. fragilis and B. 
melanino-genicus groups may be useful in urgent situations. However, 
some of the species in these groups are not reactive with the conjugates 
(e.g., Bacteroides gingivalis), whereas the conjugate for pigmenting 
bacteroides cross-reacts with B. bivius and Bacteroides disiens. 

Findings from the direct microscopic examination of clinical 
materials consistent with the presence of anaerobes include the 
following. 

(i) Large, broad, gram-positive rods with blunted ends in a 
necrotic background with few or rare leukocytes in a smear 
from a. patient with suspected gas gangrene: possibly C. 
peifringens (spores of this organism are rarely present) 

(ii) Pale, irregularly staining, pleomorphic gramnegative rods 
with bipolar staining in a smear from an abscess: possibly 
Bacteroides or Fusobacterium species 

(iii) Pale, gram-negative, filamentous, slim rods with tapered 
ends: possibly F. nucleatul1l 

(iv) Clusters and chains of gram-positive cocci within neutropqilic 
exudate from a postoperative intraabdominal wound: 
although Staphylococcus and Streptococcus species should 
be considered, the anaerobic genus Peptostreptococcus would 
be a major possibility 

(v) Sulfur granules showing peripheral clubs with branched 
filamentous rods from a cervicofacial lesion: suggests one 
of the actinomycetes (e.g., A. israelii, A. propionica, 
Bifidobacterium dentium, and others) 

The direct analysis of short-chain fatty acids by gasliquid 
chromatography (GLC) can aid in the rapid presumptive diagnosis 
of anaerobes in blood cultures. However, metabolic product analysis 
by itself suffers from lack of specificity. For example, a major amount 
of propionic acid in a sample might suggest Propionibacterium species 
but could also have been produced by A. propionica or Veillonella 
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spp. The examination of Gram-stained smears of specimens that are 
analyzed by GLC should be done to aid in interpretations. 

Except for the direct detection of C. botulinum and C. difficile 
toxins, the use of non-fluorescent-antibody serologic procedures for 
the direct detection of anaerobes has been limited. A counterimm
unoelectrophoresis procedure, previously described for the detection 
of C. difficile toxin, lacks sensitivity and crossreacts with antigens of 
other species. Commercially available immunologic procedures for 
the rapid detection of certain anaerobe antigens have long been needed. 
The introduction by manufacturers of reliable packaged kits to detect 
B. fragilis and clostridial toxins in clinical specimens would likely be 
well received by clinical laboratories. 

2.4 SELECTION AND USE OF MEDIA 
The primary isolation of obligately anaerobic bacteria from 

clinical specimens involves the use of nonselective, selective, and 
enrichment media. The choice of media will depend on the anatomic 
source of the specimen and on the findings from direct microscopic 
examination. Various microbiologists have different preferences, but 
it is generally agreed that media of all three types are needed. Media 
used at the Indiana University Medical Center for the isolation of 
obligate anaerobes and other bacteria from wounds, abscesses, and 
body fluids other than blood. 

2.4.1 Nonselective Media 
The use of nutritionally adequate media supplemented with heroin 

and vitamin K) is of key importance. A variety of anaerobe blood agar 
media have been described. The formulation developed at the Centers 
for Disease Control (CDC) by Dowell et al. is used in our laboratory. 
CDC anaerobe blood agar contains Trypticase soy agar base (BBL) 
supplemented with yeast extract, hemin, vitamin K], L-cystine, and 5 % 
sheep blood (or rabbit blood). This medium supports much b~tter 
growth of B. melaninogenicus, F. necrophorum, C. haemolyticum, 
certain strains of A. israelii and Bacteroides thetaiotaomicron, and 
certain thiol-dependent streptococci than does the supplemented rabbit 
blood-Trypticase soy agar medium formerly recommended by the CDC 
anaerobe laboratory. Both CDC anaerobe blood agar and Schaedler 
blood agar contain additional L-cystine for the improved growth of C. 
novyi type B, C. haemolyticum, F. necrophorum, and certain cocci. 
However, there is more smooth-torough variation of colonies on 
Schaedler blood agar than on CDC anaerobe blood agar, probably due 
to the increased carbohydrate content in the Schaedler medium. After 
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preparation, plates of CDC anaerobe blood agar are wrapped in 
cellophane bags to retard dehydration. They can be stored in refrigerator 
(2 to 4°C) for up to 6 weeks. Brain heart infusion, brucella, and 
Columbia agar bases have been recommended by others. Murray found 
no significant differences in the quantitative recovery of 10 different 
anaerobes on commercially prepared brain heart infusion, brucella, 
Columbia, Schaedler, and tryptic soy agar plates which were stored 
in cellophane bags in a refrigerator for up to 4 weeks. CDC anaerobe 
blood agar was not included in that study. 

2.4.2 Use of Liquid Media 
Liquid media provide a backup to solid media during primary 

isolation. EnriGhed thioglycolate and chopped-meat-glucose media 
support the growth of many fastidious anaerobes. Enriched 
thioglycolate medium is particularly useful for the isolation of 
slowgrowing anaerobes such as A. israelii, which may take several 
days to develop colonies on solid media. Chopped-meat-glucose 
medium is especially useful for the isolation of Clostridiwn species 
by a heat shock or ethanol spore selection procedure and is an 
excellent holding medium for cultures. In addition, both media are 
used during the identification of isolates. Enriched thioglycolate 
medium should be prepared from thioglycolate medium without 
indicator (BBL-OI35C, BBL). Both thioglycolate and chopped-meat
glucose media should be supplemented with vitamin KI and hemin. 

Before inoculation, the liquid media are either held, in an anaerobic 
environment (e.g., 85% N

2
, 10% H

2
, 5% CO

2
) as described elsewhere 

or heated for 10 min in a boiling-water bath to drive off oxygen, 
followed by cooling before inoculation. Enriched thioglyc9late and 
chopped-meat-glucose media, prepared as recommended elsewhere, 
are commercially available. After inoculation, liquid media in screw 
cap tubes should be incubated in an anaerobic system with the caps 
loosened. Alternatively, prereduced and anaerobically sterilized (PRAS) 
liquid media, prepared by the directions of the Virginia Polytechnic 
Institute and State University (l'PI) Anaerobe Laboratory Manual, 
should be incubated after gassing the butyl rubber-stoppered tubes 
with CO

2 
as described by Holdeman et al. 

2.4.3 Selective Media 
Because abscesses and wound infections frequently contain 

mixtures of obligate anaerobes, facultative anaerobes, and aerobes, 
species present in small numbers are likely to be missed if only 
nonselective media are used. The use of appropr:.lte selective and 
nonselective media is thus advantageous. 



TABLE 2.6 : BASIC SET OF PRIMARY ISOLATION MEDIA FOR RECOVERY OF ANAEROBES AND 
OTHER BACTERIA FROM WOUNDS AND ABSCESSES 

Medium 

Sheep blood agar 
MacConkey agar 
Colistin-nalidixic acid-Columbia base 

Chocolate blood agar 

Modified Thayer-Martin agar 

CDC anaerobe blood agar 

Anaerobe phenylethyl alcohol blood agar 

Anaerobe paromomycin-vancomycin 
blood agar 
Thioglycolate medium (BBL-0135C with

out indicator, enriched with hemin) 

Incubationa Purpose 

An 

An 

An 

An 

Nonselective plating medium for general use 
Recovery of aerobic and facultatively anaerobic gram-negative bacilli 
Recovery of all aerobic and facultative gram-positive bacteria; 
inhibits most gram-negative bacteria 
Used primarily for recovery of Haemophilus spp. and Neisseria spp.; 
may be required for other fastidious bacteria 
Used when Neisseria gonorrhoeae, Neisseria meningitidis, or 
Neisseria lactamica is suspected 
Nonselective plating medium for anaerobic bacteria (contains yeast 
extract, vitamin K

1
, hemin, and L-cystine) 

Recovery of most anaerobic bacteria; inhibits facultatively anaerobic 
gram-negative bacilli 
Selective recovery of anaerobic gram-negative bacilli and Veillon 

ella spp. 
An enrichment broth used as a supplement or backup to plating 

media; especially useful when actlnomycetes are suspected 

a 02' In air or aerobic incubation; CO
2

, in 5 to 10% CO
2 

or candle jar; An, incubation in an anaerobic system. 
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A variety of selective media have been described. The use of 
phenylethyl alcohol blood agar and either paromomycin-vancomycin 
or kanamycin-vancomycin blood agar is recommended. Phenylethyl 
alcohol blood agar, prepared by supplementing CDC anaerobe blood 
agar with 0.25% phenyl ethyl alcohol, supports the growth of most 
anaerobic bacteria (gram negative and positive) but inhibits the growth 
of facultatively anaerobic gram-negative bacilli, including Proteus spp. 
Paromomycin-vancomycin and kanamycin-vancomycin media contain 
100 p.g of either paromomycin or kanamycin and 7.5 p.g of vancomycin 
per ml of CDC anaerobe blood agar. This kind of medium is useful 
for the selective isolation of obligately anaerobic gram-negative bacteria 
including Bacteroides and Fusobacterium species. Most gram-positive 
bacteria encountered in clinical specimens are inhibited by the 
vancomycin, whereas most gram-negative facultative anaerobes are 
inhibited by the aminoglycoside. Gentamicin-vancomycin blood agar 
is used instead of kanamycin-vancomycin or paromomycin-vancomycin 
blood agar at the Mayo Clinic. The rationale for media containing 
either paromomycin or gentamicin instead of kanamycin is that some 
facultatively anaerobic gram-negative bacilli are occasionally resistant 
to kanamycin but are susceptible to these other aminoglycosides. 

Egg yolk-neomycin agar may aid in the isolation of Clostridium 
species from mixed microbial populations. The lipase and lecithinase 
reactions provide useful differential characteristics. The medium 
inhibits various facultatively anaerobic gram-negative bacteria but 
allows the growth of many gram-negative and -positive anaerobes, 
including clostridia. 

2.4.4 Inoculation Procedures 

Use capillary pipettes for the inoculation of primary isolation 
media with liquid specimens. Inoculate tubes of liquid media near 
the bottom with 1 or 2 drops of inoculum. Place 1 drop on each 
plating medium, and then streak the drop with a platinum or stainless 
steel loop, using a quadrant plating technique to obtain well-isolated 
colonies. Before discarding the pipette, prepare a smear for Gram
stain examination. 

Mince solid-tissue specimens with sterile scissors. Add 1 part 
enriched thioglycolate medium or 1 part buffered-gelatin diluent per 
volume of solid tissue, and grind the mixture with a sterile tissue 
grinder. Inoculate the primary isolation media as described above. 

If two swab samples are received as one specimen, inoculate 
one-quarter of each plate pf agar medium with the first swab. and 
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TABLE 2.7: SELECTION OF PRIMARY ISOLATION MEDIA FOR CULTURE OF WOUND AND ABSCESS g 

til 
SPECIMENS FROM VARIOUS, ANATOMICAL SITES 0 

Specimen source Media" and incubation atmosphere at 35°C 

Air 5-10% CO~ Anaerobic 

Central nervous system SAP, Choc AnBAP, THIO 
Eye, ear, oropharyngeal area MAC SAP, Choc, CNA AnBAP, PEA, THIO 
Pulmonary area MAC SAP, Choc AnBAP, PEA, (PV), THIO 
Intraabdominal area MAC SAP, CNA, (MTM) AnBAP, PEA,·PV, THIO 
Genitourinary area MAC SAP, CNA, MTM AnBAP, PEA, PV, THIO 
Muscle and other soft tissue - MAC SAP, CNA AnBAP, PEA, (NEY) , CMG 
Bone marrow SAP, Choc AnBAP, THIO 
Body fluids (other than blood and urine) SAP, Choc AnBAP, THIO 

a MAC, MacConkey agar; SAP, sheep blood agar; Choc, chocolate blood agar; CNA, colistin-nalidixic acid blood agar; 
MTM, modified Thayer-Martin medium; AnBAP, CDC anaerobe blood agar; PEA, phenylethyl alcohol blood agar; PV, 
paromomycinvancomycin blood agar; NEY, neomycin egg yolk agar; THIO, enriched thioglycolate medium; CMG, chopped
meat-glucose medium. Media shown in parentheses are optional. 

'Tl 

~ n g 
~ 
~ 
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then inoculate the liquid medium. Again, streak the plates to obtain 
isolated colonies. Prepare a smear for Gram-stain examination with 
the second swab. If only one swab is received, scrub the material 
from the swab in a small volume (0.5 to 1 ml) of thioglycolate; 
then inoculate the media as described above for liquid specimens. 
With 1 drop of the suspension, prepare a smear for microscopic 
examination. 

2.5 ANAEROBIC HOLDING JAR PROCEDURE 
Anaerobic bacteria vary in their tolerance to oxygen. Therefore, 

care must be taken to avoid prolonged oxygen exposure of freshly 
inoculated plating media. It is not always practical in busy clinical 
laboratories to incubate plates in an anaerobic system immediately 
after they have been inoculated. The use of an anaerobic holding jar 
procedure is a practical alternative to immediate incubation. The 
holding jar procedure described below, a modification of the Martin 
procedure, allows primary plating, inspection of colonies, and 
subculture of colonies at the open laboratory bench without undue 
exposure of anaerobes to oxygen. Three holding jars can be used 

One jar is for reduced, uninoculated media, a second jar is for 
freshly streaked plates which are awaiting incubation, and a third jar 
is for plates containing colonies to be subcultured. As an alternative 
to jars, rectangular holding boxes (14 in. [36 cm] wide by 8.5 in. 
[22 cm] deep by 9 in. [23 cm] high), constructed from 0.5-in. (1.3-
cm) Plexiglas with lids hinged down the center (Fig. 2) are used in 
our laboratory. They are now commercially available (Carr
Scarborough). The plating media described above can be used. The 
procedure for jars is as follow1j. 

1 . The uninoculated plates to be used during the work day should 
be held in an anaerobic glove box or an anaerobe jar for 6 
to 24 h before inoculation. 

2. Place the reduced plating media described above in the first 
holding jar, and flush the jar continuously with a gentle 
stream of nitrogen or CO

2 

3. Inoculate the surface of each plate on the open laboratory 
bench. Immediately after each plate is streaked, place it in 
the second holding jar, which also is flushed with nitrogen 
or CO

2
• 

4. Use a third holding jar for any plates containing colonies for 
subculture which were removed from an anaerobic system 
after incubation. 
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8 
Figure 2.1 : AnaerobIc holding Jar system Jar A contains uninocuiated plates; jar B 
contaInS freshly inoculated plates. Plates with colonies to be subcultured are being held 
in Jar C. The flow rate of nitrogen to each Jar IS regulated with the gang valve (D) 
and tbe regulator on the tank. 

5. After the holding jar is filled with freshly inoculated plates, 
remove the holding jar lid, and incubate the plates with either the 
GasPak (BBL) or the evacuation-replacement (ER) jar technique, or 
place the plates in an anaerobic glove box. 

Either inexpensive commercial-grade N2 or commercial-grade CO2 
can be used with the holding jar system. Regulate the flow rate of gas 
to the holding jars as follows: open the small needle valve on the gas 
manifold, and adjust the gas tank regulator to 4 Iblin2 for I to 2 min 
to purge the jar of air. Then decrease the flow rate to 1 or 2 bubbles 
per s. The flow rate can be measured by holding the rubber tubing 
(0.25-in. [0.6-cm] diameter) (which ordinarily goes into th:.: jar) just 
under the surface of the water in a small beaker. Alternatively, a flow 
meter can be used (the flow rate should be 0.25 ft3/h or 50 to 100 cm31 
min). The gang valve with three or four needle valves which is used 
to regulate the flow of gas to each jar can be purchased at stores in 
which aquarium supplies are sold. Commercial-grade N2 and commercial
grade CO2 (the least expensive available) are both suitable. A heated 
copper catalyst (Sargent furnace) has been recommended to remove 
traces of 02 from CO2, but this step is not necessary if N2 is used. 

2.6 USE OF ANAEROBIC SYSTEMS 
The primary isolation of obligately anaerobic bacteria from clinical 

specimens requires the incubation of inoculated media in an anaerobic 
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NITROGEN 

" Figure 2.2 : Plexiglas holding box. This alternative to the three-jar system is 
commercially available but is simple to construct. The plastic petri dish holder inside 
the box is available from several commercIal sources. The gas flow IS regulated WIth 
a flow meter and the regulator on the tank. 

system. Anaerobe jars (with either a hydrogen-carbon dioxide generator 
or ER technique), glove boxes, and roll-streak tubes with PRAS media 
yield comparable recoveries of anaerobic bacteria commonly encountered 
in properly collected and transported clinical specimens. Success with 
these systems requires that the media be nutritionally adequate and 
either fresh or properly reduced and that the system be properly used 
and have an active catalyst (in jars and glove boxes). Factors to consider 
in the selection of a system to use in a particular laboratory include 
available space, specimen work load, cost of the equipment, cost of 
the media used with the system, and the technical capabilities of the 
personnel. 

2.6.1 Anaerobe Jars 
An anaerobe jar is a cylindrical container made of plastic, glass, 

or metal. A metal or p!astic lid (usually with an O-ring gasket) is 
clamped to a flange at the top of the jar to create an airtight seal. 
Some jar lids have vents or valves through which air can be evacuated 
and an anaerobe gas mixture can be added. A vented lid is not 
required if an Hz-COz generator is used. After the jar is sealed, the 
addition of a gas mixture containing H2 in the presence of a catalyst 
reduces oxygen inside the jar to form water. Several different jars 
have been used for the cultivation of anaerobic bacteria. In this 
country, the GasPak jar is still the most widely used anaerobic system. 
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The GasPak jar uses a "cold" catalyst consisting of palladium
coated alumina pellets which is active at room temperature. This 
catalyst is inactivated by H

2
S, by other volatile metabolic products 

of bacteria, and by excessive moisture. Optimal activity can be assured 
if the catalyst is replaced with new or rejuvenated pellets before each 
use. Heating in a dryheat oven at 160 to 170°C for at least 2 h 
restores the catalyst to full activity. After being heated, the pellets 
should be stored in a clean, dry, airtight container. 

Anaerobic conditions l:an be established in jars either by the ER 
technique or with a disposable HzCOz generator. Although both 
methods are simple to use and effective, the ER technique is more 
economical and establishes anaerobic conditions more rapidly than 
the Hz-COz generator. 

2.6.1.1 ER technique 
A suitable gas mixture for the ER procedure (lO% H

L
, 5% COz' 

85 % N
2

) is available from several suppliers. An inexpensive setup 
for the ER procedure is shown in Figure elsewhere in this chapter. 
In-house vacuum is sufficient if it permits evacuation of the jar to 
20 to 24 in. (51 to 61 cm) of mercury; otherwise, a vacuum pump 
is needed. To perform the procedure, replace the used catalyst in 
the lid of the jar with fresh or rejuvenated pellets. Put the materials 
to be incubated inside the jar. Caps of screw cap tubes must be 
loosened to permit the exchange of gases. Place a methylene blue 
indicator in the jar. An indicator strip (BBL) or a tube of methylene 
blue-NaHC0

3
-glucose mixture can be used. After fastening the lid 

to the jar, connect the vent on the lid to an ER device. Evacuate the 
jar to 20 to 24 in. of mercury, and fill the jar with commercial
grade N

2
. Repeat this cycle. Evacuate the jar for the third time, but 

instead of N
2

, fill the jar with the anaerobe gas mixture. Clamp the 
rubber tubing attached to the vented jar, disconnect the jar from the 
vacuum and gas line, and then place the jar in an incubator. 

2.6.1.2 GasPak generator procedure 
The disposable GasPak H

2
-C0

2 
generator consists of a sealed 

foil envelope containing two tablets. One contains citric acid and 
sodium bicarbonate, and the other contains sodium borohydride. When 
water is introduced into the envelope, the former tablet releases CO

2
, 

while the sodium borohydride tablet releases H
2

• The GasPak 
generator procedure is described below. 

Replace the used catalyst in the jar with new or rejuvenated 
catalyst. Place the materials to be incubated into the jar (remember 
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to loosen the caps of any screw cap tubes), and include methylene 
blue indicator. Snip the corner of the generator envelope, and place 
the envelope in an upright position in the jar with the materials to 
be incubated. Add 10 ml of tap water or distilled water with a syringe 
or pipette according to the directions of the manufacturer. Clamp 
the lid on the jar. Place the jar in an incubator. Examine the jar to 
make sure it is working. The lid with catalyst on its undersurface 
should be warm to the touch, and condensation should appear on 
the inside surface of the jar within 15 to ~O min after the generator 
is activated. If condensation does not appear, remove the lid and 
check the jar for leaks; repeat the setup. The most common causes 
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Figure 2.3 : ER system reproduced wIth permiSSIon). The lower drawmg sbows the 
parts needed for construction: G. Ashcroft compound ± gauge; N. 0.25-m. (0.6-cm) 
brass hex nipple: T. 0.25-in. brass tee female; C. 0.25-m. hrass cross female; HC. 
0.25-m. brass male hose connector; SL. 0.25-in. street L; MC. 0.25-m pIpe to 0.25-
in. Swagelok; and V. 0.25-in. brass female circle seal valve. 
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of GasPak jar failure include failure to use an active eatalyst, a faulty 
or defective gas generator, and a poor sealing gasket in the lid. 
Occasionally, water fails to reach the two tablets inside the GasPak 
generator envelope. Use a new envelope when this "Occurs. 

An oxidation-reduction potential indicator should always be 
included in the jar. Disposable methylene blue indicator strips (BBL) 
are blue when oxidized and colorless when reduced. Although 5 h 
or more usually elapse before the indicator becomes colorless after 
the jar is placed in a 35°C incubator, the indicator should remain 
colorless as long as the system stays anaerobic. When functioning 
properly, GasPak jars with generators usually contain < I % oxygen 
within 0.5 to I h after the lid has been sealed and the jar has been 
placed in a 35°C incubator (unpublished data). 

Recently, Seip and Evans reported that at 20 to 25°C, the O
2 

concentration in the GasPak 100 Anaerobic System was 0.2 to 0.6% 
within 60 min after activation of the generator. At the same time, 
the CO2 concentration was 4.6 to 6.2%, and the En values of three 
different media were -30 to -229 mY. These results indicated a rapid 
lowering of the oxygen concentration and the establishment of 
reducing conditions in the media, even though the methylene blue 
indicator did not become decolorized in less than 6 h. 

2.6.2 Anaerobic Glove Box 
An anaerobic glove box consists of a gas-tight chamber with glove 

portals and an entry lock for the transfer of materials in or out of 
the chamber. The operator of the chamber places his or her hands 
and arms in gloves to handle the culture materials which have been 
placed inside. A hydrogen-containing atmosphere is recirculated 
through a palladium catalyst to remove oxygen from inside the 
chamber. Recently, glove boxes of several different designs have been 
described and made commercially available. 

The t1exible-vinyl plastic glove box, originally developed by R. 
G. Freter and colleagues at the University of Michigan, has undergone 
several modifications and is now a practical system for the cultivation 
of anaerobic bacteria in the clinical laboratory. It is commercially 
available in two sizes. The type A chamber has a bag 65 in. (165 
cm) wide by 32 in. (81 cm) deep by 40 in. (102 cm) high and two 
pairs of sleeves and gloves. Equipment is placed in the chamber 
through a 25-in. (64-cm) aluminum equipment port on one end of 
the chamber. A rigid metal entry lock is attached to the other end 
of the vinyl chamber. A vacuum pump, a gas mixture tank (containing 
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85% N2, 10% H2, and 5% COz) , and a tank of commercialgrade Nz 
are connected to the entry lock. An ER procedure similar to that 
described above for jar systems is used for passing materials in and 
out. The N2 is not absolutely essential for either the ER jar procedure 
or the glove box, but it helps to conserve the more expensive gas 
mixture. The entry lock is evacuated to 20 in. (51 cm) of mercury 
and refilled with N z. The cycle is repeated, and after a third 
evacuation, the entry lock is filled with the gas mixture. The inner 
door of the lock can then be opened. Recently, the manufacturer 
has marketed an optional device which automates the ER procedure. 

Media are incubated within an incubator placed inside the 
chamber, or the entire chamber can be maintained at 35°C (i.e., by 
using heated catalyst boxes). An incubator permits the interior of 
the glove box to remain at room temperature. More space is available 
for the incubation of cultures in a heated glov~ box than if an 
incubator is placed inside. Unfortunatt:ly, a heated box is too hot to 
work in comfortably for more than short times, media tend to dry 
out, and condensation is more difficult to control than in an unheated 
chamber. 

Glove boxes of different design are available from other 
manufacturers. Cox and Mangels des(lribed a small portable chamber 
(30 in. [76 cm] wide by 18 in. [46 cm] deep by 18 in. [46 cm] 
high) which does not require the microbiologist to wear gloves. This 
chamber is commercially available. A glove box of another design 
has been described by Dickman et al. and has been marketed. This 
is a small (44.5 in. [113 cm] wide by 20.5 in. [52 cm] deep by 40 
in. [102 cm] high), flexible-vinyl glove box attached to a metal base. 
The chamber is heated. Materials are passed in and out by use of a 
detachable entry module. We at the Indiana University Medical Center 
and the CDC have found that these glove boxes and the Forma model 
1024 glove box function satisfactorily. 

The Forma glove box has a stainless steel cabinet (60 in. [152 
cm] wide by 29 in. [74 cm] deep by 30 in. [76 cm] high) and will 
fit on a standard laboratory bench. The front panel of the cabinet is 
flexible vinyl and has one pair of sleeves and gloves. An incubator 
with sliding doors is built into one portion of the rear wall, and 
shelves for the storage of media and cultures are built into another 
portion. The outer door of the rectangular entry port opens to the 
front. Thus, the glove box can be placed adjacent to other equipment 
or in a comer of the laboratory. The entry port has an automated 
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ER cycle. An anaerobic cabinet module (without an entry lock) can 
be added to the system to increase (more than double) the incubator 
and storage space. 

Using a model GP Oxygen Analyzer, we have found that the 
oxygen concentration in Coy and Forma anaerobic chambers can be 
maintained at 6 ppm or lower provided that the catalyst is changed 
weekly and there are no leaks in the systems. A less expensive, more 
practical way to monitor the atmosphere in an anaerobic glove box 
is to continuously circulate a portion of the gaseous atmosphere into 
a bottle of methylene blue indicator by using a small vibrator pump. 
Tears or leaks occasionally occur in any glove box. The location of 
the tear can be detected with a hydrogen leak detector (Coy) or by 
releasing a very small amount of Freon-12 within the glove box and 
scanning the exterior for leaks with a detector as described elsewhere. 
Leaks can often be repaired with electrical tape, a silicone caulking 
compound, or a vinyl repair kit (Coy). 

Relative humidity within a glove box should be maintained at 
70 to 85 %. The humidity can be determined with a hygrometer. Silica 
gel desiccant placed in trays inside the chamber will decrease the 
humidity when it is excessive (e.g., ~ 95%). The silica gel can be 
reused after being heated for 2 to 3 h at 150 to 200°C (it is blue 
when dehydrated). 

2.6.3 PRAS Media and the Roll-streak Tube Technique 
The roll tube, roll-streak system with PRAS media was developed 

by W. E. C. Moore and associates of the VPI Anaerobe Laboratory. 
Their system is based on the roll tube method of R. E. Hungate 
(1950) and has been used extensively in research studies, particularly 
on the digestive tract flora. Roll tubes and PRAS media are also used 
in some clinical laboratories. During preparation, the constituents of 
PRAS media are combined, boiled to remoVe dissolved oxygen, and 
then tubed, autoclaved, and stored in butyl rubberstoppered tubes 
under oxygen-free gas. The roll tubes (25-mm diameter) usually contain 
PRAS-supplemented brain heart infusion agar medium in a thin 
transparent layer on the inner surface of the tube. These can be 
purchased (Scott and Carr-Scarborough) or prepared in the laboratory. 
After the tubes have been autoclaved, a rolling machine is used to 
solidify the agar on the surface of the glass. Both PRAS agar and 
PRAS liquid media require a reducing agent (Le., L-cysteine 
hydrochloride) to maintain a low oxidation-reduction potential. The 
reducing agent is added before the medium is sterilized. The solid 
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and liquid media are inoculated and subcultured in a stream of oxygen
free carbon dioxide with the aid of a VPI anaerobic culture system or 
a Kontes Transot1ex anaerobic culture system. In essence, the roll 
tube or broth tube becomes its own anaerobic culture chamber and is 
then placed in an ambient air incubator for incubation. 

8 

Figure 2.4 : Anaerobic tube culture technique (PRAS media). The Deoxo catalyst 
(palladium) IS used if the CO, contaInS 3% H,. (A) The flow from the gas cannula 
should indent the Bunsen flame. (B) Illustration -of connected gassing apparatus. Necks 
of stoppered tubes are flamed: then the stoppers are removed with a modified hemostat 
(jaw, bent to conform to ~topper circumference) which is flame stenli21ed. A 
flamestenlized CO, cannula is immediately inserted. Cultures are transferred With glass 
capillary pipettes or staInle~s steel or platinum loops. (C) Apparatus for streakIng agar 
roll tube. 

Three kinds of conunercially available carbon dioxide can be 
used for gassing roll tubes and liquid media. The first is anaerobe
grade (02-free) CO

2
, which does not have to be passed through a 

catalyst. Second, commercial-grade CO2 can be rendered oxygen-free 
by passing it through a heated copper catalyst (Sargent furnace). With 
use, the copper turnings in the Sargent furnace become oxidized and 
must be periodically reduced by passing hydrogen through the turnings. 
The hydrogen causes the black, oxidized copper to become reduced 
to its original bright copper color. The source of hydrogen to reduce 
the copper can be a mixture containing 97 % CO

2 
and 3 % H2. Third, 

this 97% CO2-3% H2 mixture can be used for tube culture if it is 
passed through a Deoxo Hydrogen Purifier to remove traces of 02' 
The Deoxo catalyst contains the same kind of palladium-coated alumina 
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pellets used in the jar and glove box systems. The catalyst does not 
work unless the gas mixture contains a minimum of 3% Hz. 

Liquid PRAS media can be inoculated with an inoculating loop 
or Pasteur pipettes. A syringe and needle should be used if screw cap 
tubes with butyl rubber diaphragms are purchased. Agar roll tubes 
are inoculated according to the roll-streak technique of Holdeman et 
al.. 

Like the anaerobic glove box, roll tubes permit the inspection 
and subculture of colonies at any time without an undue exposure of 
anaerobes to atmospheric oxygen. This protection is a major advantage 
over jar techniques. 

2.6.4 Other Anaerobic Systems 
The Bio-Bag type A Anaerobic Culture Set (Marion) consists of 

a gas-impermeable, transparent plastic bag and two ampoules. When 
the ampoules are crushed, one ampoule generates hydrogen and the 
other releases resazurin indicator. The Bio-Bag can be used as an 
anaerobic transport container for tissue (or a syringe containing pus), 
or it can be used to transport or incubate inoculated anaerobic plates. 
Tissue should be placed in a sterile, IOO-mm petri dish within 
premoistened sterile gauze or in a loosely capped screw top container. 
The container of tissue is then put inside the bag, and the top of the 
bag is sealed with a heat sealer. In addition to its use as a transport 
device, a Bio-Bag can be used to incubate one or two plates for the 
cultivation of anaerobes. A slightly larger bag has recently been 
marketed which can hold three plates. When the gas generator is 
crushed and the bag is sealed, hydrogen released from the generator 
combines with oxygen in the presence of a catalyst to produce water 
vapor. Provided they are not obscured by moisture condensed on the 
bag, colonies can be observed without removing a plate from its bag. 

Anagel (BBL) is a dehydrated, agar-containing powder Which, 
when rehydrated and placed within the lid of a petri dish, is designed 
to reduce the concentration of oxygen, generate carbon dioxide, and 
produce an atmosphere suitable for the reduction of the culture medium 
and the cultivation of anaerobic bacteria. The rehydrated Anagel forms 
a seal with the edge of the bottom half of the petri dish. According 
to the manufacturer, oxygen is removed from both the culture medium 
and the headspace gas (between Anagel and the culture medium 
surface). 

2.7 INCUBATION 
The incubation temperature ordinarily used for the primary 
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isolation and cultivation of most anaerobic bacteria in the clinical 
laboratory is 35°C. However, C. perjringens grows more rapidly at 
42 to 4rC. It can be grown within 4 to 6 h in emiched cooked
meatglucose and thioglycolate broth cultures incubated at 46°C. 
Chopped-meat agar for the demonstration of the spores of Clostridium 
species which do not sporulate readily is incubated at 30°C. 

Inoculated media should ordinarily be incubated in an anaerobe 
jar for at least 48 h before the jar is opened. Duplicate jars can be used 
in urgent situations. Thus, one jar is opened after only 6 to 18 h of 
incubation, whereas the second jar remains in the incubator for 48 h 
or longer before it is opened. This early examination permits the rapid 
isolation and recognition of C. perfringens when gas gangrene is 
suspected. Of course, a jar can be opened inside a glove box at any 
time for an early examination of growth, resealed in the glove box, 
taken out, and reincubated. 

If roll tubes are used or if plates are in an anaerobic glove box 
or a Bio-Bag type A (Marion), media can be inspected daily for 
growth without disturbing the developing colonies (i.e., by exposing 
them to oxygen). Solid primary isolation media should be reincubated 
for at least 5 to 7 days. This reincubation allows the recovery of 
slow-growing anaerobes. 

Broth cultures should be incubated in an anaerobic system rather 
than in ambient air. Hold the thioglycolate and cooked-meat-glucose 
broth cultures for a minimum of I week before discarding them as 
negative. For suspected actinomycosis, osteomyelitis, endocarditis, and 
other serious infections, we recommend holding the broth cultures 
for at least 2 weeks of incubation. 

2.S EXAMINATION OF ANAEROBIC CULTURES 
Obligate anaerobes vary on how long they can tolerate exposure 

to oxygen, as is discussf;d above. Some anaerobes (e. g., B. fragilis 
and C. perfringens) may survive on agar media exposed to room air 
for several hours, whereas other anaerobes lose viability after only a 
few minutes in air. Therefore, we recommend use of the holding jar 
procedure (see above) during inspection and subculture procedures 
to avoid a prolonged exposure of colonies to oxygen. Alternatively, 
both the anaerobic glove box and the VPI rollstreak techniques prevent 
oxygen exposure during these procedures. Although the Bio-Bag 
permits the inspection of plates for growth without exposure of the 
colonies to O

2
, subculture from a Bio-Bag is analogous to using an 

anaerobic jar system. 
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Inspect the colonies on plates with a dissecting microscope (x 7 
to x 15 magnification), with both transmitted and reflected light. The 
dissecting microscope will help to ensure the isolation of single 
colonies and is also useful because the distinctive colonial features 
of many anaerobes which are not evident without magnification are 
seen. A hand lens can be used, but this method is less desirable. 

Record the characteristics of each colony type, i.e., action on 
blood, egg yolk reactions, etc. Transfer each colony type to another 
anaerobe blood agar plate, and streak the plate to purify the isolate. 
Also, inoculate an aerobic blood agar plate to determine the ability 
of the isolate to grow in 5 to 10% CO

2
-air (see below, under 

Determination of relationship to oxygen). If the colony is large enough 
and well separated, inoculate a tube of enriched thioglycolate or 
cooked-meat-glucose medium for biochemical inoculation and a tube 
of peptone-yeast-glucose medium for GLC, and prepare a Gram
stained smear. The thioglycolate and cooked-meat-glucose subcultures 
are incubated anaerobically for 24 to 48 h or until good growth 
occurs. At this time a Gram stain should be made. If the subculture 
looks pure, it can be used as a holding medium or to perform 
additional differential tests. 

After incubation, check for the purity of each colony that was 
subcultured. Examine Gram stains prepared from ~e broth culture 
and the colonies on the blood agar plates incubated anaerobically. 
Record the relationship of each colony type to oxygen, as described 
below. 

Reexamine the primary isolation plates after they have been 
incubated for 96 h. Observe for any slowgrowing anaerobes which 
may have appeared. Look at the first quadrant where the specimen 
was inoculated onto the plate. This is the time and place at which 
pigmented colonies of the B. melaninogenicus-B. asaccharolyticus 
group will often be found. Isolate any new colony types as done 
previously. 

Lastly, examine the thioglycolate or cooked-meatglucose primary 
enrichment culture that was originally inoculated with the clinical 
specimen at the same time the primary isolation plates, were inoculated. 
If no growth is present on the primary anaerobic plating media or if 
the colonies seen do not account for all the morphologic forms found 
in the direct Gram-stained smear of the clinical specimen, then 
subculture the broth medium to an anaerobe blood agar plate for 
anaerobic incubation and to a blood agar plate for CO

2
-air incubation. 

Also, examine a Gram-stained smear prepared from the broth culture. 
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2.S.1 Morphologic Considerations 
The appearance of colonies on anaerobe blood agar, observed 

with a dissecting microscope, and the Gram reaction and microscopic 
features of isolates are especially useful in rapid presumptive 
identification. Morphology is particularly valuable for the rapid 
differentiation of the B. jragilis group, the B. melaninog-enicus group, 
Bacteroides ureolyticus, F. nucleatum, F. necrophorwn, Fusobacterium 
moniferum, other fusobacteria, the actinomycetes, bifidobacteria, C. 
peifl'ingens, C. dijficile, C. septicum, Clostridium sordellii, Clostridium 
ramosum, Clostridium sporogenes, and other clostridia. 

2.9 MICROSCOPIC FEATURES 
The Gram reaction, morphology of vegetative cells, presence or 

absence of spores, motility, and flagella are all key features in the 
classification and identification of anaerobic bacteria. Gram-stained 
smears should be examined from both solid and liquid cultures that 
show good growth. Older cultures may be better for the detection of 
spores. 

"Many obligate anaerobes classified as gram positive are gram 
variable. Certain species (e.g., C. ramosum) are IJsually gram negative 
even though they are classified with gram-positive organisms. 

Record the shape of the cells, size, intracellular features (e.g., 
vacuoles, granules, etc.), presence of branching, pleomorphism (e.g., 
filaments, swollen bodies, spherical forms, bifids, etc.), and the 
arrangement of cells (e.g., singly, pairs, tetrads, chains, clusters, 
picket fence arrangements). 

Bacterial endospores can usually be observed with the Gram stain. 
Spores will be unstained. An examination of wet mounts by phase 
microscopy may aid in the search for spores. Free spores and 
endospores are much more refractile than vegetative cells. A spore 
stain may also be helpful at times. It is best to examine chopped-meat 
medium or another medium without carbohydrate when searching for 
spores of an isolate suspected of being a Clostridium species. It may 
be necessary to inoculate a chopped-meat agar slant (incubated for 5 
days at 30°C) and to perform a heat shock or alcohol spore selection 
technique to demonstrate spores. Spores of some clostridia (e.g., C. 
perjringens) can seldom be demonstrated in laboratory culture. If spores 
are seen, note their shape, size, and position in cells (subterminal or 
terminal) and whether they cause swelling of the cells. 

2.10 COLONIAL CHARACTERISTICS 
Inspect the colonies on the primary plating media with a dissecting 
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microscope, and describe them. Examine well-isolated colonies to 
study colonial morphology, and examine areas of heavy growth to 
detect microorganisms present in small numbers. Observe the agar 
surface for pitting colonies and spreading growth, and check for 
hemolysis. Examine the plate cultures under long-wave UV light (365 
nm) to detect fluorescent colonies (e.g., B. meianinogenicus and B. 
asaccharolyticllS often show brick red fluorescence). Describe the 
characteristics of each colony type. Record the medium, age (incubation 
time), color or pigment, and diameter, and describe the form, elevation, 
edge, surface, density, and consistency. Cultural characteristics will 
vary on different formulations of anaerobe blood agar. 

2.10.1 Determination of Relationship to Oxygen 
Determine the relationship to oxygen of each colony type present 

on anaerobic solid media. Inoculate the following media: 
1. One anaerobe blood agar plate to be incubated anaerobically 
2. One aerobic blood agar (or chocolate agar) plate to be 

incubated in a candle extinction jar or in a 5 to 10% CO2 
incubator (the chocolate agar is particularly needed to 
distinguish nutritionally fastidious Haemophilus spp. and 
other bacteria which will grow on anaerobe 

3. Transfer 2.0 ml of the culture to a clean screw cap tube 
(13 by 100 mm). 

4. Acidify the culture to pH 2.0 or below by adding 0.2 ml 
of 50% aqueous H2S04, 

5. Add 1 ml of ethyl ether, cap the tube, and invert the tube 
20 times to mix the solution. 

6. Centrifuge the solution briefly (750 to 1,000 x g) to break 
the ether-culture emulsion. 

7. Place the ether-culture mixture in an alcohol-dry ice bath 
to freeze the aqueous (bottom) portion. Pour or pipette off 
the ether (top) layer into a clean tube. We prefer to use 
this freezing technique to avoid the pipetting of water with 
the ether layer. 

8. Add one or two anhydrous CaC 12 pellets to remove residual 
water. 

9. Inject 14 p,1 of the extract into the SP-1220 or SPIOOO 
colullm of a gas chromatograph. 

10. Identify the volatile acids by comparing the elution times 
of the products in the extracts with the elution times of a 
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known acid mixture (volatile-fattyacid standard) chromatog
raphed on the same day. 

2.10.2 Procedure for the Analysis of Nonvolatile Acids 
1. Transfer 1 m1 of the peptone-yeast extract-glucose culture to 

a clean screw cap tube. 
2. Add 0.4 m1 of H

2
S0

4 
and 2 m1 of methanol. Place the tube 

in a 55°C water bath overnight. 
3. Add 1 m1 of distilled water and 0.5 m1 of chloroform; then 

centrifuge the solution briefly to break the emulsion 
(chloroform will be in the bottom of the tube). 

4. After placing the tip of the needle in the chloroform layer, 
fill a syringe with the chloroform extract. 

5. Wipe the outside of the needle with a clean tissue, and inject 
14 p.l of the extract into the SP-looo column. (The SP-I220 
column does not permit the separation of pyruvate from 
lactate.) 

6. Identify nonvolatile or methylated acids by comparing the 
elution times of products with the elution times of the 
nonvolatile-acid standard solution chromatographed on the 
same day. 

7. After testing approximately 20 methylated samples, recond
ition the packing material by injecting 14 p.l of methanol 
into the column of the gas chromatograph. 

2.10.3 GLC Standards and Controls 
Standard solutions containing I meq of each volatile and 

nonvolatile acid per m1 should be examined each time unknowns are 
tested. The volatile-acid standard should contain at least the following: 
acetic, propionic, isobutyric, butyric, isovaleric, valeric, isocaproic, 
and caproic acids. The nonvolatile-acid standard should contain pyruvic, 
lactic, succinic, and phenylacetic acids. 

It is also important to examine a tube of uninoculated medium 
in the same manner, since different lots of peptone-yeast extract
glucose broth may contain significant quantities of some acids. 

2.10.3 Equipment and Operating Conditions 
Gas chromatographs are relatively inexpensive, safe, simple to 

operate, and reliable. They are commercially available from various 
manufacturing companies. 

Stainless steel or alwninum columns (6 ft. by 0.25 in. [1.8 m by 
0.6 cm]) are used. Column packing materials currently recommended 
for the determination of metabolic products include (i) 15% SP-1220! % 
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Hl0
4 

on 1001120 Chromosorb W AW (Supelco Inc., Bellefonte, 
Pa.), which is used only for determining volatile metabolic products 
since it does not permit resolution of pyruvate from lactate under the 
above operating conditions, and (ii) 10% SP-1000-1 % Hl04 on 100i 
120 Chromosorb W A W, which can be used for either volatile or 
nonvolatile metabolic product analysis but resolves the volatile acids 
more slowly than does the SP-1220 packing. 

Several other liquid media which support good growth of anaerobes 
can be used instead of peptone-yeast extract-glucose broth for GLC. 
However, the metabolic products of an organism grown in another 
!Iledium may differ from those produced in peptone-yeast extract
glucose medium. For example, some anaerobes produce isoacids (e.g., 
isobutyric and isovaleric acids) in peptone-yeast extract-glucose and 
other media of high peptone content but fail to produce these acids in 
media of lower peptone content, such as Lombard-Dowell glucose 
medium. Lombard and associates have also found that hemin, vitamin 
K, yeast extract, L-cystine, and other supplements which affect growth 
can have a profound influence on fermentation products. Thus, caution 
should be exercised in the interpretation of the results of GLC from 
a different medium when the identification tables referred to were 
prepared from a peptone-yeast extract-glucose data base. The 
peptoneyeast extract-glucose medium formulation used at CDC is 
different from the medium recommended in the fourth edition of the 
VPI manual. If chopped-me at-glucose medium is used, the amount of 
lactic acid present in the uninoculated medium makes it difficult, if 
not impossible, to determine whether lactic acid was produced by an 
unknown isolate. 

2.11 BIOCHEMICAL CHARACTERIZATION 
The biochemical characteristics that are most useful for the 

identification of anaerobe isolates vary, depending on whether one is 
dealing with clostridia, anaerobic cocci, gram-negative nonspore-forming 
an aerobic bacilli, gram-positive nonspa-reforming anaerobic bacilli, 
or anaerobic spirochetes. It is beyond the scope of this section to 
include all the approaches and procedures that are currently used for 
the biochemical characterization of anaerobic bacteria. Some of the 
most commonly used approaches are discussed below and reviewed 
elsewhere; other approaches are included in the chapters on anaerobe 
identification that follow. 

2.11.1 Conventional Systems 
Conventional systems for the characterization of isolates with 
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biochemical test media in large tubes are mentioned briefly. PRAS 
media, for determining the biochemical characteristics of anaerobes, 
have long been used for phenotypic work in studies of ~onomic 
classification and for reference identification. For the PRAS media 
approach, tubes containing medium for carbohydrate fermentation tests 
are inoculated with a special gassing apparatus or with syringe and 
needle, and the pH is measured after incubation and growth of the 
organism. Other tests are for growth in the presence of bile; 
production of indole, H

2
S, urease, lipase, and lecithinase; proteolysis 

and catalase activity; hydrolysis of gelatin, esculin, and starch; and 
the reduction of nitrate. The media can be prepared in the laboratory 
according to the directions of Holdeman et al., or they can be 
purchased from commercial manufacturers. Recently, the results of 
identifications with PRAS media prepared by two different 
manufacturers (Carr-Scarborough and the PRAS II sys~em, Scott) were 
compared in our laboratory. The CarrScarborough PRAS media and 
the PRAS II system showed 95 % agreement for identifications with 
the VPI manual. 

The conventional media of Dowell et al., used by the CDC and 
other reference laboratories, are formulated differently than PY -base 
PRAS media and are commercially available from Carr-Scarborough 
and Nolan Laboratories. Fermentation tests in the CDC CHO-based 
media are read with bromthymol blue indicator (yellow at pH 6.0). 
Recently, we found 99% agreement between identifications based on 
using the PRAS media procedure of Holdeman et al. and 
identifications based on the CDC media using the procedures of 
Dowell and Hawkins. In a separate study, the reproducibility of tests 
in each system was greater than 99 %. Even with the close agreement 
of identification results obtained with these two conventional systems, 
our experience supports the concept that VPI tables should be used 
for PY-base PRAS media and that CDC tables should be used for 
identifications when thioglycolate or CHO-based biochemicals are used 
according to the formulations of Dowell et al.. A computer program 
is commercially available for use with the PRAS II system. 

2.11.2 Minitek and API 20A Packaged Microsystems 
Two commercially available, packaged micromethod systems have 

been widely used for anaerobe identification. These are the API 20A 
and the Minitek (BBL) systems. Both systems have been evaluated 
in a number of laboratories, and reviews of these studies have been 
published. 



METHODS OF MICROBIOLOGY 75 

The API 20A system consists of a plastic strip with 20 microtubules 
containing dehydrated substrates to determine the following: indole, 
urease, and catalase production, gelatin and esculin hydrolysis, and 
the fermentation of glucose plus 15 additional carbohydrates. (The 
microtubules of the strip are inoculated with a turbid suspension of 
fresh colonies. There is now a data base for reading the API 20A 
reactions at 24 h, or the strips can be read at 48 h. The indicator to 
detect carbohydrate fermen-tation is bromocresol purple. An acid 
(positive) reaction is yellow (pH 5.2) or yellow-green, and a negative 
reaction is purple. Various anaerobes (mainly clostridia) reduce the 
indicator to colorless, straw yellow, muddy green-yellow, or pale 
(bleached-out) purple. If this change occurs, it is necessary to add 
back indicator to each carbohydrate tubule before reading the reactions. 
However, reactions still may not be clear-cut. Further details of the 
procedure are supplied by the manufacturer along with identification 
tables. and a numerical analytical profile index. 

The Minitek anaerobe differentiation system uses paper disks 
impregnated with various biochemical substrates. The disks are 
dispensed into wells of a special disposable plastic plate. Biochemical 
characteristics which can be determined with the system include the 
fermentation of glucose and several other carbohydrates plus esculin 
hydrolysis, nitrate reduction, and production of indole. The inoculum 
is prepared from fresh colonies on blood agar to achieve a dense 
suspension. Plates are incubated anaerobically for 48 h. Color reactions 
in this system may also be difficult to interpret because of reduction 
of the phenol red indicator. A positive reaction for carbohydrate 
fermentation is indicated by yellow (phenol red is yellow at pH 6.8 
and lower). Any orange to red-orange is negative. As for the API 
20A system, exposure of the esculin well to long-wave UV light is 
recommended to test for esculin hydrolysis. The directions of the 
manufacturer should be consulted for further details. A Minitek 
numerical identification system is available. 

Laboratories using either of these micromethod systems should 
use only the identification tables or numerical systems provided by 
the manufacturers. Both microsystems work best with selected 
saccharolytic gram-negative bacilli. The systems have been criticized 
for a lack of sufficient tests to characterize and identify asaccharolytic 
or weakly saccharolytic anaerobes, such as anaerobic cocci, and both 
systems should be supplemented with several additional tests. Tests 
that are often required for the identification of anaerobes that are not 
determined with these kits per se include the determination of the 
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relationship of isolates to oxygen, colony characteristics, reactions on 
I 

blood agar, Gram reaction, microscopic features, appearance and 
rapidity of growth in liquid medium, lecithinase and lipase activities 
on egg yolk agar, growth in the presence of 20% bile, action on 
milk, inhibition of growth by selected antibiotics and by sodium 
polyanetho-lsulfonate, and metabolic products determined by GLC. 

2.11.3 Presumpto Plate System 
The Presumpto quadrant plate system that was developed by 

Dowell, Lombard, and associates of the CDC is a practical and accurate 
way to characterize and identify anaerobes. This system has differential 
tests in Lombard-Dowell agar, with antibiotic disks, three quadrant 
plates, aerotolerance testing, observation of colonies, cellular 
morphology, and other criteria for identification. The commercially 
available Presumpto plate packaged system consists of three quadrant 
plates containing 12 differential agar media. The following 
characteristics are determined: indole, indole derivatives, growth on 
plain Lombard-Dowell agar, esculin hydrolysis, HS, catalase, lipase, 
lecithinase, proteolysis, growth in presence of 20% bile, and an 
insoluble precipitate in bile agar in Presumpto plate I; glucose 
fermentation, stimulation of growth by fermentable carbohydrate, starch 
hydrolysis, casein hydrolysis, and DNAse activity in Presumpto plate 
2; and mannitol, lactose, and rhamnose fermentation and gelatin 
hydrolysis in Presumpto plate 3. Presumpto plate I can be used with 
a CDC anaerobe blood agar plate on which disks are placed to 
determine inhibition by penicillin (2-D disk), kanamycin (l,OOO-lLg 
disk), and rifampin (l5-lLg disk) for the presumptive identification of 
gram-negative nonsporeforming anaerobic bacilli. Identification tables 
for use with the Presumpto system are published elsewhere. 

2.11.4 AT System 
The Anaerobe-Tek (AT) system, another packaged system that 

was recently marketed for anaerobe identification, consists of a round 
plastic plate divided into 11 peripheral compartments and a central 
well. This system permits the detection of 15 different characteristics 
within differential agar media. Although there is some similarity to 
the Presumpto quadrant plate system, there are several differences, 
particularly with medium composition and the performance of certain 
tests. The AT system permitted correct identification of only about 
50 % of the clinically isolated anaerobes tested in two collaborating 
laboratories and its reproducibility was between 92 and 99% in the 
two laboratories. At this time, the data base of the AT system needs 
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further work and expansion; media and procedural modifications are 
also needed. 

2.11.5 Microtube Plate Procedures 
Recently, we have been developing a practical microtube plate 

system that permits the determination of up to 50 differential tests 
for the expanded biochemical characterization of anaerobe isolates. 
A data base and a computer program for data storage with numerical 
profiles and tables for identification have been developed. Media can 
be distributed into plates containing 96 wells (Belleo) with an 
automated Quick Spense dispensing device (Belleo) and then frozen 
at -80°C until needed. In addition to biochemical testing, broth 
microdilution antimicrobial susceptibility tests done with this system 
show a high correlation with the agar dilution reference method. This 
system is rapid to inoculate and read, and it offers potential cost 
savings to laboratories that have the resources to prepare and store 
their own plates. Prepackaged microtube plates for microtube 
susceptibility testing are now commercially available from at least 
two companies; these plates should be of interest to laboratories that 
lack the equipment and personnel to manufacture their own plates. 

2.11.6 Rapid Enzyme Systems 
An exciting new development in clinical anaerobic bacteriology 

is the introduction of commercially packaged microsystems for the 
detection of enzymes within a few hours after the systems have been 
inoculated. One enzyme detection system, API ZYM (Analytab), has 
been marketed for several years as a research tool but is without a 
data base for anaerobe identification. Recent work with the API ZYM 
system has indicated that enzyme profiles of clinically encountered 
anaerobes and selected stock reference strains are sufficiently 
distinctive to merit future development of this kit for the rapid 
identification of anaerobes. In addition to API ZYM, a second rapid 
system, called the An-Ident, has been" recently marketed by Analytab. 
Like API ZYM, An-Ident requires only 4 h of aerobic incubation. 
Unlike the situation with API ZYM, a data base and numerical 
identification profile for An-Ident are being developed by the 
manufacturer, and the system differs from the API ZYM system with 
regard to the dehydrated substrates for enzyme detection. It also uses 
some miniaturized conventional tests and requires different reagents. 
The An-Ident system is currently being evaluated in a number of 
laboratories. Recently, the IDS RapID ANA micromethod was 
introduced, which is also a rapid enzyme kit for the identification of 
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anaerobes within 4 h of aerobic incubation after inoculation with a 
turbid culture suspension. A comparison in our laboratory of IDS 
RapID ANA with conventional identifications with PRAS media 
demonstrated correct identifications of 90 % of more than 300 fresh 
clinical isolates of anaerobic bacteria. 

2.12 REPORTING OF RESULTS 
The results of the direct microscopic examination should be 

reported rapidly, during the same day the specimen was received. 
This report should include a phone call in urgent situations, in addition 
to sending a report of direct Gram stain results to be put on the 
patient's chart. A preliminary culture report should be sent when an 
isolate is shown to be an obligate anaerobe. This preliminary report 
is often 24 h after performance of the anaerobic and aerobic subcultures 
from the primary isolation plate, but slow-growing anaerobes may 
require more time (e.g., 2 to 7 days). The report should describe the 
Gram reaction, cellular morphology, relation to oxygen, and relative 
number (e.g., rare, few, moderate, many, or 1+,2+, 3+, or 4+) 
of each organism on the primary isolation plates. At this time it may 
be possible to report the presumptive identity to species of C. 
perjringens. F. nucleatum. the pigmented or fluorescent B. 
melaninogenicus-B. asaccha-rolyticus group, and certain others. 
Members of the B. jragilis group can often be recognized by an 
experienced microbiologist on the basis of Gram stain and colony 
characteristics (as observed through a dissecting microscope) on CDC 
anaerobe blood agar, phenyl ethyl alcohol, and paromomycin
vancomycin or kanamycin-vancomycin medium on the basis of the 
relationship to oxygen (i.e., obligate anaerob). Identification tests should 
then be performed for each isolate as described depending on the 
morphologic group of the anaerobic isolate. 

Wounds and abscesses frequently contain multiple species of 
bacteria, among which anaerobes are mixed with other anaerobes, 
facultative anaerobes, or aerobes. There may be 6, 8, 19, or more 
colony types on the primary isolation plates, and it is likely that 
species present in small numbers may be missed. The cost (in terms 
of tinle and supplies) of identification and susceptibility testing of 
multiple isolates is considerable. There are no established rules on 
whether to limit the number of isolates identified. The relative 
proportion of squamous epithelial cells and polymorphonuclear 
leukocytes and the relative number of different morpho types of 
microorganisms present in the Gram-stainf"-<i smear of the specimen 
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aid in assessing specimen qUality. When nmnerous morphologic fonns 
of bacteria are seen (e.g., in a wound, peritoneal fluid, endometrial 
specimen, etc.) but no inflanunatory cells are present, it is our practice 
to contact the physician, discuss the clinical setting, attempt to 
interpret the quality of the specimen, and limit the extent of culture 
workup. In most instances there is no useful information to be gained 
by culture and identification when the direct smear suggests or 
confinns that the specimen was of poor quality. In some instances, 
the physician may wish to know only if certain anaerobe species are 
present (e.g., B. fragilis or C. perjringens). On the other hand, in 
certain clinical situations (e.g., bacteremia, brain abscess, lung 
abscess, tuboovarian abscess, crepitant cellulitis, myonecrosis, and 
other serious infections), it would be a serious mistake to limit 
identification of the anaerobe spec:es. It is desirable to hold cultures 
for several days under anaerobic conditions when isolates are reported 
to a preliminary group level. This holding will allow more complete 
identification if it becomes desirable or is requested by the physician. 

It is emphasized that biochemical reactions in different test 
systems depend on the ratio of inoculmn to substrate, the substrate 
concentration, the composition and buffering capacity of the basal 
medium, the pH endpoint as determined by a pH meter or pH 
indicator, and other variables. Thus, the results of differential tests 
in one system will not necessarily agree with those obtained in another 
system. The tables referred to for the identification of isolates should 
be those based on the media and methods used for the characterization 
of an isolate. For example, you should not use VPI tables if you 
use Minitek differential tests. The procedures and references should 
be followed if their identification tables are to be interpreted 
accurately. 

The new rapid enzyme systems, discussed above, are of considerable 
interest. As we enter the era of prospective payment and diagnosis
related groups, these systems offer promising approaches to 
microbiologists who are faced with providing reasonably accurate 
identification results to clinicians within a time frame that is relevant 
to immediate patient care, while minimizing laboratory costs. The 
potential clinical usefulness of anaerobe identifications should be much 
greater with a system that identifies isolates on the same day that 
colonies are available in pure culture than with an older system that 
requires I, 2, or more days of anaerobic incubation before identifications 
can be made. It appears that many of the asaccharolytic anaerobes, or 
weak fermer..ters, that "do nothing" or are nonreactive in traditional 
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carbohydrate tests are reactive in the new enzyme kits. Conventional 
systems for the identitication of anaerobes will remain the reference 
standard methods for phenotypic characterization and will be necessary 
for taxonomic classification and other research. Unfortunately, 
conventional systems for anaerobe identification are labor intensive and 
have a relatively high materials cost. The overall time required for 
laboratory personnel to inoculate, read, and record results with the 
rapid' enzyme kits is about 2 to 3 min, which is less time than for the 
conventional systems. Also, materials costs of the new systems, thus 
far, are competitive. Gram reaction, morphology, determination of 
relationships to oxygen, and a few additional tests are required to 
supplement the rapid enzyme systems, but the need to use CT C and 
a battery of other tests is less than that required for older packaged 
micromethod kits (e.g., MiniTek and API 20A) that dependon the 
growth and fermentation of carbohydrates. As a note of caution, the 
data bases of these enzyme systems will need to be expanded in some 
areas (e. g., additional data are needed for nonsporeforming gram
positive anaerobic bacilli and clostridia) before these systems can be 
recommended for routine use. 

It is often difficult to know how far to go in the identitication of 
a given anaerobe isolate. The time required will depend both on the 
growth rate of the isolate and on the kinds of tests used (or required) 
for its differentiation. The results of presumptive identitication should 
be reported as soon as they are available. Detinitive identitication 
(i.e., by a conventional approach) should be carried out as dictated 
by clinical circumstances, the needs of the physician, and research 
interests. Defmitive identitication may take longer but is still required 
to further detine the role of obligate anaerobes in health and disease, 
to educate both clinicians and microbiologists, and to assist the 
physician in providing optimal patient care. In an individual laboratory , 
the choice of identitication procedures and the extent of anaerobe 
identitication will depend on the technical competence of the personnel, 
the resources available, the patient population being served, and the 
needs of the physician staff. 

2.12.1 Use of Reference Laboratories 
Laboratories are encouraged to utilize the services of reference 

laboratories for assistance or contirmation of identitication, especially 
in serious illnesses such as anaerobe septicemia. Reference laboratories 
are also useful for the performance of anaerobe susceptibility tests if 
the laboratory does not have this capability. Isolates should be 
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submitted in agar deeps (e.g., motility medium), plain cooked-meat 
medium, or a transport medium. Inoculate the agar deep or cooked
meat medium to the bottom with a capillary pipette, and incubate 
the medium until good growth has occurred before shipment. Inoculate 
the Cary-Blair or Port-A-Cul transport medium with a swab from 
fresh colonial growth, but do not incubate it before shipment. All 
tubes should be tightly sealed with a screw cap. 
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In addition to the protozoa which infect the gastrointestinal tract, other 
protozoa may infect the blood and tissues. Protozoan infections readily 
demonstrable in blood or tissue accessible to biopsy (malaria, 
cutaneous leishmaniasis) are usually diagnosed morphologically. 
Infections of the central nervous system and other deep sites 
(toxoplasmosis) are usually diagnosed by serology. 

3.1 MALARIA 
Malaria is of overwhelming importance in the developing world 

with 150 to 200 million cases causing over I million deaths each year. 
Although malaria is distinctly less common in industrialized countries, 
300 to 400 cases are diagnosed each year in the United States and 
reported to the Centers for Disease Control (CDC). Infections caused 
by Plasmodium jalciparum are more fulminant than those caused by 
other plasmodia and may produce coma and renal failure within 2 to 
3 days in nonimmune patients. In addition, P. jalciparum infections 
are often resistant to chloroquine. Therefore, the laboratory must 
provide a rapid diagnosis of the· infecting species so the clinician can 
choose appropriate antimalarial agents and anticipate the likely 
complications. 

Four plasmodia infect humans: P. jalciparum, Plasmodium vivax, 
Plasmodium ovate, and Plasmodium malariae. For clinical purposes, 
P. ovate (which is uncommon) is very similar to P. vivax. In contrast, 
P. malariae rarely causes acute illness. Therefore, the differential 
diagnosis of malaria in the acutely ill patient can usually be considered 
as the distinction between P. jalciparum and P. vivax. 

82 
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TABLE 3.1: SIMPLIFIED IDENTIFICATION OF PLASMODIA 

Characteristic P. vivax P. JaIci- P. ma-
and P. ovaIe) pamm lariae 

Enlarged infected cells + 0 0 

Schuffner stippling + 0 0 

Multiple erythrocytic + 0 + 
stages on smear 

Multiply infected ± + 0 

erythrocytes 

Malaria is transmitted to humans through the inoculation of 
infectious sporozoites by female anopheline mosquitoes. Those 
sporozoites then travel via the bloodstream to the liver, where they 
infect hepatocytes. After a delay of 8 to 25 days (depending on the 
plasmodial species), the sporozoites mature to tissue schizonts and 
release merozoites which enter the bloodstream and infect erythrocytes. 
An asexual replication cycle then recurs in the bloodstream at regular 
intervals, depending on the species (48 h for P. JaIciparwn. 48 h for 
P. vivax and P. ovale. or 72 h for P. malariae). until chemotherapy, 
acquired immunity, or death supervenes. In relapsing malarias (P. 
vivax and P. ovale). some of the sporozoites entering hepatocytes 
become dormant. These hypnozoites can develop to mature tissue 

TABLE 3.2 : PLASMODIAL L'\'FECTlON AND ERYTHROCYTE 
AGE 

Plasmodium species 

P. malariae 
P. vivax (and P. ovale) 

P. Jalcipanun 

Erythrocyte 
age 

Old 

Young 

Any age 

Maximal 
parasitemia (per ILL) 

10,000 
25,000 

>-1,000,000 

schizonts 6 to 24 or more months later and provide a morphologic 
correlate to explain the phenomenon of relapsing malaria. Primaquine, 
which is used to prevent relapses, eradicates hypnozoites. Although 
gametocytes do not produce disease in humans, they are essential to 
complete the life cycle of the parasite. In the mosquito, macro- and 
microgametocytes (derived from infected erythrocytes) fuse to form 
an ookinete, which eventually produces infectious sporozoites. 

For practical purposes, malaria is endemic only in the Third World. 
However, the traveler acutely ill with malaria is often misdiagnosed 
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because the typical symptoms of fever, chills, and myalgia are 
nonspecific and may not develop until after one's return to an area in 
which malaria is not endemic. Malaria may also be transmitted by the 
transfusion of infected blood or blood products, including the sharing 
of syringes among drug addicts, and on occasion from mother to 
child (congenital malaria). 

3.1.2 Diagnosis of the Infecting Species 
Characters for identification of malaria species are outlined in 

Tables I. Morphologic diagnosis is the only practical means of 
diagnosing malaria within a clinically relevant time frame. Because 
P. Jalciparum infections are often chloroquine resistant, rapid diagnosis 
of the infecting species is essential for appropriate therapy. Thin and 
thick films of blood are prepared and stained with Giemsa. Serologic 
tests are not useful for the diagnosis of acute infections because most 
patients require 3 or more weeks to produce a diagnostic rise in 
antibody titer. 

The more sensitive thick blood films permit one to examine 
volumes of blood approximately IO-fold greater than on thin smear. 
The sensitivity is greater because the erythrocytes on the thick smear 
are lysed by exposure to hypotonic Giemsa stain without prior methanol 
fixation. The result is that only parasites and leukocytes remain after 
staining. One disadvantage of thick smears is that one cannot determine 
whether a given plasmodium increased the size of its host erythrocyte 
as it matured, as do both P. vivax and P. ovale. Although most 
malariologists prefer thick smears, investigators who infrequently 
examine positive blood fIlms usually fmd that thick smears are more 
difficult to read than thin smears. Thus, despite the theoretical 
advantage of thick smears (greater sensitivity), we believe they are 
not optimal for laboratories that rarely examine positive smears. 

The most important pitfall in Giemsa staining is failure to control 
the pH of the phosphate buffer, which should be between 7.0 and 
7.2. The staining of Schuffner stippling (which is present in 
erythrocytes infected by P. vivax or P. ovale) is particularly pH 
dependent, and incorrectly buffered stain may cause P. vivax parasites 
without visible Schuffner stippling to be mistaken for P. falciparum. 

In microscopic examination of the stained blood film, 
inexperienced observers commonly make two mistakes. 

I. Inadequate magnification. Ring-stage malaria parasites are 
often £ 2 /Lm in diameter. For this reason, oil immersion 
magnification (>x1,OOO) is essential. Standard high-power 
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magnification without oil (x440) is inadequate to distinguish 
malaria parasites from platelets, precipitated stain, and 
nonspecific debris. 

2. Confusion of parasites with platelets. Platelets are similar 
in size to malaria parasites and are often mistaken for 
plasmodia when they are on top of an erythrocyte in the 
blood film. This confusion can usually be resolved by 
identifying other platelets which are not within erythrocytes 
by their similar morphology (on thin smears) and by 
determining that no chromatin dots, signet rings, or pigment 
are present. 

3.1.3 Identification 
For acutely ill patients, the infecting species is usually either P. 

falciparum or P. vivax and can often be identified microsco-pically by 
using the relatively simple criteria of cell size, Schuffner stippling, 
variety of parasite stages, and multiply infected erythrocytes. However, 
if Schuffner stippling is not present and if most parasites are ring 
stages, it may be difficult or impossible to distinguish between P. 
faIciparum and P. vivax (or P. ovale). In such situations and in patients 
who may be infected by more than one malaria species, more subtle 
criteria are used, such as the number of parasites per cell and the 
central versus peripheral location of lhe parasite within the erythrocyte. 
However, these criteria are less reliable and can be misleading (e. g. , 
P. vivax infections may produce more than one parasite per erythrocyte, 
have double chromatin dots, and have parasites at the periphery of the 
erythrocyte). Other ancillary criteria include the intensity of the 
parasitemia (P. falciparum produces the highest parasitemias because 
it can invade erythrocytes of all ages), the presence of various stages 
including trophozoites or schizonts on the blood smear (only ring forms 
and gametocytes circulate in P. falciparum infection), and the number 
of merozoites in a mature schizont. 

Although gametocytes of P. falciparum are diagnostic, their 
absence does not permit one to exclude that diagnosis. P. Jalciparum 
gametocytes take longer to mature than the asexual stages of the 
parasite (8 to 10 days versus 48 h), and nonimmune travelers often 
become severely ill before sufficient time has elapsed to permit the 
maturation of gametocytes in vivo. Thus, despite their prominence 
in textbooks, gametocytes are rarely present on blood smears obtained 
from acutely ill nonimmune patients. 
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3.2 EXAMINATION OF THE BLOOD SMEAR 
Treatment with antim3Iarial agents may radically change -parasite 

morphology within boors. In addition, the synchronous nature of these 
infections means that the apparent parasitemia may drop precipitously 
during day 2 of the cycle in infections such as P. faldparum (which 
are associated with peripheral sequestration of trophozoite- and 
schizont-containing erythrocytes) even if therapy has been ineffective. 
For these reasons, apparent changes in viability and numbers of 
parasites should be interpreted with caution. 

3.2.1 Serologic Diagnosis 

Because serologic testing for malaria requires several weeks for 
a change in antibody titer to occur and another delay while the specimen 
is sent to the CDC or another reference laboratory, it is not useful for 
the diagnosis of acutely ill patients. However, if the morphologic 
diagnosis is not clear (e.g., because smears were obtained only after 
treatment, because the patient was treated empirically, or because of 
a very low parasitemia), serologic testing may be helpful. For example, 
patients with indirect immunofl-uorescence (IIF) patterns suggestive of 
recent P. viwu: infection should receive a 14-day course of primaquine 
(to prevent a late relapse due to persistent hypnozoites in the liver) even 
if their original illness responded to treatment with chioroquine alo!)'!. 
Antigens currently tested at CDC are P. falciparum. P. vivax-. and:' P. 
malariae. No conunercial reagents or kits are available. Serologic 
testing is often helpful in making retrospective diagnoses in tourists or 
others with single exposures because the titers observed correlate with 
the infecting species in acute infections. Serologic testing is also helpful 
in the identification of infected blood donors associated with transfusion 
malaria. It is not particularly useful for individual patients in endemic 
areas because of cross-reactivity and because titers may remain elevated 
for years, although the testing may be helpful in epidemiologic studies. 
In persons with a defined single exposure (e.g., U.S. citizens), titers 
of < 1:64 probably indicate no clinical involvement, 1:64 indicates 
a probable recent exposure, and higher titers indicate recent clinical 
involvement. 

3.3 BABESIOSIS 
Babesia species that may infect humans include B. microti. a 

rodent parasite, and B. bovis. a parasite of cattle which has been 
associated with disease in splenectomized patients. Like plasmodia, 
babesia live within erythrocytes and (in severe infections) may produce 
massive hemol~is. In contrast to plasmodia, babesia have no known 
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exoerythrocytic stages. Babesiosis was first described in humans as a 
fatal infection of splenectomized patients and other immunosuppressed 
hosts. However, subsequent serologic studies have shown that undiag
nosed babesia infection is relatively common among residents of areas 
such as Martha's Vineyard in which the disease is known to be 
endemic, and that most patients recover uneventfully. 

Babesiosis is a zoonosis that involves humans only accidentally. 
Its reservoirs are wild mammals such as deer and mice and the tick 
vector, which can perpetuate the infection by transovarial transmission. 

3.3.1 Diagnosis 
Recent studies by Wittner and his colleagues indicate that the 

combination of clindamycin plus quinine is effective for the treatment 
of babesiosis in humans. Because chloroquine is ineffective against the 
parasite despite its antipyretic activity, the laboratory must be able to 
recognize babesiosis and to distinguish it from malaria, for which 
chloroquine is usually the treatment of choice. 

Figul·e 3.1 : Morphology of PlaslllodiulIIlIlalanae in thick blood film. Small trophozoites 
toward 6 o'clock. Growmg trophozoites slightly above center. Mature trophozoite at 5 
o'clock. Immature schizonts at 12, I, and 3 o'clock. Mature schizonts at 4 and 9 
o'clock. 

In contrast to patients with malaria, most patients with babesiosis 
are not critically ill. For patients with subacute babesia infection, 
the del'!ys involved in serologic diagnosis are acceptable, and initial 
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serologic titers are often diagnostic. However, morphologic diagnosis 
is essential for critically ill patients who must be diagnosed and treated 
rapidly. Diagnosis by the inoculation of susceptible animal hosts is 
more sensitive than diagnosis by morphology and is often useful in 
chronically infected patients. However, this technique is available only 
in research laboratories. 

Babesiosis is usually diagnosed by using Giemsastained thin 
smears. Babesia parasites are typically smaller than plasmodia, but 
there is overlaP. Erythrocytes may contain multiple parasites which 
are usually close together. Pigment is not seen, even in erythrocytes 
with multiple parasites, whereas pigment would be present in malaria 
schizonts. If only ring forms are seen and there are neither pigment 
nor gametocytes, it may be impossible to differentiate babesiosis from 
malaria (especially P. !alciparum) on a single smear. Except in 
splenectomized patients, babesia parasitemias are typically low. The 
small ring forms are frequently mistaken for platelets. The most 
readily recognizable stage is the tetrad, which has four pyriform 
organisms grouped together with no pigment. Trophozoites 
occasionally may also be seen free (outside erythrocytes) in the 
peripheral smear. 

Serologic testing is most frequently employed for epidemi-ologic 
studies of patient populations potentially exposed to babesia. However, 
it may also be useful for the evaluation of individual patients with 
subacute symptoms who do not have identifiable parasites in their 
blood smears, since less severely ill patients may have parasitemias of 
< 0.1 %, which are difficult or impossible to diagnose by morphology 
alone. The value of serology is unfortunately compromised by cross
reactivity with malaria. Therefore, because there are ambiguities of 
both morphology and serology, a careful history of overseas travel 
and exposure is essential before interpreting a positive result as 
diagnostic of babesiosis. The test is available at CDC (no commercial 
reagents or kits are available) and uses lIF. 

3.4 LEISHMANIASIS 
Leishmania spP. cause a variety of clinical illnesses in humans 

depending on the ability of the organism to proliferate in deep tissues 
(at 37°C) or near the skin surface at lower temperatures (e.g., 25°C). 
Although molecular studies with restriction endonucleases and isozyme 
patterns should ultimately provide a sound biochemical basis for 
species identification of the leishmania, laboratory diagnoses are 
generally based on smears or histopathology (only occasionally on 
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cultures at this time) and additional clinical information to characterize 
the species (i.e., the geographic area of exposure, anatomic sites 
involved, and overall clinical picture). 

Human infections may be produced by Leishmania donovani 
(kala-azar), which typically involves liver, spleen, and bone marrow, 
or Leishmania tropica, Leishmania mexicana, and Leishmania 
braziliensis, which produce cutaneous or mucocuta-neous infections. 

Each of the leishmania requires a phlebotomus sandfly to 
complete its life cycle. The epidemiology of these infections also 
requires a reservoir of infected mammalian hosts (dogs, jackals, and 
rats for L. donovani; gerbils and other rodents for L. tropica, L. 
mexicana, and L. braziliensis). Because of these constraints, 
leishmaniasis is an imported disease in countries such as the United 
States. 

Figure 3.2 : Morphology of Babesia microti in thin blood films, Giemsa stam. (A) 
Erythrocyte containing ring form plus two extraerythrocyllc babesia organisms. (B) 
Erythrocyte containing small ring and erythrocyte containing more mature trophozOIte 
without pigment. (C) Erythrocyte containing tetrad. 

3.4.1 Diagnosis 

Morphologic diagnosis is the most accepted method for the 
identification of these intracellular parasites which are typically found 
in the vacuoles of mononuclear cells or macrophages. In tis~ue sections 
or impression smears stained with Giemsa, the amastigote form of the 
parasite is identified by the presence of both the darkly staining 
kinetoplast and a lighter-staining nucleus. L. donovani is usually 
diagnosed in specimens from liver, spleen, bone marrow, or lymph 
nodes. When scrapings or biopsies of cutaneous or mucocutaneous 
lesions are obtained for other leishmania, care must be taken to sample 
the active margin of the lesion and to avoid confusing gram-positive 
cocci (which are normal skin flora) with leishmania. Gram-positive 
cocci typically resemble the kinetoplast alone, without a nucleus or a 
surrounding mononuclear phagocytic cell. 

Culture of the blood (or buffy coat) in kala-azar or of aspirates 
or skin scrapings in the cutaneous forms of the disease is definitive. 



90 PRINCIPLES OF MICROBIOLOGY 

However, such culture may provide false-negative results if antibiotics 
are not added to the cultures to suppress bacterial growth or if the 
biopsy or scraping is inadequate. 

Figure 3.3 : Macrophage containing intracellular amastigotes of Leishmania donovani. 

3.4.1.1 Serologic diagnosis 
Serologic tests may be of value in visceral leishmaniasis but are 

of more limited usefulness in the cutaneous form of the disease. 
Positive serologic results are especially helpful in residents of the 
developed world who have had defmed exposures. However, because 
the test may remain positive for years, it is less useful for the study 
of persons who have resided for years in endemic areas. The most 
frequently used serologic test is the IIF. Although a promastigote 
antigen obtained from cultured parasites may be used to diagnose 
visceral disease, an amastigote antigen is necessary to test for the 
cutaneous form. The older complement fixation (CF) test using a 
mycobacterial antigen is also useful. Specimens should be tested with 
both IIF and CF. Titers of? 1: 16 (IIF) or ? 1:8 (CF) are significant. 
Identification of the infecting species is not possible with serology 
alone, and cross-reactions occur in patients with Chagas' disease. 
No commercial reagents or kits are available. 

3.5 TRYPANOSOMIASIS 
Neither American trypanosomiasis (Chagas' disease) nor African 

trypanosomiasis (sleeping sickness) is a major health problem in the 
United States or other developed countries. Although virtually all 
human cases of these diseases are imported, occasional endogenous 
human cases of Chagas' disease may occur in the South, Southeast, 
and Southwest United States. 
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Trypanosomes known to infect humans include Trypanosoma cruzi 
(the cause of Chagas' disease) and Trypanosoma brucei gambiense 
and Trypanosoma brucei rhodesiense (which cause sleeping sickiless). 

3.5.1 Chagas' Disease 
The life cycle of T. cruzi requires both an animal reservoir (usually 

rodents) and an insect vector. Both the reduviid (triatomid) vector and 
an animal reservoir exist in an area extending from Georgia to California 
and presumably account for the few reported cases of Chagas' disease 
in lifelong residents of the United States. Infectious parasite forms are 
present in feces of the vector and are rubbed into the bite wound, 
causing a local lesion (the chagoma). Proliferation of the arnastigote 

Figure 3.4 : Trypanosoma cruz; amastigotes in skeletal muscle, hematoxylin and eosin 
stain, and trypomastigote in peripheral blood, Giemsa stain. 

stage occurs in organs such as the heart.. Trypomastigotes may be 
present in peripheral blood early in the disease, but they do not 
proliferate. Acute disease usually resolves without treatment. More 
chronic sequelae of the disease sucb as myocardial conduction defects, 
megacolon, and megaesophagus develop years after the initial 
infection. 

3.5.2 African Trypanosomiasis 
The transmission of African trypanosomiasis to humans requires 

tsetse flies. These insects are not present in the United States, which 
helps to limit this disease to Africa. The reservoir of African 
trypanosomiasis is primarily in humans in West Africa (T. brucei 
gambiense) and in wildlife such as impala in East Africa (T. brucei 
rhodesiense) . 

Infection with T. brucei rhodesiense classically produces septicemic 
disease with generalized lymphadenopathy and may also cause fatal 
encephalitis within a few months. In contrast, T. brucei gambiense 
causes a more indolent disease which rarely produces encephalitis 
(sleeping sickness) in less than 2 to 3 years. 
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3.5.3 Diagnosis 
In Chagas' disease, trypomastigote forms of the parasite · may be 

found in the peripheral blood early in the disease (within the first 
several months). Later, the organism can be seen (in the amastigote 
form) on histopathologic examination of involved organs such as the 
heart, although the organism is often difficult to find. Culture of 
peripheral blood on NNN media, when positive, is also diagnostic. 
Trypomastigotes of T. cruzj are typically less sinuous than those of 
the African trypanosomes and have a larger kinetoplast. However, 
the diagnosis is usually established by serologic testing. 

A number of tests have been evaluated, with indirect hemaggl
utination and CF persisting as the tests of choice. Both tests are sensitive 
but have major cross-reactivity with leishmaniasis. The CF test, less 
sensitive than the indirect hemagglutination test but more specific, is 
most useful in the diagnosis of acute infection. Rising CF titers are 
highly suggestive of active acute disease. Realizing that serologic results 
are not absolute, a CF titer of ~ 1:8 is considered indicative of acute 
infection, whereas an indirect hemagglutination result of ~ 1: 128 indicates 
chronic disease, especially if the CF test is negative. Usually both tests 
are performed on each specimen to provide the maximum information. 
Recently, an enzyme linked immunosorbent assay (ELISA) test has 
been evaluated. The assay is promising, but has not been adopted for 
clinical use. There are no commercial reagents in the United States. 

In contrast to T. cruz;, the organisms of African trypanosomiasis 
remain extracellular as trypomastigotes and proliferate in that stage. 
They ~e more sinuous and have a smaller kinetoplast than that of 
T. cruz;. They circulate in the peripheral blood acutely and may be 
seen in biopsies or aspirates of involved lymph nodes, as well as in 
bone marrow. Late in the disease, trypanosomes may be found in 
cerebrospinal fluid by Giernsa stain of smears of the cell pellet after 
centrifugation. Increased levels of immunoglobulin M (IgM) in spinal 
fluid are characteristic, although not diagnostic. 

Because single exposures tend to produce titers that remain 
positive, serologic testing is most valuable for the study of tourists 
who have had only a single defmed exposure. No kits or reagents 
are commercially available. 

3.6 TOXOPLASMOSIS 
The high prevalence and protean manifestations of toxoplasmosis 

make diagnosis extremely challenging. Since T. gondii is an obligate 
intracellular parasite, culture attempts are frequently negative even in 
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known cases, Conversely, a large number of healthy individuals have 
asymptomatic chronic infections with pseudocysts, and the organism 
can be isolated from biopsied tissue. Thus, isolation of the parasite 
from tissue by cUlture or mouse inoculation, even when successful, is 
only an aid to diagnosis and is not diagnostic of acute infection. 
Trophic forms (tachyzoites) are rarely seen in tissue sections or body 
fluids, but when present, they are diagnostic of acute infection. 
Infection may cause a variety of manifestations. Acute infection in 
healthy individuals may resemble infectious mononucleosis. Congenital 
infection, acquired in utero from mothers with acute infection, may 
cause a" devastating syndrome with severe central nervous system and 
ocular abnormalities which may be fatal. Howevesymptomatic ocular 

Figure 3.5 : Trypomastigotes of TrypanosolTUl broCl!i rlwdesiense in mouse; thin film, 
IOxoplasmosis may first develop in Giemsa stain. One trypomastigote is in the process 
of cell division. 

adults years after the primary infection. Reactivation of infection in 
immunocompromised patients, such as those with AIDS (acquired 
immunodeficiency syndrome) or those receiving immunosuppression 
for transplantation, also typically develops years after the primary 
infection. Characteristic features of reactivated infections in immuno 
suppressed patients include encephalitis, pneumonitis, and myocarditis . 

Humans and a variety of other animals serve as intermediate 
hosts for toxoplasma. The sexual stage, which occurs in cats, causes 
an intestinal infection resembling isosporiasis. Humans may acquire 
the infection by the ingestion either of oocysts in material contaminated 
with cat feces or of inadequately cooked meat containing cysts from 
other intermediate hosts. 

In most industrialized nations, approximately 30% of the 
population have IIF or dye test titers of I: 16 or greater, although 
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the prevalence of antibodies varies among the populations being 
studied. In certain areas in France, prevalence ranges as high as 80%, 
and in some areas of the United States it is as low as 1 %. The 
overall prevalence of antibodies in the adult population in the United 
States is assumed to be 25 to 30%. New infections in the United 
States are estimated to be 1 % per year. 

In addition to the large number of asymptomatic cases, there are 
four major forms of clinical toxoplasmosis, each of which requires a 
different interpretation of serologic test results: congenital infection, 
matern:li infection acquired during pregnancy, ocular infection, and 
adult disseminated cerebral infection. More than with any other form 
of disease, the serodiagnosis of congenital infection depends upon the 
accurate measurement of specific IgMantibodies. IgG antibodies are 
efficiently transported from maternal to fetal circulation and in some 
cases may be slightly higher (twofold) in the fetus. IgM antibodies, 
on the other hand, are not shared by mother and fetus, except when 
placental damage and leakage occur. ~is situation occurs in only a 
small percentage of cases. IgM antibody in the newborn circulation is 
generally considered of fetal origin and is diagnostic of congenital 
infection. However, the detection and measurement of IgM antibody 
are fraught with problems. Rheumatoid factor and antinuclear antibodies 
give false-positive reactions in the IIF test, IgM antibodies are 
frequently blocked by IgG antibodies, and until recently, IgM-specific 
serologic tests were insensitive. Consequently, serologic results must 
be considered carefully . The diagnosis of toxoplasmosis in a newborn 
infant requires a positive toxoplasma IgM test and an IgG titer 
equivalent to maternal IgG. Infant sera must always be tested in parallel 
with a maternal sample. 

Figure 3.6 : Trophozoiles (tachyzoiles) and pseudocyst of Toxoplasma gondii. 

Most tests on obstetric patients are performed for screening rather 
than diagnosis. The presence of maternal antibody before conception 
indicates immunity, although a few exceptions have been documented. 
In general, serologic procedures for screening are used qualitatively 
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to test for the presence of antibody, and the absolute titers are less 
important. Infections acquired during pregnancy are associated with a 
risk of transmission to the fetus. To determine whether a positive titer 
in a pregnant woman represents acute infection, a prepregnancy <or 
very early pregnancy sample is extremely valuable. However, in most 
cases these samples are not available, and clinical decisions must be 
based on more limited serologic information. Since approximately 
one-third of pregnant women have IgG antibody without evidence of 
active disease, IgG levels must be unusually high to be of significance. 
IgM antibodies, on the other hand, do not persist, and their presence 
indicates a relatively recent infection. For the serodiag-nosis of acute 
infection, titers of 1:64 are usually Accepted as minimal for IgM, and 
titers of 1: 1 ,024 are minimal for IgG in adults. Interpretations based 
on these serologic guidelines are, of course, influenced by the clinical 
presentation. Significant levels of IgM antibody are assumed to indicate 
that the infection was acquired within the past 6 months, although 
newer tests can measure IgM in some patients for up to 1 year. The 
absence of IgM antibody, particularly by newer procedures, mitigates 
strongly against recent infection. 

Ocular toxoplasmosis is usually diagnosed clinically, and serology 
serves only for confirmation. These cases are often confusing because 
the antibody response may be extremely poor when the major, or 
only, clinical manifestation is ocular. These patients commonly have 
tlters of ~ 1:8-far below those accepted as diagnostic in other adult 
infections. Although the importance of these low levels is 
questionable, the absence of IgG antibody indicates that the likelihood 
of ocular toxoplasmosis is nil. Since virtually all ocular cases are 
considered a reactivation of old infection, IgM antibody testing rarely 
plays a role in the serodiagnosis of the ocular disease. 

Adult disseminated cerebral toxoplasmosis is a clinical entity 
which was extremely rare until the appearance of AIDS in the past 
5 years. Serologic study of these cases suggests that they represent 
the reactivation of chronic toxoplasmosis, rather than recent infection. 
Most cases of cerebral toxoplasmosis in these patients have been 
characterized by high levels of IgG antibody and an absent IgM 
response, even early in the disease. Because AIDS is relatively new 
and few cases have· been studied, the interpretation of serologic results 
is still uncertain and serology can serve only as an adjunct to clinical 
and pathological diagnosis. 

A variety of serologic procedures are available both commercially 
and at specialty laboratories. In general, these procedures can, be 
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divided into three types: screening tests, quantitative tests, and tests 
for measuring IgM antibody. Qualitative screening tests include latex 
agglutination, direct agglutination, indirect hemagglutination, and 
ELISA. These tests have all been evaluated and shown to be reliable. 
For diagnosis, screening tests should not be used alone. Rather, positive 
results and questionable negative results should be confirmed by 
quantitative testing. 

Quantitative procedures include IIF tests, methylene blue dye test, 
and ELISA. ELISA procedures are relatively new, and more 
experience will be necessary before ELISA can be accepted as the 
test of choice. Numerous reports have demonstrated the comparability 
of IIF and dye tests. Because of its ease of performance and the 
availability of reagents, the IIF test is the test of choice for the clinical 
laboratory. It is both specific and sensitive. 

IIF and ELISA procedures have been developed to detect IgM 
antibody. Until recently, lIP was the only acceptable test, and it was 
recognized as having limitations. Rheumatoid reactions could be 
removed only by adsorption, and false-negative reactions were not 
uncommon, especially in newborns. Antitoxoplasma IgG, which 
blocked the detection of antitoxoplasma IgM, could be removed only 
with the use of columns or ultracentrifugation to separate IgG from 
IgM. However, ELISA systems have now been developed which use 
a capture method. IgM antibody is captured by anti-p. antibody on 
the solid phase, and conventional ELISA techniques are then used to 
complete the test. By this method, IgM is isolated from IgG, and 
both rheumatoid reactions and blocking by IgG can be eliminated. 
Although the sensitivity of this test is greater than that of the IIF 
test, false-negative results may occur, especially in newborns. When 
it becomes commercially available, the capture system will 
undoubtedly be the test of choice for the detection of IgM antibody. 

Commercially, a variety of reagents and kits are available. All 
have been evaluated and found adequate, although quality control 
problems continue to plague the industry. Latex, direct agglutination, 
indirect hemagglutination, ELISA, and IIF kits are available. 
Consumers should restrict products precisely to their intended use. 
Screening tests or semiquantitative procedures should not be used 
for clinical diagnosis. 

3.7 PNEUMOCYSTIS INFECTION 
Pneumocystis infection should be considered in patients who 

develop bilateral diffuse pulmonary infIltrates, particularly patients 



EUKARYOTIC MICROBIOLOGY 97 

on immunosuppressive therapy or with immune deficiencies such as 
AIDS. Infection appears to be acquired by the airborne route, and 
subclinical infection of humans is quite common. Infection in 
compromised persons probably arises from the activation of dormant 
cysts in their lungs or from the inhalation of cysts from the 
environment. Organisms proliferate within cysts and in the free 
trophozoite stage. 

At present, morphologic demonstration of organisms is the most 
reliable way to diagnose Pneumocystis infection. Although antibody 
and antigen detection methods have been described, the usefulness 
of the currently available methods is unclear. For instance, many 
patients do not form antibody because of their underlying diseases, 
and many normal persons have antibody. Circulating antigen has also 
been detected in the serum of patients without apparent Pneumocystis 
infection. 

3.7.1 Collection and Handling 
Specimens submitted for the detection of Pneumocystis carmll 

must be material from the lung. They may be tissue obtained from 
biopsy (either open lung or transbronchial biopsy), transthoracic 
aspirates, bronchial brushings, bronchoalveolar lavage fluid, or 
bronchial washings. Lung tissue is the best specimen for diagnosis . 
Open lung biopsy has the greatest sensitivity and may also allow the 
diagnosis of other infectious and noninfectious processes . 
Transbronchial biopsy often allows diagnosis, although multiple 
specimens should be examined. Transthoracic needle aspirates have 
been useful, particularly in children. In our experience, bronchial 
brushings have had a poor yield. Bronchoalveolar lavage may be 
particularly useful in AIDS patients, who generally have large 
numbers of organisms. Expectorated sputum usually does not contain 
sufficient organisms for detection with stains and often contains 
numerous yeast cells which must be differentiated from P. carinii: 
Thus, sputum is not an appropriate specimen. Most laboratories refuse 
to examine expectorated sputum for Pneumo-cystis spP. except 
perhaps in AIDS patients. The usefulness of these various procedures 
depends not only on the procedure selected, but also on the skill of 
¢e indivifiuals collecting the specimens, the competence of the persons 
examining the material, and the patient population. 

Tissue obtained from open lung biopsy should be initially 
examined macroscopically for areas of consolidation. From a 
consolidated area, a portion of tissue should be selected for impression 
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Figure 3.7 : Pneumocystis carinii organisms . (Top, left) Cysts in impression smears, 
Gram-Weigert stain. (Top, right) Cysts in tissue section , methenamine silver stain. 
(Bottom, left) Cyst in impression smear showing intracystic bodies, Giemsa stain. 
(Bottom, right) Trophozoites in impression smear, Giemsa stain . 

smears and frozen sections. A portion of the tissue should also be 
fixed in 10% Formalin for permanent sections. Fragments of tissue 
obtained from transbronchial biopsy are too small to be used for 
both sections and impression smears. At least two portions should 
be used for impression smears. Additional portions should be 
submitted for surgical pathology. 

3.7.2 Stains 
Stains used to demonstrate P. carinii are Giemsa or Wright stains, 

which stain the trophozoites and intracystic organisms, and several 
stains which stain the cyst wall but not trophozoites or intracystic 
organisms, including toluidine blue 0, methenamine silver nitrate, 
cresyl echt violet, or Gram-Weigert. There are several modifications 
of the methenamine silver nitrate stain. A laboratory should be able 
to do a Giemsa stain and one of the cyst wall stains. Any of the 
cyst wall stains is satisfactory in the hands of experienced personnel. 
We prefer the GramWeigert stain because it employs reagents with 
long shelf life and is easy to perform. 

Giemsa and Wright stains demonstrate trophozoites and 
Pneumocystis organisms within cysts. The cyst wall does not stain but 
may be evident as a negative-staining halo around a group of intracystic 
organisms. Organisms have red nuclei and pale blue cytoplasm. Mature 
cysts measure 4 to 7 JLm and contain eight intracystic organisms, often 
arranged in a clock face pattern. Finding typical cysts such as this is 
pathognomonic of Pneumocystis infection. Trophozoites measure 2 to 
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6 /Lm in diameter and also have blue cytoplasm and red nuclei. The 
trophozoites are difficult to differentiate from cell fragments, particularly 
from cells containing granules. The finding of objects suspiciously like 
trophozoites should stimulate careful searching for typical cysts. Both 
cysts and trophozoites· often occur in clumps. 

Intracystic organisms and free trophozoites are not seen with cyst 
wall stains, although a more intensely stained dot may be evident in 
methenamine silver or toluidine blue 0 stains. In Gram-Weigert stains 
there is usually some irregularity of staining of the cyst wall. Cysts 
are usually round, although cup-shaped cysts are common. Some 
workers feel that the latter represent collapsed cysts which have lost 
their intracystic bodies. More cysts are found with cyst wall stains 
than with Giernsa stains, probably because empty cysts stain with 
cyst wall stains, and immature cysts cannot be differentiated from 
trophozoites with Giemsa stain. If only occasional organisms are seen, 
it may not be possible to differentiate Pneumocystis cysts from fungi 
which are of a similar size. The presence of budding allows yeast 
cells to be recognized, and cup-shaped organisms are suggestive of 
Pneumocystis sP. 

Although immunospecific stains such as immunofluorescence and 
immunoperoxidase have been described, they have not been widely 
used for diagnosis, and neither reagents nor kits are commercially 
available. 

3.8 FREE-LIVING PATHOGENIC AMEBAE 
Small free-living amebae belonging to the genera Naeg/eria, 

Hartmanella, and Acanthamoeba are commonly found in soil, fresh 
water, and even sewage and sludge. Severa! Acanthamoeba species 
have also been isolated from brackish water and seawater. Organisms 
of the genera Naeg/eria and Acanthamoeba may cause a fatal disease 
of the central nervous system in humans. 

Only one Naegleria species, N. fowleri (N. aerobia and N. 
invades are not valid synonyms), is known to cause human disease. 
Naegleria amebae cause an acute and fulminating primary amebic 
meningoencephalitis (PAM) which generally produces death within 
5 to 7 days after the onset of symptoms. Of more than 120 cases of 
PAM reported worldwide, only a few patients have survived. 

Several Acanthamoeba species (A. culbertsoni, A. castellanii, A. 
polyphaga, and A. astronyxis) are considered pathogenic to humans. 
Acanthamoeba spp. typically cause a chronic granulomatous amebic 
encephalitis, which may last for more than a week and sometimes for 
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even months before causing death. A total of 28 cases of granulomatous 
amebic encephalitis have been recorded worldwide. In addition to 
causing granulomatous amebic encephalitis, Acanthamoeba spp. may 
infect the eye, often leading to the loss of the eye. Over 30 such eye 
infections, principally keratitis, have been recorded at the CDC, and 
many more are probably not diagnosed. Acanthamoeba spp. have 
also been isolated from ear discharge, pulmonary secretions, 
nasopharyngeal swabs, mandibular autografts, and stool samples. 
Excellent reviews and one book summarize the biology, pathogenicity, 
and epidemiology of these amebae and the diseases they cause. 

Culbertson and his colleagues first demonstrated that free-living 
amebae caused brain lesions in mice and monkeys, which died within 
1 week after intracerebral inoculation. These researchers suggested 
that the free-living amebae could be human pathogens. Fowler and 
Carter in 1965 described the first fatal infection due to free-living 
amebae in an A w believed to have been due to N. jowleri. Butt et 
al. in 1966 described the first case in the United Stales and coined 
the term PAM. 

Although most human infections have been caused by N. jowleri, 
at least 28 fatal infections were probably due to Acanthamoeba spp., 
based on the morphology of the cysts, immunofluorescence staining 
of the amebae in tissues, and the epidemiologic and clinical picture. 

In most instances, Naeglena organisms enter via the nasal passage 
when persons swim in lakes and other bodies of water that harbor 
these amebae. The organisms then cross the cribriform plate and make 
their way into the olfactory lobes of the brain. In addition, some 
persons, especially those who are immunologically compromised, may 
inhale Acanthamoeba cysts when passing through areas where soil 
has been freshly turned over. The amebae may then excyst and invade 
the nasal mucosa. 

Pathogenic N. jowlen are susceptible to amphotericin B, and at 
least three PAM patients have recovered after receiving intrathecal 
and intravenous injections of this drug alone or in combination with 
miconazole. Culbertson found sulfadiazine to be active against 
experimental Acanthamoeba infectiom in mice. Jones et al. found 
that paromomycin, clotrimazole, and hydroxystilbamidine isethionate 
were active against A. polyphaga in vitro. Recent studies suggest 
that oral ketoconazole, together with topical miconazole, another 
antifungal imidazole, may prove to be useful for the treatment of 
Acanthamoeba keratitis. 
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3.8.1 Morphology 
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N. Jowleri trophozoites measure 10 to 35 ILm in diameter, exhibit 
eruptive locomotion by producing smooth hemispherical bulges, and 
have a sticky posterior end (uroid) which often has several trailing 
filaments. N. Jowlen may transiently have a pear-shaped biflagellate 
stage in altered environmental conditions, can also produce smooth
walled cysts which measure 7 to 15 ILm across, and may have one 
or more pores plugged with a mucoid material. 

Figure 3.8 : Free-living pathogenic amebae. (a through d) Naegleria Jowleri: (a) 
trophozoite, phase contrast (note the ·uroid and filaments at arrow); (b) trophozoite, 
trichrome stain; (c) biflagellate, phase contrast; (d) smooth-walled cyst, phase contrast 
(note the pore at arrow) . All are xI.IOO. (e and j) Acanthamoeba castellanii: (e) 
trophozoite, phase contrast (note the acanthopodia at arrow) ; (j) double-walled cyst, 
phase contrast. All are x 1.100. 

Acanthamoeba organisms are slightly larger than Naegleria 
organisms (15 to 45 ILm), produce fine, tapering hyaline projections 
called acanthopodia, and have no flagellate stage but produce a 
doublewalled cyst (10 to 25 ILm) with a wrinkled outer wall (ectocyst) 
and a stellate, polygonal, or even round inner wall (endocyst). 

Both Naegleria and Acanthamoeba organisms are uninucleate and 
have a nucleus characterized by a large, dense, centrally located 
nucleolus. Naegleria spp. exhibit the promitotic pattern of cell 
division, in which the nucleolus and the nuclear membrane per-sist 
during division. Acanthamoeba spp., however, divide by conventional 
mitosis; i.e., the nucleolus and the nuclear membrane disappear during 
division. 

3.8.2 CoUection, Handling, and Storage of Specimens 
Cerebrospinal fluid or small pieces of tissue (brain, lungs, corneal 

biopsy material, etc.) from the affected area must be obtained 
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aseptically to isolate the etiologic agent. Specimens should be kept 
at room temper~ture (24 to 28°C) and should not be frozen or 
refrigerated. Personnel working with these specimens should take 
appropriate precautions, such as using surgical masks and gloves and 
working in a biological safety cabinet. The remaining tissue (which 
is not being used for culture) should be preserved for histopathology 
in 10% neutral buffered Formalin or another appropriate fIxative. 

3.8.3 Methods of Examination 

3.8.3.1 Direct examination 
Direct examination of the sample as a wet-mount preparation is 

the principal means of diagnosing PAM and other diseases caused 
by these amebae. Since the amebae tend to attach to the surface of 
the specimen container, the container should be shaken gently before 
removing a small drop of fluid to examine . Cerebrospinal fluid may 
be centrifuged at 250 x g for 5 min to concentrate the amebae. Most 
of the supernatant should be aspirated carefully, and the sediment 
should be gently suspended in the remaining fluid before I drop of 
this suspension is aspirated for microscopic examination on a clean 
microscope slide with a no. 1 cover slip. 

The slide preparation should be examined with x 10 and x 40 
objectives . Phase-contrast optics are preferable, but bright-field 
illumination may be used with diminished light. The slide may be 
warmed to 35°C (optional) . Amebae, if present, are detected by their 
active directional movement. 

3.8.3.2 Permanently stained preparations 
A small drop of the sedimented cerebrospinal fluid or other 

sample is placed in the middle of a slide and allowed to stand in a 
moist chamber for 5 to 10 min at 37°C. This treatment will allow 
the amebae to attach to the surface of the slide. Several drops of 
warm (3rC) Schaudinn fIxative are dropped directly onto the sample 
and allowed to stand for I min. The slide is then transferred to a 
Coplin jar containing Schaudinn fixative and left there for 1 h. The 
slide may be stained in Wheatley trichrome or Heidenhain iron 
hematoxylin stain. 

3.8.4 Culture 
The following is a recommended procedure for the isolation of 

free-living pathogenic amebae from biological specimens. 

3.8.4.1 Preparation of agar plates 
1. Remove plates of nonnutrient agar with Page 's ameba saline 
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from the refrigerator and place them in a 37°C incubator for 30 
min. 

2. Add 0.5 ml of Page's ameba saline to an 18- to 24-h slant 
culture of Escherichia coli K-12, E. coli U5-41, or Enterobacter 
aerogenes. Gently scrape the surface of the slant with a sterile 
bacteriologic loop (do not break the agar surface). With a sterile 
Pasteur pipette, gently and uniformly suspend the bacteria. Add 2 to 
3 drops of this suspension to the middle of a warmed (37°C) agar 
plate, and spread the bacteria over the surface with a bacteriologic 
loop. 

3.8.4.2 Inoculation of plates with specimens 
1. Cerebrospinal fluid. Centrifuge the cerebrospinal fluid at 250 

x g for 5 to 8 min. With a sterile serologic pipette, carefully transfer 
all but 0.5 ml of the supernatant to a sterile tube, and store the tube 
at 4°C for possible future use. Mix the sediment with the remaining 
fluid, use a sterile Pasteur pipette to place 2 to 3 drops, in the center 
of the agar plate, precoated with bacteria, and incubate the culture 
at 37°C. 

2. Tissue. Triturate a small piece of the tissue in a small quantity 
of ameba saline. With a sterile Pasteur pipette, place 2 to 3 drops in 
the center of the agar plate. Incubate the plate at 37°C. 

3. Water and soil samples. Handle in the same manner as 
cerebrospinal fluid and tissue specimens, respectively. 

3.8.4.3 Examination of plates 
1. With the low-power (x 10) objective of the microscope, 

observe the plates daily for 7 days for evidence of amebae. 
2. If amebae are seen, circle that area with a wax pencil. With 

a fme spatula, cut a small piece of agar from the circled area, place 
it face down on the surface of a fresh agar plate precoated with 
bacteria, and incubate as described above. Both 

Naeg/eria spp. and Acanthamoeba spp. can easily be cultivated 
in this way and can be maintained indefinitely with periodic transfers. 
When the plate is examined under a microscope, the amebae will 
look like small blotches, and if they are observed carefully, their 
movement can be discerned. After 2 to 3 days of incubation, the 
amebae will start to encyst. If a plate is examined after 4 to 5 days 
of incubation, both trophozoites and cysts should be visible. 

3.8.4.4 Identification 
Identification of amebae to the generic level is based on 



104 PRINCIPLES OF MICROBIOLOGY 

characteristic patterns of locomotion, morphologic features of the 
trophic and cyst forms, and enflagellation experiments. 

Immunofluorescence or immunoperoxidase tests with monoclonal 
or polyclonal antibodies are used by reference laboratories for the 
identification of the species, especia!ly Acanthamoeba spp. in culture 
or in fixed tissue. These reagents are not available commercially. 
Naegleria species can also be differentiated by isoenzyme 
electrophoretic patterns. 

3.8.5 Enflagellation Experiment 
1. Mix 1 drop of the sedimented cerebrospinal fluid containing 

amebae with about I rnl of sterile distilled water in 'a sterile tube, 
or scrape the surface of a plate that is positive for amebae with a 
bacteriologic loop and transfer a loopful of the scraping to a sterile 
tube containing approximately I rnl of distilled water. 

2. Gently shake the tube, and transfer a drop of the suspension 
to the center of a cover slip, the edges of which have been coated 
thinly with petroleum jelly. Place a microscope slide over the cover 
slip and invert the slide. Seal the edges of the cover slip with Vaspar 
(a I: I mixture of petrolatum and paraffin). Place the slide in a moist 
chamber, and incubate the slide and tube at 35°C for 24 h. 

3. Periodically examine the tube and the slide preparation 
microscopically for free-swimming flagellates. Naegleria spp. have 
a flagellated stage; Acanthamoeba spp. do not. If the sample contains 
N. fowleri, about 30 to 50% of the amebae will transform into pear
shaped biflagellated organisms within 2 h. 

Laboratories unfamiliar with these amebae should have their 
identifications confirmed by reference laboratories. Either specimens 
or cultures should be sent at ambient temperature (not frozen) and 
delivered within 24 h. 

3.8.6 Other Culture Methods 
A variety of other culture methods including axenic culture and 

culture on mammalian cells have been described, but these methods 
are used primarily in research laboratories. Animal inoculation has 
generally been used for laboratory investigation and not for diagnosis. 
Mice develop brain infection after intranasal inoculation of amebae. 

3.8.7 Serology 
Serologic tests are not useful for the diagnosis of Naeg/eria infections 

because most patients die too rapidly to produce antibody. CF antibody 
to Acanthamoeba spp. has been demonstrated in the serum of patients 
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suffering from upper respiratory tract distress and those with optic 
neuritis and macular disease. Kenney demonstrated increasing CF 
antibody titers to Acanthamoeba spp. in three successive samples of 
serum from each of two patients. Precipitin antibody has also been 
demonstrated in the serum of a patient suffering from A. polyphaga 
keratitis. Recently a Nigerian patient, who made a partial recovery 
from A. rhysodes-induced central nervous system disease, was shown 
to have an increase in his anleba immobilization antibody titer over 
a 16month period. Serologic tests for diagnosis are not readily available. 

3.9 INTESTINAL AND 
UROGENITAL PROTOZOA 

The protozoa that parasitize the intestinal and urogenital systems 
of humans belong to four groups: amebae, flagellates, ciliates, and 
coccidia. In addition, Blastocystis hominis, once considered a yeast, 
has been identified as a protozoan and placed in a separate group in 
the subphylum Sporozoa (the same subphylum to which the coccidia 
belong). With the exception of Trichomonas vaginalis, a flagellate, 
all of the organisms live in the intestinal tract. 

The species of intestinal protozoa vary in prevalence and in 
pathogenicity. Some species are rarely encountered in patients in the 
United States but may be found in Americans who travel to areas in 
which the organisms are endemic and in persons from those areas 
who visit or emigrate to the United States. Therefore, clinicians and 
laboratory personnel should be aware of both common and uncommon 
parasite species that might be found in their patients. 

In addition to the protozoan species generally considered human 
parasites, some species parasitic in animals may also infect humans. 
For example, Cryptosporidium species, long recognized as pathogens 
in calves, lambs, and other animals, have recently been found in 
humans and have caused severe infections in patients with AIDS 
(acquired immune deficiency syndrome). 

Most of the intestinal protozoa (except Sarcocystis spp., which 
are acquired by the ingestion of the infective stages in raw or poorly 
cooked beef or pork) are transmitted through fecally contaminated 
food, water, or other materials. Prevalence of intestinal protozoa is 
correlated with socioeconomic conditions, and higher rates of infection 
occur in people who have poor personal hygiene or who live in areas 
with poor sanitation. 

Some of the intestinal protozoa are commensals or nonpat-hogenic 
organisms that produce no evidence of disease; however, microscopists 
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must be able to distinguish pathogenic from nonpathcgenic species. 
Several species are capable of causing mild to severe gastrointestinal 
symptoms, and one species, Entamoeba histo[ytica, may produce 
extraintestinal lesions in various areas of the body. However, 
pathogenic or potentially pathogenic protozoa do not always produce 
symptoms in infected people. Such asymptomatic persons may serve 
as reservoirs for the infection. In addition, finding a potentially 
pathogenic protozoan does not necessarily prove that it is causing 
the illness of the patient. The pathogenicity of some species 
(Sarcocystis spp., for example) has been questioned but not defInitely 
proven. T. vaginalis, a urogenital protozoan, is also considered 
pathogenic and may cause mild to severe vaginitis and other urogenital 
problems. 

This chapter covers information on the morphologic identification 
of organisms (presented in tabular form and diagrams). recomm-ended 
procedures for laboratory diagnosis, and clinical aspects of important 
pathogens. 

In the descriptions of diseases, the clinical manifestations noted 
refer to findings in patients with symptomatic disease and do not 
necessarily refer to fmdings in every person infected with the parasite 
species. 

3.9.1 Laboratory Diagnosis 
Because the symptoms produced by pathogenic intestinal protozoa 

are usually nonspecific, diagnosis requires laboratory detection of the 
parasite by the microscopic examination of feces or other body 
material. Immunodiagnostic methods are useful for the diagnosis of 
extraintestinal amebiasis, but they are of limited usefu!ness for 
intestinal diseases. 

Although not all intestinal protozoa are pathogenic, microsc-opists 
must be capable of identifying both pathogenic and nonpathogenic 
species, with the possible exception of species which are rarely found 
in patients in the United States. Morphology, especially that of 
amebae, varies, and species characteristics often overlap so that 
individual nonpathogenic organisms may have characteristics which 
resemble those of pathogens and vice versa. Thus, for reliable 
identification, microscopists must be able to differentiate all species 
regardless of their potential for causing di!>ease. Special attention 
should be given to the recognition and identification of the clinically 
significant pathogens, especially E. histolytica and Giardia Lamblia. 

The identification of protozoan species is based on the morphology 
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TABLE 3.3 : INTESTINAL AND UROGENITAL PROTOZOA 
THAT MAY BE FOUND IN SPECIMENS FROM PATIENTS 
IN THE UNITED STATES 

Type and species Relative Pathogenicity 
prevalence 

Amebae 

Entamoeba histolytica + + 
Entamoeba hartmanni + 
Entamoeba coli ++ 
Entamoeba polecki R 

Endolimax nana + + 
Iodamoeba butschlii + 

Ciliate 

Balantidium coli R + 
Flagellates 

Dientamoeba jragi/is + + 
Giardia lamblia + + + 
Trichomonas vaginalis + + + 
Trichomonas hominis + 
Chilomastix mesnili + 
Enteromonas hominis R 

Retortamonas intestinalis R 

Coccidia 

Isospora belli R + 
Sarcocystis spp. R ? 
Cryptosporidium sp. + ++ 
Blastocystis hominis + ± 

of the diagnostic stages. The particular features or characteristics used 
for identification vary with the group of organisms (for example, 
amebae or flagellates), the species, and the stage(s) of parasite present. 
The diagnostic stages are trophozoites or cysts for the amebae, 
flagellates, and ciliates; oocysts or sporocysts for the coccidia; and 
vacuolated forms for B. hominis. 

The type of material to be examined depends on the parasite 
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and its location in the body. For the intestinal protozoa, feces are 
commonly submitted for examination, although other materials are 
occasionally obtained. 

Four types of procedures are used to recover and demonstrate 
intestinal protozoa: direct wet mount examinations, concentration 
techniques, permanently stained preparations, and cultivation. All of 
these methods may not be needed in every case. The selection of 
appropriate techniques depends on the species of parasite suspected 
and the stage(s) of parasite likely to be found in the specimen. For 
example, trophozoite stages of amebae and flagellates are more likely 
to be present in soft or diarrheic stools, and cysts are more likely in 
formed feces. Thus, the techniques used to examine diarrheic fecal 
specimens may differ from those used for formed specimens. 

For accurate and reliable identification, specimens must be 
properly collected and handled before examination. Protozoa, 
especially trophozoites, may develop atypical morphology or die in 
old or poorly collected specimens. Ideally, fecal specimens should 
reach the laboratory within I to 2 h after passage; other materials 
(urine, duodenal material, or aspirates from lesions) should be sent 
to the laboratory immediately after collection. If transportation is 
delayed, specimens should be appropriately preserved to maintain 
the diagnostic characteristics of organisms that might be present. 

3.10 AMOEBAE 
Five species of intestinal amoebae may live in the cecum and 

colon of humans. They are E. histolytica, Entamoeba hartmanni, 
Entamoeba coli, Endolimax nana, and Iodamoeba butsclzlii. Infection 
is acquired by the ingestion of cysts, which then excyst in the 
intestine. The cysts are quite hardy and can survive for days or weeks 
in water or the environment. Infection is usually diagnosed by the 
identification of organisms in feces, although other materials may 
be examined in symptomatic cases. Immunodi-agnostic tests are useful 
for the diagnosis of extraintestinal amebiasis. 

3.10.1 Entamoeba Histolytica 
E. histolytica causes amoebiasis and is the only ameba pathogenic 

for humans. Infections with E. histolytica are classified as amoebiasis 
irrespective of whether the person exhibits symptoms. A number of 
outbreaks have occurred in the United States. Strains which cause 
clinical disease can be distinguished from commensal strains by 
isoenzyme analysis. The incubation period is variable, from as short 
as a few days to weeks or even months. Clinical amoebiasis, i.e., 
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infection with symptoms produced presumably by an amoebic invasion 
of colonic tissue, may present with several manifestations. 

These include amoebic dysentery, amebic colitis, and anloeb-oma. 
Amoebic dysentery is an acute diarrhea with ulcerations of the colonic 
mucosa. Symptoms include crampy, lower abdominal pain, with 
bloody mucoid diarrhea in severe cases. In some people, an increased 
frequency of bowel movements with or without blood and mucus 
may occur. A chronic form, amoebic colitis, produces symptoms 
similar to those of ulcerative colitis or other forms of innammatory 
bowel disease, with diarrhea, sometimes bloody, occurring over a 
long period. Some patients with amebiasis have been misdiagnosed 
as having ulcerative colitis. Another less common form of intestinal 
disease, ameboma, is produced by the growth of granulomatous tissue 
in response to the infecting amebae, resulting in a large local lesion 
of the bowel which symptomatically and radiologically resembles 
colon cancer. 

Infections with E. histolytica, with or without a history of 
antecedent, gastrointestinal symptoms, may result in hematogenous 
spread of the organisms to the liver via the portal system, resulting 
in amebic abscess or abscesses of the liver. This occurs in up to 5 % 
of patients with symptomatic intestinal amebiasis. Approximately 40% 
of patients with amoebic liver abscess do not give a history of prior 
bowel symptoms, and in many patients, E. histolytica is not present 
in stool at the time liver disease becomes manifest. Amebic abscesses 
occasionally occur in the lung, brain, or other organs. 

Intestinal infection is usually diagnosed by the detection of 
organisms microscopically in feces or in sigmoidoscopic material from 
ulcerations. Depending on the type of fecal specimen, morphologic 
examinations by direct wet mount, concentration, and permanent stain 
may be useful. Purged stool specimens occasionally show parasites 
when they are not detected by routine examinations. Cultures for 
amebae may be helpful. Abscesses are generally diagnosed by 
serologic tests, although organisms may sometimes be demonstrated 
in abscess material by morphology or culture. 

3.10.2 Immunodiagnosis of Amebiasis 
In general, serology is unnecessary in intestinal amebiasis, 

although it may be positive in 70 to 80% of intestinal cases. In 
extraintestinal amebiasis, serology is extremely useful, being positive 
in over 90% of cases. Titers are generally higher in patients with 
extraintestinal diseases. 
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Five tests are presently accepted as useful in clinical diagnosis: 
indirect hemagglutination (IHA) and enzyme-linked immunos-orbent 
assay (ELISA) are quantitative tests, and double diffusion (DD), 
countercurrent immunoelectrophoresis (CIE), and latex agglutination 
are qualitative !ests. The IHA test has been the most widely used 
and evaluated and is considered the reference test. It is rapid, simple, 
and inexpensive and requires no special equipment or training. The 
test is sensitive and reacts in over 90% of extraintestinal cases. The 
IHA test has the nonspecificities of all tests with erythrocytes, 
primarily auto agglutinins and heterop-hilelike antibody, but these 
rarely occur at diagnostic levels. Clinical correlation is excellent; if 
a value of 1:256 or greater is considered significant, the test is 
virtually 100% specific for amoebiasis. 

TABLE 3.4: CHARACTERISTICS OF INTESTINAL AMEBAE 
VISmLE IN DIFFERENT TYPES OF FECAL PREPARATIONS 

Unstained Temporary 
stain 

Characteristic Saline Formalin Iodine Buffered 
(cysts) methylene 

blue 

Trophozoite 
Motility + 
Cytoplasm 

Appearance + + 
Inclusions 
(erythrocytes, 
bacteria) + + 

Nucleus 
Cyst 

Nucleus 
Chromatoid 

bodies 
Glycogen 

+ 

+ + 

(trophozoites) 

+ 

+ 
+ 

+ 

Permanent 
stain 

+ 

+ 
+ 

+ 

+ 

(vacuole 

present) 

TIle ELISA procedure is newer and less well evaluated. Published 
data indicate results comparable to those obtained by the IHA test. 
Even though ELISA is not plagued by the nonspecificities of the 
IHA test, it is more difficult to perform, even with automated 
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instruments to alleviate some of the problems. Because it is more 
adaptable to clinical situations, further evaluation may prove ELISA 
to be the test of choice. 

The DD and CIE tests have been available for some time, but 
because of the inability to quantitate reactivity, they have not been 
widely used. Each has its disadvantage: the DD test requires relatively 
large quantities of reagents to obtain an appropriate precipitate; the 
CIE test requires the use of specialized equipment. Both, however, 
are simple, yield acceptable qualitative data, and serve as useful screen 
tests. 

Because of the difficulty in clinically differentiating echinococcosis 
from amebiasis, all cases of suspected hydatid disease should be tested 
for amoebiasis as well. The significance of the results of amebic 
serologic tests, as designated by the Centers for Disease Control, 
are as follows. 

3.10.3 IRA Test 
£ 1:128, probably no extraintestinal involvement 1:256 to 1:512, 

possible extraintest!nal involvement 

3 1: 1,024, likely extraintestinal involvement 

DD and CIE tests. One or more bands are equivalent to IHA 3 

1:256. There is no correlation between the number of bands and the 
titer. 

Latex agglutination test. Highly reactive; false-positives occur. 
Should be used for screen test purposes only. 

Amoebic antibodies may persist for long periods of time, a fact 
which should be considered in any interpretation of serologic results. 

Individual reagents of antigen and antisera are commercially 
available. Kits standardized for reactivity can be purchased for the 
IRA, ELISA, DD, and CIE tests. All appear to have acceptable 
performance characteristics. 

3.10.4 Morphologic Identification of amebae 

Both trophozoites and cysts are diagnostic stages of the amebae, 
and either or both stages can be detected in feces. Microscopists must 
be familiar with the morphologic characteristics used for the 
differentiation of species and must be able to distinguish trophozoites 
from epithelial cells and macrophages, as well as cysts from pus 
cells, yeast cells, molds, and other objects that may be present in 
feces. 

Characteristics used to distinguish species of amebae are as 
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follows. 
Tiophozoites 
Motility (progressive or nonprogressive) Cytoplasm 
Appearance (fmely granular or coarse) 
Inclusions (erythrocytes, yeast cells, molds, or bacteria) Nucleus 
Peripheral chromatin (present or absent; if present, the 

arrangement and size of the granules are important) Karyosome (size 
and position) 
Cysts 

Nucleus 
Number 
Peripheral chromatin (present or absent) Karyosome (size and 

position) 
Cytoplasmic inclusions (chromatoid bodies or glycogen; these are 

more often seen in young cysts) 
Size is not a reliable feature for species differentiation of either 

trophozoites or cysts except in separating E. histolytica and E. 
hartmanni. 

Not all of the characteristics listed can be seen in a single type 
of preparation; stained and unstained wet mounts and permanent 
stained smears are necessary to demonstrate all of the features. 
Unstained wet mounts may reveal trophozoites and cysts. The motility 
of trophozoites (in viable saline mounts) and the cytoplasmic inchsions 
such as erythrocytes in trophozoites and chromatoid bodies in cysts 
can be observed. However, stained preparations are usually needed 
for reliable species identification. Buffered methylene blue solution 
(Nair stain) can be used for temporary stains of trophozoites in fresh 
specimens and will permit the microscopist to distinguish host cells 
from amebae and Entamoeba sp. trophozoites from those of other 
genera, but permanent stains are necessary for accurate species 
identification. Iodine solutions are used for temporary cyst stains in 
fresh or fixed specimens. Characteristics of cysts are less variable 
than those of trophozoites, and species of cysts can frequently be 
identified in iodine-stained wet mounts, especially if the organisms 
are examined with oil-immersion magnification. 

Regardless of the types of materials examined or the methods 
used to demonstrate organisms, species identifications are based on 
microscopic observations of morphologic characteristics. The typical 
characteristics of trophozoites and cysts of the ameba species are listed 
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in Tables 7.3 and 7.4; diagrams are presented in Fig . 7.1. Diagrams 
of nuclei are shown in Fig. 7.2; photomicrographs are presented in 
Fig. 7.3 through 7.S. Although Dientamoebafragilis is taxonomically 
a flagellate, it is included in these tables and figures because it 
resembles and must be differentiated from the amebae. 

Morphologic characteristics of species overlap, and some 
organisms may be atypical, thus making identification difficult. For 
example, distinguishing trophozoites of E. histolytica from those of 
E. coli is often difficult because of morphologic variati-ons. Rarely 
can species of trophozoites be identified from a single feature, such 
as karyosome location, or from a single organism. The microscopist 
must observe both the cytoplasmic and nuclear characteristics of 
several organisms before making a species identification. Although 
cysts are more easily identified than trophozoites, several cysts 
(particularly if they are immature) should be observed to ensure that 
the identification is reliable. If two species are identified, there should 
be distinct populations of each. 
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Figure 3.10 : Nuclei of amoebae. *Flagellate. "Iodamoeba cysts often have eccentric 
karyosomes against the nuclear membrane, as in the upper Iodamoeba nucleus, whereas 
the trophozoite nuclei are usually not against the nuclear membrane. Achromatic granules 
are not always visible (lower left) in Iodcinweba nuclei. 

Sometimes. although organisms are recognized. species cannot 
be identified. In these instances, the laboratory should report 
"unidentified ameba trophozoites (or cysts)," or if the genus can be 
determined but the species cannot, "unidentified Entamoeba 
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trophozoites or cysts" should be reported, and another specimen 
should be requested. 

3.11 FLAGELLATES 
The flagellates inhabit the intestinal and atrial areas. Intestinal 

infections by flagellates with cyst stages are acquired by the ingestion 
of cysts. Infections are usually diagnosed by morphologic examinations 
of feces or other body materials. For G. lamblia, immunodiagnostic 
tests have been reported for the detection of antibody in serum and 
parasite antigens in stool specimens. Species identifications, however, 
are generally based on microscopic observations of morphologic 
features of trophozoites or cysts. Two species, G. lamblia and D. 
fragilis, cause clinically significant intestinal disease, and T. vaginalis 
is a frequent cause of vaginitis. 

3.11.1 Giardia Lamblia 
Giardiasis is acquired by the ingestion of the hardy cysts of G. 

Lamblia. Outbreaks related to contaminated water are common in the 
United States, and infections are frequent in day-care centers and 
among campers and male homosexuals. Trophozoites infect the upper 
small intestine but do not invade the tissues to produce ulcers. Infection 
may elicit a variety of symptoms, or, in some patients, it may be 
asymptomatic. The incubation period is variable, ranging from a few 
days to several weeks, with an average of about 9 days. In acute 
giardiasis, symptoms include nausea, upper intestinal cramping or 
pain, and malaise. There is often explosive, watery diarrhea, 
characterized by foul-smelling stools. These symptoms are accompanied 
by flatulence and abdominal distention. The acute stage of clinical 
giardiasis may be followed by a chronic stage, or the chronic type of 
infection may be the first indication of infection. In such infections, 
there are flatulence, mushy, foul-smelling stools, upper intestinal 
cramping, and abdominal distention. A number of patients also exhibit 
belching, nausea, anorexia, vomiting, and symptoms of heartburn. 
Fever and chills may be present, but to a lesser degree than the 
aforementioned symptoms. Symptoms may mimic peptic ulcer or 
gallbladder disease. In some patients, the cysts may be present in 
stools in a variable pattern, although the reasons for this are not 
clear. This variable presence of cysts may occur even in the presence 
of classic symptoms of disease and numerous trophozoites in the upper 
small intestine. 

Diagnosis is usually established by the demonstration of cysts 
or, occasionally, trophozoites in feces or of trophozoites in duodenai 
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material. Because of the variable shedding of organisms, several 
specimens should be examined before ruling out the infection. It is 
best to examine a total of three specimens collected 2 to 3 days apart, 
although daily specimens for a total of three can be used. Feces should 
be examined by direct wet mounts and a concentration method. If 
viable trophozoites are present, they can be readily identified by the 
characteristic falling-leaf or tumbling motion in saline mounts of fresh 
feces. The large, vertical sucking disk can be seen as the organism 
turns. In a lateral view, the trophozoite appears spoon shaped. 
Permanent stains may be needed if organisms cannot be identified in 
wet mounts or concentration. Small plant cells can resemble Giardia 
cysts, so organisms shOl.~ld be carefully examined for the fibrils and 
nuclei characteristic of Giardia species. Permanent stains may help. 

When Giardia organisms are not found in stool specimens, 
duodenal aspirates, string test mucus, or biopsied muc03al tissue can 
be examined. The string test is used to collect mucus from the 
duodenal area and may be less traumatic for the patient than other 
methods would be. Materials obtained by drainage, aspiration, or 
the string test can be examined by simple, direct wet mounts. Biopsy 
tissue may be processed and stained by the usual histopathologic 
methods. Initially, an imprint smear of the mucosal surface on a slide 
can be made and stained with trichrome or Giemsa stain. 

3.11.2 Chilomastix Mesnili 
C. mesnili is a nonpathogenic flagellate which inhabits the cecum 

and colon. The diagnostic stages, trophozoites and cysts, are passed 
in feces. The trophozoites have a characteristic rotating, wobbling 
motion which is readily recognized in saline mounts of fresh material. 
The spiral groove, which extends along the body, is sometimes visible 
as the organism turns. In permanent stained preparations, trophozoites 
are usually lightly stained and sometimes distorted, and they may be 
overlooked. The most prominent feature is the long cytostome which 
extends about one-third to one-half the length of the body. The 
nucleus also may have a collection of chromatin along one side, giving 
it a lopsided look. 

The presence of the cytostome and spiral groove, the location 
of the nucleus at one end with tapering of the opposite end, and 
nuclear characteristics aid in the differentiation of C. mesnili from 
other intestinal protozoa. 

C. mesnili cysts are usually identified by their lemon shape, single 
large nucleus, and fibrils. Not all cysts are lemon shaped; they may 
be rounded or, if viewed on end, ~. appear rounded. 

- " f 
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Figure 3.11 : Ameba trophozoites (trichrome stain. except upper left; oil immersion 
. magnification). 

3.11.3 Dientamoeba Fragilis 
D. jragilis was originally thought to be an ameba but is now 

recognized as a flagellate with no flagella; thus, the disease 
dientamebiasis is discussed in the flagellate section, which concern 
amoebae, because it must be differentiated from the amebae. The 
organism does not have a cyst stage, and the exact means of spread 
is not clear. D. Jragilis infection is commonly associated with 
enterobiasis, and it has been suggested that D . jragilis may infect 
Enterobius eggs and thus bypass gastric acidity. Although clinical 
infections with D. jragilis occur, they are ·infrequently reported. This 
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low incidence of reporting may be due to the self-limited nature of 
the infection or, more probably, to the difficulty of identification of 
"the organism in stool specimens from individuals with suggestive 
symptoms, so that many infections are not diagnosed. The incubation 
period for clinical dientamebiasis is not known with certainty. 
Symptoms have been reported more frequently in children than in 
adults and are predominately diarrhea and abdominal distention. 
Nausea, vomiting, and weight loss have been recorded in from onethird 
to one-fifth of the cases reported in the literature. 

Permanent stains are required to diagnose most infections. The 
delicately staining trophozoites are usually (60 to 80%) binucleate, 
though the nuclei may be in differe~t planes of focus. They must be 
differentiated from the trophozoites of Endolimax nana, E. butschlii, 
and E. hanmanni. Nuclear characteristics, the presence of binucleate 
forms, and the absence of cysts aid in identification of this organism. 

3.11.4 Trichomonas Hominis 
T. hominis is a nonpathogenic protozoan inhabitant of the colon 

which has only a trophozoite stage. The motile trophozoites have a 
characteristic nervous, jerky motion and can be readily identified in 
saline mowits. They possess an undulating membrane which extends 
most of their length and often can be seen in wet mounts, especially 
if the organisms have slowed down. Iodine stains are of little value 
for the identification of T. hominis because the organisms tend to 
become distorted. Permanent stains are also of limited value; although 
organisms can be seen, they are often distorted and difficult to 
recognize. 

3.11.5 Trichomonas Vaginalis 
T. vaginalis inhabits the urogenital systems of both males ;md 

females and is considered a pathogen. The trophozoites (the only ' 
stage) are found in the urine of both sexes, in material from the 
vagina, and in prostatic secretions. It is estimated that approximately 
5 million women in the United States have trichomoniasis, and roughly 
1 million men harbor the parasite. Infection is usually, but not always, 
acquired by sexual contact. The infection in males is generally 
aspmptomatic, but 25 to 50% of infected women exhibit symptoms 
wpich include dysuria, vaginal itching and burning, and in severe 
iIifections, a foamy, yellowish-green discharge with a foul odor. In 
many women the infection becomes symptomatic and chronic, with 
per~ of relief in response to therapy. Recurrences of infection and 
disease may Pe caused by reinfection from an asy _uptomatic sexual 
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TABLE 3.5: CHARACTERISTICS OF INTESTINAL FLAGEL-
LA TES, A CILIATE, AND COCCIDIA VISmLE IN DIFFERENT 
TYPES OF FECAL PREPARATIONS 

Unstained Temporary 
stain 

Characteristic Saline Formalin Iodine Neutral red Permanent 
(cysts) (trophozoites) stain 

Flagellates 

Trophozoite 

Motility + + 
Shape + + + + 

(may be 

distorted) 

Nucleus + + + 
Flagella ± + + 
Other featuresC + + + + 

Cyst 

Shape + + + + 
Nucleus + + + 
Fibrils ± + + + 

Ciliate 
(Balantidium colt) 

Trophozoite 
Motility + + 
Macronucleus + + + + 
Cilia + + + + 

Cyst 

Macronucleus + + ± + 
Coccidia 

Oocyst and 
sporocyst + + + + 

partner, in the true sense of a sexually transmitted disease, or by 
failure of the drug metronidazole to eliminate the parasite completely. 
Symptomatic infections in males, although rarely reported, have 
included prostatitis, urethritis, epididymitis, and urethral stricture. 
Rarely, T. vaginalis infections occur in ectopic sites, and parasites 
may be recovered from areas of the body other than the urogenital 
system. 
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Most cases of T. vaginalis are detected by finding the motile 
trophozoites in wet' mounts of vaginal fluid, prostatic fluid, or 
sediments of freshly passed urine. Like T. hominis, the trophozoites 
move with a nervous, jerky motion and possess an undulating 
membrane, but it extends only half the length of the organism. In 
old urine specimens, the organisms may be dead or badly distorted 
and thus cannot be identified or may be confused with host cells. In 
addition, old urine specimens may be contaminated with Bodo species 
or other free-living flagellates, especially if the urine collection vessel 
is open to the air and not sterile. 

Vaginal materials commonly used for the diagnosis of T. vaginalis 
infections are vaginal fluid, scrapings, or washings. These samples 
may be examined morphologically in a saline wet mount or as a 
stained smear, or the material can be cultured. Because of the 
pronounced distortion in stained vaginal smears, these preparations 
are not recommended. If organisms are not seen in saline wet mounts, 
material should be cultured. Although some workers feel that wet 
mount examinations are as efficient as cultures in revealing infections, 
current evidence suggests that cultivation methods are superior. 

3.11.6 Morphologic Identification of Flagellates 
The characteristics of trophozoites and cysts which aid in 

identification are outlined below. The flagellates are a more diverse 
group than the amebae. 

3.11.6.1 Trophozoites 

Motility (in saline mounts, the type of trophozoite movement is 
characteristic and species specific) 

3.11.6.2 Shape 

Number of nuclei (the character of the nucleus is not generally 
. used for species identification) 

Other features (undulating membrane, sucking disk, prominent 
cytostome, spiral groove) 

Flagella (number and location, but since flagella are difficult to 
see and count, they are not practical diagnostic features for species 
identification; however, their presence distinguishes the organism as 
a flagellate trophozoite) 

3.11.6.3 Cysts 
Shape Size 
Number of nuclei 
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Figure 3.12 : Ameba cysts (trichrOine Slain; oil immersion magnification). Row 1: 
(left) E. histolytica. Two of the four nuclei are seen in this plane of focus. Three 
chromatoid bodies are evident which Slain dark blue and. have rounded contours. (Right) 
E. histolytica. This uninucleate cyst has numerous rounded chromatoid bodies which 
in this organism Slain red. The pale slaining areas represent glycogen masses. Row 2: 
(left) E. coli. Five nuclei are evident in this plane of focus, and there is a red chromatoid 
body to the left. Nuclear karyosomes are large and central. Although karyosomes are 
typically eccentric, they may be centered as in nuclei of this cyst. Cytoplasm is granular. 
(Right) E. coli. This binucleate cyst of E. coli contains a large glycogen vacuole. 
Immature cysts such as this are typical of E. coli. Row 3: (left) E. hartrnanni. This 
small cyst has one nucleus in this plane of focus. A large chromatoid body is present 
on the right. (Right) E. nana. All four dotlike nuclei are evident at this focal plane. 
Halos are evident around some of them. Row 4: lL biitschlii. This cyst has a large 
glycogen vacuole with the nucleus below it. Achromatic granules are not evident, and 

c the karyosome is large and rounded. 
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Fibrils (arrangement or pattern within the cyst; their presence 
distinguishes the cyst as a flagellate rather than an ameba cyst) 

Not all the features listed can be seen in a single type of 
preparation. In many cases, species can be determined by the 
examination of either direct or concentrated wet mounts, without 
resorting to permanent stains. If viable trophozoites are present, 
identification can readily be made by the type of motility in direct 
saline mounts; no further observations are necessary. Species of cysts 
can usually be identified in iodine-stained mounts . However, 
permanent stains are necessary if organisms are atypical or degenerate 
or car.not be positively identified in wet mounts. The diagnostic 
features of flagellate trophozoites and cysts are described in Tables 
elsewhere in this chapter, respectively; diagrams are shown in Fig. 
7.6, and photomicrographs are presented in Figures elsewhere in this 
chaper. D. jragi/is is not included in Table elsewhere in this chapter; 
because it closely resembles the amebae, it has been included with 
the ameba trophozoites for diagnostic purposes. 

3.12 CILIATE 
Balantidium coli, a pathogenic ciliate inhabiting the colon, is the 

only ciliate and the largest protozoan parasitizing humans. Both 
trophozoites and cysts may be found in the feces. 

Balantidiasis in humans is rarely reported in the United States. 
The disease is more prevalent where there is a close association of 
humans with pigs, the natural hosts from which humans contract the 
infection. The organism also infects nonhuman primates, especially 
the great apes. The symptoms of infection with B. coli are referable 
to the large bowel and similar to those of amebiasis: lower abdominal 
pain, nausea, vomiting, and tenesmus. Chronic infections may present 
with cramps, frequent episodes of watery, mucoid diarrhea, and rarely 
with bloody diarrhea. Chronic infections have been known to last 
for several months. In tropical areas in which the parasite is endemic, 
the infection often is severe in patients who also have other parasitic, 
bacterial, and viral infections and are undernourished. B. coli causes 
colonic ulcers similar to those caused by E. histo[ytica, but it does 
not cause lesions in other organs. 

In human feces, trophozoites are readily recognized by their large 
size, their shape, and their rapid, rotating motion. Cysts are less 
easily identified, but they usually cause few diagnostic problems. 

The examination of direct saline mounts is the most practical 
method of detecting infections. Cysts can be recovered by concent-
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Figure 3.13 : Ameba and flagellate cysts (iodine-stained wet mounts; oil immersion 
magnification) . Row 1: (left) E. histolytica. Three nuclei are evident in this focal plane. 
(Right) E. histolytica. This immature uninucleate cyst has a reddish-staining glycogen 
mass above the nucleus. Row 2: (left) E. hartmanni . There is one nucleus in this focal 
plane. An irregular reddish glycogen r.laSS is evident above the nucleus . (Right) E. 
coli. In this focal plane a cluster of six nuclei may be recognized toward the right of 
the cyst. Row 3: (left) E. nana. Four nuclei are evident, though the one ;n the center 
is out of focus. (Right) I. butschlii. The large, reddish glycogen mass is prominent. 
Above it is the nucleus, which has a large pale i<aryosome surrounded by a pale irregular 
karyolymph space. Row 4: (left) G. lamblia. Two nuclei are evident toward the upper 
left, and multiple fibrils are present. (Right) C. mesnili . This small, lemon-shaped cyst 
has the nucleus on the left and faint fibrils on the right. 

ration, but in human cases, trophozoites are usually seen more 
frequently than are cysts. Iodine-stained mounts and permanent stains 
are of little value because the organisms tend to overstain. 

3.13 COCCIDIA 
The intestinal coccidia that paraSltIZe humans belong to the 

subphylum Sporozoa and are obligatory tissue parasites that inhabit 
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the mucosa of the small intestine. Species of three genera (Isospora, 
Sarcocystis, and Cryptosporidium) parasitize humans. The intest-inal 
phase of toxoplasmosis which occurs in cats is similar to the intestinal 
infections of Isospora and Sarcocystis species in humans. The growth 
stages resemble those of malaria (also a sporozoan) and involve 
asexual and sexual generations. Therefore, the diagnostic stages, which 
are passed in feces, are unlike those of other intestinal protozoa. 
For both Isospora and Cryptosporidium species, oocysts, either 
unsporulated (immature) as in Isospora belli or sporulated (mature) 
as in Cryptosporidium, are diagnostic stages. The diagnostic stages 
for Sarcocystis species are free sporocysts and mature oocysts. Oocysts 
and sporocysts are almost transparent and are difficult to see in 
unstained preparations unless the microscope light is reduced and 
carefully regulated. 

Figure 3.16 : Flagellates (trichrome stain; oil immersion magnification). Row 1: (left) 
G. lamblia trophozoite. Two nuclei and prominent median body are evident in this 
pyriform organism. (Right) G. lamblia cyst. There are two nuclei toward the bottom 
in this plane of'focus. Fibrils are evident in the cytoplasm. Row 2: (left) C. mesnili 
trophozoite . The nucleus is at the upper end. The pale cytostome is evident to the left 
of the nucleus. The posterior end is tapered. (Right) C. mesnili cyst. The lemon-shaped 
cyst is in the center of this field. The nucleus is in the lower portion of the cyst. 
Fibrils are faintly visible. Row 3: (left) T. hominis trophozoite. The nucleus is toward 
the top of the organism. A portion of the undulating membrane is evident to the right 
of the nucleus . The axostyle is evident at the bottom of the organism. • 
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Isosporiasis is caused by I. belli and, although infrequently 
recognized, can produce severe intestinal disease. Deaths from 
overwhelming infections have been reported, especially in 
immunocompromised patients. Organisms infect the overall intestine, 
and symptoms, apparently caused by the schizogony of the 
developing forms in the epithelial cells and perhaps by the toxins 
produced, include diarrhea, nausea, fever, steatorrhea, headache, and 
weight loss; The disease may persist for months or years . 

3.13.1 Sarcocystis Species 
Sarcocystis infection occurs in a variety of hosts, rarely including 

humans. The sexual stage of Sarcocystis species, similar to that of 
Isospora species, occurs in the intestine of the carniv-orous host. 
and the asexual stage occurs in the muscles of a prey animal which 
ingests infective sporozoites from the feces of the carnivore. Humans 
may accidentally serve as either a definitive or an intermediate host 
for various Sarcocystis species, but they do not usually have clinical 
disease. 

Isospora and Sarcocystis intestinal infections are diagnosed by 
the identification of the organisms in direct or concentrated wet 
mounts of feces. Iodine stains the oocysts and sporocysts and makes 
them more readily visible. Permanent stains, howt;ver, are of little 
or no value in the demonstration of organisms. IIi · addition to being 
difficult to detect microscopically, oocysts of I. belli are sometimes 
not passed in feces until the symptoms of the infection have subsided. 
The duration of oocyst passage varies considerably, from a few days 
to a few weeks. Therefore, in the establishment of diagnoses, several 
stool specimens should be collected and examined. This pattern of 
passage of diagnostic stages of cOCcidia in feces may also be true of 
Sarcocystis species. The diagnostic stage of lL belli is an unsporulated 
or immature oocyst which will mature in several days at room 
temperature to an oocyst containing two sporocysts which in tum 
contain four sporozoites each. Sarcocystis species already have mature 
sporocysts, sometimes in OO-cysts, in fresh species. 

3.13.2 Cryptosporidiumspecies 
Cryptosporidium species infect the brush border of intestinal 

epithelial cells and cause cryptosporidiosis. They may occasionally 
infect the cells of other organs in immunocompromised hosts. 
Clinically apparent infections with Cryptosporidium species are 
separable into two categories. Patients with intact immune function 
develop a profuse, watery diarrhea accompanied by mild epigastric 
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cramping pain, nausea, and anorexia which is generally self-limited, 
lasting for 10 to 15 days . Immunocompromised patients, such as those 
having AIDS or receiving immunosuppressive therapy, develop a more 
severe, longlasting infection . Symptoms are as noted above, but the 
disease is prolonged, with profuse, watery diarrhea persisting from 
several weeks to months or years . There is no therapy. 

Figure 3.17 : Coccidia, stained and unstained . Row 1: (left) I. belli, immature oocyst, 
one celled , unstained ; (right) I. belli mature oocyst, unstained . Row 2 : (left) 
Cryptosporidium oocysts with negative stain;' (right) Cryptosporidium oocysts with acid
fast stain . Row 3: (left) Cryptosporidium oocyst. unstained; (right) B. hominis. 
vacuolated forms. iodine stain. Row 4: (left) B. hominis. vacuolated forms. trichrome 
stain; (right) B. hominis. vacuolated forms. trichrome stain. 

Specimens from patients suspected of having cryptosporidiosis 
should be preserved in Formalin before being sent to the laboratory 
or immediately upon receipt. Cryptosporidium oocysts are very small 
(4 to 5 JLm) and can easily be overlooked in fecal preparations or 
confused with yeast cells. Both immature and mature oocysts may be 
present, although usually those present are mature and contain four 
naked sporozoites; sporocysts are not present. However, identification 
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is often difficult. Direct wet mounts can be used to examine feces, 
but in light infections, organisms may not be found. Specimens can 
also be concentrated by the Sheather sugar flotation method or the 
Formalin-ethyl acetate method. Both unstained and iodine-stained 
mounts should be prepared. In unstained mounts containing mature 
oocysts, the refractile residual body can be detected, but the sporozoites 
may not be distinct. Also, oocysts have a low specific gravity and are 
usually found in the upper levels of the mount, just below the cover 
slip. Oocysts do not stain with iodine (unless they are exposed to it 
for long periods), but yeast cells do stain, thus helping to distinguish 
oocysts from yeast cells. Various acid-fast stains may be used to 
detect oocysts in feces or concentrates or to ,confirm the identification 
of organisms seen in those prepara-tions. Oocysts stain intensely acid
fast, whereas yeast cells and fecal material do not. In many mature 
oocysts, sporozoites can be seen. Recently, a carbol-fuchsin negative 
stain has been developed which is rapid and easily performed. 
However, the preparation is temporary and the results are variable. 
Organisms stand out as unstained oval structures measuring 4 to 6 
"m, whereas other fecal material is stained red by carbolfuchsin, 
Oocysts may take up the stain and seem to disappear in about 10 min. 
Although the nef,.::.tive stain may be useful for those studying the 
disease or frequently seeing infected patients, permanent, acidfast 
stained smears are more reliable and easier to perform and interpret. 

3.14 BLASTOCYSTIS HOMINIS 
B. hominis inhabits the large intestine, and organisms are passed 

in feces. Three morphologic for~ have been described: the ameba, 
granular. and vacuolated forms. The vacuolated form is the form 
most commonly seen in fecal specimens. 

Although B. hominis may be found in up to 25 % of stool 
specimens examined, only occ~sional patients develop clinical 
symptoms attributable to this organism. Blastocystosis may be 
suspected when the complete battery of parasitologic, bacterial, and 
viral tests on stools have failed to disclose any agent other than B. 
hominis and Blastocystis organisms are numerous in the specimen. 
The predominant and virtually only symptom has been' persistent, mild 
diarrhea. ' 

Infection is diagnosed by finding the familiar spherical or ovoid 
form with a large vacuole or area in the center and granules arranged 
around the periphery. Blastocystis organisms can be demonstrated by 
any of the methods usually used for the diagnosis of intestinal parasite 
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infections; although exposing unfixed feces to water in the performance 
of concentration procedures causes lysis of Blastocystis organisms. 



4 

Prokaryotic' 
Microbiology 

It was pointed out that many substances useful as food for microorganisms 
tend to be absorbed upon surfaces immensed in fluid media. A mass of 
tiny particles, such as sand or charcoal in a fluid culture medium, 
furnishes multitudes of tiny, protected niduses and extensive surfaces 
where foods become abundant and digestive enzymes tend to be 
concentrated. A comparable relationship occurs in soil. Each particle 
of soil has its tilm of moisture and its swarm of microorganisms on its 
surface, On a rainy day, in angles and depression the soil, tiny pools 
or puddles may develop and persist for a day or so, In this fluid myriads 
of microorganisms grow in warm weather. 

4.1 THE SOIL AS AN ENVIRONMENT 
The topsoil'is indeed an entire universe where billions of minute 

organisms-algae, bacteria, viruses, protozoa, nematodes and fungi-for 
millions of years have lived their pigmy lives, multiplied in their 
minute-long generation times, struggled together for space, food and 
survival and have finally died, only to be replaced by others. Nevert
heless, like each human being, however obscure, each microorganisms 
leaves its effect on the universe. 

Most soil microorganisms occur in the upper few inches or feet 
of soil. In a fertile loam in central New Jersey, for example, few 
microorganisms are found below three feet and none at five feet, unless 
accompanying plant roots or other extensions from the surface. Their 
numbers and species vary. Good, fertile, moist loam may contain from 
100.000 live microorg~isms of all classes per gram of soil to half a 
billion or more, depending on moisture and food. Each type of soil is 
a special study in itself. 

131 
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4.1.1 Composition of Soils 
The soil consists primarily of inorganic particles derived from 

disintegrating rocks (mainly complex aluminum silicates) ranging in 
size from large boulders through gravel and san('.o microscopic specks, 
mixed in varying proportions, all more or less compacted together, 
but having interstices between them as a result of their irregularity in 
shape. These interstices contain more or less water and air, carbon 
dioxide, hydrogen sulfide, ammonia and other gases in small amounts, 
the proportions of each depending on rainfall, drainage, barometric 
pressure, winds, temperate, atmospheric humidity, microbial activity 
and other factors. 

4.1.2 Soil as a Culture Medium 
The water in good agricultural soil contains, in solution, ions like 

K+, Na+, Mg++, Ca++, Fe++, S--, N0
3
-, S04--' C0

3
--, P0

4
--- and 

others, depending on the composition of the original rocks, on farm 

TABLE 4.1: MICROORGANISMS IN FERTILE LOAM SOIL AT 
VARIOUS DEPTHS 

Depth Bacteria 
(Inches) (per Gram*) 

1 4,000,000,000 

4 3,000,000,000 

8 2,000,000,000 

12 1,000,000,000 

20 500,000,000 

30 1,000,000 

72 100 
*These figures rounded to nearest billion or hundred thousand. They represent 
only viable cells capable or growth on the particular medium provided, found 
in the particular sample of soil examined. Wide variations must be allowed 
for time of year, moisture, recent manuring, cropon, etc. 

cropping, on manuring and fertilizing practices, on the microscopic 
and macroscopic flora and fauna, and on other factors. These ions, it 
will be seen, represent elements essen-tial in culture media for all 
forms of life. In a fertile soil these elements, in mineral form, are 
supplemented by a variety of organic compounds derived from the 
decomposition of animal and plant residues and from the synthetic 
activities of microorganisms: carbohydrates ranging in complexity from 
glucose to starches, cellulose and polysaccharide gums; nitrogenous 
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compounds ranging from urea to amino acids, peptones and complex 
proteins; fats; waxes; organic acids such as acetic; pyrimidines; B
group and other vitamins; and so on. Thus, the ground water in a 
fertile soil (aqueous extract of soil) is actually an excellent culture 
medium for many microorganisms. 

55r-----------------------, 

Figure. 4.1 : Percentage distribution (by volume) of important classes of constituents of 
a representative sility, fertile loam soil. 

4.1.3 Variations in Soil 

The soil environment is a highly variable one. Obvious variables 
are daily and seasonal temperatures and water content: It is clear also 
that if a heavy crop of clover and timothy grass is plowed under, the 
soil is aerated, some moisture is lost and an enormous amount of 
readily assim-ilable soluble substances in the plant juices is introduced. 
These soluble substances (proteins, carbohydrates, lipids, minerals and 
vitamins) quickly undergo hydrolysis and other complex changes of 
metabolism. There is a resulting great increase in internal temperature 
of the soil; in its acidity, resulting from fermentation; in content of 
CO

2
, NH3 and ammonium salts; and in relatively'simple organic food 

substances: various fatty and amino acids, peptones and alcohols. These 
support a tremendous upsurge in numbers of all heterotrophic forms as 
well as of facultative autotrophs capable or thriving in such an actively 
fermenting, acid, partly aerobic, partly anaerobic environment. 

Oxidative microorganisms soon use up all the innnediately available 
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free oxygen. Clostridium spores can germinate, and strict, as well as 
facultative, anaerobes can thrive. If all air is excluded, as in swamps, 
heavy clays and compacted soils, then fermentative processes 
predominate and the soil becomes acid. Drainage, aeration and liming 
aid in Sweet-enillg such soils. Later, the acids are metabolized or 
neutr-alized, carbonates are formed, and the initial acidity reverts to 
alkalinity, especially if the soil is well aerated by tillage and drainage. 

The tremendous growth of microorganisms that occurs after plowing 
under manures and green crops temporarily depletes the soil water of 
its soluble compounds, especially those of nitrogen, phosphorus, 
potassium and sulfur, which are combined as new microbial substance. 
As a result, for two weeks or more most newly planted crop plants 
find the soil a rather unfavourable medium. However, many of the 
microorganisms soon die, especially nonsporing species, and release 
the elements for crop use. Finally, a more or less complete equilibrium 
of dormancy or low-level activity is re-established, awaiting the next 
change, perhaps the planting of a corn crop with liberal application of 
lime or commercial fertilizer, to stir things up once again. 

Prominent in this residual community are the various saprophytic 
Myxobacterales, Actinomycetales and Eumy-cetes, all of which are 
active in decomposing many resistant substances including cellulose, 
chitin, keratin, lignin and even paraffin and vulcanized rubber! 

The numerous protozoa in soil convert much organic matter into 
"protoplasm." A principal item of their diet is bacteria; thus protozoa 
are the basis of an important ecolo-gical control relationship in soil, 
as they are in sewage. Another control mecharusm active in soil, as 
also in water and sewage, consists of bacteriophages, antibiotics and, 
probably bactriocins. 

Many worms, ranging from microsocopic nematodes to large 
earthworms (night crawlers, the delight of fishing enthusiasts) eat 
organic matter. They digest it with the aid of their own ~nzymes and 
intestinal bacteria and return part of it to the soil in the form of 
simpler, more soluble substances as food for plants. Similarly, burrowing 
animals and the large of insects such as Japanese beetles help to 
transforms organic matter in the soil. 

4.2 SYNTROPHISM IN THE SOIL 
Syntrophism (Gr. syn =mutual or together; trophe = nourishment) 

is that ecological relationship in which organi-srns provide nourislunent 
for each other. In so varied a community as a fertile loam soil the 
nutritional relationships can be exceedingly complex. 
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For ~xample. cellulose, a principal component (with lignin) of 
wood. is a complex polymer of glucose. Numerous species of soil 
bacteria (Celllllomonos, Cellvibrio and Actinom-ycetales), with numerous 
species of Ewnycetes. hydrolyze the cellulose molecule into molecules 
of cellobiose. a disacch-aride resembling maltose. Starch likewise is 
hydrolyzed into maltose and dextrins . 

......... __ ~_"'_raIs,--'--_....:.. _co ..... ::...llVIIl __ ilablB_I_O_al_ 

Fagan. 4.2 : Some of the many complex syntrophic relationships occurring in the soil. 
Heterottopbic organisms A (left of center) secretes a cellulolytic enzyme (curved dasb 
line) wbich bydrolyzes cellulose to cellobiose. Cellobiose is used directly by some 
organisms (represented by moIk Of). Cellobiose is also bydrolymilO glucose by organism 
A as well as by varous waste products (CO" etc.) (center of diamgram). These serve 
as foods for still other species represented -by M and G. Ammonia (center) may be 
produced from protein if organism A or any of the other species attacks proteins or 
amioo acids. Ammonia so produced is oxillilM 10 NO, as a source of energy be organisms 
H. this NO, is oxidized 10 NO, be autotropb E. The- NO, is then used by plants (lower 
right) wbicb nourish animals; the plants and animals producing more cellulose and more 
protein for organism A, thus renewing a cycle of foods . Syrurophic relationsbips in the 
soil are so complex that 10 place in one diagram all that we know about would result in 
an almost solid mass of tangled lines. 

Some organisms can utilize cellobiose. maltose and dextr-ins. as 
such. Cellobiose. maltose and dextrins may also be further decomposed 
by Ilther organisms to glucose. 1bis is an a1most universal source of 
energy, and under anaerobic conditions (fermentation) it is decomposed 
by microor-ganisms into a great variety of still smaller molecules that 

. can be used as food by one organism or another. At each stage in the 
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decomposition of cellulose or starch a new group of microorganisms is 
found, capable of metabolizing the products of decomposition produced 
by other organisms. In the microscopic world, the waste of one is the 
indispensable food of another. 

Proteins are built up of amino acid units much as cellulose is 
built up of glucose units . Like cellulose, proteins are hydrol-yzable 
and metabolically decomposed to peptones, polype-ptides and amino 
acid molecules. Each product may be used by many species as sources 
of energy, carbon and nitrogen. 

4.2.1 Satallitism 
Syntrophism is not confmed to microorganisms in the soil. but is 

found wherever complex mixtures of organisms live together. Syn1Iqlhism 
in a simplified form is well jJlustrated by the phenomenon ofteil called 
sateLlitism. Inoculate, with organism A, a plate of agar medium that 
lacks an essential metabolite (let us say, NAD) or organism A. 1ben 
spot inoculate the plate with organ~ms B, that is known to prod-uce 
NAD . After incubation, colonies of A appear as satellites only around 
the spot of growth of B, nowhere else. B is obvip,lusly a syntrophe of 
A . 

Figure. 4.3 : Minute colonies of Haemophilus injluenzae growing as satellites around 
colonies of Staphylococcus aureus on agar in a Petri Plate. Colonies of H. ~ are 
barely seen except in areas around the two larger S. aureus colonies at upper and Iowa
right that liberate into the agar an essential metabolite (NAD) absolutely required by H. 
injluenzae. Organisms (not S. aureus) in the large colonies at upper and lower JigJlt 
liberate little or no NAD. 

Many other such interrelationships are seen in nature. Lichot.s 
are examples in which a fungus and an alga live together and in some 
instances will not live separately. Various animals are dependent on 
synthesis of several B-vitamins and essential amino acids by bacteria 
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of the gastrointestinal tract; this is notably true of equines and in that 
very complex ecological system, the bovine rumen. Man depends n 
intestinal bacteria for vitamin K (unless he buys it in "7-a-week" 
capsules). 

4.2.2 Formation of Humus 
The least digestible parts of plant tissues (e.g., lignin, resins) and 

of animal carcasses (e.g., waxes, hair, horn and bone) undergo slow 
decomposition. The mixture of slowly decaying remains make up a 
soft, spongy, brownish residual material called humus. It improves the 
texture of the soil, making it more friable; it holds moisture like a 
sponge; it also serves as a reserve store of slowly released food for 
microorganisms and crop plants. 

4.3 MICROBIOLOGICAL EXAMINATION OF SOIL 
Fertile soil contains such a wide variety of microorganisms that 

no single method can be given for cultivating or enumerating soil 
microorganisms in general. 

4.3.1 Plating Methods 
Plating methods are applicable to the enumeration and isolation of 

bacteria, yeasts and molds in any substance, including soil. Suitable 
modifications are made to meet the cultural requirements of the kinds 
of microorganisms that it is desired to enumerate. 

Selective methods are often used to cultivate or isolate some 
particular species from the soil. For example, to enumerate soil 
microorganisms capable of metabolizing cellulose, a weighed sample 
of soil is placed in water and well shaken. One-milliliter amounts of 
<;erial dilutions of this water are placed in tubes of medium containing 
cellulose as the only source of carbon. Hence only cellulose-metabolizers 
can grow. From the highest dilution showing growth one may estimate 
the "indicated" number of cellulose digesters in that sample of soil. 

One may follow (and adapt to other uses as the student's ingenuity 
may suggest) the clever scheme of Winogradsky to select and enumerate 
autotrophic organisms that obtain energy by oxidizing ammonia to nitrite. 
An inorganic medium is prepared with (NH4)2S0 4 as the sole source 
of energy. Since these organisms are strict autotrophs and will not 
grow (in the laboratory) in contact with organic matter like agar or 
gelatin, the medium IS solidified with silica gel. The surface is coated 
with powdered chalk, giving it a white, opaque appearance. As the 
NH3 [(NH4)2 S04] is iodized to HN02 by the growing colonies of 
annnoniaoxidizers, the CaC03 is destroyed and a clear zone appears 
around each colony. 
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4.3.2 Microscopic Examination 

By making stained smears of soil and examining them with the 
microscope, we may count various morphological types of bacteria 
and other microorganisms, especially fIlaments of fungi. Since dead as 
well as living cells are counted, microscopic counts are higher than 
plate-culture counts. Error may arise in microscopic counts from 
difficulty of staining some species, and confusion of bacteria with soil 
particles. This sources of error may be largely eliminated, and the 
organisms specifically identified and observed in their natural 
relationships by staining soil preparations wit.1t ~ific, fluorescent 
antibodies. 

4.4 CYCLES OF THE ELEMENTS 
All the elements that are essential components of protoplasm 

undergo cyclical alternations between an inorganic state, free in nature, 
and a combined state in living organisms. Many of these elements 
also alternate between an oxidized and a reduced condition and can 
thus serve some organisms as sources of energy by oxidation; others 
as electron (H) acceptors by reduction. Some of these cycles involve 
several stages. The nitrogens cycle is a familiar example. 

Anitllli 
"eblbolis", 

.......... -r..ua-• ..-

Figure 4.4 : The nitrogen cycle. At the right, anunonia is brought into the cycle. This 
is nitrogen in its most reduced form. It is derived. in part, from protein decompositions, 
some volcanic sources, comrnerica\ fertilizers and various industries. 



PROKARYOTIC MICROBIOLOGY 139 

Proceeding in a clockwise manner, the process of nitrosijication, 
carried soon by soil bacteria (Nitrosomonas, etc.), oxidizes NH3 to 
nitrites. Other soil bacteria (Nitrob-acter, etc.) oxidize the nitrites to 
nitrates (nitrification). Nitrates and nitrites are also produced from 
atmospheric 0 and N by lightning flashes. Nitrogen in the form of 
nitrate is available to plants (left of diagram). Facultative and anaerobic 
bacteria of the soil are constantly action to reverse these processes, as 
indicated by the lines marked "denitrif-ication" and "denitrosification." 
After nitrogen is at last incorporated in plants as protoplasms, etc., it 
is converted into animal tissues (top of diagram). When plants and 
animals die, and their wastes decay, the saprophytic microor-ganisms 
in the soil convert the nitrogen back into the form of ammonia and other 
nitrogenous compounds, and the cycle recommences. 

At the left of the cycle are shown the means by which atmospheric 
nitrogen is converted directly into living matter by soil microorganisms: 
Clostridium, Pseudomonas, Aerob-acter, Achromobacter, Azotobacter, 
Rhizobium, some species of fungi, ,blue-green algae, etc. Once it is in 
this form, it follows the same course in the cycle that other vegetable 
proteins do. 

4.5 THE NITROGEN CYCLE 
This cycle comprises three main processes: nitrogen reduction 

(nitrogen fixation; ammonification and denitrification) and nitrogen 
oxidation. Each process is carried on by certain groups of organisms. 

TABLE 4.2 : PRINCWAL MICROORGANISMS AND PROCESES 
INVOLVED IN THE NITROGEN CYCLE 

Nitrogen nxation: 
A. Nonsymbiotic (independently living bacteria) 

1. Azotobacteraceae 

Azotobacter 

Beijerinckia 

2. Miscellaneous others 

Certain species of Aerobacter, Nocardia, 
Rhodobacteriineae, Clostridium, certain fimgl most blue
green algae 

B. Symbiotic (bacteria living symbiotically with leguminous 
plants) 

1. Rhizobium meliloti, R. tri/olii, and so forth 
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II. Nitrogen oxidation (production of nitrites and nitrates): 

ID. 

A. Nitrobacteraceae 

1. NH3 to N02 

Nitrosomonas 

Nitrosococcus 

Nitrosocystis 

2 N0
2 

to N03 
Nitrobacter 

B. Miscellaneous others (N02 and N03) 

Nocardias, Streptomyces 

Aspergillus sp., and other molds and higher fungi 

Nitrogen reduction (Ammonia production and de
nitrification) : 

Various microorganisms causing arnmonif-ication by 
producing NH3 from decomposition of proteins, and 
denitrification by use of N03 and N0

2 
as hydrogen 

acceptors. 

4.6 NITROGEN REDUCTION 
4.6.1 Nitrogen Fixation: Nonsymbiotic 

Nitrogen fixation is the process of causing free nitrogen gas to 
combine chemically with other elements. 

In the atmosphere per one acre of soil it is estimated that there 
are some 35,000 tons of free nitrogen. Yet, though absolutely essential 
to life, not a molecule of it can be used as such by higher plants, 
animals or man without the intervention of the nitrogen-fixing 
microorganisms. Nitrogen-fixers enzymically combine atmospheric 
nitrogen with other elements to form organic compounds in living cells. 
In organic combinations nitrogen is more reduced than when it is free. 
From these organic compounds, upon their decomposition, the nitrogen 
is liberated in a fixed form available to farm crops either directly or 
through further microbial action. It is of interest that some of these 
nitrogen-fixing enzymes are inducible or adaptive in contact with 
nitrogen. 

The first microorganisms discovered (by Winogradsky, 1895) to 
possess the property of fixing atmospheric nitrogen without symbiotic 
aid was the anaerobic species Clostridium pasterianum, common in 
boggy soils. Aerobic nonsymbiotic nitrogen-fixing bacteria (Azotobacter) 
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were discovered in the soil by Beijerinck in 1901. Since those 
discoveries the phenomenon of nonsymbiotic nitrogen fixation has been 
observed in numerous other Clostridim species; also in r.lOst blue
green algae; in many photosynthetic bacteria like Rhodospirillum; in 
Desulfovibrio; and in many other bacteria. One of the most interesting 
is Beijerinck's Azotoacter. 

4.6.2 Genus Azotobacter 
Azotobacter thrives in all well-aerated, neutral or slightly alkaline 

(PH about 7.5) arable soils. It is pleomorphic, strictly aerobic, normally 
encapsulated, nonsporing and motile with peritrichous flagella. An 
especially distinctive feature is the formation of thick-walled, spherical, 
dormant cysts. Those have some properties suggestive of primitive 
spores but, although very resistant to ultraviolet and gamma radiations 
and sonic vibrations as well as drying, they are not highly thermostable 
as are true bacterial endospores. The cysts contain a central body that 
appears to be a resting, shrunken (partly dehydrated?) cell within a 
dense, two-layered protective coating. The cysts are formed only by 
encapsulated cells. 

In the soil Azotobacter species grow almost autotrophically; 
however, organic substances are needed as energy source. These energy 
sources are probably derived from the decomposition of cellulose, 
starches and the like by other microorganisms of the soil. Carbohydrates 
added to the soil in a form such as molasses or starch wastes stimulate 
the accumulation of nitrogen in the soil through the growth of the 
Azotobacter and other nonsymbiotic, nitrogen fixing organisms. The 
nitrogen combined in their structures is taken from the atmosphere 
and is released in organic form as secretions and on the earth of the 
bacteria. 

Azotobacter grows readily in such nitrogen free solutions as the 
following: 

~O 
Mannitol (or other organic 
source of energy and carbon) 

~HP04 
MgS04 7HP 
CaCh 
FeCI) (10 per cent aqueous 
solution) 
Molybdenum salt 

1<XX>.0 ml. 

15.0 
0.2gm. 
0.2gm. 
0.02 gm. 

0.05 mI. 
Trace 

gm. 



142 PRINCIPI:.ES OF MICROBIOLOGY 

Adjust to pH 7.2; for solid medium add 15 gm. of agar or silica 
gel before adjusting the pH. 

In the absence of molybdenum, nitrogen fixation will not 

Figure 4.5 : Electron micrograph of ultrathin sections of vegetative cells (left) and of 
a cyst right) of Azotobacter sp. The vegetative cells show the internal structure commonly 
seen in vegetative bacteria. In the cyst are seen: A, a rough, laminated, external coat 
(exine); B, an intermediary layer without definite structure; C, a space, possibly due to 
drying of the, section; D, and integrated central body; E, nuclear matter; Of, globules 
of lipid substance. 

occur; 'the metal ions appear to activate an enzyme (nitrog-enase) 
essential in the flxation process. Molybdenum can be replaced only by 
vanadium. 

4.7 NITROGEN FIXATION: SYMBIOTIC 
4.7.1 Genus Rhizobium 

When young and actively growing, these bacteria are organotrophic, 
aerobic, nonsporing, pleomorphic, gram-negative rods. They are usually 
motile with variably placed flagella. Enzymically they are restricted 
and feeble . Their pleomorphism is regarded by some as evidence of a 
somewhat complex life cycle. They grow on ordinary, organic, laboratory 
media, especially if made with yeast extracts, at 20° C. and pH 7.2. 

Their most characteristic activity and form are seen when they 
grow in the tissues and within the cells of leguminous plant roots . In 
the plant cells they are morphologically distin-ctive as bacteroids. In 
stained smears made from crushed nodules from the roots of leguminous 
plants they are often seen as large, oddly angular, stellate, budding or 
Y, V, T , X and L forms . These contain metachromatic masses and 
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bands which are thought be some to represent special reproductive 
mechanisms. Others regard these swollen forms as degenerative: the 
end of the supposed life cycle. 

Figure 3.6 : Representative forms of Rhizobioum. Drawing from cultures (branched 
and banded forms from root nodules) (about x 12(0). Aagella not revealed by staining 
metbod used. 

4.72 Nodule Formation 
Although they invade plant roots, Rhizobium species are enable to 

hydrolyze the cellulose of plant cell walls. However ,they appear to 
find noncellulosic points at the tips of root hairs of legumes. lbrough 
these, entrance in to the root tissue is made. 

4.7.3 Infection Threads 
The bacteria utilize various carbohydrates found in the soil or 

juices of the host plant to synthesize gummy coatings around themselves . 
These coverings help the bacteria to invade plant roots. The rods 
advance endwise, several abreast in their gummy coating, into the 
plant-tissue cells. A long, gummy thread is formed. This is surrounded 
by a tube of cellulose produced by the plant cells. The whole constitutes 
what is called an infection thread. These threads penetrate well into 
roots and in to the plant cells. The infection thread inside a cell 
bulges and then ruptures, and the bacteria are liberated intracellularly. 
Each bacterium becomes a bacteroid, and undergoes fission while 
encysted within a double-layered membrane produced by the plant cell. 
The presence of the bacteria stimulates multiplication of the plant 
cells around the localization, with resulting formation of a protective 
nodule of tissue. Nutrients from the plant juices nourish the bacteria. 

4.7.4. Symbiotic Nitrogen Fixation 

The rhizobia, when thus growing in leguminous plant nodules, take 
nitrogen directly from the air. By combined action of plant cells and 
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Figure 4.7 : Infection threads formed in root hairs of a legume by Rhizobium trifolii 
about two weeks after inoculation. The right-hand thread clearly shows the matrix of 
the thread surrounded by a thin. plant-derived. cellulose wall. and the column of bacteria 
(dark line) inside the matrix. Many bacteria have escaped into the cell cytoplasm from 
the matured hairs. 

bacterial cells, this is built into nitrogenous compounds suCh as amino 
acids and polypeptides that are found in the plants, the bacteria and 
the surrounding soil. Neither bacteria nor legumes can alone fix 
nitrogen. If combined nitrogen is not available in the soil, nonlegumes 
die. In contrast, if proper species of Rhizobium are present, legumes 
not only thrive in nitrogen-<ieficient soil but enrich it with fixed nitrogen 
while doing so. 

4.7.5 Soil Inoculation 

Because of the value of nitrogen fixation by legumes with the 
bacteria, it is customary to inoculate virgin soils, or soils not known 
to support good growth of legwres, with the proper species of Rhiwbium 
preparatory to planting such crops as alfalfa or soybeans for the first 
time. Once introduced, the bacteria continue to live in the soiL 

4.7.6 Species Specificity 

There are several species or varieties of the Genus Rhizobium. 
They exhibit considerable specificity as to the species of legume that 
they can infect. For example, Rhizo-bium japonicum produces nodules 
only on the soybean, whereas Rhizobium meliloti will not do so. 

A few species of nonleguminous plants can form nitrogen-fixing 
root nodules in symbiosis with Streptomyces sp. 

4.7.7 Value of Nitrogen Fixation 

A well-nodulated crop such as red clover may introduce as much 
as 100 pounds of organically combined (fixed) nitrogen per acre per 
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season. In the form of a commercial fertilizer this nitrogen would 
cost in the neighbourhood of four hundred dollars. 

Inoculation of swampy, acid soils is money wasted because 
Rhizobium will survive and grow only in fertile, well-drained, aerated 
and nearly neutral soils. Crops of nonlegumes grown in association 
with legumes (as vetch arid rye, or clover and com) have been known 
for centuries to be superior. 

4.8 AMMONIFICATION AND DENITRIFICATION 
Were all flxed nitrogen to remain in extricably bound up as organic 

matter, then the agricultural use of manures, animal carcasses, flsh 
and fertilizer would be of no avail. Dead animals would not decay, 
manure would not rot, and dead fish would remain dead flsh. The only 
forms of combined nitrogen available for living organisms would be 
the rare ammonia produced by lightning. All of the non-nitrogen flxing 
. forms of life would have to await the slow activities of the nitrifying 
and nitrogen flxing microorganisms in order to obtain,properly combined 
nitrogen. Such, however, is not the case. As soon' as any organisms 
ceases to live, and as soon as an organic waste matter returns to the 
soil, it begins to undergo biological decomposition; its flxed nitrogen 
is released. 

4.8.1 Ammonification 

Protein and some other organic nitrogenous compounds are 
hydrolyzed to amino acids and similar compounds, and these are broken 
doWn to other, simpler compounds when they are metabolized by 
microorganisms. The amino groups (-N~) are split off to form ammonia 
(NH3)' Note that the nitrogen is in its most reduced form. 

Urea (O=C-NH
2 

NH
2
), a waste product found in the urine of 

man and other animals, is also decomposed by numerous microorganisms 
(e.g., Proteus species and Micrococcus ureae) , with liberation of 
ammonia. An ammoniacal odour is an outstanding impression in an 
uncleaned stable or in the infact's not-promptly changed diaper wet 
with urine due to rapid decomposition of urea. 

4.8.2 Denitrification 

AgricUlturally, the most valuable and expensive forms of nitrogen 
is in its most oxidized state, nitrate. Nitrates may be purchased 
expensively ~ fertilizer but are furnished free of charge by common 
nitrogen oxidizing bacteria of the soil. This process of bacterial 
oxidation, so agreeable to the fanner, is called nitrification. The reverse 
of nitrification is referred to as denitrification. In denitrification, nitrates 
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Figure 4.8 : Tip of an advancing infection thread pushing into the nucleus of a host cell. 
The host cell nucleus is seen at N. N. while the nuclear membrane is seen at Nmb. 1be 
thin membrane surrounding the infection thread is visible at Tmb. The RhhPbiJun bacteria 
(B) are seen embedded in their gummy matriX. TM . As the nodule matures the bacteria 
are released into the cell cytoplasm and become pleomrphic bacteroids. 1be marix of 
the advancing thread is surrounded by host cell cytoplasm containing nllosomes and 
organelles: endoplasmic reticulum (ER) and s Golgi body seen at G . Approximately x 
50.000. 

are used by various facultative and anaerobic soil microorganisms as 
hydrogen acceptors, and are reduced from nitrates to nitrites, to gaseous 
nitrogen or to ammonia, the extent of reduction depending on the species 
involved and the availability of free oxygen. These processes are not 
agreeable to the farmer! 

The reduction of nitrates accounts in part for the lack of fertility 
of constantly wet soils that support growth of nitrate-reducing anaerobic 
species. Some of these species are Thiobacillus denitriftcans and various 
species of Clostridium. 

As mentioned previously part of the fixed nitrogen represented by 
ammonia, whether the ammonia is derived from decomposing organic 
matter or by denitrification, escapes into the atmosphere. More would 
be lost to the living cycle were it not for its immediate combination 
in the soil as ammonium salts, and for the nitrifying microorganisms 
that oxidize ammonia to nitrites and nitrates, in which fOfID\ it is 
again available for plants; thus it re-enters the organic cycle. 
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4.9 NITROGEN OXIDATION 

4.9.1 Family Nitrobacteraceae 

147 

These bacteria are common in fertile soils . They are so called 
because they are concerned in nitrification (i .e . , the oxidation of 
ammonia to nitrates). Nitrates are the most useful and most expensive 
(and for many crops, the only) form of nitrogen for crop plants though 
some plants can use ammonia and/or nitrites if necessary. 

Figure 4.9 : Different types of root nodules formed by Rhizobium sp .• on leguminous 
~ID~. • 

The Nitrobacteraceae are strictly autotrophic. None forms spores. 
Some are simple rods, motile with polar flagella, oth-ers are spirals 
or cocci; some are gram-positive, others gram negative. 

The oxidation of ammonia to nitrates in the soil by Nitrob
acteraceae involves two distinct stages, each stage carried out by 
different genera, The first stage, the oxidation of arnm-onia to nitrites, 
is sometimes called nitrosification: 

2NH3 + 302 ~ 2HN02 + 2Hp + 79,000 cal. 
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4.9.2 Oxidation of Ammonia to Nitrite 
Nitrosomonas and Nitrosocystis (representative genera) are very 

small oval rods, each with a single, polar flagellum. They are strictly 
aerobic and are very sensitive to acidity. Since oxidation of ammonia, 
and especially of ammonium sulfate, creates acidity caused by HN02 
and H2S04, Nitrosomonas and Nitroscystis soon cease growth unless a . 
soil is well limed or otherwise buffered. The optimum pH is around 8.6. 

These species are chemolithotrophic and can be cultivated in a 
solution of minerals such as the following: 

Ingredient 

(NH4)2S04 (source of energy and 
nitrogen) 

~HPO 4 (buffer) 
MgS04 
FeS04 
NaCl 

CaC03 

MgC°3 

Per cent 

·0.20 

0.10 
0.05 
0.04 
0.04 
0.10 

0.10 

This medium may be solidified with silica gel but not with agar, 
since all Nitrobacteraceae are strict autotrophs. 

Some of these bacteria, notably Nitrosocystis oceanus, a marine 
species, exhibit very complex intracellular and pericellular membranous 
structures or organelles that are suggestive of the photosynthetic 
structures in eucaryotic chloroplasts or bacteria. 

4.9.3 Oxidation of Nitrite to Nitrate 
This process is called nitrification. Both nitrosification and 

nitrification are sometimes spoken of together as nitrific-ation. Most 
. higher plants cannot utilize nitrites as their source of nitrogen. In 
fact, nitrites are toxic to many plants and animals. The most 

. immediately useful form of nitrogen for agricultural purposes is nitrate. 
Since nitrate does not commonly occur spontaneously in soil, its 
development is dependent on the presence of the Genus Nitrobacter, 
which oxidize nitrites to nitrates: 

HN02 + V202 ~ HNP3 + 21,600 cal. 
'~. A difficulty with nitrates as fertilizers is that they are very soluble 

and are quickly leached from the soil. 

Nitrobacters are nonmotile rods. They occur in soil, rivers and 
streams, and are world wide in distribution. Under labo-ratory 
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conditions they grow well only in the entire absence of organic matter. 
Nitrobacter may be cultivated in solution such as the preceding by 
substituting sodium nitrite for amm-onium sulfate as a source of energy. 

4.9.4 Other Nitrogen Oxidizers 
In addition to the Nitrobacteraceae, certain heterotrophic bacteria 

have been shown to oxidize ammonia ~o nitrite (e.g. , Streptomyces and 
Nocardia species) . Nitrification as a sole source of energy appears to 

Figure 4.10 : The nitrosifying and nitrifying bacteria are complex in structure 
and contain remarkably large, elaborate and orderly lamellar organelles that 
are probably derived, as are some other laminated intracellular structures, 

'. 'i' both eucarytic and procaryotic, from the cell membrane. Many appear to the 
... _associated with energy-yielding processes in the cell : in the Nitrobacteraceae 
.; presumably with the complex processes of oxidation of NH

J 
to -NOz and of 

-N~,2 to -NPJ • 

~.;~,c. 
• lOt ~ 
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be carried out only by species of Nitrobacter and Nitrocystis (do not 
confuse with Nitro-socystis) . However, several species of eucaryotic 
fungi (Asper-gillus jlavous, Penicillium sp., Cephalosporium sp.) carry 
out both steps, oxidizing organic nitrogen (possible first forming ammonia 
from it?) to nitrite and nitrate. 

4.10 THE SULFUR CYCLE 
In many respects the sulfur cycle is analogous to the nitrogen 

cycle . Sulfur is as essential to protoplasm as nitrogen and undergoes 
similar alternations between organic and elemental states and between 
oxidation reeduction. Like nitrogen also, sulfur is most available to 
green plants in its most oxidized form, i.e., s sulfates. Sulfur is often 
found in the elemental state or in volcanic ("medicinal") waters as 
hydrogen sulfide (H2S) and other sulfides . It is released from organic 
compounds (e.g. , proteins) by anaerobic decomp-osition (putrefaction) 
in its most reduced state, H2S, analogous to ammonia (NH3). Sulfates 
are also reduced to H2S by certain bacteria. Like nitrates, fully oxidized 
sulfur (sulfate) is expensive and quickly leached (dissolved) from soil 
by rains. 

4.11 OXIDATION OF SULFUR 
We have already discussed photosynthetic bacteria that oxidize 

various forms of sulfur, especially hydrogen sulfide, to sulfates. Other 
important sulfur oxidizers are grouped in the Family Thiobacteriaceae 
of the Order Pseudomonadales. Thiobacteriaceae are single, independent, 
gram-negative, cocci, straight or curved rods, or spirals, generally 
about 0.5 Jl by 10.0 Jl in dimensions. Motile species have polar flagella . 
Many are strict or facultative chemolithotrophs . Some interesting 
representatives are found in the Genus Thiobacillus.-

4.11.1 Genus Thiobacillus 
Thiobacilli thrive in mud, sea water, sewage, boggy places, coal

mine drainage, sulfur springs and so on where sulfur and its reduced 
compounds occur naturally or as a result of microbial metabolism. 

Thiobacilli oxidize sulfur or its reduced inorganic compounds as 
energy sources in a variety of ways depending on species: 

1. 5N~SP3 + Hp + 402 ~ 5N~S04 + H2S04 + 4S 
2. 2Na2Sp3 + 1/2°2 + Hp ~ N~SP6 + 2NaOH 
The sulfur in equation I above may be further oxidized by other 

thiobacilli to sulfuric acid. 
3. 2S + 302 + 2H20 ~ 2H2S04 
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AIl thiobacilli are strict autotrophs. Aqueous solutions such as the 
following meet all of their nutritive requirements. 

Ingredients Per cent 

S UID 

N~SP2 0.500 

(NH4)2S04 0.030 

~P04 0.025 

CaC~ 0.050 
FeS04 OJm 
KCI 0.050 
MgS04 0.020 

Ca(N°3)2 0.050 

Note the absence of carbon source. This diet and metab-olism are 
truly marvellous when compared with the complex organic requirements 
of heterotrophic bacteria or man. Instead of lipids, carbohydrates and 
proteins and their derivatives as sources of energy and cell substance, 
thiobacilli use a few minerals. Instead or complex organic wastes in 
urine and feces, these organisms excrete corrosive H

2
S0

4
! 

The metabol.ism of Th. denitrificans is of special interest, since 
this represents one of the factors responsible for losses of fertility in 
certain anaerobic (swampy) soil (denitrification, or reduction of 
nitrates): 

5S + 6HN03 + 2Hp ~ 5H2S04 + 3N2 (+ E) 

Thiobacillus thiooxidans oxidizes sulfur and thiosulfates to sulfuric 
acid aerobically. As sulfuric acid is formed in considerable amounts, it 
might be thought that the orga-nisms would qUfckly inhibit their own 
further growth. This species, however, is of interest in having a great 
resistance to acid. It is "distinective in that it is able not only to 
tolerate but to produce higher concentrations of acid than any other 
living organisms yet known" (Starkey) . Some growth is said to occur at 
a pH of I, and it grows readily at pH 3. Another species. Th. iruermediu5, 
requires both organic and reduced inorganic sulfur for best growth. 

An interesting physiological question arises. and remains unanswered, 
as to how sulfur particles, water-insoluble, pass through the bacterial 
cell wall and membrane. In spite of their strange properties these 
organisms have the same general structures as familiar, heterotrophic, 
gram negative bacteria. Could pinocytosis operate in a cell coated by 
a cell wall? 
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An important · aspect of acid formation by any microorganisms 
lies, on the debit side, in the corrosive and destructive properties of 
the acids on industrial steel, pipes, and other acid-sensitive products. 
On the credit side is the very desirable solvent action of acids on 
phosphate rocks that contain the indispensable element phosphorus in 
otherwise insoluble forms . 

Putrefactive 
microorganisms 

(use S as H-acceptor) 

Organic compounds: 
(cystine, methionine, glutathione, etc.) 
in plants and animals. 

~ 
Food of plants and animals 

\ 
Sulfate-reducing H2S04 

Dewlfa.,ibrio, etc. • .• /--. S If ida . b 
___ / U ur ox tion y 

microorganisms: •......•...•. 1 
// Thiobacillus, 

/--/ Thiorhaciaceae, etc. 
/-

H
2
S ,,- Sulfur oxidizing baderia: , S 

Thiorhodaceae, etc. 

Y!~:rn~~~i:~ndS ~ 
sourc.~! mines, waters, . 
volcanIC gases, etc. 

Figure 4.11 : The sulfur cycle. At left. H2S enters the cycle from nonliving sources 
. (botto~) and from living sources (top). It is oxidized to sulfur (right) by various sulfur
oxidizing microorganisms. Sulfur also enters the cycle from inorganic sources (bottom). 
Sulfur is oxidized by microorganisms to H2SO. which may enter organic structures in 
plants and animals (top) or be reduced to H2S (left) by sulfate reducers. 

Figure 10.12: Colonies of Ferrobacillus sulfooxidans. and autotrophic, sulfure and iron
oxidizing bacterium. The colonies are on a wholly inorganic nutrient agar (pH) 4) 
containing FeSO. 7H,o as the sole source of energy . Note the ted (dark) central areas 
of oxidized iron in th~ larger colonies (X SO). 
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Thiobacillus ferrooxidans, a species closely similar to Th. 
thiooxidants, is found in acid drainage waters of iron and bituminous 
coal mines. Th. ferrooxidans and oxidize ferrous iron salts as well as 
sulfur: 

4FeS04 + 2~S04 + Oz ~ 2Fez(S04)3 + 2Hp 
FeZ(S04)3 + 6Hp ~ 2Fe(OH)3 + 3~S04 

Similar species called Ferrobacillus ferroxidans and Fer. 
sulfooxidans have been described. These are all true "iron bacteria," 
i..e., they oxidize iron as a source of energy. 

4.12 BACTERIAL REDUCTION OF SULFUR 
Sulfate-reducing species of bacteria are few but they are widely 

distributed, especially in sewage and other polluted waters, the sea 
and marine muds from pole to pole, in oil wells and in the bovine 
rumen. There are two general types; one, Genus Desu!fotomacu[um, 
includes sporeforming rods one species of which was formerly known 

F1gure 4.13 : Electron micrograph of Desulfovibrio desulfuricans (x 18,540). 

as Clostridium nigrificans; the other is a group of pleomorphic, curved
rod (vibrio-like) organisms classified as Desulfovibrio. Like uther vibrios 
they are motile with polar flagella. Of these, Desulfovibrio desuljuricans, 
the best known species, is anaerobic though it has cytochrome systems 
like oxidative organisms. Like all typicals and must have iron for its 
cytochrome. Organic materials are dehydrogenated and the hydrogen 
is transferred to sulfites, sulfates and thiosulfates, which are reduced 
to HzS 

2C~ • CHOH • COONa + H
2
S04 ~ 

Sodium lactate 
2CH3 • COONa + HzS + 2C02 + 2Hp 

Sodium acetate " 
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Some sulfae reducers can use molecular hydrogen in the reduction 
of sulfate: 

4H2 + H2S04 ~ H2S + 4Hp 

4.13 THE CARBON CYLCE 
Carbon is introduced into the organic system from its most oxidized 

state, carbon dioxide, and is reduced in organic combination, mainly 
by photosynthesis . A lesser amount of carbon is taken as :ltmospheric 
CO2 into some species of chemosynthetic bacteria and some other 
cells. As a result of these various biological synthetic activities 
involving carbon, and in the passage of hundreds of millions of years, 

. vast quantities of carbon are stored in coal, peat, petroleum oils and 
gases ("fossil fuels " ) and in coral, lime stones, marble and other 
caronate rocks to say nothing of the carbon in today' s living organisms 
(and to say still less of the carbon in diamonds!) . In all of these 
forms, carbon is more reduced than it is as CO2, A number of anaerobic 
bacteria use organically combined carbon as an electron (H) acceptor 
and reduce it still further to methane (CH

4
) . As mentioned elsewhere, 

methane is a major component of natural gas, including marsh and 
sewer gases, being produced by such species as Methanobacterium 
Methanococcus and some species of Clostridium. Note that these are 
methane producers. 

If all existing supplies of CO2 in the atmosphere or dissolved in 
the waters of the earth were to be continuously removed from the 
atmosphere or dissolved in the waters of the earth were to be 
continuously removed from the atmosp-here and combined in organic 
matter or in carbonate rocks, like on the earth would cease in a 
generation or so. But carbon is continuously reoxidized and returned 
to the atmosphere, and thence to the seas, . as CO2 in a variety of 
familiar ways : mainly by combustion if coal by volcanic activities, all 
of which liberate CO2, Biological activities include not only 
fermentations that yield CO2, but metabolism by certain rare .bacteria 
that oxidize methane as a source of energy, e.g., Pseudomonas or 
Methanomonas methanica. Some of these are wholly dependent on the 
methyl group as in methane or methanol, e.g., Methylococus capsuJatus. 
CO2 is released from carbonate rocks by acids resulting from geological 
action and also by acids formed during fermentations and by such 
bacteria as the species in the nitrogen and sulfur cycles that produce 
HN0

3 
and H2S04 , 

Carbon monoxide is a relatively rare gas under ordinary conditions 
and results commonly from partial combustion. Exceedingly poisonous 
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PHOTOSYNTHESIS ---------+1 Organic compounds 
(Green plants, Thio- in plants 
rhodaceoe, etc.) ... 

\ 
\ 

Metabolism; \ 
~composit!on by \ 
mIcroorganIsms ... ~ 
Combustion; \ 

Atmospheric or • Organic compounds ... Microbial 
free C02 ........... _ .. ___ ._._____ in animals ...... \ redudion 

---.• ~--------.------- ......... ... to 
M,crobio' ox'·d-a--t~------------------- .... " ~ Ion -------- CH4 

Figure 4.14: The carbon cycle_ Atmospheric or free CO, (lower left) is combined as 
organic matter by photosynthesis (upper left) _ These organic compounds either remain 
as plant material (upper right) or are taken up by animals (lower right, solid lines) _ In 
either case the carbon is eventually released to the atmosphere again by combustion, 
metabolism of higher plants or animals, or by microbial decomposition of plant and 
animal wastes and remains (diagonal solid line) _ The dash lines at lower right show a 
sort of extraneous cycle carried on the anaerobic microorganisms which either reduce 
carbon to CH, in bio-oxidation or oxidize CH, to CO, as a source of energy in bio
oxidation_ 

for most aerobic organisms including man, it is relished as a source 
of energy and carbon by at least one autotrophic bacterial species, 
Carboxydomonas oligocarbophiLa, that oxidized CO to CO

2
- So the 

carbon "goes 'round and' round," alternating between organic and 
inorganic, reduced and oxidized, like sulfur and nitrogen_ 

4.14 THE PHOSPHORUS CYCLE 
The phosphorus cycle involves an alternation in form of phosphorus 

between soluble and insoluble ;is well as between organic and inorganic. 
No organisms are known that reduce phosphates or oxidize phosphorus 
as a source of energy_ Phosphorus enters the soil in relatively insoluble, 
inorganic forms as phosph;ltes in the rock from which the soil is derived. 
It is added to agricultural soils as Ca

3
(P04\ in the form of bone meal 

and in commerical fertilizers as rock phosphates. 

Phosphorus is liberated from such insloluble compounds [e_g., 
Ca/P04)2] by acids formed during nitrification and during oxidation of 
sulfur (and also by fermentations) in the soil as follows: 

Ca/P04)z + 2HN03 ~ 2CaHP04 + Ca(N03)2 

Ca3(P04)2 + 4HN03 ~ Ca(H
Z
P04)z + 2Ca(N0

3
)2 

Ca/P04)2 + H2S04 ~ 2CaHP04 + CaS04 

Decomposing vegetable and animal materials liberate solubLe 
compounds of phosphorus such as DNA and RNA, ADP and ATP_ 
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The soluble fonns of phosphorus are used by both higher plants 
and microorganisms. 

4.15 THE RHIZOSPHERE 
The rhizosphere is a .zone of increased microbial growth and activity 

in the soil around the roots of plants. Sometimes the microorganisms 
form a sort of living mantle close around the roots . The rhizosphere 
may extended several inches into the soil around the roots. There are 
many interrelationships and interactions between plant roots and soil 
microor-ganisms. Some are favourable to plants, some indispensable; 
some are unfavourable, others lethal. 

Figure 4,15 : Effect of gibberellin on plant growth. The first (left) lime bean seedling 
was grown from seeds dusted with plain talc . The talc used to dust the seeds of seedlings 
2,3 and 4 contained, respectively, 10, 20 and 40 gm of gibberellic acid . 

We know, for example, that some bacteria or fungi make nitrogen 
available to plants as nitrates or in organic form . Sulfur oxidizers 
make sulfur available as sulfates . Heterotrophic metabolism makes 
carbon available as carbon dioxide for photosynthesis. Production of 
acids by microbial action makes rock or bone phosphorus available as 
soluble phosphates. Some bacteria synthesize auxins or phytoh-ormones 
(e.g., indole-acetic acid) which greatly stimulate root growth, and 
certain fungi (Gibberelkl species) synthesize the growth auxin, gibberellic 
acid. 

Plant roots reciprocate in kind. The roots of leguminous plants 
secrete soluble, organic nitrogenous compounds into the soil around 
them to be used by microorganisms and other plants. Many plant roots 
appear also to give off simple soluble carbon compounds (foods for 
bacteria) such as malic acid, pentoses and phosphatids. 
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The sloughing off of bark and root overings, as well as death of 
roots, provides a rich source of carbohydrates and derivatives to support 
a luxuriant flora of nitrogen-fixers and other helpful forms transforms 
plant material into humus, glucose, and other valuable foods for plants 
and microorganisms. A good heavy growth of microorganisms absorbs 
nitrogen, sulfur, phosphorus, potassium and other elements in soluble 
forms which might otherwise be removed (leached) from the soil by 
rain and drainage. While the organisms withhold these elements 
temporarily from plant use (sometimes with damage, to the plants), 
the elements are eventually released on death of the microorganisms. 
Thus, the higher plants act as a food manufacturer and stor-age
warehouse for microorganisms of the soil and rhizos-phere, while 
microorganisms act as collectors, processors and treasurers of foods 
for the higher plants . . 

4.16 PLANT DISEASES 
Among the unfavourable relationships between higher plants and 

soil organisms are (a) paraSitism of plants by pathogenic microorganisms 
such as many species of Xantho-monas and Envinia (rots, wilts, lights 
and spots), Agroba-cterium (galls, hairy root), eucaryotic fungi (rusts, 
rots, Wilts), viruses (mosaics, curly top); and (b) predation by insects 
rode-nts, nematodes and the like. 

The organisms causing plant diseases live in the soil, often as 
saprophytes. They possess protopectinolytic enzymes and other properties 
enabling them to live in or upon plant tissues, causing disease. 

4.16.1 Genus Agrobacterium 
Interesting and important bacteria, Agrobaaerium species are much 

like Rhizobium and live in, or closely associated with, plant tissues. 
The type species, A. tumefaciens, is well known to the floral and · 
horticultural industries as the cause of crown galls and tumors on 
plants such as the Paris daisy and many other families. Growth of A. 
tumefaciens in the plant tissues stimulates local overgrowth (tumors) 
of the tissues much as Rhizobium stimulates nodule growth on roots. 
Agrobacterium species do not fix atmospheric nitrogen. Studies of the 
tumorigenic effects ha~ given some interesting leads in research on 
human neoplasms. 

A related species. Agrobacterium rhizogenes, stimulates abnormal 
root growth, probably by the synthesis of a honnone-like factor (auxin 
or phytohormone). It causes hairy root of pomaceous plants (apples 
and pears). 
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Figure 4.16 : Tumor (crown gall) on a species of chrysanthemum inoculated seven 
months previously with Agrobacterium tumefaciens. 

Figure 4.17 : Microbial antagonism. The entire surface of the plate was inoculated 
with Shigella paradysenteriae. uSpot" inoculations were then made with various cultures 
of Escherichia coli. After incubation, growth of the Shigella appeared as grey upebbling" 
except in zones around certain antagonistic cultures: 534, 214, 31 and 438. Cultures 311 
and 297 showed no antagonism. 

4.17 ANTAGONISMS 
There are many antagonisms among soil microorganisms that 

benefit the plant growth) . For example, soil infested with Phytophthora 
parasitica, the fungal cause of damping off of tomato seedlings, may 
be virtually rid of the pest by inoculation with Penicillium patu[um, 
which is antagonistic to the parasitic fungus. A genus of eucaryotic 
fungi, Tricho-denna, produces a substance that greatly reduces infectivity 
of tobacco mosaic virus. Many similar examples are found in the 
literature. 
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4.17.1 Antibiotics and Plant Diseases 
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Many plant pathogens are quite susceptible to antibiotics, including 
some antibiotics that are used for treating infections in hi~er animals 
(streptomycin, griseofulvin, cycloheximide, the tetracyclines). We know 
that many of these antibiotics are produced by soil microorganisms: 
Streptomyces, Penicillium, Bacillus and numerous others. Other 
antibiotics not suitable for use in human or veterinary medicine are 
excellent for control of various plant pathogens when used as sprays, 
dusts or dips. It is scarcely to be doubted that the antibiotic-producers 
of the soil produce their antagonistic agents in their natural habitat 
and that they exert a tremendous influence on the soil microflora. 
They undoubtedly control plant pathogens to a great degree. 

Antibiotics added to the soil or water in which plants or cuttings 
are growing are soon taken up in the plant and distributed to all parts. 
Obviously, if a heavy growth of organisms that produce penicillin or 
streptomycin or polymyxin is present in the rhizosphere, not only is it 
likely to prevent growth of pathogens in the soil but it may also 
prevent growth of desirable species. 

4.18. MICROBIOLOGY AND PETROLEUM 
No fmal conclusions as to the mode of origin of petroleum may 

be reached on the basis of present knowledge. However, it is generally 
held that it originated from living organisms and that microorganisms 
had a part in it. Crude petroleum contains many hydrocarbons (e.g., 
paraffm, kerosense) as well as compound of nitrogen. reduced sulfur, 
phosphorus and other elements in proportions and relations suggestive 
of derivation from organic matter. Studies of the subject strongly 
indicate that: (a) the temperature of petroleum formation was within a 
range compatible with microbial life (30 0 to 80°C); (b) pressures up 
tQ 100,000 pounds per square inch or more are within the limit of 
microbial viability; (c) petroleum was formed in or near its present 
locations that at the time were probably sea bottom; (d) conditions 
were highly anaerobic; (e) salinities were probably elected (5 to 10 
per cent?) but not excessive. A question is whether any known 
microorganisms could produce any of the higher homologues in the 
hydrocarbon series. While some experim-ental evidence suggests that 
this could occur, no conclusive demonstrations on the point have been 
made. 

All higher plants synthesize fats and carbohydrates. Huge vegetable 
deposits like those that formed coal, when decomposed by certain 
microorganisms, could conceivably liberate large amounts of the 
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hydrocarbons found in petro-1eum, but the exact mechanisms is not 
clear. 

4.18.1 Destruction of Petroleum 

While microorganisms mayor may not have produced petroleum, 
there is a large group of organisms that actively attack and destroy 
petroleum hydrocarbons. We have already noted some species that 
oxidize methane. Others, common in the soil near petroleum wells, 
vigorously oxidize ethane (Mycobacterium species and Pseudomonas 
species). Others, as Desulfovibrio, oxidize higher homologues such as 
petro-Ieum oils and paraffin. 

Many microorganisms can decompose the hydrocarbons in gasoline, 
and are of considerable importance in the petrol-eum industry as causes 
of spoilage. Among these are Psedud-onwnas and Achromobacter species, 
also Alcaligenes, Mycob-acterium, Aspergillus, Monilia and Sarcina. 
Several species of microorganisms capable of metabolizing petroleum 
hydro-carbons cause pitting and erosion of tanks, including fuel tanks 
of aircraft, due to acid formation. 

4.18.2 Prospecting for Petroleum 

Microorganisms that utilize ethane and higher hydroc-arbon vapours 
as carbon and energy source are sometirr.es used to fmd hidden sources 
of petroleum. Culture mixtures, complete in all respects except carlJon 
source, are placed in tlasks and inoculated with an appropriate species 
of organisms able to utilize only petroleum vapours as carbon source. 
On being lowered into suspected oil-bearing strata and left for some 
days, growth will occur if petroleum vapours are present. Patents have 
been issued for some processes of this kind. Error can arise from the 
fact that methane produced by anaerobic microorganisms of the 
surrounding soil e.g., Methanobacterium, can confusingly support growth 
of some hydrocarbo nusers quite as well as hydrocarbon vapours from 
deep oil deposits. 

The finding or large numbers of hydrocarbon-oxidizing microorganisms 
in soil also suggests the presence of hydroc-arbons from petroleum 
deposits below the surface. 
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Control of 
1\1icro-organism 

5.1 SMALLPOX 
Smallpox, perpetuated only in humans, was differentiated into 

two types by the degree of severity and proportions of fatal cases it 
produced during outbreaks. Variola major, the severe type with a 
casefatality ratio of 15 to 40%, prevailed in the "modern days" in 
the Asiatic subcontinent. Variola minor, also known as alastrim, 
amaas, or Kaffir pox, was the mild type, with fatalities of less than 
1 %. It first appeared in South Africa and spread to the West Indies, 
Brazil, North America, and England, and in the 1970s, before the 
world-wide eradication in 1977, it was prevalent in Ethiopia and 
Somalia. 

The virus enters through the mucosa of the upper respiratory 
tract, migrates to the lymphatic glands, and is carried by the 
bloodstream to the internal organs, During an incubation period of 7 
to 17 days, the virus multiplies in the internal organs and overflows 
into the' bloodstream. During this prodromal period the disease is 
manifested by fever, headache, and backache. A widespread infection 
of the skin and mucous membranes follows, and skin lesions become 
apparent in 2 to 3 more days. As the lesions break down, virus is 
liberated and the patient becomes highly infective. The immune 
response that follows determines to some extent the severity of the 
disease. 

5.2 MONKEYPOX 
Monkeypox was first recognized as an exanthematclls disease if) 

161 
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1958 in captured cynomolgus monkeys. The human disease caused 
by monkeypox virus infection, which evolved to be the most important 
poxvirus disease since the eradication of smallpox, was first 
recognized in Zaire (Congo), Africa, in 1970. The clinical features 
of monkeypox virus infection in humans, designated human 
monkeypox, resemble those of smallpox so much that the final 
differentiation between human monkeypox and smallpox usually 
depends on the isolation and identification of monkeypox virus. 
Because of this close resemblance, human monkeypox was not 
recognized until smallpox was eradicated. Since 1970 and through 
1983, 150 cases of human monkeypox have been identified, mostly 
in Zaire but also in Liberia, the Ivory Coast, Sierra Leone, Nigeria, 
Benin (the patient traveled from Nigeria), and Cameroon. The fatality 
rate of human monkeypox is 15 %, but the transmission rate to 
unprotected individuals is much lower than that of smallpox. Tertiary 
transmission was seen for the first time in 1983. Although outbreaks 
have occurred in monkeys in captivity, the natural reservoir of the 
virus is still unknown, and consequently the means of its initial 
transmission to ,humans is unknown. 

5.3 VACCINIA 
Rare but possibly serious complications following vaccination or 

contact with a recent vaccinee include progressive vaccinia (vaccinia 
gangrenosa, vaccinia necrosum), postvaccinal enceph-alitis, eczema 
vaccinatum, and congenital vaccinia. Less serious complications include 
erythema multi forme and generalized vaccinia. The number of these 
complications will decrease in the United States since smallpox vaccine 
is no longer available for the civilian population as of 1983. However, 
occasional contact vaccinia continues to occur in family members and 
close contacts of recently vaccinated members of the U.S. Armed 
Forces. 

Because of recent enthusiasm in using vaccinia virus as a carrier 
of genome segments of other infectious agents for immunization, the 
Advisory Committee for Immunization Practice recommended in 1983 
that laboratory investigators using orthopoxviruses, mainly those 
working with vaccinia virus but also those handling monkeypox virus 
and smallpox virus, be vaccinated. 

5.4 COWPOX 
Cowpox was always believed to be transmitted to humans by 

direct contact with infected cows, but infected rats and other rodents 
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are now implicated in transmitting the disease.to humans. The lesions 
in humans are found on the fingers. with reddening and swelling. 
The lesions become papular and then, in 4 to 5 days, vesiculate and 
heal in 2 to 4 weeks. 

5.5 WffiTEPOX 
Six isolates of whitepox virus have been found since 1964. Two 

were isolated from two healthy monkeys in captivity, and four were 
isolated from wild animals (chimpanzee. sala monkey. and two 
rodents) captured in Zaire in the same localities where human 
monkeypox cases had occurred. These isolates cannot be differentiated 
from human variola virus by biological genetic marker tests or 
genome characterization. A recent lnvestigation. however, showed 
that at least two of the six whitepox virus isolates are products of 
laboratory cross-contamination. 

5.6 TANAPOX 
Tanapox in humans, first descnDed by Downie et al., occurred 

in Kenya along the Tana River. A World Health Organization 
surveillance of hmnan monkeypox in Zaire revealed that the disease 
is also prevalent there. Lesions found on the skin of the upper arms, 
face, neck. or trunk start as papules, then become vesicles (from 
which fluid is difficult to extract). The lesions umbilicate without 
pustulations and heal in 2 to 4 weeks (some to 7 weeks). 

5.6.1 Milker's Nodule 

Milker's nodule. known as pseudocowpox in cattle, is transmitted 
to humans by direct contact. The infection in humans starts at the site 
of abraded skin on the hands and fingers which have been in direct 
contact with an animal's infected udder and teats. 

5.6.2 Orr 
Contagious ecthyma. contagious pustular dermatitis, contagious 

pustular stomatitis. or sore mouth. all naming the same disease in 
sheep and goats. is transmitted to humans by direct contact. The 
infection in humans is usually found on the fingers. hands, and arms 
but may be found on the face and neck. 

5.6.3 Molluscom Contagiosum 

Two forms of molluscum contagiosum occur in humans. In one 
fom found in children. the lesions are found on the face, trunk, 
and limbs. and the infection is transmitted by skin-to-skin or fomites
to-skin contact. In the other fonn. found in young adults. the lesions 
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are mostly in the lower abdominal wall, pubis, inner thighs, and -
genitalia, and the infection is transmitted by sexual contact. 

5.7 DESCRIPTION OF AGENTS 
All poxviruses described in this chapter belong to the family 

Poxviridae. The viruses of smallpox, monkeypox, vaccinia, cowpox, 
and whitepox are in the genus Onhopoxvirus. The viruses of milker's 
nodule and orf are in the genus Parapoxvirus. The viruses of tanapox 
and molluscum contagiosum are still unclassified in the family 
Poxviridae. The genomes of these viruses consist of a single molecule 
of double-stranded DNA. 

The orthopoxviruses (smallpox, monkeypox, vaccinia, cowpox, 
and whitepox viruses) cannot be distinguished from each other on the 
basis of morphology when visualized by electron microscopy (EM). 
The parapoxviruses (milker's nodule and orf) cannot be distinguished 
from each other by morphology but can be distinguished from 
orthopoxviruses, tanapox virus, and molluscum contagiosum virus. 
The tanapox and molluscum contagiosum viruses can at times be 
distinguished from orthopoxviruses and can always be distinguished 
from parapoxvirus by morphology. 

The viruses of the orthopoxvirus group are serologically so 
closely related that each virus can be identified as belonging to this 
group by a routine serological test but cannot be distinguished from 
the others. There is no serological relationship among orthopoxviruses, 
parapoxviruses, tanapox virus, and molluscum contagiosum virus. 

Orthopoxviruses produce a soluble hemagglutinin, but 
parapoxvirus, tanapox virus, and molluscum contagiosum virus do 
not. Orthopoxviruses grow on embryonated chicken egg 
chorioallantoic membranes (CAMs), but parapoxviruses, tanapox 
virus, and molluscum contagiosum virus do not. 

5.8 COLLECTION OF SPECIMENS 
If a suspected case of smallpox is diagnosed it is to be reported 

immediately upon discovery, by telephone, to the respective state or 
territorial health department. After the state or territorial health 
department reviews the case and if it still appears to be a suspected 
case, it should be immediately reported to the International Health 
Program Office or the Poxvirus Laboratory, Viral Exanthems and 
Herpesvirus Branch, Division of Viral Diseases, Center for Infectious 
Diseases, Centers for Disease Control (CDC). The Poxvirus 
Laboratory also serves as one of the World Health Organization 
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Collaborating Centers for Smallpox and Other Poxvirus Infections. 
Both Collaborating Centers serye other countries. 

S.S.1 Collection of Specimens 
In addition, however, it is important to collect an amount of 

specimen sufficient to permit effective testing; use of an inadequate 
amount of a specimen decreases the dependability of laboratory tests 
for diagnosing smallpox and other poxvirus diseases. 

Suitable specimens from patients with smallpox, vaccinia, or 
cowpox collected for virological tests are vesicular fluid (including 
the cells at the base of the vesicule) and scabs. If these specimens 
are not available, such as in cases of milker's nodule and orf, a 
biopsy from the lesion's outer area is useful. 

Collect vesicular fluid in capillary tubes or on glass slides as a 
thick smear (without spreading the smear) or on swabs. Collect at 
least two or three capillary tubes of vesicular fluid, or at least four 
glass slides with thick smear, or at least three to four swabs and at 
least four to six scabs. Send the collected specimens in a dry condition 
in a screw-capped container. Do not add "transport fluid" to the 
specimens. Suitable autopsy specimens include sections of the lungs, 
liver, spleen, and kidneys. Specimens collected from cases of any 
poxvirus infection can be stored at -20°C, but -70°C is preferred 
for long-term storage. 

5.9 DIRECT EXAMINATION 
To be effective, laboratory diagnostic teats (direct examination) 

for srr.aIJ.pox should produce accurate, easily interpreted results. They 
should be relatively quickly performed, simple, and direct. Seven 
methods that may be used for the laboratory diagnosis of smallpox 
and other orthopoxvirus diseases are listed in Table 1. The first three 
methods, namely, EM, chicken CAM culture, and cell culture, have 
been the combination of choice (at CDC) which gives the most 
dependable results with the least confusion. The other four methods, 
agar gel precipitation (AGP), stained smear, fluorescent antibody, 
and complement fixation (CF), do not provide additional advantages 
to the efficacy of laboratory diagnosis. 

5.9.1 EPA 
Vesicular fluid collected in capillary tubes, lesion fluid (pustular) 

collected as smears, and ground scab suspensions are all excellent 
sources of virus to be examined by EM. 

In examining a prepared grid, one must note that a grid too 
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dense and showing no transparency indicates that too much material 
has been put onto the grid, and a grid not dense enough and showing 
too much transparency indicates that too little material has been used. 
Either condition greatly diminishes the reliability of the test. 

TABLE 5.1 : ACCEPTED DIRECT EXAMINATION METHODS 
FOR THE LABORATORY DIAGNOSIS OF SMALLPOX, 
HUMANMONKEYPOX.VACCD«A,ANDCO~X 

Method 

Preferred methods 
EM 

Chicken CAM culture 

Cell culture 

Other methods 
AGP 
Stained smear 

Fluorescent antibody 

CF 

Accomplishment 

Direct visualization of virus 

Growth of smallpox, human monke
ypox, vaccinia, cowpox, whitepox, 
and herpes simplex viruses with 
definitive pock characteristics 
Growth of smallpox, human 
monkeypox. vaccinia, whitepox, and 
herpes simplex viruses with defmitive 
CPE characteristics 

Antigenic identification 
Visualization of elementary bod 
ies 
Visualization of virus-antibody 
complex; antigenic identification 
Visualization of reaction dependent on 
virus-antibody complex; antigenic 
identification 

In examining a grid, not only must one know that a sufficient 
amount of material is on the grid, but one must also learn to 
differentiate nonviral particles which resemble poxvirus or herpesvirus 
from the real viral particles. 

The reliability of EM for detecting virnses in specimens collected 
from cases of smallpox and human monkeypox at CDC has been 
over 98 %. An even higher percentage of positive specimens could 
have been detected by EM if the quantity of vesicular, pustular, or 
crust materials in all specimens had been adequate. 

Compared with the reliability of EM for positive diagnosis of 
smallpox and human monkeypox, the reliability for diagnosis of 
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vaccinia infection was only 67%. This low percentage can be partially 
explained by the fact that inadequate amounts of specimens were 
obtained or, more likely, that specimens were obtained when the 
numbers of virus present in the lesion were not at peak. 

To determine the reliability of EM for the detection of varicella 
virus is difficult. Of the specimens from 6,919 patients with suspected 
smallpox, 1,936 were identified as having varicella viruses . EM 
examination identified all of these. Varicella virus is considerably 
labile as compared with poxviruses, and since many specimens 
received were scabs or vesicular fluid which were not fresh, virus 
isolation was impossible. Therefore, EM remains the only dependable 
method for the detection of this virus . The reliability of EM for 
detecting varicella virus in vesicular fluid collected in adequate 
amounts (which includes the basal cell layer of the vesicle) and in 
scabs collected in the very early stage of their formation is very 
high. However, the reliability decreases in scabs collected at later 
stages and in scabs which are ready to fall off. 

Because varicella is clinically similar to and sometimes confused 
with smallpox and human monkeypox, the use of EM is the fastest 
method by which to distinguish among these. Varicella virus can easily 
be differentiated from poxvirus by EM. EM cannot, however, 
differentiate the orthopoxviruses (smallpox, human monkey pox , 
vaccinia, cowpox, and whitepox). 

Although there are no data to measure the reliability of EM in 
detecting viruses of milker's nodule, orf, tanapox, and molluscum 
contagiosum, I found it most useful. Parapoxviruses (milker's nodule 
and orf) are smaller, and their morphology is distinctly different from 
that of orthopoxvirus and the viruses of tanapox and molluscum 
contagiosum. Parapoxviruses are elongated (oblong) and the tubules 
on the viral surface are arranged in parallel and form a criss-cross 
pattern, whereas the orthopoxviruses and those of tanapox and molluscum 
contagiosum are more brick shaped and the tubules are without the 
parallel arrangement. Tanapox virus morphology is similar to that of 
orthopoxviruses, but in about 80% of the specimens the viral particles 
of tanapox visualized by EM possess an envelope similar to that seen 
on the vaccinia M-form virus. Although vaccinia, smallpox, and human 
monkeypox viruses in lesion materials are seen usually without an 
envelope, vaccinia virus, especially when grown in cell culture, shows 
an envelope (about 10% of the viral population). In contrast, tanapox 
virus visualized by EM in lesion materials shows an envelope surrounding 
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each Vlflon. Molluscum contagiosum virus seen in lesion material 
morphologically resembles orthopoxviruses, but the surface tubules of 
the M-form virions are more pronounced than those usually seen on 
orthopoxviruses. Because of the unique characteristic of the lesions 
found in molluscum contagiosum, the visualization of poxviruses is 
usually adequate for the laboratory diagnosis of this disease. 

I.
· .. ·· '" . , 

9 10 II 12 

15 

Figure 5.1 : Electron micrographs at the original magnification on negative plates of 
ca. x 41,000. I. An M form of variola virus from crust, with indistinguishable surface 
filaments. 2. Two nonviral particles resembling the M form of variola virus (from 
crust); note the absence of the surface filamentous structure. 3. Two particles of vaccinia 
virus M form (from cell culture), each with an outer envelope; note the clearly 
distinguishable surface filaments . 4. A nonviral particle which can be mistaken for an 
M form of poxvirus. 5. An M form of variola virus (from crust) showing a more 
distinct filamentous structure than that in Figure. A nonviral particle (a stain spot). 7. 
A C form of variola virus (from crust) with a capsule; visible internal nucleoid. 8. A 
nonviral particle resembling the C form of variola virus; note that it is much smaller 
than a poxvirus particle. '9 . A typical enveloped varicella-zoster virus found in diagnostic 
materials; note the capsomeres on the capsid surface. 10. A nonviral particle resembling 
an enveloped varicella-zoster virus particle; note that it is almost twice as large as 
varicella-zoster virus and has no capsomeres. II. An enveloped varicella-zoster virus 
particle with three pseudopod-like structures (from vesicular fluid). 12. Disintegrating 
envelope of a varicella-zoster virus particle (from crust) . 13. A varicella-zoster virus 
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particle (from crust) with disintegrating envelope and an unevenly stained capsid. 14. 
A varicella-zoster virus particle (from vesicular fluid). 15. Typical caps ids with 
capsomeres of varicella-zoster virus (from crust). 16. Vancella-zoster virus capsids 
with staining characteristics uncommon in Viral particles found in crusts or vesicular 
fluid; these particles are twice the magnification of particles III the other micrographs. 

5.9.2 AGP 
Methods for the preparation of vaccinia antigen in CAM and 

hyper immune antivaccinia serum in rabbits are described in the 
Appendix. An end-frosted glass slide (75 by 25 mm), precoated with 
0.2% purified agar in distilled water, is prepared in the following 
manner for use as an agar gel slide. A line is drawn between the 
frosted and the clear area with a marking pen containing a fast-drying, 
oil-base paint. The slightly raised line produced prevents the melted 
agar from running into the frosted area. A 1.5-ml amount of melted, 
1.0% purified agar in distilled water containing a 1: 10,000 dilution 
of thimerosal is carefully delivered and spread onto the entire clear 
area of the slide. This forms a layer of agar about 2 mm thick. 
After the agar hardens, wells are made with a plastic template which 
cuts a pattern of wells so that a centrally located well is surrounded 
by six wells. The wells are 4 mm in diameter, and they are separated 
from each other by a distance of 5 mm from the center of one well 
to another. Agar cores are removed by suction with a Pasteur pipette 
attached to a vacuum line. 

A 10% suspension of specimens is used for the AGP test. The 
limit of dilution of the 10% crust suspension is about 1 :60 (wt/vo1). 
The specimen suspension to be tested is placed in the wells at the 
12 and 6 o'clock positions. The positive control vaccinia antigen is 
placed in the well at 2 o'clock, and the normal rabbit serum is placed 
in the well at the 4 o'clock position. Rabbit antivaccinia serum is 
placed in the central well. The slide is then placed in a humid 
chamber and incubated at 35°C. Lines of precipitation (positive 
reaction) will occur within 2 to 4 h between the wells containing the 
specimen and the antivaccinia serum if the specimen is from lesions 
of smallpox, human monkeypox, vaccinia, or cowpox. The line(s) 
of precipitation formed between the wells containing the specimen 
and the antivaccinia serum must fuse or join (form a line of identity) 
with at least one of the lines between the wells of the positive control 
vaccinia antigen and the rabbit antivaccinia serum. Specimens are 
not considered negative unless diagnostic lines fail to appear by 24 
h of incubation. 

A specimen negative on first testing may be retested with rabbit 
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antivaccinia serum diluted 1:2, 1:4, and 1:8. The use of the diluted 
reagent antiserum in the test sometimes results in an optimal antigen
antibody proportion and consequently gives a positive result. 

The reliability of the AGP test at CDC was over 78% in detecting 
viral antigens of smallpox and human monkeypox. The failure to 
detect was due to an inadequate amount of specimens received for 
testing (especially when vesicular fluid was received) or the probable 
degeneration of soluble precipitating antigens, a consequence caused 
by prolonged exposure of some of the specimens to high ambient 
temperatures during shipment. Heating crust suspension at 60°C for 
15 min greatly weakens AGP reactions. 

Human convalescent-phase smallpox serum or vaccinia serum 
should not be substituted for hyperimmune anti vaccinia rabbit serum 
as a testing reagent. 

In human serum, antibodies other than those specific for 
smallpox, human monkeypox, vaccinia, or cowpox may be present, 
in which case a precipitation line other than that against vaccinia 
may be observed and may confuse the diagnosis. 

The AGP can identify the viral antigens of smallpox, human 
monkeypox, vaccinia, cowpox, and whitepox, but because of the close 
similarity of these antigens, one antigen cannot be differentiated from 
another. Despite the test's disadvantage of giving false-negative results, 
the results can be obtained in relatively short time; therefore, it is 
useful when EM is not available. 

Although the AGP test has been used to identify the viral antigens 
of milker's nodule, orf, tanapox, and molluscum contagiosum, 
adequate data are not yet available to evaluate the test. 

5.9.3 Stained Smears 
Stained smears made with lesion materials of smallpox, human 

monkeypox, vaccinia, and cowpox can be examined by light 
microscopy when EM is not available. This method, however, does 
not equal EM in reliability. For details consult Downie and Kempe, 
who described and evaluated Gutstein's method and Gispen's 
modification of Morosow's silver stain method. Very limited 
information is available for using this method for field specimens of 
milker's nodule, orf, tanapox, and molluscum contagiosum. 

5.9.4 Fluorescent Antibody 
Although the fluorescent-antibody test can be used for the 

identification of antigens of smallpox, human monkeypox, vaccinia, 
cowpox, milker's nodule, orf, tanapox, and molluscum contagiosum, 
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CDC has found that it can give false-positive results under certain 
conditions; therefore, it should be used with caution. 

S.9.S CF 
The CF test is more sensitive than the AGP test for identifying 

poxvirus antigens in lesions caused by poxvirus infections. Lesion 
materials must be "cleaned up" before they can be tested, however, 
because these materials unless cleaned can cause anticomplementary 
reaction. 

5.10 ISOLA 'qON OF VIRUS 

S.10.1 Chicken Embryo CAM Culture 
Fertile chicken eggs must be incubated at 38 to 39°C for 11 to 

13 days to be useful for isolating and identifying the viruses of 
smallpox, human monkeypox, vaccinia, cowpox, and whitepox. Lower 
incubation temperatures render the CAM less susceptible or totally 
unsusceptible to poxviruses at the recommended time of 12 days. 

As a routine procedure, the inoculated eggs are incubated at 35°C 
instead of 37°C to avoid the complicating effects which result from 
supraoptimal temperatures. Some eggs are opened for examination 
at 48 h, if necessary, but the usual incubation time is 72 h. Negative 
CAMs are passed again in eggs (blind passage). 

It has been observed since 1966 at CDC that at times CAMs do 
not support the growth of viruses of smallpox, human monkeypox, 
vaccinia, or herpes simplex virus. Possible reasons are: (i) eggs from 
physiologically different flocks of hens; (ii) use of unusual antibiotics 
in the flock; (iii) viral infection in the flock, causing infection of the 
embryo and interference; (iv) incubation of the eggs at a temperature 
lower than 38°C, resulting in physiologically less developed embryos 
than the normal 12-day-old embryos; (v) insufficient humidity during 
incubation; (vi) use of a buffer solution too highly concentrated to 
dilute the test specimens; and (vii) incubation of inoculated eggs at a 
supraoptimal temperature. Although the exact cause of the variable 
susceptibility is uncertain, the effects are manifested in several ways: 
(i) CAMs support no growth of control virus strains of smallpox, 
human monkeypox, vaccinia, and herpes simplex; (ii) CAMs support 
the growth of a control strain of vaccinia virus, but the pocks are 
atypically small; or (iii) CAMs support the growth of a "house 
standard" vaccinia, but the pock titers may be 0.5 to 1.0 logo lower 
than usual, although the pock morphology is characteristic of vaccinia 
virus. 
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5.10.2 Differentiation of Vrrus on the Basis of Pock Morphology 
The viruses of smallpox, human monkeypox, vac~inia, cowpox, 

and types 1 and 2 herpes simplex are differentiated primarily by the 
morphology of the pocks they form on the CAM. Herpes simplex 
virus is included in the discussion because it is sometimes isolated 
in our investigation of smallpox and human monkeypo'l(. Varicella
zoster virus does not grow on chicken CAMs. 

Smallpox virus pocks at 72 h of incubation are about 1 mm in 
diameter, grayish-white to white, opaque, convex or dome shaped, 
raised above the CAM, round, regular, smooth on the surface, and 
not hemorrhagic, and all are of nearly the same size. They generally 
resemble "sunny-side-up" fried eggs when examined with a 
magnification of X 10. Whitepox virus pocks cannot be differentiated 
from those of variola virus. 

Human monkeypox virus pocks at 72 h are about the same size 
as those of variola virus, but they are not as raised; many pocks 
have a pinpoint hole in the center, and they are mostly hemorrhagic 
when incubated at 35°C (more hemorrhagic at 34°C). 

Vaccinia virus pocks at 72 h are 3 to 4 mm in diameter, flattened 
with central necrosis and ulceration, and sometimes slightly 
hemorrhagic. Some strains of vaccinia virus are quite hemorrhagic. 

Cowpox virus pocks at 72 h are 2 to 4 mm in diameter, flattened, 
and rather round and have a bright red central area (hemorrhagic). 
When the pocks are examined at x 10, the erythrocytes are in the 
pock proper. 

Herpes simplex virus type I pocks at 72 h are pinpoint size. 
not raised, not opaque, and not regular shaped. When many pocks 
are present, they are in a lattice-work arrangement. 

Herpes simplex virus type 2 pocks at 72 h are about 1 mm in 
diameter, white, flat, and irregular in shape and size. They are large 
and appear mucoid when initially isolated on the CAM. 

Viruses of tanapox, milker's nodule, orf, and molluscum 
contagiosum do not grow on CAMs.' 

The reliability for detecting smallpox and human monkeypox has 
been over 91 % by the CAM culture method at CDC. This might 
have been closer to 100% if the specimens had been fresh when 
received. Most of the specimens received at CDC had been in transit 
from 2 to 4 weeks. 

When the eggs are candled, examine the pointed end of the egg 
to determine whether the CAM is adequately developed into the area; 
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eggs with underdeveloped CAMs should not be used because they 
may be less sensitive to poxviruses. Eggs with albumen sac 
encroachment on the dropped area of the CAM can give only about 
one-tenth of the vaccinia pock count of the control. 

In examining the pocks on the CAM, one must be careful not 
to mistake nonspecific lesions for true pocks. Of the several causes 
for the appearance of nonspecific lesions, the most common is 
mechanical trauma. In addition, isotonic sodium phosphate buffer 
(0.122 M) used for inoculation can induce a high incidence of 
nonspecific lesions. 

A large dose of variola virus inactivated by heat or UV irradiation 
can cause a general thickening (,f the CAM and obscure the effect 
of a small amount of viable VlfUS which may be present. A similar 
effect has been observed at CDC when CAMs are inoculated with 
diagnostic specimens containing a very high virus titer; this effect 
could be avoided by diluting the specimens 10.3 or 10-4 before 
inoculation. CAMs showing the thickening effect should always be 
put through a second passage at several lO-fold dilutions in attempts 
to obtain definitive evidence of pock growth. 

5.10.3 Cell Cultures 
The use of cell culture has' been a necessary alternative virus 

isolation method because of the periodic' unpredictable insensitivity 
of the CAM for smallpox and human monkeypox viruses. 

Orthopoxviruses (viruses of variola, human monkeypox, vaccinia, 
and cowpox) can be isolated in human and nonhuman primate cells 
(e.g., embryonic human diploid cells, LLC-M~, and Vero). 

Variola virus in clinical specimens may produce cytopathic effect 
(CPE) within I to 3 days, with a rounding-up of the cells and the 
presence of hyperplastic foci, followed by the formation of small 
plaques (1 to 3 mm). The CPE spreads rapidly when a high-titered 
inoculum is used, and the cells eventually slough off. Human 
monkeypox, vaccinia, and cowpox viruses may also cause CPE in 1 
to 3 days, as characterized by fused cells and the formation of foci, 
followed in 2 to 3 days by the formation of plaques which measure 
2 to 6 mm in diameter. The plaques usually show cytoplasmic 
bridging. Again, when a high-titered inoculum is used, the entire 
cell sheet becomes involved, and the cells will eventually slough off. 
Therefore, when cell cultures are used to produce viral plaques that 
can be characterized morpholo-gically, one must inoculate several 
dilutions of the stock viruses (or specimens) so that the plaques formed 
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are properly separated on the cell monolayers. In some instances, 
orf virus can be isolated in primary rhesus monkey kidney cells or 
embryonic human fibroblasts, and in other _instances it may require 
ovine cells for the isolation. However, after it is isolated, orf virus 
can grow in embryonic human fibroblast cells and LLC-M~ or other 
nonhuman primate cells. 

Milker's nodule virus is more demanding and usually requires 
bovine cells for initial isolation, but once isolated it can also be 
propagated in embryonic human fibroblasts or LLC-M~. 

Molluscum contagiosum virus has been reported to produce CPE 
in priraary human amnion cells or primary rhesus monkey kidney 
cells, but the virus has never been successfully passed continuously 
in a cell culture. 

5.11 SEROLOGICAL DIAGNOSIS 

5.11.10rthopoxvirus 
Serological methods of choice to assay antibodies evoked by 

variola, human monkeypox, vaccinia, and cowpox are hemagglutination 
inhibition (HI), neutralization, indirect fluorescent antibody (IFA), 
enzyme-linked immunosorbent assay (ELISA), radioimmunoassay, and 
radioimmunoassay adsorption. For each serological test, a fourfold 
rise in titer between acute- and convalescent-phase serum specimens 
is considered diagnostic, but often only a single serum specimen taken 
at one stage or anotl,ler of the illness is available. Therefore, it is 
important to know how to interpret the serological result obtained 
with such a serum. 

The HI, neutralization, IFA, ELISA, and radioimmunoassay 
procedures are not effective in differentiating the antibodies produced 
against viruses of variola, human monkeypox, vaccinia, and cowpox, 
but radioimmunoassay adsorption can identify specific antibodies of 
variola, human monkeypox, and vaccinia. 

5.11.2 ill test 
Pretested chicken erythrocytes that can be agglutinated by vaccinia 

hemagglutinin are required for the HI test, and vaccinia virus grown 
in BHK-21 cells may be used. The HI test probably detects antibody 
earliest after an infection by virus of variola, human monkeypox, 
vaccinia, or cowpox. The HI antibody titers in patients with smallpox 
and human monkeypox are generally greater than 1:80 and may be 
greater than 1: 1,000. Sera with extremely high HI titers should be 
suspected of containing nonspecifically reactive substances, especially 
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if the blood specimens are old and improperly stored or if they were 
collected during autopsy. Contrary to the belief that HI antibody is 
shortlived, CDC found HI titers of 1: 10 to 1:20 in cases of human 
monkeypox at 3 to 4 years after onset. 

5.11.3 Neutralization Test 
The antigen used at CDC for the routine neutralizing test is 

monkeypox virus. 
Neutralizing antibody for variola, monkeypox, or vaccinia viruses 

is usually detected in the latter part of the first week and during the 
second week after onset; the antibody may persist for a number of 
years. 

When only one serum specimen is taken from a patient sometime 
after the onset of rash, and if it shows only a moderate titer (less 
than 1:500), the diagnosis is difficult, especially if the patient had 
been vaccinated previously. However, a neutralizing titer of greater 
than 1: 1,000 is probably significant for the diagnosis of an infection. 

5.11.4IFA 
The antigen used for routine IFA test at CDC is cells infected 

with monkeypox virus. The cells are not fixed with methanol, acetone, 
or other similar chemical, but simply dried onto the slides. A titer 
of 2: 1 :32 for a patient without previous vaccination indicates recent 
infection. IF A titers begin to decrease at about 6 months after the 
onset of illness. 

5.11.5 ELISA 
The antigen used for routine ELISA test at CDC is also 

monkeypox virus. In patients with an appropriate history, a titer of 
? 1:360 signifies a recent infection by monkeypox virus or recent 
vaccination. 

5.11.6 Radioimmunoassay 
Radioimmunoassay for orthopoxvirus antibodies is probably the 

most sensitive test and is useful to detect a long-existing antibody. 
Titers found in human monkeypox cases with recent infection by 
monkeypox virus range from 1:3,000 to 1:20,000 or more. At titers 
of < 1: 50 the specificity of this test is questionable. 

5.11.7 RadIoimmunoassay Adsorption 
Radioimmunoassay adsorption is presently the only method by 

which specific antibodies to human monkeypox, vaccinia, and variola 
viruses can be differentiated. 
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5.11.8 Milker's Nodule, Orr, and Tanapox 
The serological methods of choice for milker's nodule and orf 

diagnosis are IFA and ELISA; for tanapox they are IFA, ELISA, 
and neutralization. Perhaps because of the relatively less extensive 
nature of the infections found in these diseases (usually only one to 
a few lesions on the skin), the serum should be collected at 3 to 5 
weeks after the onset. Any positive res~llts can be considered 
significant for diagnosis. The HI test is useless for these diseases 
because the viruses do not produce hemagglutinin. 

5.11.9 Molluscum Contagiosum 
Although tests such as AGP, IFA, and CF have been used for 

antibody assay of molluscum contagiosum, they are not practical for 
routine use because the virus cannot be propagated easily. 

5.11.10 Other Methods 
AGP and CF tests can still be used when other tests are not 

available. However, with AGP, precipitating antibody is not detected 
in every clinically positive case of variola, human monkeypox, or 
vaccinia. It is rarely positive in individuals recently vaccinated or 
revaccinated. With the CF test, the antibody in smallpox patients 
may not appear until the second week after infection. Serum 
specimens from unvaccinated smallpox patients tested for CF antibody 
even after day 8 of onset can be negative; therefore, the test may 
have limited diagnostic value because only the positive results are 
useful. After primary vaccination or revaccination for smallpox, the 
CF antibody titer may not be detected. For parapoxvirus diseases 
(orf and milker's nodule), the antibody is also not always detected. 
For these diseases, negative results are not useful. 

5.12 EVALUATION OF 
VIROLOGICAL METHODS 

Orthopoxvirus infections, especially smallpox and human 
monkeypox, can be confidently diagnosed in the laboratory by the 
"three-test combination" method, namely, the combined use of EM, 
CAM culture, and cell culture techniques for each specimen. It must 
be emphasized, however, that an adequate amount of specimen is 
needed. Strongly positive specimens pose no problem; the problem 
is in making a negative diagnosis with confidence, and this cannot 
be done if the quantity of specimen received is inadequate. 

The diagnostic confidence for orf, milker's nodule, and tanapox 
is relatively less than that for orthopoxvirus infections, because the 
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viruses of these diseases are more difficult to isolate. Furthermore, 
although visualization of virus particles by EM for tanapox specimens 
is good, it can be difficult for orf and milker's nodule specimens 
because the chances of receiving unsuitable specimens are greater. 

5.13 APPENDIX 
Vaccinia antigen produced on CAMs, positive control for AGP 

I. Harvest 20 CAMs confluently infected with the Wyeth 
smallpox vaccine strain of vaccinia virus. 

2. Place the 20 infected CAMs in a 250-ml Sorvall Omnimixer 
cup and homogenize them for 3 min at full speed with the cup 
immersed in· an ice-water bath. 

3. Add 20 ml of sterile phosphate-buffered saline (PBS) and 
homogenize the mixture for 2 min with the cup immersed in an ice
water bath. 

4. Add 1 part of Genetron 113 to 3 parts of the homogenate. 
Homogenize for 3 min with the cup immersed in an ice-water bath. 

5. Centrifuge the mixture at 600 x g for 10 min. Draw off and 
save the supernatant fluid. Add 1 part of 0.01 % trypsin to 9 parts 
of the supernatant fluid, bringing the trypsin concentration to 0.00 
1 %. Mix and place in an incubator at 36°C for 1 h. 

6. Dialyze the mixture against polyethylene glycol (20 M) to a 
final volume of 20 ml. Distribute in Iml portions and store at -20°e. 

For normal CAM control, 20 uninfected CAMs are treated in 
the same manner. 

5.13.1 Chicken Erythrocytes for Hemagglutination 
Because only about 50% of the chicken population has 

erythrocytes that can be agglutinated by vaccinia hemagglutinin, 
samples of erythrocytes from several chickens must be pretested to 
select those that do hemagglutinate. 

Selection of Chicken 
L Obtain 5 ml of blood from several 7- to 14month-old chickens. 

2. Wash the erythrocytes from each of the chickens three times 
with PBS (pH 7.2) by centrifugation. 

3. Prepare a 0.5% erythrocyte suspension from each chicken in 
PBS. 

4. Set up the standard hemagglutinin titration for each chicken 
erythrocyte suspension, using a known positive hemagglutinin vaccinia 
virus antigen. 
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5. Keep only the chickens whose erythrocytes are agglutinated 
by the hemagglutinin antigen at a dilution equal to or greater than 
1:64. 

Preparation of Erythrocytes for the m Test 
1. Collect 10 mI of blood from an approved chicken and mix 

the blood in a bottle at a ratio of 1 part of blood to 4 parts of 
Alsever solution. (The bloodAlsever solution mixture can be stored 
in a refrigerator for 2 weeks.) 

2. Wash erythrocytes three times with PBS (pH 7.2) by 
centrifugation in I5-mi graduated conical centrifuge tubes. 

3. Remove and discard the huffy coat after each wash. 
4. After the third wash. prepare a 5% erythrocyte suspension in 

PBS. 

5. From the 5% suspension, prepare daily a 0.5% ,erythrocyte 
suspension for the HI test. 

Preparation of Vaccinia Antigen for m and CF Tests 
1. Inoculate each of eight I-liter bottles containing confluent 

BHK-2I cell monolayers with 2 mI of vaccinia-infected cell culture 
with a titer of l(1iO pockformiog units per 0.1 ml. 

2. Allow the inoculated virus to adsorb for 1 h at 35°C, and 
then add 50 mI of Eagle minimaI essential medium with 0.4 % bovine 
albumin. 

3. Harvest the cells by scraping them from the bottle surface 
when they show 3+ to 4+ CPE. 

4. Centrifuge the harvested cells at 1,500 rpm for 15 min and 
discard the supernatant fluid. 

5. Wash the cells three times with 30 ml of reticulocyte swelling 
buffer (RSB = 0.01 M Tris hydrochloride-O.01 M NaCI-0.0015 M 
MgCI

2
• pH 7.8; this solution is made each time by mixing 20 mI of 

0.5 M Tris, pH 7.8, 2 ml of 5 M NaCI, and 1.5 ml of 1.0 M 
MgCl2 and adding distilled water to a final volume of I liter). 

6. After the !bird washing, resuspend the cells in 8 mI of RSB 
and leave the suspension oveI1l1ght at 4°C. 

7. Rupture the cells in the suspension by 20 to 30 strokes with 
a Dounce homogenizer. 

8. Centrifuge at 600 rpm for 15 min to pellet the nuclei and 
cell debris. 

9. Save the supernatant fluid. 
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10. Repeat the treatment of the sediment with a Dounce 
homogenizer, if many intact cells remain, by resuspending the 
sediment in 8 m1 of RSB and subjecting it to another 20 to 30 strokes. 

11. Centrifuge at 600 rpm for 15 min. 
12. Combine the 8 m1 of supernatant fluid and the previously 

saved 8 m1 of supernatant fluid (no. 1) and discard the sediI?ent. 

13. Centrifuge the 16 m1 of supernatant fluid at 25,000 rpm for 
45 min in an SW25 or SW27 Beckman rotor. 

14. Resuspend the sediment in 20 ml of RSB and add sufficient 
thimerosal to give a final concentration of 1: 10,000. 

15. Evaluate by performing hemagglutination, HI, and CF tests. 

Preparation of Antivaccinia Rabbit Serum 

1. Inoculate one I-liter bottle containing a confluent primary 
rabbit kidney cell monolayer (grown with Eagle minimal essential 
medium containing 10% inactivated normal rabbit serum) with 2 ml 
of vaccinia cell culture with a titer of 1060 pock-forming units per 
0.1 rill. 

2. Allow the virus to adsorb at 35°C for 1 h and add 50 ml of 
Eagle minimal essential medium with 2 % inactivated normal rabbit 
serum. 

3. Incubate at 36°C until 3 + to 4 + CPE can be observed (2 to 
3 days). 

4. Discard the culture medium, scrape off the cells, and suspend 
them in 10 m1 of McIlvaine buffer (pH 7.4). 

5. Freeze and thaw through three cycles. Titrate the virus on 
CAMs. A titer of 106 to 107 pock-forming units per 0.1 ml is 
acceptable. 

6. Mix the suspension with an equal volume of Freund complete 
adjuvant. 

7. Inoculate each prebled rabbit (older than 6 months) with 0.3 
m1 of the mixture in each front footpad. 

8. Inoculate I m1 subcutaneously in the right hindquarter. 

9. Inoculate a l-ml booster of viral immunogen intramuscularly 
in the same hindquarter 20 days later. 

10. Exsanguinate the rabbit 14 days after the booster. 
11. Store serum at -20 ° C . 

Periodate and erythrocyte treatment of serum to remove 
nonspecific hemagglutination Inhibitors and nonspecific hemagglutinin 
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1. Prepare fresh 0.011 M solution of K104 (do not substitute 
NaI0

4
) by dissolving 0.256 g of K10

4 
in 100 ml of PBS. Stir 

constantly by use of a magnetic stirrer (do not use heat). 
2. Prepare 3 % glycerol in PBS (may be stored in a refrigerator 

for a few weeks). 
3. To 0.1 ml of serum in a test tube, add 0.3 ml of the 0.011 

M KI0
4 

solution and leave the mixture at room temperature for 
exactly 15 min. 

4. Add 0.1 ml of the 3% glycetol-PBS solution and leave at 
room temperature for at least 15 min (to stop the oxidation reaction). 

5. Add 0.05 ml of the 50% chicken erythrocytes (prepared with 
equal volumes of packed cells and PBS) and leave at 4°C for 1 h 
(for removal of nonspecific hemagglutinin). 

6. Centrifuge at eno x g for 10 min and transfer the supernatant 
t1uid to ,mother tube. T'lis adsorbed serum product is considered to 
be a 1: 5 dilution. 

7. Inactivate the l:S-diluted serum at 56°C for 30 min; proceed 
with further dilution of the serum and test for HI antibody. This 
treatment removes the nonspecific hemagglutination inhibitors and also 
the nonspecific hemagglutinin in the serum. 
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Metabolism 
of Micro-Organism 

Specific resistance to infection, in contrast with nonspecific resistance. 
depends on the presence of specific antibodies in the blood or tissues. 
Specific antibodies are produced by certain body cells in response to 
the stimulus of specific antigens. 

Antigens are complete proteins or protein complexes, usually 
foreign to the blood, that, on contact with certain cells (mainly small 
lymphocytes), stimulate those cells to produce proteins called antibodies 
that have reciprocally corresponding (specific) physicochemical or 
molecular structures. Some substances are strongly antigenic in some 
animals but not in others. Some animals react better than others to 
any given antigen or to antigens in general. 

Specific antibodies are proteins (mainly gamma globulins) produced 
by lymphocytes of vertebrates in response to contact with antigens. 
Molecules of antibody tend to combine with those antigens by virtue 
of mutually reciprocal physicoc-hemical structures of antigen and 
antibody molecules. The combination of antibody with antigen is 
commonly followed by destruction or removal of the antigen from the 
body. The bonds between antigen and antibody are not covalent: H 
bonds, ionic bonds, etc., and hence are not very strong. 

The property of producing specific antibodies evolved relatively 
late in the history of life, appearing only in verteb-rates above the 
chondricthyes (sharks, rays, etc.). Antibodies (immune gamma 
globulins) are of three electrophoretically separable and physiologically 
different major groups: yA, yG, and yM. Others are yY and yE, the 
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last important in allergy. About 85 per cent of immune gamma 
globulins in humans are yG. 

Each molecule of gamma globulin consists of two pairs of 
polypeptide chains, linked parallel in "sheet" form by about 22-
S-S- bonds. In each pair, one chain is called L or light (about 
22,000 mol. wt.); the other H or heavy (about 50,000 mol. wL). 
The L chains of all are identical; the H chains immunologically 
different (specific). The two pairs of chains account for the bivalence 
of yG globulins. In humans the yG (but not the yA or yM) pass to 
the fetus and give passive protection against many infectious agents 
for up to about 6 months of age. It is then customary to immunize 
infants against polio, tetanus, diphtheria, measles, etc. The maternal 
antibodies in the younger infants interfere with the antigenic effect 
of the "vaccines." 

Substances that combine specifically with antibodies (antigens and 
haptens) and also the specific substrates of enzymes are sometimes 
collectively called ligands (specifi-cally connected substances). Here, 
however, haptens and antigens are spoken of as such for clarity of 
discussion. 

6.1 PROPERTIES OF ANTIGENS 
Since they are proteins and protein complexes, antigens are 

substances of large molecular weight-of the order of 100,000 to 
several million. Antigens may be components of infectious agents or 
they may be usually harmless substances such as casein of milk or 
egg white. They may be viruses, whole cells, parts of cells or soluble 
products of cells or enzyme proteins. Antigens lose antigenicity on 
being denatured, digested or hydrolyzed to residues of small molecular 
weight. Consequently, to retain their antigenicity they must gain access 
to the antibody-producing cells by a route other than via the digestive 
system. They may be introduced by hypodermic injection (as 
vaccines), by absorption through the skin or mucous membranes of 
the respiratory tract, eyes or genitalia, or by infection. Such routes 
of entry, other than through the enteric or enteral tract, are said to 
be parenteral. In order to enter the body through the stomach and 
intest-ines, antigenic agents must be protected from the stomach acids 
and digestive enzymes by masses of food or by capsules. 

6.1.1 Source of Specific Antibodies 
The ability to produce specific antibodies (immunological 

competence) is absent from, or very limited in, body cells in early 
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embryonic life. Lymphocytes, on which specific antibody production 
largely depends, appear first in germinal (cell-proliferative) centers 
in the thymus after the second month. The thymus is a soft, fatty, 
cell-rich mass near the heart. It is miniscule in early fetal life but 
becomes large and active in late fetal and neonatal life, and then 
shrinks to insignificant size at pUberty. During development and 
activity of the thymus, immature small and large lymphocytes leave 
the thymus and establish active germinal centers of lymphocyte 
production (lymphoid tissues or lymph nodes) in the spleen, adenoid 
tissues, tonsils and throughout the body. When infected, these lymph 
nodes become the familiar, sore, "swollen glands." 

On contact with any antigenic substance, the small lymphocytes, 
and probably to a lesser extent the large ones, mature into 
antibodyproducing plasma cells. The thymus itself does not produce 
antibodies under ordinary conditions; it seems to be sequestered from 
the blood and antigens. However, if antigens are artificially injected 
directly into the thymus its immature lymphocytes, thus stimulated, 
mature into plasma cells and produce antibody. If the thymus is absent 
or removed early in life, the immunological processes of the adult 
are absent or defective. 

6.2 SELF AND NONSELF 
We may think of responses of cells like lymphocytes, to antigens, 

as resulting from ability of the cell (self) to recognize and react against 
anything that is nonseif. Anything that is not derived from that cell, 
or from genetically identical cells, is nonself; i.e., a "foreign 
substance," and is reacted against or rejected or "resented." For 
example, if we inject horse serum (e.g., diphtheria or tetanus antitoxin 
derived from blood of horses) into a man, the man's tissue cells 
instantly recognize the equine proteins as "'not self," and they respond 
by producing antibodies to destroy and reject it. 

6.3 ANTIGENS OF "SELF" 

6.3.1 Iso-Antigens 
In an attempt to avoid such a rejection reaction against proteins 

from a different species (in this case equine) we might use antitoxin
containing serum taken from another person. But even this human 
protein (unless the donor were an identical [mono zygotic] twin) would 
be considered "nonself" by the antibody-forming tissues of the 
recipient person and be rejected likewise though, being more closely 
allied to the recipient than equine serum, the human protein is not 
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rejected so rapidly or violently; it is said to be an iso-antigen (Gr. 
isos = the same). An iso-antigen is any substance from one individual 
that exhibits antigenic activity in another individual of the same 
species. 

Important examples of human iso-antigens are. the A, B, and 
Rh antigens of our erythrocytes that divide the human race into several 
immunological ("blood") groups: A, B, AB (AB = both iso-antigens 
present) or ( = neither A nor B present), Rh+ (containing Rh antigen) 
or Rh- (containing no Rh antigen). There are many such iso-antigens 
among humans, and they occur in other species of related verteb
rates. 

6.4 THE HOMOGRAFT REACTION 
On the same basis, if we were "grafting" (transplanting) skin to 

cover a burned area on a person, we would not use horse or pig 
skin but human skin. But, unless the donor were an identical twin, 
the recipient's body cells would reject even these human tissues as 
nonself, i.e., iso-antigens. Such a rejection is called a homograft 
reaction. Usually, skin grafts are successful only with the patient's 
own skin. Certain drugs have been found to suppress homograft 
reactions. Tolerance to «nonself," e.g., grafts, may also be induced 
as described below as induced tolerance. 

Cells - 0 

Sera --r 
Anti-B 

Anti-A 

A B AB 

@-• • • • 
Figure 6.1 : Diagram of hemagglutination in blood grouping. Anti-B serum and anti
A serum have been mixed on glass slides with erythrocytes of groups 0, A. B, and 
AB. Anti-B serum agglutinates erythrocytes of persons of groups B and AB; anti-A 
serum agglutinates erythrocytes of persons of groups A and AB. 

6.4.1 Auto-Antigens 
Certain tissues of an individual's own body (eye lens protein, 

certain connective and nervous tissues, and some others) that would 
ordinarily be though~ of as "self" may be attacked as nonself, possibly 
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TABLE 6.1 : ISOHEMAGGLUTINATION. INTERNATIONAL 
SYSTEM OF BLOOD GROUPS 

Sera from persons of 
group 

AB (neither and-A 
nor anti-B) 
B (anti-A) 
A (anti-B) 
o (and-A and and-B) 

AB 

+ 
+ 
+ 

Agglutinate the erythrocytes 
of persons of Group: 

B 

+ 
+ 

A o 

+ 

+ 
+ = agglutination occurs; - agglutination does not occur. 

because during embryonic and fetal development and early infancy 
the antibody-forming tissues have been too immature or sequestered 
from those particular tissues. On maturation, the antibody forming 
tissues react to the lens, nerve or connective tissues as nonself. 
Substances that, though naturally part of an individual's own body, 
nevertheless exhibit antigenic activity in the same body are said to 
be aulo-antigens. (How are they different from iso-antigens?) Some 
types of arthritis, multiple sclerosis and other "autoimmunization" 
diseases may have such reactions as a basic cause. 

6.4.2 Acquired or Induced Tolerance 
One of the problems of the "self" and "nonself' relationship is 

why "self" (except for the few special tissues that are auto-antigens) 
is not antigenic in its body of origin. It appears that in embryonic, 
fetal and neonatal life the thymus-derived cells that react to antigens 
(i.e., that recognize foreign substances as "nonself") have not yet 
begun· to function. The other tissues are not equipped to recognize 
nonself; to them; everything is "self." 

Therefore, if antigenic substances 'are injected into tile embryo 
or fetus, or during neonatal life (the time varies in different animals 
and with different antigens), these antigenic substances are not 
recognized as nonself. The fully mature adult is therefore as tolerant 
to them as though they were self. This type of early-life adaptation 
to antigenic substances is called acquired or induced tolerance or 
immunological paralysis. Practical use of such information is made 
in avoiding the use of immunizing "shots" for such diseases as polio, 
diphtheria or tetanus in very young infants whose antibody-producing 
tissues still fail to recognize microbial antigens as nonself, i.e., whose 
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tissues may be said to be "immunologically naive." Currently many 
studies are directed to means of avoiding homograft reactions, not 
only of bits of skin' but of whole transplanted organs such as hearts 
and kidneys. In spite of newspaper publicity, such transfers have 
rarely succeeded. 

The surgery and postoperational care in such transplan-tations 
are mechanically and technically magnificent. Unfortunately, human 
efforts are apt to be frustrated by the rejection reaction in the patient. 
The immlIDological rejection response may be held in abeyance by 
continuous immunolo-gically suppressive measures such as heavy 
doses of radiat-ions (e.g., x-rays; cobalt 60) which are said to be 
lympholytic since they destroy the proliferating antibody-forming 
lymphocytes. Large doses of analogs of purines, pyrimidines, etc., 
that interfere with DNA formation in the multiplying lymphocytes 
also suppress antibody formation. The patient, however, in addition 
to sustaining various "side effects" of these treatments is totally 
deprived of all antibody defenses and becomes highly vulnerable to 
infection by many pathogenic microorganisms and to some that are 
ordinarily harmless. 

Tolerance to homo grafts and other foreign substances can also 
be induced in adult animals. The injection of massive doses of any 
antigen has long been known to produce "immunological paralysis." 
Large doses of antigen appear to saturate and overwhelm the antibody
producing reticuloend-othelial and lymphocytic cells so that they fail 
to function. The tolerance induced in fetal or neonatal animals by 
injection of large doses of antigen may likewise depend on saturation, 
overloading and "paralysis" of the embryonic or very immature 
antibody-producing systems. 

6.5 SPECIFICITY 
Specificity has been referred to as an attribute of antigens and 

antibodies that is a result of mutually corresponding physicochemical 
structures. The structural resemblance between molecules of an antigen 
and molecules of the correspo-nding antibody may be visualized as 
analogous to the relationship between a mold and its replica or casting. 
Each is specific for the other. 

Specificity, either in enzyme-substrate relationship or in antigen
antibody relationships, is dependent on correspo-nding chemical and 
physical structures of the respective molecules. For example, a 
synthetic antigen (of which several have been prepared experimentally 
by combining protein with certain inorganic radicles) having a given 
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chemical structure (e.g. , NH2C6
H4 • As03H2 + protein) will, upon 

injection into the body, engender antibodies in the serum that react 
only with that compound. Let us alter the antigen, for instance by 
substituting a -S03H group in place of the -As03H2 

group. Antibodies 
to the arsenilic antigen will not react significantly with this altered 
antigen. Almost any sort of chemical alteration in an fUltigen will 
alter its specificity . Too great an alteration will destroy its antigenicity. 

Specificity of an antibody molecule relates fundamentally to a 
single functional or haptenic group or combining site at the surface 
of the antigen molecule. If the antigen molecule is small and contains 
only one combining site (i.e., is univalent) then only one antibody 
molecule can combine with each such antigen molecule (though two 
antigen molecules may combine with each antibody molecule since 
antibody molecules are typically bivalent). Such antigen-antibody 
combinations are small and sQluble . 

The more complex the form of the antigen molecule the more 
combination sites there are for specific combination with antibody, 
and the larger, more stable and insoluble the combination is . For 
example , most protein antigens have up to about five different 
combining sites, each of which evokes an antibody molecule specific 
for that site . Thus, even though such a multivalent antigenic protein 
is a pure substance, the "antibody" produced in response to it is 
really a mixture of antibody molecules, each specific for a different 
combining site on the antigen molecule . Saturation of all the 
combining sites with specific antibodies forms a large, stable, insoluble 
and precipitable colloidal complex. This is of basic importance and 
will be referred to again under Precipitins and Lattice Formation . 

6.5.1 Cross-Reactions 
A slight reaction with antibodies to the arsenilate may occur if, 

instead of substituting a -S03H group, we introduce, say, a -CI atom 
in place of an H atom. The antibodies produced in response to the 
original arsenj.lic antigen are said to cross-react with the chlorinated 
antigen. Such cross-reactions occur between many closely related 
antigens. 

6.6 MECHANISMS OF 
ANTIGEN-ANTIBODY REACTIONS 

Both antigen molecules and gamma globulins (antibodies) are 
substances of high molecular weight and are likewise colloidal in 
nature. Substances are in the colloidal state when they are in the 
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Figure 6.2 : Specificity in antigen-antibody rear tions . At top are shown, 
diagrammatically, antigen (Ag) and antibody (Ab), each with an indented margin, each 
margin the mirror image of the other. In the middle, antigen and antibody are shown 
forming a large colloidal complex by virtue of the perfect "fit" between Ag and Ab. 
At bottom is shown a colloidal complex formed by Ag with an antibody (X) of similar 
but not perfectly corresponding form. A visible precipitate mayor may not be formed 
by such a combination. 

form of ultramicroscopicdly minute particles stably suspended in a 
fluid (gas or liquid) . For example, smoke is a colloidal suspension 
of minute particles of carbon, tars and other substances in air; milk 
is a colloidal suspension of casein protein and fat globules in whey; 
enzymes are colloidal proteins. 

Colloidal particles in aqueous suspensions generally have negative, 
mutually repellent, electric charges. These help to keep the particles 
suspended and prevent their coalescing and precipitating as floc, or 
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from coagulating as in the souring of milk. Microorganisms, because 
of their minute size, generally have many of the properties of colloids. 

Figure 6.3 : Precipitin test in narrow-bore glass tubes. The antigen solution is the 
cloudy zone above; the antiserum is the clear zone below. At the interface between 
them, in the two right-hand tubes , a definite white floc or precipitate has formed, 
representing a reaction between specifically related antigen and antibody . The same 
antigen fails to react with a different (nonspecific) serum in the twoo left-hand tuhes 
(X 5) . 

6.6.1 Precipitin Reactions 
Both antigens and antibodies, as complexes of .amino acids, also 

have both positive and negative polar groups distributed-- over their 
surfaces in specific but reciprocal patterns . Wheri antigen and 
corresponding antibody molecules are mixed, electrical attractions and 
repulsions , modified by van der Waals and ionic surface forces , result 
in an orientation of the corresponding antigen and antibody molecules 
with respect to their molecular forms and electrical charges, so that 
an absolute "fit" (mold and cast) is obtained. The compound colloidal 
particles formed as a result of the interaction are very large. In the 
presence of electrolytes that, presumably, neutralize exterior colloidal 
charges, the particles become unstable and are thrown out of 
suspension. In a test-tube reaction they become visible as a cloudy 
precipitate. This sort of reaction is commonly seen when specific 
antibody reacts with a soluble protein or polysaccharide antigen. The 
reaction is called a precipitin reaction. 

6.6.2 Stages of Antigen-Antibody Reactions 
The first stage of antigen-antibody reaction is adsorptioll or 

complex physicochemical, sometimes reversible, combination between 
antibodies and antigens . This combination may proceed rapidly at 
temperatures near 3r C. The second stage is a visible (or indirectly 
demonstrable) reaction (precipitation, cell lysis or other effect) . This 
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stage often develops slowly and may be demonstrated best after 12 
to 18 hours at 4 to 6°C. As mentioned before, the presence of 
electrolytes (magnesium chloride, sodium chloride) and certain 
enzyme-like components of serum (complement) are necessary for 
certain types of reaction in the second stage. 

6.7 ANTIGENS OF CELLS / 
Reactions of antibodies with antigens that are parts of entire cells 

instead of being free colloids are basically the same. However, since 
entire cells instead of colloidal molecules are involved as antigen, 
t..~e result of the antigen-antibody combination is somewhat more 
complex. Several cellular antigens are described in the following 
paragraphs. 

In nature, antigens seldom occur in a pure state. This complicates 
the study of antigen-antibody reactions irivolving microorganisms. A 
bacterial cell, for example, may contain several antigens; e.g., the 
proteins of various enzymes, nucleoproteins', ribosomes, protein
polysaccharide complexes of the cell wall and capsule. The serum 
of a person or animal following infection by, or injection of such 
cells (as by vaccination) usually contains a mixture of antibodies 
specific for each separate antigen. Most of these antibodies are 
ineffective, however, since antibodies react mainly with antigens at 
the cell surface. 

For illustrative purposes let us consider the surface antigens of 
a group of common rod-shaped, nonsporeforming bacteria, e.g., 
gram-negative eubacteria of the Family Enterobacteriaceae. These 
bacteria are more or less constant inhabitants of the intestinal tract 
of many animal species and are widely known and important bacteria. 
Some are pathogenic. Their antigenic structure is representative of 
that of many species of bacteria. 

6.7.1 Flagellar (H) Antigens 
Various forms of th~ protein. jlagellin, are localized in the flagella 

of motile species of Enterobacteriaceae. Flagellar antigens are called 
H antigens. H antigens are destroyed (denatured) by boiling, also 
by alcohol and dilut~acids. In at least one genus, Salmonella, H 
antigens often exist in one of two different degrees of specificity, 
called phases. In the specific phase (phase I) they are specific for 
the species in which they occur. In the less specific or group phase 
(phase II) they resemble antigens in a group of closely related species 
or types. They vary, often unpredictably, from one phase to the other 
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for various reasons, some known, some unknown. This is spoken of 
as phase variation. 

6.7.2 Fimbrial Antigens 
Fimbriae occur on many species of enterobacteria. They are 

strongly antigenic. They differ from flagellar antigens in being 
somewhat more resistant to heat and in resisting the effects of alcohol. 
They are not related to any other antigens of the cell surface. 

6.7.3 Capsular Antigens 
Among the Entero-bacteriaceae, capsules are found in the group 

called Klebsiella (for German bacteriologist, Klebs). Most capsules 
are heteropolymers of various simple sugars with glucosamine and 
other sugar derivatives. As part of the cell they are conjugated with 
proteins. Some are polype-ptides. The possible number of different 
combinations of subunits in such capsular heteropolymers (antigens) 
is very large. Capsular substance, when present, dominates the 
surface. Since antibodies act chiefly at cell surfaces, the phys
icoch{!mical structure (i.e., specificity) of the capsular antigen thus 
determines antigenic specificity of the entire cell. 

The property of antigenic specificity conferred by the capsular 
substance of Klebsiella is paralleled in the capsules of such organisms 
as pneumococci, influenza bacilli and streptococci, and is highly 
distinctive of each species or type. Stripped of this specific surface 
antigen, the exposed antigens of the naked cells often cross-react with 
antibodies produced against related or even unrelated species. For 
example, the antigens of LlJ.e naked cell walls of most pneumococci 
are immunologically alike. Antibodies for one react equally well with 
others. But the heteropolysaccharide antigens of the capsules are not 
all alike. There are about 75 distinct types of pneumococcus capsular 
antigens. Each antigen determines a different antigenic or serological 
type of pneumococcus. Similar series of capsular types are found in 
Klebsiella antigens (proteins), K antigens are denatured by boiling. 

6.7.4 0 Antigens 
The designations "H" and "0" for certain antigens are derived 

from early studies, by Weil and Felix, of a genus of Enterobacteriaceae 
called Proteus. Like many other entero-bacteria, Proteus species 
characteristically or;cur in two variant forms, motile and nonmotile. It 
was observed that on moist agar medium the flagellate forms rapidly 
spread over the entire surface of the agar in a thin, grey film that was 
described by the German observers as Hauch (German for fog or 
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"cough in very cold air"}. The nonflagellate variant formed the usual, 
discrete, round colonies "ohne Hauch" (German for "absence of the 
foglike film"). The term Hauch (or H), associated with motility, soon 
became almost synonymous with the organs of motility, flagella. The 
ohne Hauch or nonmotile form was correspondingly called the "Ohne" 
or "0" form; "0" came to be associated with the bodies of the bacilli 
without flagella. "0" is now used to designate the body antigens (also 
called somatic antigens; Gr. soma = body). 

Further study of the Family Enterobacteriaceae and other gram
negative rods has shown that 0 antigens are compo-nents of the 
lipopolysaccharide portion of the cell walls of most gram-negative 
organisms, in loose combination with somatic proteins. Unlike the 
species and type-specific flage-llar and capsular antigens, 0 antigens 
of the Enterobac-teriaceae, while specific, are less restricted in 
distribution. A given 0 antigen may occur in several species in 
different groups of Enterobacteriaceae. For example, in the Genus 
Salmonella the 0 antigens designated as 9. and 12 (see Salmonella) 
are common LO -some 75 species or sero-types that are included in 
the Salmonella Group D. Over 58 0 antigens and dozens of groups 
are known in the Genus Salmonella 310ne. Other 0 antigens, in 
addition to 9 and 12, are also present in some species of Group D. 
In such groups the individual species may be differentiated by their 
H antigens. The H antigens are more highly type or species specific. 
Several 0 antigens may occur in each individual species, though in 
different combinations; see also common antigens of 
Enterobacteriaceae. 

o antigens are heat stable (100° C.) and are not injured by 
alcohol or dilute acid. 

As previously indicated, 0 antigens may be completely covered 
and masked by capsules or by K antigens, a fact of great importance 
to diagnostic microbiologists. 

6.7.5 Extracellular Antigens 
Some of the extracellular metabolic products (sometimes called 

metabolites) of living cells are pqtent antigens. For example, 
diphtheria and tetanus toxins are antigenic, poiso-nous proteins 
released to the exterior of the cell by secretion or by lysis of the 
cell or both. Extracellular antigens like diphtheria toxin are called 
exotoxins. Some other potent, extracellular, toxic antigens are the 
proteins of certain enzymes. As protein antigens, all toxins, including 
enzyme proteins, stimulate the production of antitoxins or antienzymes. 
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6.7.6 Heterogenetic (Shared, Common or Group) Antigens 
As previously indicated, cells of two or more different species, 

whether closely or distantly related, may have certain antigens in 
common. (For example, pneumococci and chickens contain antigens 
like human bloodgroup A substances. Students of evolution may not 
be humiliated to learn that their blood contains antibodies related to 
proteins in certain fish. The relation of cow to whale by 
immunological methods is perhaps an unexpected revelation, but 
serology would seem superfluous in establishing the relation of horse 
to mule.) The antigens are said to be heterogenetic. Antiserum (serum 
containing antibodies) prepared by injecting cells of one species into 
an unrelated animal will react, to a greater or less extent, with other 
species of cells that contain the common antigen. 

For example, three related species of dysentery bacilli (Genus 
Shigella) may each contain four antigens. Upon injecting species I 
into a rabbit, antibodies a, b, c and d will be engendered, 
corresponding to antigens A, B, C and D. Upon injecting species II 
into another rabbit, antibodies c, d, e and f will be called forth. 

Figure 6.4 : Location of vanous bacterial antigens. C, Capsular antigens; generally 
polysaccharides. K, Sheath or envelope antigens derived from 0 antigens. L, 
Lipopolysaccharide antigens of the cell wall. 0, Somatic antigens of the cell intenor. 
H, Antigens of the flagella. Ex, Anti-gens excreted to the exterior like diphtheria toxin. 

Likewise, species III will stimulate production of antibodies e, f, g 
and h. Now, the serum of rabbit I will react best of all with species 
I when these bacteria and serum of rabbit I are brought into contact. 
Serum II will similarly react best with species II, and serum III with 
species III. However, since serum I contains antibodies c and d, it 
will cross-react to some extent with cells of species II, since the 
latter have these antigenic compounds in common with species I. 
There will be no crossreaction between serum I and antigen III, but 
serum II will cross-react with species III. Such cross-reactions are 
common. 

6.7.7 Antibody Adsorption 
If a volume of serum I (say, 5 mI.) be mixed with a heavy 



194 PRINCIPLES OF MICROBIOLOGY 

suspension of cells of bacterial species II, then antibodies c and d 
and antigens C and D will combine, leaving antibodies a and b still 
free in the serum. By centrifuging the mixture, the bacteria of species 
II, with their attached antibodies c and d, can be removed, leaving 

Speci ... I 

Species II 

Spedes III 

Figure 6.5 : Sharing of antigens by different species. 

serum I free from antibodies c and d and specific with regard to 
species I (Le., the serum will no longer cross-react- with species II; 
it will react only with bacteria containing antigens A and B). If we 
further adsorb antibody b by treatment of the serum with some species 
having only antigen B in common with species. I, then we obtain a 
pure A serum (such a serum is said to be monovalent). Many such 
specific sera are thus prepared with a wide variety of both procaryotic 
and eucaryotic cells, and it has been possible to make extensive 
analyses of antigenic structures and to detect hitherto unsuspected 
antigenic and phylogenetic relationships. 

6.8 HAPTENS 
Haptens are substances that are not antigenic per se but that have 

antigen-like specificity of molecular structure. They can therefore fonn 
specific combinations with corresponding bodies but cannot stimulate 
the formation those antibodies. Haptens may be complex substances 
of high molecular weight, such as partial proteins or protein 
derivatives, capsular polysaccharides (without protein attached), or 
they may be relatively simple compounds of low molecular weight, 
such as the arsenilate previously referred to, or certain drugs, cosmetic 
and antibiotics. 

The combination of complex haptens such as capsular polysacc
harides with specific an' bodies can result in the familiar, visible or 
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demonstrable antigen-antibody reactions such as preclpltation or 
flocculation previously described. Simple haptens of low molecular 
weight can combine with antibodies but they cannot cause any visible 
or demonstrable reaction such as precipitation. Combination of haptens 
with specific antibodies blocks combination of those antibodies with 
complete antigens. Haptens are therefore sometimes called blocking 
antigens or partial, incomplete or, because they occur as residues 
after partial destruction of cells or complete antigens, residue antigens. 

Many haptens, both simple and complex, can become complete, 
specific, true antigens by combining with an appropriate protein. The 
relationship of a hapten to its appropriate protein may be thought of 
as analogous to the relation of a coenzyme to its protein apoenzyme: 
neither coenzyme nor hapten alone is effective in its sphere of activity, 
whereas the combination of each with its appropriate protein makes 
it fully effective. As a parallel to enzyme structure we might manuf
acture the terms "coantigen" for a hapten; "apoantigen" for its protein 
moiety; "holoantigen" for the complete antigen. 

Complex haptens are well represented by the type-specific 
capsular polysaccharide ("SSS" or soluble specific substance) of Type 
II pneumococci. This (in some animals only) is not antigenic per se 
but, like complex haptens in general, precipitates readily with Type 
II antipneumococcus antibodies. When combined as a holoantigen with 
its appropriate Type II pneumococcus protein it becomes completely 
antigenic, and engenders specific Type II antibodies. Most naturally 
occurring antigens are complex hapten combinations. 

Simple haptens, such as certain drugs, cosmetics and antibiotics, 
may at times form holoantigens by combination with body proteins. 
Thus many persons who come into contact with such drugs or 
cosmetics, internally or externally, can become "sensitized" to them 
and then experience allergy-like reactions with rashes, blotches, itching 
or gastrointestinal symptoms. 

6.9 ANTIGEN-ANTIBODY REACTIONS 
There are several manifestations of antigen-antibody reactions; 

some are visible in test tubes, some are demonstrable only by secondary 
tests. The different manifestations are spoken of as though many 
different antibodies were involved, but there are fewer types of 
antibodies than types of reaction. In fact, according to the Unitarian 
hypothesis, there is only one kind of antibody. Regardless of type of 
reaction, all an,tibodies are one kind of protein, i.e., gamma globulin. 
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This kind of reaction seems to depend in great part on the kind 
and size of antigen and whether molecules or cells, the physical 
conditions of the suspending fluids, the presence of electrolytes and 
other factors. For convenience, we shall speak of "types of antibody," 
as meaning "types of antigen-antibody reactions." Among the best 
understood types of antibody are antitoxins and precipitins, 
agglutinins, cytolysins immobilizing antibodies, and protective and 
neutralizing antibodies. 

6.9.1 Antitoxins and Precipitins 
When bacteria gain a foothold in the body and liberate toxin 

into the blood, the toxin, a protein antigen, stimulates the production 
of antibody. As previously described, this antibody combines 
specifically with the toxin and is therefore called antitoxin. The 
reaction may be thought of as a precipitin reaction in which the 
particles of precipitated toxin-antitoxin are too small to be seen. Under 
certain conditions in which the quantitative relations and electrolyte 
content are carefully adjusted, large, visible floccules are produced. 
The toxin-antitoxin reaction (sometimes called a "neutralization 
reaction") is basically a precipitin reaction. 

6.10 QUANTITATIVE RELATIONS 
(THE FLOCCULATION REACTION) 

Note carefully that it is only when certain proportions of toxin 
and antitoxin, regardless of amounts, are brought together in a test 
tube that a visible precipitate, or flocculation, occurs. This fact is of 
fundamental importance and is well illustrated by the following 
practical application for determining the concentrations or "strengths" 
of toxin or antitoxin. We set up a row of ten tubes. In the first we 
put serum containing a quantity of diphtheria (or any other) antitoxin, 
arbitrarily spoken of as two units. In the next tube we place four 
units, in the next six units, and so on. We then add to each tube a 
fixed amount, say I mI., of filtered broth culture of Corynebacterium 
diphtheriae that contains diphtheria toxin in unknown amount. After 
a short time flocculation appears in one of the tubes, let us say the 
sixth tube. Since this contained 12 units of antitoxin, we have a 
measure of the precipitating potency of the toxin broth. We say that 
it contains 12 flocculation units (I2L

f
) of toxin per milliliter. This is 

an arbitrary unit of potency and is used for convenience to defme 
diphtheria, tetanus and other toxins. It shows haptenic combining 
and flocculating potency but not necessarily toxicity. Partly 
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deteriorated toxins (toxoids) (i.e., haptens) will give the same 
undiminished Lf value though wholly devoid of toxic power. 
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Figure 6.7 : Quantitative precipitin reaclIon between egg albumin and Its anti' body. 
The amount of precipitate in each dilutton and zone is determined indtrectIy by removing 
it and determining its total N content. 
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Figure 6.8 : Lattice-like structures postulated by Heidelberger for antigen-antibody 
complexes with various proportions of G and A as indicated by the formulas G2AII

, 

etc. G = antibody; A = antigen. 

Conversely, by using a series of tubes containing known, graded 
amounts of toxin (or toxoid), we may determine the number of Lt 
units of antitoxin in a serum of unknown potency. 
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6.11 ZONE PHENOMENON 
The reaction just described illustrates what is called a zone 

phenomenon or prezone and postzone of inhibitions. 
In the experiment just performed flocculation failed to occur 

promptly in a zone of five tubes before the sixth tube (prezone) and 
in a zone of four tubes after the sixth (postzone). Smaller amounts 
of floc appeared in some of the tubes near the sixth tube on long 
standing. This resulted from the fact that for maximal amounts of 
visible precipitate (or flocculation or any other antigen-antibody 
reaction) to occur most rapidly and extensively, optimal relative 
proponions (not necessarily actual quantities) of antigen and antibody 
must be present. If there is too great an excess of either, less 
precipitate, or none at all, will appear. Many factors are involved, 
among which are type of animal serum used, nature of antigen and 
antibody, pH and electrolytes. 

6.12 LATICE FORMATION 
Zone phenomena are related to the formation or nonform-ation 

of lattices. In any given reaction, if the antigen and antibody 
molecules are univalent, i.e., if each has only one combining site, 
they can form only pairs-small colloids usually not visible in test 
tube reactions. If, as is usually the case, an antigen molecule has 
several different combining sites (i.e., is polyvalent), it may combine 
with several antibody molecules. If, as is also usual, the antibody 
molecules are bivalent, they can in tum combine with several antigen 
molecules. 

A combination of polyvalent antigen with polyvalent antibody 
can thus form large complex masses or lattices, consisting of many 
antigen and antibody molecules joined together. The result is the 
precipitation of large, readily visible floes as previously described. 
This flocculation occurs, however, only if antigen and antibody 
molecules are present in approximately equal numbers or in optimal 
relative or equivalent proponions. 

If excess antigen is present (relative to antibody), then all of the 
combining sites on the relatively few antibody molecules are saturated 
by antigen. Lattice (visible precipitate) formation is therefore minimal 
or absent. Conversely, if antibody is present in excess, antigen 
combining sites are saturated and lattice formation is likewise 
inhibited. The prezones and postzones previously described represent 
zones of antibody or antigen excess; the midzone (of precipitation) 
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represents the presence of antigen and antibody in optimal . or 
equivalent proportions. 

Lattices may be formed by reactions between antibodies and 
antigens that are in solution, as in the toxin-antitoxin precipitation 
reaction, or between antibodies and antigens that are attached to the 
surfaces of cells. Antibody-cell lattices consist of large, visible flocs 
of bacteria (or other cells) held together by antibodies linking their 
surface antigens. The cells are said to be agglutinated, a traditional 
term expressing the idea that the bacteria are "glued" together by 
special "sticky" antibodies called agglutinins. The terms agglutinin 
and agglutination are still used, but the underlying mechanism is now 
better understood. 

Zone phenomena are important factors in determining the 
antibody content of serum, or the amount of antigen in various 
materials, by serial dilution methods. The series of ~tions §lIouId 
be made fairly extensive and the intervals between dilution steps not 
too great, otherwise the zone of optimal proportions may either not 
be reached or may be passed over. Dilutions must be sufficient to 
eliminate partial, or blocking, antibodies as well as haptens. The same 
conside-rations hold for most other serological tests that involve 
antigen-antibody reactions. 

6.13 OTHER APPLICATIONS OF 
THE PRECIPTIN REACTION 

Because of the high degree of specificity that can be achieved 
by using adsorbed, monovalent sera in precipitin reactions, serological 
differentiation between soluble proteins of closely similar composition 
is easily made. An interesting application is seen in the use of 
precipitin tests to determine 'the animal (host) from which a mosquito 
had its most recent blood meal. This illustrates the general method 
of using the precipitin test to identify "unknown" proteins. . 

In determining mosquito-host blood, the mosquito is crushed in 
1 or 2 ml. of saline solution and the blOod is thus extracted. This 
fluid constitutes the antigen to be tested. The sera with which to test 
it are previously prepared in rabbits by injecting the rabbits with 
blood from various animal species. One rabbit receives bovine blood, 
another equine blood, and so on. The~' serum of each rabbit contains 
precipitins against a certain species of animal. By mixing 0.25 ml. 
of the mosquito extract (antigen) with each of the rabbit sera (specific 
antibody) in tum, one serum will usually be found which cause~ a 
definite precipitation. If that serum is from a rabbit immunized with: · 
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bovine serum, then 'we may say that the mosquito probably got its 
blood meal from one of the nearby cattle. This information is of use 
in the control of mosquito-borne diseases. It guides efforts toward 
eradication of the mosquitoes that bite man. 

6.14 PRECIPITIN REACTIONS IN GELS; 
IMMUNODIFFUSION 

An important method of demonstrating precipitin reactions makes 
use of gels of agar or starch. Precipitin reactions not demonstrable 
by other methods can readily be made visible by this method. For 
example, into a Petri dish one pours a warm, clear 2 per cent solution 
of agar containing an 0.85 percent so- lution of sodium chloride. 
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Figure 6.9 : Immunodiffusion. Precipitin reaction in an agar gel in a Petri plate 
(actual size) . From a cup in the agar at A a soluble protein antigen (M) has 
diffused outward into the surrounding agar in all directions. Serum containing 
antibodies (precipitins» against antigen M similarly diffuses outward from B. Along 
the line where the two advancing reagents meet in the agar, a precipitin reaction 
occurs, as shown by the broad white line of precipitate between A and B. C 
contains antigens related to those in A, which likewise react to some extent with 
the antibodies from B, as shown by the white line between B and ·C. D is a 
serum which contains 'only a very small amount of precipitins against the M 
proteins in A, as shown by the faint line between A and D. 

When the agar hats hardened, one places in the center a paper 
disk (or makes a depression or "cup") containing any desired specific 
antiserum. Several antigens to be tested are similarly applied at several 
spots at the periphery of the dish. Antigens and antibodies diffuse 
through the agar and encounter each other in series of diminishing 
concentrations of each. White lines of precipitate appear at the zones 
of optimal concentration between those antigens and antibodies having 
mutual reactivity. ,This method and numerous variations are widely 
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used in the study of many sorts of antigen-antibody relationships. 
The process is commonly called immuno-dijfusion. 

6.15 IMMUNOELECTROPHORESlS 
This is a related procedure for first separating and then detecting 

individual antigens in a mixture such as mouse serum (animal serum 
contains many antigenic proteins in addition to the proteins or gamma 
globulins that constitute antibodies) . Separation of the antigenic 
components of the serum is first accomplished on the basis of their 
different electrophoretic mobilities in a gel that is traversed by an 
t.lectric field. Because of their different rates of electroph-oresis they 
are distributed in successive bands or zones in the gel between anode 
and cathode. Detection of each individual band is then achieved by 
allowing anti-mouse antiserum (for example, anti-mouse serum 
prepared by injecting mouse serum into a rabbit) to diffuse (immuno
diffusion) into the gel from a long trough at a right angle to the 
positive-negative axis of the electric field. The anti-mouse antibodies 
in the rabbit serum, and the corresponding antigens in the mouse 
serum that have been separated by electrophoresis, form precipitates 
in the gel at each zone. Factors such as pH, temperature, electrolyte 
concentration, distance between antigen source and antibody source 
and time must be carefully controlled. 

A 
SinQle diffusion 

(Oudin) 

8 
Double diffusion 
one dimension 

(Ookley- F~thorpe) 

Figure 6.10 : J wo examples or qualllanve preclpmn lests. 1\. uuom"s single-diffusion 
method. Antigen solution diffuses into agar containing an antibody. Formation of a 
band of precipitate indicates a positive reaction. B. OakJey-Fulthorpe double-diffusion 
method. Antiserum is suspended in agar at the bottom of the test tube and the antigen 
is poured on top of a layer of agar. Both reagents diffuse through agar until they 
meet. A precipitate forms if they are homologous. 

6.15.1 Agglutinins 
In a foregoing discussion of lattice formation it was explained 

that polyvalent antibodies can link antigen molecules together whether 
the antigen molecules are proteins in solution or are components of 
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intact cells. In the latter case the linkages result in a ga!hering or 
clwnping together of the cells; a reaction called agglutination. The 
antibodies involved are said to be agglutinins because it was originally 
thought that they " glued" the cells together. Both living and dead 
cells can be agglutinated provided that their surface antigensbave 
not been altered by agents such as heat or chemicals. If the 
agglutinated cells are erythrocytes, the phenomenon is called 
hemagglutination. 

Figure 6.11 : Immunoelectrophoretic pattern of sera of germfree mice before (left 
well) and 21 days after (right well) influenza A infection reacting with rabbit antimouse 
serum in center trough. During passage of the current from end to end (lengthwise) of 
the slide, various proteins from the "before" and "after" sera migrated to different 
zones in the gel. Anti-mouse antibodies then diffused laterally from the central trough 
and formed white lines of precipitate with the various proteins in their distinctive positiom 
in the gel. Differences between the two samples of serum ("before" and "after") are 
hardly perceptible in this preparation. 

As a defense mechanism agglutination does not necess-arily kill 
bacteria, but aids the leukocytes by gathering micro-organisms into 
groups . A leukocyte or other phagocytic cell can engulf 50 
agglutinated bacteria fifty times as easily as 50 separate ones, and in 
much less time. Furthermore, the agglutinins appear to opsonize the 
surfaces of the bacteria so that the pbagocytes can grasp and engulf 
them more readily. 
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Figure 6.12 : Agglutinated bacteria as seen with the microscope by darkfield 
) lIumination. Two different types of agglutination are seen here: H (flagellar or flocculent) 
agglutination, left; .o (somatic or granular) agglutination, right. 

Figure 6.13 : Macroscopic agglutination test. Control tube (C) contains bacterial 
suspension only. Numbered tubes contain bacterial suspension plus the following dilutions 
of serum: 1: 100, 1 :200, 1 :500, 1: 1000, 1 :2000, 1 :5000, 1: 10,000 and 1 :20,000. 
Agglutination is evident in dilutions 1 : 100 to 1: 10,000 (tubes 1 through 7) but not in 
1 :20,000 (tube 8) . The titer of the serum is therefore 1: 10,000. 

Figure 6.14 : A slide agglutination test. Large drops (about 0.10 mi.) of serial dilutions 
of a sample of serum containing antibodies specific for the bacterium under examination 
were placed in all squares except the upper left square. 
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6.16 DIAGNOSTIC USE OF AGGLUTININS 
Agglutinins are widely used in the identification of bacteria and 

the diagnosis of disease. Let us assume that a patient has a febrile 
disease which has remained undiagnosed for a week or more. 
Presumably during this time demonstrable amounts of antibodies have 
accumulated in the blood. We draw a little blood from a vein and 
allow it to clot. We then remove the clear serum and mix it, suitably 
diluted (1:20; 1:40, 1:80; ... 1:2560), in a series of test tubes with, 
for example, a suspension of typhoid bacilli (Salmonella typhi) . 
Cultures of these bacteria are commonly maintained in diagnostic 
laboratories for this purpose. If the patient has typhoid fever his serum 
will contain typhoid agglutinins and the bacilli in the test tube will 
be found in floes or clumps. If no agglutination occurs, either the 
patient does not have typhoid fever or he has not yet had time to 

- -develop antibodies. Another test is generally made later. 
This means of diagnosing typhoid fever is called the Widal 

reaction after Widal, who first published upon the subject. The term 
Widal test is sometimes (improperly) applied to any agglutination test. 

6.17 IDENTIFICATION OF BACTERIA BY THE 
AGGLUTINATION REACTION 

Conversely to the detection and identification of antibodies by 
means of the agglutination test just described, an unknown organism 
may be identified by using sera containing various known antibodies. 
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Figure 6.15 : Indirect hemagglutination. I. Erythrocytes (E) with surfaces prepared by 
formaldehyde or tannic acid treatment are mixed with antibodies (Ab) . No reaction 
occurs because there are nO specific receptors for Ab on the surfaces of the erythrocytes. 
II. In another tube similarly (formaldehyde) prepared erythrocytes are suspended in a 
solution of antigen (Ag) specific for Ab. Ag is adsorbed to the surfaces of the 
erythrocytes (E + Ag). III. Suspended in a solution of specific Ab the erythrocytes. 
now specifically coated with Ag. combine with Ab and are agglutinated. 
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The known sera are mixed with suspensions of the unknown 
bacterium, and agglutination is looked for. Suppose, for example, 
that we have a gram-negative rod that, by its cultural rea.::tions, we 
know to belong to the typhoid-dysentery group. We may, as a 
preliminary test, set up two series of tubes: A, containing serial 
dilutions of serum of a typhoid-immune animal, and B, containing 
dilutions of serum of a dysentery-immune animal. A drop qf our 
"unknown" bacterial suspension is added to each tube. If after several 
hours no change has occurred in the first series of tubes while the 
serum in the tubes of series B has caused the bacilli to agglutinate, 
we know that, since the serum in B contained only dysentery 
agglutinins, our unknown organism must be some species of Shigella 
(dysentery bacilli). Many other bacteria, saprophytic and parasitic, 
of agricultural, industrial and other special interests, may be identified 
in this way. 

6.18 THE INDIRECT (PASSIVE) 
HEMAGGLUTINATION REACTION 

This procedure, widely used in immunology, illustrates very 
nicely the fact that antigens at the sUrface of a cell determine its 
immunological specificity. Erythrocytes of a sheep or a cow are 
washed free from their serum. The surface of the cells is generally 
modified and the cells made more solid and stable in suspension by 
treating them with tannic acid or formaldehyde. The erythrocytes are 
again washed and then suspended in a saline solution containing any 
desired soluble antigen (viral or bacterial)-for example, an antigen 
extracted from tuberculosis bacilli. This antigen is adsorbed by the 
surfaces of the erythrocytes and covers them as a coating. The cells 

. are removed from this suspension and excess antigen is removed. 
A series of dilutions is now made with serum containing 

antibodies specific for the tuberculosis -antigens with which the 
erythrocytes are coated. Into each serum dilution is introduced a drop 
of the suspension of antigen-coated erythrocytes. These -behave as 
though they were tubercle bacilli. Within a short time the coated 
sheep erythrocytes are agglutinated. Tuberculosis antibodies have no 
visible effect on the normal, untreated erythrocytes of a sheep or 
the uncoated tannic-acid-treated erythrocytes. It is interesting that 
totally inert particles of colloidal plastic, gum arabic, latex and the 
like can be similarly coated with antigen and agglutinated by specific 
antibodies. Conversely, antigens may be detected by coating the cells 
or particles with antibodies. 
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Figure 6.16 : Diagram of the Wassermann test; a typical complement-fIXation reaction. 
At far left is seen a reaction in a test tube between syphilis antigen and syphilis antibodies 
(sensitizer) in a sample of patient's serum. Complement combines with the sensitizer 
to destroy the antigen (shown "exploding"). When sheep cells (second from left) that 
are already sensitized with sheep-cell-hemolytic antibodies are added, they are not 
destroyed by the complement because complement has all been used up (fixed) in the 
syphilitic- antigen-antibody reaction. Had there been no syphilitic antibody in the patient's 
serum (another, unrelatm antibody is shown, third from left), no speeific antigen-antibody 
combination could have occurred. . 

6.18.1 Cytolysins and Complement 
The somatic antigens of certain types of cells call forth antibodies 

that assist in the lysis of that cell. These antibodies are termed 
cytoiysins. They are sometimes called sensitizers or, by an older term, 
amboceptors .. The cytolytic antibody first combines with specific 
antigens on the surface of the foreign cell that called it into being. 
The cell may be a bacterium, an erythrocyte or a cell of other nature. 
This simple combination is, however, not sufficient to destroy the 
cell. There is no visible reaction. A second substance, complement, 
is necessary to complete the lytic action. Complement, too, combines 
with the cell, which in order for the complement to act must already 
have been sensitized (hence the term sensitizer) by the specific 
cytolytic antibody. Lysis then results. The term amboceptor expresses 
the concept that the antibody combines with the cell by one valence 
and with the complement by a different valence; i.e., the antibody 
is ambivalent. 

Complement cannot by itself destroy foreign cells; it must act 
through the intermediation of the sensitizer. The sensiti-zer is a 
specific antibody, but complement is nonspecific; it helps any 
sensitizer to complete its work. 

6.19 COMPLEMENT FIXATION 
After complement has combined with the sensitized cell, the 

complement is no longer active. It is said to be fixed. It is adsorbed 



METABOLISM OF MICRO-ORGANISM 207 

onto the sensitized cells. The complement fixation reaction, discovered 
in 1901 by Bordet, a famous Belgian scientist and Nobel Prize winner, 
is the basis of several valuable tests used in microbiology, diagnosis 
and serology. As previously stated, complement is adsorbed (fIxed) 
onto any f'mely divided material like chalk dust, clay or soot in 
aqueous suspension. It is also fIxed by precipitates formed by antigen
antibody combinations, but it is not a necessary component of such 
reactions as it is in cytolysis. The fIxation of complement in the 
cytolytic reaction is evidence that cytolysis involves a type of 
precipitin reaction on the cell surface. 

The specifIcity of the complement fIxation reaction enables an 
investigator to identify unknown antigens or antibodies. For example, 
if antibody, antigen and complement are mixed in a tube, we can 
determine whether antigen and antibody have c\lmbined by testing to 
see whether the complement has been fIxed. If complement has been 
fixed, then we know that an immunologically specifIc antigen-antibody 
reaction (precipitation) has occurred. If we know the identity of one 
(antigen or antibody) we can identify the other. (But since complement 
is not visible, how can we know whether complement has been fixed?) 

6.19.1 Immobilizing Antibodies 
The etiological (causative) agent of syphilis is a spirochete, 

Treponema pallidum. The organism is actively motile, rotating on 
its long axis and bending and flexing vigorously. In the serum of 
patients with syphilis T. paIlidum-specifIc antibodies appear some days 
after initial infection. These antibodies immobilize and kill the 
spirochetes within a few hours when mixed with them in test tubes. 
This effect is readily seen by examining the mixture with a darkfIeld 
microscope. It is commonly spoken of as the TPI (T. pallidum 
immobilization) test. The immobilizing action does not take place 
unless complement is present. Curiously, little or no complement is 
fixed in this reaction. The role of antibody seems to be that of a 
sensitizer, but the action of the complement is not so obvious, as no 
lysis occurs. 

The TPI test is one of the most important immunological 
developments in syphilology.· It was the frrst spec.ijic serological test 
for the disease. 

Immobilization by specific antibodies also occurs in other 
microorganisms. This is readily seen in Entamoeba histolytica (the 
cause of amoebic dysentery) when the active trophozoites of this 
protozoan .are treated with the serum of E. histolytica-immune animals. 
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Similarly, there are specific immobilizing antibodies for the ciliated 
larval state (miracidium) of a pathogenic worm (the fluke, Schistosoma 
mansoni) and for motile bacteria other than T. pallidum. 

In immobilization phenomena other than the TPI, complement 
is not always necessary, though it may be fixed, and death of the 
organisms does not necessarily follow immobilization. The organisms 
may, on the contrary, recover completely. 

6.19.2 Protective and Neutralizing Antibodies 
All the immune reactions so far mentioned are demon-strable by 

in vitro methods. It was mentioned that immunity does not necessarily 
result solely from the presence of such antibodies. Indeed, it seems 
that, as previously indicated, most of them act principally by aiding 
in the process of phagocytosis. Some are clearly lytic, some antitoxic, 
some immobilize. 

The action of others is not demonstrable in vitro. The only 
reliable method of detecting and measuring such antibodies is to infect 
experimental animals (e.g., mice) and give them doses of the serum 
to be tested, before, after or simulta-neously with the infection, to 
see whether they are thereby protected. This measures protective or 
neutralizing power directly, regardless of whether this power depeIids 
on agglutinins, cytolysins or some still-undiscovered antibody. Such 
a test is known as a protection test and is widely used to measure 
the antigenic virtues of antigens (by measuring the immunological 
response) and the protective power of sera. 

In dealing with viruses the term neutralization test is generally 
used. Instead of using live animals in neutralization tests one may 
use animal-tissue cells growing in tissue cultures. The serum, if 
effective, will prevent virus from producing cytopathogenic effect or 
from forming plaques in monolayer cell cultures. 

6.20 FLUORESCENT ANTffiODY STAINING 
One of the most interesting and valuable advances in the field 

of microbiology is the fluorescent labeling of antibodies so that their 
combination with specific antigen can be detected visually and 
immediately. By means of this technique, microorganisms and their 
antigens, as well as antibodies, may be detected and identified within 
a few minutes, an improvement over the time-consuming and 
expensive methods of systematic study of cultures and antigenic tests 
previously described. 

The fluorescent-anti body-staining procedure is technically 
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complex, although the principle is relatively simple. A first step is 
separation and concentration of the specific antibody globulins from 
the bulk of the serum in which they occur. The concentrated antibody 
globulins are then combined (conjugated) with a fluorescent dye, 
commonly fluorescein isothiocyanate. The antibodies are then said 
to be labeled When illuminated with ultraviolet light they give off a . 
brilliant yellow glow. We may use such a preparation of fluorescent
antibody-globulin to detect the corresponding specific antigen by four 
different methods: direct, indirect, inhibition and indirect-complement. 
Only the direct and indirect methods need be described here. 

Figure 6.17 : Use of fluorescent antibody to detect specific antigen in a mixture of 
materials . A, A sample of soil infected with Malleomyces mallei. a very dangerous 
pathogenic bacterium. This is a fluorescent-antibody-stained smear illuminated by 
ordinary light (darkfield preparation) . It is impossible (without glancing at B) to 
distinguish the single cell of M. mallei from the many saprophytic soil bacteria and 
soil particles that are present in the sample, In B. illuminated by ultraviolet light, the 
single cell of M. mallei is brilliantly and exclusively evident. 

Let us suppose that our fluorescent globulin is specific for an 
antigen on the surface of typhoid bacilli (Salmonella typhi). Let us 
suppose also that a single bacillus of this species is suspected to be 
present in a large section of gram-stained spleen tissue from a typhoid 
victim. It is impossible to fmd the one tiny organism by ordinary 
microscopic means, even though gram-stained, because of the 
relatively enormous mass of surrounding tissue, which takes the same 
stain as the bacillus. The bacillus is lost like the proverbial needle 
in a haystack. 

Let us prepare another section of the same tissue, unstained. We 
flood it with fluoresceinlabeled antibody specific for S. typhi. The 
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fluorescent antibody attaches itself to the corresponding antigen in 
the bacillus. Then we wash out all of the unattached antibody. When 
the tissue section is illuminated with ultraviolet light and examined 
with the microscope the hidden bacillus reveals itself by its brilliant 
yellow fluorescent light, like a full moon at midnight. 

o + 
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Figure 6.18 : Direct, and indirect fluorescent-antibody staining. In the direct method 
(I; top row) antigen (Ag) is allowed to react with its specific antibody which has 
previously been conjugated with a fluorescent dye (Ab • Fl). When viewed in the 
microscope with ultraviolet illumination the antigen-antibody combination (Ag + Ab -
Fl) glows brilliantly. 

In the indirect method (II; second row) the antigen is allowed to combine with ordinary 
(nonfluorescent) specific antibody (Ab - 0) in the uwal manner. Viewed with ultraviolet 
light no fluorescence is seen. The invisible Ag + Ab - 0 combination is now treated 
(lIa; third row) with fluorescent antibody specific for any gamma globulin (Ab' . Fl). 
All antibody, including Ab - 0, is gamma globulin. Ab' - Fl therefore combines with 
the Ab - 0 on the surface of Ag. causing the particles of Ag + Ab - 0 to glow in 
ultraviolet light: (Ag + Ab - 0 + Ab' - Fl) . 

A serious difficulty with this method is the necessity of preparing 
dozens of different antibody globulins, each representing one of the 
dozens of different antigens which we might want to detect. The 
labeling procedure is difficult, time consuming and expensive. This 
difficulty is overcome in great part by using indirect methods. The 
fluorescent staining method in various modifications is used to locate 
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viruses in cells and tissues, identify organisms and many other 
procedures. 

Figure 6.19 : Salmonella typhimurium agglutinated by ferritin-conjugated antibody to 
somatic antigen. x 60,000. The antigen-antibody complexes, being electron-opaque due 
to ferritin. are revealed as myriads of black specks close around the bacterfal cells. 

6.20.1 Ferritin Labeling 
In an adaptation of the "labeling" principle of fluorescent-antibody 

staining, antibody may be made visible in electron micrographs by 
labeling it with ferritin . Ferritin is an organic complex of ferric 
hydroxide and ferric phosphate associated with apoferritin, a protein 
of the liver and spleen that serves as a storage place for iron. Ferritin 
is opaque to electrons. Ferritin-conjugated antibody combines with 
specific antibody as does fluorescein conjugated antibody. To visualize 
the electron opaque ferritin-antibody, however , the electron 
microscope is used instead of ultravioleUight. 
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Microbial Catalysts 

In a foregoing chapter we ' gained some idea of the nutrition of 
microorganisms but little notion of those mechanisms that carry on 
the processes of nutrition: digestion, synthesis of cell substances, 
release and utilization of energy available in foodstuffs-in short, the 
processes that constitute metabolism. All of these reactions are aided 
by agents called catalysts or catalytic agents . The reactions are said 
to be catalyzed. 

7.1 CATALYSIS 
Catalysis is the speeding up of chemical reactions that, although 

they can theoretically proceed spontaneously if at nearly the same 
energy level, in the absence of the catalyst would do so only at a 
very (even infmitely) slow rate. Catalytic agents may be organic or 
inorganic . Many inorganic catalysts consist of sheets or "sponges" 
of various inert metals (platinum, lead) . They are widely used in 
industry. ' 

Catalyzed reactions typically occur at the surface of the catalytic 
agent. Therefore, the greater the surface area or state of subdivision 
of the catalyst, the more the reaction can occur. 
. For example, a cube of catalyst 1 cm. on each edge has a surface 
area of 6 sq. cm. Cut into two parts the catalyst has a surface area 
of 8 sq. cm. Cut into 100 slices each 0.1 rnm. thick it presents 204 
sq. cm. Divided into millions of colloidal particles it presents a surface 
area measuring many hundreds of square centimeters. 

Substances are in the colloidal state when they are in the form 
of ultramicroscopically minute particles stabllysu-spended in a fluid 

212 
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(gas or liquid). For example, smoke is a colloidal suspension of 
minute particles of carbon, tars and other substances in air; milk is 
a colloidal suspension of casein and fat in whey. Enzymes are 
colloidal proteins. 

Colloidal particles generally have negative, mutually repellent 
electric charges. These help to keep the particles suspended and 
prevent their coalescing and precipitating as floc, or coagulating, as 
in the souring of milk. Unicellular microorganisms, because of their 
minute size, generally have many of the properties of colloids. 

A common industrial inorganic catalyst is finely divided or 
colloidal platinum. Among its catalytic potentialities is the oxidation 
of ethyl alcohol. Alcohol and oxygen at room temperature do not 
combine to a readily perceptible degree. In the presence of fmely 
divided platinum they are greatly concentrated on its surfaces by 
adsorption (not absorption). A reaction then occurs between alcohol 
is rapidly oxidized to acetic acid. The platinum does not enter into 
the reactions. but remains to adsorb more oxygen and more alcohol 
on its surface. It continues the process of oxidizing the alcohol, first 
to acetic acid and then to water and carbon dioxide, as long as the 
products of the reaction, or extraneous side products, are continuously 
removed and do not remain to block or "poison" the surfaces of the 
catalyst. 

In a simple system of this kind we can predict, from a knowledge 
of the substances and surfaces involved, what the result of a given 
combination will be. Stable, inorganic catalysts such as platinum are 
simple and constant, and are extensively used in industry. In living 
systems the situation is more complex: numerous physically and 
chemically complex organic catalysts act simultaneous ly or in rapi~ 
succession. 

Enzymes are organic catalysts-colloidal protein complexes. 
Unlike inorganic catalysts. enzymes act mainly by forming transitory 
chemical combinations with one or both of the substrates (substances 
altered by the enzyme). Following the reaction that is catalyzed 
between the substrates, the enzyme separates from them. Theoretically 
it remains unchanged; actually enzymes "wear out" (chemically 
deteriorate) after prolonged activity. 

Partly because of their colloidal structure enzymes usually act 
exceedingly rapidly and efficiently. Properly concentrated and in 
contact with optimum amounts of substrates under suitable conditions 
(temperature, pH), a very small quantity of enzyme, probably of the 
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order of a few molecules, can bring about a relatively large amount 
of cata.!yzed reaction in a comparatively short time. For example, 5 
ml. of an aqueous extract of pig's pancreas contains perhaps 1 mg. 
often enzyme trypsin that hydrolyzes (digests) protein in the intestinal 
tract. This can decompose 5 lb. of beef (protein) within about 5 
hours at 37°C. at a pH of about 7.5. The ratio of specific substrate 
(in this case beef protein) of pure enzyme (trypsin) probably exceeds 
one million to one. 

7.2 DISCOVERY OF ENZYMES 
Before the time of Pasteur the nature of the fermentations that 

produce beers and wines was virtually unknown. Since it is the basis 
of very large industries the process of fermentation has been the 
subject of much study. Fermentation was thought by Liebig and lIlany 
other brilliant chemists to be a spontaneous chemical change entirely 
independent of life. However, after many ingenious experiments and 
demonstrations it was make clear by Pasteur around 1860 that 
fermentation does not occur spontaneously but is wholly dependent 
on living microorganisms, notably brewers' yeast. Microorganisms 
were often called "living ferments." Pasteur also showed that true 
fermentation occurs only in the absence of free oxygen. In Pasteur's 
words, "life without air anaerobiosis". 

It was soon realized that beer and wine fermentations were not 
caused by the yeast cells themselves, but by some active principle 
associated with them. The active principle was thought to be inside 
the cells and was first called an enzyme (Greek: en = in; zyme = 
yeast or leaven) by Kuhne in 1878. Buchner (Nobel Prize winner). 
in 1897, found that filtered, cell-free juice or crushed yeast cells 
would cause sugar to ferment. Thus the fermentative enzyme of yeast, 
and later a great variety of other sorts of enzymes from many other 
kinds of living cells. were found to be distinct, nonliving entities 
mechanically separable from the cells that produced them. We now 
know that, in a sense, Liebig was right, since fermentation can occur 
in the absence of living cells. However, the necessary enzymes are 
produced only by living cells. 

7.3 STRUCTURE OF ENZYMES 
7.3.1 Coenzymes 

In 1905 Buchner and others dialyzed cell free yeast juice. Dialysis 
carried out by enclosing the fluid to be dialyzed in a ~ac of selectively 
permeable material (i.e., material permeable to some substances but 
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not to others), such as cellophane or animal membrane. The sac is 
then suspended in water, (salts, glucose, amino acids) pass out of 
the sac, through the ultramicroscopic pores in the membrance, into 
the water surrounding the sac. Large molecules. such as those of 
proteins and complex polysaccharides, cannot pass through the 
membrane but remain inside the sac. In Buchner's experiments with 
yeast juice it was found that neither the dialyzate (i.e., the material 
that pass~d out remained inside the sac) could alone produce 
fermentation. When mixed toget-her, however, they produced normal 
fermentation. Obviously each contained something essential to the 
fermentation. 

It was soon demonstrated that the essential substance in the 
residue was a nondialyzable, colloidal protein, readily destroyed by 
heat (lOO°C.): i.e., it was thermolabile, as are virtually all proteins. 
Such a protein moiety of an enzyme is now called an apoenzyme 
(Gr. apo = part of). 

The essential material in the dialyzate was found to be nonprotein, 
noncolloidal, of small molecular weight and thermostable. This part 
of an enzyme, easily separable from the protein part, is now called 
a coenzyme. Apoenzyme and coenzyme together constitute the 
complete enzyme, called a holoenzyme (Gr. holos = entire). The 
term enzyme is generally used to mean holoenzyme. 

The molecular structure of many coenzymes is now well known, 
and some have been synthesized in vitro. Coenzyme molecules 
generally carry the distinctive, reactive portion of an enzyme. Acting 
with the apoenzyme, the coenzyme brings about the specific substrate 
reaction that is characteristic of that particular enzyme. In many 
coenzymes the distinctive, reactive portion is a familiar vitamin: 
nicotinic acid or its popular derivative "niacin," or vitamins of the 
B complex, such as thiamin (vitamin B\) or riboflavin (vitamin B

2
). 

In fact, all vitamins that function physiologically have been found to 
act as the reactive group of one or another coenzyme. 

7.4 PROSTHETIC GROUPS 
In some enzymes the nonprotein, specifically reactive portion, 

unlike the coenzyme, is not readily dissociated from the protein portion. 
The nonprotein portion, analogous to a coenzyme, is then called a 
prosthetic group; the combination of the protein and the prosthetic 
group is called a conjugated protein. A familiar example of a 
conjugated protein is hemQglobin. This is a combination of the red, 
iron-bearing, porphyrin.pfgment heme (the prosthetic group) with the 
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globular protein, globin. Hemoglobin is the oxygen-carrying pigment 
of vertebrate red blood corpuscles. The iron of the prosthetic heme 
group of hemoglobin is readily oxidized and reduced. It combines 
with oxygen in the air via the lungs, releases oxygen to the body 
tissues and returns to the lungs for more oxygen. 

Although not generally classed as an enzyme, hemoglobin closely 
resembles some enzymes in both structure and function. There are 
several metal bearing, enzyme-like proteins (metalloprotei1ls) other 
than hemoglobin. General!y the active metal is carried in a porphyrin 
residue much like heme. The metal in the green, sunlight-utilizing 
pigment chlorophyll in higher plants is magnesium instead of iron. 
In the Crustacea the active metal is copper though it is not carried 
in porphyrin. 

Figure 7.1 : The heme molecule. Note the position of the iron in this ringlike or 
c\awlike iron-porphyrin moleCule. Heme is part of the red colouring matter of the 
blood. Chelating agents. such as the porphyrins. by combining with (chelating) harmful 
metallic ions. perform a function analogous to that served by buffers in combining 
WIth H+ to maintain a favourable pH Some pH buffers also act as metal chelating 
agents. 

Many common bacteria use atmospheric oxygen, which is 
combined directly with yellow hemoproteins (closely analogous to 
hemoglobin) called cytochromes. The combination is mediated by an 
oxidizing enzyme called cytochrome oxidase. All such metalloprotein 
pigments that are involved in biological oxidations, or respirations 
are often called respiratory pigments. 
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7.5 COFACTORS 
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Some enzymes are first produced by the cell in an incomplete 
or inactive form. They are called zymogens or pre-enzymes. These 
must then be activated or completed by contact outside the cell with 
another agent called a kinase, an activator or a cofactor. Cofactors 
may be hydrogen ions or ions of iron, magnesium, copper, 
molybdenum, cobalt or zinc; they also may be coenzymes, vitamins 
or other enzymes, depending on the particular enzyme involved. 
Trypsin, for example, exists in the pancreaS as inactive trypsinogen, 
which becomes activated in the intestine when in contact with a 
!>ubstance called enterokinase. Phosphatase, an enzyme that hydrolyzes 
organic phosphates, must be activ-ated by magnesium ions. The exact 
function of some activ-ators, especially vitamins and certain metallic 
ions, is well known; of others it is not so clear. The seemingly curious 
and often very specific requirements of many living cells, including 
our own body cells, for minute quantities of certain metals or vitamins 
(i.e., micronutrients) are evidence of the fact that these are absolutely 
essential parts of various coenzymes or prosthetic groups. 
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Figure 7.2 : Iron-porphyrin of cytochrome a. 

7.6 SPECIFICITY OF ENZYMES 
The protein moiety (apoenzyme) of each enzyme is characte~ 

by a property called specificity that is typical of proteins in general. 
Specificity of a protein molecule depends upon the physicochemical 
configuration of its sUrface. This, in tum, is determined by the 
number, kind and sequence of amino acids that constitute the peptide 
chains making up the protein (i.e., its primary structure), by the 
distinctive coiling or helical structure of the peptide chains (secondary 
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structure) and by the manner of folding of the long peptide chains 
of proteins upon themselves (teniary structure). Now, since an almost 
infinite number of permu-tations and combinations of the 
approximately 22 amino acids that make up the protein chains (i.e., 
the primary structure of the proteins) is possible, and since the shains 
can be twisted (secondary structure) and then folded like long skins 
of wool yarn (tertiary structure) in billions of different arrangements, 
it is evident that there can be an astronomical number of different 
enzyme proteins (apoenzymes). Each protein is a macromolecule that 
may consist of hundreds of the 22 to 24 amino acid residuces linearly 
linked in different arrangements. Each is different from all others in 
respect to molecular configuration; i.e., each enzyme is unique or 
specific. Each enzyme can react only with certain particular substrates 
that have a corresponding sterecochemical structure. This correspond
ence between enzyme and substrate is of a reciprocal nature such, 
for example, as the correspondence of a plaster cast to its mold. 
Exact details of enzyme substrate interactions remain to be elucidated. 

Figure 7.3 : A schematic representation of an active site of enzyme-substrate interaction, 
aminoacid residues whose fit with substrate determines specificity, catalytic residues 
acting on substrate bond, indicated by a jagged line; 0, nonessential residues on the 
surface, residues whose intera::tion maintains three-dimensional structure of the enzyme 
protein. 

Be it noted that the correspondence between' enzymes and 
substrates extends beyond mere physical form of the molecules 
involved, and includes the correspondence of mutually attractive 
electrostatic forces, hydrogen and sulfur bondings, van der Waals 
forces, and so on. 

Specificity of enzymes varies greatly in degree. For example, 
one enzymes that catalyzes the oxidation of L-amino acid cannot 
oxidize the corresponding D-amino acids. A certain enzyme that 
destroys the carboxyl group of (decarboxylates) pyruvic and related 
keto acids will not decarboxylate fatty acids like acetic acid. Some 
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enzymes (e.g., trypsin of the intestine) are more broadly specific 
and hydrolyze many different proteins, because these enzymes attack 
peptide bonds between any linked amino acids. These are common 
to all proteins. Such enzymes do not attack carbohydrates, fats or 
other classes of substrates not having peptide bonds. Some enzymes, 
however, can attack only pep-tide bonds at the end of a peptide chain. 
Other enzymes attack only carbohydrates. For example amylase, an 
enzyme in saliva, attacks glycosidic bonds and splits starch into 
simpler sugars: dextrins, disaccharides and monosacc-harides. Such 
enzymes do not act on proteins and fats. 

It is worth noting at this point that many biological phenomena 
other than enzyme actions involve specific prot-eins. Specificity 
therefore characterized many nonenzymic protein functions. 

7.7 ISOENZYMES (IS0ZYMES) 
Studies of enzymes by physiochemical methods have shown that 

numerous enzymes occur in several forms, even in the sarr..e tissue 
or cell. These variant forms are called isoenzymes or isozymes. They 
appear to represent different structural arrangements of the same 
protein subunits, since all forms of a single enzyme have the same 
molecular weight. All appear also to have may act in slightly different 
ways depending on the arrangement of the subunits in the apoenzyme. 
These structural variations may explain in certain hitherto puzzling 
irregularities in enzyme action and may relate also to obscure 
immunological discrepancies or actions. 

7.8 HOW EN~YMES ACT 

7.S.1 Mechanism of Enzyme Action 
In most enzymic catalyses, the specific apoenzyme involved 

appears first to attach to the substrate at certain specific sites. These 
sites represent reciprocally correspo-nding physical structure and 
anionic and cationic groups in the molecule of the substrate. This 
preliminary combination appears to place certain bonds in the substrate 
under stress. The coenzyme, because of its appropriate molecular 
structure, then combines with (accepts) a part of the substrate: for 
example, a hydrogen ion or glycosyl or amino-group. This ion or 
group is then either passed by the coen-zyme to another coenzyme, 
or to a different substrate molecule, or it may be liberated as waste 
into the surrounding fluid. The fmal result depends on the nature of 
the reaction being catalyzed. The enzyme, freed of the altered 
substrate residue, is then ready to combine with another substrate 
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molecule and repeat the process. If any energy is released by the 
reaction it is partly lost as heat and in part taken up into the cell 
substance by the formation of "energy-rich" compounds that contain 
certain types of bonds (e.g., organic phosphate bonds, thioester bonds 
and some others) in certain coenzymes. The energy stored in such 
energy-rich compounds is later used by the cell in motility and cell 
synthesis. 

7.9 ENZYME INDUCTION 
Each species of living cells has a genetically determined 

(inherited) natural endowment with certain functioning enzymes. These 
are constantly present in, and distinctive of, all of the cells in that 
species of cell. Such inherited enzymes, part of the normal constitution 
of the cells in that species of cell. Such inherited enzymes, part of 
the normal constitution of the cell are called constitutive enzymes. In 
addition many cells possess genetic determinants (genes) for the 
synthesis of numerous enzymes that, curiously, do riot ordinarily 
appear. The mechanisms for the synthesis of such enzymes are 
genetically repressed. Each such repressed genetic determinant fmds 
expression only when a correspo-nding or inducing substrate (or 
related substance) enters the cell. In the presence of the inducer the 
repressor of the appropriate synthetic mechanisms is removed and 
the enzmye specific for the inducer substrate is synthesized. Such 
enzymes are said to the be inducible. They were formerly called 
"adaptive" enzymes. Thus, although genes (Le., genetically functional 
units) determine the full enzymic potentialities of a cell, environmental 
factors in the form of inducers, for example, determine just which 
of the latent enzymic potentialities of a cell shall appear under any 
given circumstances. The cell is evidently not under the necessity of 
synthesizing all its potential enzymes all the time but only such as 
may be needed from time to time. This is and important economy 
of the food and energy resources of the cell, since enzyme synthesis 
requires energy and food substance. 

In a number of cases an enzyme may be induced in a cell by 
anyone of several substances that are not themselves substrates but 
are merely chemically related to a specific metabolizable substrate. 
A much-studied example is the induction of the enzyme /3-
galactosidase in a common bacerium, Escherichia coli. Synthesis of 
this enzyme is inducible by not only its normal substrate, lactose 
(milk sugar; a /3-galactosides readily metabolized by E.coli) but also 
be melibiose (an a-galactosides not metabolizable by E.coli) and also 
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by several thio J3-galactosides. In another bacteriwn, Proteus vulgaris, 
the enzyme leucine decarbo-xylase is induced by the amino acids 
alanine (not a substrate for P. vulgaris) and valine, chemically similar 
to leucine. 

7.10 ENZYME EQUILIBRIA AND REVERSIBILITY 
The action of many enzymes is demonstrably reversible. For this 

reason the symbols used in equations involving enzyme action often 
indicate reversibility. For example, if we place in a solution of amyl 
butyrate (an organic salt or ester) a little esterase (an enzyme from 
the pancrease that hydrolyzes amyl butyrate under the proper 
condtions of temperature and pH), the amyl butyrate is hydrolyzed 
to its constituents, butyric acid and amyl alcohol. The decomposition 
automatically ceases when a certain concentration of the acid and 
alcohol has been reached, i.e., at a defInite equilibrium point: 
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Conversely, if we put the acid and alcohol together in a beaker 

with esterase, amyl butyrate and water are re-formed, ceasing at a 
defInite concentration of end products. This is an excellent example 
of two of the most important catalyzed reactions in all living forms: 
hydrolysis (separating with water) and anhydrosynthesis Goining by 
withdrawing water). This also illustrates the important point that, in 
general, accumulation of end products inhibits the action .of any 
enzyme in either direction. i.e., at the same equilibrium point. Under 
any set of constant conditions, the equilibriwn point for an enzyme
catalyzed reaction is constant. 

There is clearly a constant relationship between concentration of 
enzyme and concentration of subsrate. Up to the point of saturation, 
the rate of reaction increases with increase of ratio of one component 
to the other. With a constant amount of enzyme, increase of substrate 
increases rate of reaction until every molecule of enzyme is fullly 
occupied (saturated) with substrate. Further additions of substrate 
cannot increase the rate of reaction. Conversely, with a fIxed amount 
of substrate, rate of reaction increases with additions of enzyme until 
all molecules of substrate are in contact with enzyme. Further 
additions of enzyme do not affect the rate of reaction. 

In many instances enzyme-catalyzed reactions appear to proceed 



222 PRINCIPLES OF MICROBIOLOGY 

in only one direction because the equilibrium point is very far in 
that direction. In other cases one or more of the end products may 
be removed constantly by some mecha-nisms so that equilibrium is 
never reached. Under normal conditions in the living cell, enzyme 
reaction are constantly pushed in this manner toward the one or the 
other side of the reactions. 
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Figure 7.4 : Relation between substrate concentration and rate of enzyme action with 
a fixed enzyme concentration. Beyond a certain point (in this illustration about 4 units 
of substrate) a fixed amount of enzyme becomes saturated with substrate and will not 
act any faster no matter how much substrate is added. The activity of the enzyme may 
be inhibited. 
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Figure 7.5 : Relation between enzyme action and enzyme concentration with fixed 
amount" of substrate. The relationship is linear within limits: i.e., between points A 
and B. Beyond B, all of the substrate eventually comes into contact with enzyme, and 
no increase in enzyme action occurs regardless of how much enzyme is added. 

When markedly different energy levels are involved, theoretically 
reversible reactions can not actually reverse. In the hydrolysis 
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synthesis reaction of amyl butyrate just given very little energy is 
lost in the hydrolysis or required to complete the resynthesis. The 
reaction proceeds in either direction because both are at very nearly 
the same energy level. When a great deal or energy is released. as 
in the complete enzymic oxidative decomposition of glucose (688,500 
calories), resynthesis cannot be brought about by the same enzymes 
because they cannot restore the lost energy. To reverse the reaction 
requires that "work" be done by other systems of enzymes that 
capture new energy derived from solar or other radiant sources by 
green plants or the bio-oxidation of foodstuffs by nonphotosynthetic 
species. 

As an analogy, compare the stepwise, theoretically reversible 
process of raising and lowering a car with a jack. The jack may be 
thought of as an enzyme system. Lowering the car is like 
resynthesizing the glucose: new energy is required. The two processes 
take place at totally different energy levels. To complete the analogy, 
the new energy for raising the car is also derived (ultimately) from 
bio-oxidation of the glucose in the muscles of the man (or girl!) 
operating the jack. 

7.11 ENZYME CONTROL 

7.11.1 "Feed-back" Controls 
Inside a living cell most enzymes do not act individually J:?ut as 

parts of well organized, co-ordinated and sequentially operating 
systems. Whatever affects one portion of the intracellular enzymic 
system has some effect on all parts, like the parts of a spider web. 
As pointed out before, the activity of an enzyme is inhibited by 
accumulation of the end products of the catalyzed reaction. In a step
wise sequence of cooperating enzymes (a "biological production line") 
excessive accumulation of a reaction product at the end of the line 
may inhibit the action not only of the enzyme at the end of the line 
but of all the enzymes in !hat sequence, all the way back to the 
beginning of the line. This is an important form of automatic control 
called feed-back inhibition. 

Eventually, in the presence of excessive amounts of end products, 
not only is enzyme activity inhibited hut the actual synthesis of the 
enzymes themselves may be repressed. For example, if a cell normally 
synthesizing a certain substance, say the amino acid alanine, is 
artificially abundantly supplied with that substance (the end product 
of the enzyme) from an extraneous source, not only is the enzyme 
inhibited, but synthesis of some or all of the enzymes in the 
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production line for that substance is repressed until the enzymes are 
needed again. This is called feed-back repression. Note that it is 
necessary to differentiate between (a) inhibition of the action of 
enzymes by their end prducts (feed-back inhibition) and (b) feed
back repression of the synthesis of the enzymes themselves by the 
.accumulation of end products, especially in enzyme series. 

Contrary to its repressive action, the end product of each enzyme 
in a series or production line can be the inducer of the next enzyme 
in the series and the inhibitor or repressor of the preceding enzyme, 
thus, carrying forward the work of the enzyme machine. Various 
such start-stop, induce-repress-inhibit mechanisms of enzyme control 
result in amazingly complex and efficient "automation." 

7 .11.2 Energy Controls 
An important aspect of enzyme control is that related to the 

liberation of energy from foodstuffs. Clearly, in any regulated 
mechanism using energy, including living cell~, if the energy supply 
isunhibited and uncontrolled it can soon become injurious and, in 
cells, fatal. Conversely, failure to provide energy at a sufficient rate 
would prevent the normal functioning of the cell. In the cell, as in 
the machine shop, there must be a "stop-go" mechanisms to control 
the energy supply. 

In the machine shop, energy for the power source is supplied 
by the burning (i.e., the oxidation) of fuels or the use of water power. 
The energy from the power source is transmitted to the machi..les by 
belts, shafts and gears. In living machines (e.g., the living cell) energy 
is also derived from the burning (i.e., the enzymic bio-oxidation) of 
foods. In the cell the energy liberated by biooxidation is transmitted 
not by gears and shafts but via high-energy compounds as noted 
elsewhere, notably certain organic phosphates: e.g., phosphoenol 
pyruvic acid, acetyl phosphate and, most importantly, adenosine 
triphosphate (ATP). The energy of these compounds appears to relate 
to the special phosphate bonds. Now, ATP is derived during oxidative 
phosphorylation by addition of a phosphate group + energy to 
adenosine diphosphate (ADP). ADP is derived from adenosine 
monophosphate (AMP): 

(AMP + -OP03~ ~ ADP + -OP03H2 ~ ATP). 
ATP is a high-energy compound. The exact manner in which 

the energy is transferred from the low-energy-Ievel oxidized foods 
into the high energy A TP is not yet fully clarified. 

From the stand point of energy control in the cell, ADP is an 
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essential factor because it is needed to accept the energy of foodstuffs 
and become phosphorylated to high energy ATP in the process. 
But if the energy stored in the A TP is not used up as fast as it is 
derived from the biooxidation of foodstuffs, ATP accumulates to 
excess. None is broken down to replace the supply of ADP that was 
used in its formation. The supply of ADP is thus depleted. The 
depletion of the ADP supply prevents its further acceptance of high
energy phosphate. This, in tum, inhibits the entire successsion of 
oxidative enzymes that "collect" the energy from the foodstuffs. The 
supply of energy is thus automatically cut off until utilization of the 
energy stored in the excess ATP changes it back to ADP, which at 
once begins to accept more phosphate and energy. The whole effect 
is analogous to the backing up of a long line of traffic behind a 
stoppage far ahead, or the old fable: "Water, please quench fire, 
because fire won't bum stick, stick won't beat dog, dog won't bite 
pig, pig won't get over the stile and I shan't get home tonight." 

The kind of energy control described might be considered a form 
of feed-back inhibition of an enzYme series due to concentration of 
an end product, in this case ATP. However, the mechanism differs 
from feed-back inhibition since it is not the concentration of ATP 
that blocks the enzyme system, but deprivation of the A TP-forming 
mechanism of the necessary ADP. 

7.12 LOCATION OF ENZYMES IN THE CELL 
7.12.1 Exoenzymes 

Probably many enzymes exist free in colloidal suspension in the 
fluid matrix of the cell. Some of these are secreted to the exterior. 
They are called exoenzymes. Exoenzymes are mainly digestive in 
function. By hydrolysis they decompose complex organic matter in 
the outer world, such as proteins, cellulose and fats, to simple, soluble 
molecules of amino acids (from proteins), glucose (from 
polysaccharides) and glycerol and fatty acids (from fats). These 
relatively small molecules can pass through the cell membranes of 
many microorga-nisms. there to be utilized as food. 

7.12.2 Endoenzymes 
Foodstuffs, once they get inside the' cell, are acted upon by whole 

systems of enzymes that act only inside the cell. These are 
endoenzymes. Endoenzymes of many kinds cooperate in two general 
types of process inside the cell: (a) synthesis of cell components and 
food reserves and (b) bioenergetics-i.e., the release of energy from 
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foodstuffs. The energy is either stored in reserve nutrients like starch, 
fats or beta-hydroxybutyric acid inside the cell or is immediately used 
for any of the active processes of the cell. It is evident that synthetic 
and energizing mechanisms are closely knit (coupled) into a definite 
and very efficient organization that carries on the complex chemistry 
of life but whose most intimate interreactions still escape us. 

Endoenzymes concerned in the synthesis of proteins are, as noted 
intimately associated with ribosomes. In the cells of animals and 
higher plants endoenzymes concerned in energy production are 
organized into granular and membr-anous structures inside organelles 
called mitochondria and, in gn:en plants, are closely associated with 
the cell membrane from which the more highly evolved endoplasmic 
reticulum of cells of animals and higher plants is derived. Energizing 
endoenzymes may also possible be associated with mesosomes in 
bacterial cells that show these structures. The appearance of 
mesosomes in bacteria suggests primitive stages in the evolution of 
endoplasmic reticula. 

The term exoenzyme must be used with care, because enzymes 
that are found in the medium surrounding cells may actually be 
endoenzymes that have been liberated by rupture of the cells. 

7.13 FACTORS THAT AFFECT ENZYMES 
Since enzymes are protein complexes, they are sensitive to all 

the various precipitating and coagulating (denaturing) factors that affect 
proteins in general: i.e., temperatures over SO°C., excessive 
concentrations of ions of heavy metals or of hydrogen (H+) or 
hydroxyl (-OH) ions. Active chemicals like chlorine and corrosive 
agents like strong alkalis quickly destroy all types of proteins. Any 
substance or physical agent that destroys protein can act as a 
disinfectant. At temperatures below 75°C. (boiling point = 100° C.; 
human body temperature = 37°C.) each enzyme has an optimal 
temperature at which it function best. Thi.s varies consid-erably with 
different enzymes and different organisms. Extreme limits range from 
about -2°C. to 70°C. Most cells thrive from about 20°C. to 40°C., 
their optimal range. Temp-eratures below optimal are usually not 
destructive; they merely slow or inhibit enzyme action. Temperatures 
much above 75°C. destroy even the most resistant enzymes, except 
enzymes in bacterial endospores. Specific temperatures in relation to 
species will be mentioned farther on. 

In addition to being sensitive to deviations in temperature, 
enzymes are very sensitive to variations in pH or pOH. Different 
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enzymes and different organisms have different requirements but, with 
a few striking exceptions, optima generally range from about pH 
4.5 to pH 8.5. The optimal pH for most cells is near 7.0 (neutrality). 
Optimal temper-atures and pH's for various species will be cited later. 
Some are very narrowly restricted. 
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Figure 7.6 : Relation between temperature and activity of a certam hydrolytic enzyme 
from different specIes of microorganIsms. If obtained from species growing best in a 
cold environment (psychrophilies), the enzyme has Its maximum activity at around 20°C. 
In species prefernng a middle range (mesophiles), the enzyme is most effectIve at 
around 37°C. In species growmg only at temperatures above SO°C. (thermophiles) it 
has a narrow range with ma"lmum at about 60°C. 

Other factors of importance in enzyme functiOning are hydrostatic 
and somatic pressures and ultraviolet light and other radiations. Some 
enzymes in order to function require high concentrations of salt. Such 
factors will be discussed farther on. In general, whatever affects 
enzymes also affects microorganisms, including the individual cells 
of our own bodies, since all of the normal activity of life depends 
on unhampered action of enzymes. The enzyme equipment of any 
cell is a major expression of its genetic constitUTion (DNA structure). 

7.13.1 Enzyme Inhibitors 
In addition to chemicals that totally destroy all enzymes, there 

are many substances (disinfectants and sterilizing agents) that can 
combine chemically with certain particular enzymes or classes of 
enzymes, or with their coenzymes, and thus suppress their activity 
without destroying them or affecting others nearby. Some of these 
inhibitors combine with, or attack, the sulthydryl group (-SH) that 
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occurs in most proteins, regardless of whether the protein is enzymic 
or not. 
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Figure 7.7 : Relation betwet:n pH and activIty of a certain type of proteolytic enzyme. 
In microorganisms that grow best in an aCId medIUm (pH 5.5 to 4.5 or lower; 
aCldophlles) the enzyme has maxImum activity around pH 4.8. In certain species that 
grow best In a near-neutral or mIddle range of pH (mesophlles as to pH) it has its 
maxImum activity at about pH 7.4. In specIes capable of growth over a broader range 
of pH Its actIVIty IS not so sharply restncted by pH. Probably the enzyme dIffers 
chemlcally in the different specIes but has the same specific function In each. 

Other enzyme inhibitors are more specific in that they affect only 
certain particular coenzymes, or even certain parts of certain 
coenzymes. For example, each molecule of hemoglobin, an enzyme
like metalloprotein, contains an atom of iron that is the essential part 
of the prosthetic group heme. It is this atom that carries oxygen 
from the lungs to the tissues. The iron in hemoglobin can combine 
more readily with the deadly poisons carbon monoxide(CO) and 
cyanide (HCN) than it can with oxygen. The combining site of the 
iron in the hemoglobin, normal occupied by oxygen, is pre-empted 
by the poisons. The oxygen is thus excluded; it is said to be 
antagonized. In this state the hemoglobin can no longer function as 
an oxygen carrier. The animal so poisoned dies, essentially of anoxia. 
A parallel example is poisoning of cytochrome oxidase of bacteria 
by HCN, CO and azides (Na CO N3). As shown in a foregoing 
paragraph, cytochrome is a hemelike oxygen carrier vitally important 
in many aerobic cells. In either case, hemoglobin or cytochrome, 
the iron of the prosthetic group is said to have been poisoned. 

7.14 METABOLITE ANTAGONISM 
Enzymes may be inhibited by certain nonmetabolizable substances 
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whose molecular structure is like (or analogous to) that of a true, 
metabolizable substrate (metabolite). Such metabolite-like inhibitory 
agents are called metabolite antagonists or metabolite analogs. A 
metabolite analog or antagonist, because of its molecular structure, 
can pre-empt the specific combining site on a particular enzyme 
proteein (or in its coenzyme to the exclusion of the true metabo-lite. 
The enzyme or coenzyme is not necessarily destroyed, but it can 
then no longer function. The cell involved may soon die or may 
remain for days or years in a state of suspended animation called 
microbistasis. It is a static microbe! The phenomenon is called 
metabolite antagonism. The metabolite antagonist is not acted upon 
by the enzyme but remains attached to it, a "monkey wrench in the 
machinery." The antagonist prevents further action of the enzyme. 

For example, the dehydrogenase enzyme of lactic acid is inhibited 
by such compounds as hydroxy malonic acid and oxalic acid. 

«H3 COOH 
\ 

HrOH HyOH O=«-DH 
COOH COOH O=C-DH 

Lactic tUid Hydroxy malonic tUid Oxalic tUid 

These antagonize the lactic acid because they possess, in their 
structure, the combination 

I 
-C-OH. 

I 
COOH 

Lactic acid is not antagonized by malonic acid or ethyl malonic 
acid. 

r
OOH 

rH2 

COOH 
Malonic acid 

r
OOH 

H9-CH3 

COOH 
Ethyl malonic tUid 

These non-antagonists, while somewhat resembling lactic acid in 
structure, lack the specific molecular combination requisite for 
antagonistic attachment to the enzyme. They have instead 

I -?-H. 
COOH 

Be it noted, however, that oxalic and malonic acids are readily 
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metabolized by some other organisms while lactic acid is not, the 
metabolite antagonist of one may be the food of another. 

Metabolite antagonism is often reversible when there is an excess 
of the true metabolite. The antagonist and the true metabolite are 
said to compete for the specific combining site on the enzyme. 

It is worth making a special note of these basic principles of 
metabolite antagonism and of enzyme inhibition by specific poisons 
because they underlie the action of numerous antimicrobial drugs such 
as sulfonamides and antibiotics. 

7.15 CLASSIFICATION AND NOMENCLATURE 
OF ENZYMES 

Early students of plant and animal physiology who discovered 
new enzymes often gave them descriptive names without consideration 
of any systematic scheme of nomen-clature. Such names as pepsin 
(the protein-digesting enzyme of the stomach), trypsin, a protealytic 
enzyme) from the pancreas, and ptyalin, the starch digesting enzyme 
in human saliva, are time-honoured examples of the early method of 
naming enzymes. Later it became necessary to systematize 
nomenclature. It is now customary to name an enzyme by adding 
the suffix "ase" to the name of the substance acted upon (the 
substrate) or to the name of the activit of the enzyme. This simple 
scheme is used in the following outline, in which it can be seen that 
most enzymes can be gathered into four main groups on the basis of 
their overall functions-hydrolyzing, transferring, oxidizing and 
reducing, and adding and removing. The list contains only a few 
represe-ntative examples of each type of enzyme. Hundreds more 
are known; probably there are thousands yet to be discovered. 
Numerous enzymes are not readily classifiable, and the exact position 
and nomenclature of several in this listing are debatable. 

A new system of nomenclature based on the reactions catalyzed 
was drawn up and published as "Enzyme Nomenclature" by the 
International Union of Biochemistry in 1965. Since this system has 
not had time to come into full use everywere, we shall here use 
some older designations that are stilI in current use. 

7.15.1 Hydrolyzing Enzymes (Transferases) 
The transferases catalyze transfer, from one molecule to another, 

of various groups that are not in the free state during the transfer . 

7.15.2 Oxidizing and Reducing Enzymes (Oxidor ~ductases) 
These enzymes catalyze the transfer of electrons, oxygen or 
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hydrogen. They are basically electron transferases. 

7.15.3 Electron-Transfer Oxidases 
(formerly aerobic dehydrogenases or oxidases). 

231 

(a) Oxygen-obligative oxidases. These enzymes remove hydrogen 
atoms, and concomitantly their electrons (H+e-), from the substrate, 
thus oxidizing it. The hydrogen is transferred to an intermediate 
coenzyme or carrier and then to oxygen. These enzymes are restricted 
to systems using free oxygen as final acceptor for the substrate H+e
, hence are said to be oxygen-obligative. 

02 + (4e- + 4H+) ~ 2Hp 

TABLE 7.1: SOME HYDROLYZING ENZYMES 
Substrate types 

Carboxylesterases 

Lipases 
Phosphatases 
"Nucleases" 

(phosphodiesterases) 
Peptidases 
Glycosidases 

Substrates 

Esters of carboxylic acids 
Fat (triglycerides) 

Esters of phosphoric acid 
Nucleic acids 

Proteins, polypeptides 
Polysaccharides, 

oligosaccharides 

Group rran!fcrn:d 

Amiao ("NH,) 

PJo.pbMc (H,PO,-) 

EntIre pcpdcle un;": 

~H.'i' ~ V'?: -<:-c- N-(;-C-R 
H 

Eblin: ,1",cpoicI;' un;": 

CH,OH 

t~~:'1 HO~/L. 
H OH 

Acetyl (-~-CH,)'" ...... acyl ........ 

Kind of linkage 
attached 

Simple ester 

Lipid ester 
Phosphate ester 
Phosphate diester 

Peptide 
Glycosidic 

P)Tielo ... 1 photph ... 

(b) Oxygen-jacultative oxidases (or aerobic dehydrog-enases). 
These enzyme remove substrate hydrogen like the foregoing but are 
not restricted to free oxygen as (H+e-) acceptor. The reduced carrier 
coenzyme can react with either free oxygen to form H20 2 

or with 
other (H+e-) acceptors: 
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02 + (2e- + 2H+) ~ HP2' 
The HP2 is commonly decomposed immedately by catal-ase. 
Oxygenases (or oxygen transferases). These enzymes catalyze 

transfer of free oxygen directly to the substrate: 02 + 2Subs ~ 
2SubsO. (Subs = substrate, commonly inorganic.) 

Hydroxylases (or mixed-function oxidases). These catalyze a direct 
oxidation of the substrate with V20

2 
instead of with 02" Of a molecule 

of free oxygen (02)' one atom is combined with an organic substrate 
while the other is reduced to Hp by a separate or "auxiliary" (H+e
) donor; commonly an adjacent reduced coenzyme (Coenz H): 

Subs + V20
2 
~ SubsO 

2CoenzH + V20Z ~ 2Coenz + Hp 
Dehydrogenases (or anaerobic dehydrogenases). Unlike oxidase, 

the coenzymes of neither dehydrogenases nor of the first carrier to 
which they transfer hydrogen can be directly reoxidized by free 
oxygen, hence the term anaerobic formerly used for these 
dehydrogenases. To be reoxidized these dehydrogenase coenzymes 
must pass the substrate (H+e-) to a second coenzyme and, in some 
cells to a series of others and to the cytochrome system. 

In some bacteria (facultative anaerobes) the substrate (H+e-) may, 
in the absence of free oxygen (Le., under anaerobic conditions), be 
combined with oxygen from some readily reduced s1Jbstance like 
NaN03, N~S04 or N~C03 to form NaN02, H2S or CH4. All the 
dehydrogenases can operate in the presence of free oxygen but they 
cannot use it as an (H+e-) acceptor. 

In this connection differentiate carefully between bacteria whose 
dehydrogenases may act in the presence of free oxygen or in its 
total absence (i.e., under strictly anaerobic conditions; e.g., facultative 
bacteria) and bacteria that, while they may contain similar 
dehydrogenases, are strictly anaerobic in the sense that they are 
poisoned by free oxygen and die in its presence. 

Dehydrogenases are divided on the basic of their coenzymes: 
NADP-linked are those linked to the cytochrome system by a pyridine 
nucleotide, nicotinamide-adenine-dinucleotide phosphate (NADP), and 
FAD-linked are those linked to the cytochrome system by a flavin 
coenzyme, flavin-adenine dinucleotide (FAD), or alloxazine adenine 
dinucleotide. 

7.15.4 Hydroperoxidases 
As we have noted, oxygen-facultative, electron-transfer oxidase 
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usually produce hydrogen peroxide as an end product. Many cells
are very sensitive to hydrogen peroxide, including many medically 
and industrially important bacte-ria. Many peroxide sensitive cells 
produce a hydroperoxidase called catalase, the coenzyme of which 
is a hemelike molecule. This decomposes HP2 to oxygen and water: 

2HP2 ~ 2Hp + O2 

Catalase activity of human salivary gland cells is easily 
demonstrated by mixing a few drops of drug store hydrogen peroxide 
with saliva. 

7.15.5 Adding and Removing Enzymes 
These enzymes do not catalyze hydrolysis, oxido-reduction or 

tranfer of chemical groups from one molecule to another. Groups 
are added to molecules from the free state in the surounding medium 
or released from molecules to the surrounding medium in the free 
state. 

CARBOXYLASES. These adding enzymes catalyze addition of 
CO2 to organic acids to form carboxyl groups (require preliminary 
phosphorylation): 

C~ • CO • COOH + CO2 ~ 
Pyruvic acid 

7.15.6 Nonoxidative Decarboxylases 

COOH • CHz-CO • COOH 
Oxalacetic acid 

These removing enzymes are divided into two groups: 
(a) Those that catalyze removal of CO

2 
from carboxyl groups 

of keto acids (coenzyme, thiamine pyrophosphate): 

CH3 • CO • COOH ~ CH3CHO + CO2 

Pyruvic acid Acetaldehyde 
(b) Those that catalyze removal of CO

2 
from carboxyl groups 

of amino acids (coenzyme, pyridoxal phosphate): 
R-CHNHz • COOH ~ 
any amino acid 

7.15.7 Hydrases and Dehydrases 

R-CH • NHz + CO2 

any amine 

As their names imply, these enzymes catalyze addition of water 
to, or removal of water from: 
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COOH. CH=CH. COOH ± Hp 
Fumaric acid 

7.15.8 Isomerases 

COOH • CH2 • CHOH • COOH 
Malic acid 

These enzymes catalyze isomerization by intramolecular 
rearrangements of H+ and -OH: 

Glucose-6-phosphate phospho-hexose) 

Isomerase 

Fructose-6-phosphate 
In addition to the enzymes in the listing there are numerous others 

not readily classifiable. Among these are the permeases. 

7.15.9 Permease Enzymes 
Cell membranes are said to have a selective permeability, i.e., 

they are highly selective and discriminatory in regard to the substances 
that may pass through them, inward or outward. Selective penneability 
is related to molecular structure of both membrane and substance 
passing through it. Many of the seemingly great physiological 
differences between various species of cells exist merely because of 
differences between the molecular structures of their cell membranes 
or certain enzymes. 

Passage of various substances through cell membranes may be 
accomplished by at least two mechanisms: passive transport and active 
transport. 

7.15.10 Passive Transport 
The subtance (or substrate), especially if it is an electrolyte or a 

relatively small molcule, may diffuses passively through the membrane 
(a) by diffusion (osmosis), (b( because of solubility in certain 
components, especially lipids, of the cell membrane or (c) because 
the substrate is in higher concentration outside the cell membrane 
than inside. The substrate tends to move with the concentration 
gradient, i.e., from higher to lower concentration. When the inner 
and outer concentrations are in equilibrium or when the inner 
concentration is physiologically ideal for that particular species of 
cell, inward diffusion either ceases or is balanced by equal outward 
diffusion. This solubility-diffusion type of mechanism is called passive 
transport. The ionic and solubility relationships are extremely 
complex. 
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7.15.11 Active Transpost 
Substrates may also be transported through cell membr-anes 

counter to concentration gradient. Since this requires added energy, 
the process is called active transport. Active transport may be 
accomplished by one or both of two systems enzymic and 
nonenzymic. 

7.15.11.1 Enzymic System 
The substrates, including large molec-ules such as proteins that 

could not passively diffuse through the membrane, are transported 
through by the action of one or more enzymes or enzyme systems 
called permeases. The permeases, like other enzymes, are specific 
for the substrate involved, they are inducible and they are therefore 
geneti-cally controlled. The exact mechanisms of permease action are 
still under investigation. 

7.15.11.2 Nonenzsmic System 
Not all active transport is necessarily enzymic, For example, some 

seaweeds (e.g., kelp) concentrate such large quantities of iodine (as 
potassium iodide) from the minute quantities in sea water that these 
algae have served as valuable commerical sources of potassium and 
iodine. Presumably there is some active transport system that acts 
counter to concentration gradient, but it is not clear that any enzymes 
system could be specific for either potassium or iodine or potassium 
iodide. No enzyme has been demonstrated. Many organisms other 
than seaweeds simil-arly concentrate other elements or molecules, 
apparently by nonenzymic active transport. 
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DNA Technology 

By applying new molecular technology, it is now possible to analyze 
both chromosomal and plasmid DNA in the clinical laboratory. While 
the procedures of DNA cloning and labeling cannot be carried out 
in diagnostic laboratories yet, other techniques have been simplified 
to the extent that they can be used to solve clinical problems. The 
analysis of plasmid DNA, in particular, is an extremely useful 
epidemiological tool. In addition, plasmid and chromosomal genetic 
sequences have been cloned and can now be employed to detect 
microorganisms or identify them to species levels. 

Like the chromosome, plasmids are double-stranded, covalently 
closed circular molecules of DNA which are found in the cytoplasm 
of procaryotes. The organization of plasmid DNA is also like that of 
the bacterial chromosome, with genes which ensure replication, 
maintenance, and distribution to daughter cells during division of the 
host cell. Some plasmids, usually those of lower molecular weight, can 
be found in multiple copies in a single bacterial cell, while larger 
plasmids usually have restricted replication and are found in fewer 
copies. Nonessential, plasmid-encoded genes which may also be present 
are those which promote conjugation and transfer of plasmid DNA to 
a recipient cell. Larger plasmids are more likely to contain conjugation 
determinants than smaller ones. Small plasmids may be transferred, or 
mobilized, by a conjugative plasmid, however. For example, the plasmids 
encoding for beta-Iactamase production in Neisseria gonorrhoeae range 
from 3.2 to 4.4 megadaltons and are nonconjugative, but when present 
in cells containing a large (26-megadalton) conjugative plasmid, transfer 
of penicillin resistance to susceptible recipient cells can occur. 

Plasmid DNA can also mediate physiologic properties which tend 
236 
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to confound some laboratory identification schemes. The fermentation 
of lactose by Salmonella isolates, urease production in Providencia 
stuartii, and utilization of citrate and production of H

2
S and urease 

by some strains of Escherichia coli are examples. 
Properties which determine pathogenicity have also been located 

on plasmids; these properties include the enterotoxins of E. coli, E. 
coli attachment proteins, and determinants of invasiveness in E. coli 
and Shigella spp. Residence of such genes on plasmids has made 
cloning a somewhat simpler task; indeed, the first diagnostic molecular 
probes were devised to detect enterotoxigenic E. coli. 

Plasmids containing sequences which encode for antibiotic 
resistance are known as R factors or R plasmids. Recently, it has 
been discovered that plasmid-mediated antibiotic resistance is frequently 
carried on transposons which can insert into and excise from replicons 
by a process of "illegitimate" recombination. Transposons, designated 
by the letters Tn, can mediate resistance to vi.rtually all classes of 
antibiotics. Therefore, many R plasmids are made up of essential 
genes needed for maintenance, replication, etc., in addition to one or 
more resistance transposons. These so-called "jumping genes" can 
move between plasmids or between plasmids and chromosomes and 

. may be major contributors to the rapid evolution of resistance in 
many clinical isolates. 

Resistance plasmids are distributed through nearly all genera of 
medically important bacteria, with the notable exceptions of Neisseria 
meningitidis and Streptococcus pneumoniae, and can be transferred via 
conjugation even between members of different species or genera. 
While the phenomenon of plasmid epidemics was first noted in 
multiresistant gram-negative bacilli, gram-positive bacteria, including 
staphylococci, also owe much of their resistance to plasmids. Whereas 
gram-negative enteric bacteria may contain a single, large plasmid 
encoding for resistance to several antibiotics, staphylococci often have 
resistance determinants distributed on several small,plasmids. Instability 
of these small plasmids apparently accounts for the variable antibiograms 
~served in isolates derived from a single colony or from cultures 
obtained at different intervals from a single patient. 

The majority of plasmids found in clinical isolates are deemed 
"cryptic" because their gene products have not yet been determined. 
The distribution of cryptic plasmids in nearly all genera of clinically 
important bacteria serves as a means of marking strains of the same 
species. The technique of plasmid fmgerprinting exploits this property 
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of many bacterial species of carrying "excess baggage" and has 
become a powerful tool for investigating epidemics. 

The principle of plasmid fmgerprinting is that isolates which are 
of the same strain contain the same number of plasmids with the 
same molecular weights, and tend to have similar phenotypes, whereas 
those isolates which are phenotypically distinct also have distinct 
plasmid fingerprints. Plasmid fingerprinting of a large number of 
Enterobacteriaceae and Pseudomonas species has demonstrated that 
this method is often more accurate than other phenotyping methods, 
including biotyping, antibiotic resistance patterns, phage typing, and 
serotyping. This method of strain differentiation was first applied to 
gram-negative enteric bacilli causing nosocomial infections, but it has 
now been employed in solving communityacquired epidemics, 
including those due to Salmonella and Campylobacter spp. 
Staphylococci, including Staphylococcus aureus and S. epidermidis, 
may also be typed in this fashion. The method is especially helpful 
in differentiating coagulase-negative species, since phage typing is 
not widely available or even applicable to many strains. Strains of 
Acinetobacter and Citrobacter, and other species for which other 
phenotyping schemes have not been developed, may also be 
satisfactorily differentiated by this method. Although in some 
investigations more than one phenotyping method must ultimately be 
employed, plasmid fingerprinting can be performed more rapidly and 
on a routine basis if necessary. 

The technique of plasmid fingerprinting involves relatively few 
steps, as noted below: strains are grown in broth or on agar plates; 
the cells are lysed by exposure to detergent; the plasmid DNA is 
separated from the chromosomal DNA and other cellular components 
in an extraction procedure which takes advantage of the covalently 
closed supercoiled structure of plasmid DNA; and fmally the DNA 
is applied to agarose gels and electrophoretic ally separated. The gel 
is then stained with ethidium bromide, which intercalates into DNA 
(and RNA), causing it to fluoresce under UV light. Since the rate of 
migration of plasmid DNA in agarose is inversely proportional to 
molecular weight, different-sized plasmids appear as distinct bands 
in the stained gel. Small plasmids migrate more rapidly through the 
agarose matrix than large molecules. During the extraction procedure, 
the chromosome is reduced to linear fragments and is seen as a more 
diffuse band which migrates at a position equivalent to a 12-
megadalton plasmid. The molecular weight of each plasmid species 
can then be extrapolated from a curve obtained by plotting the distance 
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migrated from the origin versus the logarithms of the molecular 
weights of plasmids of known size which have been electrophoresed 
simultaneously in the same gel. 

Because the rate of migration of a plasmid is inversely 
proportional to its frictional coefficient, which depends on shape as 
well as size, a variety of conformations of one plasmid can be 
observed. The original covalently closed, supercoiled molecules, which 
migrate farthest from the cathode, can be converted to nicked, open 
circles and linear molecules during the extraction procedure. The 
supercoiled form migrates more rapidly than the relaxed circle, but 
the relationship that all three species have to one another depends 
on the electrical current, the buffer system, and the gel pore size, as 
well as on the size of the DNA molecules. Thus, the appearance of 
multiple bands may be erroneously interpreted as showing additional 
plasmids. 

Since the agarose gel electrophoretic mobility of two plasmids 
which are not actually homologous may be the same, it may be 
necessary to examine the sequence of nucleotide 'bases to determine 
whether plasmids of equivalent molecular weight are genetically 
identical. Such an analysis can be performed by digesting plasmids 
with restriction endonuclease enzymes which cleave double-stranded 
DNA at specific restriction sites determined by the location of short 
nucleotide sequences. Restriction sites generally have twofold 
rotational (dyad) symmetry, meaning that the nucleotide sequence of 
one DNA strand is the same as the sequence of the complementary 
strand when each strand is read in the 5' -to-3' direction. As an 
example, the enzyme EcoRI recognizes the sequence GAATTC 
(reading from 5' to 3') on one strand and contains the sequence 
CTTAAG (reading from 3' to 5') on the complementary strand. The 
enzyme cleaves each strand between the G and A to give overlapping, 
cohesive termini with a protruding 5' phosphate residue. Each 
molecularly distinct plasmid (or chromosome) contains a unique 
number of restriction endonuclease sites which are placed in distinct 
locations, and therefore plasmids which are cleaved in identical loci 
are considered to be homologous. However, changes involving a few 
base pair substitutions at other sites may be present and will not 
necessarily be detect'O!d by this method. The number and distribution 

/ of restriction sites of any DNA molecule can be determined by 
electrophoresing the digestion fragments in agarose. The 
electrophoretic mobility of fragments is inversely related to length 
so that each linear fragment appears as a separate band in the gel, 
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providing another kind of molecular fingerprint. Each different 
endonuclease recognizes a different nucleotide sequence and is active 
under special conditions of incubation temperature, buffer 
composition, and salt concentration. 

Restriction endonuclease fingerprinting can also be applied to the 
chromosomal DNA of bacteria as well as to plasmids. Chromosomal 
digestion fmgerprints have been used to differentiate strains of some 
bacteria, including Vibrio cholerae and Campylo-bacter jejun, although 
this method has not yet been widely applied or confIrmed in other 
species. Restriction endonuclease fmgerpr-inting has also been applied 
to viral DNA and is now the basis for specifically typing herpes 
simplex viruses. 

Figure 8.1 : Polaroid photograph of agarose gel electrophoresis of S. epidermidis 
I plasmids. Lane 1 contains plasmids of known molecular weight. Lane 2 contains five 
, plasmids from a strain of S. epidermidis which was nontypable by phage typing. The 
, faint band at the position of the arrow is composed of residual chromosomal DNA. 

Lanes 3 and 4 contain two isolates of the same phage type, derived from two different 
blood cultures from the same patient. Each contains six plasmids, estimated to be 42, 
19, 5.7, 4.0, 2.5, and 1. 7 rnegadaItons, respectively. Five of the plasmids are of different 
molecular weights than those from the isolate in lane 2, indicating that the isolates in 
lanes 3 and 4 are the same, but distinct from the isolate in lane 2. 
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A new development in clinical microbiology is the application 
of DNA as a diagnostic reagent for the detection or identification of 
microorganisms. The use of cloned DNA as a probe is based upon 
the tendency for single-stranded DNA to anneal with a complementary 
strand, forming a double-stranded DNA hybrid. Thus, a single
stranded sequence derived from one microorganism (the probe) is 
used to search for others containing the same gene. The hybridization 
reaction may be' applied to purified DNA preparations, to colonies, 
and even to clinical materials, including tissues, serum, and pus, and 
is usually carried out on a solid matrix such as a nitrocellulose filter. 
The DNA in the sample is rendered single stranded by treatment 
with NaOH and is then exposed to labeled probe DNA which has 
been heat treated to denature it to single strands. Double-stranded 
duplexes which form, composed of labeled and unlabeled DNA, 
remain bound to the nitrocellulose after unreacted single-stranded 
DNA is removed by washing the filter. At present, probe DNA is 
most often radio labeled by reacting it with a mixture of 32P-Iabeled 
nucleotides in the presence of DNA polymerase I and DNase. The 
result of this enzymatic process, termed nick translation, is the 
formation of double-stranded sequences into which labeled nucleotides 
have been substituted for "cold" residues, forming radiolabeled 
double-stranded DNA. 

The inherent specificity of DNA is the basis for using it as a 
diagnostic reagent. If one can select and clone a sequence which is 
found in only one strain, species, or genus, then this DNA should 
hybridize only with the DNA extracted from specific microorganisms 
and not others. This feature of specificity has been exploited in the 
development of probes which can detect enterotoxigenic E. coli strains 
and differentiate them from commensals. In this instance, probe DNA 
consists of portions of cloned sequences encoding for three E. coli 
enterotoxins, i.e., LT, ST I, and ST II. Only microorganisms 
containing one or more of these genes will react with these probes. 
Because of the extensive homology between the E. toll enterotoxin 
and V. cholerae enterotoxin, the cloned LT E. coli sequence can be 
employed to probe V. cholerae isolates as well as E. coil. This is an 
example in which cloned virulence genes 'have been used to detect 
pathogenic strains or determine toxigenicity. Theoretically, any 
sequence of DNA specific for a particular group can serve as a probe. 
For example, the cryptic plasmid found in most strains of N. 
gonorrhoeae specifically hybridizes only with gonococci, not with 
other species of Neisseria or other bacteria, and can detect N. 
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gonorrhoeae in urethral pus samples. Currently, DNA probes have 
been developed to detect several viruses, parasites, and many bacteria. 
Although not commercially available yet, these probes will 
undoubtedly become important diagnostic reagents soon. 

While the technique of colony hybridization, first developed by 
Grunstein and Hogness, is relatively straightforward and can be 
performed in laboratories having access to probe DNA (see below), 
the process of developing molecular probes is too complex to be 
carried out in diagnostic laboratories. However, cloning methods and 
the procedures by which probes are derived should be understood 
by clinical microbiologists. 

The initial step in constructing a probe is to isolate the specific 
gene and remove it. This is achieved by digesting DNA with restriction 
endonucleases, thus reducing the plasmid or chromo-some containing 
the unique gene to linear fragments with "sticky" ends, one of which 
will contain the gene of interest. To amplify this sequence, the fragment 
containing it must be inserted into a replicon, such as a plasmid, a 
virus, or a cosmid (a -new type of genetically engineered plasmid), 
which serves as a vector to carry the foreign insert DNA into a bacterial 
cell which will produce many copies of the DNA probe. The vector 
plasmid not only serves to carry the inserted DNA but also contains 
a selectable marker, usually resistance to an antibiotic such as 
tetracycline. To insert the foreign DNA into the cloning vector, both 
DNA molecules must be digested with the same endonuclease, creating 
complementary single-stranded, overlapping ends at each restriction 
site. The DNA molecules are then mixed together in the presence of 
DNA ligase, an enzyme which forms covalent bonds between inserted 
DNA and vector DNA. Newly formed, covalently closed circular 
recombinant plasmids are then introduced into E. coli cells by 
transformation. Cells which have been transformed are selected by 
plating onto medium containing antibiotics to which the transformants 
are resistant. The probe sequence has now been cloned. 

Often the most difficult step in probe development is the last 
one, that of identifying an appropriate gene or gene fragment which 
will be specific. One strategy is to select a gene encoding for virulence 
which is present in virulent strains but found in no other strains or 
species. A second approach is to find a sequence which does not 
encode for virulence properties per se which is found in all isolates 
of one particular species. The cryptic plasmid of N. gonorrhoeae is 
such an example. A third method of developing a species-specific 
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probe would be to hybridize its DNA with DNA from organisms 
with which it shares significant homology; this would "absorb out" 
all homologous sequences, producing nonhomologous, unique DNA. 

Once the appropriate fragment has been cloned it must be 
removed from the cloning vector by digestion with the same 
endonuclease which was used to insert it and purified. The two 
fragments formed by digestion can be separated by electrophoresing 
the DNA in agarose and removing the probe band from the gel. 

Lastly, the probe DNA is tagged, either with radiolabeled 
nucleotides or with nucleotides which have been linked to another 
molecule, such as biotin. Radiolabeled DNA is detected by exposing 
the nitrocellulose filter to X-ray film, creating an autoradiograph in 
which black spots signify the location of cells or material containing 
the gene which has been sought. Biotinylated DNA can be detected 
by overlaying the filter with avidin, a protein which has an extremely 
high affmity constant for biotin, coupled with a biotin-polymeric 
enzyme complex. The addition of substrate brings about a color 
reaction which can be detected visually. 

The specificity of a probe can be ascertained by reacting it with 
isolates of the same species as well as with a wide variety of other 
microorganisms which might be expected to share some DNA 
homology or would be found in the same clinical samples. Sensitivity 
can be determined by seeding uninfected clinical material with various 
concentrations of the microorganism. These samples are then reacted 
with the probe to ensure that the selected sequence can detect a 
concentration of organisms which is relevant to the clinical situation. 

8.1 PLASMID FINGERPRINTING 

8.1.1 Reagents 
1. Solution 1 (1), made up freshly 

Lysozyme (Sigma Chemical Co.) 
EDTA (0.5 M, pH 8.0) 
Tris (1 M Tris hydrochlori~e, pH 8.0) 
Glucose (20%, wt/vol) 
Distilled water 

2. Solution 2 
NaOH (10 N) 
Distilled water 
Sodium dodecyl sulfate (20%, wt/vol, in water) 

0.02 g 

0.20 ml 

0.25 ml 

0.45 ml 

9.5 ml 

0.20 ml 

9.3 ml 

0.5 ml 
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3. Solution 3 
Sodium acetate, 3 M, pH 4.8. For 100 mI, use 0.3 mol of 
sodium acetate (rehydrated) and 50 mI of distilled water. Adjust 
the pH to 4.8 with glacial acetic acid. Bring the final vo~ 
to 100 mI with distilled water. 

4. TES buffer 
30 mM Tris, pH 8 
5 mM EDTA 
50 mM NaCI 

5. Stop mix 
Glycerol 
EDTA (0.5 M) 
Bromphenol blue 
Bring to 100 mI with distilled water. 

6. Ethanol, 95%, -20°C 

50 mI 
7mI 
5mg 

7. Agarose, 0.7% (wt/vol) in Tris borate buffer, boiled and cooled 
to 60°C. 

8. Tris borate buffer (1 x, made from a lOx stock solution) 
89 mM Tris, pH 8.2 
2.5 mM N~EDTA, pH 8 89 mM boric acid 

9. Ethidium bromide 
Stock solution, 10 mg/mI; final concentration, approximately 1 
to 5 ",g/mI in distilled water 10. L broth 

11. Lysostaphin (Sigma), I-mg/mI stock solution 
12. Molecular weight standards 

8.1.2 ~uipmment 

Vertical slab gel electrophoresis apparatus with power source 
Two glass plates, one notched 
Spacers and comb 
Large binder clips 
UV light box (UV Light Products Inc., San Gabriel, Calif.) 
Polaroid MD4 Land Camera with no. 9 Wratten filter and 

Polaroid type 55 film 
Microcentrifuge, nonrefrigerated 
Micropipettes 

8.1.3 Procedure for Preparing Plasmid DNA 
1. Grow the culture to stationary phase of cell growth in 1 ml 
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of L broth. Transfer the culture to a microcentrifuge tube 
and spin it for 2.5 min in the microcentrifuge. Pour off the 
supernatant and remove the last drops with paper toweling. 

2. Suspend the cell pellet, or 1 or 2 colonies scraped from an 
agar plate, in 100 i.l (0.1 m1) of solution 1. Mix by 
inversion or by vortexing, and let stand for 30 min on ice. 
When staphylococci are lysed, lysostaphin must be 
substituted for lysozyme, in a final concentration of 130 ILg/ 
ml. 

3. Add 200 ILl of solution 2, gently mix by inversion only, 
and let stand on ice for 5 min. The solution will become 
clear and viscous. 

4. Add 150 ILl of solution 3, mix by inversion, and let stand 
for 60 min on ice. Sodium dodecyl sulfate and denatured 
chromosomal DNA will precipitate out of solution at this 
stage. 

5. Spin tubes in the microcentrifuge for 5 min. Decant the 
supernatant into clean microcentrifuge tubes. Add 1.0 ml 
of 95% ethanol chilled to -20°C. Mix by inversion. Let 
stand at -20°C (or in a bath of dry ice and ethanol) for 10 
min. 

6. Spin the frozen tubes for 5 min in the microcentrifuge, with 
the tubes oriented in the centrifuge so that the pellet will 
be deposited in the same location in each tube. Pour off 
the supernatant, being careful not to dislodge the tiny amount 
of precipitated DNA on the side of the tube. Wash the pellet 
by gently adding I to 2 ml of 95 % ethanol to each tube; 
add the ethanol so as not to dislodge the pellet. Invert the 
tubes to drain immediately without allowing the precipitate 
to resuspend. 

7. Vacuum dry the tubes to remove residual ethanol, using a 
dessicator under vacuum. Tubes may be air dried at room 
temperature for several hours if a vacuum apparatus is not 
available. 

8. Suspend the pellet in 50 ILl of TES. 
9. Remove 10 ILl of the DNA preparation to a fresh tube. Add 

5 ILl of stop mix. Apply to gel as described below. 

8.1.4 Agarose Gel Electrophoresis 
1. Assemble glass plates with spacers. Hold them together 
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firmly with clips. Pipette 2 ml of molten agarose between 
the plates to seal the bottom of the gel mold. Allow the 
agarose to solidify at room temperature for 10 min. 

2. Pour the remaining 50 ml of cooling, molten agar into the 
mold up to top of the glass plates. Insert the comb at an 
angle to avoid trapping air bubbles. Allow the gel to solidify 
at room temperature. 

3 . Remove the clips and bottom spacer, being careful not to 
fracture the gel. Carefully remove the comb. Remove any 
loose agarose bits with a cotton-tipped swab dipped in buffer. 

4. Position the sponge in the bottom chamber to prevent gel 
from slipping out from between the glass plates. After 
applying petroleum jelly to the back of the notched glass 
plate, position the plates so that the glass plates are resting 
on the raised pedestals of the bottom chamber with the 
notched plate to the back. Secure the plates and gel with 
clips attached to the sides of the apparatus. FilI both 
chambers of apparatus with Tris borate buffer. 

5. Load DNA samples, including molecular weight standards. 
by using thin pipettes or capillary tubes. 

6. Attach electrodes so that the positive pole (cathode, black) 
is at the top and the negative pole (anode, red) is at the 
bottom of the vertical apparatus. Run vertical slabs at 100 
V (25 to 30 rnA) for 120 min. The extent of migration can 
be followed by observing the tracking dye in the stop mix. 
Turn off the power when the dye reaches the bottom of the 
gel. 

7. Transfer the gel to a staining tray containing 200 ml of water 
mixed with ethidium bromide. Wear gloves at all times when 
handling gels stained with this potent mutagen. 

8. After staining for 5 min, transfer the" gel to a second tray 
of water for 5 min of destaining. The gel is now ready to 
be viewed and photographed. 

9. With a Polaroid camera and UV transilluminator, the stained 
gel can be photographed through a Wratten no. 9 filter onto 
Polaroid type 55 film. Always wear goggles or glasses when 
viewing gels on the UV transilluminator to prevent corneal 
burns. 
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Food Microbiology 

Clinical microbiological laboratories are sometimes called upon to 
examine foods during outbreaks of disease that might be food borne. 
The laboratories are often the first agency either to determine that 
patients may be ill from food-borne disease or to be sent clinical 
specimens or food samples during investigation of a disease outbreak. 
During an epidemic investigation, the. laboratory can help medical 
practitioners by verifying presumptive diagnoses. It can aid 
epidemiologists and field investigators by identifying the vehicle, by 
determining the degree of contamination, by determ-ining the source 
of the etiological agent and tracing its spread, and by confirming 
the factors that contributed to the outbreak. Laboratory personnel 
must often advise investigators on taking suitable specimens from 
patients, controls, and food handlers and on collecting samples of 
foods that are apt to yield pathogens. 

Depending on the probable disease under investigation, specimens 
and samples can include (i) serum, stools, vomitus, and urine from 
patients and controls; (ii) blood, spleen and liver tissue, and intestinal 
contents from fatal cases; (iii) stool or rectal swabs, blood, nasal or 
throat swabs, and exudate or pus from lesions of persons who handled 
the implicated or suspect food; (iv) food from implicated lots of 
processed foods; (v) leftover food from an incriminated or suspect 
meal; (vi) swabs of equipment used to process epidemiologically 
implicated foods; (vii) portions, scraps, or swabs of raw foods that 
may have introduced pathogens into the kitchen or plant environments; 
and (viii) when applicable, rectal or cloacal swabs of animals, swabs 
of animal droppings, samples of feed, or swabs of environmental 
contacts of animals. This chapter is limited to procedures for collecting 
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and processing food and environmental samples and for interpreting 
results of laboratory examinations of these. 

9.1 SELECTION AND 
COLLECTION OF SAMPLES 

Suspect foods are those that are implicated by an attack-rate table 
or other epidemiological data or that have a history of being mishandled 
or mistreated. Potentially hazardous foods are those that readily support 
rapid and progressive growth because of their properties (pH, nutrients, 
water activity) or that have a history of being vehicles in outbreaks 
of foodborne disease. 

Samples of suspect foods should be collected at patients' domiciles 
and at establishments where the patients ate the suspect food or meal 
or from which they purchased the suspect food. Ordinarily, samples 
should be taken at patients' domiciles of any leftover food or beverage 
that was eaten within the last 72 h or of illgredients used in suspect 
foods. Samples of suspect foods or potentially hazardous foods from 
the suspect meal and samples of food from an allegedly contaminated 
lot should be collected at food service or processing establishments. 

Representative samples of foods chosen randomly from unope
ned, original packages should be collected during surveys or quality 
control evaluations. Sampling during outbreak investigations, however, 
is done quite differently. On the basis of professi-onal judgment, 
sample units of food or from equipment are collected at the point of 
operation (such as after possible contamination, survival, or growth) 
that is most likely to yield food-borne patho-gens. In general, sample 
units should be taken from the geometric center ofa food, -the area 
where multiplication would most likely have occurred and 
consequently the most likely to yield positive results and where the 
highest counts should be found. An exception would be fermented 
sausage, which should be sampled a short distance below the surface, 
or side layers of refrigerated foods (where cooling is more rapid 
than in the center of the mass) for an indication of what the counts 
were soon after serving and before refrigeration. 

Storage facilities should be checked for foods that could have 
been served previously. If no foods are left from the suspect meal or 
lot, collect sample units of food prepared in a similar manner to the 
suspect food, raw foods (particularly those of animal origin), ingredients 
used in the suspect food, or foods from the same suspect source. 

Collect portion&- of each component of a fooa (such as meringue 
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and filling for custard pies) that was prepared by different persons or 
prepared or stored in different ways before fmal assembly. 

If the mode of spread or source of etiological agents is sought, 
and if defmitive typing of isolates is contemplated, swabs of food
contact surfaces of equipment and environmental samples can be taken. 
When collecting swab sample units, swab or rub sterile sponges 
randomly over large areas of foods of animal origin and over contact 
surfaces of utensils and equipment used to process, store, or prepare 
suspect foods. 

Collect samples aseptically with sterile implements or sterile gloves 
and put them into sterile containers as described in. Equipment for 
collecting, holding, and preserving samples is listed in . Ordinarily, 
sampling implements should be wrapped and sterilized in the laboratory 
before going to the site where the food was allegedly mishandled or 
mistreated. Field disinfection, when necessary, of sampling equipment 
can be accomplished as described in. Bryan, Bryan et al. Gabis et al. 
and the International Commission on Microbiological Specifications 
for Foods give additional information on sampling. 

TABLE 9.1 : EQUIPMENT USEFUL FOR INVESTIGATION 

Sterile sample containers 

Sterile and wrapped sample 

collection implements 

Plastic bags (disposable or Whirl-Pak 
type), wide-mouth jars (0.3 to 1.5-
liter capacity) with screw caps, water 
sample bottles (bottles for chlorinated 
water should contain enough sodium 
thiosulfate to provide a concentration 
of 100 mg of this compound per ml 
of sample), foil or heavy wrapping 
paper (wrapped), metal cans. 

Spoons, scoops, tongue depressor 

blades, butcher knife, forcl!ps, tongs, 
spatula, drill . 

bits, metal tubes (1.25 to 2.5 cm in 
diameter, 30 to 60 cm long), 
pipettes, scissors, swabs, Moore 
swabs (compact pads of gauze made 
from strips 120 by 15 cm tied in the 
center with a long, stout twine or 
wire; for sewer, drain, stream, or 
pipeline samples). 



250 

Specimen-collecting 
equipment 

Temperature-recording 
devices 

Supporting equipment 

Sterilizing agents 
Refrigerants 

Clothing 
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Cartons (with lids) for stool speci
mens, bottles containing a preser
vative and transport medium; stool 
specimen protective canisters and 
cartons, sterile swabs, rectal swab 
outfits, sterile gauze pads (10 by 10 
em), tubes of transport medium. 
Thermocouples (needle point, but
ton type, soldered end) with either 
recording potentiometer, data logger, 
or digital indicator; bayonet-type 
thermometer (either 8 or 5 in. [ca. 
20.3 or 12.7 em, respectively] in 
length) with dial (0 to 220°F), or 
bulbtype thermometer. Optionally, 
thermosisters and indicator 
thermometers with platinum probes 
can be used. Reflecting thermo
meters can be used to measure 
temperatures of surfaces. 
Fine-point felt-tip marking pen, roll 
of adhesive or masking tape, labels, 
waterproof cardboard tags with 
eyelets and wire ties, flashlight, 
electric drill, matches, 0.1 % peptone 
water or buffered distilled water (5 
ml in screw-capped tubes), test tube 
rack, insulated chest, pH meter, a. 
hygrometer, investiga-tional forms. 
95% ethyl alcohol, propane torch. 
Canned ice, refrigerant in plastic 
bags, liquid in cans, rubber or plastic 
bags or jars which can be fllled with 
water and frozen, heavy-duty plastic 
bags for ice. 
White laboratory coat, paper hats, 
disposable plastic gloves, dispo-sable 
plastic boots. 
(These are optional.) 



TABLE 9.2 METHODS OF COLLECTING, PRESERVING, PACKING, AND SIDPPING SAMPLES 

Sample 

Solid tood or mIxture of two 
or more food items 

Liquid food or beverage 

Frozen tood 

Methods of collectjQ1': and preseryin2 

Cut or separate portions of food with sterile 
knife or other implement if necessary. 

Aseptically collect at least 200 g of sample 

from geometric center or other locations as 

transfer to a sterile plastic bag or wide-mouth 

glass Jar, and refrigerate. 

Stir or shake Take sample in one of the following ways: 

Methods of packjn2 and sbjPPiDl: 

Label. Put refrigerant around sample 
container. Do not freeze or use dry ice. Take 

sample to laboratory or ship it by most rapid 

means deemed necessary, using a sterile implement, 

1. Pour, or ladle wIth stenle Implement, at As above. 
least 200 ml into sterile container Refngerate sample. 

2. Put long stenle tube into hquld and then As above. 
cover top opening with tinger. Transfer liquid to 
sterile Jar or bag. Refngerate sample. 

3 Immerse Moore swab in vat of liquid food 
or insert It into pipeline and allow liquid 
to flow through Keep it m place for 
several hours If possible Transfer swab to 
a jar containmg enrichment broth. 

4. If liquid is not viscous, pass I to 2 liters 
through membrane filter. Transter filter pad 
aseptically illto a Jar of enrichinent broth. 

Use one of the tollowmg procedures: 
I. ShIp or take small volumes of frozen food 

to the laboratory WIthout thawing or opening. 

Take sample to laboratory as soon as 
practicable, refrigeration may not be needed. 

As above. 

Keep frozen. Use dry ice if necessary. Take or 
ship in insulated container. 

Table COlltd. 



Table 9.3 COllt(t 

Sample 

Raw meat or poultry 

Methods of collecting and preserving Methods of packing and shipping 

2. Drill with iarge-diameter, sterile auger from top 
of container diagonally through center to bottom at 
opposite side. Repeat from other side until at 
least 200 g is collected. 

3. Chip frozen material with hammer and 
sterile chisel and collect chips with sterile implement; 
transfer at least 200 g of chips into sterile container. 

Sample in one of the following ways: 
I. With sterile implement or sterile plastic glove put 

Same as with solid or liquid food, or if in 
enrichment broth take to laboratory as soon 
chicken carcass, poUltry part, or as practicable. 

large cut of meat into a large, sterile 
plastic bag. Add 100 to 300 ml of enrichment broth 
and shake. For turkeys use 500 ml of enrichment 
broth. Remove sample and close bag. 

2. Wipe sterile sponge over large area of carcass 
or cut of meat. Put swab into jar of enrichment broth. 

3. Moisten swab with buffered, distilled water or 0.1 % 
peptone water. Swab large portion of carcass or cut of 
meat. Put swab into enrichment broth. 

4. With sterile, plastic glove, wipe carcass with sterile 
gauze squares; put gauze into bottle of ,enrichment broth. 

5. Aseptically cut portions of meat or skin from different 
areas of carcass or cut of meat, or remove portion 
of carcass. Put at least 200 g into sterile, plastic bag 
or glass Jar. Refngerate. 

6. Aseptically cut 200 g of neck skin and put into 
sterile container. Table Contll 
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Sample 

Dehydrated foods 

Scrap material, air filters, 
sweepings, dust, litter. etc. 

Environmental or 
equipment-surface swab 

Air 

Water 

Methods of collecting and preserving 

insert sterile, hollow tube from top of one 
side of container, diagonally through center 
to bottom of opposite side. Hold top and 
transfer to sterile container. Repeat trom 
opposite side until at least 200 g is collected. An 
alternative method is to scoop material with a sterile 
spoon, spatula, tongue depressor, or simIlar implement. 
Transfer material to sterile container. 
Cut with sterile knife if necessary. Collect at 
least 200 g of material with sterile tongue depressor, 
spatula, spoon, or tongs and place in sterile plastic bags 
or wide-mouth jars. 
Moisten swab with sterile O. I % peptone water 
or butlered distilled water and swab contact 
surfaces of equipment or environmental 
surfaces. Put swab in enrichment broth. 

Impinge on plate or in liquid with air 
sampling device. 
Take historical samples, including water in 
bottles in refrigerators, ice cubes, and water 

in tanks. Take line-water samples after 
turning on tap for \0 s. Take water-source 
samples after running water for S min. Hold sterile 
bottle under tap and fill to I in. (ca. 2.S em) below lip. 
Collect I to S liters. Alternatively, membrane filters 
can be used. Moore swabs cao be used to sample water 
in streams or pipelines: keel"them in place up to 48 h, then 
transfer to jars of enrichment broth. 

Melhods of pa~king and shipping 

Keep in tightly sealed, moisture-resIstant 
container. Take or ship to laboratory 

Same as above. depending on material. 

Package, label, and ship as fecal swab. 

Tape collection container closed, label, and 
take to laboratory. Refrigerate liquid samples. 
Tape collection container closed; label. Pack 
with absorbent material. Box and take or ship 
10 laboratory. Refrigeration is usually not 
requIred. 
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At least 15 sterile plastic bags or wide-mouth jars, 15 sterile spoons, 6 
specimen collection containers or devices, temperature-measuring devices, one 
each of the supporting equipment, and sterilizing equipment should be 
preassembled in a kit which is kept by the agency responsible for investigating 
food-borne illness. Periodic resterilization or replacement of sterile supplies, 
media, and transport media is required to maintain kit in a ready-to-use 
condition. 

TABLE 9.3 : FIELD DISINFECTION OF EQUIPMENT 

1. Expose to steam at lOO°C for 1 h in enclosed chamber, if 
available. (Spores may survive.) 

2. Flame thoroughly with propane torch or Bunsen burner. 
3. Wash. rinse, dry, and then immerse in 95% alcohol, 

remove, and flame; repeat two or three times. (Spores may 
survive if procedure is inadequately performed.) 

4. Wash and then inunerse in boiling water (spores may survive 
if not removed by washing). 

5. Wash, rinse, immerse for at least 30 s in solution containing 
solute equivalent to not less than 100 ppm hypoclUorite, 
rinse in sterile water; if necessary, wipe dry with sterile 
cloth (spores may survive if not removed by washmg). 

9.2 HANDLING SAMPLES 
As soon as a sample unit has been collected, it should be marked 

by an identifying code. Its description and any features that might 
be useful in interpreting results (such as the temperature of the food 
and the environment from which it was taken) should be recorded 
in a notebook or on a sample collection form. 

Frequently, sample units are held for a while before they are 
taken or sent to the laboratory. Frozen foods should be kept frozen 
either in freezers in the establishment where they are collected or by 
contact with dry ice. Perishable foods should be kept at 0 to 4.4 DC, 
either in refrigerators at the establishment where they are collected 
or in an insulated box. Sample units of hot foods or beverages in 
sealed containers should be cooled rapidly under cold running water 
or in ice baths and then held at 0 to 4.4°C. 

As soon as sampling has been completed, samples should be 
packed appropriatel1 to avoid spillage or breakage and to maintain 
desired temperatures. Frozen foods should be packed with dry ice. 
Sample units of perishable or chilled food should be kept cold with 
ice in plastic bags. If dry ice is used (which is not recom-mended), 
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insulate the sample units to prevent their freezing. When it is not 
possible to deliver the sample personally, it should be sept to the 
laboratory by the most rapid and economical means feasi~le. The 
laboratory should be advised of the forthcoming samples, the method 
of shipment, shipment numbers, and the expected time of arrir-'al. 
(See for procedures for preserving and transporting specific types of 
samples.) 

9.3 PREPARING SAMPLE 
AND FOR ANALYSIS 

The physical appearance of each sample unit and its container 
should be observed and recorded upon arrival. Also, if a temperature
control sample is submitted, the temperature should be recorded at 
this time. Otherwise, the tempera:ure of perishable foods should be 
recorded immediately after. a portion has been removed for analysis. 
When appropriate, pH and water activity (<lw) determinations should 
be made at this time also. 

Samples should be analyzed as soon as practicable after they 
arrive at the laboratory. It is sometimes necessary, however, to store 
them for a short time before work can begin. Those that arrive frozen 
should be either kept frozen or thawed in a refrigeratQr. Perishable 
foods should be refrigerated at 0 to 4.4°C. Low-moisture aqtl ~anne9 
foods can be stored at room temperature. Sample units for 
bacteriological analysis should be analyzed within 30 h, if possible. 

Analytical samples should be removed aseptically from their 
containers. A Gram or other appropriate stain should be made of a 
drop of liquid food or beverage or from a well-mixed (1: 10) 
homogenate of each analytical sample of solid food. Methods for 
preparing homogenates and examination for specific pathogens are 
described in Chapter 8 and by Speck and the International Commission 
on Microbiological Specifications for Foods. 

9.4 APPROPRIATE TESTS 
The types of tests and the order in which they are to be done 

should be determined by (i) the clinical signs and symptoms and the 
incubation periods (if known) of the affected persons; (ii) results of 
Gram or other appropriate stain of liquid foods or the homogenate 
of solid foods; and (iii) the type of food. Pathogens to look for depend 
on the symptoms, signs, and incubation periods of the patients and 
other appropriate clinical or epidemiological data. Six categories 
(according to signs and symptoms) of food-borne diseases are listed 
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in, as follows: (i) upper gastrointestinal tract signs and symptoms 
(nausea, vomiting) occur first or predominate; (ii) lower 
gastrointestinal tract signs and symptoms (abdominal cramps, diarrhea) 
occur first or predominate; (iii) sore throat and respiratory tract signs 
and symptoms occur; (iv) neurological signs and symptoms I(visual 
disturbances, vertigo, tingling, paralysis) occur; (v) allergic signs and 
symptoms (facial flushings, itching) occur; and (vi) sigps'and 
symptoms associated with general infection (fever, chills, pwaise, 
prostration, aches, swollen lymph nodes) occur. . 

Usually, the syndrome can readily be classified in one of the 
above categories. If the patient's incubation period is known, further 
classification can be done. This classification may take the form of 
< 1 h, 1 to 6 h, 7 to 12 h, 13 to 72 h, and > 72 h. Initially, 
portions of the sample units should be tested for the etiological agents 
most likely associated with the syndrome. If the results are negative, 
remaining portions should be tested for other possible agents. 

The Gram reaction and cellular morphology of predominant 
organisms provide information indicative of the kind of microor
ganisms to seek by culture techniques. An analytical sample, however, 
will usually have to contain a rather high number of microorganisms 
befl~e one will be seen in a microscopic field. 

acteriological studies and epidemiological investigations have 
establi hed the usual sources, reservoirs, and vehicles of many food
borne pathogens. When a food that has a history of having been a 
vehicle of a specific illness has been ingested and when the signs 
and symptoms and incubation period of the ill are compatible with 
that illness, or when examination indicates characteristics of specific 
agents, examine the suspect food either for agents that cause the 
suggested illness or for toxins produced by the agents. Table 6 lists 
tests to run when examining foods that have been suspected to be or 
have been epidemiologically implicated as vehicles of foodborne 
illness. 

9.S INTEPRETATION OF .RESULTS 
Food products have diverse chemical components and properties. 

They are processed, stored; and prepared in a variety of ways that 
affect the quantity and type of microorganisms that may have been 
introduced into and have survived and grew in them. Microorganisms 
in foods are in a dynamic state, and the numbers and the predominant 
types vary with time, with the nature of the substrate, and with 
environmental conditions. These same factors influence the methods 



TABLE 9.4. GUIDE FOR LABORATORY TESTS INDICATED BY CERTAIN SIGNS AND SYMPTOMS "l1 
0 

AND INCUBA nON PERIODS 0 

Incubation Predominant signs Specimens to Specimens to 
0 
::: 

Category of illness period and symptoms analyze from analyze from food Test for: -(j 

Ratients wo[ke[li ~ 
Upper, gastrointestinal tract Less than 1 h Nausea, vomiting, Vomitus, Antimony, arsenic. ~ -(nausea, vontiting); signs unusual taste, urine, cadmium, cop 0 
and symptoms occurring burning of blood, per, lead, zinc S 
first or predominating mouth stool 0 

-< Nausea, vontiting, Vontitus Gastroenteritis 
retching. diar- type mushrooms 
rhea, abdonti 
nal pain 

1 to 2 h Nausea. vontiting. Blood Nitrites 
cyanosis, head 
ache. dizziness. 
dyspnea. trem 
bUng. weak 
ness. loss of 
consciousness 

1 to 6 h; Nausea. vontiting. Vontitus. Nasal swab. Staphylococcus au-
mean. 2 to retching, diar- stool swab of le- reus and its en 
4h rhea, abdonti- sion on skin terotoxins. 

nal pain, pros- Bacillus cereus 
tration ~ 

VI 
Table 9.4 Contd. -...J 
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Ul 

Incubation Predominant signs Specimens to Specimens to 00 

Category of illness period and symptoms analyze from analyze from food Test for: 
palb:ols »:w:kl:[S 

6 to 24 h Nausea. vomiting. Urine. Amanita. Phalio 
diarrhea. thirst. blood dill. Gyromitrin 
dilation of pu- (SGOT. toxin group of 
pils. collapse. SGPT" mushrooms 
coma enzyme 

tests). 
vomitus 

Lower gastrointestinal 8 to 22 h; Abdominal Stool Stool. rectal ClostridiulIl per 
tract (abdominal cramps. mean. 10 cramps. diar- swab jringells. Bacillus 

'"C diarrhea); signs and to 12 h rhea cereus. Strepto ~ 
symptoms occurring first coccus Jaecalis -Z 
or predominating ('?). Streptococcus n -Jaecillm (?) '"C 

12 to 72 h; Abdominal Stool Stool. rectal Sa/mol/ella. Arizo t"" 
t'I1 

mean. 18 cramps. diar- swab I/a. Shlgelia spe- C/) 

to 36 h rhea. vomiting. cies. pathogenic 0 
"I:I 

fever. chills. Escherichia coli. 
~ malaise other Enterobac- -teriaceae. Vibrio n 
~ parehaeinolyticus. 0 

Yersinia enterocoli- tp 

tica. Campylobacter -0 
jejuni. Aeronwnas t"" 
spp. (?). Pseudomo- 0 

C1 nas aerllginosa (?) -< 
Table 2.4 COlltd. 



Tabl, 9.4 Contd. 8 Incubation Predominant signs Specimens to Specimens to 
Category of illness period and symptoms analyze from analyze from food Test for: 0 

a:: patients worken -(") 
1.5 to 3 days Diarrhea. fever. Stool Stool Enteric viruses. ~ vomiting. ab- Norwalk agent. t:x:l 

dominal pain; rotaviruses -0 
possibly res pi- 5 
ratory symptoms Cl 

1 to 6 weeks MUCOId dIarrhea Stool Stool Giardia Lamblia -< 
(fatty stools). 

abdominal pain, 

weight loss 

1 to several Abdominal pain, Stool Stool Entamoeba histoly-

weeks; diarrhea, con- tiea 

mean, 3 to stipation, head 

4 weeks ache, drowsiness, 

ulcers, variable; 
often asymptomatIc 

3 to 6 Nervousness, in- Stool Stool Taema saginaw, 

months somnia, hunger Taenia soliulIl 

pains, anorexia, 
weIght loss, abdommal 
pain, sometimes, 

gastroellteritis tv 
Table 9.4 Contd. VI 
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Incubation Predominant signs Specimens to Specimens to 0 

Category of iUness period and symptoms analyze from analyze from food Test for: 
eatients workers 

Sore throat and respiratory 12 to 72 h Sore throat. fever. Throat Throat swab. Strept&COCCUS pyo-
nausea. vomit- swab. swab of le- genes 
ing. rhinorrhea. blood sions on skin 
sometimes a rash 

2 to 5 days inflamed throat Throat Throat swab. Corynebacterium 
and nose. swab. swab of le- diplztlzeriae 
spreading gray- blood sions 
ish exudate. fever. 
chills. sore throat. 

"C malaise. difficulty ;:tI 
swallowing. edema of -Z 
cervical lymph node n -Neurological (visual distur- Less than 1 h Tingling and Shellfish toxin "C 

t""' 
bances. vertigo. tingling. numbness. gid tIl 
paralysis) diness. staggering. 

C/} 

0 drowsiness. tightness of 'TI 
throat. incoherent speech. &: 
respiratory paralysis -n 
Gastroenteritis. Blood. Organic phosphate ;:tI 

nervousness, urine. 0 
t:x:I 

blurred vision. fat biopsy -0 
chest pain. cya- t""' 
nosis. twitching. 0 

0 
convulsions ><: 

Table 2.4 COlltd. 
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Category of illness 
Incubation 

period 

1 to 6 h 

Predominant signs 
and symptoms 

Specimens to 
analyze from 

patients 

Excessive saliva-
tion. perspira-
and tearing; 
gastroenteritis. 
irregular pulse. pupils 
constricted. asthmatic 
breathing 
Lightheadedness. 
drowsiness. fol
lowed by state 
of excitement. 
delirium. visual disturbances 
Tingling and 
numbness. dizziness. 
pallor. gastroenteritis. 
hemorrhage. desquamation 
of skin. eyes fixed. loss of 
reflexes. twitching. paralysis 
Tingling and 
numbness. gas 
troenteritis. , dizziness. dry 
mouth. muscular 

Urine 

Urine 

Specimens to 
analyze from food Test for: 

workers 

Muscaria-type 
mushrooms tion. 

lbotonic acid and 
muscimol 
groups of mushroo
ms confusion. 

Tetraodon toxin 

Ciguatera toxin 

Table 9.4 COl/ttl 
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Category of illness 
Incubation 

period 

12 to 72 h 

More than 72 h 

Predominant signs 
and symptoms 

aches, dilated pupils, 

blurred vision, 
paralysis 
Nausea, vomiting, 
tingling, dizziness 
weakness, anorexia, 
weight loss, confusion 
Vertigo, double or 
blurred vision; loss of 
reflex to light; 
difficulty swallowing, 
speaking, breathing; 

dry mouth; weakness; 
respiratory paralysis 

Numbness, weakness 

of legs, spastic paralysis 

Specimens to 
analyze from 

patients 

Blood, urine, 

stool, gastric 
washings 

Blood, stool 

Urine, blood, 

stool, hair 
impairment hair of vision, 

blindness, coma 
Gastroenteritis, leg pain, Biopsy of 
ungainly high stepping gait, gastrocnemius 

foot and wrist drop muscle 

Specimens to 
analyze from food 

workers 
Test for: 

Chlorinated hy 
drocarbons 

Clostridium botuli-
num and Its 

neurotoxins 

Organic mercury 

Triothocresyl 

phosphate 

Table 9.4 COlltd. 

;g -Z 
<i ..... 
"t1 

~ 
~ 

0 
'Il 
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0 
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Incubation Predominant signs Specimens to Specimens to 
0 
0 

Category of illness period and symptoms analyze from analyze from food Test for: t:j 

~ patients workers -n 
Allergic type (facial flush- Less than I h Headache, dizziness, Vomitus Histamine 

~ 
0 

ing, itching) nausea, vomiting, t:x:J -
peppery taste, burning of 0 

r 
throat, facial swelling and 0 

0 
flushing, stomach pain, 0-< 
itching of skin 

Numbness Monosodium glu~ 

around mouth, tamate 

tingling sensation, 

flushing, dizziness, 

headache, nausea 

Flushing, sensation Blood Nicotinic acid 

of warmth, itching, 

abdominal pain, 

puffing of face and knees 

Generalized infection (fe- 4 to 28 days; Gastroenteritis, Muscle biopsy Trichinella spiralis 

ver. chills, malaise, pros- mean. 9 fever. edema 

tration, aches. swollen days about eyes, per 

lymph nodes) spiration, muscular pain, 

chills. prostration, 
N 

labored breathing 0\ 

Table 9.4 ConM. 
I.>l 
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~ 
Incubation Predominant signs Specimens to Specimens to 

Category of illness period and symptoms analyze from analyze from food Test for: 
)!!!tients workers 

7 to 28 days; Malaise, head- Stool, Stool, rectal Salmonella typhi 
mean, 14 ache, fever, blood, swab 

days cough, nausea, urine 

vomiting, constipation, 

abdominal pain, 

chills, rose spots, bloody 

stools 

10 to 13 days Fever, headache, Lymph Toxoplasmo gondit ~ 
myalgia, rash node biopsy, -15 blood -10 to 50 Fever, malaise, Urine, blood . Serological evi- ~ ,days; lassitude, anorexia, (SGOT, SGPT dence of hepatitis A 

mean, 25 nausea, abdominal enzyme tests) virus (etiological 0 
to 30 days pain, jaundice agent not yet "I1 

~ isolated) -Varying periods Fever, chills, headache or Blood, stool, Bacillus anlhracis, 
(") 
~ 

(depends on joint ache, prostration, urine, sputum, Brucella meltlen- 0 
t:I:I 

specific iIIness) malaise, swollen lymph lymph node, sis, Brucella -0 
nodes, and other specific gastric washings abortus. Brucella r 
symptoms of disease in (one or more, suis, Coxiella 0 

0 
question depending on burnetii. Frond -< 

Table 9.4 COllld. 
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Category of illness 
Incubation 

period 
Predominant signs 

and symptoms 
Specimens to 
analyze from 

patients 

organism) 

·SGOT, Serum glutamic oxalacetic transaminase; SGPT, serum glutamic pyruvic transaminase. 

Specimens to 
analyze from food Test for: 

workers 

sella tularensis. 
Listeria nwnocy 
togenes. Myco 
bacterium tuber 
culosls. other 
Mycobacterium 
spp., Pasteurella 
multocida. Strep 
tobacillus nwni 
liformis. other 
pathogens as 
deemed neces 
sary 
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used to isolate pathogens in the foods, as well as to interpret results 
of the laboratory tests. 

Pathogens are often easier to isolate from clinical specimens than 
from foods. For example, pathogenic members of the Enterobacte
riaceae in the human gut are in an environment that provides greater 
enrichment than that provided by foods. These same pathogens 
sometimes occur in small numbed in foods because of injury caused 
by processing, die-off during storage, or overgrowth by spoilage 
organisms. Therefore, routine clinical laboratory methods may be 
inadequate to detect pathogens in foods. 

An agent thought to be responsible for an illness can be confirmed 
if a pathogen. that causes a syndrome similar to that observed is 
isolated from appropriate specimens from the patients. An agent also 
can be confirmed if toxins are identified in specimens from patients 
or if there is evidence of rise in antibody titer in serum specimens 
from patients. 

To confirm actual involvement of a food, the same type of 
pathogen (serotype, phage type, or other definitive type) or the sartle 
toxin as was found in specimens from patients must be found in the 
epidemiologically implicated food. Even when clinical specimens are 
not available, a food is confirmed as a vehicle if toxic substances 
(such as zinc, staphylococcal enterotoxin, or botulinal toxin) are 
detected in it. A vehicle can be epidemiol-ogicaUy suspect if food
specific attack rates are high in a group of persons who have eaten 
a specific food and low in a group of persons who have not eaten 
the food. Further association can be made if a significant number of 
specific pathogens (such as lOS or more organisms of Staphylococcus 
aureus, Clostridium perfringens, or Bacillus cereus per g of food) 
that cause a syndrome similar to that of the patients are isolated from 
the food or if enteric pathogens (such as Salmonella spp. or Shigella 
spp.) are recovered from the food. 

The source or mode of spread of the causative agent can often be 
ascertained if the agent is isolated from raw foods, food ingredients, 
equipment, food workers, or live animals or their environment. 
Definitive typing of isolates is always required to make such 
associations. An account of the preparation of a food that is suspected 
as being a vehicle must contain reference to appropriate opportunities 
for pathogens or toxins to contaminate the food and, where applicable, 
opportunities for survival and growth of pathogens. Otherwise, the 
account is incomplete or in error. When necessary, field studies with 



TABLE 9.5: MICROSCOPIC OBSERVATIONS FOR DETERMINING MORPHOLOGY OF PREDOMINANT 2j 
ORGANISM" IN SUSPECT FOODS 0 . , t:) 

Gram Cell shape Cell groupings Flagella Spore Test for ~ 
reaction 

h -arrangement, (J 

Positive Rods Singly, in pairs, or Peritrichous Avoid: central, subtermi- Clostridium botulmum ~ 
IX' 

short chains nal, terminal spores -0 
swelling the cell 5 Positive Rods Singly, in pairs, or Atrichous Avoid; subterminal spores, Clostridum perfrmgens Cl 

short chains nonswelling cell -< 
Positive Rods Singly and in pairs, Peritrichous Ellipsoidal; central or par- Bacillus cereus 

but frequently acentral spores 
form tangled chain 

Positive Cocci Clusters Atrichous None Staphylococcus aureus 

Positive Cocci Long chains Atrichous None Streptococcus pvogenes 

Positive Cocci Short chains Atrichous None Streptococcus faecalis, 
Streptococcus faecium 

Negative Rods Singly and in pairs Peritrichous None Salmonella spp., Ari-
zona (most spp., Escherichia co/l, 

types) Yersinia enterocolitica 

Negative Rods Singly and in pairs Atrichous None Salmonella pul/orum, 
Salmonella gal/marum 

Table 9.5 Contd. 
N 
0\ 
-.l 
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Gram Cell shape Cell groupings 

reaction 

Negative Slightly Singly and in pairs 
curved rods 

Negative Short curved Singly and in spiral 
rods, pleo- chains 
morphic 

Negative Comma and S Singly or in short 
shaped, or long spiral 
pleomorphic chains 

Flagella 
b 

arrangement 

Monotri- None 
chous (polar) 
Monotri- None 
chous 
(polar) 
Usually mo- None 
notrichous, 
but some bipolar 
or atrichous 

Spore" testfor
C 

Shigella spp .. Escheri-
chia coli (few types 
atrichous) 
Vibrio parahaemolyticus 

Vibrio cholerae IIl1d 
related vibros 

Campylobacter jejuni ;g 
~ 
~ "As disclosed by Gram or other stain of food sample or food sample homogenate (I: 10 dilution); large numbers (frequently lOs or more) of ..,-

cells must be present before readily detected by microscopic examination. ~ 

hFeatures are not always seen in Gram stain. 

cSee Bryan (I, 2) for other organisms to test for. ~ g 
o 
t'" 

8 
-< 
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appropriate laboratory backup should be done to provide evidence of 
contamination, survival of microorganisms or toxins, or growth of 
patllogenic bacteria. 

TABLE 9.6 : TESTS TO EXAMINE FOODS ALLEGED, 
sUSPECTED, OR EPIDEMIOLOGICALLY IMPLICATED AS 
VEmCLES OF FOOD-BORNE ILLNESS 

Food 

Canned foods 
(primarily home-canned) 

Cereals and foods containing 

cornstarch 

Cheese 

Confectionery products 

Cream-filled baked goods, custards 

Crustacea 
Dry milk 

Egg and egg products 

Fermented meats 

Fish 

Ham 

Mayonnaise 

Meat, meat products, and foods 
containing meat 

Mexican-style foods 

Molluscan shellfish 

Oriental-style foods 

Pinto beans 

Potato 

Test for: 

Clostridium I10tulinum and its neurotoxins, 

pH 
Bacillus cereus, mycotoxins 

Staphylococcus tIIII'fltIS and its eutcrotoxins, 
Brucellll spp., pathogenic Escherichia coli 
Salmo1iU!llll spp., :I" 

Staphylococcus ~ and its euterotoxins, 
SalmonellD spp., Bacillus ceMlS, 
pH, aw 

Vibrio ptlTt1hiImIDlyticus, crustacean toxins 
SIllmonella spp., Staphylococr:us tJJITeuS and 
its enterotoxins 
Salmonella spp., beta-hemolytic 
streptococci 
Staphylococcus aureus and its enterotoxins 

Vibrio parahaemolyticus, histamine, 
Proteus spp., fish toxins 

Staphylococcus aureus and its enterotoxins 

pH 
Salmonella spp., Clostridium peifringens, 
Staphylococcus aureus and its 

enterotoxins, Campylobacter jejuni, 
Yersinia enterocolitica 
Clostridium peifringens, Bacillus cereus, 
Shigellll spp., Salmonella spp., 

Staphylococcus aureus and its enterotoxins 
Vibrio parahaemolyticus, shellfish toxin 
(saxotoxin), Vibrio cholerae 01 and non 
o I, epidemiological and serological 
implication of hepatitis A or Norwalk agent 

Vibrio parahaemolyticus, Bacillus cereus, 
monosodium glutamate 
Clostridium peifringens, Bacillus cereus 
Bacillus cereus, Clostridium botulinum and 
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its neurotoxin 
Poultry, poultry products, and mixed Salnwnella spp., Clostridium peTjringens, 

foods containing poultry 

Raw fruits and vegetables 

Raw milk 

Rice 
Salads of mixed vegetables, meat, 
poultry, or fish 

Staphylococcus aureus and its enterotoxins, 
Campylobacter jejuni, Yersinia 
enterocolitica 
Parasites, Shigella spp., pathogenic 
Escherichia coli, Listeria monocytogenes 
Salnwnella spp., Staphylococcus aureus and 
its enterotoxin, Campylobacter jejuni, 
Yersinia enterocolitica, beta-hemolytic 
streptococci 
Bacillus cereus 

Staphylococcus aureus and its enterotoxins, 
Salmonella spp., beta-hemolytic 
streptococci, Shigella spp., pathogenic 
Escherichia coli, pH, epidemiological and 
serological evidence of hepatitis A or 
Norwalk agent 

Smoked meat, poUltry, fish products Salnwnella spp., Staphylococcus aurells and 
its enterotoxins, Clostridium botulinum and 
its neurotoxins, a" 

Soft drinks, fruit juices, and Chemicals such as copper, zinc, cadmium, 
concentrates (previously in metallic lead, antimony, tin; pH 
containers or vending machines) 
Soups, stews, or gumbos Bacillus cereus, Clostridium peTjringens 



TABLE 9.7: CRITERIA FOR CONFIRMING AN OUTBREAK OF FOOD-BORNE DISEASE WHEN CASES 
HAVE THE TYPICAL SYNDROME CHARACTERISTICS OF THE DISEASE 

Disease 

Bacillus cereus 
gastroenteri-
tis 

Brucellosis 

Isolation of 
pathogen 

Brucella spp. 
in blood of 
ill persons 

Laboratory or epidemiological criteriaa 

Serotype 
association 

Titer increase 

Same serotype 
of B. cereus 
from stool 
specimens 
from most 
iII persons 
but not from 
controls 

Same serotype 
of B. cereus from 
iII persons and 
epidemiologically 
implicated food 

Fourfold or 
greater in 
crease in aggluti
nation titer 
between blood 

No. recovered 

? 105 B. cereus 
per g from 
epidemio 
logically in 
criminated 
foods 

Toxin detection Other criteria 

Table 9. 7 Contd. tl ,... 
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-...l 

Laboratory or epidemiological criteria" N 

Disease ISOlation or serotype Titer increase No. recovered Toxin detection Other criteria 
pathogen association 

specImens taken 
during acute illness 
and 3 to 6 weeks 
after onset of illness 

Botulism Clostridium Detection of Frequently a 
botulinum botulinal history of 
from stool, toxin in eating 
or ill from sera, feces, home 
epidemio- or food canned or ~ logically im- home-fer -Z plicated mented fish, Ci 
food roe, or sea ~ mammal 

~ meat 
Clostridium Same serotype ?1Q! C. per- Demonstration 0 

"r1 
perj'ringens of C. perfrin- Jringens per of toxin in ~ 
enteritis gens from g in epide- feces -Ci 

specimens miologically :-c 
0 

from most implicated tJj -ill persons food 0 
t"'" but not from 8 controls 

Table 9.7 Contd. -< 



Table 9.7 Contd. 8 Laboratory or epidemiological criteria" '=' Disease ISOlabon 01 serotype 'liter IDcrease No. recoverea 'I'OXID detection Other criteria a:: 
pathogen association -n 

:;:g 
Same serotype > _ 10° C. per 0 

t:Jj 
of C. perjrin- jringellS -0 
gens from ill from ill per t"" 

0 
persons and sons is pre 0 
epidemio- sumptive ev- ....::: 

logically im- idence 

plicated food 
Escherichia Same serotype 
coli diarrhea of E. coli Demonstration 

from most of culture either 

ill persons to be en 

but not from terotoxigenic 

controls (by gut loop, 
Same serotype infant mouse, 
of E. coli cell culture, or 
from ill per- other biologi-

sons and cal technique) 
from epide- or to be inva-

miologically sive by pro- t-.) 

implicated duction of con- -...I 
Ul 

Table 9. 7 Contd. 



Table 9.7 COn/d. ~ Laboratory or epidemiological criteria" 
Disease ISOlation or serotype Titer increase No. recovered TOXIn detection Other criteria 

pathogen association 
food junctiyitis in-

guinea pig eye 
or other tech-
nique (e.g., 

ELiSAb) 

Salmonellosis Salmonella Same serotype 
from stool, of Salmonel 
rectal swab la from ill 
(urine or persons and 

'"t:I 
~ ...... 

blood if sep- from epide Z 
ticemic miologically 

n ...... 
'"t:I 

symptoms implicated r"' 
tIl 

occur) of ill food til 

persons, or 0 
'TI 

epidemio- $': 
logically im-

...... 
n 

plicated food ~ 
0 

Shigellosis Shigella spp. Same serotype t:I:l ...... 
from stool from ill person 0 
or rectal and 5 
swab of ill from epide- 0 

-< 
Table 9. 7 Contd. 
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Laboratory or epidemiological criteria" 
0 
0 

Disease Isolation of Serotype Titer increase No. recovered Toxin detection Other criteria 0 

pathogen association ~ -miologically 
n 

persons or 
~ epidemio- implicated OJ 

logically im- food (and -0 
plicated from stool of 5 
food food worker) 0 

Staphylococ- Same phage ? ](1 S. aureus Detection of -< 
cal entero- type of spec- per g from enterotoxin 

toxicosis imen from epidemio- in epidemio 

ill persons logically im- logically im 

and from plicated plicated 

epidemio- food food 

logically im-

plicated food 

(and skin, nose, 
or lesion of 
food worker) 

Streptococcal Same M and T 
sore throat types of 

or scarlet fe- group A or G 

ver streptococci N 
Table 9.7 COlltd. -..l 

Ul 
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-...) 

Laboratory or epidemiological criteria" '" 
Disease Isolation of Serotype Titer increase No. recovered Toxin detection Other criteria 

pathogen association 
from ill per 
sons and 
epidemio-
logically im 

plicated 
food 

Cholera Isolation of Rise of serum Demonstration 
Vibrio chol- titer during of culture or 
erae from filtrate to be 

"C 
acute or ear- ;;C -vomitus or Iy convales- enterotox- Z 

stool of ill cent phases Igemc by 
n -"C 

persons or of illness gut loop, in- t""' 
tT1 

from epide- and fall of fant mouse, Vl 

miologically titer during cell culture, 0 
'I1 

implicated late conva- or other bio- ~ 
food lescent logical tech- -n 

phase in un- nique ;;C 
0 

immunized ttl -persons 0 
t""' 

Vibrio parahae- Isolation oj ~ 1()5 V. para 0 
molyticus Kanagawa- luzemolyticus 0 

><: 
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0 

Laboratory or epidemiological criteria" 0 
Disease ISOlatIon of serotype 'hter mcrease No. recovered [ OXln detectIon Other criteria 0 

pathogen association ~ -(") gastroenten- posItIve v. from eplde :;c 
tis parahaemo- miologically 0 

t::t1 
lyticus of implicated -0 
same sero- food l' 

0 
type from 0 
stool of most -< 
ill persons 

Yersiniosis Isolation of Fourfold or 
Yersinia en- greater rise 

terocoliticus of agglutina-

or Y. pseudo- tion titer be-

tuberculosis tween blood 

from stool of specimens 

most ill per- taken during 

sons or from acute illness 

epidemio- and2to4 

logically im- weeks after 

plicated onset of 111-

food ness 

Campylobac- Isolation of Fourfold or t-J 
teriosis Campylobac- greater rise -..I 

-..I 

Table 9. 7 Contd. 
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Disease 

Other bacteri

al diseases 

Hepatitis A 

Norwalk and 
related viral 

disease 

Isolation of 
pathogen 

ter jejuni 

from stools 
of most ill 
persons or 

from epide
miologically 

implicated 
food 

Laboratory or epidemiological criteria" 
Serotype Titer increase No. recovered Toxin detection 

association 

of agglutina

tion titer be
tween blood 

specimens 

taken during 

acute illness 
and2t04 
weeks after 
onset of ill

ness 
Variable. depending on clinical and laboratory appraisal of individual circumstances. 

Serological ev

idence of virus 

Serological ev
idence of vi

rus 

Other criteria 

~ 
15 
~ 
Vl 

Liver function 0 
'T1 

tests; frequently ~ 

a history of eat- (=5 
ing raw shellfish ~ 

Syndrome. in t/j 

cubation period. 

duration of ill-

ness 

Table 9. 7 COllld. 

a 
5 
Q 



Table 9.7 Contd. 
Laboratory or epidemiological criteria" 

Disease -'ISO=Ir.:ar.hr.:o=n~o::lfl""""--~ser=o::lt:::y=peO::---"I""li"'t=er"..."lD'"'c""r"'eas=e:---.. N".,o:-• ..,r"'ec"'o=v""e:::r"'ea."....--'I .. ,O:::XlD=~d:r.e"t"'ec"'t""lo:::n:----.Otr-mh:::e"'r""c""r""ltr':e""r"'la:---
pathogen association 

Trichinosis Demonstration 

Paralytic shell
fish poison
ing 

of larva in 
food 

Demonstration 
of cyst from 
muscle biopsy 
specimen 

SerologIcal ev
idence of in
fection 

Detection of 
large num
bers of toxi
genie species 
of dinofla
gellates in 
which epide
miologically 
implicated 
mollusks 
were harve
sted 

Detection of 
saxitoxin in 
epidemio
logically im 
plicated 
mollusks water from 

History of eat
ing pork, 
bear, or arc 
tic mam-
mals 

History of cat 
ing shellfish; 
red tides 

Table 9.7 Collld. 
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Disease 

CIguatera 

Puffer fish poi
soning 

Scombroid 

poisoning 

Gastroenteri
tis-group 

mushroom 

poisoning 

ISOlahon of 

pathogen 

Laboratory or epidemiological criteria" 

serotype Iuer Increase No. recovered 

association 

IOXIn detechon 

DemonstraUon 

of cigua-
toxin in epi-
demlOlogi-

cally 

implicated fish 

Demonstration 
of tetrodo-

toxin in 
puffer fish 

Detection of 

histamine 

levels of 

100 mgl 

100 g of fish 

Demonstration 

of toxic 
chemicals in 

epidemio-

logically im-

plicated 

N 
00 
0 

Other cntena 

HIstory of CI 

guatera-as 
sociated fish 

History of eat 
ing puffer 

"C 
fish ;:c -Z 

(i 
History of eat -"C 
ing Scorn t""' 

tr1 
broidea fish CIl 

(tuna, mack 0 
'Tj 

erel) muscle ~ 
History of eat- -(i 
ing gathered ~ 
mushrooms t:C -0 

§ 
-< 

Table 9. 7 COlltd. 
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Disease 

Mushroom-al
cohol intol
erance 

Muscarine
group mush
room poi
soning 

Ibotenic acid 
and musci
mol groups 
of mush
room poi
soning 

ISoIahon of 
pathogen 

Laboratory or epidemiological criteria" 

Serotype lIter Increase No. recovered 
association 

I man detechon 

mushrooms 
Demonstration 
of toxic 
chemicals In 

epidemio 
logically im-
plicated 
mushrooms 
or urine 
Demonstration 
of muscarine 
in epidemio-
logically im-
plicated 
mushrooms 
or urine 
Demonstration 
of ibotenic 
acid or mus-
cimol in epi-
demiologi-
cally 

"tI 
0 
0 

Other criteria 0 
s= -n 
~ 

History of eat- 0 
t::I:l 

ing gathered -0 
mushrooms t"" 

0 
0 
-< 

History of eat 
ing gathered 
mushrooms 

History of eat 
ing gathered 
mushrooms 

N 
00 .-

Table 9.7 CQlild. 
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00 

Laboratory or epidemiological criteria" N 

Disease Isolation or serotype Titer increase No. recovered Toxin detection Other criteria 
pathogen association 

implicated 
mushrooms 

Amatoxin, Demonstration History of eat 
phallotoxin, of amanita- ing gathered 
or gyromi- toxin, phal- mushrooms 
trin groups lotoxin, gy-
of mush- romitrin in 
room poi- epidemio- 't1 
soning logically ~ -implicated Z n 

mushrooms -'t1 
or urine ,~ 

Plant poison- Demonstration History of eat en 
0 ing of toxic ing toxic "lj 

chemical in species of ~ 
epidemio- plant -n 
logically im- ~ 

0 
plicated ttl -plant 0 

Heavy metal Demonstration History of 5 
poisoning of high con- storing high 

C') 

-< 
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Disease 

Other chemi
cal poison
ing 

Isolation of 
pathogen 

Laboratory or epidemiological criteria" 
Serotype Titer increase No. recovered 

association 

"One or more of these criteria are demonstrated. 
/, ELJSA. Enzyme-linked immunosorbent assay. 

Toxin detection 

cent ration of 
metallic ion 
in epidemio-
logically im-
plicated 
food or bev-
erage 
Demonstration 
of high con-
centration of 
chemical 
substances 
in epidemio 
logically 
implicated 
food or beverage 

~ 
0 
I:) 

Other criteria ::: 
R 
~ 
0 

acid food or \Xl -beverage in 0 

metal con ~ tainer or 
pipeline 

History of use 
or suspect 
chemical in 
food or envi 
ronment 

N 
00 
(;) 
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