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Abstract This chapter aims at presenting an overview of different aspects of the classification
and nomenclature of the prokaryotes, i.e., the domains Bacteria and Archaea. Concepts of
systematics, taxonomy, classification, nomenclature, and identification are discussed. The
number of species of prokaryotes – Bacteria and Archaea combined – is surprisingly small,
8,226 as of November 2009. It is obvious that the true number of different species much
larger: we probably know less than 1% of the types of prokaryotes in Nature. Classification
of prokaryotes and description of species based on a polyphasic approach that includes
phenotypic as well as genotypic properties. Nomenclature is governed by the rules of the
Bacteriological Code (International Code of Nomenclature of Prokaryotes), as determined by
the International Committee on Systematics of Prokaryotes.
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1. INTRODUCTION

Environmental biotechnologists and environmental engineers often deal with microorgan-
isms and especially with prokaryotes. These are the organisms responsible for majority of the
biodegradative processes of organic carbon in nature, as well as for important reactions in the
cycles of the elements including nitrification, denitrification, dissimilatory sulfate reduction,
sulfide oxidation, and many others.

It is therefore inevitable that the environmental engineer will encounter many names of
microorganisms – prokaryotic as well as eukaryotic – that are involved in the processes stud-
ied. The engineer will also be challenged from time to time to identify certain microorganisms
when describing the phenomena occurring in the ecosystem under study, as well as to provide
information on the organism(s) that causes environmental problems and/or those that provide
possible solutions to those problems.

This chapter aims at presenting an overview of different aspects of the classification and
nomenclature of the prokaryotes, i.e., the domains Bacteria and Archaea. These groups are by
far the most important as far as their metabolic diversity is concerned. Their classification and
nomenclature are governed by the same rules. The classification of the eukaryotic microor-
ganisms in part follows the rules of botanical taxonomy (fungi, yeasts, algae) and in part the
zoological taxonomy (protozoa and larger animals). The formal rules used in the nomenclature
of these groups are greatly different from those used for the prokaryotes.

The highly diverse prokaryotic world has presented serious challenges to the many micro-
biologists who have attempted to achieve a satisfactory classification in the past. Many of the
problems are yet to be solved, and as a result, the classification schemes have been subject to
frequent changes with the increase of our understanding of the physiology and the molecular
properties of the different groups of microorganisms. Prokaryote systematics is a highly
dynamic science in which the concepts rapidly change in accordance with the development
of new techniques and approaches. There is no official classification of prokaryotes, as will
be shown in the sections below (this in contrast with prokaryote nomenclature, which is
governed by a series of internationally approved rules and regulations). The basic unit of
the classification of all living organisms is the species, and it may be surprising to many
to read that in the case of the prokaryotes there is no universally recognized definition of
the species. Prokaryotic systematics thus lacks a firm theoretical basis. Microbiologists work
with a species concept that is much broader than that used in the disciplines of botany and
zoology. The number of species of prokaryotes (Bacteria and Archaea combined, i.e., two out
of the three domains of life – Bacteria, Archaea, and Eucarya) that have been described and
named may even seem surprisingly small, 8,226 as of November 3, 2009 (1). This number is
extremely small compared to the more than a million of insects described, and about 22,000
members of the Orchidaceae, a single family of vascular plants. In the following we will
explore several aspects of classification, nomenclature, and identification of prokaryotes. We
will present evidence for the existence of many more species of bacteria on Earth than the
about 8,000 species documented thus far; experimental data suggest the existence of at least
two orders of magnitude more species, and possibly even many more. Today, it is generally
accepted that less than 1% of the prokaryote species that inhabit our planet have been named.



Microbial Systematics 83

It is not feasible in a single chapter to provide in-depth information and complete practical
guidelines on how to identify, name, and classify prokaryotes. However, environmental engi-
neers and other professionals working in related fields are sometimes faced with the need to
identify strains of microorganisms. This chapter intends to summarize some of the current
concepts in the field of prokaryote systematics and will refer the reader to more detailed
sources of information on the subject.

2. SYSTEMATICS, TAXONOMY, AND NOMENCLATURE OF PROKARYOTES

2.1. General Definitions

Systematics is the scientific study of organisms with the ultimate object of characterizing
and arranging them in an orderly manner. The terms “systematics” and “taxonomy” are
sometimes used as synonyms. The term “taxonomy” is often defined as the theory and practice
of classifying organisms into groups (taxa) on the basis of similarities and relationships. Sys-
tematics generally signifies a broader concept that includes the evolutionary and phylogenetic
relationships of the organisms studied. Taxonomy can be subdivided into three disciplines:
classification, nomenclature, and identification (2). Classification is the orderly arrangement of
units into groups. There are many ways in which living organisms can be arranged in groups,
and taxonomy is therefore a most subjective branch of science. Classification is purpose-
oriented, and there may be different ways that lead toward successful classification (3).

Nomenclature is the assignment of names to the taxonomic groups defined during clas-
sification. The rules of nomenclature of living organisms are agreed upon internationally,
and they are laid down in three documents: the Botanical Code, the Zoological Code, and
the Bacteriological Code, each dealing with a specific group. Here, we will discuss only
the International Code of Nomenclature of Bacteria (the Bacteriological Code) (4), renamed
as International Code of Nomenclature of Prokaryotes in 2000, and its implications for
the nomenclature of prokaryotes. Similar to plants and animals, prokaryotes are given a
genus and a species name according to the binomial system introduced by Linnaeus in the
middle of the eighteenth century. For example, the genus Bacillus, a genus of Gram-positive
aerobic endospore-forming bacteria, presently (November 2009) contains about 160 species;
examples include Bacillus subtilis (a species from which valuable proteolytic enzymes are
produced), Bacillus anthracis (the anthrax bacillus), and Bacillus thuringiensis (a species of
which certain strains produce potent substances that kill mosquito larvae) (1).

The nomenclature of prokaryotes is subject to changes, and there are many examples of
species that have been renamed, moved to other existing genera, or reclassified in newly
established genera in accordance to new insights. For example, the species formerly known
as Bacillus polymyxa and Bacillus stearothermophilus have been renamed Paenibacillus
polymyxa and Geobacillus stearothermophilus, respectively (1), when it became desirable
to split up the genus Bacillus based on an increased understanding of the phylogenetic
relationships within the aerobic Gram-positive endospore-forming bacteria, mainly on the
basis of sequence analysis of small-subunit ribosomal RNA (see also Sect. 6.1).

Identification is the practical use of classification schemes and the labeling schemes pro-
vided by nomenclature to establish the identity of isolated microorganisms as members of
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previously identified species. Identification can be defined as the practical use of classification
and nomenclature to determine the identity of an isolate as a member of an established taxon
or as a member of a previously unidentified species.

It should be stressed here once more that there is no “official” classification of prokaryotes,
but there is an official nomenclature, regulated by internationally agreed-upon rules. The
classification provided in Bergey’s Manual of Systematic Bacteriology (5) (see also Sect. 7.1)
is widely used among microbiologists, but was never intended to obtain official status.

The classification used in Bergey’s Manual divides the prokaryotes into two domains: the
Bacteria and the Archaea. The domain is therewith the highest taxonomic rank. According
to the same classification scheme, all eukaryotic organisms – microorganisms and macroor-
ganisms, plants, and animals – belong to the domain Eucarya. The domains, Bacteria and
Archaea, are divided into phyla, which each encompass one or more classes (6, 7). The classes
are divided into orders, which are subdivided into families, genera, and species. As stated
previously, the species is the basic unit of taxonomy. Sometimes, subdivision of a species into
subspecies and infra-subspecific units is necessary.

An important term in bacterial taxonomy and nomenclature is that of type strain. For each
species, a type strain has been designated, which is the name-bearer of that species and is the
reference specimen for the name. Whenever a new prokaryote species is described, the authors
are obliged to deposit the type strain of the species in at least two publicly accessible culture
collections located in different countries for safekeeping (see Sect. 5), and make subcultures
available to any interested scientist for further study. Identification of unknown isolates should
use such type strains of recognized species for comparison. The terms “strain” and “isolate”
refer to the descendants of a single isolation in pure culture. They are usually made up of a
succession of cultures ultimately derived from an initial single colony. For each genus, a type
species is defined, and for each family and each order, a type genus is designated.

2.2. The Definition of the Prokaryote Species

To the botanist and the zoologist, the definition of the concept “species” presents relatively
few problems. In the plant and the animal world, a species is generally defined as a population
of individuals that can interbreed under natural conditions, produce fertile offspring, and that
is reproductively isolated from other populations. Such a definition is useless in the case of
the prokaryotes, as these show no sexual reproduction.

There is no general consensus about the definition of the concept of the species, i.e.,
the basic taxonomic unit in the prokaryote world (8–11). Definitions found in the literature
may for example circumscribe the species as “a distinct group of strains that have certain
distinguishing features and that generally bear a close resemblance to one another in the
more essential features of organization,” or “an assemblage of clonal populations that share
a high degree of phenotypic similarity, coupled with an appreciable dissimilarity from other
assemblages of the same general kind.” Such definitions provide little practical information
on how close that resemblance and similarity should be for two strains to be classified in
the same species, what features of organization should be considered essential, and what
degree of dissimilarity is required for two strains to warrant classification in different species.



Microbial Systematics 85

The delineation of species according to such definitions is therefore highly subjective. Some
definitions found in the literature stress this subjectivity to an even larger extent, such as that
of a species as “a group of organisms defined more or less subjectively by the criteria chosen
by the taxonomist to show to best advantage as far as possible and putting into practice his
individual concept of what a species is” (12).

It is obvious that a simpler, more pragmatic species definition is required to enable the
design of classification schemes and the establishment of a nomenclature that can be widely
used. Based on the experience of the last 20 years, such a pragmatic definition of the prokary-
ote species has indeed emerged. This species concept is based on the recommendations pub-
lished in 1987 by a committee of experts (9). These recommendations were recently confirmed
and extended by a new ad-hoc committee (10). The species concept is based on a polyphasic
approach (see also Sect. 3.3), which includes description of diagnostic phenotypic features
combined with genomic properties. Consistency of phenotypic and genomic characters is
required to generate a useful classification system for the prokaryotes (13). It is recommended
that a distinct genospecies (i.e., a species discernible only by nucleic acid comparisons) that
cannot be differentiated from another genospecies on the basis of any known phenotypic prop-
erty not be named until some phenotypic differentiating property is found (9). Individually,
many of the phenotypic and chemotaxonomic characters used as diagnostic properties are
insufficient to delineate species, but together they provide sufficient descriptive information
to allow the definition of a species. Description of a species should ideally be based on a
comparative study of a large number of isolates to define also the degree of variation of certain
properties within the defined boundaries of the species. In practice, however, more than 80%
of the new species descriptions that have been published in recent years were based on the
study of single isolates. Unfortunately, such species descriptions that are based on one or a few
strains only can lead to improper phenotypic circumscription of taxa, making the identification
of new isolates as members of a taxon problematic. From time to time, formal proposals
have been made to the International Committee for Systematics of Prokaryotes/International
Committee for Systematic Bacteriology (see Sect. 4.3) to define a minimum number of isolates
necessary as the basis of a description of a new species. However, such proposals have never
been formally approved. If they would have, many extremely interesting Bacteria and Archaea
that have been proposed and approved as new species in recent years could not have been
described simply because it had not been feasible to obtain more isolates. Our understanding
of the prokaryote world would have been much poorer as a result.

The genomic properties to be determined for the delineation of species are based on
comparisons of the complete genomes using techniques of DNA similarity determination
by DNA–DNA hybridization and/or assessment of the difference in the melting temperature
between the homologous and the heterologous DNA hybrids (7, 11). These tests have to be
performed under carefully standardized conditions to give reproducible results. The widely
accepted criterion defines a prokaryotic species as a group of strains, including the type strain,
that share at least 70% total genome DNA–DNA hybridization and have less than 5◦C �Tm

(= the difference in the melting temperature between the homologous and the heterologous
hybrids formed under standard conditions). The delineation value of 70%, as introduced
around 1987 (9), is artificial, but has proven satisfactory in most cases. DNA relatedness
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values between 30 and 70% point to a moderate degree of relationship – often parallel to
the extent of the genus. There are cases in the literature of species and even genera that share
more than 70% DNA–DNA similarity. A well-known case is that of the genera Escherichia
and Shigella, enteric bacteria that share more than 85% similarity. However, for pragmatic
reasons, the separation into two species is maintained. At the level of genera or higher taxa,
the resolving power of DNA–DNA similarity assays is limited.

It should be stated that DNA–DNA hybridization assays are seldom routinely performed in
most laboratories. The protocol includes labeling of the DNA (generally with radioisotopes),
shearing, and denaturing the sheared DNA, whereafter the labeled denatured DNA is mixed
with excess of unlabeled DNA from the second organism. The mixture is then cooled and
allowed to reanneal under carefully controlled conditions. Duplex DNA is then separated
from any unhybridized DNA remaining and the amount of bound DNA quantified. A control
experiment with homologous DNA is included and its results of the heterologous DNA
binding are normalized with respect to the homologous control. Different protocols exist,
and nonradioactive methods have also been introduced. The procedure is time-consuming,
and allows for pair-wise comparisons only, making comparisons of large numbers of strains
cumbersome. A recent reappraisal of the currently used methods in bacterial taxonomy to
delineate species concluded that, despite certain drawbacks with respect to reproducibility
and workability, DNA–DNA hybridization is still the best criterion for species delineation.
Its great advantage is its universal applicability. A disadvantage is that the method gives no
indication of which genes contribute to or detract from the similarity. In spite of the usefulness
of DNA–DNA similarity determinations, phenotypic properties including chemotaxonomic
markers will remain essential to describe new species (10), and such phenotypic properties
will always be essential as diagnostic markers to be used when new isolates are to be identified.

Given that there is no clear definition of the prokaryotic species, the guidelines for the
delineation of genera or higher taxonomic levels within the prokaryotes are even less clear.
The genus may be defined as “a collection of species with many characters in common,” but
the extent of the shared characters that should exist for species to be classified in a single genus
is largely a matter of personal judgment. There is, however, a general consensus that the divi-
sion into higher taxonomic levels should reflect phylogenetic relationships. As explained in
Sect. 6.1, sequence analysis of small-subunit ribosomal RNA (16S rRNA in prokaryotes, 18S
rRNA for eukaryotes) has provided a large extent of insight in the phylogenetic relationships
among microorganisms. The construction of small subunit rRNA-based phylogenetic trees
provides the taxonomist with a powerful technique to determine the phylogenetic position
of an isolate to the level of family and genus (14–16). Generally, there is a good correlation
between the DNA–DNA similarity and the similarity of the 16S rRNA gene sequence (17).
A DNA–DNA similarity of less than 70% generally corresponds with less than 97% 16S
rRNA sequence identity. Species classified in a single genus generally share at least 93–95%
identity in their 16S rRNA gene sequence. However, at the species level, the 16S rRNA-based
methods lack the necessary resolving power, and then DNA–DNA reassociation experiments
are still required (18) (see also Sect. 3.3). There are known cases in which two distinctly
different species with DNA–DNA similarity of less than 50% have identical 16S rRNA gene
sequences.
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Compared to the species concept in the plant and the animal world, the bacterial species
concept is exceptionally broad. When we would apply the “70% DNA–DNA similarity”
criterion to delineate species of higher eukaryotes, the number of recognized species would
decrease dramatically. For example, humans would not only belong to the same species as
chimpanzees (98.4% DNA–DNA relatedness), gorillas (97.7%), and orangutans (96.5%), but
even lemurs (78%) would be classified in the same species! The prokaryotic species, thus,
encompasses species that may be highly different on the genetic level (8).

The availability of the methodology to determine complete genome sequences of prokary-
otes (generally ranging in length between 2 × 106 and 6 × 106 base pairs) will probably
change the rules and concepts used in delineating species in the future. Until now, the
sequencing and annotation of bacterial genomes is a time-consuming and costly process,
however, the number of complete bacterial and archaeal genome sequences that are available
in public data bases is rapidly increasing (952 and 71, respectively, as of November 2009).
With the rapid developments in automated genome sequencing technology, the day may
come when the publication of the complete genome sequence of the type strain may become
obligatory for the description of a new species. In the meantime, the comparison of the
existing genome sequences has taught us much important information not only about the
structure of the prokaryote genome, but also about the extent of possible lateral gene transfer
between prokaryotes, not only at the level of species and genera, but even at the level of phyla
and domains (Archaea–Bacteria, Bacteria–Eucarya, Archaea–Eucarya). The question has
rightfully been asked whether is still would it be possible to delineate species at all if indeed
genes move freely from species to species, even between completely unrelated ones. The
conclusion of almost a decade of studies since the first complete bacterial genome sequence
was published is, that indeed prokaryotes can “capture” new genes from other organisms,
sometimes extremely distantly related. However, each species still appears to have its genetic
individuality, and it is surely not so that life is a common gene pool, shared more or less
randomly between all organisms that inhabit our planet. There are barriers that prevent a too
extensive exchange of genes, and as a result it is still possible to formulate a species concept
in the prokaryote world. As stressed above, the DNA–DNA hybridization method is based on
the similarities of complete genomes, not on the presence or absence of single genes, so that
the result of the test will not be greatly affected by the lateral transfer of a few genes obtained
from other organisms.

2.3. The Number of Prokaryotes that Have Been Described

Bacterial nomenclature saw a new beginning in 1980. In view of the confusion that had
arisen by that time, with many species of prokaryotes being known under different synonyms,
it was decided that the thousands of bacterial names that had been published in the past in the
greatly dispersed scientific literature would lose their validity, with the exception of approved
lists of about 2,500 species names that were published in that year (19). Since that date, only
those names of new prokaryote taxa published in the lists in the International Journal of
Systematic Bacteriology (from 2000 onwards renamed as the International Journal of System-
atic and Evolutionary Microbiology, see also Sect. 4.4) obtain standing in the nomenclature of
prokaryotes. Such new names can either be published in the form of original articles published
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Table 3.1
The Number of Prokaryotes described (Bacteria and
Archaea Combined) with names with standing in
Prokaryote nomenclature, as of November 3, 2009.
Derived from www.bacterio.cict.fr

Number of phylaa 26
Number of classesb 70
Number of orders 116
Number of families 253
Number of genera 1,732
Number of species 8,226

aThe term “Phylum” is not covered by the Bacteriological Code (4).
bThe term “Class” is not covered by the Bacteriological Code (4).

in that journal, or by including the proposed new names in the “Validation Lists” of species
that had before been described (“effectively published”) in other scientific journals. This rule
has greatly simplified bacterial taxonomy and nomenclature, and it is thus easy to keep track
of the number of published species and their names.

Table 3.1 gives an overview of the number of names of taxa (species, genera, families,
orders, classes, phyla, and domains) in the prokaryote world, Bacteria and Archaea combined,
that have been validly described by November 3, 2009. These numbers are updated bimonthly
with the publication of each new issue of the International Journal of Systematic and Evolu-
tionary Microbiology. The “List of Bacterial Names with Standing in Nomenclature” website
http://www.bacterio.cict.fr, maintained by Dr. Jean Euzéby (1) provides updated information
on the number of name of species (and subspecies) and on the higher taxa of prokaryotes with
standing in nomenclature (see also Sect. 4.5).

3. CLASSIFICATION OF PROKARYOTES

Historically, phenotypic properties have dominated the classification schemes of bacteria.
In the past, identification was primarily based on properties such as cell morphology, stain-
ing properties (the Gram stain; acid-fastness stain), the ability to grow on certain carbon
sources, excretion of certain end products, presence or absence of certain enzymatic activities,
temperature and pH range of growth, etc. The first genomic property to be included in
species descriptions of prokaryotes was the determination of the guanine + cytosine (G + C)
percentage in the DNA. This property was introduced in the early 1960s, and has retained its
value in bacterial taxonomy ever since, to the extent that no description of a new species
is complete without it. Even if the amount of information obtained by the determination
of the G + C percentage is limited (it does not provide any information on where in the
genome these guanine and cytosine bases are found), it has a distinct advantage that it
characterizes the complete genome, not a small part of it that may have a special function.
With the technological advancement in DNA sequencing, more genotypic properties were
found to be of value in bacterial characterization, classification, and identification. The best
known example is of course the sequence determination of the small subunit ribosomal RNA
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Table 3.2
Some properties used in identification and polyphasic taxonomy of prokaryotes (20)

Genotypic information
Properties based on the total DNA

Determination of the mol% Guanine + Cytosine
Restriction patterns: Restriction fragment length polymorphism (RFLP), Low frequency restriction
fragment analysis (PFGE)
DNA–DNA hybridization
Determination of the genome size

Properties based on DNA segments
Polymerase chain reaction (PCR) based DNA fingerprinting: ribotyping, Amplified rDNA restriction
analysis (ARDRA), Randomly amplified polymorphic DNA (RAPD), Amplified fragment length
polymorphism (AFLP), Arbitrarily primed PCR, repetitive element sequence-based PCR
DNA sequencing of selected genes
Use of specific probes for detection of selected genes

RNA-based properties
RNA sequencing
Determination of low molecular weight RNA profiles

Phenotypic information
Protein-based properties

Electrophoretic patterns (one- or two-dimensional) of total cellular or cell envelope proteins
Enzyme patterns (multilocus enzyme electrophoresis)

Chemotaxonomic markers
Cellular fatty acids (detected as fatty acid methyl esters)
Detection and characterization of mycolic acids
Polar lipid characterization
Identification of respiratory quinones
Identification of cellular polyamines
Characterization of the cell wall and of extracellular polysaccharides

Phenotypically expressed properties
Cell morphology
Physiological properties such as the range of substrates used
Enzymological tests
Serological characterization using monoclonal or polyclonal antibodies

(for prokaryotes: 16S rRNA). As discussed above (see Sect. 2.2), DNA–DNA hybridization
similarity, another genomic property, has obtained special status when it has to be decided
whether two strains do or do not belong to the same species. Bacterial taxonomy nowadays
can be described as “polyphasic,” i.e., involving both phenotypic and genomic traits (13, 20).
The sections below will discuss the different methods that are currently employed in this
polyphasic approach (summarized in Table 3.2), the kind of information that is obtained using
each of the common tests, and the relative merits of the different approaches.
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3.1. Genotypic Properties Used in Prokaryote Classification

A look at the upper part of Table 3.2 shows that many genotypic and genomic proper-
ties have found their way into modern prokaryote taxonomy. Some of these are properties
determined by the complete genome – notably the G + C base ratios and the DNA–DNA
hybridization methods. Other methods specifically target a special molecule, which often is
16S rRNA (universally applicable; 18S rRNA for eukaryotes) or specific genes that are present
in a certain group of Bacteria or Archaea only and that provide taxonomically valuable infor-
mation. Examples of the latter are amoA (coding for a subunit of the ammonium monooxyge-
nase that catalyzes the first step in ammonium oxidation during autotrophic nitrification), nifH
(encoding nitrogenase reductase, one of the enzymes essential for nitrogen fixation), and dsr,
the gene encoding the dissimilatory bisulfite reductase involved in the dissimilatory reduction
of sulfate to sulfide of sulfate reducers.

The G + C base ratio varies over a wide range in the prokaryote world, from approx-
imately 20–80%. While an identical G + C content of two species’ DNA does not prove
the existence of any relationship (after all, the same overall G + C content can be obtained
with many different sequences), a large difference (e.g., of 5 mol% or more) in G + C
content unequivocally shows that the isolates cannot be closely related. A number of different
techniques are currently in use for the experimental determination of the G + C percentage – in
addition of course to complete genome sequencing, which will automatically yield the desired
information; there are methods based on thermal denaturation profiles, centrifugation methods
that assess the buoyant density of the DNA, and HPLC methods that determine the amount
of each nucleotide after hydrolysis of the DNA. The determination of the buoyant density
is relatively seldom performed nowadays, as analytical ultracentrifuges are operated in only a
few laboratories. The method is based on the principle that the higher the G + C content of the
DNA, the higher the buoyant density of the DNA is in a CsCl gradient obtained by means of
high-velocity centrifugation. More common is the determination of the thermal denaturation
profile of the DNA. As the triple hydrogen bond between G–C pairs is stronger than the double
hydrogen bond between A–T, the higher the G + C content of the DNA double helix is, the
higher the temperature at which the two stands of the DNA will separate, a phenomenon
that can be monitored by the increase in the absorbance at 254 nm that accompanies thermal
denaturation. The HPLC method, based on quantification of the fragments obtained after
enzymatic hydrolysis of the DNA, has gained much popularity since it was first introduced
in 1989. Whatever method is used, different types of reference DNA of known G + C content
should be included in the tests for calibration, and information about the method used should
be provided (see the example in Table 3.3, showing a recently published description of a
new species within the genus Halorubrum (Domain Archaea, Phylum Euryarchaeota, Class
Halobacteria, Order Halobacterales (Halomebiales), Family Halobacteriaceae) (21).

Determination of 16S rRNA gene sequences has become an essential part of any species
description as well. When large numbers of strains should be compared, individual sequencing
of the 16S rRNA genes of all isolates is often not feasible. In such cases, shortcuts can be
introduced such as ribotyping (see Table 3.2), which is an identification method based on
the fragmentation pattern when the genomic DNA is cut by specific restriction enzymes, the
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Table 3.3
Example of a description of a new Prokaryote species based on polyphasic taxonomy

Comments

Description of Halorubrum terrestre sp. nov. sp. nov. = species nova = new species
Halorubrum terrestre (ter.res’tre. L. neut. adj. terrestre
of the soil, from which the strains were isolated)

The etymology of the specific epithet
proposed, in this case a Latin adjective

Cells are pleomorphic, flat and disc-shaped,
1.0–1.5 × 1.5–2.5 μm in size. Motile. Gas vacuoles not
produced

The morphological properties of the
species, as observed microscopically

Colonies are orange-red Description of special properties such as
pigmentation, as observed in colonies on
agar plates or in liquid culture

Growth occurs in media that contain 15–30% NaCl, with
optimum growth at 25% NaCl. Growth occurs between
28 and 50◦C (optimum at 37–45◦C) and pH 5–9
(optimum, 7.5)

The physical and chemical conditions
required for growth: salt concentration,
temperature, pH

Chemo-organotrophic; aerobic; oxidase- and
catalase-positive

The mode of metabolism and the relation
of the species to molecular oxygen

Acid is produced from glycerol, but not from arabinose,
fructose, galactose, glucose, lactose, maltose, sucrose, or
trehalose. Nitrate is not reduced to nitrite. Indole is not
produced from tryptophan. Voges–Proskauer test is
negative. Starch, gelatin, and casein are not hydrolyzed.
H2S is not produced. Arginine dihydrolase, lysine
decarboxylase, and ornithine decarboxylase are not
produced. The following compounds are not used as sole
carbon and energy sources: arabinose, cellobiose,
aesculin, fructose, fucose, gluconolactone, glucose,
glucosamine, inulin, mannose, melibiose, raffinose,
rhamnose, ribose, sucrose, trehalose, xylose, adonitol,
dulcitol, erythritol, ethanol, glycerol, mannitol,
meso-inositol, propanol, sorbitol, α-aminovalerate,
butyrate, caprylate, citrate, fumarate, glutamate,
glycerate, 2-oxoglutarate, malate, malonate, oxalate,
propionate, saccharate, and tartrate. The following
compounds are not used as sole carbon, nitrogen or
energy sources: L-alanine, L-arginine, L-asparagine,
betaine, creatine, L-glutamine, glycine, L-histidine,
L-lysine, L-methionine, L-ornithine, L-proline,
putrescine, sarcosine, L-serine, L-threonine, and L-valine

Description of the substrates on which the
species can grow and those that do not
support growth, as well as the result of
selected enzymatic tests that provide
information on the metabolic abilities of
the species

Susceptible to anisomycin, bacitracin, and novobiocin;
resistant to ampicillin, chloramphenicol, kanamycin,
nalidixic acid, penicillin G, polymyxin, streptomycin,
and tetracycline

Information on the sensitivity of the
species to different antibiotics and other
antibacterial compounds

(Continued)
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Table 3.3
(Continued)

Comments

Polar lipids are C20C20 derivatives of
phosphatidylglycerol, phosphatidylglycerol phosphate
methyl ester, phosphatidylglycerol sulfate and a sulfated
diglycosyl diether

Chemotaxonomic information on the
types of lipids present, with emphasis on
those lipids that are diagnostic for
different genera within the
Halobacteriaceae

DNA G + C content is 64.2–64.9 mol% (Tm method) The range of Guanine + Cytosine content
of the genomic DNA of the isolates of the
new species, including information on the
methodology used for its determination
(thermal denaturation)

The type strain is 4pT (=VKM B-1739T = JCM 10247T) The designated type strain (indicated with
a superscript capital T) and its accession
number in two public culture collections
(VKM = All-Russian Collection of
Microorganisms, Russian Academy of
Sciences, Pushchino, Russia; JCM =
Japanese Collection of Microorganisms,
Saitama, Japan)

DNA G + C content of this strain is 64.4 mol%
(Tm method)

The Guanine + Cytosine content of the
genomic DNA of the type strain of the
new species, including information on the
methodology used for its determination
(thermal denaturation)

Isolated from saline soils The habitat from which the strains
investigated were isolated

The GenBank/EMBL/DDBJ accession number for 16S
rRNA gene sequence of Halorubrum terrestre strain
VKM B-1739T is AB09016

The accession number of the 16S rRNA
gene nucleotide sequence of the type
strain, as deposited in the public gene
sequences databases

fragments separated by electrophoresis, and then hybridized with a probe specific for 16S
rRNA genes. Each species has its unique characteristic restriction pattern, and computerized
databases exist in which the restriction patterns of many species are stored. The method is
much more rapid than full sequencing of the 16S rRNA gene, and is very specific. There are
other current DNA fingerprinting methods, listed in Table 3.2, such as randomly amplified
polymorphic DNA (RAPD) strain typing (22).

3.2. Phenotypic Properties Used in Prokaryote Classification

A large number of phenotypic properties have been found useful in the description, classi-
fication, and identification of bacteria. Table 3.2 shows some of the most important ones that
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are generally applicable. There are many other properties that are relevant for specific groups
of microorganisms.

Among the phenotypic properties valuable for the description of bacterial isolates and of
value in bacterial systematics and taxonomy, one can name:

• Cell shape, cell size, motility, mode of flagellation
• Colonial morphology
• Gram-staining behavior, the ultrastructure, and the chemical structure of the cell wall (presence

of peptidoglycan, type of peptidoglycan, especially the nature of the peptides linking the polysac-
charide chains), presence of an outer membrane, presence of hopanoids and teichoic acids in the
cell wall

• The presence of exopolysaccharides and their structure
• Formation of endospores
• Presence of cellular inclusions such as gas vesicles, storage materials, etc., and other ultrastruc-

tural characteristics
• Pigmentation and characterization of the chemical nature of the pigments present (bacteri-

ochlorophylls, chlorophylls, phycobiliproteins, etc. in phototrophic Bacteria, carotenoids both
in phototrophic and in nonphototrophic prokaryotes, other classes of pigments)

• The nature of the membrane lipids (ether-linked in Archaea, ester-linked in Bacteria), and the
types of fatty acids present (generally determined as fatty acid methyl esters by gas chromatog-
raphy). Some fatty acids are very valuable as diagnostic markers. Rigorous standardization of
the methodology used is essential, and cultures to be compared should be grown under identical
conditions, as growth conditions may have a strong influence on the fatty acids pattern

• For respiratory organisms – the chemical nature of the respiratory quinones
• The types of polyamines present in the cell
• Temperature, pH, and salinity range and optimum for growth
• The types of metabolism performed by the cells: aerobic, anaerobic, chemoorganotrophic, pho-

totrophic, chemolithotrophic, etc., with information on the range of energy sources, electron
donors, electron acceptors, and carbon sources used. Miniaturized standardized tests, such as
those provided by the BIOLOGR system, are often helpful. The latter consists of microtiter
plates with wells that contain potential growth substrates and a redox indicator. Utilization
of the carbon source will cause a color change of the indicator, enabling the simultaneous
determination of the utilization of 95 different substrates within a short time. The procedure can
also easily be automatized. Other commercially available test kits (such as, e.g., the API system
for identification of enteric bacteria, which consists of miniaturized test tubes with different
media and reagents) enable the rapid determination of other physiological properties such as the
production of certain enzymes, growth and acid formation on specific carbon sources, and others.

• Special nutritional requirements
• Excretion of exoenzymes (amylases, proteases, lipases, etc.)
• Presence of special diagnostic enzymes
• Susceptibility to a range of antibiotics and other antibacterial substances; susceptibility to attack

by specific bacteriophages
• Immunological properties (reactions with specific antibodies, etc.)

It must be stressed that the results of individual phenotypic tests are insufficient to provide
information on the identity of bacterial isolates and on the genetic relatedness of strains.
However, integration of the results of a large number of phenotypic tests provides reliable
descriptive information enabling to recognize prokaryote taxa. This is illustrated in Table 3.3,
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which provides an example of a recently published species description that includes a large
number of phenotypic tests of diagnostic value. It is clear that description of an isolate as a
member of a new species requires extensive documentation of its properties, morphological
as well as physiological, 16S rRNA sequence determination, assessment of the base com-
position of the DNA, determination of DNA–DNA similarity with its closest relatives, and
documentation of as many other characteristics as possible.

A special type of taxonomy that is based on the comparison of many bacterial strains for
a large number of mainly phenotypic properties is the so-called numerical taxonomy (23),
also sometimes referred to as phenetic or Adansonian taxonomy. In this type of taxonomic
characterization, developed in the 1950s based on multivariate analysis, the strains are divided
into clusters on the basis of large numbers of tests followed by computer-assisted evaluation
of the results. These tests should belong to different categories (morphology, physiology,
biochemistry, serology, etc.) and should be independent of each other. An important principle
of this type of classification is that it is based on equal weighting of each of the characters
determined, so that each of the many tests (100–200 tests are ideally included in such studies,
and at least 50–60 are required to yield relevant results) has an equal importance in the final
outcome, rather than stressing the importance of certain traits. Following data collection of
the different tests, the results are coded as positive or negative, and the resemblance between
the strains is expressed in a similarity matrix. This matrix is then analyzed for taxonomic
structure, and the strains are arranged in groups (so-called phenons, equivalent to species in
many cases). On the basis of the delineation of these phenons, the diagnostic characters of each
group can be identified, and these can then later be used for the preparation of identification
schemes that will enable to place additional strains within the established framework.

3.3. The Polyphasic Approach Toward Prokaryote Classification

As stated in Sect. 2.2, there are no generally agreed-upon rules to delineate genera, except
the notion that genera should reflect phylogenetic relationships. Also, the delineation of
species is still problematic in the prokaryote world. Nowadays, there is a broad consensus
among microbial taxonomists that phylogenetic data are of superior value for the delineation
of genera and species, but that “polyphasic” definition of the taxa is required to describe and
define taxa at the genus and the species level and to differentiate them from their neighbors
(13, 20).

The polyphasic approach to taxonomy uses a combination of a variety of different phe-
notypic and genetic properties to establish a classification of microorganisms. It is the most
obvious strategy to collect a maximum amount of direct and indirect information about the
total genome. The term “polyphasic” was introduced in 1970 to describe taxonomy that
assembles and accumulates multiple sources of information, based on genetic–phylogenetic
as well as on phenotypic data and ecological properties. Nowadays, polyphasic taxonomy
refers to a consensus type of taxonomy and aims to utilize all the available data in delineating
consensus groups. The more properties are included in the descriptions (see Table 3.2), the
more robust and stable the resulting classification schemes will be. Different properties have
different resolving power; some are species-specific, while others are valuable to discriminate
genera, families, and orders. Descriptions of species using the polyphasic approach should
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reflect the phylogenetic relationships of the species with other related taxa, include total
genome DNA–DNA hybridization to determine the genomic relationships with related taxa,
and also provide further descriptive genomic, phenotypic, and chemotaxonomic information.

4. NAMING OF PROKARYOTES

4.1. The Binomial System of Naming Prokaryotes

Similar to the eukaryotic organisms, the species of prokaryotes have generic names and
specific epithets derived from Latin, latinized Greek or latinized modern words or names
(24, 25). The binomial system that was introduced by Linnaeus for the plant world in the
1750s is used for the domains Bacteria and Archaea as well. In many cases, do these names
give some information about the properties of the organism such as shape, color, habitat,
or physiology. Others have been named in honor of famous microbiologists in the past and
present. Three examples of bacteria and their etymology: the name Streptococcus pneumoniae
is derived from the Greek adjective streptos – στρεπτoς , twisted, flexible, the Greek noun
kokkos – κoκκoς designating a seed, a berry, and the Greek noun pneuma – πνευμα – breath,
from where the neo-Latin pneumonia. The nitrifying, nitrite-oxidizing bacterium Nitrobacter
winogradskyi derives its name from the Latin noun nitrum, nitrate, and bacter, being an
equivalent for the Greek noun bakterion – βακτεριoν, rod, staff; the species was named
in honor of Sergei Winogradsky, who in the 1880s discovered the nitrifying bacteria and
formulated the concept of chemolithotrophy. Finally, the name Acidithiobacillus ferrooxidans
provides considerable information on the physiology of the organism: the Latin adjective
acidus means acidic; thion – θηιoν is Greek for sulfur, bacillus is derived from the Latin
diminutive noun bacillum, a small rod, ferrum is the Latin form of iron, and the neo-Latin
verb oxidare means to oxidize. The name, thus, signifies that the organism is a rod-shaped
bacterium that lives in acidic environments, is involved in sulfur transformation, and oxidizes
iron compounds.

Each description of a new species (see also Table 3.3) should include a proposal for its name
and explain the etymology of that name. The naming of bacteria is subject to many rules and
recommendations, both derived from linguistic constraints and from scientific considerations.
Practical recommendations on how to name a new prokaryote can be found in a number of
treatises on the subject (24, 25).

The phylum Cyanobacteria presents special nomenclature problems, as the group is also
included by the botanists under the rules of the Botanical Code as Cyanophyta or blue-green
algae. This group consists of organisms with a prokaryotic cell structure that display oxygenic
photosynthesis, i.e., physiologically they resemble the eukaryotic algae and the higher plants.
The rules of botanical nomenclature are very different from those of the Bacteriological Code,
as the botanical types are not axenic live cultures such as are required under the Bacteriological
Code, but descriptions and material preserved in herbaria. The result is a highly confusing
and unsatisfactory situation in which many “species” appear under different names in the
literature. The 1980 approved lists of bacterial names (19) did not contain any names of
Cyanobacteria, and only very few names of species have since been validly published in
the International Journal of Systematic Bacteriology/International Journal of Systematic and
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Evolutionary Microbiology. The latest edition of Bergey’s Manual (5) (see also Sect. 7.1) does
not divide the phylum into classes, orders, and families, but instead provides a provisional
division of the group into subsections, each subsection consisting of several “form-genera.”
It is to be expected that the nomenclature problems of this group will not very soon find a
solution that will satisfy bacteriologists and botanists alike.

4.2. The Bacteriological Code

The nomenclature of the prokaryotes, Bacteria as well as Archaea, is regulated by the
rules of the Bacteriological Code – The International Code of Nomenclature of Bacteria, as
approved at the Ninth International Congress of Microbiology, Moscow, 1966, revised in 1990
(4), and amended at the meetings of the International Committee for Systematics of Prokary-
otes (before 2000: International Committee of Systematic Bacteriology (see Sect. 4.3). A new
revised version of the Code is presently in preparation – to be renamed International Code
of Nomenclature of Prokaryotes since 2000). The Bacteriological Code presents the formal
framework according to which prokaryotes are named and according to which existing names
can be changed or rejected. It covers the rules for the naming of species (and subspecies),
genera, families, and orders of prokaryotes. No provisions are made by the Code for the
naming of the higher taxa: class, phylum, and domain.

One aspect in which the Bacteriological Code differs from the Botanical Code and the
Zoological Code, the latter two being similar documents that regulate nomenclature in the
plant and the animal world, is the rule (Rule no. 24a) according to which a new start was
made in prokaryote nomenclature with the publication of the 1980 approved lists of names
(19), therewith abolishing the need to search the older, and often very confusing literature
(see also Sect. 2.3). In contrast, botanists who want to establish whether a certain plant has
been recorded before in the literature often have to search the scientific journals and books as
far back as 1753, the year in which Linnaeus published his “Species Plantarum.” Zoologists
face a similar problem when they must decide whether an animal they discovered may be
described as a new species.

4.3. The International Committee on Systematics of Prokaryotes

The rules that regulate the nomenclature of prokaryotes, as published in the Bacteriological
Code, are set by the International Committee on Systematics of Prokaryotes (ICSP) (before
2000: the International Committee of Systematic Bacteriology). This committee is a con-
stituent part of the International Union of Microbiological Societies (IUMS). The committee
meets at least once every 3 years – at the time of the IUMS congresses. The committee
discusses nomenclatural problems that have arisen in different groups of prokaryotes and
proposes changes and amendments to the rules of the Bacteriological Code. The minutes
of the committee’s meetings are published in the International Journal of Systematic and
Evolutionary Microbiology (see Sect. 4.4). Information on the committee, its members, and
its different subcommittees can be found in its Web site: http://www.the-icsp.org.

The ICSP has established several subcommittees. One important subcommittee is the
Judicial Commission, a committee that deals with problematic cases in bacterial nomenclature
and renders judicial decisions in instances of controversy about the validity of a name, identity
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of type strains, and cases of emerging problems with the interpretation of the rules of the
Bacteriological Code. It may propose amendments to the Code and consider exceptions that
may be needed to certain rules. The decisions of the Judicial Commission need to obtain
approval of the ICSP to obtain standing. Problems can be brought to the attention of the
Judicial Commission by submission of a “Request for an Opinion” to be published in the
International Journal of Systematic and Evolutionary Microbiology.

The ICSP has established a number of taxonomic subcommittees that discuss nomen-
clatural problems of specific groups of prokaryotes. Currently, there are 28 such subcom-
mittees, dealing with groups such as Bacillus and related organisms, phototrophic bacteria,
methanogenic Archaea, Gram-negative anaerobic rods, Bifidobacterium, Lactobacillus and
related organisms, the genus Mycobacterium, staphylococci and streptococci, and others.
Details about the membership and about the taxa covered by these subcommittees can be
found in the web site of the ICSP. The minutes of the meetings of these subcommittees are
published as well in the International Journal of Systematic and Evolutionary Microbiology.

4.4. The International Journal of Systematic and Evolutionary Microbiology

The International Journal of Systematic and Evolutionary Microbiology (prior to 2000:
International Journal of Systematic Bacteriology) is the journal in which new names of taxa
of prokaryotes must be published in order to obtain standing in the nomenclature; since 1976
validation is only possible by publication in this journal. It is also possible to describe the
new species or other taxa in another scientific journal (“effective publication”), but the new
name will not obtain standing in the nomenclature until it has been included in the “Validation
Lists” of names first published elsewhere. Such validation lists are included regularly in the
issues of the journal, which presently appears monthly.

In addition to being the platform for describing new prokaryote taxa, the International
Journal of Systematic and Evolutionary Microbiology publishes articles that address taxon-
omy, phylogeny and evolution of prokaryotes (as well as of fungi and some other groups of
eukaryotic protists). In addition, it contains the minutes of the meetings of the International
Committee of Systematics of Prokaryotes, its Judicial Commission and its taxonomic sub-
committees, as well as correspondence relating to bacterial nomenclature such as “Request
for an Opinion” documents with queries to the Judicial Commission (see Sect. 4.3).

4.5. Information on Nomenclature of Prokaryotes on the Internet

The web site www.bacterio.cict.fr, maintained by Dr. Jean Euzéby of the University of
Toulouse, France (1), contains a wealth of information on all names of prokaryotes that have
standing in the nomenclature. The site is updated monthly with the publication of the latest
issue of the International Journal of Systematic and Evolutionary Microbiology. It provides
important information on the type strains of each species and on any name changes and
current or past nomenclature problems. In addition, the site contains a great deal of additional
information relevant to prokaryote nomenclature. For example, the information on the total
number of species with standing in the nomenclature as given in Table 3.1 was derived from
this web site.
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In addition, much information on specific groups of microorganisms can be found in the
Web pages of several of the International Committee on Systematics of Prokaryotes taxonomic
subcommittees (www.the-icsp.org; see also Sect. 4.3).

5. CULTURE COLLECTIONS OF PROKARYOTES AND THEIR IMPORTANCE
IN TAXONOMY AND IDENTIFICATION

As explained in Sect. 2.1, the type strain of each newly described species must be deposited
in at least two publicly accessible culture collections located in different countries, so that
the strain will be preserved and made available for further study by any interested scientist.
Such culture collections are extremely important for the preservation of microbial biodiversity,
and their importance for microbial taxonomy cannot be overestimated when it comes, for
example, to referencing strains that should be used when comparing new isolates (26). Culture
collections generally preserve bacterial strains either in dry, lyophilized form, to be revived by
wetting and suspension in suitable growth medium, or frozen in liquid nitrogen. In addition to
storing and distributing publicly available strains, culture collections may provide safekeeping
facilities for patented strains of microorganisms. Many also provide characterization and
identification facilities.

A list of culture collections that maintain cultures of prokaryotes can be found in the
www.bacterio.cict.fr Web site (see Sect. 4.5), and a representative list is found in Vol. 1 of
the second edition of Bergey’s Manual of Systematic Bacteriology (26) (see also Sect. 7.1).
Some of these culture collections maintain Web sites that, in addition to the strain catalogs and
technical details about depositing and ordering strains, provide extensive information about
the history and the nomenclature of the strains, recipes for media in which the isolates can
be grown, and much more. The Web sites of the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ, Braunschweig, Germany – www.dsmz.de) and the American Type
Culture Collection (ATCC, Manassas, VA, USA – www.atcc.org) are especially useful in this
respect.

6. SMALL-SUBUNIT rRNA-BASED CLASSIFICATION OF PROKARYOTES

Before the late 1970s, no methods were available that would enable linking bacterial
systematics and taxonomy with bacterial phylogeny. Thereafter, molecular methods have been
introduced, based on sequencing of genes that can be used as “evolutionary clocks,” i.e.,
that provide information on evolution in the prokaryote world. The principle of molecular
taxonomy and of phylogenetic tree reconstruction is based on the concept that biological
macromolecules can be used as evolutionary chronometers that measure evolutionary change.
Mutations that have occurred during the course of time have become fixed in the populations,
resulting in diversity in sequences of nucleotides in genes and of amino acids in proteins. Evo-
lutionary distances can thus be measured by differences in nucleotide or amino acid sequence
of monomers in homologous macromolecules. As explained in Sect. 3.3, one of the goals
of polyphasic taxonomy is that the classification of the genera should reflect phylogenetic
relationships. Thanks to the availability of the appropriate techniques, notably the sequencing
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of the genes encoding the small-subunit (16S) ribosomal RNA, the fulfillment of this goal is
now within reach.

6.1. 16S rRNA as a Phylogenetic Marker

When Carl Woese started to compare nucleotide sequences of small-subunit ribosomal
RNA (16S rRNA in prokaryotes, 18S rRNA in eukaryotes) at the University of Illinois in the
late 1970s, few people realized that the approach used and the results obtained would within
one to two decades revolutionize our views not only about prokaryote evolution, but also about
classification of prokaryotes (27). It was to Woese’s credit that he realized early on that the
ribosomal RNA molecules are the best suited to serve as molecular chronometers to track
down the course of prokaryote phylogeny (14–16). As each cell has ribosomes, ribosomal
RNA is universally distributed and functionally homologous, and the rate of change in these
molecules has proven sufficiently slow to be useful to reconstruct the phylogeny of organisms
that exist on Earth for three and a half billion years at least. Common ancestry, genetic stability,
appropriate size, and the presence of independently evolving domains within the molecules
are other properties that make the 16S and 18S rRNAs ideally suited to serve as phylogenetic
markers.

Prokaryote ribosomes contain three molecules of RNA, 5S rRNA, 16S rRNA, and 23S
rRNA, with about 120, 1,540, and 2,900 nucleotides, respectively. The latter two are large
enough to contain sufficient information for the purpose of phylogenetic tree reconstruction.
Technically, the sequencing of the 16S rRNA (or the gene that codes for it) is easier than
sequencing of the much longer 23S rRNA. The results obtained from analysis of the 23S rRNA
gene sequencing generally confirm those obtained with the 16S rRNA gene. Accordingly,
16S rRNA has become the molecule of choice for general use in phylogenetic studies of
prokaryotes.

Determination of phylogenetic relationships, based on 16S and to a lesser extent on 23S
rRNA sequence similarities, has become routine procedure in bacterial taxonomy. Sequencing
of the genes generally follows their prior amplification by PCR. No characterization of new
species of prokaryotes is nowadays complete without presentation of the 16S rRNA gene
sequence and deposition of this sequence in a public database, such as the GenBank, to make
it available to the scientific world (see also Table 3.2). There is also a specialized database,
the Ribosomal Data Base Project (http://rdp.msu.edu), which presently (November 10, 2009)
contains 1,235,044 16S rRNA gene sequences, both of cultured organisms and of sequences
recovered from DNA isolated from the mixed community present in the environment (see
Sect. 9). New sequences can be compared by aligning them with those present in the database,
and phylogenetic trees can then be computed using statistical methods. Figure 3.1 shows an
example of the phylogenetic tree of the prokaryotes obtained on the basis of 16S rRNA gene
sequence comparisons (based on sequences derived from cultured species only; a few phyla
of Bacteria that are currently represented by only very few cultured species are not shown),
and Table 3.4 summarizes the properties of the most important phylogenetic groups that have
emerged from these comparisons. It should be noted that the exact topology of such trees
may to some extent depend on the computational procedure followed. A discussion of the
algorithms used for the calculation of the tree topologies is outside the scope of this chapter.
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Fig. 3.1. Schematic rooted phylogenetic tree, based on small subunit ribosomal RNA comparisons,
showing the most important phyla of Bacteria and Archaea.

Overall, it can be stated that the resulting phylogenetic trees are rather robust constructs.
Their topology is largely confirmed by comparative analyses of other conserved molecules
(elongation factors, the β-subunit of ATP synthase, and other proteins).

The existence of this extensive and ever-growing database enables us to rapidly place any
newly isolated prokaryote within the phylogenetic classification scheme at least to the level
of the genus. As stressed earlier (see Sect. 2.2), the resolving power of 16S rRNA gene as a
taxonomic marker is insufficient to allow identification to the species level.

One of the most important concepts that emerged from 16S rRNA and 18S rRNA sequence
comparisons, already from the very beginning of these studies in Carl Woese’s laboratory in
the 1970s, is that the prokaryote world is not phylogenetically homogeneous. On the basis
of the small subunit ribosomal RNA sequences, the fundamental division of the forms of
life that inhabit planet Earth should be not into two groups (prokaryotes and eukaryotes), as
was customary at the time, but into three groups, the eukaryotes and two groups (“primary
kingdoms,” now called domains) of prokaryotes, which among each other show as little phy-
logenetic relationship as each of these domains with the eukaryotes. Woese originally named
these prokaryotes, Eubacteria and Archaebacteria. The names currently used are Bacteria
and Archaea for the prokaryotic domains, and Eucarya for the eukaryotic domain (see also
Fig. 3.1) (14–16). The following sections explore the differences between the Bacteria and the
Archaea, and provide an overview of the properties of the different groups (at least at the level
of phyla) within each of these two basic domains of prokaryote life. Phylogenetic analyses
based on conserved protein sequences generally support a closer relationship between the
Archaea and the Eucarya than between the Archaea and the Bacteria, such as is also suggested
by the tree topology shown in Fig. 3.1. The concept that the prokaryotes are phylogenetically
heterogeneous was only slowly accepted by the scientific world. However, nowadays, the basic
division of life into three domains, separating the Archaea from the Bacteria is now accepted
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by nearly all bacteriologists. Alternative views are, however, proposed from time to time (28).
A discussion of these alternative models of prokaryote evolution is outside the scope of this
chapter.

Phylogenetic trees, such as the one shown in Fig. 3.1, do not provide an answer to the
question of the nature of the universal ancestor of all life forms on Earth. One can also not
infer from these trees whether the Archaea are a more ancient group than the Bacteria, or
whether the prokaryotes formed an ancestral stage that led to the development of the primitive
eukaryotic cell. It is, however, well established that the mitochondria found in most eukaryotic
cells have an ancestry that can be traced back to the Proteobacteria, one of the phyla within the
domain Bacteria. Similarly, the origin of the chloroplasts, the organelles responsible for light
harvesting, and autotrophic fixation of carbon dioxide in algae and higher plants, is within the
Cyanobacteria phylum of the Bacteria. These organelles are the size of prokaryotes, contain
their own DNA, and have ribosomes that resemble in size and properties those of the Bacteria
rather than those of the eukaryotic cell. Genome sequence analyses of representatives of the
three domains have made it clear that phylogenetically speaking, the eukaryotic cell is thus
a chimera, which includes components derived from the Eucarya, the Bacteria, and also the
Archaea.

6.2. The Differences Between Bacteria and Archaea

If indeed the Archaea are phylogenetically so distant from the Bacteria as it appears from
the 16S rRNA gene sequence-based trees (Fig. 3.1), it should be expected that this great
evolutionary distance would also find its expression in a large number of other properties,
including phenotypic ones. Morphologically, the Archaea and the Bacteria are very similar,
and also at the level of the cell ultrastructure, there are no obvious differences between typical
representatives of both groups. Because of this apparent morphological and structural simi-
larity of the members of the two domains, the three-domain model of Woese met with much
skepticism in the first years. However, when more in-depth comparative studies were made
of the representatives of the two domains, it became clear that indeed there are far-reaching
differences between Bacteria and Archaea, not only in the nucleotide sequences of ribosomal
RNAs, but also in many fundamental properties of the cell, including the structure of the cell
wall, the type of lipids in the membrane, the properties of the transcription mechanism of DNA
to form RNA, the details of operation of the protein synthesis machinery of the ribosome,
sensitivity to different antibiotics, and others. Table 3.5 summarizes the most important of
those differences that define the two prokaryotic domains.

One of the most prominent differences between the members of the archaeal and the
bacterial domains is the structure of the cell wall. With a few exceptions, the cell wall of
the Bacteria contains peptidoglycan, either in a thin layer and accompanied by other cell
wall and outer membrane layers in the Gram-negative members, or a thick layer in the
Gram-positives. Peptidoglycan is altogether absent in the archaeal domain. Accordingly, the
archaeal cell wall is not lysed by the enzyme lysozyme, and none of the Archaea is susceptible
to penicillin and other β-lactam antibiotics that inhibit the cross-linking of the polysaccharide
chains by peptide chains in peptidoglycan. Another striking difference between the domains
is the structure of the membrane lipids. The lipids of the Bacteria closely resemble the lipids



Microbial Systematics 107

Ta
b

le
3.

5
T

h
e

m
aj

or
d

if
fe

re
n

ce
s

b
et

w
ee

n
th

e
A

rc
ha

ea
an

d
th

e
B

ac
te

ri
a

(2
9)

Pr
op

er
ty

A
rc

ha
ea

B
ac

te
ri

a
C

om
m

en
ts

Pr
es

en
ce

of
pe

pt
id

og
ly

ca
n

in
th

e
ce

ll
w

al
l

A
bs

en
t

Pr
es

en
ti

n
m

os
t

Pe
pt

id
og

ly
ca

n
is

ab
se

nt
in

th
e

eu
ka

ry
ot

e
w

or
ld

as
w

el
l

Se
ns

iti
vi

ty
to

pe
ni

ci
lli

n
an

d
ot

he
r

[β
]-

la
ct

am
an

tib
io

tic
s

R
es

is
ta

nt
M

os
tly

se
ns

iti
ve

β
-L

ac
ta

m
an

tib
io

tic
s

in
hi

bi
tt

he
cr

os
s-

li
nk

in
g

of
th

e
po

ly
sa

cc
ha

ri
de

ch
ai

ns
du

ri
ng

th
e

fo
rm

at
io

n
of

pe
pt

id
og

ly
ca

n,
a

co
m

po
ne

nt
ab

se
nt

in
th

e
A

rc
ha

ea
N

at
ur

e
of

th
e

m
em

br
an

e
lip

id
s

D
ip

hy
ta

ny
l(

C
20

)
gl

yc
er

ol
di

et
he

rs
or

di
bi

ph
yt

an
yl

(C
40

)

di
gl

yc
er

ol
te

tr
ae

th
er

s
(b

ra
nc

he
d

lo
ng

-c
ha

in
al

co
ho

ls
–

ph
yt

an
ol

s
–

et
he

r
lin

ke
d

to
gl

yc
er

ol
)

G
ly

ce
ro

le
st

er
s

of
al

ip
ha

tic
fa

tt
y

ac
id

s
(g

en
er

al
ly

st
ra

ig
ht

-c
ha

in
,C

16
an

d
C

18
-d

om
in

at
ed

)

T
he

B
ac

te
ri

a
ha

ve
th

e
sa

m
e

ty
pe

s
of

lip
id

s
as

th
e

eu
ka

ry
ot

ic
m

ic
ro

-
an

d
m

ac
ro

or
ga

ni
sm

s.
T

hi
s

ty
pe

of
lip

id
s

is
m

is
si

ng
al

to
ge

th
er

in
th

e
A

rc
ha

ea
.

E
th

er
-l

in
ke

d
fa

tt
y

ac
id

s
ar

e
on

ly
ra

re
ly

fo
un

d
in

th
e

do
m

ai
n

B
ac

te
ri

a
A

nt
ib

io
tic

se
ns

iti
vi

ty
of

th
e

pr
ot

ei
n-

sy
nt

he
si

zi
ng

m
ac

hi
ne

ry
of

th
e

ri
bo

so
m

e

C
hl

or
am

ph
en

ic
ol

-a
nd

ka
na

m
yc

in
-r

es
is

ta
nt

,o
ft

en
an

is
om

yc
in

-s
en

si
tiv

e

C
hl

or
am

ph
en

ic
ol

-a
nd

ka
na

m
yc

in
-s

en
si

tiv
e,

an
is

om
yc

in
re

si
st

an
t

T
he

eu
ca

ry
al

pr
ot

ei
n

sy
nt

he
si

s
re

se
m

bl
es

th
at

of
th

e
A

rc
ha

ea
in

th
e

se
ns

iti
vi

ty
to

th
e

na
m

ed
an

tib
io

tic
s.

H
ow

ev
er

,A
rc

ha
ea

ar
e

no
ti

nh
ib

ite
d

by
cy

cl
oh

ex
im

id
e,

a
po

te
nt

in
hi

bi
to

ro
f

pr
ot

ei
n

sy
nt

he
si

s
by

th
e

eu
ka

ry
ot

e
ri

bo
so

m
e

(C
on

ti
nu

ed
)



108 A. Oren

Ta
b

le
3.

5
(C

on
ti

nu
ed

)

Pr
op

er
ty

A
rc

ha
ea

B
ac

te
ri

a
C

om
m

en
ts

F
ir

st
am

in
o

ac
id

to
in

iti
at

e
a

po
ly

pe
pt

id
e

ch
ai

n
du

ri
ng

pr
ot

ei
n

sy
nt

he
si

s

M
et

hi
on

in
e

N
-f

or
m

yl
m

et
hi

on
in

e
M

et
hi

on
in

e

Se
ns

iti
vi

ty
of

th
e

A
D

P-
ri

bo
sy

la
tio

n
of

th
e

pe
pt

id
e

el
on

ga
tio

n
fa

ct
or

E
F-

2
to

di
ph

th
er

ia
to

xi
n

Se
ns

iti
ve

In
se

ns
iti

ve
T

he
eu

ka
ry

ot
ic

ri
bo

so
m

e
is

su
sc

ep
tib

le
to

in
hi

bi
tio

n
by

di
ph

th
er

ia
to

xi
n

as
w

el
l

St
ru

ct
ur

e
of

th
e

pr
om

ot
er

fo
r

in
iti

at
io

n
of

R
N

A
sy

nt
he

si
s

TA
TA

bo
x

−1
0

an
d

−3
5

se
qu

en
ce

s
(P

ri
bn

ow
bo

x)
T

he
eu

ka
ry

ot
ic

pr
om

ot
er

s
co

nt
ai

n
th

e
TA

TA
bo

x,
si

m
ila

r
to

th
e

A
rc

ha
ea

Pr
op

er
tie

s
of

th
e

D
N

A
-d

ep
en

de
nt

R
N

A
po

ly
m

er
as

es

M
ul

ti
co

m
po

ne
nt

en
zy

m
es

,
co

nt
ai

ni
ng

8–
12

po
ly

pe
pt

id
es

;
no

ti
nh

ib
ite

d
by

ri
fa

m
pi

ci
n

an
d

st
re

pt
ol

yd
ig

in

a 2
β
β

′ σ
ty

pe
;i

nh
ib

ite
d

by
ri

fa
m

pi
ci

n
an

d
st

re
pt

ol
yd

ig
in

In
th

e
eu

ka
ry

ot
es

,m
ul

ti
co

m
po

ne
nt

en
zy

m
es

(1
2–

14
po

ly
pe

pt
id

es
)a

re
fo

un
d

S
pe

ci
al

pr
op

er
ti

es
of

th
e

tR
N

A
s

T
he

“c
om

m
on

ar
m

”
of

th
e

tR
N

A
us

ua
lly

co
nt

ai
ns

ri
bo

th
ym

id
in

e
T

he
“c

om
m

on
ar

m
”

of
th

e
tR

N
A

us
ua

lly
co

nt
ai

ns
ps

eu
do

ur
id

in
e

or
1-

m
et

hy
lp

se
ud

ou
ri

di
ne



Microbial Systematics 109

of the Eucarya, with generally straight-chain aliphatic fatty acids bound to glycerol by ester
bonds. The Archaea, on the other hand, contain lipids in which the chemical bond between the
glycerol moieties and the hydrophobic chains is an ether instead of an ester bond. Moreover,
the hydrophobic chains are not straight-chain 16- or 18-carbon fatty acids, but isoprenoid
branched chains with generally 20 carbons. Many Archaea, notably the hyperthermophilic
species, have instead of a lipid bilayer a lipid monolayer membrane in which two glycerol
moieties are linked by 40-carbon isoprenoid (biphytanyl) chains, providing a highly stable
membrane with covalent bonds spanning over its whole width.

There are additional differences between Archaea and Bacteria, as listed in Table 3.5.
Some of these are connected with the protein synthesis machinery, and they result in different
sensitivities to antibiotics. Others are located in the mechanism of transcription.

6.3. An Overview of the Bacteria

The classification scheme of the prokaryotes into two domains, Bacteria and Archaea, as
given in the latest edition of Bergey’s Manual (5) (see Sect. 7.1) can be conveniently used
as a framework to provide an overview of the different groups of prokaryotic organisms
(Table 3.5). It must be again stressed more that this classification should not be considered
as an “official” classification of the prokaryotes, as such an official classification does not
exist (see Sect. 2.1).

Volume 1 of the latest edition of Bergey’s Manual (2001) divides the domain Bacteria
into 23 phyla and 31 classes. Some of these phyla contain as yet a few species only, which
have obtained their special status on the basis of their highly divergent 16S rRNA gene
sequences. Other phyla contain many hundreds of species – examples are the Proteobacteria
and the Actinobacteria. Some phyla and classes consist of physiologically and/or morpho-
logically similar groups of microorganisms. Well-known examples are the Thermotogae and
the Aquificae, which consist entirely of thermophiles, the Chlorobi, which are all anoxygenic
phototrophic prokaryotes, the Spirochaetes, spiral-shaped cells with a characteristic mode of
motility due to the unusual way the flagella are inserted, and the Cyanobacteria, which are all
oxygenic phototrophs. It cannot be excluded that these phyla may prove more diverse when
more representatives of the groups will be isolated in the future. Other phyla and classes are
very heterogeneous from the aspect of the physiology of their members. Most of the five
classes of the phylum Proteobacteria contain obligatory and facultative aerobic, obligatory
anaerobic, photoautotrophic, photoheterotrophic, and chemolithotrophic organisms of highly
diverse morphology, range of substrates uses as carbon and energy sources, etc. The only
reason why these had been brought together in one phylum or class is the similarity in
16S rRNA gene sequence, on which this particular classification scheme is heavily based.
Also, the phyla, Firmicutes and Bacteroidetes, contain species that are differ greatly in their
physiological and other phenotypic properties.

Most of the Gram-positive bacteria are clustered in the phylum Firmicutes, but this phylum
also contains species that show a negative Gram stain reaction, such as the wall-less Mollicutes
(Mycoplasma and relatives). Gram-negative organisms are found all over the phylogenetic
tree of the Bacteria. The Gram stain is thus of little value to assess the position of a bacterial
isolate in the phylogenetically based classification scheme of Bergey’s Manual. Possession of
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chlorophyll or bacteriochlorophyll derivatives and a phototrophic life style alone is also insuf-
ficient to place any isolate in its proper place in the system. Chlorophyll-based photosynthesis
has not yet been encountered in the domain Archaea; however, the property is widespread
in the bacterial domain, no less than five of the phyla contain phototrophs. Chlorophyll
a-based oxygenic photosynthesis is found in the Cyanobacteria, and bacteriochlorophyll-
based anoxygenic photosynthesis is found in all known representatives of the Chlorobi, in
most species of the Chloroflexi, in many representatives of the Proteobacteria (within the
classes “Alphaproteobacteria,” the “Betaproteobacteria,” and the “Gammaproteobacteria” –
classes that all contain very heterogeneous assemblages of species as far as their physiology
is concerned), and in a few genera of the family “Heliobacteriaceae” within the phylum
Firmicutes.

6.4. An Overview of the Archaea

The Bergey’s Manual classification scheme (5), the domain Archaea is subdivided into two
phyla – the Crenarchaeota with one class, and the Euryarchaeota with seven classes. With the
exception of most methanogens (Euryarchaeota), all cultured representatives of the domain
Archaea are extremophiles that inhabit environments with extremely high temperatures (these
include many methanogens as well), often combined with growth at low pH, or environments
characterized by a high salt concentration, in many cases combined with high pH values.
Physiologically, the group is very heterogeneous. One property that is notably absent from
the archaeal domain is that of chlorophyll-based photosynthesis, a feature so widespread in
the bacterial domain. Use of light energy is, however, possible in some extremely halophilic
representatives of the family Halobacteriaceae (Euryarchaeota), based on light absorption by
bacteriorhodopsin with the formation of a transmembrane proton gradient. Until recently, this
type of light utilization was even considered unique to the archaeal domain. However, with the
discovery of proteorhodopsin – a similar pigment that is found in the membrane of certain (yet
to be cultured) representatives of the Proteobacteria – this claim can no longer be maintained.

All cultured members of the Crenarchaeota (class Thermoprotei, orders Thermoproteales,
Sulfolobales, and Desulfurococcales) are thermophilic. The group contains aerobes as well
as anaerobes. Many representatives obtain their energy by oxidizing hydrogen or organic
compounds while using elemental sulfur as terminal electron acceptor in respiration; others
reduce sulfur compounds. Some are chemoautotrophs; others require organic carbon sources.

In recent years, it has become clear that the Crenarchaeota phylum contains nonex-
tremophilic representatives as well, and these appear to be widespread. Sequencing of 16S
rRNA genes isolated from marine bacterioplankton showed that a substantial fraction of the
prokaryotic community in the open sea consists of Archaea, Crenarchaeota as well as Eur-
yarchaeota (30). A marine crenarchaeote named (“Candidatus Nitrosopumilus maritimus”)
has recently been isolated; it is an autotrophic ammonia-oxidizing organism. Little can yet
be said about the physiology and the function of other groups of Archaea in the marine
environment.

In the phylum Euryarchaeota, a greater phenotypical diversity is encountered than in the
Crenarchaeota. Three out of the seven classes presently recognized (the Methanobacteria, the
Methanococci, and the Methanopyri) consist of methanogenic anaerobes. The Halobacteria
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generally have an aerobic life style, and their habitat is restricted to hypersaline environments,
typically from 150 g/L salt up to saturation. The three remaining classes (Thermoplasmata,
Thermococci, and Archaeoglobi) are all thermophilic, and most live as anaerobic or facultative
aerobic heterotrophs. The Archaeoglobi are heterotrophs or chemoautotrophs, and perform
anaerobic respiration with sulfate or nitrate as terminal electron acceptors. As stated earlier,
the open sea contains large communities of Euryarchaeota as well. These have not yet been
brought into culture, and their mode of metabolism is as yet unknown.

7. SOURCES OF INFORMATION ON PROKARYOTE SYSTEMATICS

Except for the general textbooks of microbiology (29), there are two major sources of
valuable information on classification of prokaryotes and on the properties of each group:
Bergey’s Manual of Systematic Bacteriology and The Prokaryotes.

7.1. Bergey’s Manual of Systematic Bacteriology

Bergey’s Manual of Systematic Bacteriology (5) and its predecessor, Bergey’s Manual
of Determinative Bacteriology, have served microbiologists since 1923. Eight editions of
Bergey’s Manual of Determinative Bacteriology have been published between 1923 and
1974. The first edition of Bergey’s Manual of Systematic Bacteriology was published in
four volumes between 1984 and 1990. The first volume of the second edition (see also
http://www.bergeys.com), which covers the Archaea and the deep branching and phototrophic
Bacteria, was released in 2001 (5). The second volume, covering the Proteobacteria was
released in 2005 and the third volume on the Firmicutes in 2009; two more volumes are
scheduled to follow in the coming years.

Bergey’s Manual provides formal descriptions of all prokaryote taxa described to date,
including both phenotypic and genetic information – all in accordance with the polyphasic
approach outlined in Sect. 3.3. It also supplies much useful information that enables the
microbiologist to identify his isolates. The older editions (Bergey’s Manual of Determinative
Bacteriology) provided extensive keys for the identification of bacterial isolates, resembling
the dichotomous identification keys found in plant identification manuals. This approach has
largely been abandoned in the two editions of Bergey’s Manual of Systematic Bacteriology.
Here, bacterial and archaeal classification is primarily based on 16S rRNA gene sequence
comparisons (5, 31). The classification scheme shown in Table 3.5 is based on the latest
edition of the manual. Although this classification scheme does not represent an “official”
classification of prokaryotes, it has been adopted by the scientific community more or less as
a “consensus” framework to classify prokaryotes. Tables for differentiation of the various taxa
are included in each chapter to make the information accessible for identification purposes too.

7.2. The Prokaryotes

The Prokaryotes (32) is another extremely valuable resource of information on bacterial
diversity and systematics. This handbook is now in its third edition. The first edition (1981)
was published in two volumes, the second (1992) in four. The third edition was first published
online only, but a printed edition in 7 volumes, encompassing 259 chapters on more than
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7,500 pages, was published in 2006. These chapters cover all aspects of the biology of the
prokaryotes, provide useful practical suggestions for growing and handling them, and include
recipes of growth media for the cultivation of each group. The wealth of information supplied
is also very useful as an aid toward identification of new isolates.

8. IDENTIFICATION OF PROKARYOTE ISOLATES

Environmental microbiologists are often faced with the need to identify bacteria isolated
from the environment. From the earlier sections in this chapter, it should be apparent that iden-
tification of prokaryotes is not a simple procedure. There are no straightforward identification
tables such as those existing for the higher plants. The older editions of Bergey’s Manual
indeed contained such dichotomous identification keys, but nowadays such keys are no longer
satisfactory. Characterization of species, and therefore identification as well, is now based on
the polyphasic approach to taxonomy (13, 20, 33) (see Sect. 3.3). The old identification tables
are, however, still of considerable use for specialized groups of bacteria such as pathogens in
clinical microbiology and potential pathogens in public health microbiology. Such identifica-
tion schemes should not be considered as classification schemes, and they serve for practical
purposes only (22). In such identification schemes, key phenotypic characteristics should be
chosen for testing so that they can be easily determined by most microbiology laboratories. It
is important that the identification depend on a pattern of several properties, not merely one or
a few characteristics. It is also desirable that the determination of those characteristics chosen
for an identification scheme be relatively inexpensive, and that the tests to be performed will
give results in a short time.

In most cases, identification of a prokaryote begins at the level of domain, to descend to the
level of phyla, classes, orders, and families, to finally narrow down to the level of the genus
and the species. Different kinds of information are necessary in each step, as exemplified in
Table 3.6. This table shows the place of a single bacterium, Streptococcus pneumoniae, in
the taxonomic hierarchy, and includes information on the criteria on the basis of which the
species can be classified in each of the taxonomic ranks. It may be noted that 16S rRNA gene
sequence information is of great value to place an organism within the higher ranks, but less
so at the species level.

In accordance with the polyphasic approach (13, 20, 33), there are many properties
that should be investigated to obtain a proper identification. These include morphological
characters (cell shape and size, the Gram-reaction, cell inclusions, presence and nature of the
surface layers, including extracellular capsules), information on motility (presence of flagella,
their number and the way they are inserted into the cell, gliding movement), the mode of
nutrition (assimilatory metabolism) and energy generation (dissimilatory metabolism), the
cells’ relationship to molecular oxygen, temperature, pH, tolerance toward and requirement
for salt, and many others. Miniaturized tests, such as the BIOLOG R© and the API system,
are often very useful. Additional tests of value toward the identification of the isolate may
be its sensitivity toward different antibiotics, as well as immunological properties. Genotypic
information is often essential. Notably, the 16S rRNA gene sequence is a very valuable tool
for placing any isolate in the proper place in the classification scheme, at least down to the
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Table 3.6
The species Streptococcus pneumoniae in the taxonomic hierarchy

Taxonomic
division

Name Properties Confirmed by

Domain Bacteria Prokaryotic cell structure; Ribo-
somal RNA sequences typical of
the Bacteria

Microscopy; 16S rRNA
gene sequence; Presence of
peptidoglycan in the cell wall;
Lipids containing straight-
chain fatty acids bound by
ester bonds to glycerol

Phylum Firmicutes Gram-positive cell wall struc-
ture; Ribosomal RNA sequences
typical of the Firmicutes

Gram stain and analysis of the
cell wall structure; 16S rRNA
gene sequence

Class “Bacilli” Aerobic or anaerobic – aerotol-
erant life style; Ribosomal RNA
sequences typical of the “Bacilli”

16S rRNA gene sequence

Order “Lactobacillales” Fermentative metabolism with
aerotolerant growth; Ribosomal
RNA sequences typical of the
“Lactobacillales”

Analysis of products formed
during growth under aerobic
and anaerobic conditions; 16S
rRNA gene sequence

Family Streptococcaceae Spherical cells in pairs or
chains or tetrads; Fermentative
metabolism with fastidious
nutritional demands; Ribosomal
RNA sequences typical of the
family Streptococcaceae

Microscopy; Analysis of fer-
mentation products; Tests for
growth on simple and com-
plex media; 16S rRNA gene
sequence

Genus Streptococcus Cell division in one plane
resulting in pairs and chains;
Homolactic type of fermentation;
Morphological properties; Ribo-
somal RNA sequences typical of
the genus Streptococcus

Microscopy; Analysis of fer-
mentation products;
Microscopy; 16S rRNA gene
sequence; G + C content of
DNA

Species Streptococcus
pneumoniae

Cells typically in pairs; Distal
ends of each pair of cells tend to
be pointed or lance-shaped; Cells
often surrounded by a polysac-
charide capsule; Sodium hippu-
rate not hydrolyzed; Inulin not
fermented; Characteristic reac-
tion on blood agar; Inhabits the
respiratory tract of man and ani-
mals

Microscopy; Fermentation
tests on different substrates;
DNA–DNA hybridization;
Serological properties
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family and genus level. For final identification of the species, DNA–DNA hybridization tests
are the ultimate tool to decide whether two isolates should be classified in the same species.
More specific tests, such as serotyping of phage typing, may be necessary for certain groups
of microorganisms to obtain a reliable identification.

It is essential to ensure that pure cultures be used when the above tests are performed,
otherwise contamination by other microorganisms makes the results of any of these tests
meaningless. Another important rule is that the test methods should be carefully standardized,
and known “positive” and “negative” controls should be included, so that the result obtained
with the unknown isolate can be compared with the behavior of known organisms. For
identification to the species level, it is essential that the unknown be compared with the type
strains of the related species (see Sect. 2.1).

9. THE NUMBER OF DIFFERENT SPECIES OF PROKARYOTES IN NATURE

All the information provided in the preceding sections, and all classification and identifi-
cation schemes for the prokaryotes, including those given in Bergey’s Manual, are based on
those 8,226 species of prokaryotes that have been isolated, characterized, and whose names
have been validly published. New species are constantly being discovered. Thus, 593, 631,
and 598 new species names have been validated in 2006, 2007, and 2008, respectively.

Nowadays, it is well established that the over 8,000 prokaryote species cultured and
described form only a small part of the true number of species extant in nature. It is known for a
long time that our cultivation techniques enable growth of only a small fraction of the microor-
ganisms present in any natural sample. Comparison of the number of bacterial colonies that
appear on agar plates or the number of bacteria determined with other growth-dependent
methods with the number of bacteria that can be observed by direct examination of the sample
by microscopic techniques invariably shows that only a small fraction of those organisms
present can be cultured. The discrepancy between the viable counts and the total microscopic
counts is in many cases a difference of several orders of magnitude. This observation, known
as “the great plate count anomaly,” shows that our cultivation methods are inappropriate for
growing all prokaryotes (8). It also suggests that among those many organisms that do not
form colonies on agar plates or cannot be cultured with any other available technique may be
many novel species with unknown characteristics. Nature can cultivate all microorganisms,
but the microbiologists still have much to learn about the proper methods to bring even
the numerically dominant Bacteria and Archaea into culture. Our isolation and cultivation
methods, which to a large extent are based on the procedures introduced by Robert Koch and
his coworkers in the 1880s, are obviously not suitable for many prokaryotes.

Introduction of 16S rRNA gene sequencing methods into environmental microbiological
studies has confirmed that we know only a small fraction of the number of species of
prokaryotes. Moreover, it can now be ascertained that, in most cases, we even do not know the
identity of those microorganisms that are numerically dominant in common environments
such as soil, seawater, rivers, lakes, etc. Characterization of the microbial community in
complex ecosystems nowadays often includes the sequencing of 16S rRNA genes present in
DNA extracted from the natural community. In a typical experiment, DNA is isolated from the
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biomass present in the sample. The genes encoding 16S rRNA are then amplified by use of the
polymerase chain reaction (PCR), either using universal primers (i.e., primers that will enable
amplification of all 16S rRNA genes, from all prokaryotes and even eukaryotes, or primers
that target specific groups such as the domain Bacteria, the class “Betaproteobacteria,”) or
a certain family or genus within that class. The products obtained are then separated using
electrophoretic techniques, purified, and sequenced, often following an additional cloning step
to further increase the amount of material and to improve its purity (34). It must be stressed
here that there are many potential problems with the methodology that can distort the result
of the analysis, and the technology still has many limitations that should be recognized (35).

Comparison of the sequences obtained with the known 16S rRNA gene sequences of the
bacterial and archaeal species, as present in the GenBank and in the Ribosomal Data Base
(http://rdp.cme.msu.edu, see Sect. 6.1), almost invariably shows that the sequences obtained
differ from those of the type strains of the established species. In most cases, the differences
are so substantial that the organism that harbors the 16S rRNA gene sequence characterized
would deserve classification in a new genus and often in a new order, a new class or sometimes
even a new phylum, if only the organism that harbors this 16S rRNA gene could be isolated
in culture, characterized, deposited in culture collections, and named in accordance with the
rules of the Bacteriological Code. The Ribosomal Database is full of such “environmental 16S
rRNA gene sequences” recovered from natural samples that represent yet unknown species.
It only seldom occurs that a complete match is found between a small subunit rRNA gene
sequence isolated from nature and any of the type strains of the over 8,000 described and
named species of prokaryotes. This shows that indeed the numerically dominant organisms in
the environment studied are not those species that have been named and are available from
culture collections. Based on such studies, it can be estimated that the number of prokaryote
species described and named thus far is at most 1–2% of the true number of bacterial species
extant, as based on the current species concept. The true fraction may even be much lower
than that (34).

A completely different line of evidence that enables an estimate of the true diversity of the
microbial communities in water, soil, and other ecosystems comes from measurements of the
renaturation kinetics of DNA extracted from the community following thermal denaturation
(36). When thermally denatured DNA derived from different organisms is mixed and cooled
down, the average time needed for a single DNA strand to find its homolog depends on the
frequency in which that homolog occurs within the mixture, and thus on the number of other
genomes present. Based on the results of such studies, Dykhuizen (37) calculated that there
may be at least 109 different bacterial species on Earth that differ from each other sufficiently
to meet the species delineation criteria explained in Sect. 2.2. According to his estimations,
there may be more than half a million different bacterial species in a single 30 g sample of
forest soil.

The extensive database of 16S rRNA gene sequences allows for the design of specific
probes that enable the detection of specific groups of prokaryotes in the natural environment.
The popular technique of fluorescence in situ hybridization (“FISH”) is based on the design
of 16S rRNA-targeted probes that are labeled with a fluorescent marker. The cells are fixed so
that they become permeable to the probes. After reaction with the probes, the excess nonfixed
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probe is washed off, and the samples are then examined in the fluorescence microscope.
Probes of different specificity can be designed, from general, domain- or class-specific probes
to probes that allow discriminating between members of the same genus or species, provided
that the stringency of the washing procedure is sufficient to differentiate between very similar
sequences. The technique allows obtaining information on the spatial distribution of different
types of microorganisms within complex ecosystems (38, 39).

These culture-independent small-subunit rRNA-based techniques have shown that there
are major groups of microorganisms in nature that are present in very large numbers in the
most common ecosystems, but of which we do not have a single representative in culture
(40, 41). As outlined in Sect. 6.4, the Archaea are presently classified in two phyla, the
Euryarchaeota, which are either obligatory anaerobic methanogens, extreme halophiles, or
thermophiles/thermoacidophiles, and the Crenarchaeota, all known representatives of which
are extreme thermophiles. It is now well documented that the world’s oceans contain large
amounts of Archaea of both phyla. Archaea-related 16S rRNA gene sequences belonging to
different groups, and different from the sequences of the cultured Archaea, are consistently
being amplified from DNA extracted from marine picoplankton. Moreover, fluorescent in
situ hybridization using Archaea- and Bacteria-specific probes has shown that about 30%
of all prokaryotes in the oceans belong to the archaeal domain (30). The domain Archaea thus
consists not only of extremophiles and methanogens. However, we have very little information
on the physiology of these extremely abundant marine Archaea, and only recently has the
first representative of marine Crenarchaeota been isolated: the ammonia-oxidizing autotroph
“Candidatus Nitrosopumilus maritimus. More archaeal rRNA gene sequences unrelated to
any of the cultured groups have been recovered from other environments. A lineage designated
“Korarchaeota” is present in certain hot springs. Based on the 16S rRNA gene sequences, the
group is sufficiently different from the Crenarchaeota and the Euryarchaeota to obtain the
status of a new phylum. No members of this group have yet been cultured. Similarly, many
groups of Bacteria, differing from the cultured ones at the phylum level, have been recognized
on the basis of environmental 16S rRNA gene sequences, and are awaiting to be isolated (40).

Unfortunately, the 16S rRNA gene sequence alone does not provide any information on the
physiological properties of all these yet uncultured prokaryotes. Isolation and characterization
of these abundant microorganisms, which thus far have eluded all attempts toward their
cultivation, continues to be a major challenge to the microbiologist who wants to know those
prokaryotes that to a large extent determine the properties of the ecosystem studied.

10. CONCLUSIONS

The description of the present status of prokaryote taxonomy and classification, as given in
the preceding sections, shows that prokaryote classification is not at all straightforward. First
of all, there is no clear species concept for the prokaryotes; all classification systems have to
be based on some kind of a consensus of what a prokaryote species is and how to discriminate
it from all other species. We have further seen that the number of species of Archaea
and Bacteria together that have been described and whose names have obtained standing
in the nomenclature under the Bacteriological Code is relatively small – little over 8,200.
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Comparison of the properties of new isolates with these species described in the literature
enables their identification as members of a recognized species or, if different from all other
species, as members of a new, yet to be described species. A polyphasic approach, including
determination of both genetic and phenotypic properties, to compare strains is essential to
properly assign them to genera and species within the existing classification schemes.

Even the identification of all species of microorganisms that can be isolated from any
ecosystem using the currently available techniques will not provide a reliable picture of
the microbial diversity in that ecosystem. The applications of molecular biology techniques,
especially those that target 16S rRNAs or the genes encoding them, have unequivocally shown
that those microorganisms that have been cultured thus far form only a small fraction of
the true prokaryotic diversity in any ecosystem. Generally, the numerically dominant types
belong to species that are still waiting to be isolated. Those 8,226 described and named species
probably represent no more than 1–2% of the true number of bacterial species, possibly even
much less.

Finally, it must be stressed that classification of microorganisms is a dynamic process, and
that our views of how the prokaryotes can best be classified are constantly changing with
the advancement of our knowledge. As stated before, there is no “official” classification of
prokaryotes, and “consensus” classifications such as those given in Table 3.4 are constantly
subject to change.

NOMENCLATURE

DNA = Deoxyribonucleic acid
RNA = Ribonucleic acid
rDNA = DNA coding for ribosomal RNA
rRNA = Ribosomal RNA
S = Svedberg unit of sedimentation, equal to 10−13 s
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