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Chapter 1: summary

Chapter 1

Summary

Prokaryotes consist of the domainBatteriaandArchaeaand exist since approximately
3.8 billion years. Prokaryotes, despite the smiakk ®f the individual cells, are regarded to
represent the 'unseen majority' among the livingdvas they occur numerously in all types of
habitats and contribute greatly to the biogeochamicycle. They diversified strongly
throughout their long evolutionary history. Prokates have usually a short generation time
and relatively small amount of genetic informatasicompared to eukaryotes, and large census
population sizes. This renders them suitable tegarosms for studying their evolutionary
processes. The discipline of population geneticalyses the evolutionary change of the
genotypic and phenotypic variants at the level pécges. Most of the recent bacterial
population genetic studies have focussed on patisoge

Little is known of the population structure fwéshwater bacteria. Natural freshwater

lakes harbor a considerably lower diversity of baet this facilitating the study of the genetic
variability of bacteria. Sphingomonadaceaeepresent typical constituents of freshwater
bacterioplankton communities and therefore serv@d darget group foa high-resolution
multilocus sequence analysis (MLSA) of nine housgkey genesagpD, dnakK fusA tufA, gap,
groEL, gyrB, recA rpoB) and a parallel phenotypic characterization. Amd@ty strains
recovered from two trophically different freshwatakes (Starnberger See and Walchensee),
only 19 different 16S rRNA gene sequences weredolyiet, each strain represented a unique
MLSA haplotype and the population displayed extlawary high levels of nucleotide diversity.
A split decomposition analysis revealed eight gea#y distinct subpopulations, three of
which comprised a single phylotype G1A with 52 isisa The population recombination rate
was comparable to that of other bacteria but tweeight-fold lower than the population
mutation rateg)s. Consequently, the impact of recombination on gbpulation structure of
freshwater Sphingomonadaceas markedly lower than in most other free-livinguatic
bacteria investigated to date. This was supporied bnkage disequilibrium analysis on the
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allele distribution. Together with the large effeetpopulation size (estimate, ~6°),®ur data
suggest that the incipient sexual isolation of syiytations is caused by natural selection
rather than genetic drift or demographic effectac& neutrality tests did not provide evidence
for an effect of selective forces on the housekegmgenes and no consistent physiological
differences were detected between the G1A subpbmusa alternative phenotypic traits are
supposed to provide a selective advantage for ichg®y subpopulations of
Sphingomonadacea&his conclusion is supported by discrete seasammahdance patterns that
were detected based on pyrosequencing of interamasdribed spacer sequences in the natural
samples.

MLSA is a widely applied genotyping tool in dies of the evolution and population
structure of microbial organism and also represant®vel standard in microbial molecular
systematics. Population genetic analysiSphingomonadacedsy MLSA revealed a distinct
population substructure among individual 16S rRN#lptypes, providing insights into the
diversity within bacterial species. A 'speciesthe main taxonomic unit in the systematics of
prokaryotes, but the subject of the species conadptprokaryotes has always been
controversial. Until now there is no prokaryoticesggs concept that is accepted by all
scientists. But for practical reasons, bacteriediss are affiliated to different species on the
basis of DNA-DNA reassociation and diagnostic phyoes. As DNA-DNA hybridization is
difficult to be compared between laboratories amgktconsuming, MLSA becomes a valuable
alternative to it. The population genetic structteeealed by MLSA is strongly associated with
the results from DNA-DNA relatedness values. Whefiigent numbers of suitable loci are
selected, the concatenated sequence similarityesaban in principle be used for species
delineation.

To assess the population and subpopulatiorctates revealed by MLSA also from a
taxonomic perspective, foulSphingomonadaceasstrains belonging to four different
subpopulations were chosen for new species deseriptBased on morphological,
physiological and biochemical characterizationaist247 from group G3B was affiliated to a
species formerly name@aulobacter leidyiand which was now reclassified &hingomonas

leidyi'. Strain 382 from group G1A2 was proposed as tgpain of a novel species
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'‘Sphingomonas limneticunstrain 301 from group G2D was proposed as tyaensof a novel
speciesSphingobium oligotrophicaand a strain 469 was proposed as type stram rajvel

speciesSphingobium boeckjiand the closely related species formerly naf@phihgomonas

suberifacien'swas reclassified aSphingobium suberifaciens
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Chapter 2

| ntroduction

Microevolution of bacteria

Evolution is the process that has produced thenemas diversity of organisms alive
today. Evolution is the change over time in onenore inherited traits present in populations
of individuals. Evolutionary changes are classifiatb two types, macroevolutionary and
microevolutionary changes. Macroevolution refersaty evolutionary changes at or above
the level of species, such as evolution of gerfarailies and phyla. Microevolution refers to
any evolutionary changes below the level of speciesmally refers to the changes in allele
frequencies that occur over time within a populatmr a species (Hennig, 1966). Thus,
microevolution results in splitting a species bt (cladogenesis) or change a species into
another (anagenesis) (Rensch, 1959): Populatioetigsns the branch of biology that studies
the process of microevolution. The change of mioobgion is due to four different
processes: mutation, selection, gene flow and gedett.

Bacteria reproduce by the asexual processnairpifission. So, the daughter cells get the
identical chromosome from their mother cell. Theseno sexual process to exchange or
retrieve new genetic information within the coursk replication. The genetic variation
between bacteria results then from the accumulationutations which may occur because of
replication errors or other external factors (Barty 2000; Aminetzacht al, 2005; Burrus &
Waldor, 2004). After a sufficient number of genemas, the variation may be enough to
delineate them into different lineages. The ditgrean also arise by horizontal gene transfer
(HGT), by which cells may obtain or lose genetictenals between different lineages. Gene
flow refers to the horizontal gene transfer betwekifierent populations. For bacterial
populations, HGT plays a major role during the atiohary process.

The genetic variation may be neutral at tharbegg. But under specific conditions like
competing for the same source of nutrient, the hgeaetic variation (either by mutation or

HGT) may increase the fitness of one of the linsage., by increasing the survival or
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reproductive capability, resulting in an increadettee abundance of this lineage in their
population by periodic selection, whereas othegdges may decrease in abundance or even
get extinct (Levin, 1981). As a consequence, teguency of alleles changes in the course of
generations. The lower the sequence diversity poulation, the higher the frequency of
gene drifts in their offspring generation (SpratM&iden, 1999; Boucheat al, 2003; Walsh,
2006).

Evolution at the species or population levelbgeeds through a  differential
reproductive success of individuals. Populationd sppecies are levels of diversity in which
evolutionary changes can be observed. One cemssakiin evolution is the mechanisms
maintaining genetic and phenotypic variation inunait populations. Prokaryotes like bacteria
have often short generation times but have largeulation sizes and are suitable to
genetic-level analysis in the controlled environtsen the field of ‘experimental evolution’,
in which the complexity of the analysis is reduedldwing researchers to better understand
microevolutionary dynamics (Rainey al, 2000). But prokaryotes represent one of the least
understood groups with respect to evolutionarydgglbecause of their high diversity. To
more fully understand and better explain the forekih bring about changes in these groups,

it has been necessary to apply our knowledge daétgento populations.

The species concept of prokaryotes

Population genetics is concerned with the allekariation within species over
generations. Thus, the field of population geneigsultimately linked to the field of
taxonomy. The category 'species’ represents then maionomic unit in classification.
Speciation is the evolutionary process by which newlogical species arise. Natural
speciation take place over the course of evolutBui.the nature of the process of speciation
is still a subject of debate among microbiologibecause of the existence of different
mechanism (Baker, 2005). The disciplines of euki@wypopulations are divided by the
species boundary, so the population genetics israuriped in Mayr's definition of biological
species: "species are groups of interbreeding alapwpulations that are reproductively

isolated from other groups" (Mayr, 1970; de Queir®@05). For prokaryotes, the difficult
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task is to set up the limits of the populations émddefine a species. The problem arises
because of their predominantly asexual reprodudiwh the apparent promiscuity of certain
genetic elements.

The prokaryotes vary by responding to changebe biotic and abiotic components of
ecosystems. For eukaryotes it is well known byftissil records that species got extinct. But
for prokaryotes, there is no direct evidence ofrob@l extinctions because fossil records
cannot be captured.

The prokaryotes, which constitute the domairAafhaeaand Bacteria may possibly
contain millions of different species. The diveysa the product of about 3.8 billion years of
evolution, which may be the reason for the extremany diversity and habitat range of
prokaryotes (Torsvilet al, 2002). Numerous species have a worldwide digiohuand a
local population may contain the full range of a#ion that exists worldwide (O’ Rourke &
Stevens, 1993). The Global Biodiversity Assessrpengram suspects that there are millions
of species of prokaryotic organisms that existature, but only around 9000 of them have

been described taxonomically (Straininfohttp://www.straininfo.net/stafs LPSN

http://www.bacterio.cict.fi/ DSMZ http://www.dsmz.de/). The vast majority otarally

occurring prokaryotic organisms cannot yet be callu So the full diversity of the
physiological and biochemical reactions, the bibtedogical potential of prokaryotes and
their ecological role are still unknown. Some coaxpénvironments like soil inhabit a very
high degree of diversity of prokaryotes, genetiedss of soil estimate that 10 grams of
unpolluted soil typically have millions of differeispecies of prokaryotes (Lengelker al,
1999; Gant al, 2005).

What determining the driving force behind tlpe@ation of prokaryotes, people found
that prokaryotic organisms have evolved sophisitatays for acquiring and losing genetic
material (Margulis & Sagan, 2002). The three majoechanisms (transformation,
transduction and conjugation) of genetic exchange vaell understood, and have been
documented to exist in nature with major ramifieas for acquisition of new traits and
speciation. Natural genetic exchange is the uptélgenetic materials from the environment

or other cells. It is potentially relevant for sion because the source of the obtained DNA
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can be from different species. Therefore, thesetieexchanges can introduce novel genes
into a microbial population ultimately leading time specialization and speciation (Aravind
et al, 1998; Cohan, 1994; Ochmahal, 2000; Ogunseitan, 1995). But on the other sidk it
these genetic exchanges which make it difficultdétineate the species by genetic analysis,
leading a debate of whether there are any natugalijies of prokaryotic species or not.

Speciation is the result of evolution and itynad#timately lead to the generation of major
taxonomic groups. The investigation of speciatiod diversity of prokaryotes are related to
the research on the origin of planetary life, amdhow the physiological characteristics of
prehistoric microorganisms contributed to the eraetgsignature of a co-evolving life and
environment. So the investigation can also shelt lmn biogeochemical cycles that are
sensitive to industrial ecological problems suchemsrgy crisis, disease epidemics, global
warming, toxic pollutants and environmental prokdefiartin & Mueller, 1998; Laket al,
1985; Brownet al, 2001; Rasmussen, 2000). Cohan (2002) believes'Blaaterial species
exist- on this much bacteriologists can agree. &abgists widely recognize that bacterial
diversity is organized into discrete phenotypic geaahetic clusters, which are separated by
large phenotypic and genetic gaps, and these duste recognized as species”. Additionally,
the definition of species is necessary for theaedeof the bacterial populations, the study of
evolutionary theories and its practical applicati®ald et al, 2008; Fraseet al, 2009).
There is little support for the non-existence oftbaal species, species taxon realism holds
that recognized species can be real, they are rimatdich are variously, well-defined
spatio-temporally and cohesive in their propertladgividual organisms in a species should
share one or more traits that unite them to bestlree species and distinguish them from
other species (Diamond & Bishop 1999; Pigliucci 020 Riley and Lizotte-Waniewski,
2009).

There are a large number of criteria to be usedlefine the prokaryotic species
depending on the different objectives of the redezs. The understanding of prokaryotic
species has traditionally relied on the criteri@dudo the species concept of eukaryotic
organisms. For example, the term “taxospecies’rsei@ phenotypic clusters of bacteria and

was proposed by Ravin (1960) who tried to apply liedogical species concept (BSC) to
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bacteria. The species was defined as a group @nags with mutually high phenotypic
similarity that forms an independent phenotypicstdn. This concept is analogous to the
morphological species concept by which organisrescassified in the same species if they
appear identical by morphological (anatomical)eci#t (Eldredge & Cracraft, 1980), but in
addition to anatomical features, it includes coasation of physiological characteristics. The
“genospecies” concept was also proposed by Ra@63)1lby defining groups of bacteria that
can exchange genes, but with very little corretabetween groups of organisms described as
taxospecies. This incongruence provoked furthesatiisfaction among microbiologists
holding traditional species concepts.

More recent attempts to make the biologicakcEseconcept applicable to prokaryotes
fall into four categorial groups: the influenceretombination, the influence of the ecology,
the application of phylogeny and nominalism (Eréskye 2010). Dykhuizen and Green
(1991) proposed bacterial species to be “groupstrains that recombine with one another but
not with strains from other such groups.” The reubgn of historic events of genetic
recombination was built into this definition becaus had become feasible to reconstruct
phylogenetic relationships according to molecukguence data, which presumably can be
used to delineate groups according to the geneticamge criterion (Fraser, 2007). However,
this approach is also questionable on the basiewéral observations that many bacteria are
capable of exchanging and recombining genes bathinvand between the groups currently
nominated as species, genera, or even domain20¥4,, Gogarten & Townsend, 2005). The
exchange and recombination gene among prokary®test ihindered by reproductive barriers,
as it was cited by biological species concept (Rib®l& Papke, 2006).

An ecotype is defined as a bacterial populatiocupying the same ecological niche and
its divergence is purged recurrently by naturagéstedn. Cohan proposed a species concept as
"A species in the bacterial world maybe understasdan evolutionary lineage bound by
ecotype-periodic selection.” Most named bacterigécges may contain many bacterial
ecotypes, the bacterial ecotype is equal to tharyokic species, and the prokaryotic species
are consistent with eukaryotic genus (Cohan, 2@mD2). Ward (1998) also proposes a

"natural species concept” for prokaryotes basethemcotype concept.
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Bacterial strains showing high DNA-DNA hybridimon values (approximately 70% or
greater DNA-DNA relatedness, and 5 °C or 143%, both values must be considered) are
regarded to belong to the same species based dgahemic species concept” (Wayeteal,
1987). A further concept is the “phylogenetic spsatoncept”, various types of genetic data
like 16S rRNA, DNA-DNA hybridization, average nuctele identity (ANI) and the core
genes or housekeeping genes are used to recongkrylogenies and to thereby recognize
species (Rossello-Mora & Amann, 2001; Stackebra2@@6; Nesboet al, 2006). While
different genes are used for phylogenetic analyhis, classification (clades) of the same
group of organism may change, as each gene trieeteethe phylogeny only of the specific
gene. To avoid this, it is recommended to use a&s fial result the multiplicity of
phylogenetic trees (Doolittle & Bapteste, 2007; riktan, 2007). There is another species
concept called “phylophenetic species concept” twianchors the genomic species concept
within an ecological and evolutionary framework gRello-Mora & Amann, 2001). Species
are defined as “a monophyletic and genomically ceiecluster of individual organisms that
shows a high degree of overall similarity in mamgdeapendent characteristics, and is
diagnosable by a discriminative phenotypic propértyrhis definition integrates
character-based concepts that emphasize the pees€an apparent organism attribute with
history-based concepts that emphasize the degmetatédness of a new isolate to previously
characterized organisms. The phylophenetic specoesmicept was extended by
Sicheritz-Ponten and Andersson, they developedgdgenomic” way to illustrate microbial
evolution, and they linked the phylogenetic infotima with the flow of biochemical
pathways within and among species (Ogunseitan, ;2@dheritz-Ponten & Andersson,
2001).

Stackebrandt suggested a rather nominalistazainial species concept, by stating that
“The nonexistence of species as an objective cagefo.] has been recognized by
microbiologists for over 20 years. Bacteriologists particular follow guidelines and
recommendations to provide stability, reprodudiland coherence in taxonomy—although
in the final analysis, species description is stilbjective”. Nomenspecies are defined on the

basis of the characters of the type specimen; tgpodl species, this is the most widely
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accepted and operational species concept (Stacidtletaal, 2006; Hanaget al, 2005).

There are around 22 different concepts forniledi the species at present, different
species concepts highlight different propertiesspécies, such as phenotype, reproductive
isolation, phylogenetic relations, ecological r@ad so on (Pigliucci & Kaplan, 2006).
There is no clearly and universally accepted prpdar species concept until today, no
concept which can bear the heavy load of all thammgs and all the theoretical implications
can be generated. Different scientists interestedifferent lineages will choose the one
which is suitable to their research. But the latkgreement on the species concept has led to
some problems such as that a single species catebtfied as different species by using
different criteria.

For practice, a species definition is recomneenty thead hoc committee for the
re-evaluation of the species definition in bactegy: Prokaryotes within a species should
have sequence similarities of 16S rRNA gene higfinen 97.0% (or 98.7%). If the 16S rRNA
sequence similarity between two different bactes#ilains is higher than 97% then
DNA-DNA hybridization or comparable methods (e.gengme to genome sequence
comparison and average nucleotide identity (ANIjhaf genome) should be applied in order
to test if they belong to the same or to two défdérspecies (Stackebrarettal, 2002, 2006,
Auchet al, 2010; Richter and Rossello-Mora, 2009).

Genomic similarity determined by DNA-DNA hybizdtion was formerly considered as
‘gold standard’ method to determine the relatednastsveen bacterial species. But this
technique is very time consuming and cumbersomepéoform; variation between
experiments, techniques and laboratories makesfituit. Whole genome sequence could
solve all these problems but its cost are stilhhagd also time consuming. As reported, the
number of genes included in the core genome whoalains the genes presented in all strains
of the targeted species, appears to decrease asgemmomes of strains are compared, whereas
the relative size of the flexible gene pool incemsagkonstantinidis & Tiedje, 2005; Gors
al., 2007; Kuhnertet al, 2009). So, to find the taxonomic and phylogenetiationship of
bacteria, only the comparison of the core genonpeas to be suitable. The question is

which genes should be used for defining the gensimdarity. For this, using sequences of
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multiple protein-coding genes for genotypic chagaeation of diverse groups of prokaryotes
has been proposed (Gevetsal, 2005). Multilocus sequenc typing (MLST) is a nlkar
tool for epidemiological purposes and aims at thentification of allelic mismatches at the
loci of closely related organisnfgrwin & Maiden, 2003). The main advantage is toyide
unambiguous sequence data, which is the availalifitt comparability from any laboratory,
avoiding the problems of lack of comparability liksing DNA-DNA data. To establish
MLST, a set of housekeeping genes will be deterchimkeich have a higher level of sequence
divergence than rRNA genes to provide the resalutiiodistinguish closely related bacteria
lineages, but which are also conserved enoughamrgenetic information. Also, these genes
should be distributed across all members of thgetagroups and also be present as a single
copy only within the given genome (Martegtsal, 2007; Geverst al, 2005; Thompsost al,
2005). Expectations are that these analyses wilke ha positive impact on performing
taxonomic and biodiversity studies (Thompson & S8in2006). In MLSA, phylogenetic
analysis is based on the sequence similarity. TWergence level of the sequence influenced
by mutation or recombination which is ignored by $Lis taken into account in MLSA. So
MLSA is most suitable for species separation, irst the cut-off values for the similarities
values used to separation should be set (Gateat, 2005). Based on the former MLSA of
family Pasteurellaceaethey proposed that sequence comparison of thee thenegecN,
rpoA andthdF could replace DNA-DNA hybridizations (Zeigler, Z)0Kuhnert & Korczak,
2006). By using conserved primers for PCR and gserjog, they deduced the genome
similarity of the family Pasteurellaceadased on the sequence of these three genes. They
suggested that strains with the deduced genomdasiyivalue below 40% are belonging to
the different genera, and the strains with simpyaabove 85% linked to the same species. The
MLSA analysis results are in good agreement witst pasults for DNA-DNA hybridizations.
This strategy was shown to be a valuable taxon@itéznative to DNA—-DNA hybridization
(Mutterset al, 1989; Christenseat al, 2005 & 2007; Kuhnerét al, 2007; Bisgaaret al,
2007). From the MLSA analysis of genbdseeamophilusfour genes were used for MLSA
comparison, the results also supported the DNA-DN#bridization results

(Norskov-Lauristeret al, 2005). For different taxa, the selected housekgegenes were
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different, this value might be different.

Population genetics of prokaryotes

Population genetics is the study of evolutionararge in the genetic composition of
populations, so it focused on the mechanisms ofatiwt, natural selection, recombination,
migration and genetic drift that influence the exmnary rate of change in the populations
and also the amount and nature, distribution oymce and time, and the biological
significance of these changes (Whittam, 1995). ®btcomes of such investigations will
illustrate the population genetic structure, knalgke of the nature of allelic variation and the
role of different modes of recombination in geneigigenotypic variation.

To understand genetic variation of populatiomsyide range of phenomena must be
taken into account. There are three aspects tolgopu genetics: the description of variation
within populations, an assessment of the proceSsdscause this variation (which may
involve both field and laboratory studies), andaaly of theory that connects the cause of
variation with the effect of the variation. So thaeans we must know the processes that
generate new genotypes, which are mutation, regeraants within genomes, and the
passage of genes from one individual to another;plocesses that determine the fate of
genotypes: selection, migration between populatiamsl the laws of chance (i.e., genetic
drift). After we have sufficient informations onl #hese processes of particular populations,
the pattern of genetic variation can be detectethbyevel of genetic polymorphism, linkage
disequilibrium, spatial heterogeneity, temporalrgfes, and other indices from the sequence
analysis. Conversely, the observed pattern of traniaan inform us about the processes that
generated it.

The most likely starting point for a populatiganetic event is a mutation. The progeny
of a prokaryotic cell should in principle be genatly identical to its ancestor, but mutations
and HGT tend to abolish this identity over time. thtions increase the genetic diversity
between individuals. Point mutations accumulatehvat nearly constant rate at random
positions in the sequences and we can analyze biyesequence comparison until a certain

level of divergence (Hartl & Clark, 2007).
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HGT is a process in which genetic materiatasisfered from one organism to the others
which are not their offspring organisms. HGT isighly significant phenomenon amongst
prokaryotic cells, and it maybe the dominant forhgenetic transfer among the single-celled
organisms. HGT between prokaryotes can take plgc&dmsformation, transduction and
conjugation and usually occurs as an asymmetnadiange events between partners.

Transformation is the uptake of exogenous genetaterial from its surrounding
environment and its heritable incorporation int@ tpenome (Lorenz and Wackenmagel,
1994). In bacteria, DNA is taken up as a doublanstracross the outer and as a linear single
stranded across the inner membrane, also, uptgkalssequence have been found to favor
uptake (Maughaet al, 2010). Transduction is the process by which DEAansferred from
one bacterium to another by transducing bacterigphaThere is high variability in the
ability of bacteriophages to cross-react with sgawvithin the same species, between different
species of the same genus and between differestgehthe same family (Firgt al, 2001).
Bacterial conjugation is the transfer of genetictarial between bacterial cells by direct
cell-to-cell contact or by a bridge-like connectiogtween two cells. It occurs between donor
cells which have an F-plasmid (F+) and recipieriscat lack it (F-). The F+ initiate the
conjugation via the F pilus, then the genetic malgican be transferred from F+ to F- cells
(Griffiths et al, 2000).

The prevalence of HGT among prokaryotes magXptained by their often single-celled
lifestyle (Lan & Reeves 2000), as a newly trangf@drgene sometime can give the whole
organism immediate benefit like adaptive superorgometimes even in the absence of
sophisticated regulation. In eukaryotes, recommnatefers to the results of crossing over in
a symmetrical way between chromosomes during thetepe stage of meiosis. This happens
between members of the same species and even witibers of the same population. The
change of the genes happens frequently and nornadigther with reproduction. But in
prokaryotes, the genetic exchange occurs less drglyu than in eukaryotes as it is
independent from reproduction. As such, HGT in &aat may occur between different
species, genera or even domains, hence it is mitetl to the species level (Nelsen al,

1999). In bacterial HGT, parts of the genome whighge in size from a few kilobases in
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natural transformation to several tens of kilobasesphage-mediated transduction and,
potentially, hundreds of kilobases in conjugatiam ®e transferred from one cell to another
cell (Lan & Reeves, 2000).

While the level of mutation rates is rather ¢ansin bacteria (Draket al, 1998; Lynch
& Conery, 2003), the frequency of homologous recoation varies strongly between clonal
and panmictic populations (Cohan & Perry, 2007; Yo®idelot, 2008). The often large
effective size of bacterial populations favourdrargy influence of selection over drift (Lynch
& Conery, 2003) whereas obligately host-associatatteria such as endosymbionts or some
pathogens display population bottlenecks and hidggnexls of genetic drift (Herbeckt al,
2003; Kuoet al, 2009). Depending on the relevance of these iddal forces, the resulting
evolutionary patterns vary considerably betweefediht bacteria (Cohan & Perry, 2007,

Geverset al, 2005).

Methods to determine the bacterial population structure

To analyses the population structure, differargthods like serotyping, monoclonal
antibody typing, biotyping, bacteriophage typingll celectrophoresis and whole protein
extract electrophoresis can be used. But to ddtextpopulation genetic structure, the
informations on the frequencies of alleles shoudd dbbtained. The unbiased method for
studying genetic variation that would be widely lgab to a large number of genes in a
variety of organisms is the direct study of genad #heir products. The electrophoretic
separation of protein, isozymes and nucleic acrds useful tools for differentiating taxa
(lborahim et al, 2003). This can be used for detecting a mutatidnich results in the
difference of the electrophoretic patterns of teaeas or the different mobility of the protein it
encodes. The methods based on the electrophoresBO6-PAGE, MLEE, RFLP, RAPD,
DGGE, REP-PCR. SDS-PAGE and MLEE analyze the diffees of the gene products, i.e,
the proteins. SDS-PAGE has been used extensiveigdatification and classification at the
strain and species level. MLEE can give us a wanéinsights into the genetics, ecology and
taxonomy and identify clusters of closely relatediss. RFLP, RAPD, REP-PCR and DGGE

detect the differences between strains on the legfville DNA itself. RFLP is highly sensitive
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and rapid in detecting mutations. RAPD detectsntlutations randomly in the genome and
REP-PCR detects the distribution of repetitive elate. DGGE provides genetic diversity
and richness of the diversity in the microbial plagons. The major problem of these
methods is that the results obtained in differahbratories are difficult to compare or limited
by targeting only at special sites (Danggral, 2010; Selandeet al, 1986; Pourzand &
Cerutti, 1993; Williamset al, 1990; de Bruijnet al, 1996). MLMT is a method targeting
microsatellite regions and using the sequence @itko detect the population and genetic
characteristics of different species (Ochsenreidtesl, 2006; Meeceet al, 2011). All the
above methods are trying to achieve the high lesketiscrimination and giving the maximal
variation within the bacterial population, and thise population genetic structure can be

found more clearly and convincible.

MLST / MLSA As the sequence technology developed very fasbandme cheap and easy
to apply, MLEE has been adapted by identifying ledledirectly from the nucleotide
sequences of the internal fragments of housekeepemes rather than comparing the
electrophoretic mobilities of the enzyme they emzbdViultiiocus sequence typing (MLST)
determine the sequence of a set of housekeepirgs danrmally approximate 400-500 bp of
their internal fragment), then different sequenoéshe same gene are assigned as alleles.
Each strain used in the analysis will get an alfglefile which is also called sequence type
(ST). In MLST, the number of nucleotide differencbstween alleles is ignored and
sequences are given different allele numbers withtaking into account whether the
difference between two sequences is at a singlieotige site only or at many sites, e.g., as a
result of multiple mutations or even recombinatewvents. So, the number of nucleotide
polymorphisms between alleles affected by recontlmnaevents is normally higher than by
alleles affected only by point mutations. Multileacsequence analysis (MLSA) compares the
primary DNA sequences from multiple conserved pmeteding loci for assessing the
diversity and relationship of different isolatesass related taxa, thereby using an appropriate
phylogenetic or cladistic approach to illustrate ffopulation genetic structure (Naseral,
2005). The sequences of multiple (often seven) famn many hundreds of isolates of a

bacterial species, provide data that can be usaddress the population genetic structure and
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evolutionary biology of the species (Fat al, 2001; 2003). The distribution of alleles
investigated by MLST can be used to predict ifgbpulation structure is clonal or non-clonal
(panmictic). MLST is usually applied to strainstthielong to a well-defined species while
MLSA is more often used when species boundarienatrevell known and MLSA data are
used to improve species description (Yowetgal, 2008). MLSA has been widely used in
studies of several bacterial populations, suchLastobacillus genera (Naseet al, 2006),
Borrelia spp. (Richtert al, 2006),Mycobacteria(Mignard & Flandrois, 2008 Pseudomonads
(Young & Park, 2007)Burkholderia(Geverset al, 2005),Bradyrhizobium(de las Rivast al,
2009),HaemophilugNorskov-Lauritseret al, 2005),Ensifer(Martenset al.,2007; Marten®t al,
2008) andVibrionaceae(Goarantet al, 2006; Urbanczylet al, 2007; Thompsort al, 2008;
Thompsoret al, 2005).

Most of the population structures have beemyaed for pathogens. From the dataset
of MLST and MLSA analysis, most of the online detas

(http://www.mlst.net/databases/default.adpttp://pubmist.org/ are pathogens (Achtman,

2008; Maiden, 2006; Kiliaet al, 2008; Nuebeét al, 2010; Keymer & Boehm, 2011). But
pathogenic bacteria represent only a minority @f thtal bacterial diversity. The evolution
mechanism of pathogenic bacterial are governedhéparticular dispersal of their hosts and
immune selection pressures, which are distinctifgidint from those mechanism experienced
by the majority of bacteria occurring in the enuineent (Lange & Ferguson, 2009; Grenfell
et al, 2004). So, more attention should be drawn toedheronmental prokaryotes (soil,
sediment, lake Water, marine). The often low calitn success of the majority of
environmentally dominant bacteria has impeded ttatyais of population structure of natural
bacterial populations. As a result, only few stsdiecussed on environmental and free-living
prokaryotes (Doroghazi & Buckley, 2010; SikorskiN&vo, 2007; Vergiret al, 2007; Hunet
al., 2008; Sikorsket al, 2008a; Connoet al, 2010; Melendreet al, 2011).

The planktonic environment is especially welltesth to investigate the evolutionary
basis of diversity in environmentally significanadteria. The major environments are the
marine and freshwater environments. An aquatic renment is a small self-sustaining

ecosystem. The abundance and distribution of tekpbn is dependent on the nutrients, light
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and temperature. Bacterioplankton is important fbe nutrient cycles (nitrogen and
phosphorus). The composition of freshwater bacegs@ears to be different from the marine.
The natural freshwater lakes harbor a consideralblgr diversity of bacteria, there is a set of
"typical fresh water bacterioplankton" that wereurdid to be globaly distributed.
Proteobacteria Actinobacteria Bacteroidetes Cyanobacteria Verrucomicrobia and
Planctomyceteare the predominant component of the typical fneghr bacterial community.
The abundance of microbial cells in the freshw&ema Yumco was determined as 1.59 x
10° to 3.37 x 10cells mLC ! (Logueet al, 2008; Liuet al, 2009. Planktonic cells were
expected to be subject to lower rates of lateralegeeansfer than occur in denser bacterial
communities such as biofilms. This facilitated #tedy of the genetic variability of bacterial
ecotypes as it is comparatively homogeneous ané haser bacterial diversity compared to
other environments, yet still offers numerous ngclier closely related strains to coexist
(Jaspers and Overmann 2004; Acieasl. 2004). In particular, there are only few studies on
the freshwater bacterial population genetics akiblaThe oligotrophic alpine Walchensee
and mesotrophic Starnberger See are located iheswuGermany, both were selected for the
present study since a larger dataset on envirorah@arameters and several isolates are
already available from our previous investigatigBeunset al, 2003; Gichet al, 2005). The
family of Sphingomonadacea€Kosako et al, 2000; Leeet al, 2005) within the
Alphaproteobacteriaexist in different environments and are abundamt fieshwater
environmentsSphingomonadaceamn account for up to 22% of the cells in bacidankton
communities (Gloecknegt al, 2000; Zwartet al, 2002) and include physiologically diverse
bacteria such as aromatic-compounds degradingqisteaid aerobic anoxygenic phototrophs
(Kim et al, 2007). Therefore, the familgphingomonadaced®as been chosen as the target
group of the current study. Closely related ribetypof this typical freshwater
Alphaproteobacteriaco-occur and many can be retrieved by cultivat@ch & Overmann,
2006; Jaspers & Overmann, 2004). The studiesAlphaproteobacteriaby Gich et al
suggested that there were genetically and physaathg different strains of the same 16S
rRNA phylotype existing in the same oligotrophipiak lake (Gictet al, 2005).

In the present study, the population strucfréSphingomonadacea@ two lakes of
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different trophic state was elucidated based omgl-fesolution multilocus sequence analysis
of nine housekeeping genes. Sphingomonadaceasrains were isolated, and some strains
could not be distinguished by 16S rRNA gene. Ambtigam, a set of 52 strains was found to
have identical 16S rRNA gene sequences. Howevene suf these strains differed by their
growth rates, cell colors and shapes, and by 88 rRNA gene and ITS1 sequences,
indicating some level of divergence despite idetlt6S gene sequences. In order to study
the internal diversity structure amongst these irgraincluding potential taxonomic
implications at the level of speciation proces$#sSA was chosen as method of analysis for
this purpose. The genafpD (FOF1 ATP synthase, beta subuniiaK (bacterial homolog of
70kD heat-shock protein), fusAtufA  (elongation factors G/Tu), gap
(glyceraldehyde-3-phosphate dehydrogenagekL (bacterial homolog of 60kD heat- shock
protein), gyrB (DNA gyrase, B subunit)recA (recombinase A), andpoB (DNA-directed
RNA polymerase, beta subunit) were chosen for ttadyais. These housekeeping genes have
been found suitable for the analysis of otAgrhaproteobacterigvan Berkumet al, 2006;
Vinuesaet al, 2008). The MLSA results were combined with phgpm, physiological

characteristics for new species description.

Aims of the present study

The goal of the project is to elucidate the rdienmitation, recombination, genetic drift
and selection (such as selective sweeps) in shéayaicigrial diversity. Here, bacteria from the
family Sphingomonadaceas the Alphaproteobacteriare useds model groups. Compared
to soil and sediment, the planktonic environmensugable for the investigation of the
bacterial evolution and diversity, because it ismparatively homogeneous and has a lower
bacterial diversity, but it still offers numerougimes for closely related strains to coexist
(Jaspers & Overmann 2004; Acinasal. 2004). Molecular analyses of natural population
structrue and isolated strains in combination vétophysiological tests in the laboratory
were used to the elucidate factors governing biattewolution and diversification in the
model groups.

The population structure and the significandedifferent evolutionary events was
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analyzed based on the multilocus sequence analf/sisset of housekeeping genes using a
collection of isolates oSphingomonadacead ogether with the results of a physiological
characterization of the strains, this approach khallow to identify the role of adaptation
and selection in the origin and divergence of dipselated bacterial lineages. From the result
of the analysis, the population structure conceptemtially could be extended to the
taxonomic field of bacterial species delineation.

Several distinct lineages represent the sudpbpos revealed by MLSA were analysed;
phenotypic and genotypic characteristics were ifledtand analysed. The combination of
MLSA with phenotypic and physiological charactadastwill illustrate whether MLSA is
suitable and powerful for performing species taxomoand biodiversity studies leading to
new species description. Driving forces and thecgse of the speciation will also be under

discussion.
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Chapter 3
Material and Methods

Sampling site and targeted isolation of bacterial strains

The oligotrophic alpine Walchensee (802 m abozel®eel; maximum water depth of 190
m) is located in southern Germany and was samgleddistance of 30 m from the western
shore (47°3M, 11°20E). Mesotrophic Starnberger See (584 m above se#; lmaximum
water depth 128 m) is situated 23 km north of Wahdee and was sampled from a pier located
on the eastern shore near Ammerland (42°B4, 11°19%4E). Water samples were collected
on December 20, 2007, at a water depth of 1 m usibdge pump connected to isoversinic
tubing as previously described (Overmaeh al, 1998). For cultivation, basic synthetic
freshwater medium buffered with 10 mM HEPES (Bdrtsat al, 1999) was supplemented
with 20 amino acids, glucose, pyruvate, citrategx@glutarate, succinate (2Q6M each),
Tween 80 (0.001% v/v), a mixture of formate, aeetanhd propionate (20AM each), trace
element solution SL 10 and 10-vitamin solution géaset al, 2001). Signal molecules (CAMP,
N-butyryl homoserine lactonéy-oxohexanoyl-DL-homoserine lactone, ATP) were added
final concentrations of 10 uM each for growth stiation (Brunset al, 2002). Growth
medium (20Qul) was dispensed into the wells of sterile 96-welind bottom microtiter plates
and each well inoculated with aliquots of lake watentaining 50 cells. After incubated for 6
weeks at 1%C, bacterial cell growth was monitored by turbidifgositive cultures were
screened for the presence $phingomonadaceaasing a specific PCR protocol employing
novel primer Sphingo866f (5-CGCATTAAGTTATCCGCC-3and primer Alf968r
(5-GGTAAGGTTCTGCGCGTT-3') (Neef, 1997). 36-46%thE cultures obtained from both
lakes were identified aSphingomonadaceaand were subcultivated on agar plates prepared
with washed agar, basic synthetic freshwater medama 1:10 diluted HD (0.05% casein
peptone, 0.01% glucose, 0.025% yeast extract, \d¥)the 95 strains recovered, 52 strains

originated from Walchensee and 43 from Starnbebgex.
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Sequencing and phylogeny of 16S rRNA genes

16S rRNA genes were amplified with primers AIfl8~CTGGCTCAGARCGAACG-3")
(Manz et al, 1992) and 1492R (5-GGTTACCTTGTTACGACTT-3) (lgn1991). PCR
products were purified with the QIAquick PCR puwé#tion kit (Qiagen) and sequenced by the
dideoxynucleotid method on an ABI Prism 3730 genenalyzer (Applied Biosystems),
employing the AmpliTag FS Big Dye terminator cydequencing kit. Small nucleotide
differences were confirmed by repeating the PCRti@as and sequencing. Sequences were
edited and assembled with the Vector NTI computackpge (Invitrogen). Phylogenetic
analysis of 16S rRNA gene sequences was perforntbdive ARB software package (Ludwig
et al, 2004). Sequences were automatically aligned thighintegrated Fast Aligner tool, and
the alignment corrected manually according to seapnstructure information. The resulting
alignment spanned 1231 bp. Phylogenetic trees wenstructed based on the Maximum
Likelihood, Neighbor Joining and Maximum Parsimoalgorithms. Bootstrap values were
calculated with 1,000 bootstrap resamplings. 168ARene sequences of the closest relatives
were identified by the NCBI BLAST online tool (htffiblast.ncbi.nim.nih.gov) and

classification was verified by the RDP classifier.

Multilocus sequence analysis (MLSA)

Sequencing of nine housekeeping genes. AtpD (FOF1 ATP synthase, beta subundjaK
(bacterial homolog of 70kD heat-shock proteifysAtufA (elongation factors G/Tu)gap
(glyceraldehyde-3-phosphate dehydrogenag®k-L (bacterial homolog of 60kD heat- shock
protein),gyrB (DNA gyrase, B subunityecA (recombinase A), anghoB (DNA-directed RNA
polymerase, beta subunit) were chosen for MLSA séh®usekeeping genes have been found
suitable for the analysis of oth&lphaproteobacterigvan Berkumet al, 2006; Vinuesat al.,
2008). In the genomes @&phingopyxis alaskensRB2256 (DSM 13593), Sphingomonas
wittichii  RwW1' (DSM 6014), Sphingobium japonicumUT26', Novosphingobium
aromaticivoransDSM 12444, Zymomonas mobilisubsp. mobilis ZM4, and Zymomonas
mobilis subsp.mobilis NCIMB 11163, the nine genes occur only in a singdpy (with the
exception of groEL in DSM 2444). ExceptfusAtufA, most of the genes are rather evenly
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Table 1. Fragments, primers sequences for amplificatiod sequencing, and Genbank accession

numbers of the obtained partial sequences.

] Fragment Annealing )
Locus Primers Genbank accession No.
length (bp)* temperature**

atpD F: 5-CAGGTCATYGGHSCVGTCG-3' 882 62°C, 57°C HQ881405-
F: 5-GCAYCTSGGYGARAACACCGT-3' HQ881449
R: 5'-GCCGACCATGTAGAAVGC-3'

danK F: 5-TVGGHACVACCAACAGCTGYGT-3' 1245 62°C, 57°C HQ881350-
R: 5-TTRCCBGTGCCYTTGTCCT-3' HQ881404

fusA F: 5-ACCGGYAARTCCTACAAGATCG-3' 546 62°C, 57°C HQ881313-
R: 5'-ACCTTGAAYTCGCGCTTCAT-3' HQ881349
F: 5-ATGGAYTGGATGGAGCAGGAG-3'
R: 5-ATCCTGTTCGACGGCGAGTT-3'

tuf F: 5-GCCGAYTAYGTGAAGAACAT-3' 702 65°C, 60°C HQ881252-
R: 5'-GTSGTGCGGAAGTAGAACT-3' HQ881312
F: 5-GCCGAYTAYGTGAAGAACAT-3'
R: 5'-GTSGTGCGGAAGTAGAACT-3'

gap F: 5-TGCACSACCAACTGCCT-3' 435 59°C, 54°C HQ881229-
R: 5-TTSGAGAAGCCCCATT-3' HQ881251

groEl F: 5-GTCGARGGCATGCAGTT-3' 789 65°C, 60°C HQ881204-
R: 5-ACCTTSGYCGGRTCGAT-3' HQ881228
F: 5-GCSGGCATGAACCCGAT-3'
R: 5'-GCRCGNAYGATGTCGAT-3'

gyrB F: 5-TCGGGBCTSCACCAYAT-3' 813 60°C, 56°C HQ881135-
R: 5-ACRTCVGCGTCGGTCAT-3' HQ881203

recA F: 5-CGCTBGAYCCBGTCTATG-3' 468 59°C, 54°C HQ881102-
R: 5'-CGAAYTCRACCTGCTTG-3' HQ881134
F: 5-ATCGTSTCGCAGCCCG-3'
R: 5'YTTSGCATTYTCRCGBCCCTGVCC&'

rpoB F: 5-GCCVAAYGAYCTGATCAACG-3' 1080 63°C, 58°C HQ881021-
R: 5-CTTYTCTTCCGGCGTCATCG-3' HQ881101

*

*%*

Fragment lengths are based on the genorSploihgopyxis alaskendRB2256.

Using step-down PCR, 10 cycles at the first anneaéingperature followed by 20 cycles at the secompézature.
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distributed across the genomes (at a mean distdridel % of the genome size; Fig. 1).
Specific primers (Table 1) were newly designedtf@a Sphingomonadacedgased on the

available genomes listed above. Suitable anneaémgperatures were determined using
genomic DNA of strainsSphingomonas abaddSM15867, S. aerolataDSM14748, S.
aurantiacaDSM14748, S. faeniDSM14747, S. fennicaDSM13663, S. haloaromaticamans
DSM13477, S. panni DSM15761, S. pseudosanguinisDSM19513, Sphingopyxis
witflariensis DSM14551, Novosphingobium hassiacunDSM14553, Sphingomonas
kaistensisDSM16846, and Sandarakinorhabdus limnophilBSM17366 to cover the broad
phylogenetic diversity of the group. PCR producesevpurified with the EXoSAP-IT clean-up
kit (GE Healthcare). @l of PCR product and 04d ExoSAP-IT were mixed and incubated in a
thermal cycler at 80°C for 15 min and then at 376€ 45 min to remove the remaining
deoxynucleotides and primers. Purified productsewagirectly sequenced in the forward and
reverse direction employing suitable sequencingers (Table 1).

For the determination of environmentpirB sequences, cells fro260 to 500 ml of lake
water were collected onto Isopore polycarbonate bmane filters (pore size 0.Am pore,
diameter 47 mm; Millipore GmbH, Schwalbach, Germaaryd DNA was extracted using the
protocol of Fuhrmaret al (1988) as modified by Marschat al (2010). DNA concentrations
were determined by fluorescent dye binding withoRieen (Invitrogen, Karlsruhe, Germany)
employing a microtiter plate reader (Tecan InfitM00, Mannedorf, Switzerland). A library

of 59 clones was generated from gyeB amplicons and sequenced.

Phylogenetic analysis. Maximum Likelihood, Neighbor Joining and Maximum r§lenony
trees were constructed from alignments of the demeded sequences of housekeeping genes
using ARB. The output was used to construct a ntgjoule consensus tree with the
CONSENSE program of Phylip 3.69 (Felsenstein 19%)lit decomposition analysis was
conducted based on the concatenated sequencesSitgjree 4.11.3 (Huson and Bryant,

2006). Nucleotide sequence accession numbers\ae o Table 1.

Population genetics

Recombination analyses. Initial evidence for recombination was obtained thg phi test
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(Bruen et al, 2006) as implemented in Splitstree (Huson anglaBr 2006). Maximum
Likelihood trees were reconstructed from both tlomoatenated and the individual gene
sequences using PhyML (version 3.0) (Guindon andc@a, 2003) with the general time
reversible (GTR) model of nucleotide substitutianBioNJ tree as initial tree, and a discrete
gamma model with 4 categories and the gamma sha@enpter estimated by PhyML. The
approximate likelihood-ratio test (aLRT) was usedestimate the reliability of branching
patterns in PhyML (Anisimova and Gascuel, 2006)e Thsulting trees were compared to
identify individual recombination events for eackng. Recombination breakpoints were
detected using seven non-parametric methods RDP, GENECONbptdgan, Maxchi,
Chimaera, SiScan, and 3Seq of the RDP 3.0 softpackage under default parameters, a
highestp value of 0.05, and Bonferroni correction for mpii comparisons (Martiet al,
2010). The order of genes in the concatenated sequeasatpD (position 1-882),dnaK
(886-2118),fusA (2122-2667) tufA (2671-3372)gap (3376-3810) groEL (3814-4602)gyrB
(4606-5418),recA (5422-5889), andpoB(5893-6972), with the genes separated from each
other by three N. To compare levels of recombimati@tween the different housekeeping
genes, canonical correlation were calculated froeir tdistance matrices using the Mantel-test
implemented in the R! package ade4 and 1,000 MGatk permutation (Chesset al,
2004).

The average number of nucleotide differences pgerlstween two sequencesand the
proportion of segregating (polymorphic) sit8samong all sites were calculated with DnaSP
(Librado and Rozas, 2009). The significance of mdomation relative to mutation was
assessed using ClonalFrame (Didelot and Falush7)2B@sed (i) on the ratio/m of the
probability r for an individual nucleotide to be altered througftcombination and the
probability m of point mutation, and (ii) on the ratio of thesalute population-scaled number
of events 4/8,). In addition tg/&,, the parametarm takes into account the average number of
nucleotide differences per site and the average tract length of recombining secpse
(Jolleyet al, 2005). 100,000 Monte Carlo Markov Chain stepsewerformed, discarding the
first half as burn-in. Another estimate of the gatif absolute numbers of recombinations to

mutations p/ &, was derived from the population-scaled recomimnatatep and Watterson’s
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estimator for the population mutation rafe that were both estimated using the program
Pairwiseof the LDhat package (McVeat al, 2002).
Linkage equilibrium was estimated on the level dieles using LIAN 3.0 with a

nonparametric Monte Carlo procedure and 100,008mpBngs (Haubold and Hudson, 2000).

Neutrality tests. # and S were used to determine two different estimatorshef population
mutation rate8, andBs that in turn served to determine Tajima’s D (Taijirh989a,b) value
with DnaSP. In addition, the McDonald-Kreitman (Mtst (McDonald and Kreitman, 1991)
was performed as implemented in DnaSP (LibradoRomhs, 2009).

Effective population size. The effective population siz¥, is the number of individuals in an
ideal population that exhibits the same evolutigreamd population genetic properties as the
real population under observation (Whitlock, 20@éy was calculated following Lynch and
Conery (2003). The average number of substitutimetsveen silent sited) was determined
for the concatenated set of genes using DnaSPegdtiveators; for the prokaryotic population

mutation ratéNgll was calculated according to
_ 15IH
/7_—
(3-4[H)
and then used to estimaly assuming a mutation raje of ~ 2.3-10° per base and per

generation (Draket al, 1998; Lynch and Conery, 2003).

Ecotype simulation. The number of putative ecotypes (PE) was estimatdg Ecotype
Simulation (ES) (Koeppsdt al,, 2008) that tests combinations of different valter mutation,
selection and drift in a coalescence simulationasidg complete linkage clustering (Jeiral.,
1999; Martin, 2002). Ecotype demarcations were queréd automatically using the

single-gene PhyML trees as input trees.

Phenotypic characterization

Strains were streaked on agar plates contaihihf diluted HD and incubated for 2-7
days to yield sufficient cell mass. The Gen Ill roglates (BiOLOG, Hayward, CA, USA)
were inoculated with cells resuspended in the ilatimn fluid IF-A according to the

recommendations of the manufacturer, incubatedhéndark at 28°C and read after 3-6 days
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using the Omnilog-PM reader in the Single Read I@de1 After subtraction of the value of

negative control, raw data were analysed using#se installation of Rmww.r-project.org.

The distribution of the mean values from two rejmts for 94 phenotypic reactions from 48
strains (Fig. 8) suggested a reading of 100 torbappropriate threshold value to distinguish
positive from negative (coded as 1 and 0, respelgliveactions. The resulting matrix was used
to generate a UPGMA tree with MEGAbS.0 (Tametaal, 2011) and evolutionary distances
were computed using the p-distance method. Varsant¢he readings for all strains and each

substrate were plotted as jittered values and mgltis using ggplot2 (Wickham, 2009).

Physiological and chemotaxonomic characterization of new species

Cultivation and growth media For a systematic phenotypic comparison of the

environmental isolates with validly named referersteins of taxonomic value, the type
strains of species in the generaSghingomonasnd SphingobiumCaulobacter leidyiDSM
4733, Sphingomonas paucimobili®SM 1098, Sphingomonas wittichiDSM 6014,
Sphingomonas panfdSM 15761, Sphingomonas echinoidd3SM 1805, Sphingomonas
alaskensisDSM 13593, Sphingomonas aquatili®SM 15581, Sphingobium yanoikuyae
DSM 7462, Sphingobium amiens®SM 16289, Sphingobium scionensBSM 19371,
Sphingobium vermicompoddiSM 21299, Sphingobium japonicu@SM 16413 were chosen
from the DSMZ collection. Strains 247, 30B82 were isolated from mesotrophic prealpine
Lake Starnberger See, strain 46@as isolated from oligotrophic alpine Walcheng&estrains
mentioned above were routinely cultivated on DSM 88edium (R2A agar) (containing
0.05% w/v yeast extract, 0.05% peptone, 0.05% Casaatids, 0.05% glucose, 0.05% starch,
0.03% sodium pyruvate, 0.03%,HPOy, 0.005% MgSQ 1.5% agar; pH=7.2) (Reasoner &
Geldreich, 1985) at 28C.

Physiological analysis  Growth was tested between pH values of 5 to Lihervals of

1 pH). Temperature dependence of growth was asbésteeen 8 and 45°C (at intervals of
3°C) using temperature gradient incubator (Model-3NSangyo). Cell morphology was

determined by phase-contrast microscopy using egated slides (Pfennig & Wagener, 1986)
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and transmission electron microscopy. Bacteria wieted with 2% glutaraldehyde and 5%
formaldehyde in cacodylate buffer, treated vifh agueous osmium and then dehydrated with
a graded series of acetone on formvar-coated dfmscontrasting, 2% uranyl acetate in 70%
acetone was useB8amples were examined in a TEM910 transmissiontreleanicroscope
(CarlZeiss, Oberkochen) at an acceleration voltage d\8@ell motility was evaluated using
light microscopy and soft agar (0.1% w/v yeastaotir0.01% KHPO,, 0.2% Agar).

The Gram-type was determined using the BactideninAmeptidase kit and confirmed by
the KOH test. Catalase activity was determined singi110% (v/v) HO, and oxidase activity
using N, N, N N'-tetramethylp-phenylenediamine. Physiological and biochemical
characteristics, and enzyme activities were detethiby employing APl 20NE, APl ZYM,
API1 50CH test strips (bioMérieux) and Biolog Gehriicroplates (BiOLOG, Hayward, CA,
USA) according to the instructions of the manufestu Susceptibility to antibiotics was
determined on R2A agar plates using the discs gidfumethod (NCCLS, 2007) (in ug per
disc): penicillin G (10), oxacillin (5), ampicillil0), ticarcillin (75), cefalotin (30), mezlocHli
(30), cefazolin (30), cefotaxim (30), aztreonam)(3thloramphenicol (30), tetracyclin (30),
imipenem (10), gentamycin (10), amikacin (30), wangcin (30), erythromycin (15),
lincomycin (15), ofloxacin (5), colistin (10), ndwkacin (10), pipemidic (20), bacitracin (10),
polymyxin B (300), nitrofurantoin (100), neomyci®Q), kanamycin (30), doxycycin (30),
clindamycin (10), ceftriaxone (30), fosfomycin (50hystatin (100), linezolid (10),
moxifloxacin (5), quinupristin/dalfopristin (15),iperacillin/tazobactam (40), and teicoplanin

(30).

Biomarker analysis Fatty acids, respiratory quinones, polar lipidad polyamines

were extracted from cells grown on R2A medium. fatty acid analysis, 40 mg wet weight of
fresh cells were harvested from the agar plated, extracted according to the standard
protocol of the Microbial Identification system &Sar, 1990). Respiratory quinones were
extracted from 200 mg freeze-dried cell materiatl amalysed according to the method
described by Tindall and Collins (Tindall 1990a,Tindall, 2005; Collins, 1994). Respiratory
guinones were first separated by their structuledses (such as menaquinones, ubiquinones)

using thin later chromatography (TLC). The resgjtands were eluted and further separated
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and identified by HPLC, using a RP18 column (TihdEd96). Polar lipids were extracted from
100 mg freeze-dried cell material, separated by-dweensional chromatography and
identified by theilRg values in combination with their reaction with sifie staining reagents
(Tindall 1990a, b). Polyamines were extracted fd®nmg of freeze-dried cells and analyzed
using the method of Busse & Auling (1988). The dete was carried out on a Hypersil ODS
RP 18 column (25 by 4.6 cm,bparticles) using a Beckman gradient liquid chragedaph

(model 332) equipped with a Waters model 420 EGrélacence detector.

Genetic and phylogenetic analysis Genomic DNA extraction and 16S rRNA gene

sequencing were performed as described above. Timerp used here were 8F
(5-AGAGTTTGATCCTGGCTCAG-3") and 1492R (5-GGTTACOIGTTACGACTT-3')
(Lane, 1991). Additional 16S rRNA gene sequenceshef type strains of all species of
Caulobacter of all type species of relevant genera of 8phingomonas, Sphingobipand of
the type strains of all other dimorphic prosthecaphaproteobacterial species (in the genera
Brevundimonas Phenylobacterium Asticcacaulis Maricaulis) were retrieved from the
GenBank database (Altschet al, 1997) and imported into the ARB program package
(Ludwig et al, 2004). Automated alignments of the Fast Aligroal were corrected manually
according to secondary-structure information toldyian alignment of approx. 1500 bp.
Phylogenetic trees were constructed with the Fastdnmaximum likelihood algorithm as
implemented in the ARB software package. Sequencesaion numbers are provided in Fig.
14,16. The mol% G+C content of DNA was determingdi@scribed by Mesbadt al. (1989).

For DNA-DNA hybridization, cells were disrupted loging a French pressure cell (Thermo
Spectronic) and the DNA in the crude lysate wasifipdr by chromatography on
hydroxyapatite as described by Cashéainal (1977). DNA-DNA hybridization (DDH) was
carried out as described by De Ley al (1970) under consideration of the modifications
described by Huset al (1983) using a model Cary 100 Bio UV/VIS-spechrometer
equipped with a Peltier-thermostatted 6*6 multiadlanger and a temperature controller with

in-situ temperature probe (Varian).
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Chapter 4
Results

Population structure of freshwater Sphingomonadaceae in the two lakes

Of the 569 positive primary liquid cultures genethfrom Walchensee and Starnberger See
samples, 46 and 36%, respectively, were identiis&phingomonadaceagsing the specific
PCR screening protocol. From tBphingomonadaceaenrichments, a total of 95 strains were
subsequently isolated in pure culture. Phylogermtiglysis revealed that 6 distinct phylotypes
(G1A, G2A, G2B, G2D, G3A, G3B) had been isolatedtiple times (Fig. 2A, dashed boxes).
For each phylotype, multiple isolates were avadalidne phylotype (designated G1A) strongly
dominated the culture collection and was represebye52 isolates. G1A also be the dominant
phylotype in the nature population loysitu analysis.

To assess the DNA polymorphisms, the populationcgire of Sphingomonadaceaeas
elucidated based on the sequences of nine housegegpnes. Compared to most previous
studies that typically employed 7 housekeeping genes (compare the PubMLST wehsite
http://pubmlst.org/listing 74 MLST projects), we increased the numbeérloci in order to

improve the robustness of our analysis. Each offthatrains was found to represent a unique
haplotype, i.e., a unique combination of alleliates of genetic markers (Fig. 2B). Similarly, all
isolates were unique on the level of the deduceth@racid sequences. We determined high
levels of nucleotide diversityrof >0.1 and high proportions of polymorphic sequeessites of up
to 79% for the individual housekeeping genes (Ta2bl&Vatterson’s estimator for the population
mutation rateés ranged from 0.073 to 0.145 bgeneratiof. Of the genes analyzedyrB
exhibited the by far highest sequence diversity r@a& comparatively low nucleotide diversity
was detected fodnaK and groEL within the G1A cluster (Table 2). The pairwise aligence
values of concatenated sequences of the 52 idephglotypes within the G1A cluster were 0.4
to 19.6 %. The genetic diversity values detected3bA strain which sharing the same 16S gene
sequences were range from 0.0f8oEL) to 0.252 ¢yrB). They are unusually high values
comparing to other studies.

The majority rule consensus tree for the conedezh housekeeping genes followed the
overall phylogenetic structure of the 16S rRNA getnee, confirming the presence of
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Fig. 2. Relatedness of 95 strains $iphingomonadacedeom Walchensee and Starnberger See based on
16S rRNA gene sequences and concatenated sequéntae housekeeping genés Unrooted
Maximum Likelihood reconstruction of the 16S rRNAng sequence phylogeny. Strains with
identical 16S rRNA gene sequences are placed withghed boxe®. Majority rule consensus
tree calculated from Maximum Likelihood, Maximum r8ienony and Neighbor Joining
phylogenetic trees of the concatenated sequencés lajusekeeping gene€. Phylogenetic
network generated by SplitsTree based on the cenatdd set of nine housekeeping genes.
Strains within the same grey area are inferredetpdnmictic (see text). Bars denote 0.01 fixed
point mutations per nucleotide. Different coloumsle for different subclusters according to the

SplitsTree analysis (see C.).

phylogenetically distinct groups (Fig. 2B). Theree anumerous polytomies present in the
consensus tree, and the initial phi test for redoatlbon which implemented in Splitstree
revealed statistically significant evidence foraebination for the entire dataset. A phylogenetic
network provides a better representation of theatieiships between the 95 different
Sphingomonadaceadaplotypes (Fig. 2C). The split decomposition gsial revealed the
presence of eight distinct subclusters among th&tr@bns. Most notably, three of the subclusters
fell into the same 16S rRNA phylotype G1A.

To address the potential influence of a selech@s during cultivation on the population
structure ofSphingomonadaceaeave tested for the presence and phylogeneticiaitin of
additional sequence types of housekeeping gertbe itwo lakes. ThgyrB gene was chosen for
this analysis, as it displayed the by far largesfugnce diversityramong all 9 housekeeping
genes (Table 2) which renders this gene most deitéd detect additional diversity. 59
unambiguous cloned sequences, representing 32atiffsequence types were obtained of which
six (marked by dashed boxes in Fig. 3) corresponidetypes already present in the culture
collection. Analysis of the phylogenetic positiohtbe cloned sequences wesnducted using
SplitsTree for a better comparability with the désuof the MLSA. Whereas 22 of the
environmental sequences formed two additional amyipusly undetected sequence clusters
within the radiation ofyyrB, the remaining environmental sequences clustergtsequences of
the cultivated strains (Fig. 3). There was no ddtipopulation substructure of the freshwater

Sphingomonadaceae Walchensee and Starnberger See.
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Fig. 4. Comparison of single-gene phylogenies of the moasekeeping genes. The number of strains
within each MLSA subgroup (compare Fig. 2C) andcakor-code are given in the upper left. The
upper left tree surrounded with red line is thedmrsed consensus tree of the nine housekeeping
genes. For the other nine trees, every singlecme@sponds to a housekeeping gene. The name of
the gene is marked in the upper right of every.tRed errors denote recombination events that
were identified by comparison of the branchingqrais. Bars denote 0.01 fixed point mutations per

nucleotide.

Analysis of the evolutionary forces underlying the population structure

A comparative analysis of the single-gene phyhigge of the nine housekeeping genes
revealed candidates for numerous recombinationts\aaross the groups G1A, G2, and G3 (Fig.
4). 150 recombination breakpoints were detectechgusieven non-parametric recombination
detection methods as implemented in the RDP packatjerecombination breakpoints were
detected with at least two methods, 86% with adtléaree methods, 73% of the breakpoints were
detected with four methods, and approximately onartgr of the breakpoints (24.7%) was
detected with all seven methods. This number obrréxnation breakpoints is somewhat higher
than that reported for a comparable numbeYibfio choleraestrains and for 7 genes (Keymer and
Boehm, 2011). We then analyzed the congruence sifirtie matrices of the single genes by
applying a Mantel test (Chessal al, 2004). For most genes, a significant positiveretation of
the distance matrices could be shown (Fig. 5).h@friine housekeeping gendsaK groEL and
gapdisplayed the highest correlation among each athdrwith the concatenated tree. In contrast,
a clear lack of congruence was observed betwgeB andgyrB as compared tdnakK, groEL, and
gap. Notably,gyrB of Pseudomonas syringdmas also been documented to yield phylogenegstre
that are incongruent to those of other housekeegamgs (Sakar and Guttman, 2004). Based on
this initial evidence, the impact of recombinatiam shaping the diversity of freshwater
Sphingomonadaceagas assessed further.

The population recombination ratescalculated for the individual housekeeping geresyed
between 0.005 and 0.033 tgeneratioft for the entire set of strains and between 0 a@810bp*
generatiort for the G1A cluster (Table 2). These rates are pamable with the gene-specific
values of other species and indicate that the poesef extraordinarily effective recombination
barriers between the differe@phingomonadaceagenomes is rather unlikely. In contrastdo
Watterson’s estimator for the population mutatete €& (Table 2) surpassed the values reported in
the literature (see above) and resulted in a K@tid & that is lower than in many other bacterial

species. Similarly, the second estimate for th® @t recombination to mutationy 8; was low.
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Our results indicate that the mutation rate forhallsekeeping genes investigated was between 2
and 8-fold larger than the per locus recombinataia. Taking into account the average tract length
of recombination events) yields the ratio of probabilities that an indival nucleotide will be
altered through recombination and point mutatidm (Jolley et al, 2005). Our corresponding
values for individual housekeeping genes reach@8 for all strains and 4.42 for G1A (Table 2).
Calculations based on the concatenated sequereldedfi/m values of 5.83 (confidence interval,
5.30-6.38) for all 95 strains of freshwatgphingomonadacead.04 (C.I., 2.81-5.61) for G1A but
only 0.06 to 1.73 for the remaining seven subpdpmia. These results place our
Sphingomonadaceaisolates well in the middle in a ranking list abrhologous recombination
rates of approximately 48 species, and the relatiact of recombination on population structure
of Sphingomonadaceaées markedly lower than most of other free-livingjuatic bacteria
investigated (Vos and Didelot, 2009).

dnaK groEL gap conc. atpD tufA rpoB gyrB fusA recA
dnaK ye[e]e]

{EIE80.907 [1.000

gap

conc.

atpD

tufA 0.294
— rpoB 0.038 -0.03 0.027 0.203 0.231
—— gyrB 0.000 -0.01 -0.008 0.233 0.183
| —— fusA 0.271 0.193 0.291
—— recA 0.241 0.177 0.187 0.280

Fig. 5. Congruence of distance matrices for 9 housekeggengs of 9%5phingomonadaceastrains from
Walchensee and Starnberger See. Canonical coorelailues as determined with the Mantel-test
are given. Values in italics indicate a lack ofretation p > 0.17). All other correlation values were
highly significant p < 0.001). The grey shades indicate varying legélsorrelation. The canonical

correlation values were used as input for the efusnalysis by UPGMA depicted on the left.

Based on simulation studies, th&k values of all strains range from 0.064 to 0.288,G4A
strains range from 0 to 0.261, only the value figgnetuf was above 0.25. Though our estimates,

the & (Table 2) was larger than those used in theselaiions.
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To further assess whether the recombination ratesufficient to maintain a panmictic
population structure of th®phingomanadaceawe finally tested for the linkage equilibriumtbie
9 housekeeping genes among and between all saathsts subpopulations. Low values for the
standardized index of associatif between 0 and 0.117 were found to be not sigmifiga >
0.075) for alleles within the eight individual sulpulations G1A1, G1A2, G1A3, G2A, G2B, G2D,
G3A, and G3B (colored rectangles in Fig. 6). Hertbe, null hypothesis of linkage equilibrium
within the eight subpopulations was not rejectadcdntrast, theaf® for pairwise combinations of
the eight subpopulations and for the three submtioms of G1A or G2 were significanp €
0.0041) and reached values af lof up to 0.380. Consequently, the null hypothesfisfree
combination between the eight different subpopaoretihas to be rejected. Taken together, our
multipronged recombination analysis indicated iresip sexual isolation (denoted as distinct grey

area in Fig. 2C).
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Fig. 6. Analysis of linkage disequilibrium within and befeve the 8 individual subpopulations G1A1,
G1A2, G1A3, G2A, G2B, G2D, G3A, and G3B based andheles of 9 housekeeping genes. The
standardized index of associatiop®land its significance level as determined with NI®.0 are
given. Results for analysis within individual supptations are color-coded as in Fig. 2C. Results
for pairwise combinations of subpopulations arewshas black dots, and those for multiple
combinations (i.e., all subpopulations of G1A or)@2e shown as open circles. The dotted line

denotes a significance level pf 0.01.
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In order to test for selective neutrality of tmwestigated genes, we used the Tajima’s D and
MacDonald-Kreitman (MK) tests. None of the geneghim entire population and in G1A yielded a
significant deviation from O for Tajima’s D (Tak®¢. The same holds true for the subgroups G2
and G3. The only exception was tigap gene that exhibited an extremely low population
recombination rate and unrealistic long averaget temgth in G1A (Table 2). For the MK test of
the observed eight individual subpopulations angl dusters (Table 3), the neutrality indices
between the subgroups within each of the larger Mctisters G1A, G2, and G3, none of the
genes showed a NI value significantly smaller thamBut there are deviations of the neutrality
indices between subpopulations which from diffedanger clusters G1A, G2 and G3. For every
comparison, not all genes showed significant denat the genes which shown deviations were
displayed in Table 3.

In order to address the potential power of natsestction versus genetic drift, we determined
the effective population sizM,, following Lynch and Conery (2003). The effectipepulation
sizesN for G1A, G1A1, G1A2, G1A3, as determined from tdomcatenated set of genes, were 9.3,
3.6, 6.6, and 5.6x(1(P), respectively. Th&le value detected by the freshwaSshingomonadaceae
is in the range of the largest values comparinth&éoother studies. Additionally, the Tajima’s D
values were generally close to zero.

As a final aspect of the population genetics of Sphingomonadaceathe potential effect of
geographic isolation by the two different lakes [dansee and Starnberger See) was investigated.
A visual inspection of the distribution of isolatasross the phylogenetic trees depicted in Fig. 4
according to their geographical origin revealedbwious clade specific for either lake, suggesting
a rather low, if at all, influence of geographipagration on th&phingomonadaceg®pulations. It
was supported by an analysis of the distributiosexfuence divergence values (percent sequence
dissimilarity) across all pairwise comparisons efjgences per lake (Fig. 7). Generally, the
distribution of sequence divergence values was sanjlar in both lakes, with the majority of
sequence divergence values at approximately 15-228uence diversity across all isolates per
lake. Only at three data fractions (columns) of lletogram a significant difference between both
lakes was found (Fig. 7). These findings may bepstiprve of the above finding of a rather low, if
at all, influence of the geographic separation. Ewesv, it should be noted that the comparison of

distribution of sequence divergence values isgnsindirect test for geographical isolation.
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Distribution of sequence diver gence of ML SA data

Fig. 7. The distribution and density of the sequence diece values from all pairwise comparisons of
the concatenated sequences of nine housekeepieg.geme histogram depicts the distribution of
sequence divergence values across all pairwise anisops of sequences from Starnbergersee. The
green and red lines represent the density distoibubf the sequence divergence values from
Starnbergersee and Walchensee, respectively. Thevdae obtained from the cumulated sequence
divergence values by using thést() and density()functions from the base installation of the R!
software. The lightbluep(= 3.04e-05), bluep(= 0.045), and pinkisip(= 7.42e-09) arrows indicate
those fractions of sequence divergence values wistaenbergersee and Walchensee differ
significantly (using thdinom.test(function in thestatspackage in R! This test performs an exact
test of a simple null hypothesis about the hypadtieels probability of success [here: 50%] in a

Bernoulli experiment).

Metabolic diversification and itsrole in nicheinvasion

To obtain a first insight into the presence of egatally distinct subpopulations within the
freshwaterSphingomonadaceaave analyzed the dataset using Ecotype Simulgtis®). This
method aims to estimate the number of ecologiach#itinct populations within a given clade based
on a simulation of evolutionary dynamics (Koeppelal, 2008). Because of the considerable
recombination detercted among tBphingomonadacea&S was performed separately for the all
housekeeping genes. For every gene, the numbeutafiye ecotype of all strains was always
bigger than number of the subpopulations identibgdhe phylogentic analysis (Fig. 2C). Within
G1A, the following numbers of putative ecotypes evlypothesized: 18&{pD), 11 @dnakK), 14
(fusA), 38 ¢ufA), 8 @ap, 6 (@roEL), 37 @yrB), 22 (ecA), and 33 i(poB). The subgroups
recognized by phylogenetic analysis within G1A tdusvere G1A1l, G1A2 and G1A3, obviously

the number of putative ecotypes within G1A hypoithex$ by simulation were much larger than 3.
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The Sphingomondaceaésolates displayed different colony colors, differeéemperature
preferences (between 15°C to 28°C) and also diffeggowth rates on agar plates. In order to
assess phenotypic differences at different levélpapulation substructure, we tested for the
utilization of 71 sole carbon sources and the €¢@3 inhibitory substances. The distribution of
frequency of the raw value of the BIOLOG phenotymoalysis showed two peaks at
approximately 0 and 200 with a minimum at approxehal00 (Fig. 8). Therefore, all values
below were regarded as a negative reaction (icecetiular respiration) whereas values above 100

were regarded as a positive physiological reaagsnlting in cellular respiration.

400
)

300
1
|

Frequency

200
s N
el
N
)
i
T~
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1
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T T T T 1
0 100 200 300 400

raw data value

Fig. 8. Histogram and density curve of the BIOLOG raw data94 phenotypic tests on 48 strains using
the hist () anddensity()functions in the R! base installation. The maximimensity value of the
color reading that can be attained is 400. Negatieeessed BiOLOG values may result where the
negative control raw value exceeds the raw valduairodd for individual substrates.

G1A straingdid not utilize several di- or polysaccharic sugarg their monomeric consitutents
(Fig. 9). This may suggest a lack or inactivitygbycosidic enzymes or of respective disaccharide
transporters. A further major difference to G2 &Rlis the ability of G1A strains to utilize several
additional monomeric sugars (mannose, fructosgjarsalcohols and sugar acids. G2 and G3
strains were found to be resistant to a diversefsigthibitory substances whereas G1A strains are
mainly sensitive. The G1A strains are sensitivéhm inhibitory substance rifamycin SV, but G2
and G3 strain are resistant to it (Fig. 9; 10). Roother inhibitory substance, vancomycin, the

resistance pattern distribution is opposite tordsailts with rifamycin SV. When combining
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subpopulations of G1A group together, the phenotgprersity did not increase when members
of the two subpopulations G1A1 and G1A3 were tkadgether but only when strains from all
groups were combined (Fig. 10).

A Inosine Carbon sources
20000~ /\ Vancomycin* * inhibitory substances
g
H 5*
5 ol
P
g
‘5' A Formic Acid /\ Tetrazolium Blue*
k=1
g 15000 ﬁ
(O] .
= Tetrazolium Blue*
% ZAN Vancomycin* A A A
o A
g A A
5 D-Trehalose A L-Arginine M
Q pH 5* A pH 5+
% Al A
8 10000~ A L-Arginine @ AA
% /\ Vancomycin* A
2 A
o A citic Aci Bl
% (Siifer e D-Trehalose % NE
Rifamycin SV* D-Trehalose
"g A Nalidixic Acid* a Rifamycin SV* " 2 A\
£ s000- N-ACetvlD-Glucosamine 2 Nalidixic Acid* %&AA
2 D-Manhnitol % ] A Citric Acid AA A A 2\
E D-Glucuronic Acid Citric Acid A N-AsetyI-D-GIucosamine
S D-Glucuronic Acid e
e® o ®
™ ~ A g
—blins  Iadwe
I I I I
G1lAl1 G1A3 G1A1, G1A3 G1A, G2, G3
(4 strains) (18 strains) (22 strains) (22, 11, 13 strains)

Groups

Fig. 10. Variance distribution of simple phenotypic charast&s within groups of different phylogenetic
range. The mean of the processed values of twgantkent microplates was used for analysis.
For each group of interest, the variance valua® filte 94 substances as jittered values and their
summarizing boxplots using the R! package ggplatPewplotted. Boxplots indicate the first and
third quartile, the central horizontal line in thex the median value and the whiskers extend to a
maximum of 1.5fold of the box size. Open triangledicate all variance values equal or above
the median for the combined set of G1A, G2, andt&ins.

However, the phenotypic similarity in general ondylected the split into the major groups
as identified by the 16S rRNA phylogeny (see Fig).2The G1A strains differ substantially
from G2 and G3 (Fig. 9), but are quite homogeneausd, do not split phenotypically into the
observed MLSA subgroups (see Fig. 2C).
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Polyphasic analysis of the subpopulations revealed by MLSA

We further assessed the observed subpopulatiortisteu of the Sphingomonadaceae
isolates (Fig. 2), from a taxonomic level, here pvesent a polyphasic study focussing on four
strains (Fig. 11) from four different subpopulasofFig. 2). Three of theses were proposed to

belong to novel species, a fourth strain was fotmde a member of a species which was
reclassified.

100 | Blastomonas natatorius DSM 31837 (Y13774)
Erythromonas ursincola DSM 9006 (AB024289)
Nowvosphingobium capsulatum DSM 301967 (D16147)

Erythrobacter litoralis DSM 8509" (Y13774)

Sphingopyxis macrogoltabida DSM 88267 (D13723)

Stakelama pacifica JLT 8327 (EU581829)

Zymomonas mobilis DSM 4247 (AF281031)

Sphingosinicella microcytinivorans DSM 197917 (AB084247)

_:Sphingobium suberifaciens DSM 74657 (D13737)
Strain_469T DSM 25079" (JN591315)

ﬂl:Sphingobium yanoikuyae DSM 74627 (X72725)

Strain_301T DSM 250767 (JN591313)
Strain_382" DSM 250777 (JN591314)
1001 55 Sphingomonas paucimobilis DSM 10987 (X72722)

81 1001~ Strain_247 DSM 25078 (JN591312)
Sphingomonas leidyi DSM 47337 (AJ227812)

I Sandaracinobacter sibiricus DSM RB 16-177 (Y10678)
70 Sandarakinorhabdus limnophila DSM 173667 (AY902680)
[ Rhodobacter sphaeroides DSM 1587 (Y13774)
Brewundimonas subvibrioides DSM 47357 (Y13774)
0.01

Fig. 11. Rooted neighbour-joining phylogenetic tree, basadl6 rRNA gene sequences showing the
relationgships among strain 247, 30882, 469 and other type species of genera in
Sphingomonadaceadhe tree was constructed using ARB software mpekaudwiget al,
2004). Numbers at nodes indicated the level (Yoaitstrap support based on 1000 re-samples
dataset. (Only values > 70 are showinglhodobacter sphaeroide®SM 158 and
Brevundimonas subvibrioid€3SM 4735" were used as the outgroup.

Sphingomonas oligotrophica 382"

Strain 382 formed yellow, circular, domed, convex and smamtlonies on R2A agar, PYE
agar and 1/10 HD agar on €3 after 24 hours. Cells were Gram-negative, asprogs,
rod-shaped (1-1.§t m long and 0.4-0.4 m wide), motile by peritrichous flagella (Fig. 12),

aerobic, catalase- and oxidase- positive. Thetsaauld grow at a pH range of 5-10 (optimum
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pH 7) and a temperature range of 10°@Qoptimum approx. Z&). Other characteristics of

strain 382 are given in species description and Table 4, 5.

‘.o-.E:_-'- 2!”," -t : 00 (0

Fig. 12. Phase-contrast micrograph and transmission electricrographs of strain 382 (A),
TEM-image of negative staining cells, barut; (B), phase-contrast image, baruf; (C),

TEM image of thin sectioned cells, bar, 200nm.

Table 4. Different physiological and phenotypic charactizis of strain 247,387,
Sphingomonas leidfdSM 4733 and related type strains of the geSphingomonas

Strains: 1, strain 247; Sphingomonas leidfpSM 4733; 3, 38Z; 4, Sphingomonas aquatil®SM
15581, 5, Sphingomonas paucimobil®SM 1098: 6, Sphingomonas wittichibSM 6014; 7,
Sphingomonas echinoidé3SM 1803 8, Sphingomonas alaskenddSM 13593. +, positive; -,
negative; V, weak reaction; ?, questionable reactib yellow; GW, greyish-white; CL, colorless;
ND, not detected.

All strains tested negative for: arginine dihydss#au-fucosidasegp-galactosidasdj-glucuronidase,
lipase (Cl14),a-mannosidase, protease, urease, Gram-stainingiefgation of glucose, indole
production, nitrate reduction to nitrite, nitrateduction to N, adipic acid, adonitol, D-arabinose,
D-arabitol, L-arabitol, dulcitol, erythritol, L-fuxse, f-gentiobiose, gluconate, glycerol, glycogen,
inositol, inulin, 2-keto-gluconate, 5-keto-glucomatmannitol, D-mannitol-methyl-D-xyloside,
phenylacetic acid, potassium gluconate, ribosecisal sorbitol, L-sorbose, starch, D-tagatose,
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xylitol, L-xylose.

All strains tested positive for: acid phosphataakkaline phosphatase, catalaseglucosidase,
B-glucosidase, leucine arylamidase, aerobic growthrabinose, cellobiose, D-fucose, D-glucose,
maltose and D-xylose.

Substrate or test 1 2 3 4 5 6 7 8

Cell width 0.4-0.5 0.4-0.5 0.4-0.5 ND 0.7 0.5-0.7 0.8 0.2-05
cell length (im) 0.7-1.2 1.2 1-1.8 14 1.2-2.0 1.9 053

Motility + + + + + - + +
G+C content (mol%) 67.6 67 65.5 63 65 ND 65.8 65
Pigmentation of colonies CL CL Y Y Y Y Y
Growth in presence of 4% NacCl - + + - + + -
N-acetyl$-glucosaminidase - \% - \%
a-chymotrypsine - - + -
Cystine arylamidase + V - V
Esterase (C4) \Y
Esterase Lipase(C8) \% + - - -
B-galactosidase -
B-glucosidase +
Naphtol phosphohydrolase \%
Oxidase +
Trypsine +
Valine arylamidase +
L-arabinose -
D-fructose - - -
Galactose - -
Lactose - -
D-lyxose \Y \Y,
D-maltose + + +
D-mannose - +
Melezitose - - -
Melibiose
D-raffinose - - -
Rhamnose - + +
Sucrose - - -
Trehalose + + \Y,
D-turanose - - -
Amygdalin - - - -
Arbutin - - - \Y,
a-methyl-D-glucoside - - - -

a-methyl-D-mannopyranoside - - - -

+ + + <

<
+

+ .+

v+

< + + +
+ < + o < <

+ < + + +
+
+

+ + + + + +
+ + < + .
1 1

< + + < < + + + +

<
1
1
1
+ + + o+ <+ o+ o+ o+ <+

+ + +
1

N-acetyl-glucosamine + + - +
Capric acid - - - -
Malic acid + + - +
Trisodium citrate - - - -

+ o+ o+ o+ o+ < + + + 4+
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Table 5. Susceptibilities of strain 247, 382nd Sphingomonas leidypSM 4377 against 36
antibiotic agents.

Strains: 1, strain 247; Sphingomonas leidfdSM 4733; 3, strain 3824, Sphingomonas aquatilis
DSM 15581; 5* Sphingomonas histidinilyticaM2" (Nigam et al, 2010); 6, Sphingomonas
paucimobilisDSM 1098; 7, Sphingomonas wittichiDSM 6014; 8, Sphingomonas panriSM
15761 9, Sphingomonas echinoid&SM 1803; 10, Sphingomonas alaskendsSM 13593, R,
resistant; IM, intermediate; S, susceptible; ND{ detected. All data except the strain 5* were
generated in this study.

antibiotic 1 2 3 4 5* 6 7 8 9 10
Penicillin G R R IM R S R IM IM IM S
Oxacillin R R IM R ND R R R R S
Ampicillin R R IM R S IM S IM S S
Ticarcillin R R S R ND IM S IM IM S
Cefalotin R R IM R ND IM R R R S
Mezlocillin R R IM R ND R IM IM R S
Cefazolin R R IM R ND IM R R R S
Cefotaxim R R S R ND S IM IM S S
Aztreonam R R IM R ND R R IM R S
Chloramphenicol R R S S S S S R S S
Tetracyclin S S S S ND S S S S S
Imipenem IM IM S S ND S S IM S S
Gentamycin IM IM IM IM S IM IM IM IM IM
Amikacin S S S IM S IM S IM S S
Vancomycin S S S S S S S S S S
Erythromycin IM IM S S ND S IM S IM S
Lincomycin R R R R ND R R R R R
Ofloxacin IM IM S S ND S IM R S S
Colistin R IM IM R ND IM IM IM IM IM
Norfloxacin IM IM S IM ND IM IM R S S
Pipemidic R R S IM ND R R R R IM
Bacitracin R R IM R ND IM R IM R IM
Polymyxin B M IM IM IM S IM IM IM IM IM
Nitrofurantoin R R IM IM ND R R IM IM IM
Neomycin IM IM IM IM R IM S IM S IM
Kanamycin IM S S S S IM S IM S S
Doxycycin S S S S ND S S S S S
Clindamycin R R IM R ND IM R R R IM
Ceftriaxone R R IM R ND IM IM IM IM S
Fosfomycin S IM IM S ND IM S IM S R
Nystatin R R R R ND R R R R R
Linezolid R R IM IM ND IM R R IM IM
Moxifloxacin S S S S ND S IM R IM S
Quinupristin/Dalfopristin R R S IM ND IM R S IM S
Piperacillin/tazobactam R R IM R ND IM IM IM IM S
Teicoplanin IM IM S IM ND IM IM IM IM S
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Table 6. Cellular fatty acids profiles of strain 243phingomonas leidfpSM 4733, strain 382

and the related species of the geSphingomonas

Strains: 1, strain 247; Zphingomonas leidfdSM 4733; 3, strain 3824, Sphingomonas aquatilis
DSM 15581; 5* Sphingomonas histidinilyticaJM2™ (Nigam et al, 2010); 6, Sphingomonas
paucimobilisDSM 1098; 7, Sphingomonas wittichiDSM 6014; 8, Sphingomonas panrdSM
1576T; 9, Sphingomonas echinoid@&SM 1808; 10, Sphingomonas alaskendSM 13593. All
data except the (5*) were generated in this stdiues shown are percentages of the total fatty
acids. -, not detected; tr, trace (<1%).

Fatty acids 1 2 3 4 5 6 7 8 9 10
Cis0 tr - - tr 14 tr 1.71 tr tr

C14:020H 6.72  6.63 9.71 1357 7.6 6.9 8.35 4.24 8.14 1.33
Ciso - - - - - - 3.07 - 2.77
Ci5020H - - tr - - - - 1.28 - 8.82
Summed feature 3 tr 1.52 7.81 7.09 8.1 471 11.38 13.15 2.37 6.54
Ci6:105C tr tr 1.07 1.26 4.4 tr 2.04 1.84 tr tr
Cis0 10.73 1461 7.13 10.95 121 8.75 15.9 8.69 12.31 4.94
Ci6:020H tr tr tr - - - - - - 1.14
Ci6:1 20H - - - - - - - - tr

Ci7.108C - - - - tr - - 1.37 - 8.52
Ci17:106C tr 1.12 231 - 9.1 tr - 1201 tr 38.8
Ci70 - - - - 1.2 - - 1.52 tr 3.66
Cig1007C 67.15 70.47 66.43 61.31 329 7529 53.75 51.62 64.04 19.7
Cig.105C 1.6 tr 1.05 tr 2.1 1.77 - tr 1.48 tr
Ciso tr - - tr tr tr - - tr tr
11-Methyl Gg.w7¢ 8.39 2.73 3.15 3.26 4.4 - 3.13 - 8.71 1.59
Ci9:0 Cyclom8c 1.93 tr tr - 15.5 - 3.73 - tr

Summed feature 7 - - - - tr - - - - tr

Summed features represent groups of two or motg #ids that could not be separated by gas
chromatography with the MIDI system. Summed feaBioentains C16:@d7c¢ a-/or C15:0 ISO 2-OH.
Summed feature 7 contains C19 CyeltOc a-/or C1¥6c.

The chemotaxonomic results of strain 38&dso supported its assignment to the genus
SphingomonasThe predominant respiratory lipiquinone around298 was ubiquinone-10
(Q-10) and 1.78% was detected as Q-9. The majtyr datds were G.107c (66.43%), Summed
feature 3 (contains g0 7¢ and/or G5 ISO2-OH) (7.81%), &0 (7.13%), and €0 20H (9.71%)
was the major 2-hydroxy fatty acids. In additioh;riethyl Gg.1w7¢ (3.15%), G7.106¢ (2.31%),
Ci6:105¢C (1.07%), Gg.105¢ (1.05%) were identified as minor peaks (TableT®e difference of
the composition of fatty acid indicated that stra82" was a new species 8phingomonasrThe
major polar lipids were diphosphatidylglycerol, shbatidylglycerol,

phosphatidyldimethylethanolamine, phosphatidyletitemine, phosphatidylcholine,
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phosphatidylmonomethylethanolamine and sphingodjlyicds. The presence of the
sphingoglycolipid was the characteristic componegported for member @phingomonaéFig.
13). The major polyamine was sym-homospermidineeropolyamines were detected only in

trace amounts. This also a characteristic featiitleeogenusSphingomonas

"\ Strain 3827 wff*

DSMZ .
.o'. '

DPG
PMME
PG =
% L s |;'E J‘. PE
&~ i
’ PDME
PC 4

Fig. 13. Polar lipid pattern of strain 382fter separation by two-dimensional thin-layerathatogram
(TLC), detected with anis aldehyde (for all lipidshinhydrin (for amino groups),
cis-aconitinacid-anhydride (for phosphorus-contajniipids), meta-periodate/schiff (for vicinal
hydroxy groups), molybdenum blue (for phosphateigsd.

DPG, diphosphatidylglycerol; PG, phustidylglycerol; PE, phosphatidylethanolamine;
PC, phosphatidylcholine; PMME, phosphatidylmonomletthanolamine; PDME,
phosphatidyldimethylethanolamine; GL1, glycolipi@S3L: sphingoglycolipids.

The 16S rRNA gene sequence of strain '3@2re 1482 bp with the GenBank accession
number JN591314. Based on the comprehensive phytigeanalysis of 16S rRNA gene
sequences which included sequences from the typ@nst of species in the genera

SphingomonaandSphingobiumstrain 382 was clustered within the gen8ghingomonas.
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Sphingomonas histidinilyticddM 2T, Sphingomonas wittichiDSM 6014, Sphingomonas
haloaromaticamansDSM 13477 and Sphingmonas fennic®SM 13665 were the closest
neighbors (97.1%, 96.6%, 96.0% and 95.8% similar@gpectively). The 16S rRNA gene
sequence similarity of strain 382 Sphingomonas paucimobilBSM 1098 (type species of
this genus) was 95.3%. A phylogenetic tree shovifregrelationship between strain 38nd
type strains of species in gerfighingomonas shown in Fig. 14, Fig. S1, S2.

68 Sphingomonas roseiflava JCM 213297 (D84520)
Sphingomonas yabuuchiae DSM 145627 (AB071955)
Sphingomonas pseudosanguinis DSM 195127 (AM412238)

Sphingomonas parapaucimobilis DSM 74637 (D13724)
‘ﬁrSphingomonas paucimobilis DSM 1098 (U37337)
Sphingomonas sanguinis DSM 13885T (D84529)
[ Sphingomonas phyllosphaerae DSM 17258T (AY453855)
—— Sphingomonas yunnanensis DSM 170007 (AY894691)
ﬁLSphingomonas desiccabilis DSM 167927 (AJ871435)
Sphingomonas molluscorum DSM 19588T (AB248285)
_r Sphingomonas Eanni DSM 157617 (AJ575818)
Sphingomonas hankookensis DSM 233297 (FJ194436)
99r Sphingomonas azotifigens DSM 18350 (AB033947)
Sphingomonas trueperi DSM 7225T (X97776)
Sphingomonas pituitosa DSM 131017 (AJ243751)
Sphingomonas japonica DSM 22753T (AB428568)
Sphingomonas dokdonensis DSM 210297 (DQ178975)
Sphingomonas mucosissima DSM 174947 (AM229669)

—98|-S_phingomonas leidyi DSM 4733" (AJ227812)
Strain_247 DSM 25078 (JN591312)

] Sphingomonas aquatilis DSM 155817 (AF131295)

= Sphingomonas melonis DSM 144447 (AB055863)
Sphingomonas insulae DSM 217927 (EF363714)

Sphingomonas abaci DSM 158677 (AJ575817)
Sphingomonas aurantiaca DSM 14748T (AJ429236)
Sphingomonas faeni DSM 147477 (AJ429239)
Sphingomonas aerolata DSM 14746" (AJ429240)

&ﬁ Sphingomonas pruni DSM 105667 (Y09637)

Sphingomonas mali DSM 105657 (Y09638)

Sphingomonas asaccharolytica DSM 105647 (Y09639)
il_ - Sphingomonas echinoides DSM 1805T§A8021370)
Sphingomonas oligophenolica DSM 171077 (AB018439)

Sphingomonas koreensis DSM 155827 (AF131296)
Sphingomonas soli DSM 183137 (AB166883)
Sphingomonas aestuarii DSM 19475T (EF660755)
98 Sphingomonas astaxanthinifacie DSM 22298" (AB277583)
99 Sphingomonas kaistensis DSM 16846" (AY769083)
Sphingomonas jaspsi DSM 184227 (AB264131)
84 Sphingomonas changbaiensis V2M44T (EU682685)
Sphingomonas sanxanigenens DSM 196457 (DQ789172)
Sphingomonas histidinilytica UM2T (EF530202)

Sphingomonas wittichii DSM 6014T (AB021492)

Sphingomonas haloaromaticamans DSM 134777 (X94101)
99 Sphingomonas fennica DSM 13665T (AJ009706)
Strain_382TDSM 250777 (JN591314)
Sphingobium yanoikuyae DSM 7462T(D13728)
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Fig. 14. Rooted neighbor-joining phylogenetic tree, basaed1l6é rRNA gene sequences showing the
relationships among strain 247, 388pingomonas leidypSM 4733 and other type species of
SphingomonasThe tree was constructed using ARB software ppeEKaudwiget al, 2004).
Numbers at nodes indicated the level (%) of boapstupport based on 1000 re-samples dataset.
Sphingobium yanokuyd2SM 7462 was used as the outgroup.
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For the comparison of strain 38@ith closely related type strains, the type sttdv2' of
speciesSphingomonas histidinilyticé=MTCC 9473 = CCM 7548) could not be included.
During the course of the study, it turned out tedpite the literature information (Nigaehal,
2010), strain UM2 is not existing in the MTCC collection. Also, tiekaracteristics of strain
UM2" obtained from the CCM collection do not match ¢haracteristics published (Nigaet
al., 2010). Hence, the strain at CCM is probably angrdeposit. Therefore, in this study, the
information of this strain was taken from the spsailescription by Nigarat al. (2010). Even
the 16S rRNA gene sequence of strain'382s 97.1% similar t&. histidinilyticaUM2", but
there were lots of differences between these twanst, the phenotypic differences like color of
the cells, oxidase reaction, resistance to diffeeanibiotics, the fatty acids composition, polar
lipid composition suggested that strain 38®es not belong to the spec@shistidinilyticabut

should be proposed as a novel species. The ger@ntccontent of strain 382vas 65.6 mol%.

Description of Sphingomonas oligotrophica sp. nov. Sphingomonasligotrophica
(oligo. tro. phi. ca Gr. adpligos few; Gr. adjtrophikos nursing, tending or feeding; N.L. fem.
adj. oligotrophica eating little, utilizing only a few growth substes).
Colonies are yellow, circular, domed, convexR®2A agar, 1:10 diluted HD agar after 24

hours incubation. Cells are Gram-negative, asporag® rod-shaped,1-118m long and 0.4-0.5
1 m wide, motile by peritrichous flagella, aerobictatase- and oxidase- positive. The isolate
can grow at pH values between 5 and 10 (optimun?)p&hd temperatures between 10 antC40
(optimum approx. 2&). Nitrate is not reduced; produces acid phospgeatalkaline
phosphatasey-chymotrypsine, esculif3-galactosidaseg-glucosidasef- glucosidase, leucine
arylamidase, valine arylamidase are hydrolysed.hitap-AS-Bl-phosphohydrolase, D-glucose,
and arabinose, L-arabinose, cellobiose, esculinfuddse, galactose, maltose, rhamnose,
trehalose, D-xylose are utilized and lactose, btaae weakly utilized. Cells are sensitive
(inhibition zones >30 mm) to ticarcillin (73g per disk), cefotaxim (30), chloramphenicol (30),
tetracyclin (30), imipenem (10), amikacin (30), gamycin (30), erythromycin (15), ofloxacin
(5), norfloxacin (10), pipemidic (20), kanamycin0O§3 doxycycin (30), moxifloxacin (5),
quinupristin/dalfopristin (15), teicoplanin (30gsistant to lincomycin (15) and nystatin (100).

The Q-10 (98.22%) is the major respiratory qumoThe major fatty acids are;dzo7c
(66.43%), summed feature 3 (containg.f@7c and/or G 1SO2-OH) (7.81%), G0 (7.13%),
and C14:0 20H (9.71%) is the major 2-hydroxy fa#tgids. The major polar lipids are
diphosphatidylglycerol, phosphatidylglycerol, phbapdyldimethylethanolamine,
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phosphatidylethanolamine, phosphatidylcholine, phasdylmonomethylethanolamine and
sphingoglycolipids. The major polyamine is sym-hepermidine.

The genomic DNA G+C content of strain 388 65.5mol%. Based on these results, it is
proposed that strain 382epresents a new species of the geSplsingomonaswhich named as
Sphingomonas oligotrophicaThe type strain is 382(=DSM 25077=LMG xxxxx') isolated
from fresh lake water of Starnberger See, Germany.

Reclassification of Caulobacter leidyi as Sphingomonas leidyi comb. nov.

Strains DSM 473Band 247 formed transparent, colorless, circular @nvex colonies on
R2A agar, PYE agar and 1:10 diluted HD agar aner &4 hours incubation. Individual cells of
strain 247 were Gram-negative, asporogenous, ragesh 0.7-1.21 m long and 0.4-0.pt m
wide (Table 4) and typically formed rosettes (FI$A). Electron microscopic investigations
revealed the presence of cells bearing either ar flaigellum or a stalk (Fig. 15B, C) similar to
strain DSM 4733

Fig. 15. Phase-contrast micrograph and transmission efectiorographs of strain 247A( B), TEM
image of negative staining cells, bapni;, (C), phase-contrast image, barud; (D), TEM

image of thin sectioned cells, bar, 500nm.
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Based on the nearly complete (1493 bp) 16S rRNAegmuence of strain 247 and the
available (1443 nt long) 16S rRNA gene sequencestfin DSM 4733 our phylogenetic
analysis of all dimorphic prosthecatédlphaproteobacteria and the type strains of
Sphingomonadaceagpe species placed strains DSM 4738d 247 unambigously within the
family Sphingomonadaced&abuuchiet al, 1990) (Fig. 16); results of maximum likelihooddan
maximimum parsimony analyses were very similar hedce are not shown). The sequence
similarity of the 16S rRNA genes of straildSM 4733 and 247 was 99.6%. Within the
Sphingomonadaceae Sphingomonas aquatilisDSM 15581 was identified as the
phylogenetically closest relative with a sequerioglarity of 98.1 % to strain DSM 4733and
97.7 % to strain 247. Sequence similarity wihhingomonas paucimobilBSM 1098 (type
strain of type species of gen8phingomongswas 94.5%. The 16S rRNA gene sequences were
distantly related to that of the species of ge@aslobacter the largest nucleotide similarity was
87.9% (Fig. 16). Both 16S rRNA gene sequences mslude all 7 signature sequences of
Sphingomonadacea€ells were aerobic, catalase- and oxidase-pesand motile by the single
polar flagellum. The novel isolate strain 247 grawpH values between 5 and 10 (optimum, pH
7) and temperatures between 10 andCAQoptimum, 28C) (Table 4). Both strains did not
reduce nitrate but were capable of using escullocage, N-acetyl-glucosamine, maltose,
L-arabinose, D-xylose, D-glucose, N-acetyl-glucosencellobiose, trehalose and malic acid.
Melibiose, B-gentiobiose and D-lyxose were weakly utilized. Wheroduced alkaline
phosphatase, leucine arylamidase, valine arylamjdaystine arylamidase, trypsin, acid
phosphatase, naphthol-AS-Bl-phosphohydrolasglucosidase-glucosidase. Cells of strains
DSM 4733 and 247 were sensitive (inhibition zones >30 mmm)tétracyclin, amikacin,
vancomycin, doxycycin, fosfomycin, moxifloxacin aré@sistant to penicillin G, oxacillin,
ampicillin, ticarcillin, cefalotin, mezlocillin, dazolin, cefotaxim, sztreonam, chloramphenicol,
lincomycin, colistin, pipemidic, bacitracin, nittofintoin, clindamycin, ceftriaxone, nystatin,
linezolid, quinupristin/dalfopristin, and piperdriltazobactam. Additional characteristics are

listed in the species description, Table 4 and&&bl
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The major respiratory quinone for strains DSM 4788d 247 was Q-10 (81.47% for strain
247). The major fatty acids for strain 247 werg.7¢ (67.15%), Gs.0 (10.73%), 11-methyl
Cig.107C (8.39%). Ga0 20H (6.72%) was the major 2-hydroxy fatty acidsr Btrain DSM
4733, the major fatty acids were i&o7c (70.47%), Geo (14.61%), 11-methyl G.w7c
(2.73%), and the major hydroxy fatty acids was dl59o 20H (6.63%) (Table 6). For both
strains the major polar lipids were diphosphatitiidgrol, phosphatidyldimethylethanolamine,
phosphatidylglycerol, phosphatidylmonomethylethanahe, phosphatidylethanolamine,
phosphatidylcholine, glycolipids, phosphoaminolgpidnd two sphingoglycolipids (Fig. 17).
Dominant polyamines of strains DSM 4738nd strain 247 wersymhomospermidine, which
was accompanied by smaller amounts of putrescind apermidine and traces of

diaminopropane, cadaverine and spermine.

e S NPT T
DSMZ.) - @ lDSmz) O L
e DPG j o - oo 2 e
L2 ' am W L
GL2 ‘ GL2 : PMME
. «~— PMME e
\ . - ¥ PDME
L . — PG
. '; \\ POME T . < PNL12
e R
oLa GL3
GNL GNL
A B

Fig. 17. Polar lipid pattern of strain 24A)J and DSM 4733(B) after separation by two-dimensional
thin-layer chromatogram (TLC), detected with anidelyde (for all lipids), ninhydrin (for
amino groups), cis-aconitinacid-anhydride (for [piede-containing lipids),
meta-periodate/schiff (for vicinal hydroxy groupsjolybdenum blue (for phosphate groups).
DPG, diphosphatidylglycerol; PG, phosphatidylglpte PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PMME, phosphatidylmondylethanolamine; PDME,

phosphatidyldimethylethanolamine; GL1, GL2, GL3;agllipids; SGL: sphingoglycolipids; L1,
L2, unidentified lipid; PNL1, PNL2, phosphoaminatip.

56



Chapter 4: results

Corroborating the close phylogenetic relationshiphingomonas aquatilishe 16S rRNA
gene sequences of DSM 4738hd strain 247 include all seven signature seaqsepeeviously
determined for the genuSphingomonasand containsymhomospermidine as the dominant
polyamine similar to other species of this genuak€Lichiet al, 2001). The affiliation with the
Sphingomonadaceaés also commensurate with the fatty acid patteamsl polar lipid
composition of the two strains. Characteristicg thstinguish strains DSM 4732ind strain 247
from most othelfSphingomonadaceaeaclude the presence of cystine arylamidase (bbian
DSMz 4733), absence op-galactosidase, and the lack of L-arabinose antbsaautilization
(Table 4; Takeuchet al, 2011). So far, the dimorphic life cycle that ihwes a prosthecate and a

flagellated stage is unique among 8ghingomonadaceae

Emended description of the genus Sphingomonas (Yabuuchi et al. 1990) emend. Yabuuchi et

al. 1999 Cells are Gram-negative, non-sporulating rodsaasueng 0.3-0.8 x 0.7-1.8 m.
Motile or non-motile, some species exhibit a dinfacplife cycle that involves a prosthecate
nonmotile and a flagellated motile cell. Coloniag gellow, off-white or colorless. Strictly
aerobic and chemo-organotrophic. Catalase-posiespiratory quinone is predominantly Q-10.
Major fatty acids are 18:1, saturated 16:0 and/ad.1Major 2-hydroxy fatty acids are 2-OH
14:0 or 2-OH 15:0. GSLs are present. Homospermidirke major polyamine component. The
DNA G + C content is 62 - 68 mol%. Phylogenetic ippos is in the a-4 subclass of
Proteobacteria Characteristic 16S rRNA signatures are foundoattpns 52:359 (C:G), 134 (G),
593 (G), 987:1218 (G:C) and 990:1215 (U:G). Habiail, clinical specimens, insect guts and
freshwater lakes. Currently, 67 species are asgigmé¢he emended gen&phingomonasType

speciesSphingomonas paucimobilabuuchiet al. 1990.

Description of Sphingomonas leidyi comb. nov. Sphingomonas leidyiei.dyi, N. L. gen.
masc. n. leidyi, of Leidy, named for J. Leidy, whloserved tufts of (bacterial) growth of fungi in
insect guts in 1853)

The description o§phingomonas leidys the same as that given fGaulobacter leidyiby
Henrici and Abraham (Henrici & Johnson, 1935, eneehldy Poindexter, 1964; Abrahanhal,
1999), with the following additional characteristi€ells are predominantly short, uncurved,
slightly tapered, and sometimes nearly ovoid, witlort stalks. Colonies are colorless. Isolates
known from freshwater, millipede hindgut and saiiitrate is not reduced; esculin, glucose,
N-acetyl-glucosamine, maltose and malic acid ardrdlysed. Cells are divided by binary
division.
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Produces alkaline phosphatase, leucine arylamidatiag arylamidase, cystine arylamidase,
trypsin, acid phosphatase, naphthol-AS-Bl-phospHabigse, a-glucosidase,p-glucosidase.
L-arabinose, D-xylose, D-glucose, N-acetyl-glucosemncellobiose, maltose, and trehalose are
utilized. Melibiose, -gentiobiose and D-lyxose are weakly utilized. €edire sensitive to
tetracyclin, amikacin, vancomycin, doxycycin, fasigcin, moxifloxacin. Resistant to penicillin
G, oxacillin, ampicillin, ticarcillin, cefalotin, elocillin, cefazolin, Cefotaxim, aztreonam,
chloramphenicol, lincomycin, colistin, pipemidic,aditracin, nitrofurantoin, clindamycin,
ceftriaxone, nystatin, linezolid, quinupristin/dgtfistin, piperacillin/tazobactam.

Q-10 is the major respiratory quinone, the majdtyfacids are ¢..07¢, Gg.o 11-Methyl
Cigaw7c, and G0 20H is the major 2-hydroxy fatty acids. The majolar lipids are
diphosphatidylglycerol, phosphatidyldimethylethamine, phosphatidylglycerol,
phosphatidylmonomethylethanolamine, phosphatidgledhamine, phosphatidylcholine,
glycolipids, phosphoaminolipids and two sphingoglymds. The major polyamine is
symhomospermidine.The genomic DNA G+C content ofist@SM 4733 is 67 mol%. The
type strain is DSM 4733(=ATCC 15260=CIP 106443=VKM B-1368") was isolated from
Millipede hind-gut. Another strain in this species247 (DSM 25078 = LMG 26658) with the
genomic DNA G+C content 67.6 mol%, isolated frorpraalpine freshwater lake (Starnberger
See, Germany).

Sphingobium limneticum 301"

Strain 301 formed yellow, circular and smooth colonies on R&far, PYE agar and 1/10
HD agar after 24 hours incubation. Cells were Graygative, asporogenous, rod-shaped, 1.3-2.2
1 m long and 0.4-0.5 m wide (Table 7), motile by peritrichous flage(lfg. 18).

Based on the nearly complete (1496 bp) 16S rDjé¢Ae sequence of isolate 304
comprehensive phylogenetic analysis of 16S rRNAegeequences which included sequences
from the type strains of species in the geSphingobiumand strain 3071is shown in Fig. 19,
Fig. S3, S4. Strain 301was clustered within the gen@phingobium Sphingobium amiense
DSM 16289, Sphingobium vermicompodBiSM 21299, Sphingobium yanoikuyad@SM 7462
(type species of this genus) aBphingobium scioneng@SM 19371 were the closest neighbors
(98.8%, 98.0%, 97.9% and 97.4% similarity, respety). Since DNA-DNA hybridization has
at the species level a greater resolution thanrB®8\ gene sequences (Tindetial, 2010), the
DDH were done among the strain 30dnd other type strains of the other 4 species lwhic

showed more than 97% similarity of 16S rRNA gergusaces. DNA-DNA relatedness between
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strain 301 and Sphingobium amiensBSM 16289, Sphingobium scionensBSM 19371,
Sphingobium yanoikuya®SM 7462 and $hingobium vermicompostDSM 21299 were
43.15%, 36.85%, 35.3% and 12.05% (mean value oflumements in duplicate) respectively,
which were much lower than the recommendations dirashold value of 70% DNA-DNA
relatedness for the definition of bacterial spetiggshead hoccommittee (Waynet al, 1987).
So, strain 30".did neither belong to the speci®phingobium amienseor to any of the species

Sphingobium scionens8phingobium yanoikuyaa Sphingobium vermicomposiihe genomic
G+C content of strain 30was 63.4 mol%

Fig. 18. Phase-contrast micrograph and transmission etectiorographs of strain 301(A), TEM-
image of negative staining cells, bar,uin; (B), phase-contrast image, bar, pm; (C),
TEM-image of thin sectioned cells, bar, 500nm.

Cells were aerobic, catalase- and oxidasetipesiGram-negative. The isolate could grow
at pH 5-10 (optimum pH 7) and temperature 10&t(ptimum approx. 2Z&) (Table 7). Nitrate

is not reduced; acid phosphatase, alkaline phoapbati-chymotrypsine, a-glucosidase,
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B-glucosidase, p-galactosidase, leucine arylamidase, naphthol-giasmrolase, valine
arylamidase are hydrolysed. Amygdalin, arabinosatdbinose, D-fucose, galactose, D-glucose,
lactose, D-lyxose, malic acid, maltosemethyl-D-glucoside, melibiose, D-raffinose, rharmep
starch, sucrose, D-turanose and D-xylose are etiliCells are sensitive (inhibition zones >30
mm) to aztreonam (3Qig per disk), chloramphenicol (30), tetracyclin (30hipenem (10),
amikacin (30), vancomycin (30), erythromycin (18jloxacin (5), norfloxacin (10), bacitracin
(10), nitrofurantoin  (100), kanamycin (30), doxymyc (30), moxifloxacin (5),
quinupristin/dalfopristin (15), piperacillin/tazottam (40), teicoplanin (30); resistant to oxacillin
(5), cefalotin (30), mezlocillin (30), lincomyciri%) and nystatin (100). Other characteristics of

strain 301 are given in species description and Table7, 8.

Table 7. Differential phenotypic and physiological charaistics among strain 301469 and

closely related species.

Strains: 1, strain 301 2, strain 469 3, Sphingobium suberifacieBSM 7468; 4, Sphingobium
yanoikuyaeDSM 7462;5, Sphingobium amiensBSM 16289; 6, Sphingobium scionenseSM
19371 7, Sphingobium vermicompodliSM 21299; 8, Sphingobium japonicur®SM 16413. +,
positive; -, negative; V, weak reaction; ?, queslde reaction; CY, creamy yellow; Y: yellow; W,

white, GW, greyish-white; ND, not detected.

All strains tested negative for: N-acefdglucosamminidase, arginine dihydrolasefucosidase,
a-galactosidas@;glucuronidase, Lipase (Cl4y-mannosidase, protease, urease, fermentation of
glucose, Gram-staining, indole prodcution, nitratéN,, adipic acid, D-arabitol, L-arabitol, dulcitol,
erythritol, L-fucose, B-gentiobiose, gluconate, glycogen, inositol, inuli2-keto-gluconate,
5-keto-gluconate, mannitolp-methyl-D-mannopyranoside, phenylacetic acid, mosorbitol,
L-sorbose, D-tagatose, L-xylose, xylitol.

All strains tested positive for: aerobic growthtatase, alkaline phosphatase, leucine arylamidase,
D-glucose.

Substrate or test 1 2 3 4 5 6 7 8
Cell width 0.4-0.5 0.35-0.45 0.4-05 0.4-05 05 05-06 04-05 0.440.5
Cell length im) 1.3-22 0.7-1.2 09-14 1-3 1117 1.6-20 0.7-1.2 1.6-2
motility + + + + + - + -
G+C content (mol%) 63.4 64.6 59 61.7 66.4 63.8 62 ND
Pigmentation of colonies Y CY wW GW Y Y Y Y
Growth in 4% NacCl + - - + - + + +
Nitrate to Nitrite - - + - - + -

Acid phosphatase + + - + -
a-chymotrypsin + - - + + - -
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Cystine arylamidase
Esterase (C4)
Esterase Lipase(C8)
B-galactosidase
a-glucosidase
B-glucosidase

Naphthol-AS-Bl-phosphohydrolase

Oxidase

Trypsine

Valine arylamidase
D-arabinose
L-arabinose
Cellobiose
D-fructose
D-fucose
Galactose

Lactose

D-lyxose

Maltose

D-maltose
D-mannitol
D-mannose
Melezitose
Melibiose
D-raffinose
Rhamnose

Starch

Sucrose

Trehalose
D-turanose
D-xylose

Adonitol

Glycerol

Amygdalin

Arbutin
a-methyl-D-glucoside
B-methyl-D-xyloside
Salicin
N-acetyl-glucosamine
capric acid

malic acid
potassium gluconate
trisodium citrate
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Table 8. Susceptibilities of strain 301469 and related strains against 36 antibiotic agents.

Strains: 1, strain 301 2, strain 468 3, Sphingobium suberifacieBSM 7468; 4, Sphingobium
yanoikuyaeDSM 7462; 5, Sphingobium amiensBSM 16289; 6, Sphingobium scionendeSM
19371 7, Sphingobium vermicompodliSM 21299; 8, Sphingobium japonicurdSM 16413. 9,
Sphingomonas paucimobilBSM 1098. R, resistant; IM, intermediate; S, susceptibli data were
generated in this study.

antibiotic 1 2 3 4 5 6 7 8 9
Penicillin G IM IM IM IM IM R S IM R
Oxacillin R R IM R R R IM R R
Ampicillin IM IM IM IM IM R S R IM
Ticarcillin IM IM S IM IM IM S IM IM
Cefalotin R R IM R R R IM R IM
Mezlocillin R R IM R R R S R R
Cefazolin IM R IM R R R S R IM
Cefotaxim IM IM S IM S IM S IM S
Aztreonam S R IM R R R R R R
Chloramphenicol S S S S IM IM IM S S
Tetracyclin S S S S S S R S S
Imipenem S S S S S S S S S
Gentamycin IM IM IM IM IM IM IM IM IM
Amikacin S S IM IM S IM S S IM
Vancomycin S S S IM S IM S S S
Erythromycin S S S IM IM S S S S
Lincomycin R R R R R R R R R
Ofloxacin S IM S IM IM IM S S S
Colistin IM IM IM IM IM IM IM IM IM
Norfloxacin S IM S IM IM IM S S IM
Pipemidic IM R S R R R S R R
Bacitracin S IM S IM IM R S S IM
Polymyxin B IM IM IM IM IM IM IM IM IM
Nitrofurantoin S R IM R R R R R R
Neomycin IM S IM IM IM IM IM IM IM
Kanamycin S S S IM S S S S IM
Doxycycin S S S S S S S S S
Clindamycin IM IM R IM IM R IM IM IM
Ceftriaxone IM R S R IM R S R IM
Fosfomycin IM IM IM IM S IM S IM IM
Nystatin R R R R R R R R R
Linezolid IM R IM R IM R R R IM
Moxifloxacin S S S IM S S S S S
Quinupristin/Dalfopristin S IM S IM S IM S S IM
Piperacillin/tazobactam S R S IM R R R S IM
Teicoplanin S IM IM IM IM IM S S IM
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Table 9. Cellular fatty acids profiles of strain 301469 and the related species of the genus

Sphingobium

Strains: 1, strain 301 2, strain 468 3, Sphingobium suberifaciePSM 7468; 4, Sphingobium
yanoikuyaeDSM 7467; 5, Sphingobium amiens@SM 16289; 6, Sphingobium scionend@SM
19371 7, Sphingobium vermicompogdiSM 21299; 8, Sphingobium japonicurdSM 16413; 9,
Sphingomonas paucimobil3SM 1098. All data were generated in this study. Valueswshare
percentages of the total fatty acids. -, not detédt, trace (<1%).

Fatty acids 1 2 3 4 5 6 7 8 9
Ciao - tr 1.32 - - - tr tr tr
C14:020H 10.78 15.23 10.6 13.59 9.63 8.91 7.89 4.82 6.9
Ciso - tr - - tr - - - -
Ci5020H - tr - - tr - tr - -
Summed feature 3  22.87 32.03 124 16.51 19.61 18.3 19.8 11.11 4.71
Cis:105C 1.25 1.48 1.44 1.44 1.77 1.71 1.07 1.53 tr
Cis0 7.09 10.11 8.88 6.29 7.32 9.29 12.7 9.4 8.75
Ci6:020H tr - - 1.91 - tr tr tr -
Ci6:1 20H tr - - - tr - tr - -
Ci6:01S0O 30H tr tr tr - tr - - tr -
Ci7.108C - - - - tr - - - -
Ci17:106C 1.35 1.92 1.37 tr 5.07 tr 1.29 tr tr
Cig1007C 53.29 344 585 55.26 52.35 56.1 50.9 66.78 75.29
Cig105C tr tr tr - tr tr tr 1.48 1.77
Ciso - - - tr - - tr tr tr
11-Methyl Gg.w7¢ tr 1.81 3.53 2.6 1.26 2.84 3.72 2.93 -
Cio:0Cyclom8c - - tr 1 - tr tr tr -

Summed features represent groups of two or motg &aids that could not be separated by gas
chromatography with the MIDI system. Summed feaBuoentains G..o7¢ and/or G ISO 20H.

The predominant respiratory quinone was Q-B0@% for strain 301 and 16.92% were
detected as Q-9). The major fatty acids weigi@7c (53.29%), summed feature 3 (contains
Cis:a107¢ and/or G5 ISO 20H) (22.87%), G0 (7.09%), and €. 20H (10.78%) was the major
2-hydroxy fatty acids, additionally,;61m5¢ (1.25%), G7.106¢ (1.35%) were identified as minor
peaks (Table 9). The presence @f.6£20H and absence of any 3-hydroxy acids suggebtdd t
strain 301 belongs to the gen@phingobiumAnd the quantitative differences of the fattydsci
profiles among strain 301to closely related species indicated that strdid’ 3epresents a
distinct species in the gen&phingobiumThe major polar lipids were diphosphatidylglydero
phosphatidylglycerol, phosphatidylmonomethylethanahe, phosphatidylethanolamine,
phosphatidyldimethylethanolamine, phosphatidylat®land two sphingoglycolipids (Fig. 20).

The presence of the sphingoglycolipid was the dtaretic components reported for member of
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Sphingobium Spermidine is the major polyamine and accompaigdsmaller amounts of
spermine and trace of putrescine and diaminopropBnie also a characteristic feature of the
genusSphingobium

N

DSMZ .. f
. . / GL1
’&"--\-k._- — __,,’/

L1

Strain_301T

Fig. 20. Polar lipid pattern of strain 30lafter separation by two-dimensional thin-layer
chromatogram (TLC), detected with anis aldehyde #ib lipids), ninhydrin (for amino
groups), cis-aconitinacid-anhydride (for phosphaietaining lipids), meta-periodate /schiff
(for vicinal hydroxy groups), molybdenum blue (furosphate groups).

DPG, diphosphatidylglycerol; PG, phospihdtlycerol; PE, phosphatidylethanolamine; PC,
phosphatidylcholine; PMME, phosphatidylmonomethydetolamine; PDME,
phosphatidyldimethylethanolamine; GL1, glycolipid§GL: sphingoglycolipids; L1,
unidentified lipid.

Description of Sphingobium limneticum sp. nov Sphingobium limneticugim. ne. ti. cum
Gr. n.limné pool of standing water, lake; L. neut. suticum, suffix denoting made of or

belonging to; N.L. neut. adimneticum from or belonging to a lake).
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Colonies are yellow, circular, domed, convexR®2A agar, 1:10 diluted HD agar after 24
hours incubation. Cells are Gram-negative, asporagg rod-shaped (1.3-2)2 m long and
0.4-0.5p m wide), motile by peritrichous flagella, aerobiatalase- and oxidase- positive. The
isolate can grow at pH 5-10 (optimum pH 7) and terajure 10-40C (optimum approx. Z&).

Cells can not reduce nitrate; acid phosphatab&line phosphatase,-chymotrypsine,
a-glucosidasep-glucosidasep-galactosidase, leucine arylamidase, naphthol-grasgirolase,
valine arylamidase are hydrolysed. Amygdalin, arabe, L-arabinose, D-fucose, galactose,
D-glucose, lactose, D-lyxose, malic acid, malteseethyl-D-glucoside, melibiose, D-raffinose,
rhamnose, starch, sucrose, D-turanose and D-xgeseitilized. Cells are sensitive (inhibition
zones >30 mm) to aztreonam (@@ per disk), chloramphenicol (30), tetracyclin (3@)ipenem
(10), amikacin (30), vancomycin (30), erythromydib5), ofloxacin (5), norfloxacin (10),
bacitracin (10), nitrofurantoin (100), kanamycin0)3 doxycycin (30), moxifloxacin (5),
quinupristin/dalfopristin (15), piperacillin/tazottam (40), teicoplanin (30); resistant to oxacillin
(5), cefalotin (30), mezlocillin (30), lincomycii%) and nystatin (100).

The Q-10 (83.08%) is the major respiratory que The major fatty acids are C187c
(53.29%), Summed feature 3 (contains Cdgd and/or C15 ISO2-OH) (22.87%), C16:0
(7.09%), and C14:0 20H (10.78%) is the major 2-bygrfatty acids. The major polar lipids are
diphosphatidylglycerol, phosphatidylglycerol, phbapdylmonomethylethanolamine,
phosphatidylethanolamine, phosphatidyldimethyletieamine, phosphatidylcholine and two
sphingoglycolipids. The major polyamine was speinad The genomic DNA G+C content of
strain 301 was 63.4 mol%. Based on these results, it is @epdhat strain 301represents a
novel species of the gen&phingobiumwhich is named aSphingobium limneticunThe type
strain is 301 (=DSM 25076=LMG 26659) isolated from fresh lake water of Starnberger, See

Germany.

Description of Sphingobium boeckii sp. nov.,, and reclassification of

Sphingomonas suberifaciens as Sphingobium suberifaciens comb.nov.

Strain 469 formed yellow, circular, domed, convex coloniesR®A agar, PYE agar and
1:10 diluted HD agar after 48 hours incubation. Ielere Gram-negative, asporogenous,
rod-shaped (0.7-1.21 m long and 0.35-0.4% m wide), motile by one or two subpolar
monotrichous flagella (Fig. 21), aerobic, cataleemsd oxidase- positive. The isolate could grow
at pH 5-10 (optimum pH 7) and temperature 10&iQ(optimum approx. 2&). Other

phenotypic characteristic of strain 468nd the closely related type strains are listespiacies
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description and Table 7, 8.

Fig. 21. Phase-contrast micrograph and transmission etectiorographs of strain 469(A, B),
TEM-image of negative staining cells, barph; (C), phase-contrast image, baru;
(D), TEM image of thin sectioned cells, bar, 200 nm.

The predominant fatty acids weres@n7c (34.4%), summed feature 3 (containg.{G7c
and/or Gs 1ISO2-OH) (32.03%), G0 (10.11%), G40 20H (15.23%) was major 2-hydroxy fatty
acids. In addition, 11-Methyl gi07¢c (1.81%), Gr.106¢C (1.92%), Gs.105c (1.48%) were
detected as minor peaks (Table 9). The presenc&.4@f20H and absence of any 3-hydroxy
acids suggested that strain 46Belongs to the genuSphingobium And the quantitative
differences of the fatty acids profiles among str469 to closely related species indicated that
strain 469 represents a distinct species in the geSplsingobiumFor strain 469 nearly 100%
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of respiratory quinone was detected as lipiquin@né@-10), Q-9 was detected as trace. The
major polar lipids were diphosphatidylglycerol, gbbatidylglycerol, phosphatidylethanolamine,
phosphatidyldimethylethanolamine, phosphatidylatmliphosphatidylmonomethylethanolamine
and sphingoglycolipids. Image of the TLC polar digirofiles are shown in Fig. 22. The major
polyamine was spermidine acocompanied by small atnaiuspermine and putrescine and trace
of diaminopropane and cadaverine. The chemotaxar@mésults of strain 469%upported its

assignment to the gen@gphingobium

Strain_4697 GL1
L1
DPG
| PL1 ‘
PMME

\ " PE

- ¥ AN

PDME

PC

L3

Fig. 22. Polar lipid pattern of strain 469after separation by two-dimensional thin-layer
chromatogram (TLC), detected with anis aldehyde €t lipids), ninhydrin (for amino
groups), cis-aconitinacid-anhydride (for phosplairtaining lipids), meta-periodate/schiff
(for vicinal hydroxy groups), molybdenum blue (furosphate groups).

DPG, diphosphatidylglycerol; PG, phosphatyiyderol; PE, phosphatidylethanolamine; PC,
phosphatidylcholine; PMME, phosphatidylmonomethyéetolamine; PDME,
phosphatidyldimethylethanolamine; GL1, glycolipidSGL: sphingoglycolipids; L1, L3,
unidentified lipid; PL1, unidentified phospholipids
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A nearly complete (1493 bp) 16S rDNA gene saqaeof strain 469was determined.
From the comprehensive phylogenetic analysis of d8SA gene sequences which included
sequences from the type strains of species ineéhergSphingomonaand Sphingobiumstrain
469" was clustered within the gen8phingobiumSphingomonas suberifacieB$M 7465 and
Sphingobium scionensBSM 19371 were the closest neighbors (97.1%, 96.5% simylarit
respectively).Sphingobium yanoikuyaBSM 7462 (type species of this gen@phingobiu
exhibited 95.9% similarity an8phingomonas paucimobilBSM 1098 (type species of genus
Sphingomonasexhibited 94.1% similarity to strain 46qFig. 19). DNA-DNA relatedness
between strain 469and Sphingomonas suberifacie@SM 7463 was 17.9% (mean value of
measurements in duplicate), which was much lowan tthe recommendations of a threshold
value of 70% DNA-DNA relatedness for the definitiaf bacterial species by thed hoc
committee (Wayneet al, 1987). So, strain 469did not belong to the speci@phingomonas
suberifaciensand this strain probably represents to a novetisg. The DNA G+C content of
strain 469 was 64.6%.

For strain 469 even the characteristics of the 16S rRNA sigmanfr strain 469 were
neither the same as gen8phingomona®r as genussphingobium but nevertheless showed
higher similarity with clusteSphingobiunthan SphingomonasAlso, all of the closely related
species belonged to the gerfsishingobium Since also typical physiological and phylogenetic
characteristics were characteristic for the geBpkingobiumstrain 469 was affiliated to the
genusSphingobium

The closest species to the strain 48@sSphingomonas suberifacierdowever, according to
the phylogenetic, chemotaxonomic and physiologcallysis results (Fig. 18, S3, S4; Table 7, 8,
9), Sphingomonas suberifaciessems to be misnamed. From the newest ARB databdtsS
rRNA gene sequences, the representatives of theesi@phingomonas suberifacieohistered
within the genusSphingobium(Fig. 19). The characteristic 16S rRNA signatufehis species
was the same aSphingobium Similar support came from the polyamine analyig major
polyamine ofSphingomonas suberfaciemas spermidine but not homospermidine. All other
characteristics detected from this strain fittedhe description of genuSphingobiumso this

species was reclassified @shingobium suberfaciens

Description of Sphingobium boeckii sp. nov Sphingobium boeckiboe. ckii N.L. gen.
masc. n.boeckij of Bdck, in honour of August Bock (born 1937),renowned German

microbiologist, for his contributions to generalanubiology and microbial biochemistry).
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Colonies are yellow, circular, domed, convexR2A agar, 1:10 diluted HD agar after 48
hours incubation. Cells are Gram-negative, asporage rod-shaped, 0.7-1}2 m long and
0.35-0.45u m wide, motile by one or two subpolar monotrichflagella, aerobic, catalase- and
oxidase- positive. The isolate can grow at pH Fd@imum pH 7) and in a temperature range of
10-40(C (optimum approx. 28(C). Nitrate is not reeld; produces acid phosphatase, alkaline
phosphatase, esterase lipase (CBjgalactosidase,p-glucosidase, leucine arylamidase,
naphthol-phosphohydrolase are hydrolysed. Arabinosapric acid, cellobiose, esculin,
N-acetyl-glucosamine, D-glucose, malic acid, maigsotassium gluconate, trehalose, D-xylose
are utilized and L-arabinosp;gentiobiose, D-lyxose, D-fucose and salicin arekie utilized.
Cells are sensitive (inhibition zones >30 mm) teodmmphenicol (3Qu g per disk), tetracyclin
(30), imipenem (10), amikacin (30), vancomycin (3@yythromycin (15), neomycin (30),
kanamycin (30), doxycycin (30), moxifloxacin (5)sistant to oxacillin (5), cefalotin (30),
mezlocillin (30), cefazolin (30), aztreonam (30@pcbmycin (15), pipemidic (20), nitrofurantoin
(100), ceftriaxone (30), nystatin (100), linezglid) and piperacillin/tazobactam (40).

The Q-10 (nearlyl00%) is the major respiratpuynone. The predominant fatty acids are
Cisaw7¢ (34.4%), summed feature 3 (containg.©7c¢ and/or @ 1ISO2-OH) (32.03%), G0
(10.11%), G40 20H (15.23%) is major 2-hydroxy fatty acids. Thejonapolar lipids are
diphosphatidylglycerol, phosphatidylglycerol, phbapdylethanolamine,
phosphatidyldimethylethanolamine, phosphatidylatmliphosphatidylmonomethylethanolamine
and sphingoglycolipids. The major polyamine isrepdine. The genomic DNA G+C content
of strain 469 is 64.6mol%. Based on these results, strain 46®roposed to represent a new
species of the gen@phingobiumwhich named aSphingobium boeckiThe type strain is 469
(=DSM 25079=LMG xxxxx') isolated from fresh lake water of Walchensee nGeny.

Description of Sphingobium suberifaciens comb. Nov Sphingobium suberifaciens
(su.be.ri.fa’ci.ens. L. gen. suberis,of cork, corky; L. part. adjfaciens,making, producing;
M.L.part. adj.suberifaciensgorky making).

The description is identical to the descriptgiven for Sphingomonas Suberifaciday Van
Bruggenet al. (1990) and amended by Yabuuchial. (1999) and Takeuctlet al. (2001). The
type strain is strain Cal= EY 2404 = ATCC 49355 = CIP 105429 = DSM 7463 = ICMP
12535 = IFO (now NBRC) 15211= JCM 8521 = LMG 17323 = NCPPB 3629isolated from
corked lettuce roots in California.
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Chapter 5
Discussion

Complex Population structure of freshwater Sphingomonadaceae
Sphingomonadaceaeepresent the typical constituent of freshwatectdrgoplankton
communities and can be recovered by using low enitliquid media (Giclet al, 2005). In the
16S rRNA sequence analysis of the 95 isolatesSmiiingomonadacea& phylotypes were
identified with multiple isolates. G1A was the downt group, as was proved by a parallel study
(Jogler et al, 2011), culture independent analyses of 16S rRMNheg and 16S rRNA
demonstrated that this particular phylotype G1Afant dominates the natural population of
Sphingomonadaceae situ and is metabolically active throughout all seasons
As populations of certain marine planktonic baeteniave been demonstrated to harbor
considerable DNA polymorphisms (Thompsetral, 2005; Vergiret al, 2007; Huntt al, 2008)
the 16S rRNA can not distinguish closely relatedates. The phylogenetic analysis based on the
concatenated sequences of nine housekeeping gemas96 strains ofSphingomonadaceae
isolated from Walchensee and Starnberger See lsreeveled high DNA polymorphisms. The
genetic diversity detected for G1A strains shatimg same 16S sequence is unsually high and
significantly surpasses that of the marine oligoltio ‘Candidatus Pelagibacter ubique’
(7=0.004-0.056; Vergiret al, 2007), ofSynechococcugopulations in an alkaline siliceous hot
spring microbial mat (0-7.8% sequence divergenoglehtrezt al, 2011), of the soil bacterium
Bacillus simpleX7=0-0.05; Sikorski and Nevo, 2005), of the humarhpgénsVibrio cholerae
(0-5.9% sequence divergence for concatenated seesielKeymer and Boehm, 2011) and
Neisseria meningitidis(S=3.4-27.1%; Jolleyet al, 2005), and of the plant pathogen
Pseudomonas syringa€é7=0.042-0.100; Sarkar and Guttman, 2004, = 0.0032-0.0145
bpgeneratioft; Yan et al, 2008). Bacteria with identical 16S rRNA phylogégin some cases
have been suggested to harbour ecologically dissnbgroups that differ with respect to
morphology, carbon substrates, maximum growth ratel internal transcribed spacer (ITS)
sequence types (Jaspers and Overmann, 2004), egiffeat to fatty acid composition, growth
rates under temperature stress, and carbon s@ss{f@ikorski and Nevo, 2007; Koepgtlal.,
2008; Sikorskiet al, 2008a,b), or genomic structure, metabolomes @mate susceptibility
(Pefiaet al, 2010). It has previously been suggested thatilatipns that have not yet been
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purged by periodic selection or drift may hold oplt2% sequence divergence in concatenated
housekeeping genes (Koepmlal, 2008). The significantly higher genetic diveysif G1A
prompted us to conduct a detailed analysis of thyulation substructure of the freshwater
Sphingomonadaceaaf the underlying evolutionary forces and theoassed physiological
diversity.

Theoretically, the population substructure of tmeshwaterSphingomonadaceatsolates
suggested by MLSA could be the result of some unknselection bias during cultivation. The
splitstree analysis of thgyrB gene from environmental DNA was compared withgieB from
isolates. The results proved that the inclusiogufivation-independent clones did not provide
evidence for a continuum of divergence and suppibktsconclusion of a distinct population

substructure of the freshwat®phingomonadaceae Walchensee and Starnberger See.

Evolutionary forces underlying the population structure

MLSA revealed the presence of distinct subgroupsragrindividual 16S rRNA sequence
types, suggesting different selection pressure é@twsubclusters and the existence of distinct
evolutionary units despite the identical or versnigar 16S rRNA gene sequences. The high
divergence suggests these strains experienced thevikdutionary events.

The presence of numerous polytomies in the consense indicated a significant effect of
recombination on the population structure. Indesdinitial phi test for recombination (Bruet
al., 2006) also revealed statistically significanidewce for recombination for the entire dataset.
The population recombination rates calculated ftbe individual genes for all strain or only
from G1A strains are comparable with the gene-$igecalues that are available f&acillus
simplex (0-0.042 bggeneratioft; Sikorski and Nevo, 2005)Pseudomonas syringae
(0.0012-0.155 bpgeneratioft; Yan et al, 2008), andNeisseria meningitidi0.003-0.034
bp'generatioft; Jolleyet al, 2005). This result makes the presence of extiaarily effective
recombination barriers between the differ8phingomonadaceagenomes rather unlikely. The
population mutation rate surpassed the values teghoAll the data from phylogenetic analysis
place the freshwateEphingomonadaceaésolates in the middle rank list of homologous
recombination rates determined for approximatelysp8cies (Vos and Didelot, 2008). Most
notably, the relative impact of recombination onpgplation structure in the freshwater
Sphingomonadaceaisolates is markedly lower than in most of theeotfree-living aquatic
bacteria investigated, includin@andidatusPelagibacter ubiqueVibrio parahaemolyticusV.
vulnificus and Microcystis aeruginosaor which r/m values between 18.3 and 63.1 were
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determined (Vos and Didelot, 2008). Based on thgdogfenetic analysis, the/& values from
every gene of all strains and G1A strains were lem#ian 0.25 except thef gene. Normally,
the clonal bacterial populations has this valu®@Wwednd sexual populations above the values of
0.25 - 2.0 (Frasest al, 2007). Additionally, the estimate 6§ andN.are larger than those used
in these simulations. So, the low ratig® determined for freshwat&phingomonadaceasill
suggest that their population structure is cloatier than sexual.

Linkage equilibrium was used to determine the sigficy of recombination. The values of
the standardized index of associatiosP)lof eight individual subpopulations were low arat n
significant, suggesting that the recombination withe eight individual subpopulations is rather
free or panmictic. In contrast, all pairwise condtians of eight subpopulations yielded large
and significant A° values, suggesting barriers for free recombinatietween subpopulations
(linkage equilibrium). Similar to the freshwat&phingomonadaceae significant linkage
disequilibrium has been detected Vhbrio cholerae despite a considerable frequency of
recombination ({°=0.143-0.439; Keymer and Boehm, 2011). With thd hypothesis of free
combination between the eight different subpopaoieti being rejected, the results of our
multipronged recombination analysis thus indicateigient sexual isolation but not a full
inhibition of homologous recombination between ¢nght subpopulations identified by MLSA.
This sexual isolation may be the result of nichgasation and/or genetic barriers and obviously
even exists between the three subpopulations afléreical 16S rRNA phylotype G1A.

The Tajima’s D and MacDonald-Kreitman (MK) testgevased to test selective neutrality.
Although both tests can be used to detect deviditan neutral evolution, they address different
characteristics of the sequence divergence andtheagfore yield different results. The results
of Tajima’s D indicate a lack of selection pressamd also a lack of recent demographic events
such as bottlenecks or population expansion inrgéing the nucleotide diversity observed for
the nine housekeeping genes. The MK test, in ceintoaTajima’s D test, distinguishes between
polymorphic and fixed substitutions at both synoowsr and nonsynonymous sites. When the
MK test was applied to study whether selection sues may have been important in separating
the observed eight individual subpopulations, reiyr indices did not yield any evidence for
selection pressure acting within these clustersd Ame deviations from the neutral model
detected between the larger clusters G1A, G2, aéharl only for some of the genes, suggest
that any potential selection pressures drivingdivergence of the subgroups like G1A1, G1A2,
and G1A3 do not act on the nine housekeeping gendged here.

Natural selection is strong in large populationbereas random genetic drift increases in
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power for small populations. Th values detected here for the freshw&phingomonadaceae
belong to the largest values determined in a coatpar study for a diverse set of prokaryotes
(Lynch and Conery, 2003). Hence, the power of ramdpenetic drift to shape the observed
population structure most likely has been low. Rétmttlenecks may create scenarios in which
Ne is temporarily reduced, allowing for a larger pbsgy of drift to fix differentiating
nucleotides in cladogenesis. And the Tajima’s Diemlwere generally close to zero, which does
not allow to deduce recent bottlenecks but rathggsst a stable long-term population structure.
Finally, the Sphingomonadaceagispersed evenly across the subpopulations indgadhat at

least short-distance geographic barriers did rfetathe population structure.

Metabolic diversification and itsrole in nicheinvasion

Ecotype Simulation tries to model the evolutiondyypamics of bacterial populations based
on sequences, then to thereby identify the ecotyp#sn the natural community. Here, an
ecotype is modeled as an ecologically distinct grabe diversity is limited by cohesion, and
genome-wide diversity is purged by periodic setattind genetic drift. Ecotype Simulation (ES)
has the advantage to be independent of the aVayalfienvironmental data associated with the
different MLSA types (Koeppekt al, 2008; Connoret al, 2010). The results of the ES
performed for all housekeeping genes suggestedhba® clonal subpopulations identified each
consist of several putative ecotypes. The largebmusnof putative ecotypes hypothesized by
Ecotype Simulation to exist within the G1A groupggasts an enormous ecological diversity
within the single 16S phylotype of G1A.

Biolog Gen IIl microplates were chosen for the pitgpic analysis of 48 strains from all
groups. The results of the assessment of phenotijfigzences in different levels of population
substructure can provide a “phenotypic fingerpriot"the bacteria which can then be used to
identify the strains at the species level. Besat#dressing the ability of the cell to metabolize as
sole carbon source representatives from all madgmses of biochemicals, the Gen Il microplate
also contains 23 chemical sensitivity assays fer dietection of the important physiological
proterties like pH, salt, lactic acid tolerancedueing power and chemical sentitivity (Biolog,
part 00A 0XX, Rev A 08/2007). There is a differemmtween G1A strains to G2 and G3 strains
in the utilization of several sugars and their moedc constituent. The inability of monomeric
constituents utilization may suggest a lack or fivég of glycosidic enzymes or of respective
disaccharide transporters of strains from G1A groupe phylogenetically closest genomes of
Novosphingobium aromaticivoranr®SM 12444 (NC_007794),Novosphingobiunsp. PP1Y
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(NC_015580), Sphingobium japonicumUT26" (NC_014006, NC_014013)Sphingopyxis
alaskensisRB2256 (NC_008048), andphingomonas wittichiRW1' (NC_009511) revealed
multiple genes for glycosidic exoenzymes that tglhyc clustered together, whereas suitable
transporters for the oligosaccharides substrate® wet detected. Possibly, oligosaccharide
substrates are hydrolyzed outside of the cell Ardrionomers imported through a PTS system.
Interestingly, Sphingomonas wittichiRW1' has no genes for glycosidic exoenzymes, which
could suggest loss of these genes by deletion. stméar manner, the absence of glycosidic
exoenzyme activity in the G1A group may be dueliseace of the gene or alternatively, an
impaired sec-pathway.

The diversity of the phenotype increases only whkeigroups were combined, suggesting
that the phenotypic similarity in general only eefis the split into the major groups as identified
by the 16S rRNA phylogeny, but not the subpopufatisithin the identical 16S rRNA
phylotypes. The G1A strains differ substantiallgnr G2 and G3, but are quite homogeneous,
and do not split phenotypically into the observed subgroups. Whereas our phylogenetic
population genetic and ecological modeling analgsesconsistent and provide strong evidence
for the existence of ecologically distinct grougise physiological testing clearly demonstrated
distinguishing traits between the major groupsSphingomonadaceathat had different 16S
rRNA phylotypes, but selective adaptations that m@ynvolved in the specific adaptations and
niche invasion of the G1A subpopulations were moinfl among standard metabolic traits. In
sum, the tested phenotypic traits apparently doacobunt for the split into the G1A MLSA
groups, suggesting that other selection pressuuss Ine active.

The application of ML SA to systematics

The 'species’ category is regarded to be the fuadthtaxonomical unit in the microbial
world. MLSA has since long been considered to berg powerful genotyping tools in the study
of the evolution and population structure of migablorganism and also represents a novel
standard in microbial molecular systematics. Inreottd differentiate bacterial strains at the level
of the 'species' category, normally at least twooggpic methods are needed. The results of
these two methods must be coherent to each otherfiist method is comparing 16S rRNA
gene sequences to determine the genetic distahwedreisolates at the level of the 16S rRNA.
Distance values of 16S rRNA gene sequences abovar8¥hought to be clearly discriminative
at the species level, above 5% at the genus lalelie 10% at the family/class level (Schloss &
Handelsman, 2004; Stackebranet al, 2002). In this study, we found that strains of
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Sphingomonadaceagere identical in their 16S rRNA gene sequenceneuertheless comprised
distinct genotypes at the level of housekeepingegehe MLSA results of concatenated
sequences of nine housekeeping genes was usedetotheir phylogeny by means of a
distance-matrix. This approach is expected to leewmcreased resolving power due to the large
number of characters analyzed (6972 bp), and arleemrsitivity to the impact of conflicting
signals (i.e. phylogenetic incongruence) that tefsaim eventual horizontal gene transfer events
(Rokaset al, 2003). Genetic distance of concatenated sequemasscompared with whole
genomic DNA-DNA hybridization (WDDH). Based on odistance matrix, the similarity value
of the concatenated sequences of subpopulations/lielF'5 should be different genera, and the
value above 0.94 should be the same species. Soerfunvestigations and a broader collection
of the bacteria are needed. The MLSA similarityueabf 97.9%, therefore, appears to be useful
as a cut-off to differentiat®. burgdorferis. L. speciesB. spielmaniappeared to be closely
related to one other, while differing from otheresgs by similarity values of 92.1%-94.8%
(Richteret al, 2006). For the genuBacteroides concatenated sequences of three housekeeping
genes dnaJ gyrB and hsp6Q with cut-off value 97.5% similarity were reliabfer species
delineation (Sakamotet al, 2011). Studies oAlteromonas macleodiflvars-martinezet al,
2008) andAgrobacterium(Aujoulatet al, 2011) demonstrate that robust phylogeny and speci
differentiation can be achieved with MLSA of onlgveral marker genes. MLSA has been used
successfully to explore clustering patterns amaarge number of strains assigned to very
closely-related species by current taxonomic me{Bmtloyet al, 2003; Hanaget al, 2005a, b,
2006; Hoshincet al, 2005; Bennetét al, 2007; Kilianet al, 2008; Bishopet al, 2009), to look
at the relationships between small humbers ofr&raiithin a genus (Marteret al, 2008), or
within a broader taxonomic grouping (Sawadteal, 2007). If performed with a sufficient
number of appropriately selected loci, the sequeiegived from MLSA could also be used to
infer the average nucleotide identity (ANI) of tbenomes and also to calculate the genome-
to-genome distance (GGD), the latter two methodsewsuiggested to substitute DDH by
bioinformatic method in species delineation (Riché@d Rossello-Mora, 2009; Auckt al,
2010). The clustering of strains obtained by MLSAstrongly associated with the clustering
from DNA-DNA relatedness values. Therefore, MLSAnstitutes a valuable alternative to
laborious DNA-DNA hybridization (Richtest al, 2006).

Now, an electronic taxonomic way for bacteria usiMdSA is available as eMLSA

(www.emlsa.néf it is the implementation of the MLSA approachtiie assignment of strains to

species clusters via the internet (Bisteal, 2009). eMLSA requires the generation of a large
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database and the software for concatenating theeseqs and producing a tree to show the
clustering pattern of the sequences of the mulhiplese-keeping loci (typically about seven loci)
from multiple strains of a set of related specikmterest. By comparing the assignments of the
strain within each cluster and the position of tyjge strain of each species, every strain can be
assigned into species clusters. To assign the iy correctly, a sufficiently large database is
needed. At moment, there are only two databadesldns group streptococci angurkholderia

spp.) available, more effort is needed.

Polyphasic analysisin differentiating species

A strain identified as ‘Caulobacter leidyi’ was ds@ the MLSA analysis, which revealed
that it should be affiliated t8phingomonadacea#d polyphasic analysis was performed with the
strain of this species. The genGaulobacterwas originally described in 1935 (Henrici &
Johnson, 1935) and later amended to comprise &tyaof dimorphic prosthecate bacteria
(Poindexter, 1981b, 1989; Schmidt 1981). Prior ticleotide sequence analysis, species of the
genusCaulobacterwere distinguished based on their cell morpholag)t tolerance, carbon
substrate utilization and growth factor requirersgftoindexter, 1989). Subsequently, 16S rRNA
gene sequence comparisons revealed that bactdribiteg a developmental life cycle with
asymmetric binary fission are paraphyletic and fatmeast 6 phylogenetically distant groups,
suggesting that prosthecate morphology developeeraletimes, or was lost repeatedly, during
the evolution of theAlphaproteobacteria Besides members of the genQaulobactersensu
strictu (Caulobactergroup l1ll.; Garrityet al, 2005) that includeCaulobacter crescentus.
fusiformis C. henriciandC. vibrioides dimorphic representatives are found in the rdlgenus
Brevundimonag(B. albg B. aurantiaca B. bacteroidesB. intermedia B. subvibrioides B.
variabilis; group IV.), and in the distantly related gendsticacaulis(A. biprostheciumA.
excentricus group 1l.) andMaricaulis (M. maris group V.) (Abrahanet al, 1997, 1999, 2001,
Garrity et al, 2005). More recently, a prosthecate represemtatithe genu®henylobacterium
(P. conjunctunFWC21") was described (Abrahaet al, 2008). A sixth lineage is represented by
strain CB37 = ATCC15260 = DSM4733 that was originally described &aulobacter leidyi
(Poindexter, 1964). 16S rRNA gene sequence anabfsased that this strain is affiliated with
the family Sphingomonadaceg&tahlet al, 1992; Garrityet al, 2005). As a consequende,
leidyi was excluded from the gen@aulobactey omitted from Bergey’s Manual of Systematic
Bacteriology and removed to limbo (Garrigy al, 2005). Although the isolation of additional
strains (strains WCP 2020S, CB 296 and an unnaspdsentative from Lake Baikal) has been
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reported (Garrityet al, 2005; Laptevat al, 2007), no further information on their properties
currently available. Due to the limited physiolagiand chemotaxonomic information available
for strain DSM4733and the lack of additional strains, a taxonomidsien of this lineage is so
far missing.

The results of the phylogenetic analysis of 16S ARjéne sequences indicate that DSM
4733 and strain 247 represent a novel species witlenggnusSphingomonasind the family
Sphingomonadacea8oth 16S rRNA gene sequences also include aljfature sequences of
Sphingomonadaceaebut none of those determined fo€Caulobacteraceaeor other
Alphaproteobacterial families (Yabuuchi & Kosak@08). Aside from 16S rRNA gene sequence
similarity, two biochemical characteristics, thétyaacids patterns and polar lipids composition
of strain DSM4733 point towards a distinct taxonomic position ofstisirain and support an
affiliation with the family Sphingomonadacea€eThe holdfast of this strain does not bind
wheat-germ agglutinine and does not contain oligaedtylglucosamine that participates in
adhesion as in mo§taulobacterspp. (Garrityet al, 2005). Whereas hexadecanoic acigs(C
and octadecenoic acid {§£307¢/Cy.109t/Ci5.1012t) represent the dominant non-polar fatty acids
in members of theCaulobacteraceaeand Sphingomonadaceaalike, the dominance of
hydroxymyristic acid (G4.0 20H) is diagnostic foSphingomonadaceagnce this compound is
missing in theCaulobacteraceadcontaining G,.; 30H or, G20 30H in the closely related
Brevundimonaspecies). Strain DSM473%ontains 2-hydroxy myristic acid (C14:0 2-OH) as a
dominant fatty acid (Abraharmt al, 1999). This feature is unique among all known atiphic
prosthecate bacteria yet characteristic forSphingomonadaceaghere glucuronosyl ceramide
and 2-hydroxy myristic acid replace the lipopolyderides that are present in the cell wall of
other bacteria (Yabuuchi & Kosako, 2005). The pneseof sphingoglycolipids is the key
characteristic that defines the gerdghingomonasand the familySphingomonadaceaand
together with phosphatidylcholine, distinguished thboinvestigated strains from the
Caulobacteraceaer other prosthecate Alphaproteobacteria (Abrakaia., 1999; Yabuuchi &
Kosako, 2005).

The characteristics such as the ussysithomospermidine as the dominant polyamine, the
presence of cystine arylamidase (variable in DSNM23), the absence @-galactosidase, and
the lack of L-arabinose and sucrose utilizatiorb(@at; Takeuchet al, 2011) distinguish strain
DSM 4733 and strain 247 from most oth8phingomonadacea8o far, the dimorphic life cycle
that involves a prosthecate and a flagellated stagenique among th&phingomonadaceae

Based on a detailed comparative phylogenetic aisabfs16S rRNA gene sequences of strain
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DSM 4733 and strain 247 which shows them to be phylogengtisely related to species
Sphingomonas aquatili®oth of them showing all seven signature sequedetrmined for the
genusSphingomongsand based on the physiological and chemotaxonchmacacterization of
strain DSM4733 and strain 247, we propose to reclassifsphingomonas leidyiomb. nov. as
species name for this unique lineage of prosthedateorphic bacteria within the family
Sphingomonadaceae

The genusSphingomonawas named by Yabuucht al. (1990) because of the presence of a
specific sphingoglycolipid, and later emended bkelachiet al. (1993, 2001), Yabuuctet al.
(1999, 2002) and Buss al. (2003). Strains in this genus are strictly aerptih@moheterotrphic,
Gram-negative, rod-shaped and contain sphingogpidolUntil 2001, there were around 30
species affiliated to this genus. The phylogenatialysis of their nearly complete 16S rRNA
gene sequences were clearly divided into four etesand supported by high levels of bootstrap
values. The sequence similarity between differéugters were ranging from 92.6% to 96.6%
suggesting each cluster corresponds to a singlasge&imultaneously, their chemotaxonomic
and phenotypic analysis results supported thissidimi and provided additional information to
differentiate them. Integrated the phylogenetiembtaxonomic and physiological differences,
genusSphingomonasvas divided into four gener&phingomonas sensu stric®phingobium
Sphingopyxi@andNovosphingobiunfTakeuchiet al, 2001). Genu$Sphingomonas sensu stricto
differ with other genera by homospermidine as thggompolyamine, Major 2-hydroxy fatty
acids are 2-OH 14:0 or 2-OH 15:0. Phylogenetic attaristic of 16S rRNA signatures are found
at position 52:359 (C: G), 134 (G), 593 (G), 9871:82ZG: C) and 990:1215 (U: G) (Takeuehi
al., 2001). The type species $phingomonas paucimobili&rabuuchiet al, 1990). Genus
Sphingobiundiffers with other by Spermidine as the major jpoiyne, the major 2-hydroxy fatty
acids is 2-OH 14:0. Characteristic 16S rRNA sigreduare present at positions 52:359 (U:A),
134 (G), 593 (U), 987:1218 (A:U) and 990:1215 (U:Ghe type species iSphingobium
yanoikuyag'Yabuuchiet al 1990). At the time of writing, these four geneoatain 122 species
with validly published names. Among these 122 secb4 strains were affiliated to genus
Sphingomonas 24 to Sphingobium 15 to Sphingopyxis and 19 to Novosphingobium
(Information from List of Prokaryotic names with aBtling in Nomenclature (LSPN)

http://www.bacterio.cict.ff/accessed on Aug. 31. 2011).

Based on the newest phylogenetic analysis of 1688ArBene sequences (Last update in
August 2011), the genefphingobiumSphigopyxisand Novosphingobiunwere found to form

distinct clusters, however, the gertghingomonagppeared to be paraphylectic as there were
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someSphingomonaspecies affiliated to the other 3 genera Bmhingomonas macrogoltabidus
S. adhaesivaS. terraein the genusSphingopyxisand Sphingomonas chlorophenolic&.
suberifaciensplaced in genu$phingobiumThe time of the description of these species were
checked and all of them were found be described rearded before the division of genus
Sphingomona# 2001 (Takeuchet al, 2001). It suggests that theSphingomonaspecies fall
into the gener&phingobiumNovosphingobiurandSphingopyxisnaybe merely misclassified.

In this analysis, the closest species to the s#&@ was Sphingomonas suberifaciens
which seems to be misclassified according to thdéypbasic analysis presented here.
Sphingomonas suberifacienss first identified aRhizomonas suberifacieby Van Bruggeret
al. (1990). Then this species was emende&@singomonady Van Bruggeret al (1993) and
Yabuuchiet al (1999). All this happened before the divisiorgehusSphingomonato 4 genera
(Takeuchiet al, 2001). Based on the melting temperature of thehef rRNA hybrids of
Rhizomonas suberifacierand otherSphingomonaspecies detected by Van Bruggenal,
(1993), R. suberifaciens(Later named asSphingomonas suberifacignend Sphingobium
yanoikuyaebelong to the same branch but not wiiphingomonas paucimobilihis affiliation
was supported by the phylogenetic clustering paté€r270 bp of the 16S rRNA gene sequences
analysis. In the phylogenetic analysis of the tl&S IrRNA gene sequence, the species
Sphingomonas suberifacietustered with the genuSphingobiuminstead of with the genus
Sphingomongsand the 16S rRNA gene sequence also revealedhallseven signature
characteristics of genuSphingobium This result was also supported by polyamine atty f
acids analysis, the major polyamine $phingomonas suberfaciengas spermidine but not
homospermidine, the 2-hydroxy fatty acids was a2d@H 14:0 (Takeuchet al, 2001). All
other phenotypic characteristics of this straitefitto the description of gen&phingobiumso
this species was reclassifiedgshingobium suberfaciens

For the new isolate strain 46%ven the seven 16S rRNA signature characten$titrain
469" is not the same as gen@phingobium but it also not the same gen8ghingomonas
(Takeuchi et al, 2001), the phylogenetic analysis showed that luistered within genus
Sphingobium not with genus Sphingomonas The most closely related species were
Sphingomonas suberifaciemsith 97.1% similarity of the 16S rRNA gene sequenBut the
DDH analysis shown these two species to represeat different species. The polyphasic
analysis of the specieSphingomonas suberifaciestiowed this species to be misclassified,
leading to its reclassification aS$phingobium suberifaciensTypical physiological and

chemotaxonomic characteristics of strain 4&6e: 2-OH 14:0 as the major 2-hydroxy fatty acids,
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spermidine as the major polyamine, and the cellgldcaot reduce nitrate to nitrite. So,
concluding from all the characteristics of the mbigisic analysis, strain 46%as identified as a

new member of the gen@&phingobium

Niche adaptation and speciation

Polyamines are compounds existing in all livimganisms; their functions are related to the
nucleic acids and protein biosynthesis and theyadse important constituent of the cell. The
distribution pattern of polyamines can also be usdtie chemosystematics of some bacteria. In
this study, the major polyamines were determinedthfd strains representing 4 subpopulations
as revealed by the MLSA analysis. The pattern dfgoines is in good agreement of the
clustering patterns deduced from MLSA. Strain 24d 882 had sym-homosperidine as the
major polyamine and were clustered into ger@ghingomonasStrain 301 and 469 had
spermidine as the major polyamine and were cludter® genusSphingobim. Both of these
two polyamines are triamines, homospermidine canfdsmed from spermidine and their
function can be exchangeable in some species. Bemnsdine is the so called ‘common’
polyamine and homospermidine is ‘'uncommon’, theeefthey may serve in adaptation of
bacteria to some extreme environments. Homospemmidivas reported in extremely
thermophilic bacteria and nitrogen-fixing cyanolesiet. Also, homospermidine may play a role
in the nitrogen cycle (Oshima and Baba, 1981; Hanedral, 1983; Kaiseet al, 2003). In the
comparison of the two gener8phingomonasand Sphingobium the difference in nitrate
reduction is correlated to their major polyaminar Ehe genusSphingomongsthe major
polyamine is sym-homospermidine and there were sioties showed strains in this genus was
able to reduce nitrate which is also part of thteogen cycle (Takeuctet al, 2001), so maybe
there are connections of the existence of homosgerenand the ability of nitrate reduction.

The pattern of antibiotics resistance can be wtween strains from the same species
(Baquero and Coque, 2011). In this study, the rst2di7 and DSM4733 which belong to the
same speciesSphingomonas leidyishow only small differences in the resistancethe
antibiotics colistin, kanamycin and fosfomycin. dning from the high diversity of the
subpopulation of bacterial species, some of thequieed the ability by adaptating to their own
special niches. Bacteria produce antibiotics to pet@ for nutrient sources. To survive, they
must become resistant to the antibiotics arounchthihe ability of antibiotic resistance comes
from mutations or acquiring new genes encodingrésestant mechanism. The different in the
ability of rifampin resistance between group G14 &d G3 is mostly due to mutation. Strains
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from the G1A group are susceptible to antibiotfampicin but strains from other groups are
resistant to it. In several organisms, rifampicesistance is provided by single amino acid
changes in the Rifclusters at positions 500- 600 of the RpoB polyserprotein (Kinet al
2005). These mutations prevent the binding of tiiétic to the RpoB polymerase. Since such
typical substitutions could not be detected in maates, other mechanisms such as altered
membrane permeability could acount for the rescaaio rifampicin (Abadet al, 1996) and
potentially also for the resistance to several othigibitory substances (see Fig. 9). The resistant
to vancomycin and ampicillin belongs to the secaay in which the resistant strains received
the gene from others and then changed their cdl|l Wee strains from G1A group differ to
strains from other groups by its resistance to ganein. Vancomycin has high affinity to the
dipeptide D-Ala-D-Ala C-terminus. This dipeptide issed in the formation of Uracil
diphosphateN-acetylmuramyl-pentapeptide (precursor of peptigcagh). Those strains are
resistant to vancomycin because of the acquiringhef new operons, which encoded the
enzymes to synthesis a lower vancomycin bindingniaff peptidoglycan precursor. The
C-terminal D-Ala is replaced by the new synthedad affinity D-Lac or D-Ser (Courvalin,
2006). For ampicillin, strain 247 and 382luster in a genus which shows resistance to
ampicillin, whereas strain 304and 469 are affiliated to a genus can not resist to itaist247
differs from other three strains by the resistatockanamycin and erythromycin. The resistance
to kanamycin is most probably due to the enzymatctivation of the antibiotic. The resistance
to erythromycin is probably caused by modificatithe antibiotic attacking or binding site
(Courvalin, 2006; Shawt al, 1993; Pecheret al, 2001; Brown, 2008).

Antibiotic resistance is linked to the metabuoli of the bacteria. Most strains that are
resistant to vancomycin also show positive reactionsubstratedN-acetyl-D-glucosamine.
N-acetyl-glucosamine (GIcNAc) and-acetyl-muramic acid (MurNAc) are the basic preowss
of peptidoglycan. Representative strains from spbfations G3B (strain 247) and 38are
resistant to ampicillin, this antibiotic functionsimilar to vancomycin by binding to
peptidoglycan precursors (Sauvageal, 2008). Strain 301from subpopulation G2D and strain
469" cannot resist to ampicillin, vancomycin and pdhiciThis result corresponds well with the
clustering patterns. The former two strains arstelted into genuSphingomonaghe latter two
are clustered into the gen$&phingobium So, that may be the reason why they exhibit the
positive reaction to the substrat®sacetyl-glucosamine. It can also be connected ® th
formation of sphingoglycolipid (SGL). There aredivnolecular species of Sphingoglycolipid,
labelled as SGL-1, SGL-1', SGL-2, SGL-3, SGL-4. Rbir26 strains ofSphingomonadaceae
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used in the SGL analysis, the SGL-1, SGL-2, SGLS&L-4 have been detected from
Sphingomonabut no SGL-1' (The four speci&phingomonas herbicidovorarts. subterranea
S. ursincolaand S. xenophagawhich contains SGL-1" were not in the gergyshingomonas
sensu stricto(Takeuchiet al, 2001)). S. herbicidovoransand S. xenophagaare in genus
Sphingobium and S. xenophaga'now is reclassified asSphingobium xenophaguns.
subterranea affiliated to the genusNovosphingobiumand S. ursincolais in the genus
Blastomonas SGL-1, SGL-1' have been found 8phingobium The polar lipids analysis of
strain 247 shows two kinds of SGL, and it is afifid to the genuSphingomonasvhich means
they must have one kind of SGL-2, SGL-3 or SGL-He Tormation of the two kinds of SGL in
Sphingobiumdoes not need the glucosamine as moiety, but theogamine is one of the
moieties in the formation of SGL-2 SGL-3 and SGI(Kawaharaet al, 1999, 2000; Yabuuchii
and Kosako, 2005). Strain 247 needs the moietyoglumine for the SGL synthesis and it shows
the positive reaction tdl-acetyl-glucosamine in the BIOLOG and API assayyMathere are
some connections between the utilization of N-degltycosamine as nutrient sources and the
synthesis of glucosamine for the cell wall and meanb, or both of them are parts of the cycle
of glucosamine, For details, more studies are reeede
Different species have different number of agbiglycolipids and kinds of carbohydrates

(glucuronic acid, glucosamine, galactose and magnom Sphingomonadaceaeells, the
chemical structure, function, and distribution ofGIS have been reported to replace
lipopolyaccharide (LPS) in the cell wall of Gramgag¢ive rods. The composition of the SGL in
all strains of this family contains a 2-hydroxy &cmakes the detection of 2-hydroxy acid be a
systematic character for this family. The carbolayeliof SGL is shorter and simpler than LPS, it
makes the cells become more hydrophobic and alloare hydrophobic substrates to get into
the cell (Kawaharat al, 1999). That may be the reason for all the foste strains cannot
resistant to the hydrophobic antibiotics erythromyand polymyxin B. For the fatty acid
profiles, respiratory quinone and polar lipids eats of the four representative strains, even
these results could be affected by the growth d¢mmditemperature, light and medium), all
results determined in this study supported the qigmetic relationships of them and fitted to
their taxa. The ability to be resistant to antilwietis affected by different mechanism, and has
high diversity inside one species, so it is notfulsi& systematics but it can provide important
information about the described strains, such asrtetabolic capability diversity.

The phenotypic divergence determined from the BiGL@nalysis cannot distinguish all

strain sharing the same 16S rRNA phylotype. Ther&8 depicted in Fig. 8 shows significant
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variation between the larger group G1A, G2 and &re are even some significant differences
within the subpopulations. Bacteria need the caybates as energy sources and use them as
substrates to build up their cell structures. Thalility to grow or adapt to different
environments also based on their ability to utildiferent nutrients. While comparing strains
from G1A to other groups, they are not able taagisome sugars like maltose, sucrose, gelatin
which are important for energy metabolism or are #ubstrates of biosynthesis of their
macromolecules. This maybe one reason for the slgvesvth and reproduce rate, and far more
limited growth conditions (narrow range of pH aedhperatures) of strains in this group.

The strains in the G1A groups which have the saBte rRNA gene sequence phylotypes
probably derive from the same ancestor. From theSMllresults, many putative ecotypes
co-existing in this population were deduced by wget simulation. Strains in the same
subpopulation or ecotype may use different suledrathey adapted to the resources and
competed for it, hence, their metabolic capabditmay give insights of their evolutionary
history. Different strain may experience differestological niches; the supplement of the
resource is a kind of driving force of their evadut Strains of the same species from distinct
ecological niches can evolve different metaboliatsgies. Studies on the metabolic traits of
Saccharomyces cerevisiageom different original showed to express differdife-history
strategies according to their ecological nicheo(®pal, 2009). The metabolic traits of a strain
can illustrate the adaptation history to differeablogical niches.

Mutation and horizontal gene transfer play impdrtesie in bacterial adaptation. By the
chance of modifying their genes, bacteria can aeghe ability to adapt. For different strains in
an ecotype, initiative mutations and niche-invasiwtations drive some of the strains to explit
nutrient resources, to obtain ecological properdied finally become a new ecotype. And they
can also acquire the alleles providing higher :mby homologous recombination or horizontal
gene transfer. Most of the changes of the capglafitthe utilization of different substrates are
likely due to gene loss or acquisition. For str2ii7, which differs to the other strain by
resistance to penicillin, may have acquired thigitglby this way. Similar resistance gain has
been reported foBtreptococcusnd Neisseria(Maynard Smithet al, 1991). For strains in the
same subpopulation, they may not differ in theiera¥l ability to utilize the same set of
substrates, but they may have tiny difference & dbantitative levels. For the strain 247 and
strain DSM 4733 both affiliated toSphingomonas leidyistrain 247 has a strong positive
reaction to cystine arylamidase and trypsine, bBMD4733 has only a weak positive reaction

to these two substrates. This difference is masiylidue to the mutation or modifying of the
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respective genes. Using the ecotype simulatioreraéputative ecotypes were deduced based on
the housekeeping genes used in MLSA. Different ygx@st most probably occupy different
ecological niches. Either by mutations or horizbtansfer of a gene, a strain may gain or
increase it ability of utilize a substrate, thistamt can exist together with its progenitor strain
but may be more adaptive to the same ecologicat@mment (Cohan, 2004, Feldgardeinal,
2003). For the strains of group G1A, they are sjogriowing and have small size of the cells,
and they lost the ability to utilize some sugarsthis study, the result showed that they are
adapted to the oligotrophic freshwater environmehgy can be more tolerant to harsher
environmental conditions (low temperature arouf@ ¢ winter) because they are found to be
the most abundant group in our isolation anditu natural population (Joglet al, 2011). They
have high genetic diversity and contain lots ofapiue ecotypes maybe because of the strains
evolved by gradual evolution during their long éxig histories, which makes them being
adapted to the same environment but still formiisgrtct populations.

For the subpopulations of bacteria species coiagish the same ecological environment,
the periodic selection may play an important roleheir diversity level. The periodic selection
increases the frequency of the adaptive mutanvem enakes others be extinct; it only purges the
diversity inside the ecotypes, so the putative ygied may be able to contribute to the metabolic
and genomic diversity of the population of a spgdi€ohan, 2002, 2004; Feldgardenal,
2003). Here we connected the ecotypes simulatad ftee MLSA data with the metabolism
patterns of the same set of strains. They haveehigbrrespondence between big groups than
between subpopulations inside these groups. Thierseseral reasons for this phenomenon and
demand further studies. Kreimet al. (2008) run the analysis of evolution of the modtya
based on the metabolic networks of more than 3@behal species, their results showed the
modularity is moderately congruent to the phylogeniee of life, the evolution of modularity
was significantly enhanced by the accommodatingjfterent ecological niches, horizontal gene
transfer is an importance force to the metabolicutarity (Kashtaret al, 2007; Kreimeret al,
2008). The same study has been done by compamngéabolic and genetic diversity of three
closely relatedBacillustaxa, showing that changes in the existing gereasgoh important role in
adaptation (Feldgardest al, 2003). The metabolism of different nutrient reses is the result
of the adaptation, and it is also a kind of drivingce of the generating of ecotypes, and finally
also for the evolution of novel species. So, thé&ient resources play an important role in
speciation, as does the antibiotic resistance. difierent patterns of antibiotics can generate

different resistant and sensitive bacterial popoitat in a species. Strains experienced and
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adapted to different niches may get the metabdiititias to different nutrient sources. Strain
382" which can utilize most kinds of substrates inAlfd tests could simply be better adapted to
the basic medium used in these tests. In the phpgletic analysis of the 16S rRNA gene
sequence, strain 46@0lds a single phylotype and located between GRG® groups. After the
MLSA analysis, this strain did not move its positiand represents still a singleton. The network
splitstree showed that there is little genetic Enty between this strain to others. For the
phenotypic and physiological analysis of the foesatibed strains, this one is the slowest
growing one, and susceptible to lots of antibiotithis strain exhibited a low probability of
genetic exchanges, thus it may have had less pldgssbto acquire the adaptive traits from
others.

The complex population structure determined MblySA is because of their long past
evolutionary heritage and their present adaptdatdhe current niches. Also among the strains in
G2 and G3 groups, MLSA has revealed subpopulatratign them. The phenotypic analysis
and antibiotic test also showed significant vaoiatamong subpopulations. The Strains in a
subpopulation has the same 16S rRNA gene sequanddhey are more frequently be deduced
as a single ecotype (Cohan 2004; 2002). These pulgitmns are equal to an ecotype. For the
four strains we chosen for representing four sepdraubpopulations informed from the MLSA
results, sometimes these four strains were in dmeesputative ecotype by ecotype simulation
based on some housekeeping genes. But each stasirafiiliated to a different species after
polyphasic analysis. So, even strains in the saroéyee, they may diverse to each other by
mutations and gains or loss genes by horizontat geamsfer. For some bacteria, the amount of
the genes they obtain from other different origiaa reach up to 16.6 % of its genome (Ochman
et al, 2000). These genetic changes, which allow atgpedo escape periodic selection from
its previous ecotype, form the basis of bacteripécgation (Cohan, 2004). Occasionally,
mutations also allowed a strain to step into nealaggcal niche. Likewise, antibiotic resistance
Is because of the mutations. It was also showrhbyctones from the same strain that they can
adapt to different mediums and finally evolved dferent subpopulations (Spet al, 2009). If
clones got enough divergence to differ from eadheiotand to survive from the periodic
selections, they eventually become different ecesygo-existing in the same ecological niches.
A typical bacterial species may have several eastyfbut each ecotype will experience
mutations, homologous recombination, horizontaleggansfer and its own periodic selection
events, finally surviving ecotypes will form newesjes differing from each other and also from

their original species, So, the speciation is aglemprocess by integrating evolutionary events.
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Conclusion

The population substructure detected within theesa66 rRNA phylotype G1A most likely
is a result of natural selection rather than randdnift. According to the niche variation
hypothesis (Bolnicket al, 2007) considerable ecological heterogeneity wahierefore be
expected in the habitats of aquaiphingomonadaceadnitial support comes from a parallel
study, in which the seasonal situ dynamics of different G1A subpopulations was foia by
pyrosequencing of the internal transcribed spaeguences (Joglat al 2011). The analysis of
8,576 sequences revealed strong seasonal shiffseimbundance of 15 different ITS-types
whereby most of the ITS-types exhibited a distiteshporal pattern, and hence may occupy
different ecological niches. Since the housekeegees investigated showed little evidence of
positive selection and no indications towards dBlecpressures were detected for central
metabolic pathways, alternative traits may be imed| such as the degradation of refractory
high-molecular-weight organic compounds, resistaioc&)V radiation, a planktonic or sessile
life style, or a different susceptibility towardadteriophages. Possible evolutionary mechanisms
comprise the acquisition of novel traits by illegiate recombination and subsequent niche
invasion (Pernaet al, 2001) by recurrent selective sweeps (Majewskd &vohan, 1999)
separating the G1A clades. In any event, the gembtersity that is maintained within the
sphingomonad G1A phylotype is enormous compareather bacteria investigated so far. This
makes this population an especially suitable majstem to unveil novel aspects of the
bacterial speciation process.

In this study, a population oSphingomonadaceaesolates from two German lakes,
Walchensee and Starnberger See, were studied anl deing 16S rRNA sequences, a MLSA
analysis on nine housekeeping genes, and the detgrom of a large variety of phenotypic
traits. The study of the much closer related ssraire., members of the same 16S rRNA
phylotype, allowed for population genetic insigi$o the formation of subclusters by most
probably selective processes, thus giving insighd speciation processes. Given enough time,
speciation can result in the formation of distispecies or even distinct genera. Among the
strains of the population being already quite dddtito each other, thereby representing the
results from a long-term process of generating ispedour strains were then consequently
chosen for a taxonomic characterisation from threpeetive of systematists. Three of the strains
were found to represent novel species in the geBgtangobiumand SphingomonasThe

taxonomic insights into the fourth strain led toe tipossibility to reclassify a formerly
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Caulobacterspecies into &phingomonaspecies. In summary, this study gave insights into
incipient speciation amongphingomonadaceasolates along with a taxonomical description of

long-term results of such speciation processes.

92



Chapter 6: references

Chapter 6

References

Abadi, F, Carter P, Cash P, Pennington T. (199&rRin resistance ilNeisseria meningitidis

due to alterations in membrane permeabifiytimicrob Agents Chemothé0: 646-651

Abraham, W. R., Meyer, H., Lindholst, S., Vancarinéy. & Smit, J. (1997). Phospho- and
sulfolipids as biomarkers afaulobacter Brevundimonasand HyphomonasSyst Appl
Microbiol 20, 522-539.

Abraham, W. R., Strompl, C., Meyer, H., LindholSt, Moore, E. R. B., Bennasar, A., Christ, R.,
Vancanneyt, M., Tindall, B. & other authors (1999hylogeny and polyphasic taxonomy
of Caulobacterspecies. Proposal dflaricaulisgen. nov. withM. maris(Poindexter)
comb. nov. as the type species, and emended dascrippf the genera
Brevundimonas and Caulobactert J Syst Bacteriod9, 1053-1073.

Abraham, W. R., Stréompl, C., Vancanneyt, M., Lin§doH.& Moore, E. R. (2001).
Determination of the systematic position of the ugeAsticcacaulisPoindexter by a
polyphasic analysignt J Syst Evol Microbidb1(Pt 1), 27-34.

Abraham, W. R., Macedo, A. J., Lunsdorf, H., Fiscle, Pawelczyk, S., Smit, J.& Vancanneyt,
M. (2008). Phylogeny by a polyphasic approach ef ahderCaulobacteralesproposal
of Caulobacter mirabilis sp. nov., Phenylobacterium haematophilusp. nov. and
Phenylobacterium conjunctusp. nov., and emendation of the geRirenylobacterium
Int J Syst Evol Microbiob8(Pt 8), 1939-1949.

Achtman M. (2008). Evolution, population structurand phylogeography of genetically
monomorphic bacterial pathogerdsin Rev Microbio62:53-70.

Acinas SG, Klepac-Ceraj V, Hunt DE, Pharino C, Cérdistel DL et al. (2004). Fine-scale
phylogenetic architecture of a complex bacteriahganity. Nature430:551-554.

Altschul, S. F., et al(1997). Gapped BLAST and PSI-BLAST: a new generabbrprotein
database search programisicleic Acids Re®5:3389-3402.

Aminetzach, Y.T., Macpherson, J.M., Petrov, D.A){2) Pesticide resistance via transposition-
mediated adaptive gene truncatiorbirosophila Science309 (5735): 764-767.

93



Chapter 6: references

Anisimova M, Gascuel O. (2006). Approximate likeldd-ratio test for branches: A fast,
accurate, and powerful alternatigyst Biol55:539-552.

Aravind, L., Tatusov, R.L., Wolf, Y.l., Walker, D.Rand Koonin, E.V. (1998) Evidence for

massive gene exchange between archaeal and blabigréathermophilesTrends Genet
14: 442-444,

Auch, A.F., Von Jan, M., Klenk, H.-P., Géker, MO@). Digital DNA-DNA hybridization for
microbial species delineation by means of genorgettome sequence comparison.
Standards in Genomic Scien@4):117-134.

Aujoulat F, Jumas-Bilak E, Masnou A, Sallé F, FabreSegonds C, Marchandin H, Teyssier C.
(2011). Multilocus sequence-based analysis deksead clonal population of
Agrobacterium(Rhizobiun) radiobacter(Agrobacterium tumefaciepsf human originJ
Bacteriol 193(10): 2608-2618.

Baker, J.M. (2005) Adaptive speciation: The role raftural selection in mechanisms of
geographic and non-geographic speciation. StudmedsHistory and Philosophy of
Biological and Biomedicabciences6 (2): 303-326.

Balkwill DL, Frederickson JK, Fromine MF. (2006%5phingomonasand related genera.
Prokaryotes/:605-629.

Baquero F. and Coque T. M. (2011). Multilevel p@tigin genetics in antibiotic resistance
FEMS Microbiol. Rew35 (5): 705-706.

Bartscht K, Cypionka H, Overmann J. (1999). Evatrabf cell activity and of methods for the
cultivation of bacteria from a natural lake comnmu#+EMS Microbiol Eco28:249-259.

Bertram J. (2000) The molecular biology of canbésl. Aspects Me®21 (6): 167—223.

Bhaya D, Grossman AR, Steunou A-S, Khuri N, Cohah, Hamamura Net al. (2007).
Population level functional diversity in a microb@mmunity revealed by comparative
genomic and metagenomic analyd8ME J1:703-713.

Biolog, (2007). Revolutionary Gen llI-Biolog's 3igkneration identification technology with
breakthrough advantages. Part 00A 0XX, Rev A 087200

Bishop CJ, Aanensen DM, Jordan GE, Kilian M, Han&ge, Spratt BG. (2009). Assigning

strains to bacterial species via the interBMC Biol.7:3

Bisgaard M, Christensen JP, Bojesen AM, Christeiitegf2007).Avibacterium endocarditidisp.
94



Chapter 6: references

nov., isolated from valvular endocarditis in chigkelnt J Syst Evol Microbiol.57:
1729-1734.

Blom JF, Pernthaler J. (2010). Antibiotic effectsttree strains of chrysophyte®¢hromonas
Poterioochromongson freshwater bacterial isolat€4¥=MS Microbiol Ecol71:281-290.

Bolnick DI, Svanback R, Araujo MS, Persson L. (200Comparative support for the niche
variation hypothesis that more generalized popaatialso are more heterogenedusc
Natl Acad Sci U S A04:10075-10079.

Boucher, Y., Douady, C.J., Papke, R.T., Walsh, PBaudreau, M.E., Nesbo, C.L., Case, R.J.,
Doolittle, W.F. (2003) Lateral gene transfer and drigins of prokaryotic groupsnnu
Rev GeneB7:283-328.

Brown, J.R., Douady, C.J., ltalia, M.J., Marsh&all.E., Stanhope, M.J. (2001) Universal trees
based on large combined protein sequence datd\sgtse Genetigs28: 281-285.

Brown, M.G., (2008), Antibiotic resistance and sé@nce mechanisms in bacteria isolated from
the deep terrestrial subsurface. Doctoral TheBisgertation, Doctor of Philosophy. The

Florida State University.

Bruen TC, Philippe H, Bryant D. (2006). A simpledarobust statistical test for detecting the
presence of recombinatioBeneticsl72:2665-2681.

Bruns A, Cypionka H, Overmann J. (2002). Cyclic AMiid acyl homoserine lactones increase
the cultivation efficiency of heterotrophic bacterirom the central baltic se@dppl
Environ Microbiol68:3978-3987.

Bruns A, Hoffelner H, Overmann J. (2003). A novppeoach for high throughput cultivation
assays and the isolation of planktonic bact&ieMS Microbiol EcoM5: 161-171.

Burrus, V, Waldor, M (2004) Shaping bacterial geesnmwith integrative and conjugative
elementsRes. Microbiol 155 (5): 376—386.

Busse, H.-J. & G. Auling (1988) Polyamine patteassa chemotaxonomic marker within the

ProteobacteriaSyst Appl Microbioll1: 1-8.

Busse H.J., Denner E.B., Buczolits S., Salkinojmi&n M., Bennasar A. & Kampfer P.
(2003)Sphingomonas  aurantiasp. nov., Sphingomonas aerolagp. nov.
and Sphingomonas faesp. nov., air- and dustborne and Antarctic, orgmigenented,

psychrotolerant bacteria, and emended descripfieheogenusSphingomonadnt J Syst

95



Chapter 6: references

Evol Microbiol.53, 1253-1260.

Cashion, P., Hodler-Franklin, M. A., McCully, J.Ranklin, M. (1977). A rapid method for base
ratio determination of bacterial DNAnal Biochen81, 461-466.

Charlotte, A.J. (1989%rocess and Pattern in Evolutio@xford University Press

Chessel D, Dufour AB, Thioulouse J. (2004). Thedapgackage-I- One-table method&.News
4:5-10.

Christensen H, Kuhnert P, Bisgaard M, Mutters RjvBzF, Olsen JE. (2005). Emended
description of porcin®asteurella aerogengRasteurella mairiandActinobacillus rossii
Int J Syst Evol Microbidb5: 209-223.

Christensen H, Kuhnert P, Busse HJ, Frederiksen Bi€gjaard M. (2007). Proposed minimal
standards for the description of genera, specidsahbspecies of tHeasteurellaceadnt
J Syst Evol Microbiob7: 166—178.

Christner BC, Mosley-Thompson E, Thompson LG, Re#Ne(2001). Isolation of bacteria and
16S rDNAs from Lake Vostok accretion idenviron Microbiol3:570-577.

Cohan, F.M. (1994) Genetic exchange and evolutiodarergence in prokaryote3rends in
Ecol. Evol.9:175-180.

Cohan, F.M. (2001) Bacterial species and specia8gst. Biol50:513-524
Cohan, F.M. (2002) What are bacterial specs?u. Rev. Microbiolb6: 457-487.

Cohan, F. M. (2004). Periodic selection and ecalalgiliversity in bacteria. In Selective Sweep.

Edited by D. Nurminsky. Georgetown, Texas: Landes@ence.

Cohan FM, Perry EB. (2007). A systematics for dierog the fundamental units of bacterial
diversity.Curr Biol 17:R373-386.

Collins, M. D. (1994). Isoprenoid quinones. In Chesth Methods in Prokaryotic systematics,
Edited by Goodfellow M. &O'Donnell A. G. Chichestelohn Wiley & Sons, pp.
345-401.

Connor, N., Sikorski, J., Rooney, A.P., Kopac, Koeppel, A.F., Burger, A.et al. (2010)
Ecology of speciation iBacillus Appl Environ Microbiol76:1349-1358.

Courvalin P. (2006). Vancomycin resistance in grasiive cocci. Clin Infect Dis. 42 Suppl
1:525-34.

96



Chapter 6: references

Dangar, T. K., Babu, Y. K. Das, J. (2010) Populatitynamics of soil microbes and diversity
of Bacillus thuringiensisn agricultural and botanic garden soils of Indidrican J.
Biotechnol9: 496-501.

de Bruijn F.J., Rademaker J., Schneider M., Ros$sbag Louws, F.J.. (1996) Rep-PCR
Genomic Fingerprinting of Plant-Associated Bacterend Computer-Assisted
Phylogenetic Analyses. IfBiology of Plant-Microbe InteractignProceedings of the 8th
International Congress of Molecular Plant-Microheefactions (G. Stacey, B. Mullin and
P. Gresshoff, Eds.) APS Press, 497-502.

De Ley, J., Cattoir, H. & Reynaerts A. (1970). Theantitative measurement of DNA
hybridization from renaturation ratdésur J Biochemi2, 133-142.

De las Rivas B, Marcobal A, Munoz R. (2004). Alteliliversity and population structure in
Oenococcus oenas determined from sequence analysis of housekgeyenesAppl
Environ Microbiol70: 7210-7219.

De Queiroz, K. (May 2005). Ernst Mayr and the modeoncept of specieBroc. Natl. Acad.
Sci. U.S.A102 suppl 1: 6600-6607.

Diamond, J., Bishop, K.D. (1999) Ethno-ornitholagfythe Ketengban People, Indonesian New
Guinea. InFolkbiology (ed. DL Medin and S Atran), Bradford Books, MIT 8¢
Cambridge, MA. pp. 17-45.

Doolittle, F., Bapteste, E. (2007) Pattern pluraliand the tree of life hypothesRroceedings of
the National Academy of Sciendd®!:2043-2049.

Didelot X, Falush D. (2006). Inference of bactemaicroevolution using multilocus sequence
data.Geneticsl75:1251-1266.

Doolittle, W.F., Papke, R.T. (2006) Genomics aneé thacterial species problerienome
Biology 7:1161-1167.

Doroghazi JR, Buckley DH. (2010). Widespread horgoles recombination within and between
StreptomycespeciesISME J4:1136-1143.

Drake JW, Charlesworth B, Charlesworth D, Crow (1898). Rates of spontaneous mutation.
Geneticsl48:1667-1686.

Dykhuizen, D.E., Green, L. (1991) RecombinationEscherichia coli and the definition of
biological species]. Bacteriol.173:7257-7268.

97



Chapter 6: references

Dykhuizen, D.E. (1995) Santa Rosalia revisited: Vdhg there so many species of bactefa®
v. Leeuwenhoek3: 25-33

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Detbdaf L, Sargent Mt al. (2005). Diversity
of the human intestinal flor&cience308:1635-1638.

Eguchi M, Nishikawa T, MacDonald K, Cavicchioli FGottschal J, Kjelleberg S. (1996).
Responses to stress and nutrient availability kyntlarine ultrabacteriurSphingomonas
sp. strain RB2256App! Environ Microbiol62:1287-1294.

Eldredge, N., Cracraft, J. (1980) Phylogeneticgrag and the evolutionary process: Method and
theory in comparative biology. New York: Columbiaildersity Press.

Ereshefsky M., (2010). Microbiology and the speqgoesblem.Biology Philosophy 25 (4):
553-568.

Feldgarden M, Byrd N, Cohan FM. (2003). Gradual letwon in bacteria: evidence from
Bacillus systematicgVlicrobiology.149:3565—-3573.

Feil, E.J., Holmes, E.C., Bessen, D.E., Chan, MB&y, N.P.J., Enright, M.C., Goldstein, R.,
Hood, D.W., Kalia, A., Moore, C.E., Zhou, J. andr&p B.G. (2001) Recombination
within natural populations of pathogenic bactesiaort-term consequences and long-term

phylogenetic consequence®roc. Natl. Acad. Sci. USA8: 182-187.

Feil, E.J., Cooper J.E., Grundmann H., Robinson. DEAright M.C., Berendt T., Peacock S.J.,
Smith J.M., Murphy M., Spratt B.G.,, Moore C.E., D&P. (2003) How clonal is
Staphylococcus auresiBacteriol.185:3307-3316.

Felis, G. E. & Dellaglio, F. (2007). On speciesa@ggions based on a single strain: proposal to
introduce the status species proponenda (splmr.).Syst Evol Microbiob7, 2185-2187.

Felsenstein J. (1993). PHYLIP (Phylogeny InfereReekage) version 3.6. Distributed by the

author. Department of Genetics, University of Wagton, Seattle.

Fink, D.L., Cope, L.D., Hansen, E.J., St. Geme,.I\W2001) TheHaemophilusnfluenzae Hap
autotransporter is a chymotrypsin clan serine psseand undergoes autoproteolysis via
an intermolecular mechanisthBiol Chem276:39492-39500.

Franklin, L. (2007) Bacteria, sex, and systemattslosophy of Sciencé4:69-95.

Fraser C, Hanage WP, Spratt BG. (2007). Recombimathd the nature of bacterial speciation.

Science315:476-480.
98



Chapter 6: references

Fraser, C., Alm, E.J., Polz, M.F.,, Spratt, B.G.,nbige, W.P. (2009) The bacterial species
challenge: Making sense of genetic and ecologiwairsity. Science323: 741-746.

Fuhrman JA, Comeau DE, Hagstrom A, Chan AM. (19&X}raction from natural planktonic
microorganisms of DNA suitable for molecular biale) studies. Appl Environ
Microbiol 54:1426-1429.

Gans, J., Wolinsky M., Dunbar J. (2005) Computatiaomprovements reveal great bacterial

diversity and high metal toxicity in sofkcience309: 1387-1390.

Garrity, G. M., Bell, J. A.& Lilburn T. (2005). Oatt V CaulobacteraleHenrici and Johnson
1935b . In Garrity G. M., Brenner D. J., Krieg N., Btaley J. R. (eds), Bergey's Manual
of Systematic Bacteriology. Second edition, VolTBe proteobacteria part C, Springer —
Verlag, pp. 287-323.

Gevers D, Cohan FM, Lawrence JG, Spratt BG, Codhyeeil EJet al. (2005). Re-evaluating
prokaryotic speciedNat Rev MicrobioB:733-739.

Gich, F., Schubert, K., Bruns, A., Hoffelner, H. @vermann, J. (2005). Specific detection,
isolation and characterization of selected, presfypwncultured members of freshwater
bacterioplanktonAppl Environ Microbiol71, 5908-5919.

Gich F, Overmann J. (2006pandarakinorhabdus limnophilgen. nov., sp. nov., a novel
bacteriochlorophyll a-containing, obligately aemliacterium isolated from freshwater
lakes.Int J Syst Evol Microbiob6:847-854.

Gich F, Schubert K, Bruns A, Hoffelner H, Overmahr{2005). Specific detection, isolation and
characterization of selected, previously unculturedembers of freshwater
bacterioplanktonAppl Environ Microbiol71:5908-5919.

Giovannoni S. (2004). Oceans of bacteNature430:515-516.

Glockner FO, Zaichikov E, Belkova N, Denissova lerthaler J, Pernthaler &t al. (2000).
Comparative 16S rRNA analysis of lake bacterioplankreveals globally distributed
phylogenetic clusters including an abundant gro@ipActinobacteria Appl Environ
Microbiol 66:5053-5065.

Goarant C, Reynaud Y, Ansquer D, Decker SD, Saulbie Roux Fl. (2006). Molecular
epidemiology of Vibrio nigripulchritudg a pathogen of cultured penaeid shrimp
(Litopenaeus stylirostr)Jsn New CaledoniaSyst Appl MicrobioR9: 570-580.

99



Chapter 6: references

Godoy D, Randle G, Simpson AJ, Aanensen DM, Pitt Kinoshita R, Spratt BG (2003)
Multilocus sequence typing and evolutionary relagioips among the causative agents of
melioidosis and glander8urkholderia pseudomalleand Burkholderia mallei J Clin
Microbiol 41 (5): 2068-2079.

Gogarten, J., Townsend, J. (2005) Horizontal geaesfer, genome innovation and evolution.
Nature Reviews Microbiologs.679-687.

Goris J, Konstantinidis KT, Klappenbach JA, CoenlyeVandamme P, Tiedje JM. (2007).
DNA-DNA hybridization values and their relationship whole-genome sequence
similarities.Int. J. Syst. Evol. Microbiob7: 81-91.

Grenfell BT, Pybus OG, Gog JR, Wood JLN, Daly JMurikford JA, Holmes EC. (2004).
Unifying the epidemiological and evolutionary dynesn of pathogens.Science.
303:327-332.

Griffiths A.J.F., Miller J.H., Suzuki D.T., LewomtiR.C.and Gelbart W.M. (2000). Bacterial

conjugation An Introduction to Genetic Analysish &dition. New York: W. H. Freeman.

Guindon S, Gascuel O. (2003). A simple, fast, asdueate algorithm to estimate large

phylogenies by maximum likelihoo8yst Biol52:696-704.

Hamada, T., Suzuki, M. & Harayama, S. (1998%ticcacaulis excentricué6S rRNA gene,
partial sequence. DDBJ/EMBL/GenBank databasessamreno. AB016610.

Hamana, K., Miyagawa, K. & Matsuzaki, S. (1983).cOrence of sym-homospermidine as the
major polyamine in nitrogen-fixing cyanobactemaochem. Biophys. Res. Commuih2:
606-613.

Hanage, W.P., Fraser, C., Spratt, B. (2005) Fupegiss among recombinogenic bacteB&IC
Biology 3:6.

Hanage W.P., Kaijalainen T., Herva E., SaukkorApi Syrjanen R., Spratt B.G. (2005). Using
multilocus sequence data to define the pneumocoddacteriol187 (17): 6223-6230.

Hanage WP, Fraser C, Spratt BG (2006) Sequencgaesee clusters and bacterial species.
Philos Trans R Soc Lond B Biol $61(1475): 1917-1927.

Hartl DL, Clark AG. (2007). Principles of PopulatioGenetics, 4 ed. Sinauer Associates:

Sunderland, Massachusetts.

Haubold B, Hudson RR. (2000). LIAN 3.0: detectimtkhge disequilibrium in multilocus data.
100



Chapter 6: references

Bioinformatics16:847-849.

Hennig, W. (1966 hylogenetic SystematicEranslated by D. D. Davis and R. Zangerl. Urbana:

University of lllinois Press.

Henrici, A. T. & Johnson, D. E. (1935). Studies foesh water bacteria. Il. Stalked bacteria, a
new order of schizomycete$Bacteriol30, 61-93.

Herbeck JT, Funk DJ, Degnan PH, Wernegreen JJ3J2B80conservative test of genetic drift in
the endosymbiotic bacteriuBuchnera slightly deleterious mutations in the chaperonin
groEL. Geneticsl65:1651-1660.

Hoshino T, Fujiwara T, Kilian M (2005) Use of phglenetic and phenotypic analyses to identify
nonhemolytic streptococci isolated from bacterenpatients. J Clin  Microbiol
43(12):6073-6085.

Hoértnagl P, Pérez MT, Sommaruga R.(2011). Contrgstiffects of ultraviolet radiation on the
growth efficiency of freshwater bacterguat Ecol5:125-136.

Hunt DE, David LA, Gevers D, Preheim SP, Aim EJizRdF. (2008). Resource partitioning and
sympatric differentiation among closely related tbeaoplankton. Science
320:1081-1085.

Huson DH, Bryant D. (2006). Application of phylogdit networks in evolutionary studiddol
Biol Evol23:254-267.

Huss, V. A. R., Festl, H. & Schleifer, K. H. (1983%tudies on the spectrophotometric
determination of DNA hybridization from renaturatiocates.Syst Appl Microbiol4,
184-192.

Ibrahim, N.A., Abd-Elsalam, K.A., Khalil, M. S., Ykeet, J. A. (2003) Comparison of
multi-locus enzyme and protein gel electrophoresis the discrimination of
five Fusariumspecies isolated from Egyptian cottoAfican Journal of Biotechnology
2:206-210.

Ivars-Martinez E., D'Auria G., Rodriguez-Valera Banchez-Porro C., Ventosa A., Joint .,
Muhling M. (2008). Biogeography of the ubiquitousamme bacteriumAlteromonas
macleodiidetermined by multilocus sequence analydisl. Ecol.17(18):4092-4106.

Jain AK, Murty MN, Flynn PJ. (1999). Data clusteyira reviewACM Comput Sur@l.

Jain, R., Rivera, M.C., Moore, J.E., Lake, J.A. Q2D Horizontal gene transfer in microbial
101



Chapter 6: references

genome evolutionTheor Popul Biol61 (4): 489-495.

James, G. (2010). Universal Bacterial Identificatiy PCR and DNA Sequencing of 16S rRNA
Gene PCR for Clinical MicrobiologyPart 3, 209-214.

Jaspers E, Nauhaus K, Cypionka H, Overmann J. j200d/titude and temporal variability of
ecological niches as indicated by the diversitycaoftivated bacterioplanktor=EMS
Microbiol Ecol 36:153-164.

Jaspers E, Overmann J. (2004). Ecological sigmtieaof microdiversity: identical 16S rRNA
gene sequences can be found in bacteria with highlyergent genomes and

ecophysiologiesAppl Environ Microbiol70:4831-48309.

Jogler M, Siemens H, Chen H, Bunk B, Sikorski Jefvann J. (2011). Identification and
targeted cultivation of an abundant novel freshwaphingomonadand analysis of its

population substructurédppl Environ Microbiol77:7355-7364.

Jolley KA, Wilson DJ, Kriz P, Mcvean G, Maiden MCR005). The influence of mutation,
recombination, population history, and selection matterns of genetic diversity in
Neisseria meningitidisMol Biol Evol22:562-569.

Kaiser, A. E., Gottwald, A. M., Wiersch, C. S., MaiW. A., Seitz, H. M. (2003) Spermidine
metabolism in parasitic protozoa-a comparison ® ghuation in prokaryotes, viruses,

plants and fungiFolia Parasitologica50, 3-18.

Kashtan N, Noor E, Alon U (2007) Varying environrtgeican speed up evolutioRroc Natl
Acad Sci USA04:13711-13716.

Kawahara, K., Kuraishi, H. & Zaéhringer, U. (199€@hemical structure and function of
glycosphingolipids ofSphingomonaspp. and their distribution among members of the
a-4subclass oProteobacteriaJ. Ind. Microbiol. Biotech23: 408-413.

Kawahara K., Moll H., Knirel Y. A., Seydel U., Zimger U. (2000). Structural analysis of two
glycosphingolipids from the lipopolysaccharide-lenck bacterium Sphingomonas
capsulataEur J Biochem267(6):1837-1846.

Keymer, D.P., Boehm, A.B. (2011) Recombination €sathe structure of an environmental

Vibrio choleraepopulation Appl Environ Microbiol77:537-544.

Kilian, M., Poulsen, K., Blomqvist, T., Havarstein,S., Bek-Thomsen, M., Tettelin, Het al.
(2008) Evolution ofStreptococcus pneumoniaed its close commensal relativéd.oS

102



Chapter 6: references

ONE3:e2683.

Kim H, Kim S-H, Ying Y-H, Kim H-J, Koh Y-H, Kim C-ZJt al. (2005) Mechanism of natural
rifampin resistance détreptomycespp.Syst Appl Microbiok8: 398-404

Kim MK, Schubert K, Im WT, Kim KH, Lee ST, Overmardn (2007) Sphingomonas kaistensis
sp. nov., a novelalphaproteobacteriumcontaining pufLM genesint J Syst Evol
Microbiol 57: 1527-1534.

Koeppel A, Perry EB, Sikorski J, Krizanc D, WarwerWard DM et al. (2008). Identifying the
fundamental units of bacterial diversity: a paradighift to incorporate ecology into
bacterial systematic®roc Natl Acad Sci U S 205:2504-25009.

Konstantinidis KT, Tiedje JM. (2005). Genomic irfsig that advance the species definition for
prokaryotes.Proceedings of the National Academy of SciencateofUnited States of
Americal02: 2567-2572.

Kosako Y, Yabuuchi E, Naka T, Fujiwara N, Kobayaski (2000). Proposal of
Sphingomonadaceatam. Nov., consisting ofSphingomonasyabuuchi et al. 1990,
Erythrobacter Shiba and Shimidu 1982Erythromicrobium Yurkove et al. 1994,
Porphyrobacter Fuerst et al 1993, ZymomonasKluyver and van Niel 1936, and
Sandaracinobactelurkove et al. 1997, with the type genusphingomona¥abuuchiet
al. 1990.Microbiol Immunol44:563-575.

Kreimer A, Borenstein E, Gophna U, Ruppin E (2008 evolution of modularity in bacterial
metabolic networksProc Natl Acad Scl05: 6976-6981.

Kuhnert P, Korczak BM. 2006). Prediction of whole-genome DNA-DNA similgyit
determination of G+C content and phylogenetic agialywithin the family

Pasteurellaceae by multilocus sequence analysiS@lLMicrobiology 152: 2537-2548.

Kuhnert P, Korczak BM, Christensen H, Bisgaard MN0(Q7). Emended description of
Actinobacillus capsulatué&rseculeratne 1962, 38Alnt. J. Syst. Evol. Microbiol57:
625—-632.

Kuhnert P, Korczak BM, Stephan R, Joosten H, IveiSe(2009). Phylogeny and prediction of
genetic similarity of Cronobacterand related taxa by multilocus sequence analysis
(MLSA). Int. J. Food Microbioll36: 152-158.

Kriz, P., Kalmusova, J., Felsberg, J. (2002) Mattils sequence typing blieisseria meningitidis

103



Chapter 6: references

directly from cerebrospinal fluiEpidemiol. Infect128: 157-160.

Kuo C-H, Moran NA, Ochman H. (2009). The conseqesnof genetic drift for bacterial
genome complexitysenome Re$9:1450-1454.

Lake, J.A., Clark, M.W., Henderson, E., Fay, S®akes, M., Scheinman, Aet al. (1985)
Eubacteria, halobacteria, and the origin of phattdsgsis: the photocyteBroc Natl Acad
Sci USA82: 3716-3720.

Lan, R., Reeves. P. R. (2000) Intraspecies vandtidbacterial genomes: the need for a species

genome conceplrends Microbiol 8: 396-401.

Lane DJ. (1991). 16S/23S rRNA sequencing. In: $thcdndt E, Goodfellow M. (eds). Nucleic
acid techniques in bacterial systematics. Wileyictéster, UK, pp. 115-175.

Lange A, Ferguson N.M. (2009). Antigenic diversityansmission mechanisms, and the
evolution of pathogen$LoS Comput Biob(10):e1000536.

Lapteva NA, Bel’kova NL & Parfenova VV (2007) Sgatilistribution and species composition
of prosthecate bacteria in Lake Baikdikrobiologiia 76, 545-551 (in Russian)

Lee KB, Liu CT, Anzai Y, Kim H, Aono T,0Oyaizu H. ®5). The hierarchical system of the
‘Alphaproteobacteria description ofHyphomonadaceatam. nov.,Xanthobacteraceae
fam. nov. ancErythrobacteraceaéam. nov.Int J Syst Evol Microbiob5: 1907-1919.

Lengeler, J.W., Drews, G., Schlegel, H.G. (1999)a@br 29, Prokaryotic diversity and
systematics, iBiology of the prokaryote$Viley-Blackwell; 1 edition, 674-720

Levin, B.R. (1981) Periodicselection, infectiousngeexchange and the genetic structure of

Escherichia colpopulationsGenetic99: 1-23.

Librado P, Rozas J. (2009). DnaSP v5: a software ctlumprehensive analysis of DNA
polymorphism dataBioinformatics25:1451-1452.

Liu, Y.Q., Yao, T.D., Zhu, L.P.,, Jiao, N.Z., Liu,.B, Zeng, Y.H., and Jiang, H.C. (2009).
Bacterial Diversity of Freshwater Alpine Lake Puriamco on the Tibetan Plateau.
Geomicrobiology journal26 (2): 131-145.

Logue J.B., Burgmann H., Robinson C.T. (2008). R¥sg in the Ecological Genetics and
Biodiversity of Freshwater BacteriBioScience58 (2):103-113.

Lorenz, M.G., and Wackernagel, W. (1994) Bacterigene transfer by natural

104



Chapter 6: references

genetictransformation in the environmevicrobiol. Rev58: 563-602.

Ludwig W, Strunk O, Westram R, Richter L, Meier Madhukumaret al. (2004). ARB: a

software environment for sequence datacleic Acids Re32:1363-1371.
Lynch M, Conery JS. (2003). The origins of genoromplexity. Science302:1401-1404.

Maiden, M.C.J. (2006) Multilocus sequence typing lohcteria. Annu. Rev. Microbiol.
60:561-588.

Maiden, M.C.J., Bygraves, J.A., Feill, E., More@ii,, Russell, J.E., Urwin, R., Zhang, Q., Zhou,
J., Zurth, K., Caugant, D.A., Feavers, .M., Achtm®&l., Spratt, B.G. (1998) Multilocus
sequence typing: a portable approach to the ideatidin of clones within populations of
pathogenic microorganismBroc. Natl. Acad. Sci. US85: 3140-3145.

Majewski J, Cohan FM. (1999). Adapt globally, aotdlly: the effect of selective sweeps on
bacterial sequence diversifyeneticsl52:1459-1474.

Manz W, Amann R, Ludwig W, Wagner M, Schleifer K-H1992). Phylogenetic
oligodeoxynucleotide probes for the major subclassfdProteobacteria problems and
solutions.Syst Appl Microbioll5:593 - 600.

Maiden, M.C.J., Bygraves, J.A., Feill, E., More@i,, Russell, J.E., Urwin, R., Zhang, Q., Zhou,
J., Zurth, K., Caugant, D.A., Feavers, I.M., Achimi., Spratt, B.G. (1998) Multilocus
sequence typing: a portable approach to the ideatidin of clones within populations of
pathogenic microorganismBroc. Natl. Acad. Sci. US85: 3140-3145.

Marschall E, Jogler M, Henf3ge U, Overmann J. (20L8)ge-scale distribution and activity
patterns of an extremely low-light-adapted popolatof green sulfur bacteria in the
Black SeaEnviron Microbiol12:1348-1362.

Margulis, L., Sagan, D. (2002) Acquiring GenomesTHeory of the Origin of Species. New
York: Basic Book

Martens M, Delaere M, Coopman R, de Vos P, Gilliswlllems A. (2007). Multilocus sequence
analysis oEnsiferand related taxdnt. J. Syst. Evol. Microbiob7: 489-503.

Martens M, Dawyndt P, Coopman R, Gillis M, De VgsVHllems A. (2008). Advantages of
multilocus sequence analysis for taxonomic studiesase study using 10 housekeeping
genes in the gennsifer (including formerSinorhizobium Int J Syst Evol Microbidb8:
200-214.

105



Chapter 6: references

Martin AP. (2002). Phylogenetic approaches for dbstg and comparing the diversity of
microbial communitiesAppl Environ Microbiol68:3673-3682.

Martin DP, Lemey P, Lott M, Moulton V, Posada D,féievre P. (2010). RDP3: a flexible and

fast computer program for analyzing recombinat®ininformatics26:2462-2463.

Martin, W. and Mdualler, M. (1998) The hydrogen hypesis for the first
eukaryoteNature392:37-41.

Martinez J. L. and Rojo F. (2011). Metabolic regiola of antibiotic resistanc&EMS Microbiol
Rev.35 (5): 768-789.

Matsunaga, I., Yamada, M., Kusunose, E., Nishiughi,yano, I. & Ichihara K. (1996). Direct
involvement of hydrogen peroxide in bacterial alplydroxylation of fatty acidFEBS
Lett 386, 252—-254.

Matsunaga, |., Yokotani, N., Gotoh, O., Kusunose, Yamada, M. & Ichihara, K. (1997).
Molecular cloning and expression of fatty acid alpydroxylase fromSphingomonas
paucimobilis.J. Biol. Chem.272, 23592-23596.Maughan, H., Wilson, L.A., Rddfie
R.J. (2010) Bacterial DNA Uptake Sequences Can #etate by Molecular Drive Alone.
Genetics186: 613-627.

Maynard Smith J, Dowson C.G., Spratt B.G.. 1991cdlaed sex in bacteria. Nature
249:29-31.Mayr, E. (1970) Populations, Species, Budlution. Harvard University
Press, Cambridge, MA.

McDonald JH, Kreitman M. (1991). Adaptive protewotution at theAdhlocus inDrosophila
Nature351:652-654.

McVean G, Awadalla P, Fearnhead P. (2002). A coal@sbased method for detecting and
estimating recombination from gene sequenGeneticsl60:1231-1241.

Meece, J.K., Anderson, J.L., Fisher, M.C., HenkA.D.Sloss, B.L., Reed, K.D.(2011)
Population genetic structure of clinical and enwimental isolates dBlastomyces
dermatitidis based on 27 polymorphic microsatellite marképpl Environ Microbiol
77:5123-5131

Melendrez, M.C., Lange, R.K., Cohan, F.M., WardMD.(2011) Influence of molecular
resolution on sequence-based discovery of ecolbgiwarsity amongSynechococcus

populations in an alkaline siliceous hot spring nolical mat. Appl Environ Microbiol

106



Chapter 6: references

77:1359-1367.

Mesbah, M., Premachandran, U. & Whitman, W.B. ()9&9ecise measurement of the G + C
content of deoxyribonucleic acid by high-performaiquid chromatographynt J Syst
Bacteriol 39, 159-167.

Mignard S, Flandrois JP. (2008). A seven-gene, iloaits, genus-wide approach to the
phylogeny of mycobacteria using supertréasJ Syst Evol Microbidb8: 1432-1441.

Mutters R, Mannheim W, Bisgaard M. (1989). Taxonoofythe group. InPasteurellaand
Pasteurellosispp. 3—34. Edited by C. Adlam & J. M. Rutter. Lond Academic Press..

Naser, S.M., Thompson, F.L., Hoste, B., Gevers,Oawyndt, P., Vancanneyt, M. & Swings, J.
(2005) Application of multilocus sequence analy®H.SA) for rapid identification of
Enterococcuspecies based opoA andpheSgenesMicrobiology 151: 2141-2150.

Naser SM, Hagen KE, Vancanneyt M, Cleenwerck I, g&i J, Tompkins TA. (2006).
Lactobacillus suntoryeu€achat and Priest 2005 is a later synonyniaftobacillus
helveticus(Orla-Jensen 1919) Bergey al. 1925 (Approved Lists 1980t J Syst Evol
Microbiol 56:355-360.

The Clinical and Laboratory Standards Institute $GLformerly NCCLS), Performance
standards for antimicrobial susceptibility testisgventeenth informational supplement.
CLSI document M100-S17 [ISBN 1-56238-625-5]. VayRa; NCCLS.

Neef A. (1997). Ph.D. thesis. Anwendung der in-&itnzelzell-ldentifizierung von Bakterien zur
Populationsanalyse in komplexen mikrobiellen Biazgen. Technische Universitat

Minchen, Munich, Germany.

Nelson, K.E., Clayton, R.A., Gill, S.R., Gwinn, M,LDodson, R.J., Haft, D.H., Hickey,
E.K.,Peterson, L.D., Nelson, W.C., Ketchum, K.&t,al. (1999) Evidence for lateral
gene transfer between Archaea and Bacteria fronorgensequence of hermotoga
maritima Nature399: 323-329.

Nesbo, C., Dultek, M., Doolittle, F. (2006) Recomdttion in Thermotoga: Implications for
species concepts and biogeograpghgneticsl72:759-769.

Nigam, A., Jit, S. & Lal, R. (2010)Sphingomonas histidinilyticep. nov., isolated from a
hexachlorocyclohexane dump sitlet. J. Syst. Evol. Microbiob0, 1038-1043.

Ngrskov-Lauritsen N, Bruun B, Kilian M. (2005). Milbcus sequence phylogenetic study of the
107



Chapter 6: references

genusHaemophiluswith description ofHaemophilus pittmaniasp. nov.,Int. J. Syst.
Evol. Microbiol.55: 449-456.

Nuebel, U., Dordel, J., Kurt, K., Strommenger, Blesth, H., Shukla, S.Kegt al. (2010) A
timescale for evolution, population expansion, apdtial spread of an emerging clone of

methicillin resistanBStaphylococcus aureuBL0S Patho@:e1000855.

O’'Rourke, M. Stevens, E. (1993) Genetic structdrb@sseria gonorrhoeagopulations: a non-
clonal pathogenl. Gen. Microbial.139: 2603-2611

Ochman, H., Lawrence, J. G., Groisman, E. A. (200&eral gene transfer and the nature of
bacterial innovationNature405: 299-304.

Ochsenreither, S., Kuhls, K., Schaar, M., Prest®¥t, Schénian, G. (2006) Multilocus
microsatellite typing as a new tool for discriminat of Leishmania infantum MON-1
strains.J Clin Microbiol.44(2):495-503.

Ogunseitan, O.A. (1995) Bacterial genetic exchangeture Science Progres§38, 183-204.

Ogunseitan, O.A. (2001) Assessing microbial prote®nn the environment. In: Bitton, G.
(Editor) Encyclopedia of Environmental Microbiolagyohn Wiley & Sons, Inc., New
York.

Oshima T, Baba M (1981) Occurrence of sym-homosine in extremely thermophilic
bacteriaBiochem Biophys Res ComniL08:156—-160.

Overmann J, Tuschak C, Froestl JM, Sass H. (1988). ecological niche of the consortium
"Pelochromatium roseumArch Microbiol 169:120-128.

Pate, J. L., Porter, J. S. & Jordan, T. L. (19A3}iccacaulis biprostheciursp. nov. life cycle,
morphology and cultural characteristicdntonie Leeuwenhoek J Microbiol Sei@9,
569-583.

Pechére, J. C., (2001). Macrolide resistance mesimanin Gram-positive coccilnt. J.
Antimicrob. Agent48, S25-S28.

Pfennig, N. & Wagener, S. (1986). An improved methof preparing wet mounts for
photomicrographs of microorganisndeurnal of Microbiological Methodd, 303-306.

Pefa A, Teeling H, Huerta-Cepas J, Santos F, YarBaito-Echeverria ét al. (2010) Fine-scale
evolution: genomic, phenotypic and ecological ddfgiation in two coexisting

Salinibacter rubeistrainsISME J4: 882-895
108



Chapter 6: references

Piccini C, Conde D, Alonso C, Sommaruga R, Perethdl (2006). Blooms of single bacterial
species in a coastal lagoon of the Southwesteranfdtl OceaAppl Environ Microbiol
72:6560-6568.

Pigliucci, M. (2003) Species as family resemblancacepts: The (dis-)solution of the species
problem?Bioessay25: 596—602.

Pigliucci, M., Kaplan, J. (2006) Making Sense ofokaion: the Conceptual Foundations of
Evolutionary Biology. Chicago, Chicago UniversitseBs.

Pinhassi J, Hagstrom A. (2000). Seasonal successiorarine bacterioplanktoquat Microb
Ecol 21:245-256.

Pointdexter J. S. (1964). Biological properties amassification of theCaulobacter group.
Bacteriological Review&8, 231-295.

Poindexter, J. S. & Lewis, R. F. (1966). Recommé&nda for revision of the taxonomic
treatment of stalked bacteriat J Syst Bacteriol6, 377-382

Poindexter, J. S. (1981a). Oligotrophy. Fast anchiria existence, pp. 63—89. In Microbial
Ecology, vol. 5. Edited by M. Alexander. New YoRenum Publishing Corp.

Poindexter, J. S. (1981b). Th&aulobacters ubiquitous unusual bacteriicrobiol Rev 45,
123-179.

Poindexter, J. S. (1989). GenGaulobacterHenrici and Johnson 1935, 83AL. In: Bergey’s
Manual of Systematic Bacteriology, Edited by Staleyl., Bryant M. P., Pfennig N. &
Holt J. G. Baltimore: Williams & Wilkins. vol. 3, 1924-1939.

Pointdexter, J. S. (2005). Gen@aulobacterOrder V Caulobacterales Henrici and Johnson
1935b Garrity G. M., Bell J. A., Lilourn T. 2005 Garrity G. M., Brenner D. J., Krieg N.
R., Staley J. R. (eds), Bergey's Manual of Systenistcteriology. Second edition, Vol. 2:
The proteobacteria part C, Springer — Verlag, [87-223.

Pourzand, C. and Cerutti, P. (1993) Genotypic nuanatanalysis by RFLP/PCRiutat
Res.288:113-121.

Rainey, P.B., Buckling, A., Kassen, R., Travisado(2000) The emergence and maintenance of
diversity: insights from experimental bacterial ptgtions. Trends Ecol. Evol.
15:243-247.

Rasmussen, B. (2000) Filamentous microfossils3r285-millionyear-old volcanogenic massive
109



Chapter 6: references

sulphide depositNature405, 676—679.

Ravin, A.\W. (1960) The origin of bacterial specigsnetic recombination and factors limiting it
between bacterial populatioriBacteriol. Rev24:201-220.

Ravin, A.W. (1963) Experimental approaches to thelys of bacterial phylogenyAm. Nat.
97:307-311.

Reasoner, D. J. & Geldreich E. E. (1985). A new inn@adfor the enumeration and subculture of
bacteria from potable watekppl Env Microbiol49, 1-7.

Rensch, B. (1959) Evolution above the species I&Nelv York, Columbia University Press.

Richter D, Postic D, Sertour N, Livey |, Matuschk®, Baranton G. (2006). Delineation of
Borrelia burgdorferisensu lato species by multilocus sequence anawgsi€onfirmation
of the delineation oBorrelia spielmaniisp. novint J Syst Evol Microbiob6: 873-881.

Richter, M., and Rossello-Mora, R. (2009) Shiftitlge genomic gold standard for the
prokaryotic species definitiorRroceedings of the National Academy of Scierk®&
19126-19131

Riley, M.A., Lizotte-Waniewski, M. (2009) Populatiogenomics and the bacterial species
conceptMethods Mol Biob32: 367-377.

Rokas, A., B. L. Williams N. King and S. B. Carrq®003). Genome-scale approaches to
resolving incongruence in molecular phylogeniature425: 798-804.

Rossell6-Mora, R.,Amann, R. (2001) The species ephfor prokaryotes=EMS Microbiol. Rev.
25: 39-67.

Sakamoto M. and Ohkuma M. (2011). Identification @fassification of the genus Bacteroides
by multilocus sequence analysis (MLSA)icrobiology[Epub ahead of print]

Sarkar SF, Guttman DS. (2004). Evolution of theecgenome oPseudomonas syringaa

highly clonal, endemic plant pathog&ppl Environ Microbiol70:1999-2012.

Sasser, M. (1990). Identification of bacteria bg garomatography of cellular fatty acids, MIDI
Technical Note 101. Newark, DE: MIDI Inc.

Sauvage E, Kerff F, Terrak M, Ayala JA, Charlier (PO08).The penicillin-binding proteins:
structure and role in peptidoglycan biosynthdsSEMS Microbiol ReB2(2):234-258.

Sawabe T, Kita-Tsukamoto K, Thompson FL. (2007¢inhg the evolutionary history of vibrios

110



Chapter 6: references

by means of multilocus sequence analy&iBacteriol189 (21): 7932-7936.

Schloss P. D., Handelsman J. (2004). Status ofriceobial censusMicrobiol Mol Biol Rev.
68:686—691.

Schmidt, J. M. (1981). The genera Caulobacter asticdacaulis. In The Prokaryotes, a
Handbook on the Habitats, isolation, and Identifamaof Bacteria, Edited by Starr M. P,
Stolp H., Truper H. G.,, Balows A. & Schlegel H. Glew York: Springer. vol. 1, pp.
466-476.

Schweitzer B, Huber I, Amann R, Ludwig W, Simon (4001). a- and b-Proteobacteria control
the consumption and release of amino acids on $&mav aggregatesAppl Environ
Microbiol 67:632-645.

Selander, R.K., Caugant, D.A., Ochman, H., Muskéf,, Gilmour, M.N., Whittam, T.S., (1986)
Methods of multilocus enzyme electrophoresis foctéaal population genetics and
systematicsAppl. Environ. Microbiol51: 873—-884.

Shaw KJ, Rather PN, Hare RS, Miller GH. (1993). &toilar genetics of aminoglycoside
resistance genes and familial relationships of ahmenoglycoside-modifying enzymes.
Microbiol Rev.57(1):138-163.

Sly, L. L., Cahill, M. M., Majeed, K. & Jones, G1997). Reassessment of the phylogenetic
position of Caulobacter subvibrioiddat. J. Syst. Bacteriod7, 211-213.

Sly, L. 1., Cox, T. L. & Beckenham, T. B. (1999)h& phylogenetic relationships Gaulobacter,
Asticcacaulis and Brevundimonasspecies and their taxonomic implicatiomst J Syst
Bacteriol49, 483-488.

Sicheritz-Pontén T., Andersson S.G. (2001). A phgtoomic approach to microbial
evolutionNucleic Acids Re29(2):545-552.

Sikorski J, Brambilla E, Kroppenstedt RM, Tindall.§2008a). The temperature adaptive fatty
acid content irBacillus simplexstrains from "Evolution Canyon”, Israé¥licrobiology
154:2416-2426.

Sikorski J, Nevo E. (2005). Adaptation and incipisgmpatric speciation dBacillus simplex
under microclimatic contrast at "Evolution Canyohsihd I, IsraelProc Natl Acad Sci
U S A102:15924-15929.

Sikorski, J., Nevo, E. (2007) Patterns of thermdbmation of Bacillus simplexto the
111



Chapter 6: references

microclimatically contrasting slopes of "Evolutidbanyon" | and I, IsraelEnviron
Microbiol 9:716—726.

Sikorski J, Pukall R, Stackebrandt E. (2008b). Garlource utilization patterns &acillus
simplex ecotypes do not reflect their adaptation to edolity divergent slopes in

"Evolution Canyon", IsraeFEMS Microbiology Ecologg6:38-44.

Spor, A., Nidelet, T., Simon, J., Bourgais, A.,\denne, D. & Sicard, D. (2009) Niche-driven
evolution of metabolic and life-history strategiesnatural and domesticated populations

of Saccharomyces cerevisid&MVC Evol Biol9: 296.

Stackebrandt, E., Ebers, J. (2006) Taxonomic paemseevisited: tarnished gold standards.
Microbiology TodayB:152-155.

Stackebrandt, E., Frederiksen, W., Garrity, G. Grimont, P. A., Kampfer, P., Maiden, M. C.,
Nesme, X., Rossello-Mora, R., Swings, J., Truper&] Vauterin, L., Ward, A. C. &
Whitman, W. B. (2002) Report of thed hoc committee for the re-evaluation of the
species definition in bacteriologynt J Syst Evol Microbiob2, 1043-1047.

Stackebrandt E, Goebel B. (1994). Taxonomic notptlaae for DNA-DNA reassociation and
16S rRNA sequence analysis in the present speeifastobn in bacteriologylnt J Syst
Bacteriol44:846-849.

Stahl, D. A., Key, R., Flesher, B. & Smit, J. (199Phe phylogeny of marine and freschwater
Caulobactes reflects their habitaf. Bacteriol174, 2193—-2198.

Tajima F. (1989a). The effect of change in popafatsize on DNA polymorphisnizenetics
123:597-601.

Tajima F. (1989b). Statistical method for testirige tneutral mutation hypothesis by DNA
polymorphismGeneticsl23:585-595.

Takeuchi M., Kawai F., Shimada Y. & Yokota A. (199Baxonomic study of polyethylene
glycol-utilizing bacteria: emended description &fetgenusSphingomonasand new
descriptions oSphingomonas macrogoltabidap. nov.,Sphingomonas sangusp. nov.,
andSphingomonas terragp. nov.Syst Appl Microbioll6, 227-238.

Takeuchi, M., Hamana, K. & Hiraishi, A. (2001). Posal of the genuSphingomonas sensu
stricto and three new gener8phingobiumNovosphingobiunand Sphingopyxison the

basis of phylogenetic and chemotaxonomic analysis.J Syst Evol Microbiol51,

112



Chapter 6: references

1405-1417.

Tamura K, Peterson D, Peterson N, Stecher G, NeKiMnar S. (2011). MEGAS: Molecular
evolutionary genetics analysis using maximum likedid, evolutionary distance, and

maximum parsimony methodslol Biol Evol [Epub ahead of print].

Thompson JR, Pacocha S, Pharino C, Klepac-Cerafunt DE, Benoit Jet al. (2005).
Genotypic diversity within a natural coastal baicigiankton population.Science
307:1311-1313.

Thompson FL, Swings J. (2006). Taxonomy of vibribs.F.L. Thompson, B. Austin, & J.
Swings (Eds.), The Biology of Vibrios.WashingtorCDASM Press.

Tindall, B. J.(1990a). A comparative study of thpid composition of Halobacterium

saccharovorunirom various source§yst Appl Microbioll3,128-130.

Tindall, B. J. (1990b). Lipid composition bfalobacterium lacusprofundiFEMS Microbiol
Lett 66, 199-202;

Tindall, B. J. (1996). Respiratory lipoquinoneskasmarkers. IrMolecular Microbial Ecology
Manual section 4.1.5, supplement 1. Edited by A. Akkamma-. de Bruijn & D. van

Elsas. Dordrecht: Kluwer.

Tindall, B. J. (2005). Respiratory lipoquinonestasmarkers. In Molecular Microbial Ecology
Manual, Section 4.1.5, Supplement 1, 2nd edn. BdteA. Akkermans, F. de Bruijn &

D. van Elsas. Dordrecht, Netherlands: Kluwer Piglis.

Tindall, B. J., Rossello’-Mo’ra, R., Busse, H.Lludwig, W. & Kaempfer, P. (2010). Notes on
the characterization of prokaryote strains for teomic purposesint J Syst Evol
Microbiol 60, 249—-266.

Torsvik, V., Ovreas, L., Thingstad, T. F. (2002dkaryotic diversity — magnitude, dynamics and
controlling factorsScience296: 1064—1066.

Uchino, M., Shida, O., Uchimura, T. & Komagata, K2001). Recharacterization of
Pseudomonas fulMiizuka and Komagata 1963, and proposalBsgudomonas parafulva
sp. nov. andPseudomonas cremoricoloratsp. nov.J Gen Appl Microbiol47(5),
247-261.

Urbanczyk H, Ast JC, Higgins MJ, Carson J, Dunlap R007). Reclassification o¥ibrio
fischeri Vibrio logei, Vibrio salmonicidaand Vibrio wodanisas Aliivibrio fischeri gen.

113



Chapter 6: references

nov., comb. nov.Aliivibrio logei comb. nov.,Aliivibrio salmonicidacomb. nov. and
Aliivibrio wodaniscomb. novint J Syst Evol Microbidb7: 2823-2829.

Urwin R, Maiden MCJ. (2003). Multi-locus sequengping: a tool for global epidemiology.
Trends Microbiol 11:479-487.

Van Bruggen, A. H. C., Jochimsen, K. N. & BrownR2.(1990).Rhizomonas suberifaciegen.
nov., sp. nov., the causal agent of corky rooetitice.Int J Syst Bacteriod0, 175-188.

Van Bruggen, A. H. C., Jochimsen, K. N., Steinberge M., Segers, P. & Gillis M. (1993).
Classification of Rhizomonas suberifacien@n unnamedRhizomonasspecies, and

Sphingomonaspp. in rRNA superfamily IMnt J Syst Bacterio43(1),1-7.

van Berkum P, Elia P, Eardly BD. (2006). Multiloceequence typing as an approach for
population analysis dfledicagenodulating rhizobial Bacteriol188:5570-5577.

Vancanneyt M, Schut F, Snauwaert C, Goris J, SwihgSottschal JC. (2001$phingomonas
alaskensisp. nov., a dominant bacterium from a marine étaguhic environmentint J
Syst Evol Microbiobl1:73-79.

Vergin KL, Tripp HJ, Wilhelm LJ, Denver DR, Rappé3SM Giovannoni SJ. (2007). High
intraspecific recombination rate in a native popataof CandidatusPelagibacter ubique
(SAR11).Environ Microbiol9:2430-2440.

Vinuesa P, Rojas-Jimenez K, Contreras-Moreira Bhm#aSK, Prasad BN, Moe &t al. (2008).
Multilocus sequence analysis for assessment ofbibgeography and evolutionary
genetics of fouBradyrhizobiumspecies that nodulate soybeans on the asiaticnenti
Appl Environ Microbiol74:6987-6996.

Vos M, Didelot X. (2008). A comparison of homologotecombination rates in bacteria and
archaealSME J3:199-208.

Walsh, T. (2006) Combinatorial genetic evolutiomailtiresistanceCurr. Opin. Microbiol.9 (5):
476-482.

Wang Q, Garrity GM, Tiedje JM, Cole JR. (2007). WaiBayesian classifier for rapid
assignment of rRNA sequences into the new bactexanomyAppl Environ Microbiol
73:5261-5267.

Ward, D.M. (1998) A natural species concept for kprgotes. Curr. Opin. Microbiol.1:
271-2717.

114



Chapter 6: references

Ward DM, Bateson MM, Ferris MJ, Kuhl M, Wieland Aoeppel A et al. (2006).
Cyanobacterial ecotypes in the microbial mat comigumf Mushroom Spring
(Yellowstone National Park, Wyoming) as species-likinits linking microbial
community composition, structure and functidthilos Trans R Soc Lond B Biol Sci
361:1997-2008.

Ward, D.M., Cohan, F.M., Bhaya, D., Heidelberg, , X&hl, M., Grossman, A. (2008) Genomics,

environmental genomics and the issue of microlpatesHeredity100: 207-219.

Wayne, L.G., Brenner, D.J., Colwell, R.Rt, al. (12 co-authors). (1987) Report of the ad hoc
committee on reconciliation of approaches to badtsystematicsint J Syst Bacteriol.
37:463-464.

Weidner, S., Arnold, W. & Puehler, A. (1996). Diss#y of uncultured microorganisms
associated with the seagralslophila stipulaceaestimated by restriction fragment
length polymorphism analysis of PCR-amplified 168NA genesAppl Env Microbiol
62, 766—771.

Whitlock MC. (2006). Effective Population Size. laL.S. John Wiley & Sons Ltd, Chichester.

http://lwww.els.net

Wickham H. (2009). ggplot2: elegant graphics faladanalysis. Springer: New York.

Williams, J.G., Kubelik, A.R., Livak, K.J., Rafalsk J.A., Tingey, S.V. (1990) DNA
polymorphisms amplified by arbitrary primers areefus as genetic markerducleic
Acids Res18(22):6531-6535.

Whittam, T.S. (1995) Genetic population structured gpathogenicity in enteric bacteria, p .
217-245 In S . Baumberg, J. P. W . Young, E. M. H. Wgflon, and J . R . Saunders

(ed.), Population genetics of bacteria . Cambridgeersity Press, Cambridge, England.
Xu, J. (2004) The prevalence and evolution of sexicroorganismssenomet7:775-780.

Yabuuchi, E., Yano, I., Oyaizu, H., Hashimoto, Erzaki, T. & Yamamoto, H. (1990). Proposal of
Sphingomonas paucimobilgen. nov. and comb. nosphingomonas parapaucimobilis
sp. nov., Sphingomonas yanoikuyasp. nov., Sphingomonas adhaesivap. nov.,
Sphingomonas capsulat®mb. nov. and two genospecies of the geBpisingomonas.
Microbiol Immunol34, 99-119.

Yabuuchi, E., Kosako, Y., Naka, T. & Yano, I. (199Broposal oSphingomonas Suberifaciens

115



Chapter 6: references

(Van Bruggen, Jochimsen and Brown 1990) comb. 1gphjngomonas natatoriggly
1985) comb. novSphingomonas ursincoldYurkov et al, 1997) comb. nov., and

emendation of the gen@phingomonasviicrobiol. Immunol.43, 339-349.

Yabuuchi E., Kosako Y., Fujiwara N., Naka T., Mataga |., Ogura H. and Kobayashi K. (2002)
Emendation of the genuSphingomonasyabuuchiet al 1990 and junior objective
synonymy of the species of three genef@phingobium Novosphingobiumand
Sphingopyxisin conjunction withBlastomonas ursincolalint J Syst Evol Microbiol
52(Pt 5), 1485-1496.

Yabuuchii, E. & Kosako, Y. (2005). Order I8phingomonadale¥abuuchi E., Kosako Y. In
Garrity G. M., Brenner D. J., Krieg N. R., Staley R. (eds), Bergey's Manual of
Systematic Bacteriology. Second edition, Vol. 2eTgroteobacteria part C, Springer —
Verlag, pp. 230-286.

Yan S, Liu H, Mohr TJ, Jenrette J, Chiodini R, Zacelli M et al. (2008). Role of
recombination in the evolution of the model plaatimgenPseudomonas syringgey.
tomato DC3000, a very atypical tomato str&ppl Environ Microbiol74:3171-3181.

Young JM, Park DC. (2007). Probable synonymy ofrifieogen-fixing genu#\zotobacterand
the genu$seudomonadnt J Syst Evol Microbidb7: 2894-2901.

Young, J.M., D.C. Park, H.M. Shearman, and E. Feay¢2008) A multilocus sequence analysis
of the genuxXanthomonasSyst Appl Microbiql31(5): 366-377.

Zeigler D.R. (2003). Gene sequences useful forigtiad relatedness of whole genomes in
bacterialnt J Syst Evol Microbiob3: 1893—-1900.

Zwart G, Crump BC, Kamst-Van Agterveld MP, HagenHan S. (2002). Typical freshwater
bacteria: an analysis of available 16S rRNA gempiseces from plankton of lakes and
rivers.Aquat Microb Ecok8:141-155.

116



Acknowledment

Acknowlegment

First | want to thank Prof. Dr. Joerg Overmann wing me the chance to study in
Germany and for providing this interesting topiodahanks for excellent care, guidance and
help during my doctoral work. This work was fundddy grants of the Deutsche
Forschungsgemeinschaft to J.O. (grants no. OV20/aiid OV20/19-1).

Thanks the Overmann’s research group in Ludv@gdmilians University of Munich and
DSMZ for their help not only for my lab work butsal for helping me to adapt and enjoy the life
in Germany. | need to specially thank Mareike Jofpe co-working in the same project, and
also help for everyday life. Thank Dr. Boyke BunRSMZ, Braunschweig) for help with
bioinformatic analyses and Johannes Mduller (DSM&uBschweig) and Annemarie Hutz (LMU,

Munchen) for help during the sampling trips.

Thanks to all people in the DSMZ, especiallpgpe from microbiology department for
helping me with lots of lab works. Thanks to Drhdones Sikorski and Dr. Brian Tindall for
helping me and answering lots of question and giwaggestions for solving lots of problems.
Thanks to Dr. Brian Tindall, Dr. Elke Lang, Dr. Geh Sproeer, Dr. Sabine Gronow, Dr. Peter
Schumann and technical assitants Anja Fruehlingtiride Straeubler, Birgit Gruen, Gabriele
Poetter, Iljana Schroeder and Nicole Mrotzek fdipimg and advising for my lab work (all at
DSMZ, Braunschweig). Thanks to Dr. Manfred Rohd&I(HBraunschweig) and Hans-Jirgen
Busse (IBMH, Vienna, Austria).

| also want to thank my Chinese friends aroomg] thanks for making my life more

colorful and happy.

At last | want to express my greatest thankemyofather and my sister, your support and
care for all these years to make me finally achieyegoals.

117



Curriculum vitae

Curriculum vitae

Per sonal infor mation

Name: Hong Chen
Gender: Female

Date of Birth: 02. 08. 1982

Place of Birth: Hunan, P. R. China
Citizenship: P. R. China

E-mail: Im.ch@126.com
Education

March 2010 - December 2011  Department Microb@dl&gy and Diversity, Leibniz Institut
DSMZ - Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH

July 2008 - March 2010 Department BiologWlicrobiology, LMU,
Ludwig-Maximilians-Uensity of Munich

PhD student in the group of prof. Dr. Joerg Ovemrman

August 2005 - June 2008 The Third Instinft®©ceanography, SOA, Xiamen, China
M.Sc. student in the group of Dr. Xinhua Chen.

September 2001 - June 2005 Central south rgityeChangsha, China.
Bachelor student in the group of prof. Dr. Jiankie

September 1995 - June 2001 Middle school ian@kha, China

September 1989 - June 1995 Elementary scha@hangsha, China

118



Curriculum vitae

Resear ch experience

July 2008- December 2011
Graduate research assistant in the group of proflderg Overmann, PhD thesis
Project name: Population structure and adaptati@yuaticSphingomonadacea

August 2005-June 2008

Graduate research assistant in the group of Dhu@rChen, Master thesis

Project name: Physiological characteristic analysisong four strains oAcidithioobacillus
ferrooxidans (A.f) & the mechanism of adaptability analysis ®iilfobacillus
acidophilus(S.3.

September 2001-June 2005

Undergraduate research assistant in the groupo@fpr. Jianshe Liu, Bachelor thesis

Project name: Electromotive characteristic analysfs the interface of sulfide ore and
bioleaching bacteria.

Teaching experience

Winter semester 2009/2010 Teaching assistaheitab course 'Microbial diversity'

List of publications

Liu J.-S., Wang Z.-H.Chen, H., Zhang Y.-H. 2006.Interfacial electrokinetic characteristics
before and after bioleaching microorganism adheg@mrpyrite Transactions of Nonferrous
Metals Society of Chink6: 676—680.

Chen, H., Yang, B., Chen, X.-H. 2009. Identification and &werization of four strains of
Acidithiobacillus ferrooxidans isolated from different sites in ChinaMicrobiological
Research164:613-23.

Chen, H., Chen X.-H. 2007. A comparison of physiological tteaes among 4 strains of

119



Curriculum vitae

Acidithiobacillus ferrooxidans isolated from different geological source3ournal of
Oceanography in Taiwan Stre26: 562-567;

Qi H.-Z., Chen, H., Ao, J.-Q., Zhou H.-B., Chen X.-H. 2009. Isolatard identification of a
strain of moderate thermophilic and acidophilic bertum from deep sea, Acta Oceanologica
Sinica, 31: 152-158.

Chen, H., Jogler, M., Sikorski, J., Overmann J. Evidence iftcipient speciation among
sympatric subpopulations of a single phylotype reshwater planktoniSphingomonadaceae
ISME J, submitted

Jogler, M., Siemens, HChen, H., Bunk, B., Sikorski, J., Overmann, J. (2011). kiferation
and targeted cultivation of an abundant novel freghr sphingomonadand analysis of its
population substructurédppl Environ Microbiol77(20): 7355-7364.

Chen, H., Jogler, M., Tindall, B., Rohde, M., Busse, H.-Qvermann J. Reclassification and
amended description @faulobacter leidyasSphingomonas leidgiomb. nov., and emendation of
the genus$Sphingomonagdo be submitted ttnt. J. Syst. Evol. Microbial.

Chen, H., Jogler, M., Tindall, B., Rohde, M., Busse, H.Qvermann JSphingobium limneticum
Sp. nov., isolated from fresh lake water Starnbe8ge. to be submitted tmt. J. Syst. Evol.
Microbiol..

Chen, H., Jogler, M., Tindall, B., Rohde, M., Busse, H.-Qyermann J.Sphingomonas
oligotrophicasp. nov., isolated from fresh lake water Starnée&ge. to be submitted tot. J.

Syst. Evol. Microbiol.
Chen, H., Jogler, M., Tindall, B., Rohde, M., Busse, H.Qvermann JSphingobium boecksp.

nov., isolated from fresh lake water Walchensee aedassification of hingomonas

suberifaciensasSphingobium suberifacient be submitted tint. J. Syst. Evol. Microbial.

120



Curriculum vitae

Conference presentations

Heppe, M., Siemens, HChen, H., Overmann, J., Mechanisms of species differentiatn
bacteria. Annual Conference of the Associatio@eheral and Applied Microbiology (VAAM),
March 8-11, 2009, Bochum, Germany (Poster).

Chen, H., Jogler, M., Overmann, J. The evolutionary basi&lphaproteobacteriatliversity. 3rd
Joint Conference of the German Society for Hygiemel Microbiology (DGHM) and the
Association for General and Applied MicrobiologyAAM), March 28-31, 2010, Hannover,

Germany (Poster).

Jogler, M., Siemens, HChen, H., Overmann, J., Bacterial speciation and the emniaty basis
of bacterial diversity. 3rd Joint Conference of German Society for Hygiene and Microbiology
(DGHM) and the Association for General and Applidrobiology (VAAM), March 28-31,
2010, Hannover, Germany (Poster).

Chen, H., Jogler, M., Overmann, J. Analysis of the popolatisubstructure of aquatic
Sphingomonadaceagy MLSA. 13th International Society for Microbi&cology Conference
(ISME-13), August 22-27, 2010, Seattle, USA (PQgster

Jogler, M., Siemens, H.,Chen, H., Overmann, J., Bacterial speciation-aquatic
Sphingomonadaceaas a model system. 13th International Society Nbocrobial Ecology
Conference (ISME-13), August 22-27, 2010, SeadltteA (Poster).

Chen, H., Overmann, J. Analysis of the population substngcbf aquaticSphingomonadaceae
by MLSA. Graduate Program in Evolution, Ecology, Systematics (EES), LMU Munich-
Second Status Symposium in Evolutionary Biology (MWmposium) May 09-12, 2010,
Fraueninsel, Lake Chiemsee, Germany (Poster).

Chen, H., Jogler, M., Overmann, J. Population structuraagfaticSphingomonadacea&nnual
Conference of the Association for General and AggpMicrobiology (VAAM), April 03-06,
2011,Karlsruhe, Germany (Poster).

121



Curriculum vitae

Jogler, M., Siemens, H..Chen, H., Overmann, J., Bacterial speciation - aquatic
Alphaproteobacteriaas a model system. Annual Conference of the Aationifor General and
Applied Microbiology (VAAM), April 03-06, 2011Karlsruhe, Germany (Oral).

122



