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PREFACE
In 1997 the Europäische Akademie initiated an interdisciplinary
research project dealing with the scientific foundation and the social
relevance of biodiversity. The interdisciplinary working-group brought
together scientists from several biological and non-biological disciplines such as zoology, botany, microbiology, genetics, palaeontology,
jurisprudence, economy and philosophy of science. During the term of
the project, several short-studies were carried out that dealt with specific problems of biodiversity research respectively. The results of
these studies were integrated in the main-study, but for sake of comprehensibility and lucidity many details of the underlying specific problems had to be omitted. Nevertheless, these problems are important;
so, the Europäische Akademie decided to publish the respective shortstudies in its “Graue Reihe“ starting with Nr. 5 ”Zur Wissenschaftstheorie der Genetik. Materialien zum Genbegriff“ and continued with
Nr. 11 ”Biodiversitätsforschung in Deutschland. Potentiale und Perspektiven“ and Nr. 15 ”Biodiversität als Problem der Naturethik. Literaturreview und Biobliographie“.
Due to the fact, that the ”species“ is assumed to be a significant biological unit for the description of biodiversity, the working-group focused on the methodological and procedural problems of modern species
concepts. The results of the working-groups constitutive symposium
on this issue in 1998 were published in Theory in Biosciences, Vol.
117 (1998) 3.
Rossello-Moras work on ”The species concept in prokaryotic taxonomy“ presents a comprehensive overview of the history of species
concepts in microbiology, the procedures that are applied in modern
research and finally the empirical as well as methodological shortcoming of some attempts to identify species among prokaryotes. The
history of prokaryote classification itself shows that the development
of species characterisation is tightly connected with the development
of microbiological techniques. This is true also for the current approaches, which are based on genetic analysis. However, the genetic ana3

lysis alone does not provide sufficient knowledge for the exact circumscription of a prokaryotic species. Because as many additional
phenotypic characters as possible have to been taken into account, the
prokaryotic species concept can be characterised as a phenetic-polythetic concept. From a methodological point of view the procedures
that are applied for the circumscription of a prokaryotic species provide an excellent example for a ”pragmatic“ approach. Because ”species“ are determined referring to explicit goals a ”natural system“ of
organisms is not a necessary prerequisite. The usefulness of the resulting sets of prokaryotes for scientific as well as medical purposes is the
most relevant criterion for the validity of the respective systematisation.
It may seem that the topic of this short-study is rather untypical for the
immediate purposes of classical technology assessment, it should be
regarded as a contribution to the understanding of the startling complexity we have to face, when dealing with biodiversity concepts.
However, specific scientific knowledge, such as microbiological considerations in this case, can provide a basis and a starting point for
competent and successful technology assessment.

Mathias Gutmann and Peter Janich
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The species concept in prokaryotic taxonomy
‘Species would appear to have become a concept that dare not
speak its name’ Goodfellow et al. 1997 [26]
1- Introduction
Antonie van Leeuwenhoek first observed bacteria just around three
hundred years ago, setting then the starting point of Microbiology. Since
then, Microbiology as a science has developed enormously being one of
the most advanced disciplines among the natural sciences. Prokaryotes, or
cells without nucleus, have turned to be a very important group of living
organisms for the everyday routine studies on basic and applied research
like medicine, biotechnology and environmental biology.
It is surprisingly true that prokaryotes, nearly all invisible to the
human eye, constitute an essential component of the earth’s biota. They
catalyze unique and indispensable transformations in the biogeochemical
cycles of the biosphere, produce important components of the earth’s
atmosphere, and represent a large proportion of life’s genetic diversity. In
contrast to textbook knowledge, the estimated 4-6 x1030 prokaryotic cells
existing on the earth (Table 1) migth even constitute >50% of protoplastic
biomass (excluding most of the plant biomass that is made up of extracellular material like cell walls and structural polymers [110]).
Table 1. Number and biomass of prokaryotes in the world (data obtained
from [110]).
N° of prokaryotic
Environment
cells x1028
g of C x1015
Aquatic habitats
12
2.2
Oceanic subsurface
355
303
Soil
26
26
Terrestrial subsurface
25-250
22-215
Total
415-640
353-546
Plants*
–
562
* Plant carbon as a sum of protoplastic biomass, structural polymers and cell wall material.
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It is also interesting to note that the majority of the prokaryotes may
be located in oceanic and terrestrial subsurface environments. These habitats have been paid less attention than those of the earth’s surface. Thus,
research in microbiology might have dealt with the smaller part of the
total Earth’s prokaryotic community. This might explain in part why the
total number of recognized prokaryote species does seemingly not
account for a significant proportion of the total Earth’s biodiversity (Table
2). To the date less than 5000 prokaryotes have been described with validly aproved names. This number is linked to the isolation and characterization of microorganisms in pure cultures, an indispensable requisite for
the recognition of prokaryotic species [26].
Table 2. Estimates of proportions of species of major groups of organisms
contributing to the total of living biological diversity [12].
Organism

Percent of contribution

Vertebrates

0.4

Insects

64.4

Other arthropods

7.7

Other invertebrates

6.7

Plants

2.4

Algae

1.6

Protozoa

1.6

Fungi

8.0

Bacteria

3.2

Viruses

4.0

The present last two decades saw the development of molecular
techniques which application lead to quite unexpected discoveries like the
recognition of the three domain tree of life [109], or the discovery of a
very large potential prokaryote diversity made up of hitherto uncultured
microorganisms [66, 67, 97, 106]. Both discoveries deeply impacted on
prokaryote systematics and ecology, especially on the former one which
is still under hot debate [30, 58, 111]. Several attempts to estimate the
amount of species living on Earth have been made, and it seems that the
8

amount of recorded species is directly related to the effort and interest of
the scientists [54]. Molecular techniques, most notably those based on
16S rRNA, which are directed to analyze community composition of
environmental samples indicate that the hitherto classified prokaryotic
species account for a very small portion of the real prokaryote diversity
[11]. The contribution of prokaryotes to the total Earth’s diversity has
obviously been drastically underestimated.
The species concept for prokaryotes has been developed in parallel
to the design of laboratory techniques that permitted the retrieval of useful information. Original species concepts based on morphological traits
demonstrated to be wrongly tailored. Thus, its improvement has been fed
back by the use of new information units (e.g. chemotaxonomic markers,
DNA properties, rRNA sequences...). To the date, there is an agreement
among the prokaryote taxonomists that the current species circumscription, although not perfect, is acceptable and pragmatic, and covers the primary goals of taxonomy like e.g. a rapid and reliable identification of
strains [92]. There is, however, a strong criticism to the presently used
prokaryotic species concept by non-taxonomists. For some of them, the
current concept is too conservative leading to an underestimation of the
real prokaryote diversity [19, 110]. They consider it a significant disadvantage that it is different from the concepts designed for eukaryotes [94,
105]. The current discussion about the adequacy of species concepts is not
restricted to microbiologists, but there is also an open discussion among
eukaryote taxonomists [12]. It indeed is tempting to install a more universal concept that covers the different major groups of organisms making
the species units comparable. In this respect, it should be helpful to analyze in more detail the current prokaryote species concepts, its history and
potential future. This is the aim of this study.
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2- A short history of prokaryote classification
Prokaryote classification is the youngest, and more dynamic among
the different classifications of living organisms. The reason is the small
size of the prokaryotes, normally impossible to see with a naked eye, that
hampered their discovery until a few centuries ago. Additionally, the
development of a reliable prokaryote classification has been made difficult by the relative morphological simplicity of the prokaryotes. The lack
of useful fossil register, together with the difficulties to retrieve helpful
information from these small organisms have contributed to the instability of the prokaryote classification system. The development of new techniques directed to the understanding of those useful phenotypic and genotypic traits of microorganisms was the rate-determining step towards a
reliable taxonomic schema for prokaryotes.
Most microscopists of the 17th and 18th centuries did not try to classify the infusion animalcules that they observed and often described so
meticulously [48]. In these early years of bacteriology, supporters of the
theory of spontaneous generation claimed that bacteria did not have ancestors and developed de novo from inanimate matter. Even after this theory was refuted, bacteria were treated as if there might be only a single species which could develop a great variety of shapes (pleomorphism). This
period lasted essentially until the development of pure culture techniques
[45]. Early attempts of microbial classifications were solely based on
morphological observations. Otto Müller was the first to attempt a systematic arrangement of these microorganisms, however he did not make a
clear distinction between what we now call protozoa and bacteria. In his
last work published in 1786, he did create two form genera, Monas and
Vibrio, which encompassed bacteria and differentiated the punctiform and
the elongated types [48]. Several decades after, in 1838 Christian Ehrenberg extended Müller’s nomenclature and added the helical bacteria. He
described several genera and species that cannot now be recognized, but
some of the species designations are still in use (e.g. Spirochaeta plicatilis and Spirillum volutans). Subsequent workers devised simpler classifications, but all these early bacterial systematists based their arrangements
upon microscopic morphology, and assumed constancy of form at a time
10

when these theories of spontaneous generation and pleomorphism were
still widely held and the germ theory of disease had yet to be proven [48].
In the 1870’s Ferdinand Cohn still supported the idea that bacterial forms
were constant irrespective of environmental conditions, but he already
recognized the existence of a wide diversity of bacteria. He considered
them to be unrelated to fungi, with close affinities with blue-green algae,
a view that is now commonly accepted based on ultrastructural and molecular data. He arranged bacteria in six form genera, but appreciated that
the physiologies, products and pathogenicities of similar-shaped organisms might differ. Robert Koch provided the germ theory of disease with
his studies on Bacillus anthracis, and later concluded that the different
forms of pathogenic bacteria must be regarded as different morphotypes
of single distinct and constant species [48].
An important step for the development of microbiology was the
accomplishment of the isolation of organisms in pure cultures. In 1872,
Cohn’s co-worker Joseph Schroeter had cultivated pure colonies of chromogenic bacteria, and in 1878 Joseph Lister obtained a pure culture of a
milk-souring organism by dilution. Koch developed the technique of cultivation on solidified gelatin media, which was subsequently replaced by
agar, and this is one of the still most common techniques for cultivation
of microorganisms in pure cultures [48]. The achievement of the pure culture technique, marked the starting point of the ‘golden age of microbiology’. With it one could retrieve direct information of the organisms avoiding information overlap due to the coexistence of several organisms with
different physiological and/or genomic properties. Pure culture availability enforced the development of many tests for distinguishing bacteria
which allowed the phenotypic description of the organisms, and formed
the basis for their classification. During the first two decades of the present century, a large number of new species were classified by the many
microbiological laboratories that were emerging. Physiological characters
took a predominant role for bacterial classifications and replaced those
morphological traits that so often led to confusion [48].
In 1923, Bergey’s Manual of Determinative Bacteriology was
published providing a modern identification key for bacteria. At the time
11

there was no official classification of bacteria [95], but this manual and
the subsequent editions became the authoritative reference works on bacterial classification [48]. During the first half of the present century, several classification schemes appeared that were particularly significant [9],
and led to the improvement of the bacterial nomenclature (i.e. the classification of Hauduroy et al. [32]; the sixth edition of the Bergey’s manual
of determinative bacteriology [6]; and the monograph by Zhdanov [114]).
This publications provided a frame for unification of criteria among
microbiologists and avoided nomenclatural problems that were relatively
frequent in the early years of bacterial classification. At this point of time,
the lack of scientific knowledge exchange among microbiologists,
together with a strong tendency towards special purpose classification
(artificial schemes in which one or a few properties of the organism are
given undue prominence; [27]) were responsible for a confused nomenclatural standing of a quite large number of distinct bacteria. A good case
example is Pseudomonas stutzeri, that during the first half of this century
appeared in the literature at least under seven different names, often
simultaneously [101].
Microbiologists have been searching for a classification system
that is produced by an orderly arrangement of organisms on the basis of
their relationships. A phylogenetic classification of prokaryotes has already been attempted by Orla-Jensen in 1909. He argued based on the
assumption that the early earth was devoid of organic substrates that the
first bacteria on earth must have been autotrophic, and postulated that the
methane oxidizers were the most primitive of all. Later in 1936, Kluyver
and Van Niel proposed that cocci were the most primitive bacteria because they had the simplest morphological form; rods developed from elongated of fused cocci, vibrios evolved from rods, spirilla evolved from
vibrios, etc. [45]. In the seventh edition of the Bergey’s Manual in 1957,
and in the absence of usable fossil record, a quasi-evolutionary approach
to arrangement, as used for plants and animals, was adopted. The photoautotrophs were regarded as the most primitive forms and the reduced,
intracellular pathogens of the genus Rickettsia, to which the viruses were
tentatively attached, the most advanced [48]. These schemes were purely
12

speculative and today most microbiologists would agree that the basic
premises are probably incorrect. However, these schemes did provide
logical unifying frameworks in which bacteria could be placed. Bacterial
taxonomists conscientiously avoided the term ‘related’ and used ‘similar’
instead [45]. In the eighth edition of the Bergey’s Manual, which was
published in 1974, it was acknowledged that such a pseudo-phylogenetic
approach was no longer justifiable and consequently the bacterial genera,
sometimes grouped in families where thought useful, were arranged in 19
independent groups. Each of these groups was based upon a few readily
determined characters indicated in a vernacular name such as ‘Gram-positive cocci’; hence, no evolutionary relationships were implied within and
among the groups. Instead, a tentative subdivision of the Kingdom Prokaryotae was given [48].
As the variety of methods for characterizing bacteria increased, so
bacterial taxonomists suffered more and more from the lack of quantitative approaches to classification. In the late 1950s, numerical taxonomy
was developed in parallel to the onset of the computer age as a part of
multivariate analyses. Its aim was to devise a consistent set of methods for
classification of organisms. Much of the impetus for the development of
numerical taxonomy in bacteriology came from the problem of handling
the large tables of data on physiological, biochemical, and other properties of numerous strains. There was thus a need for an objective
method of taxonomic analyses, whose first aim was to sort individual
strains of bacteria into homogeneous groups, conventionally species, and
which would also assist in arrangement of species into genera and higher
groupings [87]. The period of numerical taxonomy coincided with the rise
of chemotaxonomy - the application of modern biochemical analytical
techniques, principally chromatographic and electrophoretic separation
methods, to the study of distributions of specific chemical constituents
such as amino acids, proteins, sugars and lipids in bacteria [48].
During the early 1960s a new kind of information became available that suggested that relatedness among bacteria might be objectively
determinable after all. This was based on the realization that it is the
information coded in the DNA of an organism that makes an organism
13

what it is. An increasing knowledge of the properties of DNA and the
development of molecular biology techniques supported the idea that bacteria might best be classified by comparing their genomes [45]. Initially,
overall base compositions of DNAs (mol% G+C values) were used to
compare bacterial genomes. Bacteria whose mol% G+C values differed
markedly from one to another were obviously not of the same species.
However, the single values obtained by the analysis of DNA base compositions allowed only very superficial comparisons of genomes. A much
more precise method of comparison was needed, based on comparison of
DNA nucleotide sequences. Derived from the physico-chemical properties of the DNA, DNA-DNA hybridization techniques were developed.
A great practical advantage of this methods was that the continua that
often occurred between groups defined by phenotypic characteristics
usually failed to occur in DNA hybridization experiments; organisms tended to be either closely related or not [45]. DNA-DNA hybridization consequently became the standard technique for the circumscription of bacterial species. However, as these experiments were used increasingly in
bacterial classification, some microbiologists worried that the data might
merely be sets of figures with little practical value. If these data were
obtained as an end in themselves, this certainly would be true [45]. Their
practicality depends on subsequently determining those phenotypic characters that can be used to describe a DNA similarity group, and also on
determining which phenotypic characters are the ones that could be used
to identify new isolates easily, rapidly, and reliably [38]. Indeed, the Committee on Reconciliation of Approaches to Bacterial Systematics [107]
recommended a bacterial species classification not to be recognized
unless an diagnostic phenotypic property is provided.
In the late 1970s a remarkable breakthrough in attempts to determine relationships between distantly related bacteria was achieved by
catalonging and posterior sequence analysis of the primary structure of
ribosomal ribonucleic acids (rRNA). The rRNA sequences were shown to
be very useful molecular marker for phylogenetic analyses [49]. Initially,
partial catalogues of oligonucleotide sequences were generated, but as the
sequencing techniques developed, nearly complete sequences of the 5S,
14

16S and 23S rRNA have been used to infer phylogenies [49]. Among the
three rRNA molecules, 16S rRNA has been most widely studied. Thus for
it most information is available [51]. The era of the 16S rRNA sequencing
brought spectacular new information such as the recognition of Archaebacteria or Archaea as an independent cellular lineage [109], and important rearrangements of the prokaryotic classification schema [65]. Ribosomal RNA sequencing has become to be one of the routine analysis in
most of the microbiology laboratories, and although not required by the
polyphasic approach, this information is provided in the description of
most of the newly classified bacterial species. It is also becoming increasingly popular to propose new bacterial species using data generated from
16S rRNA sequencing studies [92]. Unfortunately, the resolution power
of the 16S rRNA is often insufficient to guarantee correct delineation of
bacterial species [23, 53]. Furthermore, its validity as a marker for phylogenetic studies is being questioned [13, 28a, 30].
Nevertheless, at the present the vast majority of bacterial taxonomists is convinced that 16S rRNA sequence analysis provides a stable and
quite satisfactory framework for prokaryotic classification. However, it is
also widely accepted that an adequate classification of prokaryotes, specially of the lower taxonomic ranks such as species, will only result from
a polyphasic approach combining as many different techniques as possible, including a fine-tuning of the circumscription that takes into account
the differing properties of the different bacterial groups [26].
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3- Methods and parameters used in prokaryotic classification
Nowadays prokaryote taxonomists agree that a reliable classification can only be achieved by the exploration of the internal diversity of taxa
by a wide range of techniques. For that it is necessary to investigate, as
extensively as possible, the two sources of information: genotype, phenotype. Genotypic information is derived from the nucleic acids (DNA and
RNA) present in the cell, whereas phenotypic information is derived from
proteins and their functions, different chemotaxonomic markers and a
wide range of other expressed features. Both sources of information need
to be investigated and the lack of any of them might result in the rejection
of the proposed classification. Especially, the description of both phenotype and genotype is strictly necessary for the delineation of new species
in prokaryotes [107], and just recently, because of the ease and low costs
of nucleic acid sequencing, comparative sequence analysis became an
accepted, and in the near future essential trait for the species classification. Today, the accepted species classification will be only achieved by the
recognition of the genomic distances and borders among the closest classified taxons (DNA-DNA similarity), and of those phenotypic traits that
are exclusive and serve as diagnostic of the taxon (phenotypic property).
Altogether, the practice of retrieving as much information as possible by the use of a wide range of different methods is what prokaryote
taxonomists call a ‘’Polyphasic Approach’’ [103]. In this regard, prokaryote systematics has undergone spectacular changes in recent years by
taking full advantage of developments in chemistry, molecular biology and
computer science to improve the understanding of the relationships between microorganisms and the underlying genetic mechanisms on which
they are based [27]. A relatively large set of techniques are being used as
a routine for prokaryote classification. However, it is of primary importance to understand at which level these methods carry information, to realize their technical complexity, and the amount of time and money required. The resolution power of each technique is directly related to the kind
of information that it retrieves, and the correct use of this information is
essential to guarantee the adequate classification of a taxon. The taxonomic information level of some of these techniques is illustrated in Fig. 1.
16

Figure 1:
Taxonomic resolution of
some of the currently used
techniques. Abbreviations
are defined in the
glossary.

The list of methods given comprises the major categories of taxonomic techniques required to study bacteria at different taxonomic levels,
however, it is not meant to be complete.

3.1- Genotypic methods
Genotypic methods are those that are directed toward DNA or RNA
molecules. Undoubtedly, these methods presently dominate modern taxonomic studies not only as consequence of technological progress, but primarily because of the present view that classification should reflect most
closely the natural relationships as they are encoded in the DNA [103].
Unlike other cell constituents used for chemotaxonomy (see next section),
only the amounts and not the composition of RNA and chromosomal
17

DNA are affected by growth conditions. Furthermore, the nucleic acids
are universally distributed and they alone can be used as standards for
wide-ranging comparisons [48].
The most complete sources of information are of course the complete bacterial genomes (Fig 1). As large-scale sequencing of complete
genomes is not yet feasible at the present, several alternative approaches
are taken. They include estimating the mean overall base composition of
DNA, comparing genomic similarities by DNA-DNA pairing studies,
generating unique sets of DNA fragments by digestion with restriction
endonucleases (LFRFA, PFGE, RFLP...), sequence comparisons of selected genes, DNA-rRNA hybridization, and sequencing of rRNA [48].

3.1.1- DNA base ratio (mol % G+C; G+C content; G+C%)
The primary structure of DNA results from the linear succession of
the four nucleotide bases adenine (A), thymine (T), guanine (G) and cytosine (C), and this succession determines the genetic information of an
organism genome. Because of the double-stranded nature of the DNA,
where both strands complement with base pairing G-C and A-T, the ratios G/C and A/T remain constant. However, the relative ratio
[G+C]/[A+T] varies from genome to genome. The base ratio of a DNA
molecule is generally described as relative abundance of the pair G+C,
thus it is also commonly called G+C content. Then, the DNA base ratio is
calculated in percentage of G+C: [G+C]/[A+T+C+G]x100. This was the
first nucleic acid technology applied to prokaryote systematics [47], and
initially proved to be a useful and routine way of distinguishing between
phenotypically similar and genotypically different strains [27]. It is usually one of the characteristics required for minimum descriptions of species
and genera.
Among the prokaryotes G+C contents vary within the range of 20
to 80 mol% [96]. The greater the disparity in G+C mol% between two
organisms the less closely related they are; theoretically, DNA molecules
with differences of greater than 20 to 30 mol% can have virtually no
18

sequences in common [48]. Empirically it has been noted that organisms
showing more than 10 mol% should not be assigned to the same genus
and that 5 mol% is the maximum range permissible within a species.
However, firm guidelines have yet to be set for the range of variation, but
a range of 15 mol% can be taken as a strong indication for heterogeneity
within a genus [26]. In this regard it should be noted that although differences in mol% are taxonomically useful for separating groups, similarities in base compositions do not necessarily indicate close relationships
because the determinations do not take the linear sequences of bases in the
DNA molecules into account; the criterion can only be used negatively.
3.1.2- DNA-DNA similarity (DNA-DNA pairing;
DNA-DNA homology; DNA-DNA relatedness)
The measure of the whole genome DNA-DNA similarity is today
still the standard technique for the species delineation. The rationale for
using this parameter to set the borders of the species circumscription originates from the results of numerous studies, in which a high degree of
correlation was found between DNA similarity and phenotypic similarity
(i.e. chemotaxonomic, serological...[92]).
A unique property of DNA and RNA is the ability for reassociation
or hybridization. The complementary strands of DNA, once denatured,
can, under appropriate experimental conditions, reassociate to reform
native duplex structures. The specific pairings are between the base pairs
A-T and G-C, and the overall pairing of the nucleic acid fragments is
dependent upon similar linear arrangements of these bases along the
DNA. Under standardized conditions, DNAs from different organisms
reassociate depending on the similarity of their nucleotide sequences, thereby allowing quantification of the degree of relatedness, usually expressed as per cent similarity or homology. It is important to note that the term
homology has been replaced for the term similarity due to the inaccuracy
of its use. There is no linear correlation between actual sequence identities and hybridization values; the latter gives only relative similarity
values between genomes. There are several methodologies to measure
DNA-DNA relatedness, but all of them rely on the same principle (Fig.
19

2). DNAs of two different organisms are mixed and denatured to give a
solution of a mixture of single stranded DNA molecules (ssDNA). Under
controlled experimental conditions DNA reassociation occurs and results
in hybrid molecules: the higher the genetic similarity of the two organisms, the more nucleotide base sequences they have in common, and the
more hybrid formation (hybridization) will occur. The comparison between the results obtained with the mixture of DNAs and pure reference
DNA (homologous DNA) yields a degree of relatedness.

Figure 2: DNA-DNA reassociation assay

There are two main parameters that are used to measure the degree
of relatedness: the relative binding ratio (RBR) and the difference in thermal denaturation midpoint (∆Tm). Although both parameters result from
the measure of different features, they are correlated and can be independently used for the species circumscription [39]. In a mixture of two different DNAs, after the hybridization procedure, the amount of double
stranded units is dependent on the degree of identity between both DNAs.
In this case double stranded DNA occurs in less extent as it would happen
in the homologous mixture. RBR reflects the relative amount of hybrid
formed in comparison to the homologous DNA, for which 100% reassociation is expected.
∆Tm is a reflection of the thermal stability of the DNA duplexes.
Double stranded DNA denaturation is mainly dependent on three factors:
the G+C mol%, the ionic strength of the solution in which the DNA is dissolved, and the temperature. G+C mol% is a constant parameter characte20

ristic of each DNA, and the ionic strength of the hybridization solution is
normally kept constant. Thus, the single variable parameter is the temperature. In a denaturation kinetic curve of a double stranded DNA, the temperature at which 50% of the DNA strands are already denatured is called
melting temperature or thermal denaturation midpoint (Tm). The heteroduplexes of two non-homologous DNAs account for lower number of paired
bases than those from the homologous, that means less amount of hydrogen bounds. Thus, the duplexes are less stable and in a denaturation kinetics the Tm is reached at lower temperatures (Fig. 3). In this case the parameter used for measuring the DNA-DNA relatedness, ∆Tm is the difference between the homologous DNA Tm and the heterologous DNA Tm.
An advantage of ∆Tm upon RBR, is that the former parameter is
comparable with independence of the method used for hybridization and
without transformation of the data. However, RBR results are subjected to
differences that are related to the hybridization technique used, and this
has to be taken into account when comparing results obtained with different hybridization protocols [29].

Figure 3: Thermal denaturation
curves of a homologous DNA and
two hybrid DNAs.

Derived from the observation of numerous studies with well defined prokaryotic species, it is currently accepted that values of 70% or higher RBR, or 5°C of ∆Tm or lower, are generally accepted borders for the
species circumscription [107]. However, it is important to realize that
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DNA relatedness values do not reflect the actual degree of sequence similarity at the level of the primary structure. Indeed, it has been estimated
that prokaryotic DNA heteroduplexes will not be formed, even under nonstringent conditions, unless the DNA strands show at least 80% sequence
complementarity. Thus, depending on the sequence similarity of the reassociating single strands, a difference of about 20% of sequence identity is
spread between 0% and 100% DNA-DNA similarity [27]. Additionally,
DNA-DNA similarity studies are time-consuming and they are hampered
by the fact that they rely on pair-wise comparisons, which directly causes
that experiments are normally undergone with a relative small set of organisms. Therefore, unless the reference strains chosen are representative of
the constituent species incorrect conclusions could easily be drawn [31].
Despite of the problems, the advantages of DNA-DNA similarity
analyses outweigh their limitations, and it is an attractive measure as it
can be applied to all cultivable prokaryotes irrespective of their growth
requirements. They provide a unified concept for the delineation of bacterial species, and among other properties, these studies can also be used
to detect and identify unknown isolates [26].

3.1.3- Ribosomal RNA analysis (rRNA)
Techniques involving the analysis of ribosomal RNA (rRNA) or of
the genes coding rRNA (rDNA) have on the last 25 years revolutionized
the prokaryotic taxonomy. The conclusions drawn from these studies are
based on the assumption that the rRNA genes are highly conserved because of the fundamental role of the ribosome in protein synthesis. Ribosomal RNAs are molecules with universal, constant and highly constrained
functions that were established at early stages in evolution and that are not
affected by changes in the organism’s environment. Therefore, and because they are large molecules containing considerable genetic information,
they have been chosen as the molecular chronometers at least in the prokaryotic world [113]. Two more assumptions are basic for the validity of
this approach, namely that lateral gene transfer has not occurred between
rRNA genes, and that the amount of evolution or dissimilarity between
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rRNA sequences of a given pair of organisms is representative of the
variation shown by the corresponding genomes [26]. If this holds true, the
variations in the rRNA primary structures among the prokaryotes will
reflect evolutionary distances among the organisms.
The three rRNAs are classified by their sedimentation rates as 23S,
16S and 5S, which have chain lengths of about 3300, 1650 and 120
nucleotides, respectively, and can be separated by gradient centrifugation
or electrophoresis. Until recently direct and complete sequencing of the
larger rRNA molecules was not feasible as a routine approach. Instead,
sequence data were analyzed indirectly by DNA-rRNA hybridization or
partial sequences were obtained semi-directly by oligonucleotide cataloguing [48]. Initially, for prokaryotes, complete sequencing of 5S rRNAs
was used for phylogenetic inferences. However, this technique waned in
favor of 16S rRNA sequencing for various reasons, including the greater
information content of the larger molecule. Nowadays, almost complete
sequencing of the latter is a routine. The 23S rRNA molecule is a larger
information unit than the 16S, thus with higher resolution power for phylogenetic studies [50]. However, because still technical problems for
sequencing due to its gene length, the sequencing has not been as popular
as for the 16S and the amount of sequences in the databases is much smaller.
Meanwhile, the 16S rRNA approach is one of the most widely used
standard techniques in microbiology. Consequently, a comprehensive
sequence data set (18.000 entries in 1999) is available in generally accessible databases. The phylogenetic analysis of these data provides the basis
for an ongoing evaluation and restructuring of the current bacterial systematics accompanied by emendation, reclassification and hence renaming
of bacterial taxa. It is also widely accepted to apply the rRNA technology
as an integrated part of a polyphasic approach for new descriptions of bacterial species or higher taxa [50]. The congruence of 16S rRNA-based
reconstructions of phylogenetic trees with those based on alternative
molecules, such as 23S rRNA, ATPase subunits, elongation factors and
RNA polymerases has been tested and resulted on very similar tree topologies [50].
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An important feature of the 16S rRNA molecule in its use as universal standard parameter for phylogenetic inferences is the relative ease
of sequence alignment [20]. Alignment is the first critical step of sequence-based phylogenetic analyses. Given that positions with a common ancestry have to be compared for reliable phylogenetic conclusions, homologous positions have to be arranged in common columns in correct alignment [50]. All rRNA molecules share a common secondary and higherorder structure. Many of these structure elements are identical or similar
with respect to their position within the molecule as well as number and
position of paired bases, or internal and terminal loops, while the primary
structures differ [50]. The conservation of helical elements is maintained
independently of primary structure conservation by compensating base
changes at positions involved in base pairing. In this regard, checking a
primary structure for its potential of higher-structure formation usually
helps to improve the primary structure alignment. However, there remain
variable regions which still cannot be unambiguously aligned and it is the
subjective decision of the researcher how to arrange the data [50]. In the
case of the rRNAs an additional fact facilitates the arrangement of data.
There are comprehensive databases of aligned sequences accessible to the
public. These alignments have been established and are maintained by specialists. The databases contain secondary structure information, and can be
used as a guide to inserting new sequence data [50].
What is the best method for inferring phylogenetic relationships
from sequence data? Computer simulations and experiments have revealed that all methods fail when the assumptions upon which they are based
are badly violated [20]. There are three major approaches for tree reconstruction: distance matrix, maximum parsimony, and maximum likelihood methods. The two last approaches are based on models of evolution and, in general, operate by selecting trees which maximize the congruency of tree topology and the measured data under the criteria of the
model [50]. Given that the treeing methods are based on different models
and treat the data in different ways, a perfect match of the tree topologies
cannot be expected. It has to be taken into consideration that the models
only partially reflect reality. Thus for a final reconstruction of a tree, the
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use of the different methods together with the calculations based on several data subsets is strongly recommended. In many cases the separation of
clusters or subtrees is stable whereas their relative branching orders differs with the applicable alternative treeing methods. In such cases a fairly acceptable compromise is to use a consensus tree which shows detailed branching patterns, where stable topologies emerged, and multifurcations where inconsistencies or uncertainties could not be resolved [50].
16S rRNA sequencing and comparison analyses have demonstrated
high resolution power for measuring the degree of relatedness between
organisms above the species level. However, as more sequence information becomes available, it is evident that the resolution power of 16S
rRNA sequences is limited when closely related organisms are being inspected [26, 92]. Thus, as it is discussed in a later chapter, there can be no
bacterial species definition based solely on sequence similarity of rRNAs
or their genes. Absolute values for delineating species cannot be set based
on the low resolution power at this level [26]. However, the rRNA
sequencing approach has additional advantages e.g. for the exploration of
the uncultured prokaryote species diversity [20], and design of phylogenetic probes for a cultivation-independent monitoring of microbial communities [3].

3.1.4- DNA-based typing methods (DNA fingerprinting)
DNA-based typing methods generally allow to detect intraspecific
diversity, e.g. subdivisions within species into a number of distinct types.
They are an alternative to the classical phenotypic analyses [103]. One
can differentiate between two basic techniques: (i) the first-generation
typing methods, based in whole genome restriction fragment analysis, (ii)
and the polymerase chain reaction (PCR) methods, based on the amplification of genome fragments. All these techniques rely on the separation
and visualization of DNA fragments by gel electrophoresis.
The first-generation DNA-based methods consist on the generation
of fragments of the whole genome by using restriction enzymes. Common
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restriction enzymes recognize specific combinations of four to six bases.
Due to the size of the bacterial genome (between 0.6 to 9.5 megabases,
Mb; [22]) the digestion with common enzymes results in a complex mixture of DNA fragments of different sizes that, in most of the cases, is difficult to analyze. However, the number of DNA fragments can be reduced
by selecting restriction enzymes which only rarely cut DNA, recognizing
a specific combination of six to eight bases. The technique is referred to
as low-frequency restriction fragment analysis (LFRFA). The fragments,
however, are too large to be separated by conventional agarose gel electrophoresis, and therefore pulse-field-gel-electrophoresis (PFGE) has to
be used [103]. The result is a more or less complex electrophoretic pattern
for each strain. The comparison of patterns by numerical analysis leads to
the establishment of similarity groups within the species. This technique,
combined with Southern blot hybridization, yields data on the genome
size and organization, that in the future could be of relevance for a comprehensive description of any organism [69]. The number and distribution of ribosomal RNA operons through the genome migth be a simple, but
perhaps taxonomically useful feature of the genome that can be revealed
by this technique [25].
Alternatively, the complex DNA patterns generated by regular
restriction digestion with common enzymes can be transferred to a membrane and then hybridized with a labeled probe, which allows to reveal the
hybridized fragments. A typical example of one of these developments is
the ribotyping method, which uses rRNA as a probe [103].
The introduction of the polymerase chain reaction (PCR) methodology into the microbiology laboratory has opened a vast array of applications. Among others, a battery of different typing methods was developed.
Different methods in which short arbitrary sequences were used as primers in the PCR assay were described: oligonucleotides of about 20 bases
are used in arbitrary primed PCR (AP-PCR); oligonucleotides of about 10
bases are used in randomly amplified polymorphic DNA analysis (RAPD)
[103]. Those are only few of the many examples of the application of PCR
to the typing of bacteria. However, all of them are only applicable to the
understanding of the intraspecific diversity. These techniques are not sui26

table for the circumscription of prokaryotic species as well as for higher
taxonomic units, and for this reason their use in prokaryotic taxonomy is
rather limited.

3.2- Phenotypic methods
The phenotype is the observable expression of the genotype. Until
the new molecular methodologies were available for the prokaryote taxonomists, the classification was exclusively based on the observation of the
morphology, physiology and growth conditions of the organisms. These
investigations were directly linked to the use of pure cultures, and the
laboratory capabilities to cultivate the organisms and analyze their properties. Thus, the classification schemes were biased towards aerobic
heterotrophic microorganisms for which an extensive retrieval of information was easy. One of the disadvantages of analyzing the phenotype is
that the whole information potential of a prokaryotic genome is never
expressed. The gene expression is directly related to the environmental
conditions (e.g. growth conditions in the laboratory). Prokaryotic phenotype can not be based on the simple observation of the organism. The prokaryotes lack complex morphological features. Most do not show life
cycles with different morphological stages, and lack an ontogenetic development. Thus, the analysis of the prokaryotic phenotype mostly relies on
the development of experimental techniques that evidences direct or indirectly different phenotypic properties. In this respect, most of the phenotypic analyses are biased towards the observation of enzyme activities,
substrate utilisation profiles, and growth conditions. One of the main
basic problems is that unless we know the genes that are responsible for
the phenotypic traits that we observe, we can not distinguish between
autapomorphic and synapomorphic characters. Prokaryote taxonomy has
traditionally overseen this problem. However, due to the development of
the molecular techniques, and the establishment of a reliable phylogenetic schema, taxonomists start to regard the autapomorphic or synapomorphic nature of the phenotypic traits. Soon, complete genome sequencing
will shed light on the homology of phenotypic traits.
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Four main problems must be considered when planing a phenotypic study of bacteria. The first two are that analysis based upon different
character sets might show poor agreement (congruence), and that, as mentioned above, the phenotype represents a very small part of each organism’s genome [48]. These problems are combated basing a general purpose classification on a large number of characters from a wide phenotypic
range. The other two problems are concerned with analysis. Many
methods exist for the calculation of similarities and for the arrangement
of strains according to these similarities, and the application of different
combinations of methods to a set of data can lead to a wide variety of
interpretations. Fortunately, bacteriologists tend to restrict themselves to
relatively few methods (those available in the computer programs) and
discrepancies between the results of different approaches may give useful
insights into stabilities and other aspects of the relationships implied [48].
Phenotypic analysis is the most tedious task in the classification of
microorganisms. It requires much time and skill, and the techniques
should be standardized to avoid subjective observations. An important
aspect when analyzing the phenotype of a prokaryotic species is that the
strains should be chosen to represent the known diversity and environmental niches of the group being studied [48]. It is most important to
include recent isolates because classification based entirely upon ‘museum pieces’, which have been maintained in major culture collections and
other laboratories for many years and have become adapted to laboratory
conditions, lay poor foundations for diagnostic schemes intended to identify isolates from the real world [48]. In classifying prokaryotes it is desirable to use an orderly approach based on common sense, and on the use
of the tests that are pertinent [84].

3.2.1- Classical phenotypic analyses
The classical or traditional phenotypic tests are used in identification schemes in the majority of microbiology laboratories. They constitute
the basis for the formal description of taxa, from species and subspecies
up to genus and family. While genotypic data alone are sufficient to allo28

cate taxa in a phylogenetic tree and to draw the major borderlines in classification systems, the consistency of phenotypic and genotypic characters is required to generate useful classification systems [103]. The classical phenotypic characteristics of bacteria comprise morphological, physiological, and biochemical features. Individually, many of these characteristics have been shown to be irrelevant as parameters for genetic relatedness, yet as a whole, they provide descriptive information enabling us
to recognize taxa. The morphology of a bacterium includes both cellular
(shape, endospore, flagella, inclusion bodies, Gram staining...) and colonial characters (color, dimensions, form...). The physiological and biochemical features include data on growth at different temperatures, pH
values, salt concentrations, or atmospheric conditions, growth in the presence of various substances such as antimicrobial agents, and data on the
presence or activity of various enzymes, metabolization of compounds,
etc. Reproducibility of results within and between laboratories is a major
problem which can be addressed with highly standardized procedures
[103].

3.2.2- Numerical taxonomy applied to phenotypic analyses
Numerical taxonomy is also known as the computer-assisted classification [27]. It appeared when the variety of methods for characterizing
bacteria increased and bacterial systematists suffered more and more from
the lack of quantitative approaches to classification [48]. Sneath and
Sokal [89] define numerical taxonomy as ’the grouping by numerical
methods of taxonomic units into taxa on the basis of their character states’. The methods require the conversion of information about taxonomic
entities into numerical quantities. Numerical taxonomy principles, based
on the concept of Adansonian taxonomy, state that maximum information
content should be achieved: i.e., all possible characters should be studied
for the strains, they should be weighted equally, and taxa should be defined on the basis of overall similarity according to the results of the analyses. Numerical taxonomy is often incorrectly used as a synonym for
phenetic analyses of phenotypic data. However, this also applies to those
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studies of genotypic data, for which cladistic analyses of gene sequences
are the most known.
A numerical taxonomy study of phenotypic data involves five
essential steps [15]:
a- Selection of strains. There are no rules controlling the range of
diverseness among the strains to be examined. It is recommended that the
set of strains should be as large as possible, which should include cultures of historical, pathological, or environmental importance. It is important to include reference strains (type strains) whose identity has been
established for comparative purposes. As mentioned above, it is recommendable that the strains represent fresh isolates, so that little modifications have been occurred due to laboratory adaptations.
b- Test selection. Routine tests should represent a broad spectrum
of the biological activities of the organism and include morphological,
colonial, biochemical, nutritional, and physiological characters. Tests that
are not highly reproducible, this includes some of those routinely employed in conventional bacterial taxonomy, should be avoided. An optimum
number of tests for numerical taxonomy is considered to be in the range
of 100 to 200. Standardization of treatment, inoculation, and incubation
of the strains is also required.
c- Data coding. Generally data are given in a binary numerical format. Positive responses (plus) are coded as 1 and negative responses
(minus) are coded as 0. Weighting of characters is usually avoided.
d- Computer analysis. Coded data is computerized by one of the
several available programs. Among the different similarity coefficients
available, bacteriologists generally employ either the simple matching
coefficient (SSM), or the Jaccard coefficient (SJ). The data analysis generate similarity matrices containing information about relationships among
the strains. Subsequently, cluster analysis are performed to finally generate the dendrograms.
e- Presentation and interpretation of results. This last step is mainly dependent on the data set under study. Results can be presented in sor30

ted similarity matrices, as well as a dendrograms. These branched diagrams are partially informative because they are generated with the highest similarity values linking a pair of organisms, but gives an easy visual
overview. One problem of dendrograms is that inexperienced researchers
are not aware that they do not necessarily indicate phylogenetic relationships between strains (i.e., relationships based on ancestry of the organisms), and sometimes can led to misinterpretations.
Numerical taxonomy has supported the development of stable prokaryotic classifications, especially the determination of homogeneous
groups that can be equated with taxospecies. Furthermore, the databases
generated are essentially information storage and identification systems.

3.2.3- Chemotaxonomy
Phenotypic methods comprise all those that are not directed toward
DNA or RNA, therefore, they also include the chemotaxonomic techniques. The term ‘chemotaxonomy’ refers to the application of analytical
methods to collect information on various chemical constituents of the
cell to classify bacteria. As the introduction of chemotaxonomy is generally considered one of the essential milestones in the development of
modern bacterial classification, it is often treated as a separate unit in
taxonomic reviews [103]. However, as the parameters measured are a
direct reflection of the expression of the genetic information of an organism, they should be regarded as phenotype. As for the other phenotypic
and the genotypic techniques, some of the chemotaxonomic methods have
been widely applied on vast numbers of bacteria whereas others were so
specific that their application was restricted to particular taxa [103].
Chemotaxonomy is concerned with the discontinuous distribution
of specific chemicals, notably amino acids, lipids, proteins and sugars,
and in this sense can be considered to provide good characters for classification and identification [27]. It is, however, important that the observed
variation in chemical composition is the result of genetic differences and
not due to variation in cultivation conditions. Therefore, it is usually
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necessary to grow cultures under carefully standardized growth regimes
before comparative chemotaxonomic work can be undertaken. Rigorously standardized cultivation conditions are particularly important in studies
involving quantitative analyses of chemical data [27]. Several techniques
are increasingly being used as routine in prokaryotic taxonomy, e.g.:
Cell wall composition. Generally used for the classification of
Gram positive organisms. The peptidoglycan type and teichoic acids are
analyzed.
Lipids. The composition and relative ratio of fatty acids (hydroxylated, non-hydroxylated, branched...), polar lipids (specially phospholipids), lipopolysaccharides, isoprenoid quinones (ubiquinones, menaquinones...), generally analyzed by chromatography are used successfully for
discriminating among taxa of various ranks.
Polyamines. Polycationic compounds with important but unclear
role in the prokaryotic cell. Its composition and relative ratio can be
discriminative for taxa above genus.

3.2.4- Phenotype typing methods
Like in the section 1.4 (DNA-typing methods), these are techniques
that are useful for establishing relationships within a prokaryote species,
but generally lack resolution above this taxon [80, 82, 103]. There are
several methods that have been successfully used for discriminating
strains as well as for the understanding of the intraspecific variability: (i)
serotyping, based on the presence of variability in the antigenic constituents of the cells ( capsules, cell envelopes, flagella, fimbria...), (ii) electrophoretic protein profiles, based on the extraction of the proteins and
separation on, normally, polyacrylamide gels (whole cell protein profiles,
Gram negative outer membrane protein profiles, and multilocus enzyme
electrophoresis...), (iii) Lipopolysaccharide electrophoretic profiles,
where variations on the O-side chains are reflected in different ladder-like
electrophoretic patterns, (iv) Pyrolysis mass spectrometry, Fourier trans32

formation infrared spectroscopy, and UV resonance Raman spectroscopy.
These are sophisticated analytical techniques which examine the total
chemical composition of bacterial cells. Because of the complexity of the
analytical apparatus these techniques have so far only been used for particular groups of bacteria [27].

3.2.5- Identification keys and diagnostic tables
One of the goals of the phenotypic characterization is the construction of a framework for an accurate identification of organisms. This framework can consist in dichotomous identification keys where the identity of an isolate is being tested with an orderly, steplike series of questions.
However, diagnostic tables are more common in microbiology. Diagnostic tables contain more information than the dichotomous keys and are
much more successful as a determinative aid [99]. This tables are based
upon the sharing of several (usually unweighted) characters, which are
characteristic and identifies the taxon (the species phenotypic property;
[107]). In diagnostic tables variable characters within the studied taxon
are as well recorded, and this is a good indication of the intraspecific
diversity. The success in the identification of new isolate to already established species is dependent on how accurate the description of the species was, and the accuracy is dependent on the size of the dataset analyzed. It is postulated that for a rather accurate description of a species, a
minimum of 10 but better 25 strains should be studied [85]. However, in
the majority of cases, new species and genera are described on the basis
of only a few strains or even only one. Poor descriptions based on a small
set of strains can lead to improper phenotypic circumscription of taxa,
thus hindering the identification of new isolates.

3.2.6- Microbial identification systems
A significant contribution of industry specially to the clinical
microbiology was the development of miniaturized identification systems
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based on classical methods. Several systems are commercially available
(e.g. API, Analytab Products, Plainview, N.Y.; Biolog, Biolog Inc.,
Hayward, Calif.; Vitek, Vitek Systems, Inc. Hazelwood, Mo.), mostly
based on modifications of classical methods [18]. First-generation
systems were addressed to the identification of members of the family
Enterobacteriaceae, and consisted on miniaturized tubes containing individual substrates, multicompartment tubes or plates with multiple substrates, and paper strips or disks impregnated with dehydrated substrates.
This methods developed by the incorporation of highly sophisticated,
computer-generated identification data bases tailored for each system
[18]. However, these systems addressed mainly the identification of organisms with high medical importance. All of them consist of a relative
short number of key tests useful to identify a particular group of microorganisms. Because of this special purpose development, miniaturized identification tests have shown to be successful for the identification of clinical isolates. However, this systems have been less successful for the identification of environmental isolates due to a lack of knowledge of the phenotypic diversity of the microorganisms in natural environments. Thus,
this systems should be viewed cautiously when applied to samples that
are not from clinical origin [43]. Miniaturized systems are commonly
used for phenotype exploration in classification purposes. However, some
taxonomists regret their use in classification because the reduced set of
tests [70]. Although not commercial, miniaturized systems have been
developed for classification purposes consisting of large numbers of physiological tests [41]. These systems have been used successfully for the
examination of the physiological diversity of environmental isolates [41,
82].
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4- Prokaryotic species concept
As detailed in the introduction, prokaryote taxonomy has mostly
developed during the present century. The classification system as well as
the Linnean nomenclature were adopted as an analogy to those established systems for eukaryotes, specially the Botanical Code [88]. The adopted system has been satisfactory for all levels of bacterial classification
but except the species. Supraspecific classes, being regarded as abstract
entities [102], can be compared to those classification systems established
for eukaryotes. However, the concept of prokaryote species is different.
This is because no universal concept exists [36, 55], and species are
(regarded as individuals) practical entities [102] for which the requirements for their circumscription vary depending on the species concept
adopted (biological, phenetic, evolutionary...; [55]). Unfortunately,
through the history of prokaryote taxonomy, there has been paid much
more attention to the taxa nomenclature [e.g. 9, 10, 17, 33, 86, 88, 98]
than to the practical circumscription of the species concept applied to prokaryotes.
Todays prokaryotic species concept results from empirical improvements of what has been thought to be a unit. The circumscription of the
species has been optimized through the development of microbiological
methods that reveal both genotypic and phenotypic properties of prokaryotes, which can not be retrieved through simple observation. As it is
mentioned in the introduction there is currently a phase of strong criticism
to the current definition of the prokaryotic species among some non-taxonomists [19, 94, 105, 109]. The current concept is criticized as too conservative and ill-defined. On the other hand, many other microbiologists
find the present concept acceptable [93]. We will argue in the following
that analyzing the current state of the available techniques and knowledge about microorganisms, the current concept is the most practicable we
can have at the moment. It also fulfills several important requirements for
being a concept (e.g. the resulting classification schema is stable), and
should be regarded as a not ideal but practical concept.
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4.1- The concept
Early definitions of bacterial species were often based on monothetic groups (groups based on a unique set of features considered to be both
sufficient and necessary for the groups so defined) described by subjectively selected sets of phenotypic properties [26]. This concept had severe
limitations as strains which varied in key characters could not be accommodated in existing taxonomies. Moreover, such classifications often
lacked uniformity as different criteria were frequently used by different
investigators for the same group of organisms. Another consequence of
this approach was that the rank of species became very unevenly defined
over the whole range of bacterial variation. The number of species in a
genus was influenced by the aims of the taxonomist, the extent to which
the taxon had been studied, the criteria adopted to define the species and
the ease by which the strains could be brought into pure culture. Members
of environmentally and medically important genera have been underclassified and those in industrially significant taxa overclassified [26].
Until the discovery of the existence of the DNA as informationcontaining molecule, prokaryote classification was based solely on phenotypic characteristics. The development of the numerical taxonomy [89],
where the individuals are treated as Operational Taxonomic Units being
polythetic (they can be defined only in terms of statistically covarying
characteristics), achieved a more objective circumscription of prokaryotic
units. The discovery of the genetic information gave a new dimension to
the species concept for microorganisms. Parameters like G+C content and
overall DNA-DNA similarity have additionally been used for the circumscription of this basic unit in a more natural way, and as it is discussed
below, these parameters enable at least a first rough insight into phylogenetic relationships. Thus, the species concept for prokaryotes evolved to
be mostly phenetic or polythetic. This means that species are defined by
a combination of characters, each of which may occur also outside the
given class and may be absent in any member of the class [102].
There is no official definition of a species in microbiology. However, from a microbiologist point of view ‘a microbial species is a concept
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represented by a group of strains, that contains freshly isolated strains,
stock strains maintained in vitro for varying periods of time, and their
variants (strains not identical with their parents in all characteristics),
which have in common a set or pattern, of correlating stable properties
that separates the group from other groups of strains’ [28]. This definition does only apply to those prokaryotes which have been isolated in pure
culture (essential for the classification of new prokaryotic species), and
excludes those uncultured organisms which constitute the largest proportion of living prokaryotes. However, a prokaryote species is generally
considered to be ‘a group of strains that show high degree of overall similarity and differ considerably from related strain groups with respect to
many independent characteristics’, or ‘a collection of strains showing a
high degree of overall similarity, compared to other, related groups of
strains’ [16].
There are, in the literature, at least three different species definitions that, to the date, tend to disappear due to the unification of criteria: (i)
Taxospecies, defined as a group of organisms (strains, isolates) with
mutually high phenotypic similarity that form an independent phenotypic
cluster, (ii) genomic species as a group showing high DNA-DNA hybridization values, and (iii) nomenspecies as a group that bears binomial
name [16]. The simultaneous occurrence of these three conceptual units
have been definitively avoided by the agreement that a species classification can only be achieved by the integration of both phenotypic and genotypic parameters. Indeed, the committee on reconciliation of approaches
to bacterial systematics [107] recommended ‘that a distinct genospecies
that cannot be differentiated from another genospecies on the basis of any
known phenotypic property not be named until they can be differentiated
by some phenotypic property’.
It is nowadays accepted, among microbial taxonomists that a prokaryotic species should be classified after the analysis and comparison of
as many parameters as possible, combining phenotypic and genotypic
markers in what is known to be the Polyphasic Taxonomy [103]. The evaluation of several distinct independent phenotypic and genotypic characters have promoted a more unified approach to the objective delineation
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of a bacterial species concept. The ‘polyphasic species’ has distinct
advantages over traditional more descriptive species concepts, especially
since it can be expected to yield well described species, a stable nomenclature and better identification systems. The polyphasic species concept
is universally applicable. However, the details of the approach need to be
tailored taking into account the differing behavioral properties of the
members of taxonomically diverse genera [26]. Polyphasic species should
be regarded as synonym of polythetic species or phenetic species. It has
been noted that this concept of species is extremely useful for dealing
with biological entities endowed with intrinsic variability, since it can
accommodate individual members that lack one or other character considered typical of the class [102].

4.2- The borders
Unfortunately, there are no absolute borders for the circumscription of prokaryotic species, and this results to be a problem for those nontaxonomists who are searching for the identification of their new isolates
belonging to hitherto unclassified species. As it is said above, a species
classification can only be achieved through the analysis of several independent phenotypic and genotypic characters in a polyphasic approach. It
is necessary to show that the group of strains under study form an independent and diagnosable unit within the established classification scheme. The species circumscription approach is a tedious task often underestimated in its importance.
The most accepted parameter to give a numerical and quasi absolute boundary for the species circumscription is the value of the overall
DNA similarity. Values expressed as percentage of similarity or ∆Tm (see
methods) are considered to be, in some extent, crude measures of genomic distances among microorganisms. Just because the results obtained
are an indirect reflection of the genomic sequence similarity at the level
of the primary structure [27], DNA reassociation approaches represent the
best applicable procedure for the inference of phylogenetic relationships
among closely related prokaryotes [107]. In this way, and based on nume38

rous studies in which a high degree of correlation was found between
DNA similarity, and chemotaxonomic, genomic, serological and numerical similarity, the DNA reassociation has been used as the standard for
species delineation [92]. Empirically it has been observed that most of the
well defined prokaryotic species harbor strains which genomic similarities are above 70%. This fact made the committee on reconciliation of
approaches to bacterial systematics to recommend to set the borders of the
species circumscription in terms of DNA similarity. It is stated that ‘a
phylogenetic definition of species generally would include strains with
approximately 70% or greater DNA-DNA relatedness and with 5°C or
less ∆Tm’ [107]. It is important to note that the values recommended by
the Committee are not absolute numbers in defining the genomic boundary of a single prokaryotic species. In some cases, like Pseudomonas stutzeri [79], the recommended values might be too narrow to harbor all the
strains of a single species [100, 103]. Additionally, the second most used
genomic parameter in prokaryotic taxonomy, the G+C content gives also
some numerical boundaries for the unit. Empirically it is observed that a
single species does not usually contain strains whose G+C mol% exceed
a range of 5%. Both parameters are to the date necessary for an adequate
species classification.

4.3- The 16S rRNA sequence data
The development of the molecular techniques applied to bacterial
systematics introduced a new parameter that is having an enormous influence into the prokaryotic classification, the 16S rRNA sequence. This
technique enabled remarkable breakthroughs in attempts to determine
relationships between distantly related bacteria [27]. Molecular sequencing is dominated by the possibility of drawing genealogical trees that
represent lines of descent [112, 113]. The reconstruction of phylogenetic
trees based on 16S rRNA has been tested by the comparison with other
genes with similar information content (23S rRNA, elongation factor Tu,
and ATPases; [50]) which, in some extent, resulted in similar phylogenies.
Markers with different functional pressures report on different periods of
evolutionary time. A fast evolving gene can only report on recent deve39

lopments whereas a conserved molecule fails in this respect but does well
on ancient events [50]. In these trees, organisms represent terminal points
in a genealogical tree, and it is important to note that due to the absence
of an useful fossil register no time-scaled patterns of phylogenetic ancestry can be drawn.
16S rRNA analyses have opened the door for a more objective classification system among prokaryotes, especially for taxa above the species, for example a practicable border zone for a genus definition would
be 95% of sequence similarity [50]. It has been observed that species
having 70% or greater DNA similarity usually have more than 97% 16S
rRNA sequence similarity [92]. This value could have been taken as an
absolute boundary for the species circumscription. However, disagreements to these observations are starting to appear regularly in the literature indicating the lack of resolution power of this molecule at the species
level. In this regard, it is possible to find different species with identical
[76] or nearly identical 16S rRNA sequences [23, 53], a micro heterogeneity of the 16S rRNA genes within a single species [5, 37] or, in exceptional cases, single organisms with two or more 16S rRNA genes with
relatively high sequence divergence [61, 64]. Thus, due to the highly conserved nature of the 16S rRNA, there is no linear correlation between
DNA-DNA similarity percent and 16S rRNA similarity for closely related
organisms [26, 92] and the bacterial species definition can not be solely
based on sequence similarity of rRNAs. However, comparative analysis
of 16S rRNA is a very good method for a first phylogenetic affiliation of
both potentially novel and poorly classified organisms [26]. Due to the
practical advantage of the 16S rRNA approach also for identification purposes, it is recommended to include the ribosomal sequence in new
descriptions of prokaryotic species. Probably in the near future, it will be
a necessary parameter, together with DNA-DNA similarity and G+C content, for any classification.
4.4- Infraspecific subdivisions
Subspecies is the lowest taxonomic rank that has official standing
in nomenclature [88]. A species may be divided into two or more subspe40

cies based on minor but consistent phenotypic variations within the species or on genetically determined clusters of strains within the species
[95]. However, many bacterial species are endowed with a relative internal heterogeneity that does not show consistency for a subspecific subdivision. Then, strains of a single species can sometimes be grouped in
terms of some independent special characteristics. These groups or infrasubspecific subdivisions are not arranged in any order of rank, and may
overlap one another [88]. For example, members of any species can be
grouped in terms of biochemical or physiological properties (biovar or
biotype); of pathogenic reactions (pathovar or pathotype); of reactions to
bacteriophages (phagovar or phagotype); antigenic characteristics (serovar or serotype); and so on...
DNA reassociation experiments, however, produce intraspecific
subdivisions that are often seen as potential species, but their independent
classification is hampered by the lack of an diagnostic phenotypic property [107]. There is, in the literature, a nomenclatural confusion about
the phenotypically similar but genotypically distinct groups, which have
been referred to as genomic species, genospecies [107], DNA groups [37],
genomospecies [7, 8], genomic groups [115], or genomovars [79, 100].
There is an open discussion about the adequacy of these terms used to
designate these subdivisions [103]. Actually, each of the different intraspecific units defined with DNA similarity values can not be considered a
single species per se. The polythetic nature of the currently accepted species concept does not allow the recognition of a species based on a single
characteristic. This means that although the DNA reassociation values
give a numerical boundary for the species circumscription, this unit can
not be recognized unless there is an overall agreement of the distinct characters analyzed in a polyphasic study. Thus, the suffix ‘-species’ is inadequate for this term as far as DNA similarity groups per se lack a specific standing. Similarly, the term ‘group’ is informal and has no nomenclatural standing, and among the suffixes, ‘-var’ is recommended [88]. The
term genomovar has been suggested to accommodate different DNA similarity groups within a nomenspecies [79, 100]. This term has been positively accepted by some taxonomists [26, 104] because it indicates that a
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genomic species are an integral part of a nomenspecies and hence should
not be overlooked in subsequent taxonomic work. It is suggested that
genomovars encompassed in nomenspecies should be numbered, and not
named [79]. Ultimately, following the identification of further phenetic
identifications the genomovars can be given a formal name.
It is empirically observed that the circumscription of the prokaryotic species should be more relaxed in absolute values of genomic similarity [100, 103]. The level of 70% binding and 5°C ∆Tm is very strict, and
often phenotypic consistency would not be achieved if these recommendations were strictly applied. More relaxed boundaries for the species
delineation would be a group of strains sharing 50 to 70% DNA reassociation and 5 to 7°C difference in thermal stability between the homologous and heterologous duplexes [100], which is a more realistic standard
[103]. Allowing internal genomic heterogeneity (represented by genomovars) and more relaxed genomic boundaries, the circumscription of the
prokaryotic species will have a even more conservative nature, but it may
be a more pragmatic definition as far as it facilitates diagnosis.

4.5- Prokaryotic sex
Attempts to circumscribe the prokaryotic species in terms of genetic exchange, in what could be analogous to the ‘biological species concept’ (BSC, [56, 57]) have been made [77, 78]. However, this prokaryotic
species concept has no direct theoretical analogy to the BSC developed
for eukaryotes. It has been adapted to the particular way in which prokaryotes share gene pools. Prokaryotes do not have the same reproductive
mechanisms as eukaryotes, i.e. meiosis, fertilization. They are haploid
and reproduce asexually by binary fission in which the genetic material is
passed vertically from mother to daughter cell. Thus the evolutive pattern
would be only linked to the genome organization rearrangements and
mutation rate. The latter one is considered to be one of the major sources
of genetic diversity [110]. However, prokaryotes have several common
systems for genetic exchange called horizontal gene transfer systems. The
three best known genetic transfer systems are: (i) conjugation: transfer of
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DNA from a prokaryotic donor to a recipient cell through cell-to-cell
contact which is mediated by plasmids, (ii) transformation: uptake of free
DNA from the environment through active or passive cell transport
systems, and (iii) transduction: spread of prokaryotic genes by temperate
bacteriophages [46]. Originally, it was assumed that these horizontal gene
transfer systems were restricted to closely related organisms, and that the
homologous recombination would follow the same patterns observed for
eukaryotes [78]. However, genetic exchange in prokaryotes is less frequent but more promiscuous than that in eukaryotes [13]. In the sexual
eukaryotes, populations that are separated by only 2% sequence divergence are frequently unable to exchange genes. Prokaryotes, in contrast,
may undergo homologous recombination with related species that are up
to 25% (and possibly more) divergent in the sequences of homologous
genes; they can also accept and express new genes on plasmids from
extremely divergent sources [14]. Prokaryote taxonomy has consequently, to date, not benefited greatly from studies involving genetic exchange
of chromosomal material, and the BSC is far from being realized [40].
Indeed, there is no sense in applying the BSC for prokaryotes because it
fails in one of the basic statements, the interbreeding discrimination [57].
Independent of the best species concept for microbiology, taxonomists are aware that the horizontal gene transfer may have important consequences for bacterial systematics [40]. It is not yet known what the real
significance of the gene exchange among prokaryotes is, although it is
seen to be a much rarer eventuality than it is in eukaryotes [13]. Actually,
the most questioned aspect within prokaryotic systematics is the current
phylogenetic reconstructions. Genealogical relationships are basically
inferred after 16S rRNA sequence analysis, a single gene. And although
the tree is consistent with other trees generated for different molecules
[50], there is the question of whether microbiologists are dealing with a
true organismal tree or just a gene tree [111]. The skepticism on the value
of the 16S rRNA as a biological chronometer originates from the release
of the first whole prokaryotic genome sequences. It seems that horizontal
gene transfer might have played a more relevant role in evolution than it
was supposed, and some incongruities are found with the current phylo43

genetic scheme [30, 72]. The answer on the extent of gene exchange
among prokaryotes will have to await further whole genome sequences.
Fortunately, the prokaryotic species concept, as it is currently conceived, is remote from the problematic of gene exchange. It is true that the
acquisition of genomic material through horizontal gene transfer, and/or
the presence of extrachromosomal elements can lead to misclassifications
or misidentifications of prokaryotes because of the influence on their phenotype [40]. However, such characters, specially the extrachromosomal
elements, should be excluded from taxonomic studies once they are
known to happen [40]. In spite of these problems, which may be minimized by computer-assisted extensive phenotypic analyses [40], the species
concept for prokaryotes is appropriate because it is based on whole genome similarities [92]. As it is explained in the methods section, DNA reassociation values are an indirect expression of the real genome sequence
identity. One can estimate that for example a 96% of sequence identity
between two genomes would lead to 70% DNA similarity [92], or 4°C of
∆Tm [108]. Genome sequence variation within the range of values recommended for a single species can account for significant differences in the
phenotype. However, despite genomic rearrangement caused by horizontal transfer and the presence of extrachromosomal elements, the primary
structure of the majority of the genes are most likely not involved [92].
Changing the physical map will not markedly influence the extent to
which DNA hybridizes, and even if the genetic changes affect one of the
characters used in the phenotypic characterization of the species, the
DNA similarity values will most likely not change to a measurable extent.
The current microbiological species definition consequently is relatively
insensitive to genetic rearrangement, gene amplification, mutation, and
exchange of genetic material over a nonpredictable range of taxa [92].

4.6- Pure cultures and the culture collections
The prerequisite of the current prokaryotic species concept is the
isolation of the microorganisms in pure cultures. Biochemical tests, genome analyses or chemical component analysis can not be performed unless
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the organism under study is analyzed separately [70]. The isolation and
maintenance of organisms in pure cultures require time and skill and
remains one of the prime challenges for microbiologists. However, the
classification of a prokaryotic species can not rely on a single strain or
isolate, but an effort should be made to collect as many strains as possible to evidence the real intraspecific diversity. It is calculated that a number of 25 strains are necessary for an accurate description of a species, and
that the lower tolerable limit would seem to be 10 strains [85]. This number is, unfortunately, seldom achieved in taxonomic publications. Looking through the two most renown journals for prokaryotic taxonomy, i.e.
the ‘International Journal of Systematic Bacteriology’, and ‘Systematic
and Applied Microbiology’, most of the newly classified species are
based on a single isolate, thus providing a relative poor phenetic description that can lead to misclassifications, or inability to assign new isolates
to this species.
After the classification of a new species, it is important to assign
one of the isolates to be the reference strain which other scientists may use
for comparisons. This is named ‘type strain and consist of living cultures
of an organism which are descended from a strain designated as the
nomenclatural type. The strain should have been maintained in pure culture and should agree closely in its characters with those in the original
description’ [88]. Actually, it is also recommended to select reference
strains for each infraspecific subdivision and preserve them, especially
those belonging to different genomovars which might be classified as different species later on.
Another important aspect of the pure culture technique is that isolated strains need to be preserved and made available to the scientific
community for information and comparison. Most of the microbiologists
tend to build their own culture collections. However, reference collections
of bacteria (culture collections) have been set up for the maintenance of
large numbers of strains of microorganisms, as well as to have available
those reference strains, specially type strains, that are necessary for any
comparative work [24, 85]. In this regard, it is nowadays necessary to
deposit the type strain of a species (or the reference strains of a genomo45

var; [79]) in one of the publicly accessible reference culture collections
[24].
It is currently impossible to retrieve sufficient information for taxonomic studies from uncultured organisms identified in the environmental
samples. However, the development of the rRNA approach to explore
uncultured prokaryotes in natural samples has given valuable insights into
prokaryotic diversity [68, 20]. Unfortunately, as stated above, the rRNA
approach lacks resolution at the species level. Also it is very difficult to
infer physiological characteristics of an organism based only on its rRNA
sequence without having it in pure culture. Phylogenetically related prokaryotes can have diverse physiologies whereas physiologically similar
organisms can occur in different phylogenetic lineages [59]. A novel
rRNA sequence isolated from nature therefore merely indicates that there
is a currently unknown microorganism in the environment. The knowledge of the phylogenetic affiliation of the new microorganisms might,
however, support attempts of cultivation since those can be based on growth conditions formulated for the closest cultivable relative [42]. Additionally, the rRNA approach allows the design of rRNA-targeted probes
for unique sequence motifs of the unknown microorganism. These probes
can subsequently be used for the in situ identification of the organism
from which the sequence was retrieved [2, 3]. This approach permits,
among many other applications, the monitoring of the isolation of new
organisms [35], as well as the determination of the morphology, abundance, distribution in certain habitats and even indications on growth rates
and physiological activities of uncultured organisms [75, 81]. These new
methods allow for retrieval of some information on the uncultured organisms and for the recognition of their uniqueness within the hitherto established classification scheme. In this regard, the International Committee
on Systematic Bacteriology implemented the category of Candidatus to
record the properties of putative taxa of prokaryotes [60]. This category is
used for ‘describing prokaryotic entities for which more than a mere
sequence is available but for which characteristics required for description according to the International Code of Nomenclature of Bacteria are
lacking’ [60]. Such descriptions should include not only the phylogenetic
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information, but also information on morphological and ecophysiological
features as far as they can be retrieved in situ, together with the natural
environment in which the organism can be identified. It is important to
note that Candidatus is not a rank but a provisional status, and efforts to
isolate and characterize the members of the putative taxa should be made
to enable their definite classification.

4.7- The species concept to be adopted for prokaryotes
Through the manuscript it is stated that the polythetic species concept for prokaryotes, based on many independent phenotypic and genotypic traits, is the best concept we can, to the date, conceive to harbor prokaryotic units. Lately strong criticisms to the polythetic concept were articulated [19, 94, 105, 110]. These scientists argue that the current concept
is too conservative, and that there is a lack of congruency with the concept delineated for higher organisms. Indeed, it is very difficult to make
comparisons of species concepts for both kinds of organisms, and as May
stated, the basic notions about what constitutes a species would be necessarily different for vertebrates than for bacteria [54]. Comparisons among
the different species units of the different living organisms can be done
only after a universal species concept that applies to all organisms has
been devised. This is, however, not easy. Eukaryote taxonomists are currently disagreeing about which is the adequate concept to be used among
the > 20 concepts currently discussed [12, 21, 36, 52, 55, 63, 90]. There
is, however, a general tendency that Mayr’s BSC should be abandoned
because of its lack of practicability. Among the species concepts [36, 55],
there seem to be two candidates which are universally applicable and thus
could serve for classification of all living organisms: the phenetic (polythetic) species concept and the evolutionary species concept.
(i) The phenetic species concept. The phenetic or polythetic [102]
species concept (PSC) is a similarity concept based on statistically
covarying characteristics which are not necessarily universal among the
members of the taxa [36]. This is the concept that has empirically been
adopted to circumscribe the prokaryotic species, which to the date has
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demonstrated to be rather stable as well as operational. This concept has
no theoretical commitment as it is considered theory-neutral or theoryfree. A theoretical foundation has traditionally been seen as a valuable
characteristic of a species concept [36, 55]. However, the significance of
theory in a species concept is a controversial issue between philosophers
and scientists. The more theoretically significant a concept is, the more
difficult it is to apply [36]. Scientists, in general, see no real need to include their criteria of application in their theory-based concepts, as well as
pragmatism in their concepts is seen as a valuable virtue. As it is analyzed by Hull [36], the PSC covers most of the primary requirements for
being a concept, i.e. universality, monism and applicability, which are
considered to be the most valuable characteristics for scientists. It is, to
the date, the applied concept for the prokaryotic species, but also it has
been recommended for the higher organisms [90], and although it is considered to be theory-free this is one of the most persuasive concepts to the
date conceived [36].
(ii) The evolutionary species concept. The evolutionary species
concept (ESC) has been considered the most theoretically committed of
the species concepts [36, 55]. Since it is regarded to be the only one that
can serve as a primary concept because it can accommodate all types of
species known to the date [55]. The evolutionary species is ‘an entity
composed of organisms which maintains its identity from other such entities through time and over space, and which has its own independent evolutionary fate and historical tendencies’ [55]. Evolutionary species is a
lineage concept which is explicitly temporal, treating these units as lineages extended in time (space-time worms; [36]). This concept, however,
has no pragmatic significance for the prokaryotes when we analyze the
current state of knowledge about this group of organisms. Among the prokaryotes we can not recognize an evolutionary fate nor historical tendencies just because of the lack of a useful fossil register. Morphological features, in general, have little information content in prokaryotes, and therefore, from the spare prokaryotic fossils we can not retrieve sufficient
information on genotypic and phenotypic characteristics of the ancestors
of the present prokaryotic species. The same is true for a prospective. Currently, the knowledge of evolutionary tempo and mode of evolutionary
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changes of prokaryotes is rather incomplete. Different groups have been
demonstrated to not evolve isochronically [92]. The predictions become
even more difficult if we take into account the possibilities of horizontal
gene transfers between distant groups. Thus to the date, the adoption of an
ESC for prokaryotes is not yet possible.
(iii) Other concepts. Linked to the ESC there are two additional
concepts which could easily serve as primary concepts for prokaryotes:
the monophyletic (or autapomorphic) species concept and the diagnostic
species concept [36]. Both of them are defined as phylogenetic (or genealogical) concepts with a minimal time-dimension. In spite of the lack of
useful fossil register for prokaryotes, the modern molecular techniques
permitted the establishment of genealogical trees among the prokaryotes
through the 16S rRNA gene sequence analysis [50]. As it is discussed
above, this phylogeny reconstruction is based on a single gene analysis,
and its validity to represent the organismal phylogeny is today questioned.
However, derived from the congruency of the reconstructed trees with
similar slowly-evolving molecules [50], together with the coherency of
the phenetically designed taxa with the phylogenetic tree [91], it is most
likely that at least the local branches represent stable genealogical relationships.
The monophyletic species concept considers that ‘a species is the
least inclusive monophyletic group definable by at least one autapomorphy’ [36]. Disregarding the low resolution of the 16S rRNA analyses, we
can recognize each of the species being a monophyletic group. The problem is, however, the recognition of which characters are really autapomorphies. The only possibility to recognize an autapomorphy among the
members of a taxon is the availability of the gene sequence codifying for
the character for all the members of the species. The sequences should
show to be homologous, unique for the taxon, and excluded from horizontal gene transfer. This is, to the date a nearly impossible task and thus
this concept is not operational for the prokaryotes.
The diagnostic species concept considers that ‘a species is the
smallest diagnosable cluster of individual organisms within which there
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is a parental pattern of ancestry and descent’ [36]. We can recognize a
pattern of ancestry among the prokaryote species in our phylogenetic tree,
as well as the diagnosable units are circumscribed after the polyphasic
approach. This concept would indeed serve as a primary concept for prokaryotes. There are, however, some problems derived from the phylogenetic analyses that are currently undergone. First of all the most common
marker used, the 16S rRNA, lacks resolution at the species level and
divergent polythetic units can be indistinguishable when using this
approach. The second problem, less worrying, is whether we are really
reconstructing an organismal phylogeny. The use of a more resolutive
molecule (perhaps the 23S rRNA) which is recognized to reconstruct
organismal phylogeny, would lead the diagnostic species concept to be
the most adequate among all.
To the date, taking into account the present knowledge of the prokaryotic properties and the available techniques for prokaryotic taxonomy, the polythetic (phenetic) species concept is the most recommended
to be used. It harbors the most valuable properties of a species concept,
universality, monism, and applicability. And its application have shown to
give a rather stable, objective and predictable classification system.

4.8- Towards an improvement of the species circumscription
‘The adequacy of characterization of a bacterium is a reflexion of
time; it should be as full as modern techniques make possible. Unfortunately, one now regarded as adequate is likely, in ten years time, to be
hopelessly inadequate!’ Cowan, 1965 [17]. This statement has been the
evolutionary fate of the taxonomy of the prokaryotes, and we even can
predict that it will still hold true in the near future. And this is mainly
because the development and improvement of the taxonomic classification for prokaryotes is linked to the development of modern molecular
techniques. During the last years the number of new isolates as well as the
amount of information useful for systematics have increased significantly. Also, the availability of information has been improved by the generation of diverse databases (16S rRNA, fatty acids, metabolic markers...) as
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well as software packages to handle them [73, 103]. Among the different
sources of information that are currently emerging, there is one for which
it is difficult to predict how significant it will be for prokaryotic taxonomy: the complete genome sequence. Like the rRNA-based reconstructions of the prokaryotic phylogeny have changed dramatically the classification system, we can suppose that genomics will give us answers about
naturality or artificialness of the current classification system for prokaryotes.
So far little attention has been paid to the genome organization as
an additional parameter for the species circumscription. A simplified,
though less expensive and time-consuming, source of information on
genome organization as compared to whole genome sequencing is the
physical mapping of prokaryotic genomes [22]. From experiments based
mainly on pulsed field gel electrophoresis (PFGE) of large genome fragments and Southern hybridization, one can retrieve information on genome size, plasmids, number of chromosomes and their topology, number
and distribution of house-keeping genes like rrn operons, genome rearrangements... Actually, in a nearly forgotten publication, Krawiec [44]
proposed the use of the sequence of chromosomal loci as an identifying
characteristic of bacterial species. He argued that the chromosomal organization like the presence/absence of genes, are important selective feature and fundamental characters of an evolving population; that the structural organization of the genome demarcates functional units of the genome; and that the organization of a genome is directly linked to the niche
that this organism has been adapted. Actually, he proposed that the
sequence of loci establishes the identity of a species as well as preserves
the identity by creating a barrier to the exchange of genes. There are currently too few prokaryotes whose genome has been analyzed to evaluate
those assumptions. However, from these analyses one can retrieve valuable information for a polyphasic approach like genome size, and number
and distribution of rrn operons. Indeed, both parameters have shown to be
fairly conservative within a single species as it was observed for Pseudomonas stutzeri [25], and for Helicobacter pylori [1]. On the other hand,
some incongruences have been observed for members of the species
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Vibrio cholerae [62]. Further intraspecific studies are needed to evaluate
the potential of this technique.
It would be desirable to recognize each of the prokaryotic species
as a single monophyletic lineage within the phylogenetic tree. Due to the
lack of resolution of the 16S rRNA sequence data for the identification of
single bacterial species, there is a need for a more informative molecule
with higher resolution power. The 23S rRNA would be a possible candidate, but for it still not enough data are available [50]. It has been suggested that a more resolutive phylogenetic relationships among closely related species, or among members of the same species, can be drawn after
the sequence analysis of the intergenic spacer regions (ISR) of the rRNA
operons [4, 74], or sequence clustering based on protein-coding genes
[71]. These techniques could be useful in the absence of a sufficiently
resolutive gene which is suitable for the universal organismal phylogeny.
Furthermore, phenotypic analyses should be more exhaustively
performed in order to recognize the internal variability of a single species,
as well as the phenotypic property which is exclusive of the species. The
development of commercial kits has facilitated the task of identification
of organisms. However, some researchers regret their use because of the
restricted number of tests [70], which are commonly addressed to the
identification of clinical isolates. It is actually true that these kits often fail
in the identification of new environmental isolates, and that the number of
tests performed are not high enough for any significant numerical taxonomic study. It would be desirable, for a serious taxonomic work, to use
a large set of biochemical and physiological tests which have been shown
to be useful for environmental isolates. The commercial availability of
miniaturized physiological tests like the one developed by Kämpfer et al.
[41], with more than 300 independent tests, would provide solid databases for the recognition of new prokaryotic species.
We are entering, however, the era of the genomics. Dozens of prokaryote genomes are currently sequenced or waiting to be sequenced
(www.tigr.org). Microbiology will be able to access soon an enormous
flood of sequences. Preliminary results show a conserved genome orga52

nization and sequence identity within a single species [1], and those
strain-specific genes, which have probably been acquired by lateral gene
transfer are mostly clustered in single hypervariable regions in what can
be considered hot spots of recombination [34]. It is, indeed, too early to
evaluate the input of genomics in prokaryotic taxonomy and specifically
into the species concept. In ten years time we shall look back to the bacterial classification and the polythetic species concept of the late 90’s considering Cowan’s prophecy.
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5- Conclusions
The current species concept for prokaryotes has been developed
empirically in the 20th century in parallel to the improvement of microbiological techniques. Due to the inherent properties of the prokaryotes,
natural relationships could only be drawn after the analysis of large number of independent covarying characters in what has been called the Polyphasic Approach. This approach produces a classification system made
upon species circumscribed in terms of overall similarity, being treated as
polythetic units. Thus, a prokaryotic species is mainly a phenetic-polythetic concept, that although it is considered theory-free, harbors the most
valuable virtues of being a concept, i.e. universality, monism and applicability.
The practical circumscription of the prokaryotic species is made in
terms of genomic similarity (DNA similarity), i.e. the extent to which two
genomes can form hybrids. The absolute borders of each species should,
however, be set taking into account as much additional phenotypic characters as possible that show overall agreement. Thus the classification of
a prokaryotic species requires the recognition of a diagnostic phenotypic
properties which guarantees the identification of any new isolate. There
are no strict lines for the circumscription of a prokaryotic species, though
the details of the approach need to be tailored taking into account the differing behavioral properties of the members of each diverse taxa.
Molecular techniques, specially the 16S rRNA sequencing, have
given insights into the genealogical relationships among prokaryotes.
Unfortunately, these approaches lack resolution at the level of prokaryotic species. It is possible that future developments of molecular techniques
applied to prokaryotes may improve the concept of species. Finer genealogical relationships will be drawn, and the concept of prokaryotic species
may develop towards a phylogenetic species concept (i.e. diagnostic species concept), which is more theoretically committed than the PSC. In
contrast, due to the impossibility to infer evolutionary relationships
among prokaryotes, it seems nearly impossible to formulate an evolutionary species concept for the members of this domain.
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6- Glossary
Archaea: or Archaeabacteria, are a heterogeneous group of prokaryotes
which differ markedly from other prokaryotes (Bacteria) in their
16S ribosomal RNA sequences and in other important characteristics of cellular composition.
ARDRA: Amplified rDNA Resriction Analysis.
Autapomorphy: in phylogenetics an autapomorphy denotes a homologous character common to all members of a single taxa and
thought to be exclusive of the group.
Bacteria: a diverse group of prokaryotes which differ from the Archaea
in their 16S ribosomal RNA sequences and in other important characteristics of cellular composition.
Homology: having a common ancestor.
Genotype: genetic constitution of an organism, which acting together
with environmental factors determines phenotype.
LFRFA: Low Frequency Restriction Fragment Analysis.
Monism: phylosophical theory that expresses that the plurality of the
world can be explained in a single principle. In taxonomy, a monistic view is to think that a single level of organization exists across
all organisms that deserves to be recognized as the species level.
Monothetic: a classification that determines group membership according to the states of just one or few characters, but it may use different characters at different stages of the process.
PCR: Polymerase Chain Reaction, a molecular biological technique that
allows the enzymatic amplification of a defined region of DNA.
PFGE: Pulsed Field Gel Electrophoresis.
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Phenetic: Adj. Applied to a classification based on overall similarity, as
determined by equal weighting of all known characters. Since all
observable characters are used, a phenetic classification will make
use of molecular genetic data if these are available. In contrast to
phyletic and phylogenetic, the term phenetic does not have any
evolutionary implications, other that in the sense of showing the
end product of evolution. Phenetic classifications may include phenotypic and genotypic characters.
Phenotype: the visible or otherwise measurable physical and biochemical characteristics of an organism, a result of the interaction of
genotype and environment.
Polyphasic taxonomy: Term used to signify successive or simultaneous
taxonomic studies of a group of organisms using an array of techniques designed to yield both molecular and phenotypic data.
Polythetic: a classification based on many characters, not all of which are
necessarily shown by every member of the group.
Prokaryote: the etymology of the word indicates the absence of a true
nucleus, separated from the cytoplasm by a nuclear membrane.
Prokaryotes lack additional membrane-containing structures characteristic of eukaryotes (e.g. chloroplasts and mitochondria) and
unlike the latter have ribosomes with a sedimentation constant of
70S. Introns are rare in prokaryotes and DNA is usually present in
a single molecule. The prokaryotes comprise two domains, Bacteria and Archaea.
RAPD: Randomly Amplified Polymorphic DNA.
RFLP: Restriction Fragment Length Polymorphism.
Synapomorphy: in cladistic phylogenetics denotes a homologous character common to two or more taxa and thought to have originated
in their most recent common ancestor.
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