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Abstract

Ribosomal RNA in general and the 16S unit in particular has proven very useful for
phylogenetic as well as identification purposes in microbiology. Among the advantages in
using the 16S rRNA molecule and its genes can be mentioned the fact that it is present and
has the same function in all self-replicating cells, and that regions with different
variability, from universal to hypervariable, occur and are homologous between org-
anisms. This thesis, based on five scientific publications, describes the use of 16S rRNA
genes as a tool for the establishment of phylogenies and the investigation of intraspecific
variation in several mycoplasma species and as target region for a species-specific PCR
for detection of R. salmoninarum, the causative agent of bacterial kidney disease.

The phylogeny of four goat mycoplasmas and three seal mycoplasmas was established
by sequence analysis of the 16S rRNA genes of the type strains of the respective species.
All three seal mycoplasmas and two goat mycoplasmas belonged to different clusters of
the hominis group, and the other two goat mycoplasmas belonged to the M. mycoides
cluster of the spiroplasma group.

M. capripneumoniae causes contagious pleuropneumonia in goats, a severe disease that
is responsible for great economic losses in Africa and Asia. The 16S rRNA genes in M.
capripneumoniae have an unusually high number of nucleotide differences between the
two operons within a strain, as well as between the homologous operons of different
strains. The molecular evolution and epidemiology of 12 M. capripneumoniae strains from
three neighbouring African countries were investigated by 16S rDNA sequence analysis.

M. agalactiae and M. bovis, the causative agents of mastitis and respiratory problems in
small ruminants and cattle, respectively, also have high degrees of variability in their 16S
rRNA genes. The intraspecific variation in 17 and 8 strains of the respective species was
investigated. No distinct evolutionary patterns could be distinguished, despite a high
degree of variation. Some conclusions could still be drawn from the data, particularly for
M. agalactiae, where the non-European strains shared three characteristic nucleotides, and
European strains from the same or neighbouring countries were very similar.

The 16S rRNA gene sequences from 8 strains of R. salmoninarum were analysed, and
sensitive and specific PCR primers and a set of oligonucleotides for DNA preparation by
sequence capture were constructed. An internal standard, a mimic molecule, was devel-
oped to identify false negative results due to inhibition of the amplification reaction.

This work demonstrates that the 16S rRNA still is a powerful tool in many areas of
microbiology. It is often a suitable target in detection by PCR for diagnostic purposes and
it can be used for studies of genetic diversity and sometimes even for molecular
epidemiology. As for molecular phylogeny, the 16S rRNA might well be the most
powerful tool, at least so far, simply because of its versatility.

Key words:16S rRNA; Evolution; Genetic diversity; Mollicutes; Mycoplasma; Phylogeny;
PCR; Renibacterium salmoninarum
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Abstract

Heldtander Konigsson, M. 2001. Phylogeny, diversity, detection: multiple uses of
16S rRNA genes in veterinary bacteriology. Doctor’s dissertation.
ISSN 1401-6257, ISBN 91-576-5925-7,

Ribosomal RNA in general and the 16S unit in particular has proven very useful for
phylogenetic as well as identification purposes in microbiology. Among the advantages in
using the 16S TRNA molecule and its genes can be mentioned the fact that it is present and
has the same function in all selfreplicating cells, and that regions with different variability,
from universal to hypervariable, occur and are homologous between org-anisms. This
thesis, based on five scientific publications, describes the use of 16S rRNA genes as a tool
for the establishment of phylogenies and the investigation of intraspecific variation in
several mycoplasma species and as target region for a species-specific PCR for detection
of R. salmoninarum, the causative agent of bacterial kidney disease.

The phylogeny of four goat mycoplasmas and three seal mycoplasmas was established
by sequence analysis of the 16S tRNA genes of the type strains of the respective species.
All three seal mycoplasmas and two goat mycoplasmas belonged to different clusters of
the hominis group, and the other two goat mycoplasmas belonged to the M. mycoides
cluster of the spiroplasma group.

M. capripneumoniae causes contagious pleuropneumonia in goats, a severe disease that
is responsible for great economic losses in Africa and Asia. The 16S rRNA genes in M.
capripneumoniae have an unusually high number of nucleotide differences between the
two operons within a strain, as well as between the homologous operons of different
strains. The molecular evolution and epidemiology of 12 M. capripneumoniae strains from
three neighbouring African countries were investigated by 16S rDNA sequence analysis.

M. agalactiae and M. bovis, the causative agents of mastitis and respiratory problems in
small ruminants and cattle, respectively, also have high degrees of variability in their 16S
rRNA genes. The intraspecific variation in 17 and 8 strains of the respective species was
investigated. No distinct evolutionary patterns could be distinguished, despite a high
degree of variation. Some conclusions could still be drawn from the data, particularly for
M. agalactiae, where the non-European strains shared three characteristic nucleotides, and
European strains from the same or neighbouring countries were very similar.

The 16S rRNA gene sequences from 8 strains of R. salmoninarum were analysed, and
sensitive and specific PCR primers and a set of oligonucleotides for DNA preparation by
sequence capture were constructed. An internal standard, a mimic molecule, was devel-
oped to identify false negative results due to inhibition of the amplification reaction.

This work demonstrates that the 16S rRNA still is a powerful tool in many areas of
microbiology. It is often a suitable target in detection by PCR for diagnostic purposes and
it can be used for studies of genetic diversity and sometimes even for molecular
epidemiology. As for molecular phylogeny, the 16S rRNA might well be the most
powerful tool, at least so far, simply because of its versatility.
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Fylogeni, diversitet, detektion: flera séitt att
anvinda 16S rRNA gener i veteriniirbakteriologi.

Sammanfattning

Ribosomalt RNA i allminhet och 16S enheten i synnerhet har visat sig mycket anviindbar i
minga sammanhang inom mikrobiologin. Bland de frimsta fordelarna med 16S rRNA
generna dr att de forekommer hos alla sjéalvreplikerande organismer och har omraden med
vixlande grad av variation, frdn universella till hypervariabla. Malregioner fér PCR-
primerar kan dirfor viljas beroende pa om man vill att alla eller bara en enda art av
bakterier ska amplifieras. 16S rRNA sckvensen édterspeglar ocksd pd ett bra sitt hela
genomet varfor molekylen och dess gen #r den mest anvinda for fylogenetiska studier av
framfor allt bakterier. Denna avhandling, som &r baserad pd fem vetenskapliga artiklar,
beskriver hur 16S rRNA generna har anvints for att faststilla fylogenier och bestimma
inomartsvariation hos ett antal olika mykoplasmer—en stor grupp bakterier som orsakar
sjukdomar hos djur, vixter och méinniskor—samt att utveckla ett PCR-system for
detektion av laxpatogenen Renibacterium salmoninarum.

Fylogenin hos fyra getmykoplasmer och tre sélmykoplasmer bestimdes genom
sekvensanalys av 16S rRNA-genema frén typstammarna av respektive art. Tidigare
fylogenetiska studier av mykoplasmer har delat in dem i 5 grupper och ett tjugotal kluster.
Alla tre sdlmykoplasmerna och tvd getmykoplasmer placerade sig i den s.k. hominis-
gruppen, men i olika kluster och subkluster. Resterande tvd getmykoplasmer visade sig
oerhort nérbesliktade och hemmahérande i M. mycoides-klustret i spiroplasmagruppen.

Mycoplasma capricolum subsp. capripneumoniae orsakar elakartad lungsjuka hos
getter, en sjukdom som medfor oerhérda ekonomiska forluster i Afrika och Asien. 16S
rRNA-genema hos M. capripneumoniae #r unika i att de har ett ovanligt stort antal
sekvensskillnader, bdde mellan operonen inom samma isolat och mellan motsvarande
operon frdn olika stammar. Variationen uppvisar 4ndd en stabilitet genom att 11
polymorfismer #r gemensamma for alla analyserade stammar av arten och att en
polymorfism som upptritt en ging verkar vara stabil. Denna rikliga variation anvéndes for
att hos 12 stammar av arten studera epidemiologin inom tre angransande afrikanska lander
och for att studera den molekylira evolutionen hos arten.

Mycoplasma agalactiae och Mycoplasma bovis, som orsakar mastiter och
luftvigsproblem hos getter och far respektive notkreatur, har ocksa en forhéllandevis hog
grad av variation i sina respektive 16S rRNA gener. Inomartsvariationen hos 17 respektive
8 stammar av de bada arterna utreddes med delsyftet att underséka om den molekyldra
evolutionen skulle kunna faststiillas pa liknande sétt som f6r M capripneumoniae. Trots
en stor variation mellan stammarna kunde inga distinkta evolutionira ménster upptickas.
Dock kunde vissa slutsatser dras, frimst for M. agalactiae, ddr alla icke-europeiska
stammar delade tre karaktiristiska nukleotider och stammar frdn samma eller angréinsande
europeiska linder uppvisade stora likheter.

Generna for 16S rRNA fran 8 stammar av R. salmoninarum sekvenserades och
artspecifika fluorescerande PCR-primerar konstruerades liksom primerar for DNA-
preparation med “sequence capture”. En intern standard, en sd kallad MIMIC, gjordes
ocksa for att kontrollera att inga resultat var falskt negativa pa grund av att inhiberande
faktorer hindrat amplifieringsreaktionen.

Det hir arbetet visar att 16S rRNA fortfarande &4r ett krafifullt verktyg inom
mikrobiologin. Det &r ofta en ldmplig mélregion for PCR-detektion i diagnostiskt syfte och
kan anvindas for studier av genetisk diversitet och ibland till och med for molekyldr
epidemiologi. Vad giller molekylér fylogeni kanske 16S rRNA ir det kraftfullaste verktyg
som hittats hittills, bara for att det dr s allmént anvindbart.
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bp
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CCPP
DNA
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J-C

M

ML
MLST
M. capripneumoniae
MP
N-J

nt
PCR
PFGE
pm pattern
R
RAPD
rDNA
REA
rep-PCR
RFLP
RNA
rrn
rRNA
S

S-
tRNA
U-

V-

amplified fragment length polymorphism
base pair

contagious bovine pleuropneumonia
contagious caprine pleuropneumonia
deoxyribonucleic acid

Escherichia

enzyme linked immunosorbent assay
Jukes-Cantor

Mycoplasma

Maximum likelihood

multi locus sequence typing
Mycoplasma capricolum subsp. capripneumoniae
Maximum parsimony

Neighbor-joining

nucleotide

polymerase chain reaction

pulsed field gel electrophoresis
polymorphism pattern

Renibacterium

randomly amplified polymorphic DNA
gene or segment of a gene coding for IRNA
restriction enzyme analysis

repetitive element PCR

restriction fragment length polymorphism
ribonucleic acid

ribosomal RNA operon

ribosomal RNA

the Svedberg unit

semi-conserved region

transfer RNA

universal region

variable region
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Introduction

The number of described prokaryotic species today, less than 5,000, might not
seem very impressive at first glance, but if we consider that it is estimated that
>99% of the observable species cannot be cultivated by standard methods
(Hugenholtz et al., 1998) and that an organism has to be cultivated to be
recognised as a species it is easy to realise that their impact on the world is far
greater than we understand at present. Estimates that suggest that the biomass of
all micro-organisms may constitute >50% of the total protoplastic biomass on
Earth further confirm that realisation. The bacterial impact on for example plants
and animals, does not only involve the parasitic form where they cause many
infectious diseases. Organelles like chloroplasts and mitochondria have evolved
from symbiotic relationships between bacteria and eucaryotic cells where the
bacterium has been engulfed inside the eukaryotic cell. Microbiologists have
existed for several hundred years and have always wanted to understand, detect,
describe and classify micro-organisms. The Dutch botanist Antonie van
Leeuwenhoek was the first person to observe micro-organisms, or, as he
described them, “very little animalcules”, in his home-made microscope in 1674.
The first attempt at a systematic arrangement of the micro-organisms, based on
morphological observation in the microscope, was made by Otto Miiller in the
late 18" century. In 1872 and 1878 the first isolations in pure culture were done
which opened new perspectives on phenotypic descriptions and classifications
based on tests developed for the distinguishing between bacteria. Different
systems for the classification of bacteria were suggested at the beginning of the
20® century. Bergey’s Manual (1923) was the first attempt at a common standard
for the identification and classification of bacteria. The development of molecular
methods was the beginning of a new era in microbiology and a vast number of
new possibilities for classification arose. For classification to be useful, it has to
be as simple and natural as possible. This implies that it should reflect the
evolutionary relationships between organisms. The 16S rRNA genes have, for
reasons discussed below, been found very suitable for this purpose.

16S rRNA

The ribosome

The ribosome is present in all self-replicating cells and forms the heart of the
protein-synthesizing machinery. In bacteria, the ribosome is composed of two
subunits, a small and a large one, referred to as the 30S and the 50S subunit,
respectively. The S refers to the Svedberg unit, which is proportional to the
sedimentation velocity in an ultracentrifuge and reflects the size and shape of the
molecule. Both subunits contain ribosomal proteins and ribosomal RNA (rRNA).
The large subunit is composed of 36 proteins and two rRNAs: the 5S rRNA of
120 nucleotides (nt) and the 23S rRNA of 2,900 nt. The small subunit is built out
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of 21 proteins positioned around the 16S rRNA, which is about 1,500 nt in
length.

In general it is said that the rRNAs are synthesised together as a long precursor
RNA containing all three forms of rRNAs. The precursor molecule is then
processed to give the mature rRNA species, and the individual rRNAs are cut
from the molecule with specific nucleases. However, several reports about
separate rRNAs indicate that this linked arrangement of the genes and their
transcription is not the universal requisite it was once thought to be (Mattsson,
1993).

Still, the typical bacterial rRNA operon has the following organization:
5° —16S rRNA — (spacer tRNA) — 23S rRNA - 5S rRNA — (trailer tRNA) 3’

The number of spacer and trailer tRNAs, if present at all, varies with species and
so does the number of rRNA operons. As a general rule the fast-growing bacteria
have a larger number of rRNA operons than the slow-growing ones. Ribosomal
RNA operons are designated rrnd, rrnB, and so on. In species with more than one
rRNA operon it is not uncommon to find occasional sequence differences,
referred to as microheterogeneities or polymorphisms, between the operons of a
single species. Similarly one may find sequence differences between the
homologous rRNA operons in different strains of the same species. The two types
of sequence variations are collectively referred to as intraspecific variation
(Clayton et al., 1995).

The folding of the rRNAs into secondary structures depends on the ability of the
bases to form hydrogen bonds and the information for this is contained in the
sequence. The secondary structure of rRNA is very conserved (Fig. 1), something
that is achieved by compensatory base changes, i.e. a base substitution in one
strand of a putative helix should be compensated by a complementary base
change in the other strand. This finding has proven very useful for establishing
secondary structures of rRNAs. The primary structure in rRNA molecules, on the
other hand, even though more conserved than the average gene, includes regions
of different evolutionary variability. The different regions in the 16S rRNA
molecule range from extremely low to extremely high variability and are referred
to as universal (U-) regions and variable (V-) regions, respectively (Gray et al.,
1984). Scattered between the U- and V-regions are semi-conserved (S-) regions
of intermediate variability. A prokaryotic 16S rRNA contains 8 universal regions
denoted U1-U8, from the 5’-terminus, and 9 variable regions (V1-V9).
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Figure 1. Secondary structure model of 16S rRNA from E. coli. Variable (V) regions are
denoted by ---, semi-conserved (S) regions by — and universal (U) regions by -e-¢-. The
position of each 100th nucleotide is indicated with an arrow. Based on the model
published by Woese et al. (1983). Adapted from Gray et al. (1984) and Johansson (1993).
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Advantages and limitations of different uses of the 16S rRNA

The detection of micro-organisms in different sample materials is traditionally
done by microbiological culture and although this is often still the most efficient
way, there is a number of reasons why alternative methods are needed—
fastidious organisms, slow growth, non culturable organisms, etc. The use of
DNA probes and PCR has been and still is very common for this purpose, and the
16S rRNA or the 16S rRNA genes are often a suitable targets. The regions with
different evolutionary variability allow detection and differentiation of micro-
organisms on different taxonomic levels with the same target molecule.

Typing of micro-organisms with molecular methods has increased over the last
ten years and a number of methods have been developed, one of which is typing
by sequencing. Sequence typing can be based on different genes and 16S rRNA is
fairly common.

Taxonomy was originally based on phenotypic data, such as serological and
biochemical characteristics, but with the development of molecular methods the
aspect of molecular phylogeny based on different genes has to be taken into
account. By far the most common gene for phylogenetic characterisation of
bacteria is the 16S rRNA gene. (Olsen, 1988; Olsen et al., 1994; Olsen and
Woese, 1993; Woese, 1987).

It is no coincidence that the 16S rRNA has become so widely used for the
above mentioned purposes. The advantages of the molecule are many and have
been noticed by many researchers, and they exceed by far its limitations. The fact
that it is not only present in all self-replicating organisms, but also has the same
function in all cells, increases the chance that a correct phylogenetic tree can be
inferred. The regions of different variability include several advantages. Not only
do they allow different levels of differentiation within the same molecule, but the
universal regions also provide excellent PCR primer target sites that facilitate
sequencing of the genes for phylogeny or species identification purposes. The
universal regions are also a good help when aligning the sequences for
phylogenetic inference. The vast number of 16S rRNA sequences already
deposited in public databases, also provides a helpful tool for both species
identification and phylogenetic analyses. Another advantage is that the 16S rRNA
is not subject to any horizontal gene transfer. This is true in general, although
evidence of possible exceptions from this rule has been presented (Wang and
Zhang, 2000).

Despite the general excellence of the 16S rRNA, there are a few limitations that
have to be considered. The variation in the molecule is usually not sufficient to
distinguish between isolates of the same species, and even on the species level
the degree of variation may sometimes be too low to separate closely related
species by a 16S rRNA based PCR. This problem might, however, at least in
some cases be solved by the addition of a restriction enzyme step to the
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procedure. It is also interesting to note that there are examples of variation in the
16S rRNA genes, not only sufficient for distinction at the species level, but also
high enough to use for epidemiological studies (Pettersson er al., 1998). In
phylogenetic discussions it is sometimes argued that one gene is not enough to
reflect the true phylogeny, and that it would, therefore, be better to use a group of
genes.

Streptomycin resistance

The first signs that changes in the ribosomes could be involved in antibiotic
resistance came during the early 70’s. It was shown that ribosomes with
undermethylated RNA are resistant to kasugamycin, and that overmethylation of
23S rRNA is involved in MLS (macrolides, lincosamides, streptogramin type B
compounds) resistance in Staphylococcus aureus (Cundliffe, 1990). Since then,
several single mutations in both 16S and 23S rRNA have been found to be
associated with resistance to a variety of antibiotics (Cundliffe, 1990;
Prammananan et al., 1998).

Resistance to streptomycin appeared immediately when this bactericidal
antibiotic was used clinically (Finken et al., 1993). Recently it was shown that
transfer of antibiotic-resistance genes in soil populations of streptomycetes
occurs (Wiener ef al., 1998). Mutational changes in the 16S rRNA of Escherichia
coli, Chlamydomonas chloroplasts, Tobacco chloroplasts, and Mycoplasma
capricolum subsp. capripneumoniae, have been shown to be associated with
streptomycin resistance (Cundliffe, 1990; Montandon ef al., 1986). Alterations in
protein S12 in the ribosomes is another mechanism that has been found to cause
streptomycin resistance in bacteria (Finken et al., 1993; Snyder and Champness,
1997).

Phylogeny

Molecular and bacterial phylogeny

The extensive use of molecular data in phylogenetic studies is a consequence of
the development of various techniques in molecular biology since the late 1950’s.
During the 1960’s and 1970’s the dominating techniques were protein sequencing
and, for closely related species or within populations, protein electrophoresis and
DNA-DNA hybridisation. From the beginning of the 1980’s, DNA sequence data
from different genes is by far the most used.

The idea that the evolutionary history of a cell is documented in its macro
molecules was presented by Zuckerkandl and Pauling in 1965 (Zuckerkandl and
Pauling, 1965). Over the years, it has been concluded that most of the many
qualitative differences between genotypic and phenotypic data favours the use of
sequence data for phylogenetic studies (Olsen and Woese, 1993). For example,
molecular character states, in contrast to many phenotypic characteristics, are
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precisely defined and the number of definable characters is much higher at the
genotypic level than at the phenotypic level. The sequence of a gene changes
more often than the phenotypic outcome of the same gene, since many sequence
changes do not affect the function of the gene. For the same reason, the genotypic
evolution is continuous, while the phenotypic is not. The fact that similar
phenotypes can be produced by many different genotypic changes also supports
the use of genotypic data. The shortcoming of genotypic data is, however, the
homoplasy resulting from the constant mutation that any individual site in a gene
is subject to, and which the applied inference methods must be able to cope with.

About ten years after the pioneer work of Zuckerkandl and Pauling, Woese and
Fox (1977) proposed the use of 16S rRNA sequences for phylogenetic studies,
and the sequence analysis of 16S rRNA has since then become a standard method
for phylogenetic studies of micro-organisms (Olsen and Woese, 1993; Woese,
1987).

Very little was known about bacterial phylogeny and evolution before the
rRNAs were used for this purpose. The few things actually stated also tended to
be wrong, simply proving the fact that neither morphology nor physiology of
bacteria is very useful in defining the bacterial phylogeny (Woese, 1987). Based
on rRNA data Woese and colleagues in 1990 proposed to change the existing
classification of life—the two domains eukaryota and prokaryota—into a
classification of three primary domains—Archea, Bacteria and Eucarya (Fig. 2)
(Woese et al., 1990). This classification is now widely accepted, though not
undisputed (Mayr, 1998). With time, thanks to genome sequencing, more genes
have been used for phylogeny of micro-organisms and the trees produced from
data generated from these genes are not always in agreement with the trees
obtained with rRNA data, which is one argument posed against the rRNA tree of
life (Brown and Doolittle, 1997). This incongruence is explained by Woese as the
result of rRNA totally lacking horizontal gene transfer, while most other genes
suffer from it to at least some extent (Woese, 2000). The different views on
classifying life into two or three domains can be explained by different
perspectives. If we focus on multicellular organisms, what we can see and the
evolution of the last billion years, the classification into two domains might seem
logical. When looking at the first three billion years of evolution, trying to find
the universal ancestor and its immediate descendants and using molecules and
genes to do it the three domain solution seems much more likely to reflect the
true genealogic relations (Woese, 1998a; Woese, 1998b).

16S rDNA sequencing

The first rRNA sequences were obtained in fragments by the oligonucleotide
cataloguing method (Fox et al., 1977). Sequence fragments generated by
digestion with T1 ribonuclease produced a catalogue that was characteristic for
each organism and could be used for phylogenetic comparison.
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Bacteria Archaea Eucarya

Animals

Entamoebae

Fungi
Methanosarcina
Plants

Ciliates

Haloarchaea

Methanobacterium
Methano-
Thermoproteus  coccus

Flagellates

Trichomonads

Diplomonads
Microsporidia

Figure 2. Universal phylogenetic tree, with branching orders based upon 16S rRNA
sequence comparisons. Adapted from Olsen and Woese 1993.

Direct sequencing of rRNA without prior cloning became possible when the
chain termination method by Sanger (Sanger et al., 1977) was adapted for 16S
rRNA sequencing (Lane et al., 1985). The use of reverse transcriptase and DNA
primers complementary to conserved regions of the 16S rRNA was a major
breakthrough, but drawbacks, such as the frequent stretches of ambiguous
positions and the disability to sequence the other strand, not to mention that the
method is very time-consuming and cannot be used for uncultivable organisms,
were still to be solved. The introduction of PCR (Mullis and Faloona, 1987; Saiki
et al., 1985) turned out to be the solution to at least some of these problems.
Primers complementary to the conserved regions of the 16S rRNA genes have
been published (Bottger, 1989; Pettersson, 1997), and the amplicons may either
be cloned prior to sequencing or be sequenced directly. Direct sequencing of both
strands of the amplicon can be done either by solid-phase sequencing or by cycle
sequencing. The solid-phase method has been adapted to automation (Hultman et
al., 1989; Hultman et al., 1991; Pettersson et al., 1994a; Pettersson, 1997), and
the use of single strands minimizes the background and increases the read length.
The cycle sequencing method, on the other hand, is more rapid and less laborious
when performed manually.

Phylogenetic inference

Aligning the sequences is the first step in phylogenetic analysis. An alignment is
obtained by inserting gaps that correspond to insertions or deletions, in order to
obtain positional homology between the sequences. Manual alignments are still
considered the most accurate, since, despite the vast number of computer
programs available to help in the matter, no computational program exists that
automatically aligns the sequences correctly. More than 18,000 sequences of 16S
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and 16S-like rRNA are accessible from public databases on the World Wide
Web. GenBank (http://www.ncbi.nlm.nih.gov/) is probably the one containing the
highest number of sequences, but IRNA sequences can be downloaded from the
Ribosomal Database Project (http://www.cme.msu.edu/RDP/html/index.html)
and the IRNA WWW server (http://rma.uia.ac.be/), in a pre-aligned format,
which lessens the manual alignment work somewhat.

There are several methods to infer a phylogenetic tree from a given sequence
alignment. Three of the more common are Maximum Likelihood (ML),
Maximum Parsimony (MP) and distance matrix methods (Li and Graur, 1991).
Most important when using the ML approach to phylogenetic inference is the
choice of substitution model. ML evaluates the probability that a chosen
evolutionary model has given rise to the sequences observed in the data set. The
method is based on a site-by-site analysis of the sequences and the phylogeny is
inferred by finding the highest likelihood, i.e. the tree with a log-likelihood value
closest to zero. The main advantages of ML are that the method usually copes
better with distant sequences within a data set than other methods, and also that it
is the method least affected by sampling error. The drawback is that it is both
computer-intensive and time-consuming.

Several distance matrix methods exist but perhaps the most commonly used is the
Neighbor-joining (N-J) method (Saitou and Nei, 1987). In N-J, branch lengths are
calculated from a matrix of distance values between all pairs of taxa in the data
set. A substitution model that corrects for multiple changes at single locations is
chosen, and the tree is constructed with the criteria that the total length of its
branches should be minimized. A N-J tree will never be exact, but is usually a
good estimate of a reasonably true tree. The method is very popular, as the
algorithm is fast, even when dealing with large data sets.

In MP, or Minimum Evolution, each position is treated individually, but only
sites that are informative, in the sense that they favour some trees over the others,
are considered (Li and Graur, 1991). The principle of the method is that the tree
that needs the fewest changes to explain the observed sequence data is the correct
one. The tree can be obtained by different tree searching methods and the choice
here is dependent on the number of taxa analysed. Exhaustive search and Branch
and bound are two exact search algorithms but unfortunately it is not possible to
use them for data sets bigger than 10 and 20 taxa, respectively. For larger data
sets a heuristic search, like Stepwise addition and Star decomposition, has to be
applied. Unfortunately the shortest tree is not guaranteed to be found with a
heuristic search.

A number of different models for nucleotide substitutions, with different
amounts of free parameters that can be estimated from the data, have been
developed over the years. The two most commonly used in bacterial phylogeny
are the Jukes-Cantor (J-C) one-parameter model (Jukes and Cantor, 1969) and the
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Kimura two-parameter model (Kimura, 1980). Both methods assume equal
frequencies of all nucleotides, but the J-C model also assumes equality in
nucleotide substitutions, while the Kimura model compensates for the fact that
transitions are usually more frequent than transversions.

Bootstrap analysis can be used to estimate confidence limits for phylogenies
(Felsenstein, 1985; Swofford ef al., 1996). Random sampling with replacement
from the original data set is performed until a new data set containing the original
number of data points is obtained. The procedure is repeated several times (100—
1,000) and high bootstrap values usually, but not always, indicate stability of a
clade.

There are also several program packages, either commercial or that can be
downloaded as freeware from the Internet, available for phylogenetic inference.
Only a few of the most widely used ones will be mentioned here.

PAUP, by David Swofford, was originally based only on parsimony analyses
but now also includes ML and distance-based optimality criteria. Version 4.0 is
to be released very soon, but since the release has already been postponed a
couple of times, the beta version is for sale in the meantime. The PAUP user’s
manual is known as one of the best books on phylogenetic inference for both
beginners and more experienced researchers.

PHYLIP, created by Joseph Felsenstein, is a free package of programs for
inferring phylogenies, and includes most varieties of methods to infer
phylogenetic trees. It can be downloaded from the PHYLIP homepage at
http://evolution.genetics.washington.edu/phylip.html. A new version of PHYLIP,
3.6, has also been announced to be released soon.

BioEdit is a biological sequence-alignment editor that can be found at
http://jwbrown.mbio.ncsu.edu/RNaseP/info/programs/BIOEDIT/bioedit.html, a
website created by Tom Hall at the North Carolina State University. BioEdit
provides a means of aligning sequences as well as inferring phylogenies. The
program is free and includes all of the most common methods used to create
phylogenetic trees.

Phylogeny based on 16S rRNA contra other genes

From time to time it is suggested that some gene or another reflects organismal
phylogeny better than the 16S rRNA. Some of the more frequent ones are for
example the 23S rRNA (Ludwig and Schleifer, 1994), the heat shock proteins,
like hsp 70 (Sulaiman et al,, 2000) and the tuf gene (Baldauf er al., 1996;
Schneider et al., 1997). All these genes have undoubtedly the advantage that they,
at least among one or a few groups of organisms, have a higher resolving power
than the 16S rRNA. On the other hand, most of them also share a couple of
disadvantages, the greatest being the significantly lower number of sequences
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available from these genes or proteins. Another problem in finding alternative
phylogenetic markers that has been revealed by comparative analyses of the
currently available genome sequences, is that the majority of the genes are not
ubiquitously present. The number of possible alternative genes is, therefore,
somewhat limited. Most genes are also subject to horizontal gene transfer to a
greater extent than the 16S 1tRNA, a fact that also explains some of the
discrepancies found between 16S phylogenies and phylogenies based on other
genes or proteins (Woese, 2000).

In all, the agreement between tree topologies derived from 16S rRNA data and
macromolecules with different functions is good enough to support the
conclusion that the 16S rRNA trees very likely reflect the organismal phylogeny,
at least globally (Ludwig and Schleifer, 1999).

Diversity

The term diversity is, at least in a biological context, definitely broad enough to
need an explanation of what is meant by it in any given discussion. In
bacteriology, the term is frequently used on the species, subspecies, or strain
level, where the diversity discussed below species level is defined as
microdiversity (Schloter et al., 2000). Bacterial diversity is mostly caused by
genetic variation, generated either by point mutations in the genome, reshuffling
of segments of the genomic sequences, or horizontal gene transfer between
organisms (Arber, 2000). In the era of whole-genome sequencing, it has also been
revealed that there is a certain amount of diversity between the genomes within a
single bacterial species (Lan and Reeves, 2000). Another form of diversity that is
discussed within the bacterial domain is the division-level diversity. In 1987, the
bacterial domain was described to contain 12 divisions (Woese, 1987), but today
it is estimated that the number must be at least 40 (Hugenholtz et al., 1998). In
this work the diversity discussed concerns the 16S rRNA genes, and in part refers
to differences between (closely related) species, but mostly to variation within a
species, i.e. between strains, or even between the rRNA operons within a single
strain.

Diversity in 16S rRNA

The 16S rRNA with its regions of different variability was for a long time
considered to be completely stable within species. Complaints regarding the lack
of differences between closely related and/or recently diverged species are often
heard. Despite these facts examples of diversity within species on the 16S level
have been reported (Clayton ef al., 1995; Martinez-Murcia ef al., 1999), and such
variability has even been used for molecular epidemiology (Pettersson et al.,
1998).
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In mycoplasmas

The mycoplasmas (micro-organisms belonging to the class Mollicutes) as a group
have higher variability in the 16S rRNA genes than bacteria in general (Woese ef
al., 1985; Woese, 1987). Perhaps the most striking example of this is M.
capripneumoniae, with 11 polymorphisms in common for all strains analysed
(Pettersson et al., 1998), and in addition to that between 1 and 6 sequence
differences more per isolate. Most of the ruminant mycoplasmas have two rRNA
operons, and the two species M. agalactiae and M. bovis have also demonstrated
tendencies to unusually high degrees of variability in the 16S rRNA genes
(Subramaniam et al., 1998).

In Renibacterium salmoninarum

Renibacterium salmoninarum was originally thought to harbour only one rRNA
operon (Grayson et al., 1999), which would seem natural in this slowgrowing
bacterium. Recently, however, it was shown that the species actually contains
two 16S rRNA operons, but that they are identical. One evidence for this
complete identity is that no polymorphic positions are detected in the 16S rRNA
sequences of the species. The rRNA genes of R. salmoninarum seems to be
particularly stable, since strains differing widely in both date of isolation and
geographical origin are identical or almost identical (Grayson et al., 2000a).

The species concept

The species concept is something that is not only discussed among biologists of
all disciplines, but also preoccupies many philosophers. For eukaryotes, there are
at least 22 different concepts in use and consequently many arguments about
which is the best one. In the world of microbiology, a species, although no
official definition exists, is generally considered to be “a group of strains that
show a 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” (Colwell et al., 1995).

Classification of micro-organisms is done for several reasons. It is a good way
to summarise the information about an organism and it is compulsory if we want
to construct an identification system to be able to recognise new isolates of the
species. The latter is, of course, especially important for diagnostic purposes of
pathogenic species. Classification also plays an important role in tracing the
origin and evolution of organisms.

Prokaryote taxonomists generally agree that the most reliable classification is
achieved by the so-called polyphasic approach. This approach uses all genotypic
(all data derived from nucleic acids), phenotypic (chemotaxonomic markers and
expressed features, such as morphology, physiology and serology), and
phylogenetic information when classifying species (Vandamme et al., 1996).
Recently, however, this approach to the species concept has been criticized as
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being too conservative and lacking congruency with the concept delineated for
higher organisms (Ward, 1998; Whitman ef al., 1998). For most of us, however, it
is evident that comparing species concepts for eukaryotes and prokaryotes is
difficult, because the basic notions of what constitutes a species would be
necessarily different for higher organisms than for bacteria (Rossello-Mora and
Amann, 2001). One striking difference between the two groups is, for example,
the sexual reproduction of the higher organisms versus the reproduction by binary
fission or asexual spores, which is the most common in bacteria (although sexual
reproduction by conjugation is an important way in which antibiotic resistance is
spread among bacteria).

Apart from the discussion about which characters that are most suitable to be
regarded in this description of new species, there is another fact that has to be
considered in the matter. For an organism to be recognised as a species today, it
has to be cultured. Since it has been estimated that >99% of the observable
microbial species in nature is not cultivable by standard methods, it seems quite
clear that the actual number of existing bacterial species is underestimated
(Amann et al., 1995). It has also been calculated that for an accurate description
of a new species preferably 25 but at least 10 strains are needed (Sneath, 1977).
Despite this fact, the trend seems to be going in the opposite direction. Of 156
new species described in 1999, 75% were based on one or two strains only, as
opposed to 32% of the 44 newly described species in 1989 (Rossello-Mora and
Amann, 2001). New micro-organisms that cannot be cultivated may be described
as Candidatus species if a sufficient number of characteristics have been reported
(Murray and Stackebrandt, 1995).

A new name and a definition of the currently practised species concept were
recently proposed by Rossello et al (2001). They suggest that a phylo-phenetic
species is “a monophyletic and genomical coherent cluster of individual
organisms that show a high degree of overall similarity with respect to many
independent characteristics, and is diagnosable by a discriminative phenotypic
property.” The concept is based on numerical analysis of independently co-
varying characters as well as phylogeny and genotypic cluster definition.

Molecular epidemiology

Typing and subtyping of micro-organisms is important epidemiologically for
determining the source of infection, recognizing particularly virulent strains of
organisms, and monitoring vaccination programs. To accomplish this, a number
of different molecular methods have been invented over the years, with different
advantages and drawbacks. The method of choice depends on available
equipment and resources, and also on the exact epidemiological question at each
occasion. To investigate the epidemiology of an infection on short term within a
limited area, for example within a hospital during a few weeks or months, is quite
different from analysing the possible common ancestry of the causative agent of a
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disease that has appeared on different continents during several decades and
therefore different demands are put on the typing methods.

Most of the methods used are based on examination of the whole chromosome.
Pulsed field gel electrophoresis (PFGE) is often seen as the gold standard of
molecular typing. Agarose plugs containing whole bacteria are obtained by
combining bacterial isolates with molten agarose in small moulds. After
treatment by in situ enzyme lysis and infrequent cutting restriction enzyme,
electrophoresis with changed polarity of the current at predetermined intervals,
i.e. pulsed field, allows clear separation of the large DNA fragments that can
range from 10 to 800 kb (Schwartz and Cantor, 1984). The main drawback of the
method is that it is time consuming. The procedure takes 2 to 3 days to complete.

Several PCR based typing methods that amplify either specific DNA sequences,
e.g. locus-specific restriction fragment length polymorphism (RFLP) (Welsh and
McClelland, 1990; Williams et al, 1990), repetitive element (rep)-PCR
(Versalovic et al, 1991), or random fragments, e.g. randomly amplified
polymorphic DNA (RAPD)-PCR and amplified fragment length polymorphism
(AFLP) (Janssen et al., 1996) have been developed. The discrimination power is
generally good for these methods, but slightly lower for locus-specific RFLP. The
interlab reproducibility is not very high for RAPD-PCR and rep-PCR, which can
definitely be considered a drawback. All of the methods are considerably faster
than PFGE, with the possible exception of AFLP that takes two days to perform.

In 1998, a new method for analysis of bacterial isolates, called multilocus
sequence typing (MLST), was presented (Maiden et al., 1998). About 450 bp
from 7 different house-keeping genes are sequenced. Each sequence is called an
allele and the seven alleles from one strain constitute an allele profile. Every
specific allele profile represents a sequence type. The relationship between
isolates is shown as dendrograms based on pairwise differences between allele
profiles. The advantages of this method is that it shows a high degree of variation
since it is based on as much as seven genes, but is still stable, since the chosen
genes are house-keeping genes. This implies that the method is useful for both
short- and long-term epidemiological questions. The results are unambiguous and
easy to assemble in a common database that can be accessed on the World Wide
Web for interested researchers.

Molecular subtyping based on sequencing of one single gene or region has also
been proposed from time to time. The most frequent arguments against it has
been that one gene usually does not provide enough variability, especially since
the sequence must be flanked by highly conserved regions suitable as primer
target sites. Even the 16S rRNA genes, with their regions of different variability,
does not usually present the amount of variation between strains that is needed
for epidemiological typing, although at least one exception has been found (see
below and Pettersson ef al., 1998).
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Detection and identification

Traditionally, detection of bacteria has been done by isolation and cultivation.
Methods for bacterial identification are commonly based on nutritional,
biochemical and physiological characters, or on analyses of profiles and
composition of chemotaxonomic markers, such as cellular fatty acids, mycolic
acids, polar lipids and polyamines (Busse ef al., 1996). Even though traditional
microbiological culturing in many cases is the most efficient way to detect
bacteria, there are several reason why new, molecular methods have been
introduced. Depending on the target organism cultivation can be difficult, take an
unreasonably long time or even be impossible. The longer it takes to grow a
bacterium, the greater the risk of overgrowth by fast-growing competitors, even
when using selective media. There are also organisms that are too dangerous to
grow or handle in any viable form because of their pathogenicity. There are also
certain limitations in the discriminating power of traditional typing methods. All
these facts explain the development of the molecular methods that have appeared
in the last decades.

PCR

Of all basic molecular biology techniques developed during the last decades of
the 20™ century PCR is probably the one that has had the greatest impact.
Thousands of articles about PCR have been published since the original reports in
1985 and 1987 (Mullis and Faloona, 1987; Saiki et al., 1985), plus many reports
on new PCR-based methods (Nygren, 2000). The PCR technique was quickly
adopted for the diagnosis of infectious diseases. The strength of PCR is the
exponential increase of the original copy number of the desired target. This is
obtained by the repeated synthesis of the target DNA, where the newly
synthesised fragments act as templates in the following cycles. However, this
high sensitivity also constitutes the greatest risk of the method. If anything but the
desired target is amplified it will increase in the same exponential way, and
because of this it is important to be very careful when designing primers, and also
when preparing the samples (Belak and Ballagi-Pordany, 1993). A set of PCR
primers should preferably be designed to target a region of the template DNA that
is specific enough not to amplify any other DNA that might be found in the
prepared sample. This usually requires a region with a certain extent of
variability. On the other hand, the region has to be stable enough to be constant in
all strains of the actual species.

Pros and cons of different methods

It is often argued that the reproducibility of the molecular microbiology
diagnostic tests between different laboratories is low or not reliable. This might
be true to a certain extent, but it is also noteworthy that similar reliability tests are
seldom or never done on traditional microbiological testing procedures, and on
the rare occasion it is done, it turns out that the results of these conventional
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methods differ greatly between laboratories as well. (Springer ef al., 1996; van
Belkum, 2000).

Sample preparation

The sample preparation for PCR must be done very carefully. Cross-
contamination between samples as well as contamination from amplicons is
always a risk, and this has to be tested by frequent blanks throughout the
handling. Sample preparation and analyses of PCR products should preferably be
conducted in separate rooms (Belak and Ballagi-Pordany, 1993). Inhibitors that
prevent the reaction are another hazard especially when the samples derive from
faeces, kidneys, or other complex biological material. In this case the outcome
might be false negative results, which is just as bad as the possibly false positive
results. A positive internal control can be used to avoid this (Ballagi-Pordany and
Belak, 1996). The concentration of the sample can also be a problem. If it is a
low grade infection, and thus very few microbial organisms are present, a large
amount of tissue has to be used for sample preparation to increase the chance of
capturing the microbe, but still very little material can be used as a template in
PCR, which means that the template has to be concentrated before use.
Concentration of the sample is most commonly obtained by using matrix binding
DNA or magnetic beads (Olsvik et al., 1994). In general, the sample preparation
has become the bottleneck or rate-limiting step in the analysis, since the
introduction of rapid-cycling PCR instruments and real time PCR.

Sensitivity in theory and practice

In a discussion concerning the respective sensitivity of PCR and traditional
bacteriological culturing, PCR is usually considered the more sensitive method of
the two. This might be true in theory, especially if the PCR in question is based
on targets that occur in multiple copies in each organism, like TRNAs and
insertion elements. In reality, however, there is a number of considerations to
take into account that complicate the situation.

Another fact to be considered is that PCR, unlike cultivation, also detects DNA
from non-viable organisms. This can be an advantage when handling bacteria
sensitive to transport and storage, but is a drawback when the PCR detects
residual nucleic acid after initiation of effective therapy. Bacterial culture would
not give a positive result in any of these two cases.

The mollicutes

The mycoplasmas, or mollicutes, is a group of organisms that are closely related
to the Gram-positive bacteria. Based on their permanent lack of a cell wall,
tendency to form fried-egg-like colonies on solid media, ability to pass through
membrane filters of 450 nm and 220 nm in pore size, low G+C content of the
genome and minute genome sizes of 0.58 to 2.2 Mbp (International Committee on
Systematic Bacteriology Subcommittee on the Taxonomy of Mollicutes., 1995),
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they are arranged into a separate class called the Mollicutes (mollis, soft; cutis,
skin, in Latin). Mollicutes are found in humans, mammals, reptiles, fish,
arthropods and plants (not to mention that they contaminate cell cultures), and the
list of host species is continuously increasing. The mollicutes are usually
regarded as host-specific even though several exceptions have been reported
(Nicholas et al., 1998; Razin, 1992). Their general host and tissue specificity
probably reflects their nutritionally exacting nature and obligate parasitic mode of
life (Razin, 1992). The lists of new hosts and new mollicutes is only restricted by
the willingness of mycoplasmologists to look for new species and, unfortunately,
also because it has become increasingly difficult to describe a new species, for
reasons discussed below. The first mycoplasma was isolated and described only
at the end of the 19th century, even though the disease that it causes, contagious
bovine pleuropneumonia (CBPP), had been known since the end of the 17th
century (Nocard and Roux, 1898). In 1955, it was given the name Mycoplasma
mycoides and became the type species for all mollicutes, however the name was
in time changed to Mycoplasma mycoides subsp. mycoides, small colony type
(SC).

One of the first whole genomes to be sequenced was the 580 kb genome of
Mycoplasma genitalium (Fraser et al., 1995). At the time, it was the smallest
existing bacterial genome known, but today one of the uncultivable
phytoplasmas, the Bermuda grass white leaf phytoplasma, has been found to have
an even smaller genome of only 530 kb (Marcone et al., 1999). The minute
genome sizes of the mollicutes make them very interesting as study organisms for
comparative analyses and in the attempts to artificially create the minimal

Ancestral mycoplasma (~2 Mbp)
600 000 000 years (from the Streptococcus branch)

Degenerate evolution

(1.7-2 Mbp)

450 000 000 years

Degenerate evolution

Asteroleplasma / Acholeplasma Spiroplasma Mycoplasma
Present
Anaeroplasma Entomoplasma
Q. Q) Q. Q. Q.
o o) ) alo

= 2 &, s = NS,
a © ~ \%o o~ o~ 5 1 e )
123 = - \% o - - \476
3 & b 2 & & & %
~ - ~ Phytoplasma o o oS Ureaplasma

Figure 3. Hypothetical scheme for macroevolution of the Mollicutes. Members of the
genus Mesoplasma and of the Mycoplasma mycoides cluster are also included in the
Entomoplasma branch.
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genome needed for an organism (Razin, 1997). The choice of M. genitalium as
one of the first species for whole genome sequencing was, therefore, a logical
one.

The special nature of the mollicutes has caused a lot of controversy and
confusion around this group of bacteria along the years. Until the 1930s, when
the true nature of viruses was defined, they were considered to be viruses,
probably mostly because of their ability to pass through filters that no other
bacteria could. Another misconception has been that they are no more than stable
L-phase variants, i.e. wall-less forms, of common bacteria. This discussion was
put to an end, however, when the first genomic analysis data could rule out any
relationship between the mollicutes and stable L-forms of present-day bacteria.
Over the years, it has also been discussed whether the mollicutes are relics from
the primitive bacteria preceding modern bacteria, thus placing them at the root of
the phylogenetic tree, or the product of degenerative evolution from walled
bacteria. The most probable hypothesis presented so far, states that the mollicutes
have evolved by genome reduction from a common ancestor with a genome of
about 2,000 kb that derived from the Streptococcus phylogenetic branch and
existed 600 million years ago. About 450 million years ago, the mollicute branch
split into two major branches, one of which is recognised by its use of UGA as
the codon for tryptophane (Trp) while the other uses UGA as stop codon like
most other bacteria. One of these branches led to the Anaeroplasma, the
Asteroleplasma, the Acholeplasma, and later the Phytoplasma branches, while the
other split into the Spiroplasma branch, the Entomoplasma branch and the
Mycoplasma branch, from which the Ureaplasma branch later arose (Fig. 3)
(Maniloff, 1992; Razin et al., 1998).

Today, the class Mollicutes consists of about 200 species that are taxonomically
divided into four orders, five families and eight validly described genera (Tully ez
al., 1993) (Table 1). A ninth group, the phytoplasmas, has been described
(Seemiiller ef al., 1998). Many species within the phytoplasma group have been
described as Candidatus species but because these organisms cannot be
cultivated, their taxonomic status has not been properly established, although
they are phylogenetically related to the acholeplasmas. In 1989, the phylogeny of
the mollicutes based on 16S rRNA was established and revealed five distinct
groups, each including several clusters and subclusters (Weisburg et al., 1989)
(Fig. 4). Today, the mollicutes are still divided into the same five major groups,
but the number of clusters and subclusters within some of the groups has
increased considerably (Pettersson et al., 1996a; Pettersson et al., 2000;
Pettersson et al., 2001)

Many of the mycoplasmas isolated from different animals are pathogenic and of
great concern in veterinary medicine. In ruminants, M. mycoides subsp. mycoides
SC, M. mycoides subsp. mycoides LC, M. agalactiae, M. bovis, M.
capripneumoniae, M. capricolum subsp. capricolum, M. alkalescens,
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Table 1. Taxonomy of the class Mollicutes.

Classification® No. of Habitat
Species®

Order I, Mycoplasmatales
Family I, Mycoplasmataceae
Genus 1, Mycoplasma 102 Humans, animals
Genus II, Ureaplasma 6 Humans, animals

Order 11, Entomoplasmatales
Family I, Entomoplasmataceae

Genus I, Entomoplasma 6 Insects, plants

Genus II, Mesoplasma 12 Insects, plants
Family II, Spiroplasmataceae

Genus I, Spiroplasma 34 Insects, plants

Order 111, Acholeplasmatales
Family I, Acholeplasmataceae
Genus I, Acholeplasma 13 Animals, insects, plants

Order IV, Anaeroplasmatales
Family I, Anaeroplasmataceae
Genus 1, Anaeroplasma 4 Bovine/ovine rumen
Genus 11, Asteroleplasma 1 Bovine/ovine rumen

*The phytoplasmas form a sister lineage to the acholeplasmas, but they have not been
recognised as a genus because they cannot be cultivated.
"Number of validly described species within each genus.

M. bovigenitalium, M. bovirhinis, M. bovoculi, M. californicum and M.
ovipneumoniae are examples of species causing different severe diseases
(DaMassa et al., 1992; Hale et al., 1962; MacOwan, 1984, MacOwan and
Minette, 1976; Ross, 1993; Simecka et al., 1992).

Renibacterium salmoninarum

R. salmoninarum is a slow-growing, highly fastidious and strongly Gram-positive
bacterium that is non-motile, non-acidfast and does not produce spores. The G+C
value is 55.5%, and the species displays a variety of unique features such as the
cell-wall polysaccharide composition and an unusually large number of
glycoproteins. R. salmoninarum is the only species within its genus and based on
16S rRNA analysis, it has been placed in the Arthrobacter-Micrococcus subline
of the actinomycetes, most closely related to the Arthrobacter species. The
species is the causative agent of bacterial kidney disease (BKD), a disease first
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Figure 4. Phylogenetic tree based on 16S rRNA sequences, representing all groups of
mycoplasmas. Representatives of the closely related genera Clostridium and Eubacterium
are also included in the tree. Streptococcus pleomorphus and Eubacterium biformans
represent outgroups. Adapted from Johansson et al. (1998).

29



detected in the river Dee in Scotland and, therefore, first described under the
name Dee disease in 1930. This disease is today of major concern in all wild and
cultured salmonid fish throughout the world (Evenden et al., 1993; Fryer and
Lannan, 1993). It has long been known that the disease is spread through both
horizontal and vertical transmission, although the route of transmission and the
molecular mechanisms involved in the pathogenicity of the bacterium are still
mostly unresolved. One factor thought to largely contribute to the pathogenicity
of R. salmoninarum is the ability to survive and replicate within the phagocytic
cells of the host. This ability allows the bacterium to avoid not only the defence
mechanisms of the host, but also the effects of anti-microbials used for therapy. It
has also been noted that the bacterium can survive up to 21 days in faeces and
sediment collected from a fresh-water environment.

Typing of different isolates of R. salmoninarum has proven very difficult due to
an extraordinary uniformity among isolates of the pathogen, which has hampered
the knowledge of the epizootiology of the disease. Several different typing
methods, such as the 16S-23S intergenic spacer, 23S-5S intergenic spacer, exact
tandem repeat locus and RAPD, have been evaluated, but found insufficient for
distinguishing between some of the isolates from unrelated sources (Grayson et
al., 1999; Grayson et al., 2000a; Grayson et al., 2000b). Length variations
between the tRNA intergenic spacer regions was recently investigated and
revealed to be the most sensitive typing method so far (Alexander ef al., 2001).

Immunological techniques, such as immunofluorescence techniques (Bullock
and Stuckey, 1975; Elliott and Barila, 1987) and enzyme-linked immunosorbent
assays (ELISAs) (Gudmundsdottir ef al., 1993; Jansson et al., 1996; Pascho and
Mulcahy, 1987), have been developed for diagnosis of the disease, as cultivation
is not the best alternative with this fastidious and slowgrowing bacterium
(Benediktsdottir et al., 1991). Complementary techniques are, however, still
requested for confirmation, as there are reports of false positive serological
reactions (Armstrong ef al., 1989; Austin ef al., 1985).
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Aims of the present investigations

To establish the phylogeny of four goat and three seal mollicutes of the genus
Mycoplasma, based on 16S rDNA sequence analysis. This aim forms a part of the
extensive project to sequence the 16S rRNA genes of all mollicutes of the genus
Mycoplasma, in order to use 16S rDNA sequencing as a tool for the description
of new species within this genus in the future.

To investigate the extent of the intraspecific variation in the 16S rDNA sequences
of 13 strains of M. capripneumoniae from a limited geographical area and to
determine whether the resulting polymorphisms could be used as epidemiological
markers.

To investigate the intraspecific variation in the 16S rRNA genes of the species M.
agalactiae and M. bovis. The variation is interesting both as a possible tool for
epidemiological studies and to evaluate the reliability of the existing detection
systems, based on PCR of the 16S rRNA genes of these two species.

To construct and evaluate a species-specific detection system for R.

salmoninarum based on fluorescent PCR targeting the 16S rRNA gene. The aim
is to design a system which is useful for diagnosis of BKD.

31



Comments on materials and methods used

A more detailed description of the various materials and methods used in this
study are given in papers I-V.

Bacterial strains (I-V)

For all phylogenetic studies (I and II), the type strains of the respective species
were cultured in appropriate media and DNA was isolated by conventional
phenol-chloroform preparation.

The field isolates used for sequence analysis in studies I and III-V were
identified by standard biochemical tests, grown in appropriate media and then
treated in the same way as the type strains. To guarantee pure cultures, the
mycoplasma field strains were cloned five times prior to DNA isolation, if this
was not previously done

16S rDNA sequencing (I-V)

Almost complete (96%) sequences of the 16S rRNA genes were obtained by solid
phase sequencing (I and III) or cycle sequencing (II-V) of PCR products
amplified from genomic DNA. The amplicons were generated by semi-nested
PCR or single PCR with primer sets complementary to the universal regions
U1/U8 (first/single PCR) and to U1/U5 and U2/U8 (semi-nested PCR), as defined
by Gray et al (Gray et al., 1984). All sequences were subjected to bi-directional
rDNA sequencing. Single strands for solid-phase sequencing (I and III) were
obtained by magnetic separation with paramagnetic beads and sequencing
reactions were carried out according to the Sanger chain-termination method
(Sanger et al., 1977) with T7 DNA polymerase and fluorescently labelled
sequencing primers (Pettersson, 1997). Cycle sequencing (II-V) with
ThermoSequenase (Amersham Pharmacia Biotech, Sweden) was carried out
according to the manufacturer’s recommendations with the same set of
fluorescently labelled primers as above. An ALFexpress™ (Amersham
Pharmacia Biotech, Sweden) automated sequencer was used to read the
sequences.

The shift from solid-phase to cycle sequencing was done mainly for two
reasons. First of all, the cycle sequencing is a lot less laborious than the solid-
phase method, unless an automated solid-phase system is available. For manual
handling the solid phase procedure takes several hours and follows after two
separate PCR reactions i.e. the first and the semi-nested amplification. The cycle
sequencing reaction, on the other hand, is set up in about 30 minutes, the product
from one single PCR can be used as template, and the actual reaction takes about
45 minutes in a thermo-cycler. The second main reason for changing to cycle
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sequencing has to do with the increased risk for carry over contamination that
always follows a nested or semi-nested PCR, i.e. any PCR using PCR products as
template (Belak and Ballagi-Pordany, 1993). In our experience the cycle
sequencing results in sequences with as high resolution and quality as the solid-
phase technique and is, therefore, to be preferred in a laboratory without an
automated solid-phase system.

In paper III, the sequences of the 16S rRNA genes of both operons of the
studied strains were determined. The sequences of the rrn4 operon were deduced
by subtracting the sequence obtained with the rrnB operon-specific primer pair
from the sequence obtained with the general primer pair (Johansson et al., 1998;
Pettersson ef al., 1998).

Phylogenetic analysis (I-1I)

The sequences were aligned manually using the Genetic Data Environment
software (GDE) (Smith, 1992). Gaps, and in paper I also ambiguities, were
removed from the final data sets. Distance matrices corrected for multiple base
changes at single locations by the one parameter model of Jukes & Cantor were
constructed and phylogenetic trees were computed by the neighbor-joining
program NEIGHBOR (Saitou and Nei, 1987) included in the phylogenetic
program package PHYLIP, version 3.51c (Felsenstein, 1993). Bootstrap analyses
were performed in sets of 500 (paper I) or 1,000 (paper II) resamplings with the
SEQBOOT program.

PCR detection of R. salmoninarum (V)

Two sets of primers based on the 16S rRNA genes were constructed for the
specific detection system developed for R. salmoninarum. One set was used for
DNA isolation by sequence capture, which is the reason why both primers have a
biotin handle in the 5° end. After hybridisation under agitation at 60°C for 3 h the
samples were immobilized onto paramagnetic beads at room temperature for 2 h
and then washed twice before the beads with the captured DNA segment were
diluted in 20 pl of distilled water. Half of the capture product was used as
template in PCR. DNA preparation with sequence capture is a good method when
working with samples likely to contain substances that can inhibit the
amplification reaction.

The second primer set was used for species-specific PCR detection of R.
salmoninarum. One of the primers was CyS-labelled to allow detection on the
automated sequencer ALFexpress™ (Amersham Pharmacia Biotech) and
evaluation with ALFwin Fragment Analyser 1.01. This increased the sensitivity
of the PCR by at least one order of magnitude compared to conventional ethidium
bromide staining after agarose gel electrophoresis.
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A mimic molecule was constructed to be used as an internal control in the
system. The mimic was produced by PCR of a segment of the human B-actin gene
(GenBank accession no X00351) inserted into a pUC18 plasmid (Ballagi-Pordany
and Belak, 1996; Englund ef al., 1999). The use of an internal control ensures
that no false negative results are reported, since the lack of a mimic product in
any sample after PCR will indicate that the amplification reaction has been
inhibited.

Screening and selection for streptomycin resistance (III-1V)

The occurrence of either a thymidine or an adenine in the position corresponding
to position 912 in Escherichia coli has been associated with streptomycin
resistance in several bacteria (Cundliffe, 1990; Finken et al., 1993; Montandon et
al., 1986). Among the almost 40 M. capripneumoniae strains analysed so far, a
C—T mutation in this exact position has taken place at two occasions
independently, which is remarkable. All the analysed strains of M. agalactiae and
M. bovis harboured a thymidine in this position. This stimulated us to find out
what the tendencies regarding streptomycin resistance were within these strains
and also whether it is possible to select for streptomycin resistance in susceptible
M. capripneumoniae strains by applying a selection pressure. The investigations
were not intended to be complete antimicrobial drug-resistance investigations
with exact MIC values, but merely a simple way to give indications of the
tendencies concerning streptomycin resistance in these three species.

Five M. agalactiae, three M. bovis and seven M. capripneumoniae strains were
tested for streptomycin susceptibility. The strains were cultured on F-plates and
FP-plates, respectively, in the presence of a 6 mm PDM Antibiotic Sensitivity
Disc II with 30 mg of streptomycin (AB Biodisk, Solna, Sweden), and the
diameter of the growth inhibition zone was measured after 3—5 days, if present.

Four M. capripneumoniae strains that were found susceptible to streptomycin
were grown on FP-plates for several passages, and susceptibility to streptomycin
was tested during each passage with a PDM Antibiotic Sensitivity Disc II with 30
mg of streptomycin. Colonies growing on the border of the inhibition zone were
used for the next passage. The clones were passaged until streptomycin resistance
was obtained. Resistant strains were cultured as above, DNA was prepared by
conventional phenol-chloroform extraction and sequence determination was
performed as above.
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Results and discussion

Phylogeny of the genus Mycoplasma (1-11)

The genus Mycoplasma is by far the largest of the Mollicute genera and includes
103 validly described species, 3 subspecies and 5 Candidatus species today. The
number is constantly increasing, but slower than expected because it has become
very laborious to describe a new species according to the minimum standard
document (International Committee on Systematic Bacteriology Subcommittee on
the Taxonomy of Mollicutes., 1995). This document regulates how a new species
is to be placed in the right genus by biochemical tests and based on growth
conditions. Then the potentially new species has to be tested serologically against
all species of the genus it belongs to. This is all very well for most genera since
they usually include 5-15 and at the most 34 species, but for the genus
Mycoplasma it involves over a hundred tests, and both performing the actual
tests, but even more keeping the antisera in stock, is very difficult. The 16S
rRNA has proven very useful for bacterial phylogeny in general (Olsen and
Woese, 1993), and the agreement with mycoplasma taxonomy in the
mycoplasmas is particularly good (Maniloff, 1992; Weisburg et al., 1989; Woese
et al., 1980). It has, therefore, been suggested that 16S rDNA sequencing should
be introduced as a tool for the description of new species within the genus
Mycoplasma. For this to be possible, the 16S rRNA gene sequences from all
described mollicutes of the genus Mycoplasma must be analysed. This has been
done in a collaboration project between the Royal Institute of Technology and the
National Veterinary Institute that was finished only last year (Johansson et al.,
2000) (Pettersson et al., 2000; Pettersson et al., 2001), although some of the
sequences remain to be deposited in GenBank. The two phylogeny projects (I-1I)
in this work forms a part of that study.

The 16S rRNA genes from a total of 45 species were analysed in the study (some
re-sequenced though). The results showed that the 103 species of the genus
Mycoplasma were dispersed in 4 of the 5 phylogenetic Mollicute groups in about
20 clusters, some of them newly described from the study (Heldtander er al.,
1998; Pettersson et al., 1994b; Pettersson et al., 1996b; Pettersson et al., 1998;
Pettersson e al., 2000; Pettersson et al., 2001).

Phylogeny of goat and seal mycoplasmas

The 16S rDNA sequences were determined and the molecular phylogeny
established for four goat and three seal mycoplasmas. Three of the goat
mycoplasmas, Mycoplasma auris, Mycoplasma cottewii and Mycoplasma yeatsii,
were isolated from the external ear canal of goats in Australia (DaMassa et al.,
1994) and the fourth one, Mycoplasma adleri was isolated from a goat’s
abscessed ankle in Maryland, USA (Del Giudice et al., 1995). Of the three seal
mycoplasmas, two, Mycoplasma phocicerebrale and Mycoplasma phocirhinis
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(formerly Mycoplasma phocacerebrale and Mycoplasma phocarhinis,
respectively), were isolated from pus from a seal lung and from the brain of a
necropsied seal, respectively, during the seal epidemic in the Baltic Sea and in
the North Sea during 1988 (Giebel et al., 1991). The third seal mycoplasma,
Mycoplasma phocae (formerly Mycoplasmas phocidae), was isolated from the
respiratory tract of one of the more than 400 harbor seals that died during the
virus epidemic along the New England coast in 1979 and 1980 (Ruhnke and
Madoff, 1992). None of these mycoplasma species have been recognised as
primary pathogens, but might possibly be involved in the production of
pathological changes observed.

M. cottewii and M. yeatsii were found to belong to the Mycoplasma mycoides
cluster of the spiroplasma group. They are like M. putrefaciens, however, not
included in the classical M. mycoides cluster. The other two goat mycoplasmas
and all three seal mycoplasmas were all parts of the hominis group but in
different clusters and subclusters. M. auris, M. phocicerebrale and M. phocae
clustered in the M. hominis cluster. M. auris and M. phocicerebrale were both
comprised in the well defined Mycoplasma alkalescens subcluster, while M.
phocae was positioned somewhere outside the M. alkalescens subcluster where
the internal nodes of the M. hominis cluster are associated with rather weak
bootstrap values. One goat and one seal mycoplasma, M. adleri and M.
phocirhinis, were positioned in the newly defined Mycoplasma bovis cluster
(Pettersson et al., 2001). M. phocirhinis belonged to the M. bovigenitalium
subcluster and M. adleri to the M. felifaucium subcluster. When the phylogeny of
M. adleri was originally established in 1997, neither the M. bovis cluster nor any
of its subclusters were yet characterised, for obvious reasons, and M. adleri was
therefore said to belong to the M. lipophilum cluster. This reorganisation of the
phylogeny of the mycoplasmas is a good example that a phylogeny is never the
absolute truth but merely a suggestion on how to classify the species already
analysed. The phylogeny will keep changing as new species are added.

Molecular diversity in some mycoplasmas of ruminants (III-IV)

M. capripneumoniae, the causative agent of contagious caprine pleuropneumonia
CCPP (Hutcheon, 1881; Hutcheon, 1889; Thomas, 1893; MacOwan and Minette,
1976), represents a special case among the mycoplasmas in that it has an
unusually high number of polymorphisms, and also a greater than average
variability between strains of the species. When 20 strains of M
capripneumoniae were sequenced (Pettersson ef al., 1998), it was found that all
strains had eleven polymorphisms in common and in addition to that, five to ten
polymorphisms that were unique to one or a group of strains. Based on the
detected polymorphisms, two lines of descent (line I and line II) could be traced
and 11 polymorphism patterns (pm patterns) were identified. It was also found
that these features might be used as epidemiological markers. Here the 16S rDNA
sequences of both operons from 13 field strains of M. capripneumoniae from the
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neighbouring African countries Kenya, Ethiopia and Tanzania were determined.
Among the strains, four new and unique pm patterns reflecting the intraspecific
variations within this species were found. Two of the patterns included sequence-
length differences between the operons. One was characterised by a two-
nucleotide insert and the other by a three-nucleotide deletion.

The 30 evolutionary events, which have been found in the 16S rRNA genes of
the M. capripneumoniae strains, were used for the construction of an updated
evolutionary tree based on comparative analysis. Insertion, deletion, or
substitution of a nucleotide in a certain position was considered as one event. The
insertion or deletion of two or three consecutive nucleotides was also regarded as
one event. Compared to the corresponding tree constructed by Pettersson et al.
(Pettersson et al., 1998), this tree had six new branches, including the two
obtained by the selection for streptomycin resistance. Note that the ancestor is
putative, and that a strain which has only these 11 polymorphisms that are in
common for all strains, has not yet been found.

The results from the investigation clearly show that the 16S rDNA
polymorphisms can be used as epidemiological markers for CCPP in smaller
geographical areas and also to study the molecular evolution within this species.
It also poses the question why this species has such an excess of polymorphisms
and why some of them seem stable, i.e. the 11 that are in common for all strains
examined so far, while others are unique for one strain or a smaller group of
strains. One possible explanation is the lack of RecA-mediated gene conversion,
a mechanism that has been postulated to be involved in concerted evolution of
genes in gene families (Abdulkarim and Hughes, 1996; Cilia et al., 1996). It has
not been investigated whether the RecA protein is absent or deficient in M.
capripneumoniae, although it has been found in all mycoplasmas analysed so far
(Razin et al., 1998). The 11 polymorphisms present in all strains and evenly
distributed over the 16S rRNA genes also imply that in contrast to E. coli
(Martinez-Murcia et al., 1999), there are no segments in the 16S rRNA genes
which are particularly prone to sequence homogenisation.

M. agalactiae and M. bovis are two closely related species (Askaa and Emg,
1976; Edward and Freundt, 1973; Hale et al., 1962) that cause discases in goats
and sheep (Lefévre, 1996) and cattle (Ross, 1993; Simecka er al., 1992),
respectively. Like M. capripneumoniae and many other mycoplasmas of
ruminants, they have been found to have two rRNA operons (Christiansen and
Emg, 1990; Pettersson et al., 1996a). The type strains of the two species display
intraspecific variations in the form of seven and three polymorphisms,
respectively, and some variation between strains have been reported
(Subramaniam et al., 1998). In order to determine the extent of the intraspecific
variation and to find out if the polymorphisms could be used for the construction
of an evolutionary tree and as epidemiological markers for mycoplasmoses
caused by M. agalactiae or M. bovis, the 16S rRNA genes from of 16 and 7
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strains, respectively, of the two species were sequenced and analysed. A
relatively high degree of variability was discovered in both species, with regard
to as well within as between strain variation. Despite this observation, however,
no distinct evolutionary patterns could be recognised, which indicates a
functional system for gene conversion in these species, in contrast to M.
capripneumoniae. Some conclusions could still be drawn from the data,
particularly for M. agalactiae, where all non-European strains shared three
characteristic nucleotides, and European strains from the same or neighbouring
countries were very similar.

Streptomycin resistance associated with mutations in the 16S rRNA gene?

Of the 7 M. capripneumoniae strains tested for streptomycin susceptibility only
two were found to be resistant. Both of these strains harboured a T/C
polymorphism in the position corresponding to position 912 of the 16S rRNA
gene of E. coli, caused by a C—T mutation in the r#n4 operon. This mutation has
been shown to be associated with streptomycin resistance in several bacteria. The
five other strains, in which this polymorphism was not found, were all
streptomycin susceptible. The three M. bovis strains that were tested for
streptomycin susceptibility displayed resistance to this antibiotic. The five M.
agalactiae strains tested were found to be at least partially susceptible to
streptomycin with inhibition zones of 10-16 mm. With three of the strains,
kowever, some break through colonies were observed.

Interestingly, there is most probably a difference in how the two streptomycin
resistant M. capripneumoniae strains acquired their resistance. One of the strains
is the 102™ laboratory passage of a strain isolated in Gabés, which does not have
the 8991, polymorphism (Pettersson et al., 1998) and is sensitive to streptomycin.
The resistant strain must, therefore, have become streptomycin resistant in the
laboratory, probably because it was cultured in the presence of streptomycin, but
this has not been possible to confirm. The other resistant M. capripneumoniae
strain, on the other, hand was isolated only a few years ago and has not been
subjected to any passaging in the laboratory (except in connection with the
isolation). Consequently, it must have acquired the streptomycin resistance in the
field, probably when a diseased goat was treated with a mixture of penicillin and
streptomycin, which is common in Ethiopia where it was isolated. This
hypothesis could, however, not be confirmed in this particular case.

It is also interesting to note that one of the tested M. agalactiae strains, which
seems to be an intermediate between M. agalactiae and M. bovis on the 16S
rRNA level, showed less susceptibility to streptomycin than the other tested M.
agalactiae strains, and it exhibited the smallest inhibition zone.

Selection for streptomycin resistance was successful for all four M

capripneumonaie strains included in the experiment. Two of the strains obtained
resistance to streptomycin after 3 passages, and the other two strains became
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streptomycin resistant after 5 passages. Sequencing of the region containing the
position equivalent to E. coli 912 revealed that none of the clones had, in either
of the operons, adapted the C—T transition mutation that has been reported to
cause streptomycin resistance in for example E. coli and M. tuberculosis.
However, one of the clones had a C—A transversion mutation in this position in
rrnd and this substitution has been reported to cause streptomycin resistance in
Tobacco chloroplasts (Cundliffe, 1990). None of the clones had the A—C
transversion mutation in the position equivalent to position 523 in E. coli that has
also been shown to cause streptomycin resistance.

This investigation concerning streptomycin resistance, although less extensive
and sophisticated, clearly indicates that position 912 can be associated to
streptomycin resistance in these mycoplasma species, but that it is obviously not
the only mechanism involved or responsible. Alterations in protein S12 in the
ribosomes is another plausible explanation, since it has been found in other
bacteria (Finken ef al., 1993; Snyder and Champness, 1997).

Detection of R. salmoninarum (V)

Sequence analysis of the 16S rRNA genes from eight strains of R.
salmoninarum isolated between 1973 and 1996 from various geographical
localities in Canada, England, Iceland, Sweden and the USA, revealed that the
sequences were identical but for one single position in one of the Canadian
strains. This result is consistent with the report that R. salmoninarum contains
two indistinguishable rRNA operons (Grayson et al., 2000a). Two regions
suitable as target sites for species-specific PCR primers were identified within the
genes. In order to obtain maximum sensitivity without using nested PCR, primers
for a fluorescent PCR were constructed for the detection of R. salmoninarum.
Because of the many inhibiting substances present in kidney tissue,
oligonucleotides for DNA isolation by sequence capture were also constructed, as
well as a mimic molecule to be used as an internal control. The PCR was found to
be specific for R. salmoninarum and allowed the detection of DNA equivalent to
1 to 10 genomes per reaction. The specificity of the PCR was tested with 11
bacterial strains representing the species most closely related to R. salmoninarum
or species likely to be found in salmonid fish (see paper V). No PCR product was
obtained with any DNA other than from R. salmoninarum. The DNA preparation
by sequence capture offers a reliable method for analysing infected kidneys
because it reduces the inhibiting substances from the tissue. The detection limit
for sequence capture of kidney tissue samples that were negative in culture,
spiked with R. salmoninarum DNA and followed by PCR, was 5 pg of DNA. The
use of the mimic molecule in the system assures that no false negative results are
reported. For detection with the automated sequencer, 100 mimic molecules per
reaction were needed. The mimic did not have any negative effect on the
amplification of the R. salmoninarum DNA.
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The sequence capture fluorescent-PCR system reported here will in the future
be tested on ovarian fluid and blood samples. If successful, this would provide a
means to test broodstock without sacrificing the fish.
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Concluding remarks and future perspectives

In this work, the 16S rRNA genes have been successfully used as tools to
establish the phylogeny of seven mycoplasmas from goats and seals, to
investigate the intraspecific variation among the strains of three different
mycoplasma species, and to develop a PCR system for the detection of R.
salmoninarum.

In a time when science is developing at an ever-increasing speed, the 16S rRNA
has evolved from being a new and promising tool, via being a standardised
method for detection and characterisation of bacteria, to a method by some
scientists dismissed as ancient, limited and practically useless, which in my
opinion is a foregone conclusion.

This work demonstrates that 16S rRNA still is a powerful tool in many areas of
microbiology. It might not be the universal answer to all molecular questions and
problems in microbiology, as was hoped in the beginning, but it is very useful in
several different ways. The 16S rRNA is often a suitable target in detection by
PCR for diagnostic purposes, and it can be used for studies of genetic diversity
and sometimes even for molecular epidemiology. As for molecular phylogeny,
the 16S rRNA might well be the most powerful tool, at least so far, simply
because of its versatility.

The fact that the 16S rRNA is present in all self-replicating organisms coupled
with the vast amount of sequence data already documented and available in
public databases are two advantages that are hard to match. The use of one or a
selection of other genes, which is argued by many scientists, will definitely be
useful for defined groups of organisms especially when a high degree of
resolution is needed. However, if the alternative genes are not present in all
micro-organisms, a comparison outside this defined group will be impossible.
Even if a group of new genes that are universally present and provide a higher
degree of resolution can be found, it will take considerable time to gather as
much information from these genes as the information available for 16S rRNA.

The increasing number of whole microbial genome sequences will certainly be
a help in the search for new suitable phylogenetic and diagnostic markers. In the
longer perspective, it might even be possible to compare complete genomes for
phylogenetic purposes. However, there are quite a few problems to be solved
first. An improved technique will be required for faster generation of whole
genome data. A means of determining which segments to exclude because they
are not relevant, as well as enhanced aligning methods that can cope with whole
genomes, will also be needed.
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It has been suggested that 16S rDNA sequence analysis should be mandatory in
the description of new bacterial species (Fredericks and Relman, 1996; Johansson
et al., 2000; Rossell6-Mora and Amann, 2001). This would, in my opinion, be
practical as well as helpful in general, and in the case of mollicutes of the genus
Mycoplasma probably vital if we want new species of this genus to be described
in the future.

All of the above reasons clearly indicates that the role of 16S rRNA in

microbiology is far from insignificant, and that its importance will increase rather
than decrease, in the near future.
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