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ABSTRACT.

Two recently described species of the genus Halomonas
occur in the microbiota of some Antarctic saline and hypersaline
lakes. The genera Halomonas and Deleya, which comprise the family
Halomonadaceae, are difficult to differentiate on the basis of
phenotypic and chemotaxonomic attributes. IRNA:DNA hybridisation
studies have indicated that some Halomonas spp. have the same level
of relationship to the type species of the genus Deleya, as some
Deleya spp. Near complete 16S rRNA sequences of 3 Deleya spp.,

3 Halomonas spp., and Halovibrio variabilis are obtained by direct
sequencing of the PCR-amplified 16S rRNA gene using o-35S dATP.
The members of the genera Halomonas and Deleya do not form
separate monophyletic subgroups in the phylogenetic trees, derived
from the sequence data, confirming the lack of any phylogenetic
support for their retention as separate genera. Halovibrio variabilis
also clusters within this group of organisms. All the members of the
Halomonadaceae examined, and Halovibrio variabilis, possess a
cytosine (C) residue at position 486 (E. coli numbering), which is an
extremely rare attribute among the prokaryotes, and has been reported-
in only one other species, Listonella anguillarum. Several other
signature characteristics which define this group within the gamma-
subclass of the Proteobacteria are identified. The Jukes-Cantor
distances between the members of the family Halomonadaceae, and
including Halovibrio variabilis, range from 0.086 to 0.000 (the %
similarities between sequences are in the range 92.6 - 100). The
members of the genera Halomonas, Deleya, and Halovibrio form a
monophyletic group and share common chemotaxonomic and
phenotypic characteristics. Sub-groups among the members of the
genera Halomonas, Deleya and Halovibrio can not be resolved on the
basis of phylogenetic, chemotaxonomic or phenotypic data. It is
proposed that the genera Halomonas, Deleya and Halovibrio be
united in a single genus Halomonas. The new names Halomonas
aquamarina comb. nov., Halomonas cupida comb. nov., Halomonas
halophila comb. nov., Halomonas marina comb. nov., Halomonas
pacifica comb. nov., Halomonas venusta comb. nov., Halomonas
salina comb. nov. and Halomonas variabilis comb. nov. are proposed.
The descriptions of the genus Halomonas and the family
Halomonadaceae are emended.
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The phylogenetic placement of pigmented bacteria isolated
from Organic Lake, a hypersaline Antarctic Lake, is examined by the
determination and analysis of their 16S rRNA sequences. Sequence
signatures confirm that the pigmented bacteria from Organic Lake are
members of the "flavobacteria-Bacteroides" phylum. Comparison of
the sequences of the Organic Lake strains with those of a large
number of sequences available for members of the "flavobacteria-
Bacteroides" phylum show that they are phylogenetically distinct.
These organisms can also be distinguished on the basis of phenotypic
and chemo-taxonomic data, supporting their description as new taxa,
at least at the species level. The Organic Lake flavobacteria cluster

~within a group of organisms that contains the type species of the
genus Flavobacterium, Flavobacterium aquatile. Two new species of
the genus Flavobacterium are described to accommodate the Organic
Lake flavobacteria. The names Flavobacterium gondwanense and
Flavobacterium salegens are proposed.

Potential oligonucleotide probes for the genus Halomonas
(emended as proposed), some member-species of the genus
Halomonas, F. gondwanense and F .salegens are identified from their
16S rRNA sequences. |
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1 INTRODUCTION

The comparison of 16S rRNA sequence data is widely
accepted as a means of estimating phylogenetic relationships among
prokaryotes (Woese, 1987; Murray et al, 1990; Stackebrandt, 1992;
Woese, 1992). For the taxonomy of the prokaryotes to be constructed
on the basis of phylogenetic relationships between organisms, means
not only that the taxonomic structure is informative of phylogenetic
relationships but also that the structure is stable. The determination of
16S rRNA-based phylogenetic relationships has provided a means of
clarifying taxonomic relationships within several groups of
prokaryotic organisms which have been recalcitrant to analysis on the
basis of the range of phenotypic characteristics traditionally employed
to classify bacteria, chemotaxonomic data, and mol% G+C values.

During the past 10 years the taxonomy of prokaryotes
isolated from lakes in the Vestfold Hills region of Antarctica, has
been investigated, and several new taxa have been described (James
et al, 1990; Franzmann et al, 1987; Franzmann et al, 1988; Franzmann
et al, 1991; Franzmann and Rohde, 1991; Franzmann and Dobson,
1992; McGuire et al, 1987). The taxonomic placement of some of
these organisms has been made difficult by the uncertain taxonomic
structure of the groups to which they appear to belong. The Organic
Lake flavobacteria are one such set of organisms. This set of bacterial
strains have been examined phenotypically, their phospholipid fatty
acids and respiratory lipoquinone profiles and their mol% G+C values
have been determined (Dobson et al, 1991; Skerratt et al, 1991; P. D.
Franzmann pers. comm.). These characteristics have suggested that
the Organic Lake flavobacteria are members of the Flavobacterium-
Cytophaga complex, however the many taxonomic difficulties
associated with this complex and related genera have made the
generic assignment of the Organic Lake flavobacteria problematic. A
large database of 16S rRNA sequences of members of the
Flavobacterium-Cytophaga complex and related genera has been
assembled in the laboratory of C. R. Woese (Olsen et al,1991). A
comparison of the 16S rRNA sequences of the Organic Lake
flavobacteria with those of the wide range of organisms represented in
this database, would allow the phylogenetic placement of the Organic
Lake flavobacteria within this set of organisms to be determined.



The species Halomonas subglaciescola and Halomonas
meridiana have been described to accommodate strains isolated from
some hypersaline lakes of the Vestfold Hills region (Franzmann et al,
1987a; James et al, 1990). Phenotypic and chemotaxonomic
differentiation of the genera Halomonas and Deleya is difficult, and
has suggested that the members of these two genera could be placed
in a single genus. An examination of 16S rRNA-based phylogenetic
relationships among members of these genera, representative of the
diversity within the group, would indicate whether such a proposal
was valid. Chemotaxonomic data have suggested a close taxonomic
relationship between Halovibrio variabilis and members of the genera
Deleya and Halomonas. To clarify the phylogenetic relationship of
Halovibrio variabilis to members of the genera Deleya and

" Halomonas this organism is included in the comparison of 16S rRNA
sequences. '

The introduction of the polymerase chain reaction (PCR) in
recent years has made available an alternative and potentially more
efficient means of obtaining 16S rRNA gene sequence data (Saiki et
al, 1988). Difficulties are encountered in generating sequence data
from PCR-generated dsDNA using 35S-labelled nucleotides and the
standard protocol. A modification of the standard protocol proposed
by Bachmann et al (1990) suggests that inclusion of the detergent
non-idet P40 in the reaction mixture, and snap-freezing of the boiled
annealing mixture in the first stage of the sequencing reaction,
significantly improves the quality of the sequence data. This method
is used to obtain 16S rRNA sequence data in this study.

Descriptions of genera and species are most important for
the identification of isolates. At these taxonomic levels it is
considered by, the Ad Hoc Committee on Reconciliation of
Approaches to Bacterial Systematics (Wayne et al, 1987) and the Ad
Hoc Committee on Approaches to Taxonomy within the
Proteobacteria (Murray et al, 1990), that DNA:DNA hybridisation
and rRNA sequence data are not sufficient in themselves for the
description of taxa. Taxonomic descriptions at these levels must
include phenotypic data. A taxonomic approach which integrates the
phenotypic, chemotaxonomic and phylogenetic characteristics of a
group of organisms has been termed "polyphasic” taxonomy (Colwell,



1970; Murray et al, 1990). The examination of the Organic Lake
flavobacteria, and the members of the genera Deleya, Halomonas and
Halovibrio, in this study, is based on a polyphasic approach.

Part of the results of this thesis have been published in:

Dobson, S. J., Colwell, R. R., McMeekin, T. A., and Franzmann, P.
D. 1993. Direct sequencing of the polymerase chain reaction-
amplified 16S rRNA gene of Flavobacterium gondwanense sp. nov.
and Flavobacterium salegens sp. nov., two new species from a

hypersaline Antarctic lake. Int. J. Syst. Bacteriol. 43: 77 - 83.,

and submitted for publication in:

Dobson, S. J., McMeekin, T. A., and Franzmann, P. D. 1993.
Proposed unification of the genera Halomonas, Deleya and
Halovibrio on the basis of phenotypic, chemotaxonomic and
phylogenetic analysis and emendation of the genus Halomonas
Vreeland 1980 and the family Halomonadaceae Franzmann, |
Wehmeyer and Stackebrandt 1988. Int. J. Syst. Bacteriol. Submitted.



2 LITERATURE REVIEW

2.1 Phylogeny in bacterial classification
2.1.1 An overview

Bacterial phylogenies are based on the comparison of
organisms by, comparison of the primary structure of homologous
sections of their DNA, or by comparison of the transcribed or
translated products of homologous genes. Differences in the structures
of these homologous moieties indicate the number of mutations that
have become fixed in the DNA of the organisms during their
evolutionary history from a hypothetical common ancestor. Where
there is evidence that mutations have occurred randomly, as is
assumed for mutations that do not result in a functional change, the
section of DNA, the RNA or the protein, acts as a molecular or
evolutionary clock (Woese, 1987; Zuckerland and Pauling, 1965).

Prior to molecular data becoming readily accessible for the
taxonomy of prokaryotes, the means for testing hypotheses about
prokaryotic phylogeny were not available. The fossil record is
extremely limited. Speculation on the order of appearance of
physiological groups could only be considered in relation to
information about the earth's environmental conditions during its
history. | '

Prior to the determination of phylogenetic relationships, the
details of bacterial taxonomy were derived from a comparison of the
morphological and physiological data for extant organisms. It was
recognised that the selection of characters that defined taxonomic
groups at the higher levels was a largely intuitive process. Prokaryotic
taxonomy was inherently unstable and primarily a determinative
structure for the identification of organisms. While genera and higher
taxonomic levels were defined in terms of Gram reaction,
morphology, motility and major physiological features, the difficulty
of selecting significant identifying features at the species level was so
~ apparent that it became a standard practice to assess the overall
similarity of organisms across a wide range of characteristics and give -



all characteristics an equal weighting (Sneath and Sokal, 1973). This
approach was termed Adansonian numerical taxonomy.
Characteristics, or combinations of characteristics associated with the
groups of organisms which resulted from the numerical analysis, were
identified, and used to define species.

Genotypic data in the form of mol% G+C in the genome,
and chemotaxonomic data were new sources of information, utilised
to assess the validity of taxa defined on the basis of selected
morphological and physiological characteristics. Mol% G+C data
indicated where organisms which might appear to be similar, based on
the range of morphological and physiological characteristics
examined, were clearly not because of disparate mol% G+C values
(Mamur and Doty 1962). Groups of organisms, formed on the basis of
common chemotaxonomic features, particularly those features that
were relatively rare and therefore distinctive, could be assessed
against the existent taxa. The majority of chemotaxonomically
informative moieties occurred in the membrane and wall of the cell
- envelope (Goodfellow and Minnikin, 1985).

Molecular data which reflected the degree of nucleotide
sequence similarity between a pair of organisms was first obtained
from DNA:DNA and DNA:rRNA hybridisation experiments. The
level of hybridisation indicated the extent of sequence similarity
between two strains, and therefore provided proof of a specific
relationship at the molecular level, or lack thereof (Moore and
McCarthy, 1967).

The Ad Hoc Committee on the Reconciliation of
Approaches to Bacterial Systematics has defined the bacterial species
in terms of DNA:DNA hybridisation values as follows:

"The phylogenetic definition of a species generally would include
strains with approximately 70% or greater DNA-DNA relatedness and
with 5°C or less ATy,. Both values must be considered.” (Wayne et al,
1987)

| This level of DNA:DNA hybridisation suggests a high level of
sequence similarity between the two organisms. It has been estimated
- that a 1% sequence mismatch results in a ATy, of 1 to 2.2 °C (Bonner



et al, 1973, Ullman and McCarthy, 1973). A ATy, of 5°C or less
therefore implies a sequence mismatch of 5% or less between
organisms belonging to the same species. DNA:DNA hybridisation
will not detect similarity between organisms with greater than at most
15% sequence mismatch between their genomes (Johnson, 1991). It is
therefore limited to the comparison of closely related organisms. The
significant extent of sequence conservation in the rRNAs allowed
similarities between more distantly related organisms to be examined
by DNA:rRNA hybridisation.

More detailed and extensive use of the rRNAs was made by
comparisons of sequence data (Fox et al, 1977). The limitation of the
extent of mismatch which could be accommodated by hybridisation
experiments did not apply. Neither was it required that pairwise data
for all combinations of organisms be determined. Sequence data was
determined independently for each organism, and could be compared
to the sequence of the homologous moiety from any organism which
had been previously determined and held in accessible databases.

The majority of studies examining bacterial phylogeny
above the level of intra-species association use a comparison of 16S
rRNA sequences or DNA:rRNA hybridisation using 16S rRNA or
23S rRNA. Homologs of the small-subunit (SSU) rRNA (16S rRNA
in prokaryotes, 18S rRNA in eukaryotes) occur in all living organisms
in the ribosomes, the site of protein synthesis in the cell. Regions of
the primary and secondary structure of SSU rRNA are identical in all
organisms from all the domains, thus far examined (Neefs et al,
1990). Nomura et al (1968) demonstrated the functional constancy of
the 16S rRNA and protein components of the 30S ribosomal particle
by forming functionally active hybrid 30S particles from 16S rRNA
and protein components derived from distantly related bacteria. The
functional constancy of the 16S rRNA suggested that it had not been
subjected to overbearing selective forces. For this reason it was
considered that the 16S rRNA was an effective molecular clock
(Woese, 1987).

Different degrees of conservation occurred in different
regions of the SSU rRNA. It was suggested that the less conserved
regions are less functionally important (Nomura et al, 1968). The
variation in the degree of conservation meant that the "speed” of this



molecular clock varied such that relationships at levels .encompassing
the highly unrelated (inter-domain) to the highly related (intra-
generic) have been examined (Woese, 1987).

Another advantageous aspect of the SSU rRNA is the
occurrence of signature nucleotides associated with monophyletic
groups. These signature nucleotides occur rarely, or not at all, outside
the particular group, and act in a definitive manner for the group in a
way that phenotypic and chemotaxonomic characteristics have been
used previously (Woese, 1987). Signature nucleotides can be used to
identify membership of a group where that affiliation may be
uncertain from overall sequence similarity.

The advantages listed above for the use of the 16S rRNA as
a means for establishing bacterial phylogeny have resulted in the
general acceptance of this approach. The inherent limitations of the
approach have also been recognised. Were the molecular clock to
behave perfectly, the resultant data over a large sample size would
behave in a perfectly ultrametric manner and the derivation of
phylogenetic relationships would be straightforward and precise.
Alternatively, to allow for differences in rates of mutation, the data
may be considered additive. Similarly if data were perfectly additive a
precise solution would be achievable (Swofford and Olsen, 1990).
The fact that real data sets do not behave in a perfectly ultrametric or
additive manner suggests that some phenomena which weaken the |
molecular clock premise have operated. Therefore consideration must
be given to these phenomena, and the phylogenetic relationships
which are derived from a comparison of molecular data need to be
regarded as an estimate of the true phylogeny.

One limitation is sampling error. Sampling of a single gene
to construct an evolutionary history of the entire genome has
statistical limitations. Sneath (1989) calculated the standard sampling
error for a tree from the lengths of the internodes incident to a node,
and the associated probabilities for the location of nodes. This
analysis showed that there was a high degree of uncertainty about the
placement of nodes when the number of nucleotide changes, reflected
in the length of the incident internodes, was small. An example given
- was the radiation of several of the phyla belonging to the Bacteria
where the internodal distances were relatively small, and consequently



the ordering of these branchings was uncertain. This type of
uncertainty may also be reflected by application of bootstrap analysis
to phylogenetic constructions (Felsenstein, 1985). Bootstrap analysis
of sequence data involves random resampling with replacement, so
that in effect some characters have a zero weight, and others have a
weight of one, two or more. The phylogenetic tree is then determined
from this data, and the process of resampling and tree determination
repeated many times. A majority rule consensus tree is obtained from
these trees which indicates the frequency that particular groupings
occur within the tree. Blair-Hedges (1992) determined the relationship
between the number of bootstrap replications and the accuracy of the
bootstrap P values associated with groupings within a tree. It was
found that 2000 replications were required for a confidence limit of
95% to have an accuracy of 1, and for confidence limits greater than
75% to have an accuracy of at least 2%.

Limitations more difficult to quantify than sampling error,
but of possibly greater significance are those which reflect limitations
in knowledge of the evolutionary process. The premise that sequences
diverge constantly over time due to the fixation of randomly occurring
mutations, which is the basis of the molecular clock concept, may be
weakened by a variety of phenomena.

As mutations accumulate there is a probability that more
than one mutation will occur at a particular site. This effect
diminishes the additivity of raw data. The superimposed mutation
eradicates any history of the previous mutation and possibly results in
a mutation to the original identity of the nucleotide at that site, thus
appearing as if no mutational events have occurred. Additionally
parallel and convergent mutations may arise. These masking
mutations, termed homoplasies, are corrected for in pairwise distance
forms of analysis by the application of the Jukes-Cantor equation or
related equations (Swofford and Olsen, 1990).

Of potentially greater significance than the occurrence of
homoplasies is the evolutionary theory of punctuated equilibrium.
This theory proposes that evolutionary history is made up of periods
of very rapid rates of change and periods of slow rates of change, the
former being associated with changes in environmental conditions
(Eldredge and Gould, 1972). The historical flux of environmental
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conditions, as they pertain to different groups of organisms, mitigates
against the development of a simple mathematical model to define
phylogenetic relationships from the molecular sequences of extant
organisms.

There is evidence from the data that lineages have evolved
at different rates (Woese, 1987). Woese (1987) cites the example of
the mycoplasmas, where a high rate of evolution is suggested by an
unusually high number of mutations in conserved regions of the 16S
rRNA and which is correlated with an unusual phenotype. Variation
in evolutionary rates of different lineages is suggested by the location
and length of branches, particularly when the effect is pronounced
(very short, or very long branches). The variation in evolutionary rates
of different lineages overlays that which exists within the SSU rRNA

itself in terms of the variation of the degree of conservation in

different regions of its structure. In general, these possible and actual
sources of variation are not accounted for in the estimation of
phylogenetic relationships. Sneath (1989), noted that while there is
often good correlation in the phylogenies derived from different
molecules, there are examples of trees derived from 16S rRNA and 5S
rRNA data respectively where discrepancies in branch length are
larger than those predicted by sampling error. One explanation for this
is that there are different rates of mutation in different genes and
different lineages. Given the types of variation in evolutionary rates
that do occur, or appear to occur, the determination and application of
a single rate of mutation for the SSU rRNA gene for the prediction of
the age of lineages, such as undertaken by Ochman and Wilson,
(1987), should be treated with caution.

Generally, the characters which make up the SSU rRNA
sequence data are treated as independent and of equal weight.
Corrections which sometimes have been applied are: various
weighting of gaps (Swofford and Olsen, 1990), giving paired bases a
1/2 weight (Stahl et al, 1984), and eliminating positions which
demonstrate hypervariability (Weizenegger et al, 1992). As a rule
positions where homology is uncertain are eliminated from analyses
(Swofford and Olsen, 1990). Other types of modifications which are
sometimes applied are the differential weighting of transition and
transversion mutations (Swofford and Olsen, 1990), and



accommodation of the actual ratio of nucleotide types observed in the
calculation of evolutionary distances rather than assuming all
nucleotide types occur in equal proportions (Woese et al, 1990b).

A further consideration is the extent to which transfer of
genetic material plays a role in bacterial evolution. It has been
suggested that the 16S rRNA gene has not been involved in lateral
transfer because it is integral to cell survival. Evidence against lateral
transfer of this gene has come from a comparison of the phylogenetic
relationships among some purple photosynthetic bacteria derived from
cytochrome ¢ amino acid sequences and 16S rRNA sequences (Woese
et al, 1980). The relationships were similar indicating that lateral gene
transfer of either gene had not occurred.

The question of transfer of genetic material, remains
however, because if a large proportion of the genome has been
involved in lateral transfer, then the likelihood of deriving a
meaningful "natural” classification from a small number of conserved
genes that have not been transferred, is diminished, as is the
likelihood of locating phenotypic characters to identify with such
genotypically defined groups. Evidence for the non-involvement of
genes in lateral transfer comes from the positive correlation of
phylogenetic relationships derived from different genes as illustrated
in the example above. These correlations derive not only from the
small number of different genes and proteins which have been
sequenced, but also from correlations between monophyletic
groupings derived from molecular data and groupings derived from
chemotaxonomically informative components of the cell such as the
lipids. At the intra-species level patterns of multilocus enzyme
polymorphisms in E. coli indicated coherent genetic groups as did
strong linkage disequilibria (Young, 1989).

Like many aspects of bacterial diversity the available data
represents only a small sampling, so that the proportion of bacterial
genomes involved in lateral transfer and the range of organisms that
will accept genetic material from a donor organism have not been
quantified. The accumulated evidence thus far suggests that the extent
of lateral transfer of genetic material does not undermine the
derivation of bacterial phylogenetic relationships from the SSU rRNA
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or from other semantides which may be considered to behave as
molecular clocks (Young, 1989).

2.1.2 Derivation of phylogenetic trees from 16S rRNA sequences

Several methods have been developed to determine
phylogenetic trees from sequence or other data. The majority of
workers who have derived phylogenetic trees from 16S rRNA
sequence data have employed least-squares additive methods (Embley
et al, 1988a; Fryer et al, 1992; Nazaret et al, 1991; Rossler et al, 1991;
Stackebrandt and Charfreitag, 1990; Stahl et al, 1992; Tsuji, K. et al,
1990; Unterman, et al, 1989; Woese et al, 1990). The input data for
these methods are a matrix of pairwise distance values. These distance
values are calculated from the sequence similarity values using a
formula such as the Jukes-Cantor equation to correct for homoplasies.
For a given tree topology, the error is calculated as a sum of squares,
and the branch lengths which minimise the error are determined.
There are several variations in the manner in which the error is
calculated (Felsenstein, 1982). Fitch and Margoliash (1967) calculated
the error, or quantity to be minimised, as the following sum of
squares,

Y% (Djj - dij)2
Djj2

where Dijj is the observed pairwise distance between taxa i and j and
djj is the distance between taxa i and j in the tree topology under
examination (Felsenstein, 1982). The formula of Olsen (1988) to
calculate the error replaces the Dij2 term in the denominator of the
sum of squares, with the variance for the observed distance, which
allows the effective sequence length to impact on the error estimation.

Except for small numbers of taxa, the number of possible
tree topologies is too large for a comprehensive examination. In effect
only a small subset of trees is examined (Olsen, 1988). Branch
rearrangement methods are widely used to test whether any
improvements can be found (Olsen, 1988; Felsenstein, 1989). The
range of tree topologies examined is dependent on the method by
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which the original trees are constructed. Where this construction
method involves adding taxa to the tree in the order in which they are
listed in the matrix, different random orders may be used to extend the
search and indicate whether the topology of the best tree found is
sensitive to such changes (Felsenstein, 1989).

Fitch (1984) has noted that where there is an implicit
assumption that the rate of evolution is approximately equal among
the group of taxa under examination, e.g. if the decision to join taxa
and the order in which taxa are joined in tree construction is made on
the basis of distance values, then a misleading result may be obtained
when taxa evolving at very different rates of evolution are being
studied.

Olsen (1987) demonstrated that the branching point of a
ciliate mitochondrial 16S rRNA sequence, a fast evolving lineage,
was incorrectly located within the Bacteria when very distantly
related organisms, from the Archae and Eukaryae were included in
the tree. This effect was ameliorated by adding close relatives of the
mitochondrial sequence to the tree. Olsen (1987) suggested that
inadequacies of the Jukes-Cantor equation are responsible for errors in
the branching order when lineages evolving at very different rates are
involved. He suggested that the Jukes-Cantor equation underestimates
evolutionary distances, because the assumptions which underlie it do
not hold. Consequently a systematic error is introduced which will be
most apparent when lineages evolving at very different rates are
involved. One of the underlying assumptions of the Jukes-Cantor
equation is that all sequence positions are equally subject to change.
Olsen determined evolutionary distances on the basis that 95% of
sequence positions have nucleotide substitution rates in the range 1/8
to 8 times that of the median, and found that the branching order
anomalies observed under the use of the Jukes-Cantor equation did
not occur.

Generally, it is not the case that a very fast evolving lineage
with few specific relatives and very distantly related organisms are
being compared, so that the effects that Olsen (1987) examined would
not be expected to be significant. The branching order of a tree
should, however, be tested for robustness or stability to changes in
taxa composition. This can be tested by examining the effect of the
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addition or deletion of taxa on the branching order and by examining
the contribution that the presence of individual taxa have to the error
value (Swofford and Olsen, 1990). As systematic errors cannot be
precisely defined, the proviso generally remains, that for any
phylogenetic tree the possibility exists that the addition of new taxa,
as data becomes available, may affect the branching arrangement.

Parsimony methods have sometimes been used in addition
to additive methods for the derivation of phylogenetic relationships
from 16S rRNA sequences (Dame et al, 1992; Woese et al, 1990;
Weizenegger et al, 1992) and represent a quite different treatment of
the data. Parsimony analysis determines the minimum number of
character state changes that would be required at each sequence
position to result in the set of extant sequences for a given tree
topology. The number of character state changes across all sequence
positions is totalled for the given tree topology, and compared with
the values obtained for other tree topologies. The tree topology/
topologies having the smallest number of character state changes
is/are selected as being the best estimation of the phylogeny of that
group of taxa (Swofford and Olsen, 1990). Analyses which guarantee
finding the most parsimonious tree(s) are limited to small numbers of
taxa, because the number of possible tree topologies increases '
dramatically as the number of taxa increases.

The most parsimonious tree minimises the number of
homoplasies required to derive phylogenetic relationships among a
group of taxa. As the relative rate of nucleotide substitution at a
position increases, that position becomes less phylogenetically
informative. The probability of obtaining the wrong branching order
has been shown to increase with the relative rate of nucleotide
substitution, where peripheral branches are much longer than internal
ones (Felsenstein, 1978; Olsen 1987). Olsen (1987) limited inter-
domain (inter-"urkingdom") comparison of groups of taxa to 16S
rRNA sequence positions where there was > 93% conservation among
members of a domain ("urkingdom").

2.1.3 The conciliation of phenotypic and phylogenetic taxonomies

Since the introduction of techniques to determine mol %
G+C of DNA a great deal of confidence has been placed in molecular
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data for bacterial classification, because of the stability of the data and
the phylogenetic implications which can be drawn. Notwithstanding
the limitations in deriving phylogenetic relationships from molecular
data, which are summarised above, such phylogenetic classifications
are the basis for a stable framework for the construction of a bacterial
taxonomy and provide the means for deciding which phenotypic
characteristics are taxonomically informative and at what rank they
are informative. ’

The phylogenetic framework which has emerged from
molecular studies, primarily from rRNA-based studies, has disturbed
aspects of previous taxonomic or determinative groupings: by
splitting some physiological groups, such as the placement of
photosynthetic organisms in different subclasses of the class
Proteobacteria along with non-photosynthetic organisms; by
identifying relationships between physiologically distinct organisms,
such as members of the genera Bacteroides and Flavobacterium; and
by identifying organisms with an unusual phenotype which are
evolving at a faster rate, such as the mycoplasmas which previously
had been considered to represent a separate phylum, but which are
now considered a fast evolving lineage within the gram-positive
phylum (Woese, 1987).

Molecular data indicates where taxonomic groupings
include highly unrelated organisms because of the choice of
inappropriate phenotypic characteristics to define certain groups.
There are also several examples, such as the genus Bacillus, where the
traditional grouping is monophyletic but where the presence of
phylogenetic sub-groups suggest the circumscription of several genera
rather than a single genus (Rossler et al, 1991; Ashet al, 1991). The
task in these circumstances is to identify phenotypic characteristics to
associate with the underlying phylogenetic groups.

The potential for conflict between phylogenetic and
phenotypic classifications arises from the possibility of disjuncture
between phylogenetic groups and determinable phenotypic characters,
or the apparent phenotypic incoherence of phylogenetic groups. The
outcome of these possibilities would be an inability to identify new
isolates within a phylogenetic scheme. Such a worst case scenario has
not arisen. Phenotypic coherence is most important at the species and



genus ranks, as these are the most relevant ranks for the identification
of isolates (Stackebrandt, 1992). It is usually the case that phenotypic
coherency is evident at these taxonomic ranks.

Where phenotypic characteristics have not been identified to
define phylogenetic groups at the species and genus levels, it is
generally considered that those phylogenetic groups should not be
described as new taxa until distinguishing phenotypic characteristics
can be identified (Wayne et al, 1987; Stackebrandt, 1992; Murray et
al, 1990). Enmeshing phylogenetic and phenotypic descriptions in this
way, ensures that the application of phylogenetic groupings will not
outstrip the available knowledge of phenotype, and that the
classificatory structure remains useful for identification.

Taxonomic ranks above genus are often not important for
the identification of isolates, and while coherent phenotypic
characteristics may already be associated with taxa at the higher
levels, the identification of such characteristics are not essential for
the description of taxa at these levels (Stackebrandt, 1992). The class
Proteobacteria is an example of a taxon without identifying
phenotypic characteristics (Stackebrandt et al, 1988). The existence of
coherent phylogenetic groups at lower taxonomic ranks which cannot
be separated phenotypically, and coherent phylogenetic groups at
higher taxonomic ranks which cannot be adequately described
phenotypically, has promoted a search for phenotypic characteristics
which will define these groups. Above the species level, such
characteristics have often been located in chemotaxonomic data,
rather than the range of morphological and physiological attributes
traditionally employed in phenotypic descriptions of taxa. The
exploration for definitive characteristics at the highest taxonomic
level is exemplified by work on the Archaea, which has confirmed the
significance of distinctive chemotaxonomic features such as the
presence of ether-linked lipids and identified numerous distinctive
features in the molecular biology of this group (Kandler, 1982).

2.14 Interpretation of taxonomic rank among the prokaryotes

The taxonomic ranks which may be applied to bacterial
groupings are species, genus, family, order, class, phylum (=
division), and kingdom (Sneath, 1984). The rank of domain has been
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recently introduced above the rank of kingdom to apply to the
separation of living organisms into three fundamental groupings, the
Bacteria, the Archaea and the Eukaryae, although this proposal has
not been universally accepted (Woese et al, 1990a; Cavalier-Smith,
1992).

Taxa at all ranks describe monophyletic groups of
organisms. The degree of relationship between a monophyletic group
of organisms, is reflected in the taxonomic rank chosen to describe
that group. DNA-DNA hybridisation values in the order of 60 - 70%
or greater have been proposed to define the degree of relationship
applicable to the rank of species (Brenner, D. J. 1981; Johnson, 1984;
Wayne et al, 1987). This level of DNA-DNA hybridisation was
proposed on the basis of the phenotypic and genotypic
characterisation of strains in many groups of bacteria, and so cannot
be considered to be simply an arbitrary cut-off level (Johnson, 1984,
Fox et al 1992). Exploration for a conceptual, rather than phenetic
description for the bacterial species continues in the context of genetic
exchange and the occupation of environmental niches (Young, 1989;
Dykhuizen, 1991; Amann et al, 1992).

In comparison to species definition, the application of
numerical homology values using 16S rRNA data has not been useful
for the definition of genus or higher taxonomic ranks (Stackebrandt,
1988). The 16S rRNA sequence similarity among members of a genus
varies from 78% to 95% for different genera (Stackebrandt, 1992).
Stackebrandt (1988) suggested that this range of values reflects the
. difference in ages of different genera, and has broadly classified the
ages of genera into three groups. These three groups reflect the
‘emergence of genera during the periods, when the earth was
anaerobic, when the transition from an anaerobic to an aerobic
environment occurred, and since the earth has been largely aerobic.
General features of the oldest genera are divergence at the molecular
level and conservation at the phenotypic level. Conversely "young"
genera have highly similar 16S rRNA sequences and yet exhibit
phenotypic and chemotaxonomic variability.

Beyond the requirement for hierarchical monophyly, the
ranks of genus and above remain undefined. This allows for
considerable variance in the use of criteria for the delineation of taxa.

\
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2.2 Taxonomy of Gram-negative, pigmented, aerobic
bacteria with a mol % G+C in the range 30 - 53;
members of the "flavobacteria-Bacteroides" phylum

2.2.1 An overview

The rather long heading for this section is an indication of
the lack of meaningful definition in the taxonomy of this group of
organisms at the sub-phylum level. The several genera which contain
species of pigmented, aerobic bacteria, which have a low mol %G+C
are listed in Table 2.1. Taxonomic difficulties with this group arise
from inadequate description and differentiation between genera, a
large amount of heterogeneity within genera, and regions of overlap
between genera. Several members of this group of genera are
sometimes collectively referred to as the Flavobacterium-Cytophaga
complex (Reichenbach and Weeks, 1981). Related to this group of
genera are the strictly fermentative species of the genus
Capnocytophaga, and the strictly anaerobic species of the genus
Bacteroides. As the genus name suggests, Capnocytophaga was
considered to be related to the genus Cytophaga, because its member
species were characterised by gliding motility, mol % G+C of their
DNA in the range 33 - 41, and yellow-orange pigmentation
(Leadbetter et al, 1979). ‘

A relationship between the members of the Flavobacterium-
Cytophaga complex and members of the genus Bacteroides was first
recognised from a comparison of 16S rRNA oligonucleotide
catalogues (Paster et al, 1985). The branch of the Bacteria which is
comprised of members of the Flavobacterium-Cytophaga complex,
the Bacteroides and related genera has often been referred to as a
phylum, however as yet no taxonomic rank has been formally
assigned to this branch. The 16S rRNA sequences of some members
of all the genera listed in Table 2.1 have been determined, with the
exceptions of the genera Flexithrix and Chitinophaga. These two
genera contain a single species, represented by a single strain and five
strains respectively. The 16S rRNA studies of members of the other
genera have shown that they belong in the "flavobacteria-Bacteroides"
phylum .



Table 2.1 Genera cbntaining pigmented, aerobic,
"low" mol % G+C bacterias

Genus mol % G+C
Cytophaga 30-45
Flavobacteriumb® 31-39
Flectobacillus 33-40
Cyclobacterium 34
Saprospira 35-48
Sporocytophaga 36
Flexithrix 37
Microscilla 37 -44
Flexibacter 37 -47
Sphingobacteriumb 40 -46
Chitinophaga 43 -46
Haliscomenobacter 49
Runella ' 49 - 50
Spirosoma 51-53

a Data from Reichenbach, 1989; Holmes 1992; Mulder, 1989;
McGuire, 1987; Raj and Maloy, 1990

b For the purposes of this table, the G+C values for F. thalpophilum
and F. yabuuchiae were included in the genus Sphingobacterium



Several of the genera listed in Table 2.1, have been
considered members of the order Cytophagales. In Bergey's Manual
of Systematic Bacteriology (Reichenbach, 1989), the order
Cytophagales, was comprised of the families Cytophagaceae,
"Flavobacteriaceae" Bacteroidaceae, some related genera of the
family Cytophagaceae, Flexibacter, Microscilla and Chitinophaga,
and some genera of uncertain affiliation, Saprospira, Taxeobacter,
Haliscomenobacter, and the organism P1-12fs. In this arrangement the
family Cytophagaceae was comprised of the genera, Cytophaga,
Capnocytophaga, Flexithrix and Sporocytophaga. In The Prokaryotes
2nd ed (Reichenbach, 1992) the order Cytophagales was restricted to
a single family, the Cytophagaceae, comprised of genera of
unicellular gliding bacteria, Cytophaga, Capnocytophaga, Flexithrix,
Sporocytophaga, Flexibacter, Microscilla, Taxeobacter, unnamed
Cytophaga-like bacteria and possibly Saprospira. Reichenbach (1992)
noted that this characterisation of the order should be considered
preliminary.

The genera Cytophaga, Flavobacterium, Flectobacillus,
Cyclobacterium, Saprospira, Sporocytophaga, Flexithrix, Flexibacter,
Chitinophaga, Haliscomenobacter, Runella and Spirosoma are
differentiated phenotypically, on the basis of gliding motility, cell
morphology, presence of sheaths, formation of myxospores and
habitat. The genus Sphingobacterium was created to accommodate
species which contained sphingophospholipids, and originally
classified as belonging to the genus Flavobacterium (Yabuuchi et al,
1981; Yabuuchi et al, 1982; Yabuuchi et al, 1983). |

This review will focus on the genera Cytophaga and
Flavobacterium. These two genera are selected as the Organic Lake,
pigmented bacteria; which were studied in this work, most closely
resembled members of these genera. In comparison with the other
genera listed in Table 2.1, these two genera are comprised of a large
number of species and reflect the taxonomic complexities of the
whole group.

The genera Cytophaga and Flavobacterium are
differentiated by a single phenotypic characteristic. Members of the
genus Cytophaga exhibit gliding motility and members of the genus
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Flavobacterium do not (Holmes et al, 1984a). Separation of these two
genera, on the basis of a single characteristic has been questioned for
over a decade, in light of many shared characteristics (Reichenbach
and Weeks, 1981; Christensen, 1977). A simple combination of
Cytophaga and Flavobacterium has been prevented, however, by a
recognition of significant heterogeneity within each genus. Such
heterogeneity has suggested rather, that these genera should be
subdivided (Reichenbach, 1992; Holmes, 1992).

222 General characteristics of the genus Flavobacterium

The genus Flavobacterium was originally proposed as a
colour genus in 1923, and consequently became a collection of
heterogeneous, and often poorly described species (Holmes et al,
1984a). Progress towards a homogeneous taxon was made by
successive removal of polarly-flagellate strains, Gram-positive
organisms, gliding or spreading organisms and "high" G+C strains
(Holmes et al, 1984a). The resultant genus description, in Bergey's
Manual of Systematic Bacteriology (Holmes et al, 1984a), was of
cells that were Gram-negative, aerobic, rods, which did not form
endospores or granules of poly-8-hydroxybutyrate, non-motile either
by gliding or flagella, typically pigmented (yellow to orange),
catalase-, oxidase- and phosphatase positive, non-agarolytic,
chemoorganotrophic and mol% G+C of their DNA in the range 31 -
42. Seven species were listed in Bergey's Manual of Systematic
Bacteriology and ordered into the following four groups:

1. F. aquatile

2. F. breve, F. balustinum, F. meningosepticum
3. F. odoratum

4. F. multivorum, F. spiritovorum

- F. indoltheticum, a species represented by a single strain, was not
included in this listing of species because it was phenotypically
similar to F. breve and had a similar mol% G+C value (Holmes et al,
1984a). It was later listed as a separate species which could be
differentiated from F. breve on the basis of esculin hydrolysis and a
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slightly higher G+C value, 33.8 compared with 32.4 £ 0.6 (Holmes
1992). |

F. aquatile was designated as the type species when the
genus Flavobacterium was created. Holmes and Owen (1979)
presented arguments to the Judicial Commission for the rejection of
F. aquatile as the type species. These arguments elaborated problems
associated with the history of isolation and early descriptions of the
species, the atypical phenotype of the species in comparison with
other Flavobacterium spp., and the consequent difficulties that would
be imposed on medical microbiology if it were to remain the type
species.

None of the original isolates of F. aquatile are extant, and
the current type strain (ATCC 11947), is an organism isolated from
the same region as the original isolate 63 years after the time of the
original isolation and description of the species (Holmes and Owen,
1979). The original description of B. aquatilis in 1889 (latter renamed
F. aquatile), was, according to Holmes and Owen (1979), "meager
and ambiguous”, and referred to oscillatory movements and filaments
suggesting that the original isolate may have been a cytophaga or
flexibacter.

Disagreement existed as to whether the type strain, ATCC
11947, exhibited gliding motility or not (Holmes and Owen, 1979).
This feature was critical as its presence would be in conflict with the
description of the genus Flavobacterium, and would place the
organism among the cytophagas. Holmes and Owen (1979)
foreshadowed that the outcome of the determination of a close
relationship between F. aquatile and the cytophagas would be the
transfer of cytophagas into the genus Flavobacterium as this genus
preceded the genus Cytophaga and the creation of a separate genus (or
genera) to accommodate the other Flavobacterium species. This
would result in confusion in the field of medical microbiology as all -
of the other species of Flavobacterium, except F. balustinum, were
clinical isolates.

Holmes and Owen (1981) proposed the differentiation of the
members of Flavobacterium into four genera. These genera A-D were
comprised as follows:
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A. Flavobacterium breve, F. meningosepticum, F. indoltheticum,
F. balustinum and Group IIb ’

B. F. odoratum
C. Group IIk-2, "Group IIk-3"
D. Group IIf and Group IIj.

This scheme did not include F. aquatile. The proposal to reject

F. aquatile as the type species and to substitute F. breve as the type
species was not accepted by the Judicial Commission (Wayne, 1982).
Consequently F. aquatile was included in the arrangement of the
species in Bergey's Manual of Systematic Bacteriology (Holmes et al,
1984a), listed previously (page 20). The two groupings are equivalent
in that group 2 = genus A, group 3 = genus B, group 4 = genus C.
More recently, separation of species into the four genera A - D was
the basis for the arrangement of species in The Prokaryotes, 2nd ed
(Holmes, 1992). Holmes (1992) did not list F. aquatile among the
members of Flavobacterium in this description of the genus, although
he noted that if the genus was sub-divided, the genus name would
remain with F. aquatile, and the other species of Flavobacterium
would be transferred to new genera.

New taxa from clinical environments

During the last decade formal taxonomic proposals have
been made for those groups of organisms referred to above as group
IIb, group IIk-2, and groups IIf and IIj.

The species F. indologenes was proposed to accommodate
organisms from Group IIb (Yabuuchi et al, 1983), and the species
F. gleum was proposed to accommodate a subgroup of group IIb
organisms (Holmes et al, 1984b). Yabuuchi et al (1990), differentiated
the two species on the basis of phenotypic and DNA-DNA homology
characterisation of 9 strains of F. indologenes and three strains of
F. gleum. Ursing and Bruun (1991) similarly studied 31 Group IIb
strains and identified 9 genotypic groups which could not easily be
distinguished phenotypically. It was suggested that use of the species
names F. gleum and F. indologenes be abandoned in favour of
designation as "Flavobacterium group ITb", until the taxonomy of this



group of organisms could be further clarified (Ursing and Bruun,
1991; Holmes, 1992). '

The genus Sphingobacterium was proposed to accommodate
the group IIk-2 organisms which were characterised by the presence
of sphingophospholipids (Yabuuchi et al, 1981; Yabuuchi et al, 1982;
Yabuuchi et al, 1983). The species S. multivorum, S. spiritovorum,
and S. mizutae have been described (Holmes et al, 1981; Holmes et al,
1982; Yabuuchi et al, 1983). The species F. thalpophilum and
F. yabuuchiae also belong in this genus although a formal proposal to
transfer these species to the genus Sphingobacterium has not been
made (Holmes et al, 1983; Holmes et al, 1988). Holmes (1992)
considered the proposal of the genus Sphingobacterium to be
premature because the presence of sphingophospholipids cannot be
determined easily. This group of species however is also characterised
by the possession of menaquinone 7 as the major respiratory
lipoquinone, in contrast to the other species of Flavobacterium which
possess menaquinone 6 as the major respiratory quinone, and can be
differentiated from other species of Flavobacterium on the basis of
saccharolytic capacity, lack of indole production and lack of
proteolytic activity (Dees et al, 1985; Bruun, 1988; Holmes, 1992).
The members of this group are further characterised by their fatty
acid profiles which contain significant amounts of 16:1 (11 - 56%), in
addition to branched fatty acids (Dees et al, 1979; Dees et al, 1985,
Dees et al, 1986; Shivaji et al, 1992).

The genus Weeksella was created to accommodate the
group IIf and IIj organisms (Holmes et al, 1986a; Holmes et al,
1986b). The group IIf organisms have some features in common with
members of the genus Moraxella, notably a small genome size (Owen
and Holmes, 1981). Other similar features are lack of pigmentation,
oxidase- and catalase positive, non-motile, asaccharolytic, sensitivity
to penicillin and isolation from mucosal surfaces (Holmes and Owen,
1981; Doemn, 1992). A notable difference between the members of the
genera Weeksella and Moraxella, is the possession by the former of
branched fatty acids including branched hydroxy fatty acids, and the
possession by the latter of straight-chain fatty acids (Dees et al, 1981;
Dees et al, 1986; Jantzen and Bryn, 1985). Another difference is the
mol % G+C content of the DNA of members of the genus Morexella
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(40 - 48) compared with members of the genus Weeksella (36 - 37)
(Doem, 1992; Holmes et al, 1986a; Holmes et al, 1986b). Recent
DNA:rRNA hybridisation studies indicated that the genus Weeksella
belonged in the same rRNA homology group as F. breve (Segers et al,
1992).

The genus groups A - D, listed above, can be readily
differentiated on the basis of phenotypic characteristics which include
indole production, saccharolytic activity, proteolytic activity, urease
activity, pigmentation and resistance to antimicrobials (Holmes, 1992;
Bruun, 1988). Within these groupings, however, there are some
species which are not easily differentiated. There are also genotypic
groups which may represent new species, but for which distinguishing
phenotypic characteristics have not been identified.

F. meningosepticum and the group IIb organisms are two
species which are phenotypically similar. The main phenotypic
difference between these two species is the intensity of their colony
pigmentation (Owen and Holmes, 1981). The production of 8-
galactosidase has also been identified as a discriminating feature, but
this was not a completely consistent difference (Bruun, 1988; Holmes
1992). Bruun (1988) also noted the substantial phenotypic similarity
between S. multivorum and S. spiritovorum, which were differentiated
only on the basis of acid production from ethanol and mannitol.

Examples of genotypic groups for which no differentiating
phenotypic features are known are found within F. breve, the group
ITb Organisms as described previously, F. odoratum and
F. meningosepticum (Bruun, 1988). A study of 52 strains of
F. meningosepticum found two DNA:DNA hybridisation groups
which were related at a level of 40 - 55%. One of these groups was
comprised of the type strain and three other strains, which were
interrelated at a level of 90%. The other group was comprised of four
subgroups. These subgroups were related to each other in the range 32

- 63%, and the level of intra-subgroup relatedness was in the range 72 |

- 100% (Ursing and Bruun, 1987). Extensive phenotypic
characterisation, antimicrobial susceptibility testing, and crossed
immunoelectrophoresis analysis did not identify any features which
could discriminate the two hybridisation groups. However, it was
found that 18 out of 20 strains isolated from cerebrospinal fluid
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occurred in one subgroup, suggesting the genotypic delimitation of
organisms occurring in a particular environmental niche, with in this
case, pathogenic significance (Bruun and Ursing, 1987; Bruun, 1987;
Bruun and Hoiby, 1987).

New taxa from non-clinical environments

The majority of taxonomic work performed on the genus
Flavobacterium and related genera (genera A - D), since its limitation
to low G+C species has involved organisms isolated from the clinical
environment. In recent years two new species, Flavobacterium
branchiophila and Sphingobacterium antarcticus have been described
to accommodate organisms isolated from non-clinical environments.

Flavobacterium branchiophila was described to
accommodate a group of organisms associated with gill disease in
freshwater fish (Wakabayishi et al, 1989). The cell length of these
organisms was 5 - 8 um compared with the length of 1 - 3 um in the
description of the genus Flavobacterium (Holmes et al, 1984a).
However these organisms were non-gliding and were consequently
placed in Flavobacterium. Higher levels of DNA-DNA hybridisation
have been observed between F. branchiophila and Cytophaga species,
than Flavobacterium species, which has generated uncertainty about
the placement of this organism (Holmes, 1992).

Sphingobacterium antarcticus was created to accommodate
two strains isolated from Antarctic soil (Shivaji et al, 1992). These
sphingophospholipid containing organisms most closely resembled
S. multivorum, but showed negligible DNA:DNA hybridisation with
S. multivorum. They could be differentiated from that species by their
psychrotrophism, lack of acid production from a number of
carbohydrates, and a higher proportion of 16:1 in their fatty acid
profile.

Hayward and Sly (1984) characterised some dextranolytic
soil organisms. The phenotype of these organisms, which were
saccharolytic and indole negative, closely resembled the description
of S. multivorum, although chemotaxonomic features were not
determined.
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Chemotaxonomy of the genus Flavobacterium (groups A - D)

Chemotaxonomic features play an important role in
circumscribing the legitimate members of the Flavobacterium-
Cytophaga complex. The chemotaxonomic features which primarily
characterise these bacteria are the presence of substantial quantities of
branched fatty acids, branched hxdroxy fatty acids and menaquinones.

Branched fatty acids are sparsely distributed among the
genera of Gram-negative bacteria, and the presence of branched '
hydroxy fatty acids is rarer still, occurring only in members of the
Flavobacterium-Cytophaga complex, Bacteroides and some
. myxobacteria (Kaneda, 1991). Similarly, among aerobic, Gram-
negative bacteria, the occurrence of menaquinones as the major
respiratory lipoquinone is limited to members of the Flavobacterium-
Cytophaga complex and the myxobacteria (Mannheim, 1981;
Reichenbach and Dworkin, 1992). Identification of these
chemotaxonomic features supported the removal of high G+C species
such as F. devorans, F. capsulatum, F. flavescens, F fuscum, and
F. lutescens from the genus Flavobacterium (Fautz et al, 1981;
Oyaizu and Komagata, 1981).

Flexirubin pigments are an apparently unique feature of
some members of the Flavobacterium-Cytophaga complex.
Flexirubin pigments generally occur in strains from soil, freshwater
- and clinical samples, but not in marine strains (Reichenbach et al,
1981; Weeks, 1981). Exceptions to this pattern have been reported.
Reichardt et al (1983) in a study of chitinoclastic estuarine strains
found a few strains which required NaCl for growth but contained
flexirubin pigments and had a similar phenotype to the non-marine
species C. johnsonae. Explanation of this phenotype was the
possibility of plasmid-mediated regulation of salt tolerance. Reichardt
et al (1983) also found many examples of flexirubin-producing strains
- which did not require NaCl for growth, but which would tolerate 3%
NaCl. F. breve is similarly a flexirubin-producing organism which
tolerates elevated concentrations of NaCl (Dobson, 1988).

Hamana and Matsuzaki (1991), examined F. aquatile and
seven other legitimate species of Flavobacterium belonging to groups



A-C, and all contained homospermidine as the major polyamine. The
occurrence of this polyamine is limited among bacteria, making it
another useful chemotaxonomic marker for this group of organisms.

Chemotaxonomic features may also be employed to
characterise the genus groups A - D. Group C, the genus
Sphingobacterium is the best chemotaxonomically defined group of
the four. It is identified by the presence of sphingophospholipids and
menaquinone 7 as the major respiratory lipoquinone. Members of
groups A and B contain menaquinone 6 as the major respiratory
lipoquinone (as far as the author is aware the lipoquinone content of
members of the genus Weeksella, group D, has not been reported).
Fatty acid profiles of F. aquatile and members of groups A - D are
listed in Table 2.2 The profiles for more than one strain, and profiles
determined in separate studies are included to indicate the intra-
Species range of values which may be obtained. A summary of the
major characteristics of the four groups, with the percentage quantities
shown in brackets, is as follows:

e Group A i-15:0 (24-39); i-2-OH-15:0 (4-39); i-3-OH-17:0 (9-18);
i-17:1 (4-26); 1-3-OH-15 (4-12); 16:1 (0-21)

* Group B i-15:0 (48-59); i-17:1 (5-22); i-3-OH-17:0 (7-12);
i-3-OH-15:0 (5-7)

« Group C i-15:0 (17-36); 16:1 (13-56); i-2-OH-15:0 (19-35)
« Group D i-15:0 (49-50); i-17:1 (13-18)

While there are similar profiles within each group, the distinctions
between groups are not all clear. For example, both groups B and D
are characterised by high (= 48 %) levels of i-15:0. Group C
organisms consistently contain significant levels of 16:1 (13-56),
however, some strains of the group A species F. breve also contain
significant levels of this fatty acid (5-21 %), although F. breve can be
distinguished from group C organisms by a lower proportion of i-2-
OH-15:0. The profile of F. aquatile is quite similar to that of F. breve,
however, from the data of Fautz et al (1981) F. aquatile is
differentiated from F. breve by the presence of small quantities of
17:1 and 3-OH-17:0, in its profile.
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Table 2.2 Fatty acid composition of members of the genera Flavobacterium, Sphingobacterium and Weeksella

Straight-chain acids Branched-chain acids Hydroxy acids

12:0 13:0 14:0 15:0 1511 16:0 16:1 17:0 17:1 18:0 18:1 182 i-13:0 i-14:0 i-15:0 a-15:0 i-15:1 i-16:0 i-17:0 i-17:1 2-OH 3-OH 2-OH 3-OH 3-OH 2-OH 3-OH 3-OH 3-OH 3-OH
14:0 14:0 16:0 16:0 17:0 i-15:0 i-15:0 i-16:0 i-17:0 i-17:1

* F.aquatile ® 1 - 1 12 - 4 1 - 4 8 - - 1 22 2 - - - - - - - - - - 8 1 10 -

o F. aquatileh - - 2 10 2 2 1 2 4 2 - - - - 15 - 4 1 1 6 - 1 - 1 7 2 12 - 25 -

Group A:

o F.breved t - 2 - 5 13 - - - 1 - 1 - 30 t - - - 4 - - - - - 8 5 - 12 -
F. breve (3)9 t - t-1 2 - 1-4 5.7 - - - t-2 - t 0t 28-36 t3 - - - 4-7 - - - - - 5-16 6-7 - 11-14 -
F. breve (11)f - - T T - 8 21 - - T T T - - 24 - T T T 7 T T - 5 - 4 5 1 9 -
F. breve® - - 1 4 1 8 5 1 - 1 - - - - 18 1 1 5 4 - 2 - 5 - 4 3 - 36 -

» F. meningosepticum 2 t - - - - 1 4 - - - - - - - 30 3 - - - 6 - - - - - 22 4 2 18 -
F. meningosepticum (4) ¥ - - T - - T T - - T T - - T 3036 - - T - 510 - - - T - 2839 612 T-5 10-13 -
R.Ib(3)? - - T - - T - - - T T - - T 3439 - - T - 1726 - - - - - 1722 610 T 817 -

Group B:

e F. odoratum9 t - - t - t t - - - - - - - 48 4 - - - 22 - - - - - 3 7 - 12 -
F. odoratum (2) 9 61 - 12 23 . 2 23 . . - - - 18 t 5659 8 - - - 5 - - - - - 12 5 - 718 -
F. odoratum (11)/ - T T T T T T - - - T T 3 T 55 T - T - 6 - T - 5 - 3 6 T 8 T

Group C:

o S. multivorum € - - - - - 2 13 - - - - - - - 27 - - - - 3 - - - - - 35 4 - 10 -
S. multivorum (4) ¢ - - 46 - - 811 2729 - - - - - - - 1723 - - - - - 1-3 - - 2-3 - 1921 67 - 1-3 -
S. spiritivorum (4) € - - 2-4 - - 57 224 - - - - - - - 2326 - - - - - 1 - - 0-1 - 2630 34 - 3-4 -

o S.mizutae © - - - - - 3 17 - - - - - - - 2 - - - 2 - - - 1 - 30 3 - u -
S. mizutae (4) ¢ - - - - - 1-10 1529 - - - - - - - 1836 2-3 - - - 1-4 02 - 02 12 - 1929 25 - 1-11 -
Group IIk-2 (6) 4 - - 3 T - 10 27 T - T T . - T - 37 - T - - T - - - 2 - 28 9 - 12 -
S. antarcticus (2) € - - - - - - 56 - - - - - - - 29 - - - - - - - - - - - - - - -

Group D: .
Group £ (10)f - T T T - 4 2 - - T T T - - 50 - - T T 13 - T - T - 7 4 T 6 -
Group IIj (4) 8 - - T T - 4 - - - T 3 4 7 - 49 - - - - 18 - - - - - 8 4 T 3 -

a Data from Oyaizu and Komagata (1981); « indicates type strain; (3) indicates number of strains; t acid present at < 0.5%; values have been rounded to the nearest integer.

b Data from Moss and Dees (1978); T acid present at < 2%.

¢ Data from Yabuuchi and Moss (1982).

d Data from Dees et al (1979); the average values are given.

e Data from Shivija et al (1992); note, partial data only.

f Data from Dees et al (1986); average values are given.

g Data from Dees ct al (1981); average values are given.

h

Data from Fautz et al (1981); values estimated from a diagrammatic representation of the fatty acid profile.
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Rasoamananjara et al (1986) analysed volatile fatty acid
(vfa) production from strains belonging to groups A-C to determine
whether vfa profiles would differentiate between Flavobacterium
species. An initial study separated 74 strains into species groups and
subgroups, however the values chosen to separate groups were
somewhat arbitrary to the extent that they were selected to accord
with phenetic groups (Rasoamananjara et al, 1986). In a latter study,
of a further 80 strains, the placement of 12 strains in the vfa groups
did not accord with their phenetic characteristics (Rasoamananjara et
al, 1988). Only one species of Sphingobacterium, S. multivorum, was
examined and its vfa profile was quite distinct from the members of
groups A and B. The results were inconclusive about the general
application of vfas for the differentiation of species.

223 General characteristics of the genus Cytophaga

The genus Cytophaga is comprised of Gram-negative, rod
shaped, gliding organisms which are usually pigmented yellow,
orange or red, and which usually degrade one or more type of
polysaccharide. The genus Cytophaga was created by Winogradsky in
1929 to accommodate a group of aerobic cellulolytic soil organisms
(Reichenbach, 1989). The genus now accommodates both aerobic and
facultatively anaerobic organisms which degrade one or more of a
wide range of polysaccharides, including starch, cellulose, agar,
chitin, pectin and heparin.

In contrast to members of the genus Flavobacterium,
species belonging to the genus Cytophaga have been isolated only
from non-clinical environments. A strain isolated from an industrial
water spray air humidification system with characteristics similar to
C. aquatilis has been implicated as the causative agent of a lung
disease with hypersensitivity pneumonitis-like symptoms, however
the disease is an allergenic reaction and the organism does not grow at
37 °C (Liebert et al, 1984).

Prior to the more recent taxonomic revisions of the genus
Flavobacterium, the genus Cytophaga was considered a better
defined and more homogeneous taxon. Consequently some workers
placed non-gliding organisms in Cyfophaga rather than in the genus
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Flavobacterium which they considered heterogeneous (McDonald et
al, 1963; Colwell et al, 1966; Inoue and Komagata, 1976). Some of
these non-gliding species were later found to exhibit gliding motility
(Perry, 1973; Reichenbach, 1989).

Gliding motility is an important defining characteristic of

~ the genus Cytophaga. However the observation and interpretation of

gliding motility and spreading colonies can difficult. For example, the
absence of spreading growth does not necessarily imply the organism
is non-gliding. Perry (1973) observed gliding motility of non-
spreading organisms such as F. aquatile and C. marinoflava, by
observing cells in hanging drops, and in a glass-liquid-agar sandwich,
created by placing glass beads (0.10 - 0.11 mm) on an agar surface at
the colony edge, and then covering with a coverslip. Some non-
spreading mutants of C. johnsonae are motile when observed in wet
mounts (Pate, 1988). The expression of gliding motility and spreading
growth is also dependent on environmental conditions, and usually
requires growth on low nutrient media under moist conditions
(Henrichsen, 1972). Wolkin and Pate (1984) determined the
concentrations of several sugars, Mg 2+, Ca 2+ and SO4 2-, which
inhibited the spreading growth of C. johnsonae.

Additionally, a variety of different types of movement such
as twitching, darting, sliding, and flexing as well as gliding motility,
have been reported (Henrichsen, 1972; Pate 1988). It is not known
whether more than one type of mechanism is responsible for all these
translocational movements and therefore whether organisms which
exhibit apparently different types of movement should be classified
together, assuming that gliding motility is a phylogenetically
significant character. |

In 1989, Reichenbach included 20 species in the genus
Cytophaga, listed a further 6 species of uncertain taxonomic
placement as species incertae sedis, and identified 19 species from the
literature which should be abandoned because cultures were not
available. Reichenbach's (1989) list of 20 species was not
substantially different from the list of extant cultures of Cytophaga
prepared over a decade earlier by Christensen (1977) (Table 2.3).
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Table 2.3 A comparison of species belonging to the genus
Cytophaga in 19778 and 19895

1977

1989

C. aurantiaca
C. columnaris
C. diffluens
C. diffluens var. aprica
C. diffluens var. carnea
C. fermentans
C. flevensis
C. hutchinsonii
C. johnsonae
C. latercula
C. lytica
C. marinoflava
C. psychrophila
C. salmonicolor
C. salmonicolor
var. agarovorans
C. succinicans

C. aurantiaca
C. columnaris
C. diffluens

C. aprica

not available

C. fermentans
C. flevensis

C. hutchinsonii
C. johnsonae
C. latercula

C. lytica

C. marinoflava
C. psychrophila
C. salmonicolor

C. agarovorans
C. succinicans
C. aquatilis

C. marina

C. pectinovora
C. saccharophila
C. uliginosa

a From Christensen (1977)
b From Reichenbach (1989)
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Three new species have been described since 1977,
C. aquatilis , C. marina, and C. saccharophila, the former two being
associated with diseased fish (Reichenbach, 1989). The other
additions to the list of Cytophaga species, C. pectinovora and
C. uliginosa have resulted from the taxonomic revision of species
formerly placed in the genus Flavobacterium. Two varieties,
C. diffluens var. aprica and C. salmonicolor var. agarovorans have
since been designated species in their own right (Reichenbach, 1989).

The 20 species of Cytophaga were separated by
Reichenbach (1989) into 19 sub-generic groupings (groups A - T),
which may form the basis of new genera. In this scheme only
C. hutchinsonii, the type species, and C. aurantiaca are grouped

‘together. These species are cellulose-degrading soil organisms and
have always been considered the core organisms of the genus
Cytophaga. Reichenbach (1989) has suggested the names
Agarophaga and Chthonophaga for the groups containing C. lytica
and C. johnsonae respectively. The separation of Cytophaga spp. into
such a large number of groups reflects the heterogeneity of these
organisms at the molecular level as revealed by DNA:DNA
hybridisation studies (Reichenbach, 1989).

A variety of phenotypic features, habitat and mol% G+C
values were employed to discriminate between species/sub-genus
groups of the genus Cytophaga (Christensen, 1977; Reichenbach,
1989). Species were often created to accommodate organisms which
degraded a particular macromolecule whereas it has been shown that
organisms which degrade the same macromolecule may not
necessarily be closely related (Hirsch and Reichenbach, 1981;
Reichenbach, 1989). Hirsch and Reichenbach (1981) carried out a
phenotypic examination of 185 strains of soil and freshwater
Cytophaga-like bacteria with the aim of searching for key characters
to group these organisms and to correlate groups with DNA:DNA
hybridisation groupings. They found gliding motility, cell
morphology, cellular shape-change and the presence of flexirubin-
type pigments useful for the characterisation of major groupings. A
number of enzymes (catalase, cytochrome oxidase, lecithinase, urease,
phenylalanine deaminase, DNase, starch hydrolysis and gelatin
liquefaction) were also useful. Their presence or absence was
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consistent among strains in some of the major groups, or for the
discrimination of subgroups. However, the delineation of subgroups
using these characteristics was not always unambiguous, as was
demonstrated by a comparison with groupings determined by
DNA:DNA hybridisation. Reichenbach (1989) also considered that
the differentiation of marine and non-marine (soil and freshwater) *
organisms, as often revealed by the presence of flexirubin pigments in
the latter, was taxonomically significant.

Reichenbach (1989) described the concept of the genus
Cytophaga as vague, and one which at best identified organisms
which may belong together.

As noted previously phenotypic discrimination between
members of the genera Cytophaga and Flavobacterium is limited to
the capacity for gliding motility. Capacity for polysaccharide
degradation is another differentiating feature between the two genera
but is ambiguous. Members of the genus Flavobacterium in general
do not degrade polysaccharides, although several strains of
Flavobacterium group IIb degrade starch, and environmental strains
of S. multivorum degrade starch and dextran (Holmes, 1992; Hayward
and Sly, 1984). Conversely C. marinoflava degrades only starch and
C. marina and C. psychrophila have not been shown to degrade any
polysaccharides (Reichenbach, 1989).

Discrimination between the genera Cytophaga and
Flexibacter (and Microscilla) is also somewhat uncertain. A feature
which was previously considered important in the description of

Flexibacter and Microscilla and in their differentiation from the genus

Cytophaga was inability to degrade polysaccharides (Leadbetter,
1974). Reichenbach (1989) considered that this description of
Flexibacter and Microscilla was unsatisfactory because it was
ambiguous in terms of which polysaccharides were included in the
definition, because some species of Flexibacter did degrade some
polysaccharides, and because reliance on negative characteristics is
inherently an unsatisfactory approach to classification.

The important characteristics which now define the genus
Flexibacter and its marine counterpart Microscilla are cell
morphology, mol% G+C and habitat. The genus Flexibacter is
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differentiated from the genus Cytophaga on the basis of a higher
mol% G+C content, however the range of species in both genera
means that there is a considerable overlap of values (Table 2.1).
Differentiation between the two genera is therefore primarily on the
basis of cell morphology, with a small amount of overlap between the
two genera in this regard. The cell dimensions of Cytophaga spp. are
0.3-0.8x 1.5-15 um and Flexibacter spp. 0.2 - 0.6 x 10 - 50 um.
Cytophaga cells may become elongate as cultures age, however, these
longer cells are non-motile. One of the major groups observed by
Hirsch and Reichenbach (1981) in their phenotypic study, was
characterised as representing the genus Flexibacter. These strains had
mol% G+C in the range 44 - 51% and were threadlike, actively
gliding cells which underwent a morphological change to short, stout,
non-motile cells as the cultures aged.

Chemotaxonomy of the genus Cytophaga

The general chemotaxonomic features of members of the
genus Cytophaga with regard to fatty acid composition and major
respiratory lipoquinones are similar to those of the members of the
genus Flavobacterium. Reichenbach (1989) limited the genus
Cytophaga to species containing menaquinone 6 as the major
respiratory lipoquinone and excluded species such as C. heparina and
C. arvensicola, which contain menaquinone 7 as the major respiratory
lipoquinone. As fatty acid profiles are available for only a few
Cytophaga spp., it is not possible to identify features which might
define sub-groups within this genus within any certainty (Table 2.4).
Within the limited data set available, C. hutchinsonii is characterised
by the presence of 2-OH-i117:0 (Oyaizu and Komagata, 1981).

Aminosulfonates are a group of lipids, also known as
capnines, which occur in C. johnsonae, a marine Cytophaga sp. and in
some members of the genera, Capnocytophaga, Flexibacter and
Sporocytophaga (Godchaux and Leadbetter, 1984). N-acylated
versions of capnine predominated in all the species examined, except
for Capnocytophaga spp., where capnine itself was predominant.
Hydroxylated fatty acids in species containing N-acylated capnines,
occurred predominantly as the N-acyl moiety of N-acylated capnines.
In genera of Gram-negative bacteria not related to this group,
hydroxylated fatty acids are largely associated with lipo-
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Table 2.4 Fatty acid composition of members of the genus Cytophaga

Straight-chain acids Branched-chain acids Hydroxy acids Cyclopropane acid

120 13:0 140 150 151 16:0 161 17:0 17:1 18:0 18:1 18:2 i-13:0 i-14:0 i-15:0 a-15:0 i-15:1 i-16:0 i-17:0 a-17:0i-17:1 a-17:13-OH 2-OH 3-OH 3-OH 2-OH 3-OH 3-OH 2-OH 3-OH cycl7:0
140 16:0 16:0 170 i-15:0 i-15:0i-16:0 17:0 i-17:0

« C aquatilis 3 - - 1 15 - 13 12 - - - 1 - T T 29 3 - - - -3 - - - - - 1 7 - - 5 -
C. aquatilis® - - 2 1 2 4 3 2 - 1 - - - - 19 - 4 2 4 - 6 -1 - 6 2 1 v - - -

¢+ C.johknsonae b - - 4 1 - 23 21 - - - - - - - 23 3 - - - - 1 - 3 - 5 - 2 5 - - 1 -
C. johnsonae (2)® - - 155 15 - 616 1235 - 01 - - - - - 1531 47 03 02 01 01 05 01 01 16 - 12 68 - - 13 -
C. johnsonae(4)? 13 - 03 415 - 110 312 - - 04 T - - - 1926 36 - - - - 26 - - - - - 26 811 13 - 915 13
C. johnsonae® - - 1 8 -3 13 - - - T - - - 19 5 - - - -4 - - - - -6 8 1 - 11 3
NCIB 10150
C. johnsonae® - - 2 15 1 3 12 - 3 - - - - - 23 - - - - -3 -2 - - 2 4 8 - - 8 -
NCIB 10150 '

+ C.latercula® - - 2 5 - 1 - 1 2 1 - - - - 18 - 18 2 2 - 10 - 2 - -2 2 6 - - 35 -

+  C. huchinsoniid e o J - . T I

a Data from Oyaizu and Komagata (1981); + indi type strain; (3) indicates number of strains; T acid present at < 0.5%; values have been rounded to the nearest integer.
b Data from Yabuuchi and Moss (1982); (3) indicates number of strains.

¢ Data from Fautz et al {1981); values esti d from a diagr ic repr jion of the fatty acid profiles.

d Data from Oyaizu and Komagata (1981); values estimated from a diagr ic rep: ion of the fatty acid profile.
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polysaccharides. Apart from the bacterial genera mentioned and
Flavobacterium spp., capnines have only been isolated from the
diatom Nitzchia alba which exhibits a form of gliding motility
(Godchaux and Leadbetter, 1984). Godchaux and Leadbetter (1984)
noted that the presence of capnines in bacteria isolated from disparate
environments, and suggested that they are a conserved feature which
not only have taxonomic significance but which may be functionally
associated with the capacity for gliding motility. Non-gliding species
of Flavobacterium, F. odoratum and F. breve, however also contain

- substantial quantities of these lipids (Godchaux and Leadbetter,
1983).

224 Phylogenetic relationships among Gram-negative,
pigmented, aerobic bacteria with a mol %G+C in the range
30 - 53, which are members of the "flavobacteria-
Bacteroides" phylum '

Bauwens and De Ley (1981) examined phylogenetic
relationships among a group of low mol % G+C flavobacteria using
the DNA:rRNA hybridisation technique, and found a heterogeneous
group with a ATy, range of 10 °C, equivalent to the entire family of
the Enterobacteriaceae. This group of organisms formed 5
hybridisation subgroups:

(1) F. aquatile,"F. pectinovora" (now C. pectinovora),
"F. tirrenicum”, and C. johnsonae

(ii) C. marinoflava, C. lytica, C. salmonicolor, "F. uliginosum "
(now C. uliginosa), Fx. aurantiacus subsp. excathedrus

(iii) F. odoratum
(iv) F. breve
(v) F. meningosepticum

This arrangement demonstrated that there was no clear separation of
~ the genera Flavobacterium and Cytophaga, particularly with respect
to the occurrence of the C. johnsonae and the type species of
Flavobacterium, F. aquatile, in the same hybridisation group.



An examination of 16S rRNA oligonucleotide catalogues
established the phylogenetic relationship between the Bacteroides and
members of the Flavobacterium-Cytophaga complex (Paster et al,
1985). An extensive signature occurred in the oligonucleotide
catalogues of the Bacteroides. This group of organisms was not
phylogenetically deep in comparison with other groups of anaerobic
organisms, and appeared to be evolving at a faster rate relative to the
flavobacterial branch. The flavobacterial branch, which did not have
such an extensive siénature, was comprised of the following two
major subgroups:

(i) C. johnsonae, Sporocytophaga myxococcoides, F. aquatile,
C. lytica, "F. uliginosum "(now C. uliginosa), F. breve

(i) F. heparinum, F. ferrugineum, F. elegans,
Haliscomenobacter hydrossis, Saprospira grandis

In this arrangement of a limited number of organisms, the species
which are currently accommodated in the genera Flavobacterium and
Cytophaga all occur in the first subgroup. In the internal structure of
this subgroup C. johnsonae, Sporocytophaga myxococcoides and

F. aquatile clustered together, C. lytica and "F. uliginosum" clustered
together, and F. breve was on the periphery. This arrangement was
consistent with DNA:rRNA hybridisation data (Bauwens and De Ley,
1981). A close relationship existed between of C. johnsonsae and
Sporocytophaga myxococcoides which suggested that these organisms
should belong in the same genus, and that it was not appropriate to
define a separate genus, Sporocytophaga on the basis of formation of
microcysts.

Weisburg et al (1985) cloned and sequenced a 16S rRNA
gene from F. heparinum and one from B. fragilis. Their analysis of
these sequences consolidated the conclusion of the oligonucleotide
cataloguing study, that the Bacteroides and the flavobacteria are
specifically related and comprise a distinct lineage. Weisburg et al
(1985) further elaborated the sequence signatures for the Bacteroides
and the flavobacteria, identifying the location of signature features,
including distinctive secondary structure characteristics. There was
subsequently some revision of this list of signature sequences, though
50% of the signature characteristics in the most recent listing were
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identified in the earlier analyses (Woese et al, 1985a; Woese, 1987;
Woese et al, 1990d). Of the signature characteristics associated with
the "flavobacteria-Bacteroides" phylum, a deletion of 4-5 pairs in the
stem of the 1426 - 1465 stem-loop structure, and an adenosine residue
at 1532, were unique among the set of determined sequences. The
presence of the latter signature has not often been determined as it is
inaccessible by direct rRNA sequencing, or sequencing of PCR-
generated material.

The sequences of the 8-subunit of the ATP-synthases from
Bacteroides fragilis and C. lytica had a high degree of similarity and
were characterised by insertions not found in other members of the
Bacteria (Amann et al, 1988). The phylogenetic relationships derived
from an analysis of the ATP-synthase 8-subunit sequences were the
same as those derived from an analysis of the 16S rRNA sequences.

Woese et al (1990b) examined the phylogeny of the
Spirosomaceae by 16S rRNA sequence comparison, and found that
this family, comprised of the genera Spirosoma, Flectobacillus and
Runella, formed a monophyletic branch within the "flavobacteria-
Bacteroides" phylum. These genera are characterised by a ring-
forming morphology, but also contain menaquinones and branched
fatty acids. Ancyclobacter, another genus characterised by a ring-
forming morphology, was not phylogenetically related to this group
and contained ubiquinones and straight-chain fatty acids only
(Urakami and Komagata, 1986). Raj and Maloy (1990) proposed that
a new genus within the family Spirosomaceae, Cyclobacterium, be
created to accommodate the species previously named Flectobacillus
marinus, on the basis of morphological and phenotypic differences
between Fc. marinus and the type species of Flectobacillus,
Fc. major, and because the evolutionary distance between
Fc. marinus and Fc. major was significant (18%).

Woese et al (I 990d) using the reverse transcriptase
methodology, obtained the 16S rRNA sequence of the type species of
Flexibacter, Fx. flexilis, F. aquatile, C. uliginosa, C. lytica and the
following species incertae sedis: Fx. canadensis, Fx. sancti, Fx.
aurantiacus, and F. ferrugineum. In the phylogenetic tree derived
from these sequences the flavobacteria clustered in the following
groupings:
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(1) F. aquatile, Fx. aurantiacus, C. lytica, C. uliginosa

(ii) Fx. sancﬁ', F. ferrugineum

(iii) Fx. canadensis, F. heparinum

(iv) Fx. flexilis, Fc. major, Rn. slithyformis, Fc. marinus, S. linguale

Woese et al (1990d) identified stringently defined signatures to
support these four groupings. The requirements of a stringently
defined signature is that there is a constant composition at that
position within the group, and a constant and different composition at
that position in all the other members of the phylum. This study
demonstrated that the members of the genus Flexibacter were not a
monophyletic group. The type species of the genus Flexibacter
clustered with the members of the family Spirosomaceae. Also
apparent from this study and the study of Paster et al (1985) was that
many of the species regarded as species incertae sedis from the genera
Flavobacterium, Cytophaga and Flexibacter (often because their
mol% G+C value would unreasonably expand the range of the genus)
did in fact have a specific phylogenetic relationship to these genera if
at a deeper level than an intra-generic relationship.

One apparent discrepancy between the 16S rRNA sequence
study of Woese et al (1990d) and the DNA:rRNA hybridisation study
of Bauwens and De Ley (1981) is the placement of Fx. aurantiacus.
Woese et al (1990) determined the sequence of the type strain of this
species and it clustered in the F. aquatile group. Bauwens and De Ley
(1981) did not specify the strain they used in their hybridisation study
but found it clustered with Fx. roseolus and Fx. ruber in a group far
removed from the Flavobacterium -Cytophaga complex. This would
suggest that Bauwens and De Ley (1981) did not use the type strain,
and also that the phenotypic characteristics used to identify the strain
as belonging to the species Fx. aurantiacus were not appropriate to
define that species. Bauwens and De Ley (1981) did find that a
subspecies Fx. aurantiacus subsp. excathedrus was closely related to
C. marina and C. marinoflava.

Paster et al (1985) suggested that gliding motility was a
poor criterion to define phylogenetic groups, because of the lack of
relationship of the gliding bacteria belonging to the "flavobacteria-
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Bacteroides” phylum and other gliding bacteria such as the
Beggiatoaceae, Lysobacteraceae, Leuchotrichaceae, Myxobacterales,
the chloroflexus-herpetosiphon group, the cyanobacteria and
Spirulina, which belong in different phyla. Paster et al (1985) noted
the close relationship of some gliding and non-gliding bacteria within
the "flavobacteria-Bacteroides" phylum and suggested that
pigmentation was a more phylogenetically valid character to define
the flavobacterial branch of the phylum. Woese et al (1990d) however
concluded from the observation that gliding organisms occur
throughout the "flavobacteria-Bacteroides" phylum that gliding
motility was an ancestral and defining feature of the phylum. Non-
gliding species were organisms that had lost the capacity to glide, and
therefore to define the genus Flavobacterium on the basis of non-
gliding was not phylogenetically defensible.

Van den Eynde et al (1990) determined the 5S rRNA
sequence of several members of the "flavobacteria-Bacteroides"
phylum, including representatives of the genera Flavobacterium,
Cytophaga, Saprospira, Spirosoma, Flectobacillus and Bacteroides.
Surprisingly, their analysis using a weighted pairgroup clustering
algorithm, produced a dendrogram in which these genera did not form
a monophyletic unit. Unusual features of this dendrogram include
F. breve clustering with high G+C Gram-positive organisms and
C. johnsonae clustering with low G+C Gram-positive organisms.

Van den Eynde et al (1990) suggested that a thorough investigation of
the phylogenetic relationships among the members of the
"flavobacteria-Bacteroides" phylum was called for due to the
conflicting results from the 5S rRNA and 16S rRNA analyses. It
seems more probable, however, that a phylogenetic analysis of this
group is beyond the resolving capacity of 5S rRNA sequence
comparisons, and that the results of the SS rRNA analysis were not
evidential that the phylogenetic relationships estimated from the 16S
rRNA analysis might be invalid.

Woese et al (1990c) determined the 23S rRNA sequence of
F. odoratum and F. flexilis with the common aim of Van den Eynde et
al (1990) of investigating the phylogenetic position of the green
sulphur bacteria (Chlorobiaceae), with respect to the "flavobacteria-
Bacteroides" phylum. In contrast to the results of the 5S rRNA



sequence analysis, the results of the 23S rRNA sequence analysis
were consistent with the 16S rRNA sequence analysis, and identified
a specific relationship between the green sulphur bacteria and the
"flavobacteria-Bacteroides" phylum.

Over the past two years a database of over 50 aligned 16S
rRNA sequences of members of the "flavobacteria-Bacteroides"
phylum has become available through the ribosomal RNA Database
Project (RDP) (Olsen et al, 1991). An analysis of this extensive set of
data has not been published to date. The determination and analysis of
the 16S rRNA sequences of several species of Cytophaga has been
recently reported (Kath and Reichenbach, 1992; Nakagawa and
Yamasato, 1992). Kath and Reichenbach (1992) found the cellulose-
degrading cytophagas to be closely related, and distantly related to
C. johnsonae and C. heparina, confirming the hypothesis that the
genus Cytophaga should be restricted to the cellulose-degrading
organisms. A new genus name has been proposed to accommodate
C. heparina (Steyn et al, 1992). Nakagawa and Yamasato (1992)
observed seven lines of descent in a study of the 16S rRNA sequences
of 20 Cytophaga spp. Two groups contained menaquinone 6. One of
these groups was composed of terrestrial organisms and included
F. aquatile and the other was comprised of marine strains. The other
five groups were comprised of species containing menaquinone 7. '

Segers et al (1992) have recently reported an extensive
DNA:rRNA hybridisation study of several genera of flavobacteria and
the genus Bacteroides. Their IRNA superfamily V corresponds to the
"flavobacteria-Bacteroides" phylum. They identify a homology group
that contains F. aquatile, most of the Cytophaga species they studied
and some of the Flexibacter species. Another homology group
contained F. breve and Weeksella spp.. C. heparina,
Sphingobacterium, Capnocytophaga, Moraxella anatipestifer,
Saprospira and Bacteroides were contained in separate homology
groups with some Flexibacter spp. being closely related to members
of the genus Sphingobacterium.

There is now a considerable body of data describing the
phenotypic, chemotaxonomic, DNA:DNA hybridisation, IRNA:DNA
hybridisation, and 16S rRNA sequence relationships between the
Gram-negative, pigmented, aerobic bacteria with a mol %G+C in the
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range 30 - 53, which are members of the "flavobacteria-Bacteroides"
phylum. Analysis of this data has identified taxonomically coherent
groupings. Proposals to formalise some of these groupings must be
imminent, however, for many groupings there is not a sufficiently
comprehensive set of data, in terms of the number of species which
have been examined or the types of data available for each species to
characterise and delineate properly new taxa (Holmes, 1992; |
Reichenbach, 1992).

2.2.5 The taxonomy of the Organic Lake pigmented bacteria

Organic Lake is located in the coastal Vestfold Hills region
of the Australian Antarctic Territory. This lake is hypersaline and
meromictic. The salts in the lake are derived from seawater and have
been concentrated by evaporation. The anaerobic monimolimnion of
the lake is approximately six times the concentration of seawater. The
aerobic epilimnion is less concentrated, and supplemented with
freshwater during the seasonal ice and snow melt. The density
stratification in the lake maintains a stable meromictic state. Organic
Lake is only 7.5 m deep, at its deepest point, however ice-cover for 9
months of the year protects it from mixing by substantial wind events
during winter (Franzmann et al, 1987b). It is hypothesised that the
origin of the meromictic state of this lake and other saline lakes in the
region, is in the downward flow of concentrated brine, produced by
the extrusion of salts during ice formation, particularly from the
shallow regions of the lake. The occurrence of unusual temperature
profiles in the water column during winter provides evidence of these
density currents (Ferris et al, 1991).

The biodiversity in Organic Lake is restricted by a
combination of high salinities and cold temperatures (Franzmann et
al, 1987b). No invertebrate animals have been found in the lake. A
species of the halophilic genus Dunaliella, is the dominant algal
species. Despite the anoxic conditions of the bottom water no H,S has
been found in the lake. The absence of organisms capable of reducing
sulphur compounds to H,S is apparently due to the combination of
cold temperatures and high salinity, as an H,S-producing moderately
halophilc organism has been isolated from a lake in a tropical region
of even greater salinity than Organic Lake (Ollivier et al, 1991).
Conversely other lakes in the Vestfold Hills region of a lower salinity
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than Organic Lake, contain organisms which produce H,S. Organic
Lake is of interest because it contains the highest recorded level of
dimethyl sulphide (DMS) in a natural water body (Franzmann et al,
1987b). As DMS production has not been observed from the Dun-
aliella sp. which colonises the lake, it is considered likely that bacteria
are responsible for the DMS-production (Franzmann et al, 1987b).

Orange and yellow pigmented bacteria are readily cultured
from Organic Lake during the summer. Fluorescent antibody studies
have indicated that the population of these pigmented bacteria peaks
during November near the oxycline region of the water column, and at
that time they represent greater than 10% of the bacterial population
(S. R. James, pers. comm.). A collection of strains of pigmented
bacteria from Organic Lake, held in the Australian Collection of
Antarctic Microorganisms have been the subject of taxonomic
investigation (Dobson et al, 1991). These strains were psychrotrophic,
rather than psychrophilic, suggesting that they were not entirely
adapted to their cold environment. The theoretical minimum
temperature for growth of one strain was determined to be -7 °C, and
the optimum temperature for growth was 23 °C. The optimal salt
concentration for growth of representative strains was 5%, in a
medium in which NaCl, MgCl,.6H,0, MgS04.7H,0 and KCl
contributed to the total salt concentration. As organisms which have a
requirement for salt for optimal growth, greater than seawater
concentration, they are classified as moderate halophiles (Larsen,
1986). These bacteria also tolerated salt concentrations in the range 15 - -
- 20%.

The likely origin of the Organic Lake bacteria is the
Southern Ocean. It is considered that Organic Lake formed by the
entrapment of seawater, in a depression in the landscape, during an
isostatic readjustment in the region caused by the retreat of ice at the
end of the last ice age ( ~ 8000 yr BP) (Adamson and Pickard, 1986).
The proximity of Organic Lake to seawater would also allow for
continuous inoculation by wind-blown aerosols. Gram-negative,
orange-pigmented bacteria were found to comprise a surprisingly
large (87%) component of the culturable heterotrophic population of
the surface water of the Southern Ocean during a summer survey
(Simudu, 1986). Halophilic bacteria, some of them pigmented, have



been cultured from intertidal pools and seawater (Forsyth et al, 1971;
Ventosa et al, 1984). Ventosa et al (1984) have demonstrated the
enrichment of moderately halophilic bacteria and Dunaliella from
seawater by progressive salinity increases, and suggest that seawater
is the means by which halophilic organisms are dispersed to
hypersaline sites such as saltemns.

The pigmented bacteria of Organic Lake were Gram-
negative, non-motile, had an aerobic metabolism, and a mol % G+C
of their DNA in the range 35 - 41, which suggested that they belonged
to the Flavobacterium-Cytophaga complex. These bacteria clustered
into two phenons in a numerical analysis of 134 phenotypic
characteristics. A limited number of reference species belonging to
the Flavobacterium-Cytophaga complex, which would tolerate the
salinity of the basal medium, were included in the phenotypic study.
The two phenons which contained the Organic Lake strains did not
contain any of the reference species. Cytophaga lytica had the greatest
phenotypic similarity to the Organic Lake strains, joining one of the
phenons at a similarity level of 45% using the Jaccard coefficient and
complete linkage clustering. However, C. lytica could be
differentiated from the members of this phenon by several
characteristics, including nitrate reduction, growth in 15% NaCl,
agarolytic activity, sensitivity to antibiotics and growth stimulation by
single carbon sources. The members of this phenon were therefore not
considered to belong to the species C. Iytica (Dobson et al, 1991).

Separation of pigmented Organic Lake strains into two
phenons suggested that they may be new species, but a direct
phenotypic comparison was limited to salt-requiring or salt-tolerant
reference organisms. The expression of some phenotypic
characteristics has been demonstrated to be variable according to the
level of salt concentration in the growth media, suggesting that a strict
phenotypic comparison can only be made among organisms with the
same salt~growth profiles (Merkel, 1972; Hebert and Vreeland, 1987;
Rosenburg, 1983). The same type of restrictions may apply to
organisms with regard to temperature~growth profiles. Such
conditions place limitations on the conclusions which may be drawn
from phenotypic comparisons between these psychrotrophic,
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moderately halophilic strains and strains from a diversity of other
environments such as clinical, non-marine and temperate.

The assignment of the Organic Lake pigmented strains to
the Flavobacterium-Cytophaga complex was confirmed by the
characterisation of their phospholipid ester-linked fatty acid (PLFA)
profiles and their respiratory lipoquinones. The PLFA profiles of
representative strains of the two phenons contained a high proportion
of branched C;s fatty acids, and their major respiratory lipoquinone
was menaquinone 6 (Skerratt et al, 1991; P. D. Franzmann, pers.
comm.). The PLFA profiles of the representative strains ACAM 44 -
and ACAM 48 contained mono-unsaturated branched Cs fatty acids,
al5:1w10c and i15:1w10c respectively. Skerratt et al (1991)
suggested that these fatty acids could serve as signatures for these
organisms in ecological studies. The branched monounsaturated fatty
acid, 115:1, had only previously been observed in trace amounts in the
fatty acid profiles of F. breve, and group IIf, Ile and ITh strains. More
recently i15:1®10c has been found in Flectobacillus glomeratus
(ACAM 171T7) (Nichols et al, 1993). The major PLFA in ACAM 44
was al5:0. No other member of the Flavobacterium-Cytophaga
complex for which a fatty acid profile is available has a15:0 as the
major fatty acid. A unique feature of the fatty acid profile of ACAM
48 among the library of available profiles, was the presence of
i16:1w7c. However, the fatty acid profiles of several species within
the Flavobacterium-Cytophaga complex have not been determined, so
the uniqueness of these features among the set of known species .
cannot be presumed. Branched 3-OH-fatty acids were also observed
in the PLFA profiles of ACAM 44 and ACAM 48, including 3-
OHal5:0 and 3-OHal7:0. These do not appear in the fatty acid
profiles of other members of the Flavobacterium-Cytophaga complex
(Fautz et al, 1981). The quantitative significance of the branched
hydroxy fatty acids in the whole cells of the Organic Lake pigmented
bacteria was not determined in the study of phospholipid ester-linked
fatty acids as hydroxy fatty acids are predominantly found in the
lipopolysaccharide or N-acyl-capnine fractions.

In summary, phenotypic, chemotaxonomic and genotypic
(mol % G+C) data indicated that the pigmented bacteria from Organic
Lake, belonged to the Flavobacterium-Cytophaga complex. However,
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to assign these organisms to a genus in this complex on the basis of
phenotypic data would be as doubtful as the genus descriptions
themselves. The determination of the 16S rRNA sequences of the
Organic Lake pigmented bacteria, would allow their phylogenetic
position(s) within this group of organisms to be considered.

2.3 Taxonomy of the Halomonadaceae
2.3.1 Overview

The Halomonadaceae is comprised of the genera
Halomonas and Deleya. In contrast to the genera Flavobacterium and
Cytophaga, Halomonas and Deleya have short histories, being created
in 1980 and 1983 respectively (Vreeland et al, 1980; Baumann et al,
1983). Nonetheless these two genera are a source of taxonomic
confusion. Similarities between members of the two genera have been
observed in phenotypic, chemotaxonomic, and genotypic studies, and
clear discrimination between the two genera is not evident. The aim of
this study was to clarify the phylogenetic relationships among. |

“members of the genera Halomonas and Deleya and determine whether
generic distinctions within this group of organisms were warranted.

23.1 General characteristics of the genus Halomonas

The genus Halomonas was created to accommodate a group
of moderately halophilic, Gram-negative, non-pigmented, rod-shaped
strains which had been isolated from a solar saltern in the Netherlands
Antilles (Vreeland et al, 1980). These strains were motile by either
peritrichous or polar flagella, and long flexous cells were produced
during the stationary phase of growth. These strains reduced nitrate to
nitrite, and could grow anaerobically in the presence of nitrate, but not
in its absence. They oxidised several sugars and fermented glucose,
although this latter attribute was not observed in a subsequent
phenotypic study (Franzmann et al, 1987a). Strains in this group
tolerated NaCl concentrations in the range 20 - 32% at 30 °C, and the
optimum NaCl concentration for growth was 8% (total salts 10%).
The mol % G+C of their DNA was 61. Consideration was given to the
possibility that these organisms may have been related to genera such
as Spirillum, Aquaspirillum, Oceanospirillum and Serpens because of
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their mol % G+C value, flexibility, and motility, however this was
regarded as unlikely because of their fermentation of glucose,
anaerobic growth on nitrate, urease production (6/9 strains) and lack
of cytochrome oxidase. While these organisms were described as
cytochrome oxidase negative based on the result of the test performed
with the Patho-Tec Rapid ID System, they were positive by the
Kovac's oxidase test. This suggests a difference in sensitivity between
the two test methodologies, rather than a lack of the enzyme. Vreeland
et al (1980) concluded that this group of strains should be classified as
a novel genus of the family Vibrionaceae, and assigned them to a
single species Halomonas elongata.

Rosenburg (1983) described Pseudomonas halodurans to
accommodate a group of aerobic, polarly flagellate estuarine strains
that were tolerant of concentrations of NaCl greater than 10 fold that
which occurs in seawater. In a numerical analysis of phenotypic data
these strains had a similarity to several Pseudomonas spp. in the range
70 - 75%, using the Jaccard coefficient, and the DNA:DNA
hybridisation value with Pseudomonas aeruginosa was 58.5%. Hebert
and Vreeland (1987) determined that the optimal NaCl concentration
for growth of P. halodurans was 8% (10% total salts) and compared
the phenotypes of Ps. halodurans and Halomonas elongata at that salt
concentration. They found that the results of some phenotypic tests
were opposite to those reported by Rosenburg (1983) in his
examination of Ps. halodurans in media containing 1.7 % NaCl.
Hebert and Vreeland (1987) found the phenotypes of Ps. halodurans
and H. elongata to be 79 % similar using the Jaccard coefficient and
on this basis proposed the transfer of P. halodurans to the genus
Halomonas, as H. halodurans. Hebert and Vreeland (1987) did not
refer to the DNA:DNA hybridisation data of Rosenburg (1983) which
suggested a specific relationship between this group of estuarine
strains and P. aeruginosa.

A comparison of 16S rRNA oligonucleotide catalogues
demonstrated that the halotolerant species Flavobacterium
halmophilum NCMB 1971T (ATCC 19717T, CCM 2833T) an isolate
from the Dead Sea, had a phylogenetic relationship to H. elongata
(Woese et al, 1985a). The mol% G+C of this organism was corrected
to 63, and it was transferred to the genus Halomonas as H. halmophila



(Franzmann et al, 1988b). In a numerical phenotypic study

H. halmophila bore greatest similarity to H.elongata and D. halophila
(James et al, 1990). H. halmophila NCMB 1971T was non-pigmented,
motile, produced acid from several sugars, utilised a wide range of
carbon sources, and did not grow anaerobically with nitrate.
Flavobacterium halmophilum had previously been described as
-yellow and non-motile (Weeks 1974, Ventosa, 1988). The fatty acid
profile of Flavobacterium halmophilum CCM 2831 contains a large
proportion of br-15:0 which is not typical of Halomonas spp.
(Monteoliva-Sanchez and Ramos-Cormenzana, 1986; Franzmann and
Tindall, 1990). The fatty acid profile indicates that strain CCM 2831
may be a member of the "flavobacteria-Bacteroides" phylum and
'should not be placed in H. halmophila.

Two species of Halomonas were described to accommodate
groups of strains isolated from hypersaline Antarctic lakes
(Franzmann et al, 1987a; James et al, 1990). H. subglaciescola was
described from a phenotypic numerical taxonomic study of a group of
non-pigmented strains isolated from Organic Lake (Franzmann et al,
1987a). The non-pigmented Organic Lake strains grew optimally in
media containing 8% NaCl (10% total salts), tolerated 25% NaCl
(27% total salts) and had a mol% G+C of its DNA in the range 61 -
63. The Organic Lake strains were assigned to the genus Halomonas
on the basis of the mol% G+C content of their DNA, their largely
oxidative metabolism and their halotolerance. H. subglaciescola had a
much lower level of biochemical activity than H. elongata across the
range of phenotypic characteristics determined. Strains belonging to
H. subglaciescola produced negative results in the lysine
decarboxylase, urease, esculin, B-galactosidase, phosphatase, and
gelatin hydrolysis tests, and utilised a lesser number of carbon sources
" in comparison to H. elongata. H. subglaciescola was comprised of
two biovars. The strains in the biovar which contained the type strain
were peritrichously flagellate, motile, and formed flexous filamentous
cells in addition to shorter cells throughout the growth cycle. The
strains in the other biovar did not have flagella, were non-motile and
did not form filamentous cells.

The other Antarctic species, Halomonas meridiana, was
characterised in a numerical phenotypic study of non-pigmented
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strains isolated from Organic Lake, and four other hypersaline lakes
of the Vestfold Hills region, "Horse" Lake, Burch Lake, "Lake Island"
Lake, and Laternula Lake (James et al, 1990). Most of the strains from
Organic Lake clustered with the H. subglaciescola reference strains.
The strains isolated from the four other lakes, and one Organic Lake
strain, did not cluster with the H. subglaciescola reference strains, and
bore a greater phenotypic similarity to the non-Antarctic reference
organisms, H. elongata, D. aesta, H. halmophila, and D. halophila,
because of their utilisation of a wide range of carbon sources. These
strains which were assigned to the species, H. meridiana, were slight
halophiles, having optimal growth at salt concentrations similar to that
of seawater, but were tolerant of NaCl concentrations in the range 20 -
25% (total salts 22 - 27%), and had a mol% G+C value of 59. James
et al (1990) noted the lack of phenotypic and chemotaxonomic
discrimination between the genera Halomonas and Deleya, and
decided to place these organisms in the genus Halomonas, on the
basis of the greater phenotypic similarity observed between them and
H. elongata and H. halmophila, in comparison to D. aesta and

D. halophila, and because the genus Halomonas had nomenclatural
priority if the two genera were to be combined. The members of

H. meridiana were characterised by the presence of 1 or 2 lateral
flagella and were differentiated from other Halomonas spp. on the
basis of biochemical characteristics, patterns of carbon source
utilisation and antibiotic susceptibility, and growth at 0 °C.

H. meridiana was comprised of two biovars which could be

- differentiated on the basis of Tween 20 and Tween 80 hydrolysis, and
utilisation of some carbon sources.

2.3.2 General characteristics of the genus Deleya

In a numerical phenotypic analysis of non-fermentative
marine strains isolated several miles off the coast of Oahu, Hawaii,
218 strains clustered into 22 groups, with a similarity of 68 - 76%
using the simple similarity coefficient and complete linkage clustering
(Baumann et al, 1972). Flagella type (polar, peritrichous), ability to
accumulate poly-8-hydroxybutyrate, and mechanism of aromatic ring
cleavage (ortho, meta), were not included in the numerical analysis,
but these characteristics conformed with the groupings. Mol% G+C
- values also supported most groupings. Baumann et al (1972)
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suggested that these groups represented species. Groups with
peritrichous flagella, and mol% G+C values in the range 53 - 68, were
assigned to the genus Alcaligenes , and groups with polar flagella, and
mol% G+C values in the range 56 - 63 were assigned to the genus
Pseudomonas as new marine species of these genera.

The taxonomy of the marine Alcaligenes spp. was pursued
by an examination of: metabolic processes, IRNA:DNA hybridisation
relationships, protein electrophoregrams, and relatedness of enzymes
using immunological methods. The aspartokinase from the marine
Alcaligenes spp., P. marina and P. nautica had the same pattern of
feedback inhibition/stimulation, with respect to L-threonine, L-lysine,
L-methionine, and L-isoleucine, as the fluorescent pseudomonads and
Rhodospirillum rubrum (Baumann and Baumann, 1974). The marine
Alcaligenes and P. marina were distinctive from other Pseudomonas
spp. and Alteromonas spp. in their fructose metabolism pathway
which involved 1-phosphofructokinase and a pyrophosphate-
dependent-6-phosphofructokinase (Sawyer et al, 1977). DNA:TRNA
hybridisation studies demonstrated that the marine Alcaligenes spp.
were a distinct lineage, within a branch that also contained the
fluorescent pseudomonads. Alcaligenes faecalis belonged to a
different RNA homology branch (De Ley, 1978). The protein
electrophoregrams of the marine Alcaligenes spp. were distinguished
from those of other Alcaligenes spp. by containing several bands
closer to the anode (Kersters and De Ley, 1980). DeLLong et al (1984)
examined the immunological relationships of the superoxide
dismutases (SOD) and glutamine synthetases from the marine
Alcaligenes spp., and from marine species of Alteromonas, Oceano-
spirillium and Pseudomonas. Four of the marine Alcaligenes spp.
contained Mn-SOD. Ac. pacifica, and P. marina contained Fe-SOD.
The reaction of the antisera to the Fe-SOD from Ac. pacifica showed
that it was similar to the Fe-SOD from P. marina, and distinct from
the enzymes from the representative species of the other genera. A
close relationship between the marine Alcaligenes spp. and P. marina
was indicated by the immunological reaction of their glutamine
synthetases to antisera for the glutamine synthetase from E. coli.

The rRNA:DNA hybridisation studies determined that the
marine Alcaligenes spp. and P. marina did not belong in the genera



Alcaligenes or Pseudomonas, and that they formed a distinct lineage.
This conclusion was supported by the other taxonomic studies, and
the genus Deleya was created to accommodate this group of species
as, D. aesta (type species), D. cupida, D. pacifica, D. venusta, and

D. marina (Baumann et al, 1983). These organisms were strictly
aerobic, motile by flagella, accumulated poly-8-hydroxybutyrate, had
a requirement for Na¥*, and a mol% G+C of their DNA in the range 52
- 68. The species belonging to this genus were differentiated on the
basis of type of flagella, oxidase, growth at 4 °C, and carbon source
utilisation. Deleya spp. were differentiated from marine Pseudomonas
spp. by their utilisation of D-glucose, D-gluconate, and glycerol; and
were differentiated from marine Alteromonas spp. by their
accumulation of poly-8-hydroxybutyrate.

Two new species, D. halophila and D. salina were later
assigned to the genus. The description of the genus Deleya was
expanded to include moderately halophilic organisms with the
description of D. halophila, a species that accommodated a group of
soil organisms which grew optimally in 7.5% marine salts, and were
~ tolerant of 30% marine salts. The members of D. halophila had
peritrichous flagella and a mol% G+C value of 67, and could be
differentiated from other Deleya spp. on the basis of biochemical
characteristics, carbon source utilisation and antibiotic susceptibility
(Quesada et al, 1984). D. salina, also a moderate halophile, grew
optimally at 5% marine salts, tolerated 20% marine salts, accumulated
poly-8-hydroxybutyrate, had a slightly yellow to cream pigmentation,
was non-motile, and had a mol% G+C of its DNA in the range 60 -
64. D. salina had < 28% DNA:DNA homology with other Deleya spp.
and could be phenotypically differentiated from those species on the
basis of biochemical characteristics, carbon source utilisation and
antibiotic susceptibility (Valderrama et al, 1991).

Akagawa and Yamasato, (1989) found Alcaligenes
aquamarinus, Alcaligenes facaelis subsp. homari and Deleya aesta to
be synonymous from an examination of DNA:DNA homology values,
fatty acid profiles and phenotypic characteristics. Nomenclatural
precedence required that D. aesta (ATCC 27128T), be replaced by
Deleya aquamarina (ATCC 14400T).
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233 Phenotypic comparisons among members of the
Halomonadaceae '

All species belonging to the genera Deleya and Halomonas
have been well characterised phenotypically. Most species of these
genera were created to accommodate groups of strains, which were
the subjects of numerical phenotypic analyses, in which they clustered
into phenons separate from reference strains. Prior to the recognition
of similarities between the two genera on the basis of phylogenetic
data (Franzmann, 1988b), groups of unidentified strains were
compared phenotypically with representative species of one genus or
the other, but not both (Quesada et al, 1984; Franzmann et al, 1987a;
Hebert and Vreeland, 1987; Akagawa and Yamasato, 1989). A
" phenotypic, numerical taxonomic study of representative species from
both genera, which included D. aesta, D. halophila, H. elongata, H.
halmophila, H. subglaciescola and H. meridiana, failed to find
characteristics which would differentiate between the two genera
(James et al, 1990; Dobson, 1988). H. subglaciescola was
phenotypically distinct and consistently clustered at a low level of
similarity with the cluster formed by the other species. The internal
topology of the cluster formed by D. aesta, D. halophila, H. elongata
and H. halmophila was unstable, varying according to the method of
analysis used.

Baumann et al (1972) observed in their numerical
phenotypic analysis of aerobic marine bacteria that groups which
formed at lower similarity levels were not all coherent with regard to
flagella type or mol % G+C values, and concluded that while this type
of analysis was useful for clustering strains into species, it may not be
useful for identifying genus groupings.

The genera Deleya and Halomonas were described on the
basis of phenotypic characteristics and their mol % G+C contents
(Baumann et al, 1983; Vreeland et al, 1980). Halotolerance, a defining
characteristic of the genus Halomonas, does not differentiate it from
the genus Deleya. This became evident from the inclusion of the
moderately halophilic species, D. halophila and D. salina, in the
genus, and also from the observation that the original type species,

D. aesta, was tolerant of 20 % NaCl (James et al, 1990). Fermentation
of glucose was a defining characteristic of the genus Halomonas, and
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of the type species H. elongata, whereas the genus Deleya contained
non-fermentative species. However, glucose fermentation has not
been observed in any other species assigned to the genus Halomonas,
and was not observed in a later phenotypic study of H. elongata
(Franzmann et al, 1987a): Consequently glucose fermentation can
neither be considered a defining characteristic of the genus
Halomonas, nor a characteristic which differentiates this genus from
the genus Deleya. Of the other characteristics which were included in
the description of the genus Halomonas, they either do not occur
uniformly among the other species assigned to the genus, or they are
also present in members of the genus Déleya. Similarly the defining
characteristics of the genus Deleya do not discriminate it from the

genus Halomonas, with the possible exception of poly-8-

hydroxybutyrate accumulation, which occurs in all Deleya spp. tested
but which has not been tested for in most Halomonas spp. and

D. halophila. Both Halomonas spp. and Deleya spp. utilise B-
hydroxybutyrate (James et al, 1990). Furthermore, the ranges of mol
% G+C values of members of the two genera overlap, and do not
provide a means for discriminating between these genera.

234 Chemotaxonomic comparisons among members of the
Halomonadaceae

The major fatty acids (9-35%) of D. halophila, cultured in
media containing 7.5% salt at 32 °C, were 16:0, 18:1, 18:0, 16:1 and
17:0 cyclo (Monteoliva-Sanchez et al, 1988). Minor fatty acids (1-
5%) were br-15:0, 14:0, cyclo19:0, br-14:0, 13:0, 12:0, and 20:0.
Akagawa and Yamasato (1989) found all Deleya spp. to have similar
fatty acid profiles with the major components being 16:0, 16:1
(+17:0cyc) and 18:1 (+19:0cyc), and 3-OH12:0 a minor component of
all species. All Deleya spp. had ubiquinone 9 (Q9) as the major
respiratory quinone (Akagawa and Yamasato, 1989). H. elongata and
H. halodurans contained 12:0, 3-OH 12:0, 16:1, 16:0, 17:0, br-15:0,
and 18:1 (Vreeland, 1992).

Fatty acid profiles are sensitive to culture conditions, as a
comparison of profiles for D. halophila illustrates (Table 2.5).
Monteoliva-Sanchez et al (1988) showed that for D. halophila the
quantities of monounsaturated fatty acids decreased with a
concomitant increase in the saturated fatty acids as temperature
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Table 2.5 Fatty acid composition of Deleya halophila
Saturated Monounsaturated Branched Hydroxy
%Salls T (°C) -
10:0 11:0 12:0 13:0 14:0 15:0 16:0 17:0 18:0 19:0 20:0 16:1¢ 17:1 18:1¢  20:1 14:08 15:08 17:08i17:1 30H-12:0
100 28 - - tf - - - 23 t - - 114) - 65 (39) - - - -
12.6¢ 27 - - - - t - 28 - - t 20(nd) - 52 (nd) - - -
3d 32 t t 2 3 2 1 35 4 1t 2 14 (5) - 30(2) t 4 1 -
7.54 32 - t 2 2 4 v 35 8 - 1 18(9) - 203) 3 5 t -
204 32 2 t 2 3 4 t 34 10 1 t 1703 - 18(12) 1 6 t .
12¢ 25 - - - - t - 25 t - - 17 (0) t 55Q3) - - - .
a Values include amounts of monunsaturated fatty acid and derived cyclopropane fatty acid. The amount of cyclopropane fatty acid is shown in brackets, nd=no data.
b Data from Franzmann and Tindall (1990).
¢ Data from Akagawa and Yamasato (1989).
d Data from Monteoliva-Sanchez et al (1988).
e Data from Skerratt et al (1991); phospholipid fatty acid composition only.
J tlessthan 1%.
g Isomers not identified.
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increased, and the quantities of cyclopropane fatty acids increased
with a concomitant reduction in monounsaturated fatty acids, as salt
concentration increased. The one-step conversion of monounsaturated
fatty acids to cyclopropane fatty acids is also sensitive to oxygen
tension, growth rate, and temperature (Wilkinson, 1988). The sum of
the monounsaturated fatty acid and its derived cyclopropane fatty acid
is a more stable characteristic than the quantification of the
cyclopropane fatty acid alone (Jantzen and Bryn, 1985). Beyond the
known variables which affect the proportions of the major fatty acids,
the variation in the profiles from different laboratories with respect to
the minor components suggest that the utilisation of these components
for taxonomic purposes, without stringent standardisation of
procedures, could not be recommended (Table 2.5).

Franzmann and Tindall (1990) compared the fatty acid
profiles, respiratory lipoquinones and polar lipid profiles of all Deleya
spp. and all Halomonas spp., under identical culture conditions. The
major fatty acids in all species were 16:1 cis9 (2-28), 16:0 (16-32),
17:0 cyclo (2-27), 18:1 (20-69) and 19:0 cyclo11-12 (3-39). The
relative proportions of these fatty acids varied within the ranges
indicated in brackets, but there was no consistent variation between
genera. All species from both genera contained Q9 as the major
respiratory lipoquinone. There was some variation in the polar lipid
patterns between species, but none that differentiated the two genera.

2.3.5 Phylogenetic relationships among members of the
Halomonadaceae

A close phylogenetic relationship between Flavobacterium
halmophilum and "Alcaligenes” aquamarinus was first identified in a
DNA:rRNA hybridisation study undertaken prior to the creation of the
genus Deleya, and the respective transfer of these species to the
genera Halomonas and Deleya as H. halmophila and D. aquamarinus
(Bauwens and De Ley, 1981). De Ley and his colleagues determined
that the marine Alcaligenes were a distinct lineage within the rRNA
superfamily IT which also contained the fluorescent pseudomonads,
Azomonas, Azotobacter, and Xanthomonas (De Ley, 1978; Kersters
and De Ley, 1980).
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Comparison of 16S rRNA oligonucleotide catalogues
grouped Halomonas elongata and F. halmophilum as a distinct
lineage within the gamma-subclass of the purple bacteria phylum,
now known as the class Proteobacteria (Woese et al, 1985b;
Stackebrandt et al, 1988). Six signature oligonucleotides, unique
within the gamma-subclass of the Proteobacteria were identified.

Franzmann et al (1988b) produced the oligonucleotide
catalogues for H. subglaciescola and D. aesta and compared them
with those of H. elongata and F. halmophilum. The similarity

coefficients (Sap values) between these species were in the range 0.60

- 0.67. In the substructure of the tree derived from these similarity
values, H. elongata and F. halmophilum formed a cluster, and D.
aesta and H. subglaciescola formed a cluster. No conclusions were
made about the relationships amongst this group, based on this
clustering, as the differences in the similarity values between pairs of
organisms was small. For example, the similarity values between F.

. halmophilum and H. elongata and between F. halmophilum and H.

subglaciescola were 0.66 and 0.65 respectively. A new family
Halomonadaceae was proposed to accommodate the genera
Halomonas and Deleya.

The DNA:TRNA hybridisation values of Deleya spp. and
Halomonas spp. with respect to Deleya aquamarina formed two
groups (Kersters, 1992). One group which had Ty > 78 °C,
contained the synonyms of D. aquamarina (D. aesta and Alcaligenes
faecalis subsp. homari) and D. venusta. The second group of species

had T values in the range 75 - 77 °C, and contained D. pacifica, D.

cupida, D. marina, D. halophila, H. halmophila, H. subglaciescola,
and H. elongata. The membership of the second group indicated that
species which had been assigned to the genus Deleya and the genus
Halomonas, had the same level of rRNA relatedness to D.
aquamarina. DNA:TRNA hybridisation values also indicated that the
following species were members of the Halomonadaceae branch:
"Achromobacter viscosum", "Pseudomonas bathycetes",
"Agarbacterium alginicum", "Achromobacter turbidis",
"Achromobacter halophilus", and "Chromobacter marismortui"
(Kersters, 1992).
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2.3.6 General characteristics of the genus Halovibrio

The genus Halovibrio was created to accommodate an
obligately moderately halophilic organism with a vibroid morphology,
isolated from the hypersaline (33% salinity) North Arm of Great Salt
Lake, Utah, USA (Fendrich, 1988). This isolate was aerobic, had a
single polar flagellum, was cytochrome oxidase positive, and did not
produce acid from carbohydrates although its growth was stimulated
by a limited number of carbon sources. Its mol% G+C value was 61.
Assignment of this isolate to the genera Aquaspirillum or
Oceanospirillum was precluded by its moderate halophilism, and
mol% G+C value respectively. It was not considered appropriate to
place this isolate in the genus Halomonas because it was obligately
halophilic requiring 1.5 M salts for growth, did not grow
anaerobically with nitrate, and its growth was stimulated by a limited
range of carbohydrate sources. Halovibrio variabilis was included in a
chemotaxonomic examination of members of the Halomonadaceae
(Franzmann and Tindall, 1990). The fatty acid profile of Halovibrio
variabilis was similar to the members of the Halomonadaceae. It had
a significantly higher proportion of 19:0 cyclo, but the summed value
of the 18:1 and 19:0 cyclo fatty acids was within the range observed
for members of the Halomonadaceae. The major respiratory
lipoquinone of Halovibrio variabilis was Q9, and its polar lipid
pattern was identical to that of H. halmophila. It was suggested that
Halovibrio variabilis should be transferred to a taxon within the
Halomonadaceae (Franzmann and Tindall, 1990). The 16S rRNA of
Halovibrio variabilis was determined in this study to confirm its
placement within the Halomonadaceae and to determine its
phylogenetic relationship to other members of the Halomonadaceae.
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3 EXPERIMENTAL DESIGN

3.1 Strain selection
3.1.1 Organic Lake flavobacteria

The strains ACAM 44 and ACAM 48 were selected as
representatives of two phenons derived in a numerical taxonomic
study of the phenotype of a group of pigmented strains isolated from
Organic Lake (Dobson et al., 1991). The mol% G+C of the DNA of
ACAM 44 and ACAM 48 had been determined. They had been
further characterised by their phospholipid fatty acid profiles, and the
identification of their major respiratory lipoquinones (Skerratt et al,
1991, P. D. Franzmann, pers. comm.). Thus, their phylogenetic
placement on the basis of 16S rRNA sequence comparison could be
examined in relation to their phenotypic, gross genomic, and
chemotaxonomic features. ACAM 44 and ACAM 48 were obtained
from the Australian Collection of Antarctic Microorganisms,
University of Tasmania, Australia.

3.1.2 Members of the Halomonadaceae

D. aquamarina, D. halophila, D. marina, H. elongata, H.
subglaciescola, H. meridiana, and Hv. variabilis were the species
selected for the determination of their 16S rRNA sequence. The
culture collections from which these organisms were obtained are
listed in Table 3.1. The 16S rRNA sequence of Halomonas
halmophila had been previously determined and was obtained from
the ribosomal RNA database project (RDP) (Olsen et al, 1991), for
inclusion in the sequence comparisons.

The species selected for this study represented:
1) the type strains of the type species of the genera Deleya and
Halomonas, :
2) the diversity of environments from which members of the
Halomonadaceae have been isolated, and which includes seawater,
salterns, hypersaline Antarctic lakes, and hypersaline soils (Table
3.1),
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Table 3.1 Source culture collection and source of isolation of strains of members of the genera Deleya, Halomonas and Halovibrio

selected for inclusion in the 16S rRNA sequence comparisons.

Species Source Culture Collection? Identification Number in Source of Isolation
Identification Number Other Culture Collections@

D. aquamarina DSM 301617 ATCC 14400T, NCIMB 557T seawater?

D. halophila DSM 4770T CCM 3662T hypersaline soil¢

D. marina DSM 4741T ATCC 25374T, NCIMB1877T seawater?

H. elongata DSM 2851T ATCC 33173T, NCIMB 2198T saltern?

H. subglaciescola ACAM 127 ATCC 43668T, DSM 4683T hypersaline Antarctic lakee

H. meridiana ACAM 246T ATCC 49692T, DSM 5425T hypersaline Antarctic lake/

H. halmophila - ATCC 197177, NCIMB 1917T Dead Sea$

Hv. variabilis DSM 3051T - saline lake”

~ a0 Th QS O

ACAM = Australian Collection of Antarctic Microorganisms, University of Tasmania, Australia
ATCC = American Type Culture Collection, Rockville, Maryland, USA

CCM = Czechoslovak Collection of Microorganisms, J. E. Purkyne University, Bmo, Czechoslovakia
DSM = Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany
NCIMB = National Collection of Industrial and Marine Bacteria, Aberdeen, Scotland, UK

Baumann et al, 1983

Quesada et al, 1984

Vreeland et al, 1980

Franzmann et al, 1987a

James et al, 1990

Franzmann et al, 1988b .
Fendrich 1988

The 165 rRNA gene sequence of H. halmophila was not determined in this study. It was obtained from the rTRNA Database Project (Olsen et al, 1991)
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3) the diversity in the fatty acid profiles of members of the famlly
Halomonadaceae (Table 3.2),

4) a large proportion of the breadth of mol% G+C values of the type
strains of the species of the Halomonadaceae (Table 3.2).

Rules 15 and 17 of the Bacteriological Code state,

"The nomenclatural type, referred to in this Code as "type" is that
element of the taxon with which the name is permanently associated.
The nomenclature type is not necessarily the most typical or
representative element of the taxon."” and,

"The type determines the application of the name of a taxon if the
taxon is subsequently divided or united with another taxon.” (Lapage
et al, 1975)

It was necessary therefore to include Deleya aquamarina
and Halomonas elongata, the type species of the genera Deleya and
Halomonas, among the species to be examined in this study. In the
event of a proposal of formal taxonomic changes, the fate of the genus
names is tied to these particular species.

Deleya marina was selected as being atypical among the
members of Deleya in having polar flagella. The other members of
Deleya have peritrichous flagella, with the exception of the recently
described species Deleya salina which is non-motile (Valderrama,
1991). Deleya halophila was selected as a soil organism. Members of
the Halomonadaceae have been predominantly isolated from water
bodies. The Antarctic lake species, Halomonas subglaciescola and
Halomonas meridiana, were included not only to represent the
diversity within the members of the Halomonadaceae, but because
their 16S rRNA sequence information would be useful for the
development of species-specific oligonucleotide probes for
application in ecological studies. The type strain of each species
included in this study was used for the 16S rRNA sequence
determination.

The species selected for the study represented the diversity
in the fatty acid profiles of members of the family Halomonadaceae.
The major fatty acids present in members of the Halomonadaceae
occurred in the proportions 16:0 (15.5 - 30.3%), 16:1+17:cyc (7.7 -



Table 3.2. Mol% G+C values? and %proportions (wt/wt) of the major fatty acids? of the type
strains of members of the Halomonadaceae

Major fatty acids

Species Mol %G+C 16:0 16:1+17:0cyc ~ 18:1+19:0cyc
e D. aquamarina¢ 57 17.4 8.4 70.7

D. cupida 61 22.6 17.5 56.1
* D. halophila 67 233 10.6 64.6
e D.marina 63 30.3 43.1 23.5

D. pacifica 68 26.2 15.6 55.7

D. salina 64 ND ND ND

D. venusta 54 15.9 10.7 68.6
* H.elongata 61 26.0 9.0 62.8
* H. halmophila 63 20.2 11.3 64.6

H. halodurans 63 27.3 41.7 26.7
* H.meridiana 59 15.5 1.7 73.4
* H.subglaciescola 62 254 19.7 523

a Data is from Baumann et al, 1972; Baumann et al, 1983; Vreeland et al, 1980; Franzmann et al, 1987a;

Franzmann et al, 1988b; James et al, 1990, Rosenburg, 1983; Akagawa and Yamasato, 1989; Valderrama et al, 1991)
b Data is from Franzmann and Tindall (1990).
¢+ indicates species selected for 16S rRNA sequence comparisons; ND=not determined.
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43.1%) and 18:1+19:0cyc (73.4 - 23.5%) (Franzmann and Tindall,
1990). The fatty acid profiles of H. meridiana and D. marina were at

the opposite and extreme ends of these ranges of proportions (Table
3.2).

The species selected for the study represented a large
proportion of the breadth of the range of mol% G+C values of the
type strains of members of the Halomonadaceae. The type strains of
the selected species had mol% G+C values in the range 57 - 67. The
range of mol% G+C values among members of the family
Halomonadaceae is 54 - 68 (Table 3.2). The type strains of D. venusta
and D. pacifica have mol% G+C values of 54 and 68 respectively.
These two species were the only members of the Halomonadaceae
with type strains having mol% G+C values outside the range of values
of the species included in the study.

- Halovibrio variabilis was selected to determine its
similarity to members of the Halomonadaceae. The genus Halovibrio
is comprised of a single species.

3.2 16S rRNA sequence determination
3.2.1 Survey of methods

The complete sequence of a 16S rRNA gene of E. coli was
obtained by the sequencing of cloned fragments of the gene (Brosius
et al, 1978). The gene had been identified on a tranducing phage by
hybridisation with rRNA (Lindahl et al, 1975). Locating a particular
gene in the genome is often a long process and is not a practical
approach for obtaining the sequence of the 16S rRNA gene from
several different organisms for the purpose of taxonomic studies. The
first 16S rRNA-based taxonomic studies (other than DNA:TRNA
hybridisation studies), involved the determination of the sequences of
catalogues of oligonucleotides which had been produced by digestion
of the 16S rRNA with T1 ribonuclease (Fox et al, 1977). The
catalogues were compared to obtain similarity values, and to identify
signature characteristics (Woese, 1987).
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The oligonucleotide cataloguing approach was replaced by
direct sequencing of the 16S rRNA. This sequencing method involves
the application of the Sanger dideoxynucleotide chain-terminating
technique for sequencing DNA (Sanger et al, 1977) to the 16S rRNA
molecule; through the use of reverse transcriptase and primers specific
to conserved regions of the 16S rRNA (Lane et al, 1985). The
majority of contiguous 16S rRNA sequence data has to date been
obtained by this method.

The introduction of the polymerase chain reaction (PCR)
using a thermostable polymerase (Saiki et al, 1988) has provided an
alternative means of obtaining 16S rRNA sequence data. Multifold
copies of a partial, or near complete segment of the 16S rRNA genes
are produced with the use of pairs of primers specific to conserved
regions within the 16S rRNA genes. The application of the PCR
overcomes the rate-limiting step of locating the 16S rRNA genes
within the genome.

The predominant advantages of sequencing PCR-amplified
rRNA gene, rather than directly sequencing rRNA are:
1) The need to isolate large quantities of highly purified, undegraded
RNA in an "RNase-free" environment is obviated. The PCR requires
only small quantities of DNA, which need not be highly purified.
2) Problems of sequence ambiguities resulting from secondary
structure or base modifications can be diminished. Two strands are
available for sequencing, allowing regions of uncertainty to be
- sequenced in both directions and a greater flexibility of choice of
primers to generate a contiguous sequence. |
3) The PCR, with the appropriate choice of primers, can be used to
amplify bacterial 16S rRNA genes from organisms embedded in
eukaryotic tissue, allowing sequence data to be obtained for bacteria
which may be difficult to culture (Chen et al, 1989). Similarly
sequence information can be obtained for environmental organisms
which are difficult to culture (Giovannoni, 1990).

Some initial attempts to amplify regions of the 16S rRNA
gene were not for the purpose of obtaining sequence data for
phylogenetic studies. Chen et al (1989) described oligonucleotides



(1175-1194, 1371-1390)! homologous to conserved regions of the
16S rRNA sequence specific to Bacteria. These oligonucleotides were
used to amplify a 217 bp region of the 16S rRNA of bacteria from
material containing an excess of eukaryotic DNA. Wilson et al (1989)
identified two regions of the 16S rRNA sequence unique to ‘
rickettsiae, and amplified a 180 bp segment of the gene for the
detection of these organisms.

Bottger (1989) amplified a 880 bp segment of the 16S
rRNA gene from E. coli, Legionella pneumophila, and several species
of the genus Mycobacterium using the "universal"” primers A and C
(Lane et al, 1985), and sequenced the amplified segment. The
application of these primers based on regions of the 16S rRNA
primary structure conserved in all living organisms, thus far
examined, indicated the potential for obtaining sequence data for this
gene from any organism, using this approach.

Edwards et al (1989) identified highly conserved regions
close to both ends of the 16S rRNA gene of a diverse set of members
of the domain Bacteria, and designed primers (8-27, 1541-1522)2 to
amplify a 1534 bp segment, which represented almost the entire gene.
The near complete sequence of the 16S rRNA gene of Mycobacterium
kansasis was determined. Wilson et al (1990) similarly designed
primers for the 9-27, and 8-223 region with A, C degeneracy at 19, in
addition to the 784-803, and 787-806 region with A, T, G degeneracy
at 800, and the 1492-15074 region. Primers for these regions were
used to amplify the 16S rRNA gene of members of a variety of genera
as two segments of approximately 790 bp and 720 bp. Weisburg et al
(1991) used the primer 8-27 designed by Edwards et al (1989) for the
amplification of most of the Bacteria, and modified positions 19, 25,
and 4 for use with the enterics and their relatives, members of the
genus Borrelia, and members of the genus Chlamydia respectively.
Weisburg et al (1991) suggested 1541-1525, a shorter version of the

1 The primary structure of the 16S rRNA of E. coli is shown in Fig 3.1. The numbering of the
primers in the text is in accord with this diagram, and may differ from that of the original
publication. Chen et al (1989) specified the positions of their primers at 1173-1192 and 1370-
1389.

2 See footnote 1. Edwards et al (1989) specified the positons of these primers at 8-28 and 1542-
1522,

3 See footnote 1. Wilson et al ( 1990) specified the position of this primer at 18-32.

4 See footnote1. Wilson et al (1990) specified the position of this primer at 1487-1507.



Fig. 3.1

The primary structure of 16S rRNA from E. coli showing the

numbering used in this study. The location of primers used for the

determination of 16S rRNA sequences are indicated in bold type. The
* E. coli 16S rRNA sequence was obtained from the ribosomal RNA

database project (Olsen et al, 1991).
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Fig. 3.1 (cont'd)
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primer used by Edwards et al (1989), was useful for many of the
Bacteria, and that a primer at position 1492-1512, which overlaps that
designed by Wilson et al (1990), was useful for enterics and most of
the Bacteria, and that modification of position 1508 was useful for
fusobacteria and most Bacteria.

There are three approaches for the determination of the
sequence of PCR-amplified DNA:
1) To clone the DNA into a vector using either a sticky-end cloning
technique, where restriction sites are incorporated into the PCR
primers, or a blunt-end cloning technique (Giovannoni, 1991).
2) To produce single-stranded material to sequence directly. The
technique of asymmetric-PCR has been used to generate a single-
stranded product from the PCR. Alternatively a variety of methods
have been used to generate single-stranded material from the double-
stranded PCR product. Several of these methods have been reviewed
by Gyllensten (1989). ‘ '
3) To sequence the double-stranded PCR product directly.

The third approach is potentially the quickest route to
obtaining sequence data. The additional steps involved in cloning
material ready for sequencing, or of generating single-stranded
material from the double-stranded PCR product are avoided. Also
avoided is the increased potential for errors that occurs when
sequencing individual clones generated by the PCR. Errors result
from the misincorporation of nucleotides during the PCR. The
possibility of errors requires that at least two clones be sequenced to
confirm the accuracy of the sequence; and additional clones need to
be sequenced if discrepancies are observed. Alternatively several
clones can be mixed prior to sequencing (Sogin, 1990). When
sequencing bulk double-stranded material directly, any
misincorporation errors are effectively masked (Gyllensten, 1989).
Asymmetric PCR has been reported to be unreliable for the generation
of single-stranded material of length greater than approximately 1000
bp (McCabe, 1990).

While direct sequencing of the double-stranded PCR-
amplified 16S rRNA gene appears to offer the quickest route to
obtaining sequence data, very often the application of standard
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sequencing protocols using o 35S dATP and T7 DNA polymerase has
not been successful. Generally, where double-stranded material has
been sequenced a 32P-labelled nucleotide has been employed, either
by end-labelling of the sequencing primer or by incorporation during
the polymerase reaction (Bottger, 1989; Edwards et al, 1989; Both et
al, 1991; Embley, T. M., 1991). 35S is the preferred radioisotope for
sequencing because the bands in the sequence ladder derived by
autoradiography are better resolved in comparison to 32P (Bankier and
Barrell, 1989). The lower energy of radioactive emissions from 35S,
also means that it is a less hazardous radioisotope to use, obviating the
need to work with the material behind perspex screens, and reaction
mixtures can be stored for longer periods in the event that they need to
be utilised at a later date.

The'difﬁculty in sequencing double-stranded PCR-
generated material arises from the rapid reannealing of the short linear
strands, resulting in only a small proportion of the material being
involved in the sequencing reaction. The concentration of products
from the reaction is small but detectable when the high-energy emitter
32P is used. Weisburg et al (1991) report optimising the direct
sequencing of PCR-amplified rRNA gene with o 35S dATP by using
0.5 ug of template and annealing the template by heating the
annealing mixture to 98 °C for 7 min and cooling to room temperature
for 1 min, but recommended "cloning the fragments if a near-perfect
sequence is desired". Bachmann et al (1990) demonstrated a
significant improvement in the sequencing of a 115 bp double-
stranded fragment generated by the PCR using o 35S dATP, by the
inclusion of the detergent non-idet P-40 (0.5%) in the sequencing
reaction. The level of reannealing was further minimised by boiling
the annealing mixture and snap-cooling on dry ice.

3.2.2 Methods development

The manner by which protocols were tested and modified is
described in this section. The resultant protocols which were routinely
used in this investigation are detailed in the Materials and Repetitive
Methods section (s4).



3.2.2.1 DNA extraction

DNA was extracted by the rapid guanidium thiocyanate
method of Pitcher et al (1989). Initial trials involved purification of
this DNA by ultracentrifugation (45,000 rpm x 36 hrs, 20 °C; L8-70M
Ultracentrifuge, Beckman Instruments Inc., Somerset, NJ, USA) in a
CsCI-EtBr gradient (Sambrook et al, 1989). The PCR with the DNA
extracted by the method of Pitcher et al (1989), without further
purification by ultracentrifugation, was successful. Examination of the
DNA extracted by the method of Pitcher et al (1989) after
electrophoresis through an agarose gel, and staining with EtBr
(s4.1.3), revealed an extra band which was presumptively identified as
RNA. This band was absent after the extracted DNA had been treated
with RNAase, confirming that it had been contaminated with RNA.
The presence of RNA can be inhibitory to the PCR (I. Knight, pers.
comm.). A comparison of the product from a PCR using E. coli DNA
extracted in the manner described by Pitcher et al, (1989) without
further purification, with that from a PCR using the same DNA but
treated with RNAase, indicated a greater yield of the PCR product in
the latter. The improved yield was significant as 0.5 - 1.0 pg of the
PCR product was required for each sequencing reaction. An RNAase
treatment added to the method of Pitcher et al (1989) was the standard
procedure adopted for preparing DNA to be used as the template in
the PCRs (s4.1.4). The purification of DNA by ultracentrifugation in a
CsCl-EtBr gradient was unnecessary and not routinely applied.

1 3.2.2.2 Amplification of the 16S rRNA gene using the PCR

The PCR was first applied to DNA extracted from
D. halophila and the two strains of Organic Lake flavobacteria. DNA
extracted from E. coli, which had been successfully used in an
amplification reaction by Edwards et al (1989) was included as a
control. Primers 8-27 and 1541-1522 designed by Edwards et al
(1989) were used to generate multifold copies of the 16S rRNA gene
fragment via the PCR. Initially the protocol described by Edwards et
al (1989) was followed. Amendments which became part of the
standard protocol used in this investigation are described in section
4.1.6.
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The PCRs were performed with materials from the

- GeneAmp kit (Perkin-Elmer Cetus, Norwalk, CT, USA). The reaction
mixture contained 10 pl 10 x Reaction Buffer (100mM Tris-HCl1 pH
8.3 at 25 °C, 500 mM KCl, 15 mM MgCl; 0.01% (w/v) gelatin), 16 pl
dNTPs (1.25 mM dATP, 1.25 mM dCTP, 1.25 mM dGTP, 1.25 mM
dTTP), 100 pmol primer 8-27, 100 pmol primer 1541-1522, 1 ug
template DNA, 2.5 units of AmpliTag DNA polymerase and dd H,O
to 100 pl. The reaction mixtures were mixed in GeneAmp reaction
tubes (Perkin-Elmer Cetus, Norwalk, CT, USA) and overlayed with
50 - 100 pl sterile mineral oil. The PCRs were runin a DNA Thermal
Cycler (Perkin-Elmer Cetus, Norwalk, CT, USA). The thermal cycle
was denaturation at 94 °C for 1 min, primer annealing at 37 °C for 2
min, and extension at 72 °C for 6 min. The cycle was repeated 36
times and then the mixtures were cooled to 4 °C.

The product was vortexed briefly with 100 pl of chloroform
and the aqueous layer collected. This solution was extracted with one
volume of TE -saturated phenol (APPENDIX A). The aqueous layer
was collected and extracted with one volume of chloroform-isoamyl
alcohol (24:1). The aqueous layer was collected and the DNA
precipitated by the addition of 2 volumes of absolute ethanol (EtOH)
and incubation at - 20 °C for at least 2 hours. The precipitate was
collected by centrifugation at 12,000 rpm in a microfuge
(Microcentaur, Fisons, England) at 4 °C for 30 min, washed with 75%
EtOH, centrifuged for 15 min, washed with 100% EtOH and
centrifuged. The pellet was dried and suspended in 50 pl of TE
(APPENDIX A). '

The product was examined by agarose gel electrophoresis
using lambda Hind III-Eco RI markers. The major product band
appeared between the 1584 and 1375 fragments of the lambda
HindIII-EcoRI markers. The size of this fragment was consistent with
the successful amplification of the target 16S rRNA gene of the test
organisms. Secondary amplification products were also present. These
were generally fragments of a smaller size than the desired target
however a faint band was visible between the 2027 and 3530
fragments of the lambda Hind IIT-EcoRI markers.

The appllication of high annealing temperatures in the PCR
minimises the production of non-specific products (Innis and Gelfand,
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1990), however the application of too high a temperature will reduce
the product yield. An annealing temperature of 5 °C below the Ty, of
amplification primers has been recommended (Innis and Gelfand,
1990). The melting temperatures (Tm) of primer 8-27 and primer
1541-1522 were estimated as 60 °C and 64 °C respectively (s4.1.5).
Annealing temperatures of 50 °C and 55 °C using primers 8-27 and
1541-1522 were tested using E. coli DNA. No negative effect on the
yield, as estimated by visualisation in an EtBr-stained agarose gel,
was apparent, and the number of non-specific products from E. coli
was reduced. An annealing temperature of 55 °C was adopted as
standard protocol, however, even at this temperature non-specific
products were generated from some organisms.

The presence of non-specific products was potentially a
problem in sequencing the PCR-generated material, particularly as the
PCR primers were to be used for sequencing. It was necessary
therefore to isolate the desired fragment from agarose gel, following
electrophoresis (s4.1.3). The band containing the desired product was
excised from the gel. Three methods of extracting the DNA from this
gel slice were compared. The methods were electroelution into
dialysis bags (Sambrook et al, 1989), phenol-extraction from a low-
melting point agarose gel, and GeneClean (Bio101). The yields from
these three methods were similar. The GeneClean method was
adopted as the standard protocol (s4.1.7), as it was a simple and quick
technique in comparison with the other two methods.

Electrophoresis effectively isolated the 16S rRNA gene
product which was subsequently purified adequately by the
GeneClean method. It was therefore unnecessary to purify the PCR
product prior to electrophoresis. Consequently as standard protocol
the PCR product was collected from beneath the mineral oil layer and
electrophoresed directly. Small amounts of mineral oil carried over,
floated off in the electrophoresis buffer, and did not interfere with the
electrophoresis.

The quantity of template DNA routinely used in PCRs was
reduced to 10 ng and the quantity of the amplifying primers was
reduced to 50 pmol without any negative effect on the yield of the
product judged visually from an EtBr-stained agarose gel.
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An attempt was made to generate ssDNA of almost the
entire 16S rRNA gene using the primers of Edwards et al (1989) in
the ratio 50:1 and 100:1; however no single-stranded product could be
detected after staining with acridine orange (McMaster and
Carmichael, 1977). Asymmetric PCR has been reported to be
unreliable for the generation of ssDNA of length greater than
approximately 1000 bp (McCabe, 1990). It would appear that two or
more overlapping fragments would need to be generated to use
asymmetric PCR for determination of the entire 16S rRNA sequence.

- 3.22.3 Direct sequencing of the PCR-amplified 16S rRNA gene
using o 35S dATP

Edwards et al (1989) used a standard dideoxy sequencing
protocol with o 32P dCTP and 0.05 - 0.2 pmol template DNA to
sequence PCR-generated 16S rRNA gene fragment. In this
investigation the first attempt to sequence the PCR generated material
using o 35S dATP similarly involved the application of a standard
protocol (USB, 1989). The template DNA (0.1 pmol ~ 0.1 pg) was
alkaline denatured and annealed with 2 pmol of the sequencing primer
by heating to 65 °C for two minutes and slowly cooling to below 30
°C over a 30 minute period. Primer 8-27 of Edwards et al (1989) was
used for all reactions during the development of the sequencing
protocol. Standard labelling and termination reactions were
performed. The reaction products were heated to 80 °C for 2 minutes
prior to loading onto a pre-electrophoresed 0.2 mm 6% acrylamide
gel, and electrophoresed for periods of 5 and 2 hours at 2100 V or
2700 V. The gel was dried and exposed to X-ray. film for 40 hours.
After development the autoradiograph showed only a few faint bands
and some crossbands (bands that occurred in two or more lanes).

The following amendments were then tested:
1) Increasing the amount of the template to 0.2 pug.
2) Adding Mn2+ to the reaction mixture. It had been reported that the
inclusion of Mn2+ to sequencing reaction mixtures improved the
quality of the sequence close to the primer when there is a relatively
low concentration of template DNA. The Mn2* shortens the
extensions that occur during the termination reactions (USB, 1989).



3) Diluting the labelling mix three fold. Dilution of the labelling mix
also increases the concentration of shorter length products in the
reaction products (USB, 1989). _

After 2 weeks exposure of the electrophoresed products of these
reactions, the result was still extremely poor. There was some
improvement as a result of diluting the labelling mix, but generally

. the bands were faint and intermittent

The inclusion of non-idet P40 (NI) was then tested.
Following the protocol of Bachmann et al (1990) the annealing
process involved boiling the annealing mixture for three minutes and
immediate snap-cooling in a dry-ice-ethanol bath. The concentration
of NI was maintained at 0.5% during the annealing, labelling and
termination reactions by additions of 5% NI. After 9 days exposure of
the electrophoresed products, a much improved sequence ladder was
obtained. Banding was clear only from the short electrophoresis (1.5
hours, 2900 V), representing sequence close to the primer. This may
have been a result of the inclusion of Mn2+ in the reaction mixture.

A reaction with the inclusion of NI, the amount of the
template DNA increased to 2 pg, the volume of a 35S dATP (10
mCi/ml) tripled to 1.5ul and Mn 2+ excluded, was then tested. A
control reaction without NI was also performed. The exposed gel was
readable after 2 days exposure, apparently a result of the increased
concentration of & 35S dATP. No readable sequence resulted from the
reactions where NI was not included. These ladders consisted of
crossbanding in two or more lanes. There were small regions of
readable sequence in the ladders from the reactions were NI was
included, although several areas were indistinct because of
crossbanding or faint bands. Reactions with 1.0 pug of the 16S rRNA
gene fragment from ACAM 44 and ACAM 48, with NI included,
Mn 2+ included, and 1.5 pl of « 35S dATP were tested. After 24 hours
exposure a good sequence ladder was observed from which 300 bases
could be read. These reaction conditions became the basis of the
standard protocol (s4.1.8) used for obtaining sequence data for the
Organic Lake flavobacteria strains, and members of the genera
Deleya, Halomonas and Halovibrio.

The inclusion of Mn2+ appeared to clarify the sequence
ladder, however readable sequence was usually obtained without the
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presence of Mn2+, With the inclusion of Mn2+, reaction products could
not be stored longer than 2 - 3 days, and Mn2+ could produce weaker
banding distant from the primer; therefore it was generally not
included in the reaction mixtures.

Bachmann et al (1990) added the NI to the reaction mixture
at the annealing, labelling and termination stages to maintain a
concentration of 0.5% at each stage of the sequencing reaction. A
single addition of 1 ul 20% NI to the annealing reaction was found to
be as effective. The resultant concentration of NI in the reaction
mixture was 2% at the annealing stage, 1.2% at the labelling stage and
0.5% at the termination stage.

As standard protocol, a second set of reactions where dITP
replaced dGTP in the reaction mixtures, was performed. The presence
of dITP effectively resolved band compressions in sequence ladders.
The use of dITP can cause terminations of the polymerase reaction as
a result of secondary structure (USB, 1989). This effect, which
appears as crossbands in the sequence ladder, was observed. Also the
banding from the dITP reactions was weaker. Therefore it was
necessary to perform both dITP and dGTP reactions. Although the
dITP sequence ladder contained imperfections, the banding in terms
of spacing and resolution was often better than that of the dGTP
sequence ladder and was helpful in reading the dGTP sequence.

The primers used to sequence ACAM 48 were 8-27
(Edwards et al, 1989), 519-536 (Lane et al, 1985), 536-519 , 685-704
(Embley et al, 1988b), 704-685, 907-926 (Lane et al, 1985), 1100-
1115 (Embley et al, 1988b), and 1541-1522 (Edwards et al, 1989)
(Fig. 3.1). The primer at 704-865 was modified at position 700 (C-> T)
to match the sequence of the Organic Lake flavobacteria. A primer
122-103 (CGTTACGCACCCGTGCCCG) was designed to match the
sequence of the Organic Lake flavobacteria, and used to read the
sequence into the primer 8-27. This primer was based on the primer
107-1261 designed by Stackebrandt and Charfreitag, 1990. The same
set of primers were used to sequence ACAM 44, however a poor
result was obtained from the priming reactions with the 907-926 and

1 See footnote 1. Stackebrandt and Charfreitag (1990) specified the position of this primer at 105-
124,
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1541-1522 primers with this template. Primers 1226-1245
(Stackebrandt and Charfreitag, 1990), 1245-1226 and 1392-1406
(Lane et al, 1985) were used to complete this sequence. The 1226-
1245 (CACACGTGCTACAATGGTAG) and 1245-1226 primers
were based on the primer 1223-12412 described by Stackebrandt and
Charfreitag (1990), and designed to match the sequence of the
Organic Lake flavobacteria.

Sequences for the members of the Halomonadaceae and
Halovibrio variabilis were obtained using the primers 8-27, 536-519,
519-536, 685-704, 704-685, 907-926, 1100-1115, 1392-1406 and
1541-1522 (Fig. 3.1).

2 See footnote 1. Stackebrandt and Charfreitag (1990) specified the position of this primer at
1224-1242,



4 MATERIALS AND REPETITIVE METHODS

4.1 Determination of 16S rRNA sequences

Chemicals of analytical quality were purchased from the
Sigma Chemical Co. (St. Louis, MO, USA) and BDH Australia, Pty
Ltd (Kilsyth, Vic.), as indicated. Oligonucleotide primers were
synthesised by C. -M Lin (Center of Marine Biotechnology,
University of Maryland, MD, USA) and Bresatec Ltd (Thebarton,
South Australia). o 35S -dATP was purchased from Amersham Corp.
(Arlington Heights, IL, USA) and Bresatec Ltd (Thebarton, South
Australia).

4.1.1 Culture conditions

All strains were grown in Marine Broth (Difco Lab, Detroit,
MI, USA), or on the same medium supplemented with agar (15g/1), at
25 °C.

4.1.2 Determination of the concentration of DNA solutions

The concentration of DNA solutions (DNA ) were
- determined by measurement of absorbance at 260 nm and use of the
following equation:

DNA conc ( mg ml-1 = pug pl-1) = (Ao x S0 pg mi x'D)/1000 pg mg-1
where D = dilution factor

This equation is derived from the observation that a dsDNA solution
of 50 pg ml-! has an absorbance of 1 at 260 nm (Sambrook et al,
1989). |

4.1.3 Agarose gel electrophoresis (Sambrook et al, 1989)

DNA preparations and the products of PCR reactions were
routinely examined by electrophoresis through 1% (w/v) SeaKem
agarose (FMC Bioproducts, Rockland, ME, USA) in a mini-gel
apparatus (Horizon 58, Horizontal Gel Electrophoresis, BRL,
Gaithersburg, MD, USA) in TAE buffer (APPENDIX A). Agarose gel
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6x loading buffer (APPENDIX A) was mixed with the DNA solution
in a ratio of 1:6 and loaded into the gel. The DN A was
electrophoresed at 8 - 10 Vem-! for 30 - 45 minutes, using a Gene
Power Supply GPS 200/240 (Pharmacia LKB, Uppsala, Sweden). The
gel was stained with EtBr , either by soaking the gel in EtBr solution

(0.5 pgml-1) for 15 minutes following electrophoresis, or by including
the EtBr at a concentration of 0.5 gml-1, in the molten gel, prior to
electrophoresis (APPENDIX A). The nucleic acid material was
visualised with UV light on a transilluminator (Model No. TF-20M,
Vilber Lourmat, Cédex 2, France).

414 DNA extraction (Pitcher et al, 1989)

Several colonies were scraped from the agar surface and
suspended in 100 pl TE pH 7.4 (APPENDIX A). The suspended cells
were mixed with 0.5 ml GT lysis solution (APPENDIX A), and
allowed to lyse (= 10 min) on ice. Following lysis of the cells, 0.25 ml
7.5 M CH3COONHy4 (Sigma) and 0.75 ml chloroform:isoamyl alcohol
(24:1) (BDH) were added. The solution was mixed well and
centrifuged at 12,000 rpm for 10 minutes. The upper aqueous phase
was collected and 2 volumes of cold (- 20 °C) EtOH (BDH) were
added. The DNA precipitated on addition of the EtOH, and was
collected by centrifugation at 12,000 rpm for 15 - 20 min '
(Microcentaur, Fisons, England). The resultant pellet of DNA was
washed 3x with 70% EtOH, dried and dissolved in ddH,O. RNAase A
(APPENDIX A) was added to a concentration of 40 pug ml-!, and
incubated for 1 hr at room temperature. The DNA was reprecipitated,
collected by centrifugation as before, and dissolved in ddH,O.

4.1.5 Estimation of the Ty, of the PCR primers
(Sambrook et al, 1989)

The Tm of the primer-template hybrid was estimated using
the following equation:

Tm = Na+T x 2°C) + (NG4c x4 °C)

where Na.T =number of A and T bases in the primer
Ng+c = number of G and C bases in the primer
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4.1.6 PCR amplification of the 16S rRNA gene

10x PCR mixture

Reaction buffer* 100 pl
dNTPs** ' 160 pl
Primer 8-27 (10 pmol ul-1) 50 ul
Primer 1541-1522 (10 pmol pl-1) 50 ul
Template DNA (10 ng pl-1) 10
AmpliTaq DNA polymerase 10 ul
ddH,O 620 pul

The PCRs were performed with materials from the
GeneAmp Reaction Kit (Perkin-Elmer Cetus, Norwalk, CT, USA).
All the reactants, except the dNTPs, were mixed carefully, to
minimise the formation of bubbles, and 10 x 84 pl aliquots pipetted
into GeneAmp reaction tubes (Perkin-Elmer Cetus, Norwalk, CT,
USA). These were placed in the DNA Thermal Cycler (Perkin-Elmer
Cetus, Norwalk, CT, USA) and heated to 80 °C. 16 ul of the dNTPs
solution were then added to each tube. The reactants were mixed
quickly and overlayed with 50 - 100 pl of mineral oil. The
temperature was raised to 98 °C for 30 seconds, cycled through the .
denaturation (94 °C, 1 min), annealing (55 °C, 2 min), and extension
(72 °C, 6 min) phases 36 times. At the completion of the 36 cycles the
product was stored at 4 °C.

* Reaction buffer: 100 mM Tris-HCl pH 8.3 at 25 °C, 500 mM K(Cl,
15 mM MgCl,, 0.01% (w/v) gelatin

** dNTPs: 1.25 mM dATP, 1.25 mM dCTP, 1.25 mM dGTP,
1.25 mM dTTP |

4.1.7 - Isolation of the PCR-amplified 16S rRNA gene fragment

The product from the PCRs was removed from beneath the
mineral oil layer, pooled and then electrophoresed through either a
large agarose gel or a few minigels. Materials in the GeneClean kit
(BIO 101, La Jolla, CA, USA) were used to extract the DNA product
from the agarose gel. The 16S rRNA gene fragment band in the
agarose gel was excised and 3 volumes of 6 M Nal were added. The
solution was heated to 60 °C until the gel dissolved. Glass milk
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solution (= 35 pl) was added and the mixture incubated on ice for 20 -
min. The glass milk was pelleted by centrifugation and the
supernatant discarded. The pelleted material was suspended in the
wash solution, centrifuged and the supernatant discarded. This wash
procedure was repeated 4 times. The pelleted material was then
suspended in 2 volumes of ddH,0, incubated at 50 °C for 3 min,
pelleted by centrifugation and the supematant collected. This
extraction procedure was repeated and the collected supernatants were
combined.

4.1.8 Sequencing reactions (Sanger et al, 1977; USB, 1989)

Sequencing reactions were performed with materials from
the Sequenase 2.0 sequencing kit (USB, Cleveland, OH, USA). The
contents of the reaction buffer, enzyme dilution buffer, labelling
mixes, termination mixes, and stop solution are detailed in
APPENDIX A.

Annealing Reaction:

Primer solution ( 10 pmol pl-1) 1w
Reaction buffer 2wl
DNA template solution (0.17 pmol ul-1) 6 ul
20% Non-idet P40 1 ul

The reaction mix was heated to 100 °C in a boiling water
bath for 3 minutes and immediately snap-frozen in a dry-ice-ethanol
bath. The frozen mixture was centrifuged for a few seconds to collect
any condensate and then stored on wet ice until ready to commence
the labelling reaction.

Labelling Reaction:

Annealed template-primer solution 10 ul
0.1M Dithiothreitol 1
Labelling mix (diluted 1:5) 2 ul
o 35S -dATP (10 mCi/ml) 1.5 ul
T7 DNA polymerase (diluted 1:8) 2 ul

. The T7 DNA polymerase was diluted 1:8 in the enzyme
' dilution buffer. The reactants were added in the order given above,
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mixed carefully with a pipette and the labelling reaction allowed to
proceed for 5 minutes at room temperature.

Termination reactions:

2.5 pl of the ddATP, ddCTP, ddGTP and ddTTP

termination mixes were pipetted into separate tubes and warmed to 37

°C. Following the labelling reaction, 3.5 pl of the labelling reaction
mix was added to each of the termination reaction mixes. The
termination reactions were incubated for 5 minutes at 37 °C and then
stopped by the addition of 4 l of stop solution. The reaction mixtures
were stored at - 20 °C, prior to electrophoresis.

Sequencing with dITP:

The annealing, labelling and termination reactions were
performed according to the protocol described above except that the
dITP labelling mix replaced the dGTP labelling mix and the dATP
(dITP), dCTP (dITP), dGTP (dITP), dTTP (dITP) termination mixes
replaced the dATP, dCTP, dGTP, dTTP termination mixes
respectively.

4.1.9 Polyacrylamide gel electrophoresis (PAGE)

The sequencing reaction mixtures were electrophoresed
through a 0.2 mm, 6% polyacrylamide gel (APPENDIX A) in TBE
buffer (APPENDIX A). The Sequi-Gen Cell (Bio-Rad, Richmond,
CA, USA) and LKB 2010 Macrophor (Pharmacia LKB, Uppsala,
Sweden) sequencing systems were used for electrophoresis. The gel
was pre-electrophoresed for 15 min at 1800 V. Prior to loading, the
reaction mixtures were heated to 75 °C for 2 min. 1.5 pl of each of the
reaction mixtures from the standard set of reactions, and the dITP set
of reactions were loaded into adjacent wells. The reaction mixtures
were electrophoresed for periods of 5 and 2 hrs at 1800 V. When the
LKB 2010 Macrophor system was used, water heated to 55 °C was
circulated through the thermostatic plate.

Following electrophoresis, when using the Sequi-Gen cell
system, the gel was rinsed twice with 10% acetic acid (BDH), and
removed to a backing of 3MM Whatman paper (W. & R. Balston
Ltd., England). The gel was dried in a gel dryer (Model 583, Bio-Rad,
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Richmond, CA, USA) at 80 °C for 30 min. When using the LKB 2010

‘Macrophor system the gel was bound to one plate with Bind-Silane

(Pharmacia LKB, Uppsala, Sweden), according to the manufacturer's
instructions. Following electrophoresis, the plate with the bound gel
was soaked in 10% (v/v) acetic acid for 20 min, and left to dryin a
fumehood overnight. The dried gels were exposed to X-OMAT AR
film (Eastman Kodak Co, Rochester, NY, USA) for periods of
between 24 hours and 2 weeks.

4.2 Analysis of sequence data
4.2.1 Sequence alignment

Sequences were read from the autoradiographs, checked,
and recorded on computer disks. Nucleotide bases were recorded as
capital letters, or as lowercase if there was a small amount of
uncertainty as to their correct identity. Regions of overlapping
sequence from different primers resolved several uncertain bases.
Nucleotide bases which could not be identified were recorded as "N".
Programs from the Wisconsin GCG set of programs (Devereaux et al,
1984) or the SeqSpeak 1.0 DNA Sequence Editor by Keith Conover
(1991, Dalhousie University, Nova Scotia, Canada) were used to
record sequences. Regions of overlap between sequences of different
primers were determined using Bestfit from the Wisconsin GCG
package or the Seqh program (Kanehisa et al, 1984). The Segh
program was accessed through the Australian National Genomic
Information Service (ANGIS) (University of Sydney, NSW). |

Sequences were aligned manually against pre-aligned
sequences from the ribosomal RNA database project (RDP) (Olsen et
al, 1991). The Homologous Sequence Editor (HOMED) program of
Peter A. Stockwell (1986, University of Otago, New Zealand) was
used for this purpose. The secondary structure of the sequences were
drawn and taken into account in their alignment. The HOMED
program was accessed through ANGIS.

The sequences of the members of the D. aquamarina, D.
halophila, D. marina, H. elongata, H. subglaciescola, H. meridiana
and Halovibrio variabilis were aligned against that of Halomonas
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halmophila (ATCC 19717T), and those of the following 38 organisms
belonging to the gamma-subclass of the Proteobacteria (culture
collection strain numbers, where identified in the database, are
indicated): Acinetobacter sp. (ATCC 33604), Aeromonas hydrophila
(ATCC 7966T), Alteromonas haloplanktis (ATCC 14393),
Arhodomonas oleiferhydrans (ATCC 49307), Cardiobacterium
hominis (ATCC 15826T), Coxiella burnetii str. Q177, Chromatium
tepidum (ATCC 430617T), Chromatium vinosum (ATCC 17899T),
Citrobacter freundii (ATCC 29935), Ectothiorhodospira halochloris
(ATCC 35916T), Ectothiorhodospira halophila str. SL 1,
Ectothiorhodospira shaposhnikovii, Erwinia carotovora (ATCC
5713), Erwinia herbicola, Escherichia coli, "Flavobacterium
lutescens" (ATCC 27951), Haemophilus influenzae (ATCC 33391T),
Hafnia alvei (13337T), Legionella pneumophila subsp. pneumophila
(ATCC 33152T), Marinobacter hydrocarbonoclasticus (ATCC
49840T), Marinomonas vaga (ATCC 271197), Methylococcus
capsulatus str. BATH, Methylomonas methanica str. 81Z,
Oceanospirillum linum (ATCC 11336T), Pasteurella multocida
(ATCC 43137T), Plesiomonas shigelloides (ATCC 14029T), Proteus
vulgaris (IFAM 1731), Pseudomonas aeruginosa (ATCC 25330),
Pseudomonas mendocina (ATCC 254117T), Ruminobacter
amylophilus (ATCC 29477), Serratia marcescens (ATCC 138807T),
str. symbiont P of Acyrthosyphon pisum, str. symbiont S of
Acyrthosyphon pisum, Vibrio parahaemolyticus (ATCC 178027),
Wolbachia persica (ATCC VR 331), Xanthomonas maltophilia
(ATCC 136377), Xylella fastidiosa (ATCC 35880), and Yersinia
enterocolitica (ATCC 9610T). The sequences of all these species were
obtained from the RDP, except for the sequences of Alteromonas
haloplanktis, Marinobacter hydrocarbonoclasticus and Marinomonas
vaga, which were obtained from Genbank and then aligned in the
RDP format.

The sequences of the Organic Lake flavobacteria were
aligned against those of 53 members of the "flavobacteria-
Bacteroides" phylum available from the RDP which were the
following (culture collection strain numbers, where identified in the
database, are indicated): Antarcticum vesiculatum str. 23-P,
Bacteroides distasonis (ATCC 8503T), Bacteroides fragilis (ATCC
25285T), Bacteroides thetaiotaomicron (ATCC 29148T), Bacteroides
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vulgatus (ATCC 8482T), Cyclobacterium marinus (ATCC 43824),
Cytophaga aquatilis (ATCC 29551T), Cytophaga diffluens (ATCC
23140), Cytophaga fermentans (ATCC 19072T), Cytophaga flevensis
(ATCC 27944T), Cytophaga heparina (ATCC 13125T), Cytophaga
hutchinsonii (ATCC 33406T), Cytophaga johnsonae (ATCC 170617),
Cytophaga johnsonae (DSM 425), Cytophaga latercula (ATCC
23177T), Cytophaga lytica (ATCC 23178T), Cytophaga marinoflava
(ATCC 193267), Cytophaga uliginosa (ATCC 14397T),
Flavobacterium aquatile (ATCC 11947T), Flavobacterium »
balustinum (ATCC 33487T), Flavobacterium breve (ATCC 14234),
Flavobacterium ferrugineum (ATCC 13524T), Flavobacterium gleum
(ATCC 35910T), Flavobacterium indologenes (ATCC 29897T),
Flavobacterium indoltheticum (ATCC 279507), Flavobacterium
meningosepticum (ATCC 13253T), Flavobacterium odoratum (ATCC
4651T), Flavobacterium thalpophilum (ATCC 433207), Flectobacillus
glomeratus (ATCC 43844T), Flectobacillus major (ATCC 29496T),
Flexibacter aggregans (ATCC 23162T), Flexibacter aurantiacus
(ATCC 231077), Flexibacter canadensis (ATCC 295917), Flexibacter
columnaris (ATCC 43622), Flexibacter elegans (ATCC 231127),
Flexibacter filiformis (ATCC 29495T), Flexibacter flexilis (ATCC
230797), Flexibacter litoralis (ATCC 23117T), Flexibacter |
polymorphus (ATCC 27820T), Flexibacter roseolus (ATCC 23088T),
Flexibacter ruber (ATCC 231037), Flexibacter sancti (ATCC
23092T), Flexibacter tractuosus (ATCC 23168T), Haliscomenobacter
hydrossis (ATCC 277757), "Microscilla aggregans subsp. catalatica”
(ATCC 23190), "Microscilla furvescens" (ATCC 23129), Microscilla
marina (ATCC 23134T), "Microscilla sericea”, Runella slithyformis
(ATCC 29530), Saprospira grandis (ATCC 231197), |
Sphingobacterium mizutae (ATCC 33299T), Sphingobacterium
spiritivorum (ATCC 338617), and Spirosoma linguale (ATCC
23276). The sequences of the Organic Lake flavobacteria were also
aligned against the sequence of E. coli in order to locate base
positions in terms of E. coli numbering.

4.2.2 Phylogenetic analysis

The sequences of the Organic Lake flavobacteria were
examined for the presence of signature nucleotides which had been
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previously identified as characteristic of members of the
"flavobacteria-Bacteroides" phylum. '

The sequences of the members of the Halomonadaceae and
Halovibrio variabilis were examined for the signature characteristics
which had been previously identified as characteristic of members of
the Halomonadaceae sub-lineage within the gamma-subclass of the
Proteobacteria (Woese, 1985b). As all but one of these signatures
were found not to be useful in characterising the members of the
Halomonadaceae, the sequences were further examined to locate
additional signatures for this group.

Distance analyses were performed with programs from
PHYLIP v3.4 package (Felsenstein, 1989). Jukes-Cantor evolutionary
distances were calculated by the DNADIST program. Phylogenetic
trees were derived with the FITCH program using random order input
of sequences and the global rearrangement option. Diagrams of the
resultant trees were obtained using the DRAWTREE program. Up to
50 sequences were included in an analysis. The PHYLIP v3.4
programs were accessed through ANGIS.

Parsimony analyses were performed using PAUP v3.0
programs (Swofford, 1991). The most parsimonious tree(s) were
found by branch and bound analyses. As branch and bound parsimony
analysis guarantees finding the most parsimonious tree(s) amongst all
possible tree topologies it involved a larger amount of processing than
the distance analyses performed by the PHYLIP v3.4 programs. The
PAUP v3.0 programs were run on a Macintosh IIsi (Apple Computer,
Cupertino, CA, USA). Up to 12 sequences were included in the
branch and bound analysis of the Organic Lake flavobacteria, and up
to 13 sequences were included in the branch and bound analysis of the
members of the Halomonadaceae. Outgroup species were identified
in each analysis. |

Some analyses were restricted to conserved positions. In
these analyses variable length regions of uncertain alignment, and
positions where < 50% of the taxa had the same nucleotide, were
eliminated from the data set.
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Bootstrap analyses (2000 replications) were performed
using both the distance and parsimony methods. Limitations in
processing time meant that heuristic rather than branch and bound
searches were performed in the parsimony bootstrap analyses

423 Genus-specific and species-specific probes

The aligned sequences of the Organic Lake flavobacteria,
and the members of the genera Deleya, Halomonas and Halovibrio
were examined to identify regions which may be useful for species-
specific probes, and a genus-specific probe for the genus Halomonas.
The SSU (small-subunit) rRNA sequences of all the organisms within
the RDP were examined to determine whether any matched the
~ regions identified as potential probe sequences, and to determine
which had the highest similarity to the potential probe sequence if
they did not match exactly. This analysis of the SSU rRNA sequences
within the RDP was done using the Lipman-Pearson algorithm
(Lipman and Pearson, 1985), by the Match-Fast program, accessed
through ANGIS. The Match-Fast program listed sequences with the
greatest similarity to the potential probe sequences. Of these the probe
with the greatest number of mismatches to the sequences with which
it had the highest similarities, was chosen.
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5 RESULTS

51 Organic Lake pigmented bacteria

An example of an autoradiograph of sequencing reactions
after polyacrylamide electrophoresis is shown in Fig. 5.1. The
simultaneous electrophoresis of sequencing reaction mixtures
prepared using the standard set of nucleotides and those where dGTP
was replaced with dI'TP was useful for resolving compressed bands.
There was some variation in the quality of the sequence dependent on
the template-primer combination, however at least 93.9% of the gene
sequence within the region bounded by the PCR-amplification
priming sites was determined, indicating the efficacy of the method of
Bachmann et al (1990) for directly sequencing the PCR-amplified 16S
rRNA gene.

The number of bases determined for the 16S rRNA gene of
ACAM 44 and ACAM 48 were 1419 and 1466 respectively, which
represented 96.1% and 9