
1 Exciting Times:
The Challenge to be a Bacterial Systematist
Erko Stackebrandt

A comparison of the molar proportions reveals certain striking, but perhaps mean-
ingless, regularities. Vischer, Zamenhofand Chargaff(1949)

Of all natural systems, living matter is the one which, in the face of great transforma-
tions, preserves inscribed in its organisation the largest amount of its own history.
Zuckerkandland Pauling (1965)

The species is man-made, and since it cannot be defined, the creation of taxa of higher
categories based on species makes an absurd situation. Cowan (1951)

1.1
Introduction

In his overview "Anaerobic life - a centennial view" Ralf Wolfe (1999),
referring to the dawn of complete genome sequencing of prokaryotes, states
that "there has never been a more exciting time for the study of phylogeny
and evolution". This citation complements the one by Hugenholtz and Pace
(l996), referring to the encouraging development in microbial ecology,
which is quoted by Neufeld and Mohn at the beginning of Chap. 7 in this
book. These summaries are certainly more than personal opinions and
highlight the enthusiasm that accompanies and drives microbiologists at
unprecedented rates to new shores of understanding the biology of micro-
organisms. Can the history of microbiology be viewed as a series of isolated
periods in which microbiologists considered themselves working in an
exciting time? Is not the history of microbiology from the mid-nineteenth
century a continuum of scientific achievements, in which scientists of any
generation found it rewarding to contribute? When one considers not the
short time periods, but the average generation time of 30-40 years as the
productive years of a microbiologist, then this statement is correct (I am
aware that the productive period of some microbiologists is significantly
longer) .

Looking backwards, there were times in which microbiologists must
have been similarly impressed about developments in their own disciplines
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as we are today. In retrospect, these events are named milestones, mainly
single events which most probably are the crystallization of a much longer
preceding period. For the discipline of bacterial systematics, I could think
of a few such milestones or milestone eras while a non-taxonomist will
certainly define others although, in many cases, milestones cover more
than a single discipline. Persons mentioned in the following chapter are
recognized for their achievements in microbiology but do not comprise
an exhaustive list: this is not a comprehensive chapter on the history of
bacterial systematics but rather a short introduction to a subject which has
caught the attention of microbiologists from its very early beginnings. We
are fortunate to work in a time in which bacterial systematics has been
elevated to a scientific multidisciplinary field. For me, the exciting time
spanned from 1970 until today, but I fully agree with Ralph Wolfe that
this period will be significantly extended with new emerging directions
and techniques, several of which are summarized in this book. The two
main achievements that influenced my perspective of modern bacterial
systematics were: first, the introduction of DNA-DNA reassociation stud-
ies in the early 1970s and, second, 16S rRNA oligonucleotide cataloguing
in the late 1970s.The following years witnessed the application of reverse
transcriptase and PCR-mediated sequence analysis of 16S rRNAgenes and
the analysis of genes coding for proteins. The combination of molecular,
chemotaxonomic, physiological and other cellular traits led to first insights
into the relatedness among prokaryotic species, changing each textbook
chapter on microbial systematics. This development also fertilized ecolog-
ical studies, leading to the recognition of as-yet uncultured organisms and
the linkage of function to structure. It revolutionized the scale on which to
look at prokaryotic diversity (Venter et al. 2004) and it revived the discus-
sion on the concept and definition of the taxon (species', sharpening the
awareness that species are populations rather than genomically coherent
entities (Coenye et al. 2005).

Advancements achieved during the period of an exciting time are the
basis for the exciting times to come and are a fundamental driving force of
visions that still motivate young people to dedicate themselves to science.
The knowledge that we are only passengers in the (train of science', which
we enter at a certain station and alight at another as the train continues
down the tracks, puts the achievement of scientists into perspective: we
use the scientific platform provided by our predecessors and we broaden
the basis, modify and sometimes radically change existing developments.
Occasionally, we even may break with existing dogmas. The accumulated
knowledge will be passed on to our successors who will continue the pro-
cess, starting from a much higher and broader knowledge platform than
the preceding generation. The following paragraphs will briefly summarize
four milestone eras that have influenced the direction of microbial system-
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atics. The past 130years have been shaped by developments originating in
various other disciplines and, still today, microbial taxonomists are often
the users rather than the architects of concepts.

As milestones and highly productive eras should be recognized as such
through their merits, the following subdivision is somewhat artificial, a per-
sonal view influenced by teachers, literature and my own experience. In
no way can a contribution such as an introduction to a series of recent
achievements and developments be sufficiently comprehensive to fully ac-
knowledge the contributions and the influence of key scientists on the
development of their own and on neighbouring scientific fields. The reader
is referred to their original literature and to monographs in order to pay
full tribute to their achievements.

1.2
The Early Heroes (1860-1900)

Even though the beginning of bacterial systematics can be placed with the
description of the first bacterial species in 1872by Ferdinand Cohn, his con-
clusions' mainly based on his own observations, were also influenced by the
concepts, accurate observations and misinterpretations of scientists work-
ing in the early decades of the nineteenth century. Several developments ran
in parallel. Above all, the morphology of micro-organisms was observed by
light microscopy in combination with the application of specific staining
procedures. Although stains were introduced as early as 1770in the study of
the structure of wood, it was not until 1839that Christian Gottfried Ehren-
berg (1795-1876) used stains to study microbes. At that time, the isolation
of micro-organisms in pure culture had not been achieved. Although Louis
Pasteur (1822-1895) and other scientists from that era described micro-
organisms which fermented and caused diseases of sheep, cattle and other
farm animals, as well as human illnesses, it was Robert Koch (1843-1910)
who developed the technique of growing pure bacterial cultures. Most of
the cultivation [on potato, gelatine, agar medium; later done in glass dishes
introduced by Richard J. Petri (1852-1921)] and staining techniques were
developed in the mid- to late 1800s by Robert Koch, Paul Ehrlich (1854-
1915) and Hans Christian Gram (1853-1938). These various fundamental
procedures were necessary to turn bacteriology into a respected science;
and at that time the improvement of the health of livestock and man had
absolute priority.

Pasteur established the view that microbes could be classified into fixed
and unchangeable species and genera. Each species was believed to cause
a specific disease. In contrast, Antoin Bechamp (1816-1908) declared that
all animal and plant cells contained minuscule granules (granulations
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moleculaires) that did not die when the organism died. These granules were
believed to be the source of fermentation; and micro-organisms could arise
from them as well. Several respected scientists believed that the morpho-
logical diversity of micro-organisms was due to variations of one and the
same organism, e.g, Zopf (1846-1909), Wilhelm von Naegeli (1817-1891),
Theodor Billroth (1829-1894), "missing the point that different stages of
development, types of multiplication, the variety of size and form, and
specific metabolic properties were associated with distinct species types"
(Drews 1999).

Organisms that were observable under the microscope and later as pure
cultures were named without guidelines (not to speak about rules). Assum-
marized by Drews (2000) in his essay on the roots of microbiology, almost
every scientist who observed micro-organisms gavethem a new name with-
out noticing that the same organisms may have already been named differ-
ently by another taxonomist. Synonyms accumulated as culture-dependent
changes erroneously mirrored the existence of novel organisms (more than
40,000 invalid names and synonyms were counted at the end of the 1970s).

Called the (father of systematics', Ferdinand Cohn studied algae, lichens
and bacteria in media composed of defined mineral solutions comple-
mented with different organic carbon sources. He was the first to propose
a relationship among these organisms (Cohn 1867) and, summarizing his
observations on shape, cellular structures, pigmentation and metabolic
activities, he presented the first classification system of bacteria (Cohn
1872,1876).He concluded that bacteria can be divided into distinct species
with typical characteristics, which are transmitted to the following gen-
erations when bacteria multiply. Cohn also proposed that varieties exist
within species, a notion that today plays an important role in the recogni-
tion of a bacterial species as a population, guiding scientists towards a new
definition of this taxon more than 130years later (Palys et al. 1997, 2000;
Stackebrandt et al. 2002; Gevers et al. 2005).

The lack of recognizable characters other than morphological proper-
ties explains the superimposition of the botanical classification system to
bacteria by the botanist Cohn (1872, 1876). Cohn, using the binominal
nomenclature, affiliated the Schizomyceae (bacteria) and Schizophyceae
(Cyanophyceae or cyanobacteria) to the group of Schizophyta (fission
plants), but considered these micro-organisms as a group on their own.
Bacteria were defined as chlorophyll-less cells of characteristic shape that
multiply by cross-division and live as single cells, filamentous cell chains,
or cell aggregates. [The fact that some Bacteria (sensu Woese et al. 1990)
still carry the ending 'rnycetes' is a reminder of the now discarded hypoth-
esis that bacteria are fission fungi (schizomycetes). Note that even some
of the archaeal taxa carry the ending (bacteria', although the bacteria and
archaea are members of two different Domains, indicating that nomen-
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clature does not necessarily reflect phylogeny.]. The Schizomycetes con-
tained four groups: 'Sphaerobacteria' (sphere-shaped) e.g. Micrococcus),
(Microbacteria) (rod-like) e.g. Bacteriumi, 'Desmobacteria' (filamentous)
e.g. Bacillus) Vibrio), and 'Spirobacteria' (screw-like bacteria, e.g. Spiril-
lum) Spirochaeta). On the basis of specific properties which were considered
taxonomically less significant than morphology) Cohn divided some of his
proposed genera) e. g. Micrococcus) into chromogenic (pigmented), zymo-
genic (fermenting) and pathogenic (contagious) species; and he described
the purple bacteria in terms of their shape) pigments) gas vacuoles and
sulfur globules.

It has to be stressed that Cohn already commented on the limited phy-
logenetic significance of the taxa he included in the morphology-based
system: he was aware that the genera and species of bacteria have other
meanings than for higher organisms) which reproduce sexually. He clearly
stated that the proposed (form-genera) and (form-species) needed to be
tested to determine whether they were indeed related in terms of descent.
This) however, could not be achieved prior to 1970 at the level of genera
(De Leyet al. 1970) Palleroni and Duodoroff 1971; Palleroni et al. 1973) and
prior to 1977 at the level of higher taxa (Woese and Fox 1977; Woese et
al. 1990). As a phylogenetic framework is still missing at the intraspecific
level) appropriate methods need to be developed before systematists will
be in a position to develop concepts.

1.3
The Dawn ofMicrobial Ecology and the Continuing Struggle
with Classification Systems (1900-1930)
At the beginning of the twentieth century) the morphological basis ofbac-
terial systematics was considerably broadened by the addition of physio-
logical traits to the list of taxonomically important properties. Based on
comparative morphological analysis and the hitherto unrecognized diver-
sity of end-products and relation to oxygen) Orla-Jensen (1909) defined
the main lines of bacterial systematics on the basis of physiological char-
acteristics. However) as the system remained artificial (only elements of it
were later found to have a phylogenetically sound basis) and the degree of
the polyphyletic origin was not determinable) neither morphology) physi-
ology)motility, nor any other property selected as the basis for a taxonomic
scheme gave a satisfactory answer to conflicting alternatives. Even today)
some of these discrepancies still complicate taxonomy.

At the turn of the century) microbial ecology was emerging as a new field)
when Beijerinck (1895) described the formation of hydrogen sulfide from
sulfate by a species later reclassified as Desulfovibrio desulfuricans and when
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Winogradsky (1890) discovered chemoautotrophy (also see Winogradsky
1998). He was able to cultivate iron bacteria, described earlier by Cohn
(1872), using mineral substrates from which ferrous iron was oxidized to
ferric iron, obtaining energy for CO2 assimilation. Analogous to this finding
was the isolation of ammonium- and nitrite-oxidizing lithotrophic bacteria.
At this time, microbial ecology was promoted mainly by members of the
Delf School, e.g. Martinus Beijerinck, Cornelius B. van Niel and Albert
J. Kluyver (to name a few with the greatest influence). They introduced
the methods of selected isolation, including baiting micro-organisms with
the properties they wanted to know about, by selecting the appropriate
culture medium. The detection of a new range of physiologies considerably
broadened the spectrum of taxonomically meaningful properties.

It must be mentioned in the context of this brief historical summary
that, based on his own observations which were later supported by the
theory of mutation of De Vries (1901), Martinus Beijerinck (1899) initiated
experiments on changing physiological properties through variation and
mutation, claiming that bacteria and fungi were more suitable objects
for studies on heredity than higher evolved organisms (Beijerinck et al.
1940).These studies, later continued by members of the Delft school, led to
the development of the genetics of micro-organisms (Delbriick and Luria
1942).

Though confronted with a broad spectrum of observations, the underly-
ing genetic basis of the phenotype was missing. As pointed out by Palleroni
(2003), the scientific community accepted the simplicity of Cohn's mor-
phological system over the physiology-based concept for decades to come.
His system was modified by adding new (form-genera' to the inventory
(Lehmann and Neumann 1896;Migula 1900;Pringsheim 1923;Janke 1924;
Prevot 1933).Morphology continued to playa dominating conceptual role,
far beyond the first morphology-based description of Ferdinand Cohn.

While Europe was setting the pace in the early years of bacterial system-
atics, America adopted its own bacterial classification system (Buchanan
1918;Winslow et al. 1920)by publishing the first edition of Bergey's Manual
of determinative bacteriology (Bergey et al. 1923). This standard textbook
was updated about every decade until 1990,when the first edition of Bergey's
Manual ofsystematic bacteriology (Krieg 1986)was released. As the release
of the new edition overlapped with the recognition about the restricted tax-
onomic value of morphology, these four volumes were composed to cluster
groups of organisms under headings reflecting superficial morphological
and physiological properties. Nevertheless, the merits of Bergey's manual
has been recognized and the accumulated, systematized and published tax-
onomic knowledge in a single coherent volume constituted the "the first
formal co-operation in the history of bacterial taxonomy" (Kluyver and
van NieI1936).
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Today, knowing the basic phylogenetic lineages of cultured organisms,
we consider most morphological and many physiological traits as being
polyphyletic. Only a few morphologically complex traits are so far con-
sidered monophyletic, e.g. those of myxobacteria and spirochetes, as well
as the formation of endospores. Even the thickness of the peptidogly-
can, the basis for the Gram-staining reaction used to classify bacteria into
two main groups, is not a monophyletic trait, as seen in the presence of
Gram-positive cell walls in Archaea and Bacteria and the placement of Fir-
micutes, Actinobacteria and deinococci in separate higher taxa. The notion
that morphologically different organisms may produce the same set of fer-
mentation products or react similarly towards the presence of oxygen and
light was first elucidated by deciphering metabolic pathways and recently
by molecular analysis. Though certain physiological properties are indeed
monophyletic, this information was not available to workers in the pre-
molecular era. Rather than criticizing them for something they could not
possibly have detected, we should acknowledge their attempts and those
of the many others that followed for developing a range of systems, each of
them devised to better serve the community of users.

1.4
Encouragement and Frustration (The Era 1930-1950)

Several key scientists from the early twentieth century influenced the sci-
ence of bacterial systematics. There were the above-mentioned members
of the Delft School, Albert J. Kluyver and his student Cornelius B.van Niel,
as well as Robert E. Hungate, a student of the latter, and Roger Stanier.
All of them were either involved in the isolation of bacteria, shifting the
emphasis from clinical to environmental strains, or they were influencing
the concepts of taxonomy. Hungate, the pioneer of anaerobic microbial mi-
crobiology and ecology (Chung and Bryant 1997),provided the fundament
for the discovery of a new spectrum of microbial diversity, including the
archaeabacteria (archaea), described about 40 years later (Woese and Fox
1977). Kluyver and van Niel are also recognized for their criticism against
the system(s) outlined in the successive editions of Bergey's Manual of de-
terminativebacteriology. Above all, theywere critical of the "utter disregard
for mutual relationships between natural groups" (Kluyver and van Niel
1936) and the disregard of other voices in the field (e.g. Rahn 1929, 1937).
They also detailed many errors that arose as a consequence of the arbitrary
use of morphological, physiological, cultural and pathogenic properties
in bacterial classification (Palleroni 2003). This author also highlights the
European tradition of favouring morphology as the first and most reliable
guide of taxonomic systems (Kluyver and van Niel1936) and disregarding
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the use of physiology unless physiological principles could be subordinated
to morphology. In the system of Kluyver and van Niel, morphological char-
acters included the shape and size of cells, type of motility, presence of
flagella, their number and type of insertion, the mode of reproduction, oc-
currence of endospores and various structural peculiarities. Certain phys-
iological properties were indeed recognized but the overall importance of
reactions for the cell was not reflected by their importance on taxonomic
ranks. Pathogenicity was considered of doubtful value and differentiation
of genera and even species on its basis was objectionable as a taxonomic
criterion. Considering the genetic instability of many pathogenicity factors
this may be judged as a wise decision; but the decision of Kluyver and
van Niel was certainly not guided by genetic principles. It was inevitable
that the basis of a true natural classification of bacteria would remain un-
steady «inasmuch as the course of phylogeny will always remain unknown"
(Kluyver and van NieI1936). A call for a more prudent consideration of tax-
onomic systems was proposed by White (1937) who phrased: «the present
call is not for newer, more ingenious, more pretentious, systems of classi-
fication, but for patient and incisive investigation". Later, Stanier and van
Niel (1941) and van Niel (1946) commented on the inflexibility of Bergey's
classification system that was based on the arbitrary selection of proper-
ties that could not be changed without replacing the existing system. The
main advantage of Bergey's system was its practicability, i. e. identification
and classification, but only if the key characters were mutually exclusive.
The (indications of relationships' should better be replaced by 'means of
identification' and a broad range of differentiation characters rather than
a few key properties should guide classification. This history of this period
has been covered more extensively by Palleroni (2003).

It was not until the mid-1940s that van Niel (1946) agreed to add phys-
iology, pathogenicity, nutrition and other easily determinable properties,
e. g. colour, to the morphological properties used to devise an empirical
key for bacteria. Obviously, systems were mainly devised to facilitate the
affiliation of strains to species. The problem was the early adoption of
names of taxonomic ranks from botanical and zoological systems where
(at least in the majority of taxa) a taxon within a hierarchic system should
indeed indicate genomic coherence and common ancestry. In microbiol-
ogy, the majority of taxa (including even the taxon 'species') constituted
a collection of entities of vastly different phylogenetic origin. van Niel
(1946) pointed out the inability of phenotype-based classification systems
to deduce phylogenetic interrelationships, though evolutionary considera-
tion should have their place in bacterial taxonomy. Considering the general
disbelief towards the emerging phylogenetic framework in 1980, it must
be assumed that most microbiologists will have believed that determina-
tion of phylogenies were inherently indeterminable, at least at the higher



1 Exciting Times: The Challenge to be a Bacterial Systematist 9

taxonomic levels. Woese (1987) criticized Roger Stanier who considered
speculations on microbial evolution as being metascientific, by stating that
"microbiology had reduced evolutionary matters to the status of dalliance
was indeed unfortunate, for much of what is important and interesting
about evolution lay hidden in the microbial world".

Not foreseeable by scientists in the 1940s, it was another 20years be-
fore the pioneering work of Zuckerkandl and Pauling (1962) provided
the framework of a phylogeny-based classification system. Today,with the
broad outline of the system increasingly stable, a situation similar to that
in the 1940s is occurring with the discussion of the concept of bacterial
'species' and the change from an artificial and arbitrary species definition
(Staley and Konopka 1985; Wayne et al. 1987; Vandamme et al. 1996; Di-
jkshoorn et al. 2000; Rossello-Mora and Amann 2001) to a definition that
recognizes and describes natural mechanisms of speciation (summarized
by Gevers et al. 2005).

Though the older systems have nothing less than historical value, they
are important to remember as milestones of systematist's hybris to attempt
to circumscribe the 'true' nature of the path of evolution. The merits and
the correct perspective of early classification systems are discussed com-
prehensively by Kluyver and van Niel (1936) and by van Niel (1946). Still
today we squeeze populations of more or less genomically diverse organ-
isms into the taxon 'species' and define borders for genera, families and
higher taxa, comforting ourselves by acknowledging the arbitrary nature
of our definitions. Today, 130years after Cohn's first description of species,
our knowledge about the make-up and expression of a cell is breathtaking,
but still we struggle with the definition of certain ranks.

Parallel to the discussion on the inappropriateness of phenotypic proper-
ties in reflecting evolutionary relationships, a possible solution through the
linking of systematics to genealogy was slowly emerging. Originating in the
nineteenth century, the discipline of Biochemistrywas established together
with the basis for a deeper understanding of heredity. Nucleic acids were
isolated (Miescher, 1811-1887), terms like 'gene' and 'macromolecule' were
introduced, the extraction of the first enzyme was described (Buchner 1897)
and biochemical reactions were linked to genetic phenomena. The advan-
tage of working with micro-organisms was recognized, but it was not until
the 1940swhen Avery et al. (1944) identified DNA as the responsible agent
for the transfer of genetic markers in bacterial cultures. Neurospora crassa
(Beadle and Tatum 1941) and bacterial species (Luria and Delbriick 1943)
were study objects on physiological changes due to mutations. The mech-
anisms of the transfer of genetic information was described in Escherichia
coli (Chargaff et al. 1949) and the genomic world was open to new research
avenues, following the elucidation of the macromolecular structure of pro-
teins (Pauling and Corey 1951) and nucleic acids (Watson and Crick 1953).
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1.5
Expanding the Range ofProperties:
The Genetic and Epigenetic Levels (1950-1980)

E. Stackebrandt

The criticism on Bergey's classification system published in the 1940s and
1950s was accepted in the last edition of the Manual in 1974. Studies on
the base composition of DNA) DNA-DNA reassociation studies and com-
parative biochemical and physiological studies did indeed demonstrate the
phylogenetic coherence ofsome morphologically defined genera. However)
major discrepancies were already noticed at the level of families and or-
ders. The foreword to the eighth edition stated the inability of the present
data set to deduce a hierarchic system of bacteria) as the majority of the
key properties may have been the result of convergent evolution. Thus) the
presentation of a fully developed system was abolished and taxa were clus-
tered in 17 groups) according to the morphology and physiology of their
members. In a few cases only were genera arranged into orders and fam-
ilies) only a few of which have survived the close scrutiny of phylogenetic
analyses in recent years.

With a considerable delay of several years) several other important mile-
stones in microbial systematics were accomplished) with their technical ori-
gins arising from ideas expressed in other disciplines. The most outstand-
ing was the discovery of DNA)the full importance ofwhich was recognized
when the structure became available (Watson and Crick 1953) and appro-
priate methods for its analysis and manipulation were introduced. A second
milestone was the development of computers in the 1950s and their use in
handling phenetic and molecular data. A third milestone with direct im-
plications on the future of systematics remained unnoticed by microbial
systematists) who were involved in the daily struggle of identification and
species description. Moreover) at the time of publication) microbiologists
were not in a position to fully acknowledge that the ideas of Zuckerkandl
and Pauling (1962)1965) could be applied to bacteria. These visionaries pos-
tulated that «the amount ofhistory preserved will be the greater) the greater
the complexity of the elements at that level and the smaller the parts of the
elements that have to be effected to bring about a significant change.' They
not only defined sematophoric molecules) i. e. genes and their transcripts
[DNA (primary» mRNA (secondary» proteins (tertiary semantidesl], as
(sense-carrying) units, i. e. the blueprint of an organisms) evolutionary his-
tory, but they also predicted that parts of the phylogenetic tree could be
defined in terms of episemantic molecules) i. e. molecules that are synthe-
sized under the control ofproteins. Due to methodological constraints) the
tertiary semantides (i. e. proteins) were the first molecules to be analysed)
either by direct sequence analysis (e. g. cytochrome C) fibrinopeptides,
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ferrodoxins), or by immunological approaches such as immunodiffusion
and micro complement fixation. Though protein sequencing lost its sig-
nificance with the introduction of rapid sequencing techniques for DNA,
its results already pointed towards the discrepancies between the outline
bacterial classification schemes and the natural relationships of bacteria
(Schwartz et al. 1975; Dickerson 1980; Ambler et al. 1987). Analysis of
DNA and RNA was delayed for more than a decade by the lack of rou-
tine sequencing methods. In order to obtain at least general insights into
the nucleotide similarities of primary and secondary sernanides, hybridiza-
tion techniques were introduced. DNA-DNAreassociation studies were the
first to cluster organisms according to phylogenetic relationships and they
played a decisive role in the definition of the taxon 'species' (Brenner et al.
1969;Palleroni et al. 1971;Johnson 1973;Grimont 1981); and still today it is
considered the 'gold standard' for the delineation of species (see Chap. 2).
The recommendation to use a 70% or so DNA-DNAreassociation value for
defining species originated mainly from the experience made with numer-
ous strains of enterobacterial species (Steigerwalt et al. 1976). Transferring
the situation defined for a phylogenetically very shallow group of mainly
eukaryote-associated organisms to all prokaryotes - which are the recent
manifestations of different modes and times at which organisms evolve -
is a dramatic underestimation of their phylogenetic status. But then one
has to remember that the taxon thus delineated is an artificial construct,
helpful in structuring the bacterial world at the level of species in a coher-
ent way. Nevertheless, in times of whole genome sequencing approaches,
the laborious DNA-DNA hybridization methodology seems to be out of
date. As the number, identity and degree of conservatism of genes involved
in the hybridization process remain unknown (even today), the ancestral
genotype of a species cannot be determined. The obvious disadvantages
(Stackebrandt et al. 2002), are more than compensated by the involvement
of the majority of genes in the reassociation process. More recent attempts,
concentrating on only a single or a few molecular markers, are significantly
more biased, as one can only speculate whether these genes represent the
evolutionary status of the complete genome. The artificial threshold value
of about 70% reassociation (reflecting> 96% genome similarity; Schleifer
and Stackebrandt 1983) indeed correlate well with those phenotypic prop-
erties of strains which are of general taxonomic value for the description
of a species. DNA-DNA reassociation experiments confirmed the notion
that a bacterial 'species' is not a genomically coherent entity but represents
a population of highly related strains.

The recognition that translation mechanisms are highly conserved be-
tween species has opened a superior method of bacterial systematics (Dub-
nau et al. 1965). When methodologies to sequence RNAwere not initially
available, hybridization regimes between the rRNAgene and the gene prod-
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uct were applied to groups of organisms known to be taxonomic dumping
grounds, e.g, pseudomonads (Palleroni et al. 1973; De Smedt and De Ley
1977; De Vos and de Ley 1983) and clostridia (Johnson and Francis 1975).
These bacteria lacked the chemical diversity found in many Gram-positive
bacteria, such as actinobacteria and lactic acid bacteria. Within a fewyears,
microbiologists noticed the phylogenetic unrelatedness of groups ofbacte-
ria which, based on morphological and metabolic grounds, has constituted
well established genera for more than 80years. For the first time in the
history of microbiology, the failure of superficial properties to circum-
scribe natural relatedness became obvious. Results of DNA-rRNA reas-
sociation studies unravelled deeper phylogenetic relationships than those
obtained by DNA-DNA reassociation. While this finding alone was ex-
tremely satisfying, the restrictions of rRNAhybridization methods became
apparent with the publication of the first results of rRNA oligonucleotide
catalogue comparisons (Woese and Fox 1977). Phylogenetic analyses of
catalogues, though limited at that time because of the lack of methods
to sequence complete genes, were able to include any strain into a sin-
gle dendrogram of relationship, including archaebacteria, eubacteria and
eukaryotes.

Comparative studies highlighted the usefulness of the accumulated data-
base of episemantic markers used in chemosystematics (chemotaxonomy,
chemical taxonomy). Chemotaxonomy evolved as the by-product of bio-
chemical and chemical work and developed in parallel with the introduc-
tion ofchromatographic and other analytical methods. Without the support
of peptidoglycan structure (Weidel and Pelzer 1964; Schleifer and Kandler
1967), isoprenoid quinones (Collins et al. 1977) and the lipid and fatty
acid composition of cells (Lechevalier and Lechevalier 1970; Langworthy
1977; Lechevalier et al. 1977; Kates 1978), the acceptance of the phyloge-
netic uniqueness of many archaeal and bacterial taxa would have been
delayed considerably. The determination of chemical markers, introduced
during the 1950s,not only circumscribe the present state of a cell's chem-
ical composition but indeed provide valuable properties used to critically
analyse the phylogenetic clustering of groups of organisms at the genus
level. This facet of systematics has not lost any of its attraction and, with-
out its discriminatory power, many phylogenetically closely related species
groups would not have been described as genera. Types and variation of
peptidoglycan isoprenoid quinones, fatty acids, base composition of DNA,
polar lipids, polyamines, pigments or mycolic acids and more are routinely
used within the polyphasic approach to systematics. While single mark-
ers are rarely indicative of the phylogenetic coherence of a higher taxon,
novel combinations of two or more of these properties are often highly
correlated with the phylogenetic uniqueness of the respective organisms
(Stackebrandt and Schumann 2000).
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This period also witnessed the development of a third mainstream in
bacterial systematics, numerical phenetic taxonomy (NT), introduced in
the 1950s. Lasting for about 25years, its influence on the recognition of
coherence and lack thereof should not be underestimated, even if this ap-
proach is hardly in use anymore. This method is tightly connected with
the development of algorithms, computers and the taxonomic concept that
the reliability of the description of a taxon is improved by the provision of
a comprehensive set of phenetic characters. Electronic computerization of
microbiological data was first introduced by Sneath (1957) in order to han-
dle the enormous amount of phenetic data collected during a taxonomic
study of the genus Chromobacterium. This development ran in parallel
with the work of Sokal and Michener (1958), who used an electric device
to generate a classification of a eukaryotic taxon. Sokal and Sneath (1963)
joined forces to develop the «Principles of numerical taxonomy" and they
were among the first to develop and apply clustering and probabilistic dis-
tance coefficients in numerical taxonomy, e.g. single and average-linkage
clustering, Jaccard's coefficient, scaling of multistate characters, parallelism
and convergence, and equal weighting. Many of these algorithms and their
modifications are still in use today in cluster analysis of the electrophoretic
patterns of DNAand RNAdigests (Riboprint, ARDRA, DGGE,AFLP, RFLP,
etc.), protein patterns, fatty acid methyl ester patterns and the evaluation of
ecological parameters, to name a few. Numerical analysis pointed out many
inconsistencies in the classification at that time, leading to many taxonomic
rearrangements. However, in the absence of a phylogenetic background,
the resolving power of numerical analyses was overestimated, as the signif-
icance of individual properties remained unknown. Superficial characters
were treated the same way as properties which indeed reflected the geneal-
ogy of the study object. With the advent of chemotaxonomy and a revised
species definition, the numerical analysis lost its influence and present-day
studies mainly target intraspecific variations.

1.6
Yet Another Exciting Time: Unravelling the Genealogy(ies)
ofCultured and As-Yet Uncultured Prokaryotes

Being trained as a bacterial systematist during the late 1960s,I applied some
of the key techniques of that period (determination of metabolic pathways,
peptidoglycan structure and base composition of DNA, DNA-DNA reas-
sociation studies) and witnessed the emergence of the breathtaking and
historical development of molecular systematics. This era began, almost
unnoticed by taxonomists, with a paper by Uchida et al (1974). 16SrRNA
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oligonucleotide cataloguing changed the perception with which systemat-
ics was going to be executed in the future.

Though only a few species were investigated by this time-demanding
technique before the advent of reverse transcriptase sequencing and, a few
years later, PCk-based cycle sequencing, accelerating the analyses, the
new approach of aligning systematics to the emerging tree of conserva-
tive macromolecules must be considered a powerful kickstart (Woese et al.
1985). While the power ofthese methods for the determination of intraspe-
cific relationships was certainly overemphasized in the 1980s (which some-
how discredited this method for some systematists), ribosomal RNA/rRNA
gene sequencing remained the key to affiliate novel organisms to genera
and to infer their phylogenetic novelty. After this short period of hes-
itation and disbelief that sequencing analysis of macromolecules would
indeed benefit bacterial systematics other than as the provision of just an-
other fragment in the general description of species, it was accepted so
rapidly that, 20 years after its introduction, it is considered a routine and
long-established method. The broad outline of higher taxa (Gibbons and
Murray 1978) was not corrected but replaced. In 2001, the new editors of
Bergey's Manual fully adopted the new system (Garrity et al. 2001, 2002)
and are now, together with a new generation of systematists, actively in-
volved in shaping the hierarchic structure of prokaryotes (Stackebrandt
et al. 1997). The acceptance of molecular sequences to guide systematics
has been facilitated by the availability of an enormous amount of phe-
netic data accumulated over the past decades. When superimposed on the
phylogenetic clusters, many chemotaxonomic data gained new taxonomic
significance as they were often the main criteria to delineate higher taxa.
The fear that species and genera were described chiefly on the basis of 16S
rDNA gene sequences (Palleroni 2003) is unjustified.

There were voices that considered the introduction of gene sequence
comparison unfortunate, as it appeared the only method upon which phy-
logenetic relationships were based. However, soon after the analyses of 16S
ribosomal RNA sequences began to influence systematics, scientists began
wondering whether changes in nucleotide sequence of this single molecule
solely represents its own evolution, rather than the evolution ofa large por-
tion of the genome, reflecting the genealogy of the host. However similar
sequence analysis of the genes coding for 23S rDNA, elongation factors,
Al'Pase, chaperons and many others demonstrated that the majority of the
so-called housekeeping genes or core genes provided tree topologies that
by and large matched that of the 16S rDNA tree (Gupta 1998, 2000), thus
confirming the description of kingdoms and phyla in the two prokaryotic
domains [the interested reader is referred to the scientific debate between
Mayr (1998) and Carl Woese (1998) about "differing views as to what biol-
ogy is and will be"]. Today, public databases contain sequences ofhundreds
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of fully sequenced genomes, offering a rich playground for studies on the
micro- and macroevolution of genes and, crucial for systematists, provid-
ing information on the extent of horizontal gene transfer (Lawrence 2002).
Like in previous times when taxonomists tried to avoid the use of genet-
ically instable and plasmid-coded phenetic properties, the taxonomist of
today will be prudent not to derive a phylogenetic framework on the basis
of genes subjected to lateral gene transfer among members of the taxon
concerned.

The discussion of the nature of the taxon (species' has been provoked
by the application of molecular tools, especially at the level of the species
concept, i. e. the hypothetical basis of speciation. As a result of intensive
multilocus enzyme electrophoreses (Selander et al. 1994),RAPDs (Istock et
al. 1996)and multilocus sequence typing of housekeeping genes (Maiden et
al. 1998),new ideas about speciation mechanisms have been expressed and
mechanisms identified that contribute to the evolution of the genome. Some
organisms are subjected to reticulate events or panmixis (Maynart-Smith et
al. 1993,Istock et al. 1996) in which clonal relationships, due to mutational
events and vertically transmitted accessoric genetic elements, are pertur-
bated by horizontal genetic transfer, e.g. conjugation, phage transduction
DNAtransformation (Achtman 1998). Others, mostly endosymbionts and
obligate pathogenic organisms, are mainly clonal because horizontal gene
transfer appears to be a rare event. In an attempt to come to a biological
species definition for bacteria, it has been proposed (Dykhuizen and Green
1991) to consider the following observations: (1) phylogenetic trees from
different genes from members of a single species should be different and (2)
phylogenetic trees from different genes from members of different species
should be the same. What had been a challenge at the time when this def-
inition was proposed has now become possible through high-throughput
sequencing automation, allowing the analysis of five genes with a total of
about 3,500 base pairs for each of about 2,000 strains of a single species.
The intraspecific diversity recognizes centres of evolution leading to rec-
ognizable entities, named ecotypes (Cohan 2001, 2002). Their possible role
in a redefined species description has been discussed in detail (Palys et al.
2000; Gevers et al. 2005).

The following chapters will highlight some of the key approaches used
in microbial systematics and molecular ecology. These microbiological ar-
eas are somewhat related, as they originally evolved from the analysis of
the same molecule, the 16S rRNA. Both disciplines will mutually bene-
fit from progress made in either field. One set of approaches is based on
the finding of taxon-specific signature sequences in the rapidly increasing
database of rRNA catalogues and complete sequences from the late 1980s
on (Brosius et al. 1987). Molecular probes are used in clinical diagnos-
tic and most impressively in in-situ hybridization studies in ecology. The
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database of more than 120,000 16SrDNA gene sequences results from the
recognition of the unexplored microbial diversity that reinforces earlier
notions about the inability of cultured organisms to represent diversity.
The listing of exiting new developments in systematics will however not
be complete without a mention of rapid DNAprofiling methods, used rou-
tinely not only in bacterial identification and in the description of new
taxa, but also in the assessment of the molecular diversity of populations in
their natural environment. The handling and identification of the relatively
small number of only about 6,000validly described species (with an annual
increase of 230- 300 species) is manageable, but the situation may soon
get out of hand once novel and innovative isolation methods have been
devised. A prerequisite for the handling of a substantial increase in species
numbers is the design of dynamic automated identification systems that
access curated databases of molecular and non-molecular data, combined
with advanced computational strategies and knowledge management. The
search for novel organisms should run in parallel with the investment in
reproducible authentification methods with a high resolving power, such as
those based on mass spectrometry (MS) and mainly in use for clinical iso-
lates and select agents (e.g. matrix adsorbed laser deionization/ionization
time-of-flight MS, Fourier-transformed infrared MS).

These times are so rich in new techniques, new technical support, new
insights and fresh ideas that not only students find it difficult to maintain an
overview about advances in the field of microbial systematics and diversity.
Most obviously, it is a good time to be part of this exciting avenue. I am
confident that the next generation of microbiologists will benefit from the
scientific progress achieved at the turn of the twenty-first century. It is the
hope of the authors of this book that newcomers to the field of microbial
diversity may have the enthusiasm to equip themselves with a sufficiently
qualified background and experience to carryon the exploration of the
microbial world. To quote somebody who knew what it is all about: CCThe
best way to have a good idea is to have a lot of ideas" (Linus Pauling, "The
nature ofthe chemical bond")

References
Achtman M (1998) Microevolution during epidemic spread of Neisseria meningitidis.Elec-

trophoresis 19:593-596
Ambler RP,Daniel M, McLellan L,Meyer TE, Cusanovich MA,Kamen MD (1987) Amino acid

sequences of cytochrome c-554(548) and cytochrome c' from a halophilic denitrifying
bacterium of the genus Paracoccus. Biochem J248:365-371

Avery OT, Macleod CM, McCarty M (1944) Studies on the chemical nature of the sub-
stance inducing transformation of pneumococcal types. Induction of transformation
by a desoxyribonucleic acid fraction isolated from Pneumococcus Type 111. JExp Med
79:137-158



1 Exciting Times: The Challenge to be a BacterialSystematist 17

Beadle GW, Tatum EL (1941) Genetic control of biochemical reactions in Neurospora. Proc
Nat! Acad Sci USA 27:499-506

Beijerinck MW (1895) Ueber Spirillum desulfuricans als Ursache von Sulfat-reduction.
Centralbl Bakteriol Parasitkd Infekt Abt II 1:49-59

Beijerinck MW (1899) Uber ein Contagium vivum fluidum als Ursache der Fleckenkrankheit
der Tabakblatter, Centralbl Bakteriol Parasitkd Infekt Abt II 5:27-33

Beijerinck IGV,Dooren de long LE den, Kluyver AJ (1940) Martinus Willem Beijerinck, his
life and work. W13, The Hague

Bergey DH, Harrison FC, Breed RS, Hammer BW,Huntoon FM (1923) Bergey's manual of
determinative bacteriology, 1st edn. Williams and Wilkins, Baltimore

Brenner DJ, Fanning GR, Johnson KE, Citrella RV, Falkow S (1969) Polynucleotide sequence
relationships among members of the Enterobacteriaceae. J Bacteriol 98:637-650

Brosius J, Palmer ML, Kennedy PJ, Noller HF (1987) Complete nucleotide sequence of the
16S ribosomal RNA gene from Escherichia coli. Proc Nat! Acad Sci USA 75:4801-4805

Buchanan RE (1918) Studies in the nomenclature and classification of the bacteria. V.
Subgroups and genera of the Bacteriaceae. J BacterioI3:27-61

Buchner E (1897) Alkoholische Gahrung ohne Hefezellen. Ber Dtsch Chern Ges 30:117-124
Chargaff E, Vischer E, Doniger R, Green C, Misani, F (1949) The composition of the des-

oxypentose nucleic acids of thymus and spleen. J Biol Chern 177:405-416
Chung KT, Bryant MP (1997) Robert E. Hungate: pioneer of anaerobic microbial ecology.

Anaerobe 3:213-217
Coenye T, Gevers D, Van de Peer Y, Vandamme P, Swings J (2005) Reevaluating prokaryotic

species. FEMS Microbiol Rev 29:147-167
Cohan FM (2001) Bacterial species and speciation. Syst Biol50:513-524
Cohan FM (2002) What are bacterial species? Annu Rev MicrobioI56:457-487
Cohn F (1867) Beitragezur Physiologie der Phycochromaceen and Florideen. Arch Mikrosk

Anat Entwicklungsmech 3:1-60
Cohn F (1872) Untersuchungen tiber Bakterien II. Beitr Biol Pflanz 1:127-224
Cohn F (1876) Untersuchungen tiber Bakterien IV.Beitrage zur Biologie der Bacillen. Beitr

BioI Pflanz 2:249-276
Collins MD, Pirouz T, Goodfellow M, Minnikin DE (1977) Distribution of menaquinones in

actinomycetes and corynebacteria. J Gen Microbiol 100:221-230
Cowan ST (1951) Sense and nonsense in taxonomy. JGen Microbio167:1-8
De Ley J (1970) Reexamination of the association between melting point, buoyant density,

and chemical base composition of deoxyribonucleic acid. J Bacterioll0l:738-754
De Smedt J, De Ley J (1977) Intra- and intergeneric similarities of Agrobacterium ribosomal

ribonucleic acid cistrons. Int J Syst BacterioI27:222-240
De Vos P, De Ley J (1983) Intra- and intergeneric similarities of Pseudomonas and Xan-

thomonas ribosomal ribonucleic acid cistrons. Int J Syst Bacteriol 33:487-509
De Vries H (1901) Die Mutationstheorie. Veit, Leipzig
Delbriick M, Luria SE (1942) Interference between bacterial viruses. I. Interference between

two bacterial viruses acting upon the same host, and the mechanism of virus growth.
Arch Biochem 1:111-141

Dickerson RE (1980) Cytochrome c and the evolution of energy metabolism. SciAm 242:136-
153

Dijkshoorn L, Ursing BM, Ursing JB (2000) Strain, clone and species: comments on three
basic concepts of bacteriology. J Med Microbiol49:397-401

Drews G (1999) Ferdinand Cohn: a promoter of modern microbiology. Nova Acta Leopold
80

Drews G (2000) The roots of microbiology and the influence of Ferdinand Cohn on Micro-
biology of the 19th century. FEMS Microbiol Rev 24:225-249



18 E. Stackebrandt

Dubnau D, Smith I, Porell P,Marmur J (1965) Genetic conservation in Bacillus species and
nucleic acid homologies. Proc Natl Acad Sci USA 54:491-498

Dykhuizen DE, Green L (1991) Recombination in Escherichia coli and the definition of
biological species. J Bacterioll73:7257-7268

Garrity GM, Boone DR, Castenholz RW (2001) The Archaea and the deeply branching and
phototrophic bacteria. In: Garrity GM,Boone DR, Castenholz RW(eds) Bergey's manual
of systematic bacteriology vol 1, 2nd edn. Springer, Berlin Heidelberg New York

Garrity GM, Johnson KL, Bell J, Searles DB (2002) Taxonomic outline of the procaryotes,
rel 3.0, http://dx.doLorg/l0.l007/bergeysoutline

Gevers D, Cohan FM, Lawrence JG, Spratt BG, Coenye T, Feil EJ, Stackebrandt E, Van de
Peer Y, Vandamme P, Thompson FL Swings J (2005) Reevaluating prokaryotic species.
Opinion paper. Nat Rev Microbio13:733-739

Gibbons NE, Murray RGE(1978) Proposals concerning the higher taxa of bacteria. Int J Syst
Bacteriol 28:1-6

Grimont PAD (1981) Use of DNA reassociation in bacterial classification. Can J Microbiol
34:541-546

Gupta RS (1998) Protein phylogenies and signature sequences: a reappraisal of evolutionary
relationships among Archaebacteria, Eubacteria, and Eukaryotes. Microbiol Mol Biol
Rev 62:1435-1491

Gupta RS (2000) The phylogeny of proteobacteria: relationships to other eubacterial phyla
and eukaryotes. FEMSMicrobiol Rev 24:367-402

Hugenholtz P, Pace NR (1996) Identifying microbial diversity in the natural environment:
a molecular phylogenetic approach. Trends Biotechnoll4:190-197

Istock CA, Bell JA,Ferguson N, Istock NL (1996) Bacterial species and evolution: theoretical
and practical perspectives. J Ind MicrobioI17:137-150

Janke A (1924) Allgemeine Technische Mikrobiologie, I Teil: Die Mikroorganismen.
Steinkopf, Dresden

Johnson JL(1973) The use of nucleic acid homologies in the taxonomy of anaerobic bacteria.
Int J Syst BacterioI23:308-315

Johnson JL, Francis BS (1975) Taxonomy of the clostridia: ribosomal ribonucleic acid
homologies among the species. J Gen MicrobioI88:229-244

Kates M (1978) The phytanyl ether-linked polar lipids and isoprenoid neutral lipids of
extremely halophilic bacteria. Prog Chern Fats Other Lipids 15:301-342

Kluyver AJ,van Niel CB (1936) Prospects for a natural system of classification of bacteria.
Zentralbl Bakteriol Parasitenkd Infektionskr Hyg Abt 1194:369-403

Krieg NR (ed) (1986) Bergey's manual of systematic bacteriology, vol 1. Williams and
Wilkins, Baltimore

LangworthyTA (1977) Long-chain diglycerol tetraethers from Thermoplasma acidophilum.
Biochim Biophys Acta 487:37-50

Lawrence JG (2002) Gene transfer in bacteria: speciation wihtout species. Theor Popul Biol
61:449-460

Lechevalier MP,Lechevalier H (1970) Chemical composition as a criterion in the classifica-
tion of aerobic actinomycetes. Int J Syst BacterioI20:435-443

Lechevalier MP, Bievre C de, Lechevalier HA (1977) Chemotaxonomy of aerobic actino-
mycetes: phospholipid composition. Biochem Syst Ecol 5:249-260

Lehmann KB, Neumann RO (1896) Atlas und Grundriss der Bakteriologie und Lehrbuch
der Speciellen Bakteriologischen Diagnostik, 1st edn. Lehmann, Munich

Luria SE,Delbriick M (1943) Mutations of bacteria from virus sensitivity to virus resistance.
Genetics 28:491-511



1 Exciting Times: The Challenge to be a Bacterial Systematist 19

Maiden MCJ, Bygraves JA, Feil E, Morelli G, Russel JE, Urwin R, Zhang Q, Zhou J, Zurth
K, Caugant DA, Feavers 1M,Achtman M, Spratt BG (1998) Multilocus sequence typing:
a portable approach to the identification of clones within populations of pathogenic
organisms. Proc Natl Acad Sci USA 95:3140-3145

Maynart-Smith J, Smith NH, O'Rourke M, Spratt BG (1993) How clonal are bacteria? Proc
Natl Acad Sci USA 90:4384-4388

Mayr E (1998) Two empires or three? Proc Natl Acad Sci USA 95:9720-9723
Migula W (1900) Specielle Systematik der Bakterien. Fischer, lena
van Niel CB (1946) The classification and natural relationships of bacteria. Cold Spring

Harbor Symp Quant Bioi 11:285-301
Orla-Iensen S (1909) Die Hauptlinien der natiirlichen Bakteriensystems. Zentralbl Bakteriol

Parasitenkd Infektionskr Hyg Abt 1122:305-346
Palleroni NJ (2003) Prokaryote taxonomy of the 20th century and the impact of studies on

the genus Pseudomonas: a personal view. Microbiology 149:1-7
Palleroni NJ, Doudoroff M (1971) Phenotypic characterization and deoxyribonucleic acid

homologies of Pseudomonas solanacearum. JBacterioll07:690-696
Palleroni NJ, Kunisawa R, Doudoroff M (1973) Nucleic acid homologies in the genus Pseu-

domonas. Int J Syst BacterioI23:333-339
Palys T,Nakamura LK,Cohan FM (1997) Discovery and classification of ecological diversity

in the bacterial world: the role of DNA sequence data. Int JSyst Bacteriol47:1145-1156
Palys T, Berger E, Mitrica I, Nakamura LK, Cohan FM (2000) Protein-coding genes as

molecular markers for ecologically distinct populations: the case of two Bacillus species.
Int J Syst Evol Microbiol 50:1021-1028

Pauling L, Corey RB (1951)The structure of synthetic polypeptides. Proc Natl Acad Sci USA
37:241-250

Prevot AR (1933) Etudes de systematique bacterienne, I. Lois generales. II. Cocci anaerobies,
Ann Sci Nat Bot BioI Veg 15:23-260

Pringsheim EG (1923) Zur Kritik der Bakteriensystematik. Lotos 71:357-377
Rahn 0 (1929) Contributions to the classification of bacteria, V-X. Zentralbl Bakteriol

Parasitenkd Infektionskr Hyg Abt II 79:321-343
Rahn 0 (1937) New principles for the classification of bacteria. Zentralbl Bakteriol Para-

sitenkd Infektionskr Hyg Abt II 96:273-286
Rossello-Mora R, Amann R (2001) The species concept for prokaryotes. FEMS Microbiol

Rev 25:39-67
Schleifer KH, Kandler 0 (1967) On the chemical composition of the cell wall of streptococci.

I. The amino acid sequence of the murein of Str. thermophilus and Str. faecalis. Arch
MikrobioI57:335-64

Schleifer KH, Stackebrandt E (1983) Molecular systematics of prokaryotes. Annu Rev Mi-
crobioI37:143-187

Schwartz RM, Barker WC, Dayhoff MO (1975) Early events in the emergence of eukaryotes
and prokaryotes inferred from RNA and protein sequences. In: Second college park
colloquium on chemical evolution. University of Maryland, Baltimore

Selander RK, Li J, Boyd F,Wang F-S, Nelson K (1994) DNA sequence analysis of the genetic
structure of populations of Salmonella enterica and Escherichia coli. In: Priest FG,
Ramos-Cormenzana A, Tindall B (eds) Bacterial diversity and systematics. Plenum,
New York, pp 17-50

Sneath PHA (1957), The application of computers to taxonomy. JGen MicrobioI17:201-226
Sokal R, Michener CD (1958) A statistical method for evaluating systematic relationships.

Univ Kans Sci Bull 38:1409-1438
Sokal R, Sneath PHA (1963) Principles of numerical taxonomy. San Francisco



20 E. Stackebrandt

Stackebrandt E, Schumann P (2000) Introduction to the taxonomy of the class Actinobac-
teria. In: Dworkin M, Falkow S, Rosenberg E, Schleifer K-H, Stackebrandt E (eds) The
prokaryotes, 3rd edn. Springer, Berlin Heidelberg New York

Stackebrandt E, Rainey FA,Ward-Rainey NL (1997) Proposal for a new hierarchic classifi-
cation system, Actinobacteria classis nov. Int J Syst BacterioI47:479-491

Stackebrandt E, Frederiksen W,Garrity GM, Grimont PAD, Kampfer P,Maiden MCJ,Nesme
X, Rosse1l6-Mora R, Swings J, Triiper HG, Vauterin L, Ward AC, Whitman WB (2002)
Report of the ad hoc committee for the re-evaluation of the species definition in bacte-
riology. Int J Syst Evol Microbiol 52:1043-1052

Staley JT, Konopka A (1985) Measurements of in situ activities of nonphotosynthetic mi-
croorganisms in aquatic and terrestrial habitats. Annu Rev MicrobioI39:321-346

Stanier RY, van Niel CB (1941) The main outlines of bacterial classification. J Bacteriol
42:437-466

Steigerwalt AG, Fanning GR, Fife-Asbury MA, Brenner DJ (1976) DNA relatedness among
species of Enterobacter and Serratia. Can J MicrobioI22:121-137

Uchida T,Bonen L, Schaup HW, Lewis BJ,Zablen L,Woese C (1974) The use of ribonuclease
U2 in RNA sequence determination. Some corrections in the catalog of oligomers
produced by ribonuclease Tl digestion of Escherichia coli 16S ribosomal RNA. J Mol
Evol 28:63-77

Vandamme P, Pot B, Gillis M, Vos P de, Kersters K, Swings J (1996) Polyphasic taxonomy,
a consensus approach to bacterial systematics. Microbiol Rev 60:407-438

Venter JC, Remington K, Heidelberg JF, Halpern AL, Rusch D, Eisen JA, Wu D, Paulsen I,
Nelson KE, Nelson W, Fouts DE, Levy S, Knap AH, Lomas MW, Nealson K, White 0,
Peterson J, Hoffman J, Parsons R, Baden-Tillson H, pfannkoch C, Rogers YH, Smith
HO (2004) Environmental genome shotgun sequencing of the Sargasso Sea. Science
304:66-74

Vischer E, ZamenhofS,ChargaffE (1949)Microbial nucleic acids: the desoxypentose nucleic
acids of avian tubercle bacilli and yeast. J Biol Chern 177:429-438

Watson JD, Crick FH (1953) Molecular structure of nucleic acids. Nature 171:737-738
Wayne L, Brenner DJ, Colwell RR, Grimont, PAD, Kandler 0, Krichevsky MI, Moore LH,

Moore WEC, Murray RGE, Stackebrandt E, Starr MP, Triiper HG (1987) International
committee on systematic bacteriology: report of the ad hoc committee on reconciliation
of approaches to bacterial systematics. Int J Syst BacterioI37:463-464

Weidel W, Pelzer H (1964) Bagshaped macromolecules - a new outlook on bacterial cell
walls. Adv Enzymol Relat Areas Mol Biol 26:193-232

White PB (1937) Remarks on bacterial taxonomy. Zentralbl Bakteriol Parasitenkd Infek-
tionskr. Hyg. Abt II 96:145-149

Winogradsky S (1890) Recherches sur les organismes de la nitrification. Compts Rendu
110:1013-1016

Winogradsky S (1998) Research on nitrifying organisms (1890: Compts Rendu 110:1013-
1016). In: Brock TD (ed) Milestones in microbiology: 1556 to 1940. ASM, Washington,
D.C., pp 231-233

Winslow CEA, Broadhurst J, Buchanan RE, Krumwiede C Jr, Rogers LA, Smith GH (1920)
The families and genera of bacteria. Final report of the Committee of the Society of
American Bacteriologists on characterization and classification of bacterial types. J
BacterioI5:191-229

Woese CR (1987) Bacterial evolution. Microbiol Rev 51:221-271
Woese CR (1998) Default taxonomy: Ernst Mayr's view of the microbial world. Proc Natl

Acad Sci USA 95:11043-11046



1 Exciting Times: The Challenge to be a Bacterial Systematist 21

Woese CR, Stackebrandt E, Macke T, Fox GE (1985) A phylogenetic definition of the major
eubacterial taxa. System Appl Microbiol 6:143-151

Woese CR, Kandler 0, Wheelis ML (1990) Towards a natural system of organisms: proposal
for the domains Archaea, Bacteria and Eucaryas. Proc Nat! Acad Sci USA 87:4576-4579

Woese G, Fox E (1977) Phylogenetic structure of the prokaryotic domain: the primary
kingdoms. Proc Nat! Acad Sci USA 74:5088-5090

Wolfe RS (1999) Anaerobic life - a centennial view. JBacteriolI81:3317-3320
Zuckerkandl E, Pauling L (1962) Molecular disease, evolution and genetic heterogeneity. In:

Kasha M, Pullman B (eds) Horizons in biochemistry. Academic, New York, pp 189-225
Zuckerkandl E, Pauling L (1965) Molecules as documents of evolutionary history. JTheor

Bioi 8:357-366


	1 Exciting Times: The Challenge to be a Bacterial Systematist
	1.1 Introduction
	1.2 The Early Heroes (1860-1900)
	1.3 The Dawn of Microbial Ecology and the Continuing Struggle with Classification Systems (1900-1930)
	1.4 Encouragement and Frustration (The Era 1930-1950)
	1.5 Expanding the Range of Properties: The Genetic and Epigenetic Levels (1950-1980)
	1.6 Yet Another Exciting Time: Unravelling the Genealogy(ies) of Cultured and As-Yet Uncultured Prokaryotes
	References


